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Abstract 

The work in this thesis focuses on the development of electrodes for top-illuminated 

organic photovoltaics (OPVs) and studies how their complex interactions with other 

layers affect the device. The development of a novel substrate electrode based on an Al | 

Cu bilayer capped with an ultra-thin Al layer is initially shown. This electrode offers the 

rare combination of high reflectivity, a very low work function of 3.2 eV, and high 

stability towards oxidation. Photoelectron spectroscopy studies shows that an Al 

capping layer of 1 nm in thickness is sufficient to block oxidation of the underlying 

Cu, which is remarkable given that the self-limiting oxide thickness for bulk Al is  2 

nm. This promising substrate electrode is used to elucidate a new design rule for top-

illuminated bulk-heterojunction OPVs. It is shown that for OPVs utilising high 

performance donor-type organic semiconductors in conjunction with a low work 

function electron extracting electrode, a barrier to hole-extraction spontaneously forms 

at the donor  electron-extracting electrode interface, blocking unwanted hole-extraction 

and negating the need for a hole-blocking layer, which simplifies the device 

architecture. This electrode design rule is underpinned by studies of the interfacial 

energetics with five widely used solution processed organic semiconductors as well as 

device based investigations. A novel organo-molybdenum oxide bronze is also 

developed which combines the function of wide band-gap interlayer for efficient hole-

extraction with the role of a metal electrode seed layer, enabling the fabrication of 

highly transparent, low-sheet-resistance silver window electrodes for top-illuminated 

OPVs. Additionally, preliminary results relating to the fabrication of a model nano-

structured reflective electrode are shown. This is designed to investigate the extent to 
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which absorption of light can be enhanced in a top-illuminated OPVs by texturing the 

reflective substrate electrode. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Table of Contents 

 

iv 
 

Table of Contents 

 

Abstract…………………………………………………………………………………………………………….…………ii 

Table of Contents ......................................................................................................... iv 

Acknowledgements .................................................................................................... viii 

List of Publications ....................................................................................................... ix 

Symbols and Abbreviations ........................................................................................... x 

Chapter 1. Introduction ................................................................................................. 1 

1.1 Context ................................................................................................................ 1 

1.2 Organic Photovoltaics .......................................................................................... 3 

1.3 Organic Semiconductors ...................................................................................... 5 

1.4 Energy Alignment at Electrode-Organic Semiconductor Interfaces ....................... 9 

1.5 Principles of OPV Operation ............................................................................... 14 

1.6 JV Device Characteristics .................................................................................... 18 

1.7 OPV Processing Techniques................................................................................ 21 

1.8 OPV Materials .................................................................................................... 22 

1.9 Interfacial Layers for Charge Extraction in OPVs ................................................. 28 

1.10 Transition Metal Oxides as Interfacial layers .................................................... 32 

1.11 Top-Illuminated OPV Device Architectures ....................................................... 34 

Chapter 2. Experimental Techniques ........................................................................... 43 

2.1 Thin Film Fabrication Techniques ....................................................................... 43 

2.1.1 Substrate Preparation .................................................................................. 43 

2.1.2 Molecular Monolayer Deposition ................................................................ 44 

2.1.3 Vacuum Evaporation Deposition .................................................................. 46 

2.1.4 Spin Coating ................................................................................................ 48 

2.2 OPV Device fabrication ....................................................................................... 49 

2.2.1 Metal electrode deposition ......................................................................... 50 

2.2.2 Charge extraction layer deposition .............................................................. 52 

2.2.3 Photoactive layer deposition ....................................................................... 53 

2.2.4 OPV Device Layout....................................................................................... 54 



Table of Contents 

 

v 
 

2.3 OPV testing ........................................................................................................ 55 

2.3.1 OPV Current Density vs Voltage Analysis ..................................................... 55 

2.3.2 OPV External Quantum Efficiency Analysis................................................... 56 

2.4 Characterisation Techniques .............................................................................. 58 

2.4.1 X-ray photoelectron spectroscopy and Auger electron spectroscopy ........... 58 

2.4.2 Ultraviolet photoelectron spectroscopy ....................................................... 61 

2.4.3 Kelvin Probe ................................................................................................ 63 

2.4.4 Atomic Force Microscopy ............................................................................ 66 

2.4.5 Scanning Electron Microscopy ..................................................................... 68 

2.4.6 Sheet Resistance .......................................................................................... 69 

2.4.7 Absorption/ Reflection spectroscopy ........................................................... 70 

2.4.8 Contact Angle Measurements ...................................................................... 71 

2.4.9 Optical Simulations ...................................................................................... 72 

Chapter 3. A Silver-Free, Reflective Substrate Electrode for Electron Extraction in Top-

Illuminated Organic Photovoltaics ............................................................................... 73 

3.1 Summary............................................................................................................ 73 

3.2 Introduction ....................................................................................................... 74 

3.3 Experimental ...................................................................................................... 76 

3.4 Results and Discussion ....................................................................................... 77 

3.5 Conclusion ......................................................................................................... 99 

Chapter 4. Elucidating an Electrode Design Rule for High Performance Top-Illuminated 

Organic Photovoltaics ................................................................................................ 100 

4.1 Summary.......................................................................................................... 100 

4.2 Introduction ..................................................................................................... 101 

4.3 Experimental .................................................................................................... 103 

4.4 Results & discussion ......................................................................................... 104 

4.5 Conclusions ...................................................................................................... 118 

Chapter 5. High Performance Silver Window Electrodes for Top-Illuminated Organic 

Photovoltaics Using an Organo-Molybdenum Oxide Bronze Interlayer ...................... 119 

5.1 Summary.......................................................................................................... 119 

5.2 Introduction ..................................................................................................... 120 

5.3 Experimental .................................................................................................... 123 



Table of Contents 

 

vi 
 

5.4 Results & Discussion......................................................................................... 124 

5.4.1 HyMoO3-x synthesis .................................................................................... 124 

5.4.2 HyMoO3-x characterisation ......................................................................... 132 

5.4.3 Ag Window Electrode Characterisation ...................................................... 143 

5.4.4 Device Studies ........................................................................................... 154 

5.4.5 Substitution of Ag with Cu ......................................................................... 164 

5.5 Conclusions ...................................................................................................... 169 

Chapter 6. A Nano-Structured Reflective Electrode for Top-Illuminated Organic 

Photovoltaics............................................................................................................. 171 

6.1 Summary.......................................................................................................... 171 

6.2 Introduction ..................................................................................................... 171 

6.3 Experimental .................................................................................................... 173 

6.4 Results and Discussion ..................................................................................... 174 

6.5 Conclusions ...................................................................................................... 179 

Chapter 7.Future Outlook .......................................................................................... 180 

References ................................................................................................................ 182 

 



Declaration 

 

vii 
 

Declaration 

The work presented in this thesis has been conducted at the Department of Chemistry at 

The University of Warwick except the X-ray photoelectron spectroscopy, Ultra-violet 

photoelectron spectroscopy, scanning electron microscopy, and X-ray diffraction 

measurements, which were carried out in the Department of Physics. XPS/UPS data 

collection and analysis assistance was provided by Dr Marc Walker. Assistance with X-

ray diffraction data collection and analysis was provided by Dr. David Walker. All data 

collection was performed by me apart from that mentioned above. Parts of the work 

have been published in scientific journals and presented at the conferences MC11 (Jul 

2013), MC12 (Jul 2015), and Next Generation Materials for Solar Photovoltaics (Jan 

2016) 

 

 

 

 



Acknowledgements 

 

viii 
 

Acknowledgements 

 

I would like to first and foremost thank my supervisor Dr. Ross Hatton for his guidance 

and support throughout my PhD. He has been a great source of inspiration and I am 

truly grateful to have had the opportunity to work in his group and have him as a 

supervisor. 

Additionally I would like to thank my excellent colleagues in the Hatton Group 

throughout the years; Helena Stec, Oliver Hutter, Kenny Marshall, Dinesha Dabera, 

Jessica Pereira, Jaemin Lee, and Silvia Varagnolo. No matter how long or brief it has 

been a pleasure to work alongside them all. 

I would also like to thank Professor Tim Jones, Professor Julie Macpherson, 

Professor Patrick Unwin, and their research groups for allowing me access to the 

various instrumentation in their laboratories. From the Department of Physics I would 

also like to thank Dr. Marc Walker for the collection of the XPS/UPS data within this 

thesis as well as for his expertise in helping to unravel its secrets.  

Lastly I would like to thank my family whose constant support I can rely on no 

matter what, and the wonderful Sarah Keane for always putting a smile on my face. 

 



 List of Publications 

 

ix 
 

List of Publications 

 

Publications: 

 A Silver-Free, Reflective Substrate Electrode for Electron Extraction in Top-

Illuminated Organic Photovoltaics, Martin S. Tyler, Oliver S. Hutter, Marc 

Walker, and Ross A. Hatton, ChemPhysChem. 2015, DOI: 

10.1002/cphc.201402880 

 

 An Electrode Design Rule for High Performance Top-Illuminated Organic 

Photovoltaics Martin S. Tyler, Immad M. Nadeem, Ross A. Hatton, Mater. 

Horiz. 2016, DOI:10.1039/C6MH00124F 

 

 

 High-Performance Silver Window Electrodes for Top-Illuminated Organic 

Photovoltaics Using an Organo-Molybdenum Oxide Bronze Interlayers Martin 

S. Tyler, Marc Walker, Ross A. Hatton, ACS Appl. Mater. Interfaces, 2016, 

DOI:10.1021/acsami.6b02647 

 

 

 

 



Symbols and Abbreviations 

 

x 
 

Symbols and Abbreviations 

 

Abs absorption 

AES auger electron spectroscopy 

AFM atomic force microscopy 

AM air mass 

APTMS 3-aminopropyltrimethoxysilane 

As electron affinity 

B.E binding energy 

BCP bathocuproine 

BHJ bulk-heterojunction 

C capacitance 

CB conduction  band 

CB Chlorobenzene 

CIGS  copper-indium-gallium-selenide 

CTL charge transport layer 

D diffusion coefficient 

D-A donor-acceptor 

DCB 1,2-dichlorobenzene 

DIO 1,8-diiodoctane 

DMD dielectric metal dielectric 

Ef Fermi level 

Eg band-gap 

EQE external quantum efficiency 

FF fill factor 



Symbols and Abbreviations 

 

xi 
 

HBL hole blocking layer 

HOMO highest occupied molecular orbital 

HOPG highly-ordered-pyrolitic-graphite 

HRXPS x-ray photoelectron spectroscopy 

HTL hole transport layer 

Ip ionisation potential 

IPCE incident photon to current quantum efficiency 

ITO indium tin oxide 

JMP current at maximum power 

Jsc short circuit current density 

JV current density vs voltage 

K.E kinetic energy 

kB Boltzmann constant 

LD exciton diffusion length 

LUMO lowest unoccupied molecular orbital 

MO molecular orbital 

MPA 3-mercaptopropionic acid 

MPTMS 3-mercaptopropyltrimethoxysilane 

OPV organic photovoltaic 

P3HT poly(3-hexylthiophene) 

PBDTTT-EFT poly[4,8-bis(5-(2-ethylhexyl)thiophen-2-yl)benzo[1,2-

b;4,5-b']dithiophene-2,6-diyl-alt-(4-(2-ethylhexyl)-3-

fluorothieno[3,4-b]thiophene-)-2-carboxylate-2-6-diyl)] 

PC61BM [6,6]-phenyl C61 butyric acid methyl ester 

PC71BM [6,6]-phenyl-C71-butyric acid methyl ester 



Symbols and Abbreviations 

 

xii 
 

PCDTBT poly[N-90-heptade- canyl-2,7-carbazole-alt-5,5-(40,70-di-

2-thienyl-20,10,30-benzothia- diazole)] 

PCE power conversion efficiency 

Pinc total incident power 

PMP maximum power point 

PTB7 polythieno[3,4-b]-thiophene-co-benzodithiophene 

PV photovoltaic 

Q charge on parallel plate capacitor 

QCM quartz crystal microbalance 

rpm rotations per minute 

RRMS root-mean –squared roughenss 

Rseries series resistance 

Rsheet sheet resistance 

Rshunt shunt resistance 

SEM scanning electron microscopy 

TMO transition metal oxide 

UPS ultra violet electron spectroscopy 

UV ultraviolet 

V  voltage 

VB valence band 

VCPD contact potential difference 

VdP van der Pauw 

VL vacuum level 

VL∞ vacuum level at infinity 

VLs vacuum level at the surface 



Symbols and Abbreviations 

 

xiii 
 

VMP voltage at maximum power 

Voc open circuit voltage 

XPS x-ray photoelectron spectroscopy 

Φ work function 

 surface potential 

 chemical potential  

x space charge density distribution 

εF
vac energy difference between Fermi level and vacuum level 

εr relative permittivity 

λ wavelength 

τ exciton lifetime 

 

 

 

 



Chapter 1. 

 

1 
 

Chapter 1. 

Introduction 

 

1.1 Context 

One of the greatest challenges to modern society is the production of energy in both a 

reliable and environmentally sustainable way. Currently energy produced from burning 

fossil fuels dominates the power sector, with a total share of power generation of 68%,1 

although unfortunately this inevitably goes hand-in-hand with the production of CO2.
2 

There have been numerous studies showing that this large scale CO2 production has led 

to,  and will continue to result in, significant global warming3 giving rise to climate 

change which risks food security, extreme weather events, and a loss in biodiversity. 

Additionally, other pollutants from burning fossil fuels have been shown to have 

adverse human health effects4 and more direct environmental damage due to extraction 

processes.5 At the Paris Climate Change Conference (COP21) in December 2015 the 

global community agreed to limit the rise in global temperature to an increase of ≤ 2°C 

that of pre-industrial levels, with each country setting targets to reduce CO2 emissions.6 

A recent study by McGlade et al.7 has concluded that roughly two-thirds of the 

remaining fossil fuels in the earth’s crust will have to remain unused if there is to be a 

50% chance of keeping global warming to the ≤ 2°C limit. 

Environmental considerations aside, humanity’s demand for energy has been 

predicted to rapidly increase with a doubling of the current demand by 2050.8 It has 

been estimated by Smalley9 that in the near future, based on an estimated global 

population of 10 billion people, 60 × 1012 watts of power will be required per day in 

order to provide a developed world standard of living for all. Whilst there are still 

significant reserves of oil and gas they are declining and it is clear that these cannot last 
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indefinitely.10 Additionally, increasingly environmentally damaging and hazardous 

procedures must be used to extract what remains which leads to increased costs of 

energy production. There is therefore a clear need for the widespread implementation of 

existing clean and renewable means of energy production, and the development of new 

ones. Solar energy can produce both heat and electricity and so will play a large part in 

helping to address our future energy needs. Additionally it is the most abundant source 

of energy, since more energy arrives from the sun on the earth’s surface every hour than 

is used by all of mankind in one year.11  

 Another key consideration is the need for nation states to have energy security.12 

Whilst most of the current energy supply is generated by burning fossil fuels, relatively 

few countries have large enough reserves of fossil fuel deposits to be self-sufficient, and 

so many nations are heavily dependent on other countries for their energy supply. This, 

in turn, leads to uncertainties and vulnerabilities in the energy supply many of which are 

out of the control of the buyer. For instance, energy prices can be changed quickly 

through manipulation of the supplies and/or due to deliberate damage to infrastructure 

and facilities. Solar energy production can provide an almost universal means to 

produce energy and, in conjunction with other energy sources, provide a high degree of 

energy security. Solar energy can also provide access to energy for the approximately 2 

billion people in the world today who currently live off grid and so require  a power 

supply at the point use.13 
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1.2 Organic Photovoltaics 

Currently the solar photovoltaic (PV) market is dominated by highly crystalline silicon 

PVs. Crystalline Si has a high electron and hole mobility and absorbs over a broad range 

of the solar spectrum.14 Si PVs were invented in 1954 at the Bell Labs in New Jersey,15 

and since then intensive research and development has culminated in today’s high 

power conversion efficiency of ~25% for non-concentrator single crystal Si solar cells. 

However, Si PVs have a number of drawbacks which can limit the range of applications 

for which they are useful, particularly for certain building integration and transportation 

applications, including their opacity, rigidity, and relatively high weight. Additionally, 

Si has an indirect band-gap of 1.1 eV, which does not absorb long wavelength light 

efficiently, and only becomes a direct band-gap semiconductor for photons with energy 

 3.4 eV, which corresponds to only a small fraction of the useful solar spectrum, as 

shown in Figure 1.1. This limits the maximum achievable power conversion efficiency 

and requires that a relatively large thickness of Si (typically 150-300 µm)16 is needed to 

efficiently absorb the incident sunlight. 

  

Figure 1.1: American Society for Testing Materials (G173-03) reference spectra of the 

spectral irradiance from the sun with air mass (AM) 1.5 attenuation by the atmosphere. 
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Alternative classes of PVs based on much thinner films of direct band-gap 

inorganic semiconductors, collectively known as second generation PVs, are based on 

materials such as amorphous Si, III-V semiconductors (e.g. GaAs or InP), II-VI 

semiconductors (eg CdS or CdTe), and copper-indium-gallium-selenide (CIGS). These 

semiconductors offer smaller and more direct band-gaps than crystalline Si, and so a 

much thinner semiconducting layer can be used which imparts a higher degree of 

mechanical flexibility and reduced material cost. However, second generation PV still 

require vacuum and high temperature processing and so use a relatively large amount of 

energy in their production. One emerging third generation PV technology uses thin 

films of organic semiconductors as the basis of the photoactive layer and are generically 

known as organic photovoltaics (OPV). Despite having a lower theoretical maximum 

power conversion efficiency (PCE) than Si PV, OPVs offer some important advantages. 

These include being much more light weight and flexible, which allows for easier 

integration into a range of applications for which crystalline Si is simply not practical, 

faster roll-to-roll manufacture, and the possibility of semi-transparency and colour 

tunablity. The increased versatility of OPVs creates new market opportunities in such 

areas as wearable electronics and transportation. Since OPVs are also amenable to 

solution processing at low temperature  the manufacturing costs are potentially low due 

to compatibility with high speed roll-to-roll printing methods.17 

 Modern OPVs are based on a heterojunction of donor and acceptor type organic 

semiconductors, which is a concept first proposed by Tang in 1986 using thermally 

evaporated phthalocyanine and perylene derivatives, devices which had a PCE  of 

0.95%.18 Since then great strides have been made in PCE due to the introduction of 

novel photoactive low band-gap materials, the addition of charge-extraction layers, 

energy level optimisation of the various components, changes to the architecture of the 
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device to improve light harvesting, and a better understanding of the device physics. 

The potential of conjugated polymers to serve as part of the heterojunction in place of 

small molecule organic semiconductors was shown in 1992 when efficient electron 

transfer was observed between poly(3-hexylthiophene) and buckminsterfullerene19, and 

in a separate paper between poly[2-methoxy,5-(2'-ethyl-hexyloxy)-p-phenyl-ene 

vinylene] and buckminsterfullerene20. These reports were followed in 1995 by an 

important improvement in device architecture, in which the electron donor and electron 

acceptor type organic semiconductors are intermixed to form a complex interpenetrating 

network of donor and acceptor phases as opposed to a simple bilayer structure which 

has become known as a bulk-heterojunction (BHJ).21 Cumulatively these advances have 

led to the current record PCE for laboratory scale OPVs of 11.5%.22 This is comparable 

to other emerging third generation PVs such as dye-sensitized cells, 11.9%,23,24 and 

quantum dot cells, 11.6%,25,26 although perovskite PVs have shown greater efficiencies 

of 22.1%.27 However due to unanswered stability questions28 and safety concerns, due 

to the lead based nature of perovskite PVs, OPVs remain a viable technology.25 For 

instance when integrated in transport, damage to the PV is likely and could lead to 

materials leaching out of the device which, for lead based compounds, is a major 

environmental and health concern.29  

 

1.3 Organic Semiconductors 

A large degree of the theory discussed in the upcoming sections is taken from 

references30,31. Organic semiconductors offer a number of potential advantages over 

conventional semiconductors such as Si and GaAs, particularly for use in PVs. These 

include a relatively low materials cost, low-temperature and high-speed thin film 

deposition, mechanical flexibility, and the possibility of colour tuning. Organic 
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semiconductors are based on highly conjugated sp2 hybridised carbon molecules and 

can be divided into one of two categories: polymeric organic semiconductors, which can 

conduct charges efficiently along their length, or small molecule organic 

semiconductors which offer the advantage of a very well-defined optical and electronic 

properties. In both cases the molecules used are extensively conjugated which ensures 

that the frontier orbitals are accessible for the injection/extraction of charge carriers.  

However, transport of free charge carriers in organic semiconductor films is ultimately 

limited by the process of intermolecular transport, since charge carriers must hop 

between adjacent molecules. Common polymeric semiconductors include 

polythiophenes, poly-phenylene-vinylenes, polyfluorenes, and polycarbazoles. Widely 

used small molecule organic semiconductors are usually variants of fullerenes, 

phthalocyanines, perylenes or acenes (e.g. pentacene). 

The strong optical absorption exhibited by most organic semiconductors stems 

from the delocalized π-bonding which makes up the conjugated bonds in the molecules. 

In this bonding configuration the carbon atoms form three σ bonds by hybridization of 

one s and two p atomic orbitals to form sp2 orbitals, with the remaining p orbital 

contributing to the delocalized π bonded network which allows charges to move along 

the length of the molecule.  

The electronic structure of an organic solid can be described using conventional 

molecular orbital (MO) theory since the properties of the bulk are dominated by those of 

the molecule. A schematic MO diagram for an organic semiconductor is shown in 

Figure 1.2(a). Deep potential energy wells for the core atomic orbitals of the individual 

atoms are depicted as well as MO orbitals at shallower potentials. For an electron to 

escape from the molecule it requires enough energy to reach the vacuum level (VL), 

which is a distance just outside the molecule where the electron is at rest. The most 
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weakly bound occupied MO is known as the highest occupied MO (HOMO) and 

immediately above this is the lowest unoccupied MO (LUMO). The energy required to 

remove an electron from the HOMO to the VL is the ionisation potential (Ip), and the 

energy dissipated when an electron moves from the VL to the LUMO is the electron 

affinity (As).  

 

Figure 1.2: Schematic molecular orbital diagrams of (a) an organic (molecular) 

semiconductor, (b) a molecular solid, and (c) the simplified frontier orbitals of a 

molecular solid. 

 

When brought together there are only weak Van-der-Waals attractive interactions 

between molecules such that in general the HOMO and LUMO states remain localised 

on the individual molecules (Figure 1.2(b)) rather than forming extended states between 

molecules, as in a crystalline inorganic semiconductor. The HOMO and LUMO in an 

organic semiconductor are equivalent to the sum valence band (VB) and conduction 

band (CB) in a conventional semiconductor, although due to the persistence of the 
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molecular state they are most accurately described as the HOMO and LUMO.  When 

depicting the molecular orbitals the electronic structure of an organic semiconductor is 

simplified as in Figure 1.2(c) because only the frontier orbitals are involved in charge 

transport. The energy level at which the probability of occupancy of an electron state is 

0.5 is called the Fermi level (Ef) and is an important energy level in the context of the 

science of the electrode | semiconductor interface, as discussed in more detail later in 

this chapter. One of the key characteristics of an organic semiconductor for PV 

applications is the energy difference between the HOMO and LUMO, which is 

equivalent to that between the VB and CB in conventional inorganic semiconductors 

and so is widely described as the band-gap (Eg). For PV applications Eg must be chosen 

to enable absorption of as much of the solar spectrum as possible. For organic 

semiconductors the electronic structure depends on the chemical structure of the 

molecule, and therefore Eg can be engineered to optimise the absorption over the target 

wavelength range. 

In organic semiconductors the excitation of an electron across Eg results in the 

formation of a quazi-particle called a Frenkel exciton rather than a free electron and a 

hole as in the case of crystalline inorganic semiconductors. A Frenkel exciton comprises 

an electron in the LUMO and hole in the HOMO of the same molecule that are 

coulombically bound to each other. Excitons are a feature of organic semiconductors 

because the photo-excited electron and hole are highly localised on an individual 

molecule or segment of a polymer chain, and due to the small dielectric constant in 

organic materials of 2-4 which means there is little shielding of the attractive 

electrostatic interaction between the electron and hole. Frenkel excitons have typically 

binding energies of 0.3-0.5 eV, an order of magnitude larger than the loosely bound 

Mott-Wannier excitons found in crystalline inorganic semiconductors. They are also 
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highly mobile, diffusing between many thousands of molecules before relaxing to the 

ground state as shown in Figure 1.3. A second class of exciton that is of relevance to 

OPVs is the charge transfer exciton, where the electron and hole are coulombically 

bound, but reside on separate molecules. Charge transfer excitions typically have a 

lower binding energy than Frenkel excitons of the order of 0.1 eV.32 

 

 

 

1.4 Energy Alignment at Electrode-Organic Semiconductor Interfaces 

The Fermi-Dirac distribution function (Equation 1.1) describes the probability, f(E), that 

any given energy state is occupied at temperature T; 

                  𝑓(𝐸) =
1

𝑒
(𝐸−𝐸𝑓) 𝑘𝐵𝑇⁄

+1
   Equation 1.1 

where E is the energy of the electron and Ef is the Fermi level. It is clear from Equation 

1.1 that when the energy is equal to Ef the probability of finding an electron is 0.5. The 

energy required to take an electron from Ef to the VL is called the work function (Φ) 

which has two components: 

-

+

-+

(a) (b)

Figure 1.3: Interaction ranges and exciton movement for (a) Mott-Weiner and (b) 

Frenkel excitons 



Chapter 1. 

 

10 
 

                                                          Φ =  𝜇 + 𝜒    Equation 1.2 

µ is the bulk chemical potential and is the energy required to remove an electron from 

the Ef to a point infinitely far from the solid. χ is the surface potential contribution to Φ 

which results from the dipole layer that exists at the surface of all solids due to the 

spilling of the electron cloud into the vacuum. The dipole layer increases the potential 

energy of an electron as it passes from the solid into the vacuum and is larger at the 

surface of metals than semiconductors due to the higher free electron density in metals. 

In the region just outside the surface the variation in potential energy with distance from 

the surface is negligible and so the electron is considered to be at rest.  This region of 

unchanging potential extends several micrometres into the vacuum and corresponds to 

the vacuum level at the surface (VLs).  As the electron moves beyond this near surface 

region the potential energy falls away with distance, until at an infinite distance from 

surface it reaches VL∞, as depicted in Figure 1.4. 

 

Figure 1.4: Energy level diagram showing the contributions to Φ made by the chemical 

potential () and surface () potential.  

 

VLs is the energy level of relevance for the definition of Φ, As, and Ip, and is described 

simply as the VL throughout this thesis. χ depends on the arrangements of atoms at the 
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material surface as well as the nature of the bonds between atoms, since denser 

structures give rise to a larger χ and therefore a larger Φ. This is shown by Strayer et al. 

for a W surface such that the Φ changes from 4.47 eV for a (111) surface to 5.25 eV for 

(110).33 

When organic molecules are adsorbed on a metal surface a decrease in Φ is most 

often observed due to suppression of the native surface dipole layer, brought about by 

the repulsive columbic interaction between the electron density on the organic molecule 

and the electron cloud spilling into the vacuum from the metal surface. This repulsive 

interaction leads to electron density being pushed back into the metal and so decreases 

the size of the surface dipole. Consequently, it is known as the ‘push-back’ effect and 

causes a decrease in Φ due to a decrease in χ. This effect can lead to a reduction in the 

measured Φ of samples in the laboratory environment as compared to that of the pristine 

surface, due to unintentional physisorption of low mass hydrocarbons, siloxanes, or 

solvent molecules from the atmosphere.  

The Φ of a material can also be tuned by modification of µ by doping with an 

excess of either negative (n-type) or positive (p-type) charge carriers, which moves the 

position of Ef in Eg and so alters the chemical potential contribution to Φ. In an intrinsic 

(organic) semiconductor (i.e. with no doping) Ef is located in the middle of the band-

gap. If n-doped, the excess of electrons results in the Ef being shifted towards the 

LUMO, whereas p-doping moves the Ef closer towards the HOMO. In both cases 

doping leads to an increase in the conductivity of the material due to an increase in the 

free carrier density as for a conventional inorganic semiconductor. 

When an electrode and organic semiconductor, or two organic semiconductors, 

are brought into contact with each other, an abrupt shift in the VL can occur due to the 
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formation of a dipole layer at the interface, or modification of the dipole layer that exists 

at one or both solid surfaces. This interfacial dipole layer can form for a number of 

reasons, including charge transfer, chemical reaction between the surfaces and/or a 

redistribution of the electron cloud (such as the push-back effect). It should be noted 

that the VL at interfaces between materials is a hypothetical concept but serves well as a 

concept to understand energy level diagrams at solid interfaces. The effect of dipole 

layer formation (or modification of the interfacial dipole) on the relative position of the 

energy levels in each material is illustrated in Figure 1.5.  

 

Figure 1.5: Schematic Energy level diagram of the interface between a metal and an 

organic semiconductor (a) before and (b) after interface formation.  

 

VL shifts due to dipole layer formation are most pronounced at metal | organic 

interfaces because there is a large dipole at the metal surface due to spilling of 

conduction band electron density into the vacuum.  

When the organic semiconductor layer becomes thick enough a ‘bending’ of the 

bands and VL can start to occur due to charge transfer into or out of the bulk of the 
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semiconductor, just as at the interface between a metal and a conventional 

semiconductor, as shown in Figure 1.6. This arises due to the tendency of electrons to 

move to the lowest available energy state until the Ef of both of the materials comes into 

alignment as a result of a shift in the vacuum level establishing equilibrium. Since the Ef 

in semiconductors is in the band-gap, dopant states are required as a source of electron 

density if charge is to be donated from the semiconductor into the metal (i.e. if Φ organic < 

Φ metal) (Figure 1.6(a)), or there must be defect states to accept the charge from the metal 

if Φ metal < Φ organic (Figure 1.6(b)).  

 

Figure 1.6: Schematic frontier orbital diagram showing charge transfer between a metal 

and an organic semiconductor when (a) Φ organic < Φ metal and (b) Φ metal < Φ organic 

 

Since organic semiconductors used in OPVs are not usually intentionally doped, and the 

concentration of defects and unintentional dopant states is too low  in high purity 

organic semiconductors to effectively transport enough charge to reach thermal 

equilibrium, alignment of Ef across the interface only occurs for very thick films of 

organic semiconductors, and will often not be achieved for the thickness used in an 
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OPV device.34 The redistribution of charges that occurs when a metal-organic 

semiconductor interface is formed results in a potential gradient in the depletion region, 

described by the Poisson equation (Equation 1.3): 

𝑑2𝑉(𝑥)

𝑑𝑥2
= −

𝜌(𝑥)

𝜀𝑟𝜀0
   Equation 1.3 

where V = the potential, x = the depletion region width, ρ(x) = the space charge 

distribution, ε0 = the permittivity of free space and εr = the relative permittivity.35 

 

1.5 Principles of OPV Operation 

The simplest structure for a single junction OPV is two organic semiconductors, which 

together serve as the photoactive layer, sandwiched between two electrodes. The 

frontier molecular orbital energies of the two semiconductors are chosen to be offset 

such that one serves as an electron acceptor with respect to the other when photo-

excited, as in Figure 1.7(a). One of the electrodes must be transparent to allow light to 

enter the device and the other must be highly reflective to recycle light not absorbed by 

the semiconductors on the first pass through the photoactive layer back into the device. 

In order to convert the incoming light into an electrical current in the external circuit 

four processes must occur, as shown schematically in Figure 1.7(b). These are: (1) Light 

absorption resulting in the formation of an exciton.; (2) Exciton diffusion to a 

heterojunction between donor and acceptor molecules.; (3) Exciton dissociation to form 

a charge transfer exciton.; (4) charge carrier transport and extraction to the external 

circuit. 
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Figure 1.7: Schematic energy level diagram for an OPV depicting a (a) zero-field (flat 

band) diagram and (b) a device at the short circuit condition (see main text for 

discussion of the four basic processes). 

 

When the incident photons have an energy equal to or larger than the band-gap 

in either of the organic semiconductors comprising the heterojunction, an electron will 

be promoted from the HOMO to the LUMO creating a Frenkel exciton. These diffuse 

randomly between molecules until they either relax back to the ground state or are 

dissociated to form a free electron and hole. Relaxation to the ground state usually takes 

place within 1 ns for singlet excitons, which are the majority of Frenkel excitons in 

OPV devices. The efficiency of light absorption (ηabs) depends on the transparency of 

the electrode, the path length through the photoactive layer, and the absorption 

coefficient (α) of the organic semiconductors. For a path length of 100 nm, the active 

layer in an OPV must have an absorption coefficient of at least 105 cm-1 to absorb 100% 

of the incident light.  

 Following formation the exciton will diffuse randomly, unaffected by the 

electric field, until it reaches an interface between the different organic semiconductors 
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that make up the photoactive layer.  The distance that an exciton can diffuse before 

recombining (LD) is a function of the exciton lifetime (τ) and the diffusion coefficient 

(D), which is a measure of the speed of diffusion due to Brownian motion as shown in 

Equation 1.4. Typical values of D are 1×10-4 - 1×10-3 cm2 s-1 whilst τ can be between 

0.1-0.5 ns for the organic semiconductors used herein.36,37   

𝐿𝐷 = √𝐷𝜏    Equation 1.4 

The exciton diffusion length limits the dimensions of each of the two organic 

semiconductors comprising the heterojunction to between 5-50 nm depending on the 

material. In a bilayer structure, where the semiconductors are simply stacked on top of 

one another as discrete layers, this severely limits the amount of light absorbed by the 

OPV. However, by creating a mixed interpenetrating network of donor and acceptor 

semiconductors in a BHJ, it is possible to ensure that the majority of excitons are 

generated within an LD of a heterojunction interface so that the efficiency of diffusion 

(ηdiff) is high. The BHJ architecture allows thicker photoactive layers to be used;60-300 

nm, so that a larger proportion of the incident light can be absorbed. However, there is 

still an upper limit to the BHJ thickness set by the electrical resistance to the extraction 

of free charge carriers to the external circuit. Excitons formed within an LD of an 

electrode often relax to the ground state due to quenching by the electrode, as a result of 

the close proximity of the high density of metal states. 

In order to dissociate the exciton into the individual free charge carriers the 

binding energy between the electron and hole must be overcome. This is achieved at the 

interface between different semiconductors if the offset between the frontier orbitals is 

greater than the exciton binding energy. The dissociation of the exciton at this 

heterojunction is a two-step processes:: (i) The exciton is dissociated across the junction 
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with the electron transferred to the LUMO of the electron acceptor and the hole in the 

HOMO of the electron donor, but is still coulombically bound with an energy of ~ 0.1 

eV32 as a charge transfer exciton.; (ii) This geminate pair then dissociates into free 

charge carriers, or undergoes geminate recombination to the ground state. The 

efficiency of this charge transfer process (ηct) is related to the size of the frontier orbital 

offset and the electric field in the active layer due to both the built in applied potential.  

Finally, the separated hole and electron undergo transport through the HOMO of 

the electron donor and into the anode, and the LUMO of the electron acceptor and into 

the cathode respectively. The efficiency of charge collection (ηcc) depends on the 

mobility of the charges as defined in Equation 1.5. 

𝜇 = −
𝑞𝜏

𝑚
𝐸  Equation 1.5 

where µ is the mobility of the charge carrier, q is the charge on the particle, τ is the 

scattering time (i.e. the time the charge carrier is accelerated by the field before 

scattering), m is the charge carrier mass, and E is the electric field strength. A large 

difference in the mobility of the electrons and the holes can lead to an accumulation of 

one carrier type in the device due to the different rates of extraction of electrons and 

holes. If this occurs there will be a space charge of the lower mobility charge carrier 

type leading to lowering of the electric field in the device and a reduced PCE.  

The total incident photon to current efficiency (IPCE), also known as the 

external quantum efficiency (EQE), is given by the product of the efficiency of each of 

these steps as shown in Equation 1.6. 

𝐸𝑄𝐸 = 𝜂𝑎𝑏𝑠 . 𝜂𝑑𝑖𝑓𝑓 . 𝜂𝑐𝑡 . 𝜂𝑐𝑐  Equation 1.6 

 



Chapter 1. 

 

18 
 

1.6 JV Device Characteristics 

A typical current density-voltage (JV) curve for a PV device under illumination and in 

the dark is shown in Figure 1.8. The PV device acts as a diode in the dark (dashed line) 

and current generator under illumination (solid line). When analysing the JV curves of a 

PV device there are 4 key terms that are used to characterise its performance: (i) The 

short circuit current density (Jsc).; (ii) The open circuit voltage (Voc).; (iii) The fill factor 

(FF).; and (iv) the power conversion efficiency (PCE). Jsc is the current density at the 

short-circuit condition, which corresponds to when the load resistance is 0 Ω (Figure 

1.8(a)). The Voc is the maximum voltage between the two electrodes and is achieved 

when the load resistance is high enough to be considered infinite, such that no current 

flows.  

 

Figure 1.8: (a) Representative JV characteristics for a PV device in the dark (filled 

dots) and under illumination (empty dots) with Jsc and Voc marked; (b) JV characteristic 

showing how the maximum power point (PMP) is determined. 

 

To a first approximation the potential difference between the HOMO of the electron 

donor and the LUMO of the electron acceptor gives the maximum achievable Voc in an 
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OPV device. The point at which the product of current and voltage gives the maximum 

power is called the maximum-power-point (PMP) at which the current density and 

voltage are denoted as JMP and VMP respectively (Figure 1.8(b)). The FF measures the 

ratio between this maximum point and the product of Voc and Jsc as given in Equation 

1.7.  As such, the FF can be considered a measure of the squareness of the JV 

characteristic and has a maximum theoretical value of ~ 0.8. 

𝐹𝐹 =
𝐽𝑀𝑃𝑉𝑀𝑃

𝐽𝑠𝑐𝑉𝑜𝑐
                      Equation 1.7 

The product of Jsc, Voc and FF therefore gives PMP which, along with the total power 

available from the incident light (Pinc), can be used to calculate the PCE:  

𝑃𝐶𝐸 =
𝑃𝑀𝑃

𝑃𝑖𝑛𝑐
=

𝐽𝑠𝑐𝑉𝑜𝑐𝐹𝐹

𝑃𝑖𝑛𝑐
                 Equation 1.8 

In an ideal case a PV device can be thought of as a photocurrent source 

connected in parallel with a rectifying diode. However, in reality the series resistance 

(Rseries) and shunt resistance (Rshunt) also have to be included in the equivalent circuit 

diagram as illustrated in Figure 1.9. Rseries results from electrical losses due to resistance 

to charge carrier transport through the device, and takes into account the charge carrier 

mobility in the various layers and the resistance to charge transport across the various 

interfaces. Rseries can be estimated from a JV curve by taking the inverse of the gradient 

of tangent to the curve at the open-circuit condition. 
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Figure 1.9: Equivalent circuit diagram of a PV device, with arrows depicting the 

direction of current flow. 

 

Rshunt is the resistance to photo-generated charge carriers moving directly between the 

electrodes which can occur due to pin-holes and non-uniformities in the active layer. 

Rshunt can be approximated from the gradient of a tangent to the JV curve at the short-

circuit condition. In an ideal PV device, Rseries would be 0 Ω and Rshunt would be 

infinitely large. However, in a real device this is not the case which leads to an erosion 

of the FF as shown in Figure 1.10. 

 

Figure 1.10: JV curves illustrating the effect of (a) an increased series resistance and 

(b) an increased shunt resistance, on the FF. 
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1.7 OPV Processing Techniques 

Key considerations for organic semiconductors used in OPVs is a strong absorption of 

light in the solar spectrum and have a high enough charge carrier mobility to efficiently 

transport the photo-generated charge carriers to the external circuit.  

To deposit these materials either high vacuum techniques (e.g. thermal 

evaporation) or solution processing techniques (e.g. spin coating, spray coating, or 

doctor blading) are used, although it is generally accepted that solution processing 

methods are needed to minimise the cost of manufacturing OPVs, thereby maximising 

their cost advantage over other PV technologies. This is due to the lower energy input, 

lower temperature processing, and faster processing speeds possible with solution 

processing.17,38 There are, however, limitations to the solution processing such as the 

need for solvent orthogonality between adjacent layers, a constraint that limits the 

complexity of the structures that can be fabricated and the materials used.39 The most 

common technique for depositing small molecule organic semiconductors, metals, and 

metal oxides is thermal sublimation in a high vacuum (<1×10-5 mbar), which has a 

number of advantages over solution processing: (i) Firstly it is easier to produce high 

quality, pristine films due to the very controlled processing environment.; (ii) Secondly, 

vacuum processing techniques give a much higher degree of control over film thickness 

over larger areas (to within ± 0.1 nm) than solution processing.; (iii) Finally, since 

vacuum deposition is a solvent free  process, multiple sequential layers can be deposited 

without significantly affecting the underlying films. The flexibility and simplicity in this 

technique make it very useful and as such it is used extensively in the electronics39 and 

packaging industries for small molecule and metal deposition. However, the large 

energy input required to generate and maintain the vacuum adds to the cost of 
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fabricating OPVs using this technique, which in turn leads to an increased cost-per-watt 

of electricity generated. 

 

1.8 OPV Materials 

Electron accepting materials need to be able to accept and transport electrons from the 

electron donor material. The former requires a ≥ 0.15 eV offset between the LUMO 

energy of the acceptor and the donor. Additionally, there must be a large difference in 

energy between the acceptor LUMO and the donor HOMO to ensure a large Voc. Ideally 

the band-gap of the acceptor is also low enough to efficiently absorb light in the useful 

part of the solar spectrum for PV applications. Energy levels aside, the acceptor should 

also have a high electron mobility, a large exciton diffusion length, and sufficient 

solubility in the case of materials used for solution processed BHJ applications. An ideal 

BHJ donor-acceptor domain size of 10-20 nm is typically needed to achieve efficient 

exciton dissociation, which requires spontaneous phase separation as the solvent 

evaporates.40,41 The focus of this section is on the use of fullerene electron acceptors 

(Figure 1.11) because they are the most widely used acceptor in the OPV research and 

the only type used in the research presented in this thesis.  
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Figure 1.11: Molecular structures of electron accepting molecules used in this thesis; 

(a) PC61BM and (b) PC71BM. 

 

The use of fullerene compounds as electron acceptors in conjunction with 

semiconducting polymers was initiated in 1992 with buckminsterfullerene exhibiting 

rapid, long lived photo-induced charge transfer from poly[2-methoxy,5-(2'-ethyl-

hexyloxy)-p-phenylene vinylene]20 and poly(3-hexylthiophene)19. This was followed by 

demonstration of a BHJ OPV in 1995 in which the fullerene derivative [6,6]-phenyl C61 

butyric acid methyl ester (PC61BM) served as the electron accpetor.42 PC61BM consists 

of a 60 carbon atom sphere functionalised with phenyl butyric acid methyl ester (Figure 

1.11(a)) to improve solubility in common solvents. To a good approximation all of the 

carbon atoms in the fullerene are sp2 hybridised and blended thin films of this molecule 

have a relatively high electron mobility, for an organic semiconductor, of 10-2-10-3 cm2 

V-1 s-1.43 The latter is due to its close and ordered packing in the solid state, which helps 

to maximize the overlap between LUMO levels on adjacent molecules. It has been 

shown that increasing the length of the side chain, increases steric hindrance between 

(a) (b)
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molecules reducing the electron mobility.44  Unfortunately, whilst the absorption 

coefficient of PC61BM is ~105 cm-1 at 350 nm it falls to ~104 cm-1 at 600 nm.45 Due to 

the relatively low cost of synthesis, and very fast electron transfer PC61BM has become 

the ubiquitous acceptor molecule used in OPVs. 

After the success of PC61BM a number of variants on this structure have been 

synthesised with the aim of improving the performance of OPVs. One such is [6,6]-

phenyl-C71-butyric acid methyl ester (PC71BM) which has a 70 carbon atom fullerene 

structure (Figure 1.11(b)). Due to its reduced symmetry, as compared to PC61BM, there 

are fewer disallowed transitions which leads to a stronger absorption in the visible 

spectrum and so larger photocurrent in OPVs.46,47 However this improvement in the 

optical properties is at the expense of a reduced electron mobility, ~6.8 × 10-4 cm2 V-1 s-

1
,
48 in the PC71BM material due to less efficient packing. 

Electron donors should have a high absorption coefficient and large exciton 

diffusion length, combined with a high hole-mobility. For polymeric semiconductors 

(Figure 1.12)  the molecular weight can have a large effect on OPV performance, since 

differences in BHJ segregation morphology, charge carrier mobility, polymer solubility, 

and film crystallinity can all stem from variations in molecular weight.49–51 Poly(3-

hexylthiophene) (P3HT) has long been the workhorse donor material in OPV research, 

achieving a maximum PCE in OPV devices of 4-5%.52,53 P3HT is based on thiophene 

units with a solubilising hydrocarbon carbon chain (Figure 1.12(a)) and can be produced 

in a three-step reaction mechanism.  Its widespread use is in large part due to its 

miscibility with PC61BM, stability in air, and simple synthesis. However its relatively 

large band-gap of ~2.0 eV means that it only absorbs photons with wavelength in the 

range 450-600 nm, leaving a large section of the  useful part of the solar spectrum (450-

1100 nm) unused, which severely limits the PCE. 
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Figure 1.12: Molecular structures of electron donating polymers used in this thesis: (a) 

P3HT, (b) PCDTBT, (c) PTB7, and (d) PTDTTT-EFT  

 

Additionally, having a LUMO level of roughly 3.1 eV below the VL leads to an offset 

with the LUMO of PC61BM/PC71BM of ~1 eV, which is much larger than is necessary 

for efficient exciton splitting. The relatively small Ip also limits the maximum 

achievable Voc to around 0.62V52,54 which further constrains the maximum achievable 

PCE. 

The polymeric electron donor Poly[N-90-heptade- canyl-2,7-carbazole-alt-5,5-

(40,70-di-2-thienyl-20,10,30-benzothia- diazole)] (PCDTBT) was first synthesised and 

implemented in OPVs in 2007 and so is a much less well studied system than P3HT.55 

(a) (b)

(c) (d)
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As shown in Figure 1.12(b) it consists of a carbazole group, with solubilising alkyl 

chains attached to the central nitrogen, linked to a benzothiadiazole structure via a 

thiophene linkage. PCDTBT has a donor-acceptor (D-A) type structure with alternating 

electron donor (thiophenes) and acceptor (benzothiadiazole) groups making up the 

conjugated backbone.56 Due to hybridization of the orbitals of these groups a lower 

band-gap than in P3HT, of ~1.9 eV,57 is achieved. Electron density transfer between 

these units stabilises the resonant structures leading to less alternation of bond lengths 

between the double and single bonds which makes the levels more degenerate and so 

functions to reduce Eg.
58 PCDTBT has a LUMO level of 3.5 eV and a relatively deep 

HOMO level at 5.3 eV below the VL, which leads to large Voc of > 0.9 V in OPV 

devices using this material as the electron donor, which in turn leads to PCE as high as 

7.5%.59 In addition to the  improved PCE, and of arguably greater importance, is the 

substantial increase in operating lifetime and thermal stability60 of PCDTBT BHJs,  

which has been shown to be as high as 7 years of use.50 This excellent stability is 

attributed to the reduced susceptibility of this polymer towards oxidation, due to the 

very deep HOMO level. However, a relatively high degree of energetic disorder in this 

material means that there is a high density of trap states intrinsic to these films as well 

as low crystallinity in PCDTBT:PCBM BHJs. Consequently the hole mobility is 

relatively low; 6×10-5 cm2 V-1 s-1,61
 which  necessitates the use of thinner films than  

needed to absorb all of the incident light, of 70 nm.60 

In order to achieve broad band absorption as well a large Voc, small band-gap 

deep HOMO level electron donors are required. One of these is polythieno[3,4-b]-

thiophene-co-benzodithiophene (PTB7) which consists of an electron rich 

benzodithiophene group linked to an electron deficient thienothiophene group, again 

with solubilising alkyl chains (Figure 1.12(c)). The PTB7:PC71BM system can achieve 
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efficiencies greater than 9%, in large part due to high Jsc values of 15-17 mA cm-2 

whilst retaining a good FF.62 The large Jsc is primarily due to very efficient free carrier 

generation and charge transport, which stems from the low binding energy between 

charge transfer excitons62 and the high hole mobility (2 × 10-4 cm2 V-1 s-1)63 when part 

of a BHJ.  The HOMO and LUMO energy levels are at 5.2 eV and 3.3 eV below the 

VL respectively, leading to a band-gap of ~1.8 eV.64 Consequently, strong absorption is 

achieved up to  ~ 650 nm after which it tails off rapidly. In order to improve the 

efficiency of PTB7:PC71BM BHJs a small amount (3% vol.) of the high boiling point 

solvent diiodooctane (DIO) is often added to the solution prior to deposition in order to 

optimize the morphology of BHJ.65,66 This additive serves to increase the solubility of 

PC71BM aggregates, promotes smaller domain sizes (from >100 nm to 20 nm) and leads 

to better PC71BM intercalation in PTB7 phase. Unfortunately, PTB7 is relatively 

unstable: In a study conducted by Soon et al.67 it was shown that PTB7 undergoes rapid 

photo-oxidation to produce singlet oxygens when illuminated leading to large losses in 

absorption. 

In an effort to improve upon the success of PTB7 the similar polymer Poly[4,8-

bis(5-(2-ethylhexyl)thiophen-2-yl)benzo[1,2-b;4,5-b']dithiophene-2,6-diyl-alt-(4-(2-

ethylhexyl)-3-fluorothieno[3,4-b]thiophene-)-2-carboxylate-2-6-diyl)] (PBDTTT-EFT) 

was developed. This involved replacing the alkoxy groups on BDT with thienyl groups 

as shown in Figure 1.12(d).68 This modification was found to lead to a smaller band-

gap, as compared to PTB7, and a slight reduction in the HOMO (HOMO = 5.24 eV, 

LUMO = 3.66 eV, Eg = 1.55 eV) which gives an absorption spectrum that peaks at 

roughly 700 nm and has been shown to absorb out to as far as 800 nm.68–70 This 

polymer is used in this thesis as an example of next generation donor type polymer 
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materials which is designed to have a  small band-gap, deep HOMO energy level and 

good long term stability.   

The frontier orbital diagram showing the HOMO and LUMO levels of the 

organic semiconductors used as the photoactive layers in this thesis, as just discussed, 

are shown in Figure 1.13   

 

Figure 1.13: Frontier orbital diagram showing the HOMO and LUMO levels for the 

range of organic semiconductors used in the photoactive layer in this thesis.57,64,68,71–73 

 

1.9 Interfacial Layers for Charge Extraction in OPVs 

The performance of OPVs can be greatly improved by the addition of charge transport 

layers (CTL) at the electrode interfaces, due to a variety of optical and electronic 

effects. Firstly, the layer can act to align the Fermi level of the electrode close to the 

relevant frontier molecular orbital in the adjacent organic semiconductor, which 

minimises losses in the potential energy of the extraction charge carriers. For instance, 

when extracting electrons if the Φ of the electrode (anode) is greater than the difference 

in energy between the VL and the LUMO of the electron acceptor, then the Fermi level 

will not be aligned to the LUMO unless there is a high density of n-type dopants in the 

organic semiconductor. This results in a sub-optimal Voc (labelled Voc
’ in Figure 1.14), 
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given by the difference in the Φ of the electrodes, rather than the maximum achievable 

Voc (Voc
max) which is given by the difference in energy between the LUMO of the 

acceptor and the HOMO of the electron donor (Figure 1.14(a)). The same is true if the 

hole-extracting electrode (cathode) has a Φ that is too small. Whilst this problem can be 

resolved by using an electrode with an appropriate Φ, this is not always possible due to 

the limited pallet of metal electrodes to choose from. An interfacial layer with a suitable 

Φ can be used, which allows charge transfer between the electrode and the 

semiconductor LUMO or HOMO, for electron and hole extraction respectively, 

resulting in pinning of Ef and a larger achievable Voc (labelled Voc
’’ in Figure 1.14) as 

shown in Figure 1.14(b). In this way even a high Φ electrode such as ITO can act as an 

electron-extracting electrode, despite its high Φ, by depositing a thin film of ZnOx.
74  

 

Figure 1.14: (a) Schematic energy level diagram showing the maximum voltage 

(Voc
max) achievable in an OPV and how the electrode work function affects the actual 

voltage (Voc
’). (b) MO diagram showing the effect of fermi level pinning by interfacial 

layers on the voltage (Voc
’’) and the charge selectivity of the electrode. 
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As well as Fermi level pinning, CTLs can also act to improve the charge carrier 

selectivity at the electrode | BHJ interface by having a large barrier to the extraction of 

the unwanted charge carrier type as illustrated in Figure 1.14(b). For this reason, CTLs 

are invariably wide band-gap materials which also ensures that they are transparent to 

light. The improved rectification resulting from using a CTL has been shown to lead to 

large improvements to the FF in OPVs.74–76 The use of these wide band-gap CTLs can 

also reduce exciton quenching at the electrode contact leading to longer exciton lifetime 

and improved Jsc.
77  

Wide band-gap CTLs deposited onto the reflective substrate electrode can also 

function to increase the Jsc by acting as an optical spacer layer enabling the light 

intensity in the photoactive layer to be maximised, as illustrated in Figure 1.15.78 

Optical spacers can have a large effect on the performance of OPVs that utilise a sub-

optimal thickness photoactive layer. Incident light that is not absorbed by the 

photoactive layer is reflected off the opaque electrode back into the absorbing 

semiconductor. A microcavity will occur if the reflectivity at the window electrode 

interface is significant (which it often is when using a thin metal film electrode) as an 

increased optical field will occur across the gap between the electrodes, trapping the 

light and forming a standing wave.79 The redistribution of the optical field can be 

controlled by varying the thickness and optical constants of the CTL so that a greater 

absorption of light is achieved (Figure 1.15).78 The potential of this approach for light 

management in the device has been demonstrated using ZnOx, with theoretical 

improvements in Jsc of up to 20% for common active layer thicknesses.80  
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Figure 1.15: Calculated optical-field distributions at the wavelengths of 590 nm in a top 

illuminated OPV. The grey area indicates the solar-absorbing active layers. Reproduced 

from Lin et al., S.-W. Chiu, L.-Y. Lin, Z.-Y. Hung, Y.-H. Chen, F. Lin and K.-T. 

Wong, Adv. Mater., 2012, 24, 2269–2272. 

 

However, in practice the improvement is much lower than theory predicts and the layer 

thickness has to be very carefully controlled to achieve any significant improvement,81 

adding complexity which inevitably increases fabrication cost. Additionally, as this 

approach is highly dependent on the path length of the light entering the device the 

efficacy of the optical spacer depends on the angle of incident light, which constantly 

changes for a PV in real world conditions. 

The CTL can also act as a physical buffer layer protecting the organic 

semiconductors during deposition of the metal electrode82 and to improve the device 

stability by helping to block the ingress of water and oxygen into the device.83 Many 

metals, for instance Au, readily diffuse through organic semiconductor layers leading to 
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filamentary shorts which erodes Rshunt. The prevalence of such a short can be greatly 

reduced using a CTL. 

 

1.10 Transition Metal Oxides as Interfacial layers 

Transition metal oxides (TMOs) were first introduced as CTLs in the late 1990’s as 

hole-injection layers in organic light emitting diodes84 using the metals V, Mo and Ru to 

make their respective oxides. In the mid-2000’s MoO3 and V2O5 were then shown to act 

as efficient hole-extracting CTLs to replace PEDOT:PSS in OPVs.85 Since then the use 

of TMOs as interfacial layers for hole-extraction has seen widespread use in OPVs. 

Interest in TMOs primarily stems from their exceptionally high Φ, moderate charge 

carrier mobilities and large band-gap, the latter of which results in a low absorption 

coefficient for wavelengths of >400 nm. MoO3 is exclusively used throughout this 

thesis so is the focus of this section, although the electronic and optical properties of 

V2O5 and WO3 have a great deal in common with that of MoO3, and these materials are 

used for the same purpose in OPVs. MoO3 is the most commonly used TMO in OPVs 

due to its lower evaporation temperature than V2O5 or WO3, meaning it is easier to 

process through vacuum evaporation and potentially less damaging to the organic 

photoactive layer. 

MoO3 is typically n-type doped due to oxygen array vacancies forming in the 

lattice, so the correct descriptor is MoO3-x, where x is in the range 0 to 0.99. However, 

in keeping with the literature convention, this material is referred to as MoO3 

throughout this work. The n-type doping imparts a small but significant electrical 

conductivity of the order of 10−7 S cm-1 at room temperature86 whereas without the 

doping the large band-gap of  3.0 eV makes the material very insulating and so restricts 
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the total thickness used.87 The band edges in MoO3 with respect to the VL, as measured 

using UPS, are shown in Figure 1.16.86 The VB edge results primarily from occupied O 

2p orbitals whilst the CB is dominated by the Mo 4d orbitals.88 

 

Figure 1.16: Energy level diagram depicting (a) the energies of the valence and 

conduction band edge, and the Fermi level in MoO3 with respect to the VL, taken from 

reference 54, and (b) a schematic diagram showing alignment of the HOMO of an 

electron donor material with the CB of MoO3 due to charge transfer. 

 

It is into the CB band that electron density from the electrons that would otherwise be 

binding to oxygen reside when oxygen vacancies occur.  

MoO3 performs exceptionally well as a CTLs for hole-extraction in OPVs, 

although since the Ip of most donor type organic semiconductors is in the range 4.8-5.7 

eV it is clear that transport of holes is not via the MoO3 VB which is 9.7 eV below the 

VL. When organic semiconductors are deposited onto MoO3, thermodynamic 

equilibrium is spontaneously achieved due to transfer of electrons from the organic 

semiconductor to MoO3. This charge is accommodated in the conduction band and 
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oxygen vacancy defect states in the MoO3 band-gap, which leads to close alignment of 

the HOMO of organic semiconductor with the CB of the MoO3 as depicted in Figure 

1.16(b).  Holes produced due to photo-excitation in the organic semiconductor are 

extracted to the external circuit via the MoO3 interlayer through two possible 

mechanisms: (i) Holes are transported through a high density of filled defect states just 

below the CB edge, composed primarily of oxygen vacancies. This will occur only if 

the defect density is large enough that these states overlap to form a continuum. (ii) 

Alternatively, electrons are transported from the electrode into the HOMO of the 

organic semiconductor via the MoO3 CB, which is equivalent to hole extraction. This is 

made possible because of the close alignment of the HOMO of the donor and CB of 

MoO3.  As the density of dopant levels in MoO3 is strongly affected  by the adjacent 

metal89 the validity of either mechanism will change with different OPV structures. 

 

 

1.11 Top-Illuminated OPV Device Architectures 

Conventionally thin film PVs allow light into the device through a thick transparent 

substrate (usually glass) coated with a transparent substrate electrode, which also serves 

as a supporting substrate. Whilst this architecture provides a mechanically strong and 

stable substrate on which to fabricate a PV device, there are number of situations where 

it would be beneficial to use an architecture in which light enters through the top non-

supporting electrode as shown in Figure 1.17.  



Chapter 1. 

 

35 
 

 

Figure 1.17: Schematic diagram of the structure of a top-illuminated OPV. 

 

The current industry standard for transparent substrate electrodes is a glass 

substrate coated with a 100-300 nm thick film of the n-type degenerate semiconductor, 

tin-doped indium oxide (ITO). This electrode is highly transparent and conductive, 

although it requires relatively thick films to achieve the necessary Rsheet of < 10 Ω sq-1
, 

needed for large area OPV applications, which limits the transparency to between 70-

80% across the visible spectrum.90,91 Unfortunately, ITO is also prohibitively expensive 

for OPV applications, since OPVs will need to be low cost if they are to be 

economically viable. ITO is also not amenable to rapid solution processing using roll-

to-roll deposition or for mechanically flexible device applications because it is 

intrinsically brittle. Cheaper transparent metal oxides have been researched as 

replacements to ITO, such as Al doped ZnOx and fluorine doped SnO2, however these 

are  brittle electrode materials and have a high surface roughness which renders them 

poorly matched to OPVs where the photoactive layer thickness is typically less than 100 

nm.92,93 Top-illuminated OPVs are not reliant on ITO as a substrate electrode but 

require a highly reflective mirror electrode at the substrate instead. ITO cannot be used 
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as the top electrode either since in order to achieve a high transparency it must be 

sputtered followed by annealing at 300°C, both of which would damage the underlying 

organic semiconductors. Top-illuminated device architectures remove the use of ITO 

and so allows for the production of mechanically flexible and cheaper OPVs. Top-

illuminated OPVs offer much greater versatility in the choice of supporting substrate 

and so a greater degree of freedom in design for different uses. For example, they can be 

deposited on materials of technological importance, such as aluminium for automotive 

applications and steel for building integration where considerations such as flexibility, 

weight, price, and/or stability of the substrate are an issue.  

In order to achieve high performance top-illuminated OPVs a low cost, highly 

reflective substrate electrode with good long term stability towards oxidation in air is 

required. Consequently, optically thick films of Ag and Al are most often used because 

these have high reflectivity over the relevant wavelength range for PV applications; 

400-1100 nm. Additionally, they have the added benefits of being mechanically flexible 

when in thin film form, as well as being easy to deposit reproducibly using high speed 

roll-to-roll vacuum evaporation.94 Another important consideration for the substrate 

electrode in top-illuminated OPVs is the stability, to oxidation in air and other chemical 

processes used when fabricating the device. The substrate electrode must also be 

smooth enough not to cause parasitic shunting in the device. Whilst Al is cheaper than 

Ag it does have the disadvantage of forming a native oxide that is thick enough to 

adversely affect the efficiency of charge collection at the interface leading to an 

increased Rseries in PVs.  An Al:Au alloy was shown by Chen et al. to function well as 

an electron-extracting electrode in OPVs as well as being highly resistant to oxidation.95 

A Ag | AgOx electrode has been shown to perform much better as the hole-extraction 

electrode than the Ag alone due to an increased Φ, which aligns the electrode Ef more 
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closely with the HOMO of the electron donor.96–98 In a similar vein an electrode 

structure of Cr (5 nm) | Al (5 nm) | Cr (5 nm) has been shown to form smooth and stable 

substrate electrodes.99,100 In that case, the stability is attributed to the partial oxidation of 

the Cr during the OPV fabrication leading to a conductive CrO capping layer. A number 

of groups have also shown that is possible to fabricate OPVs directly onto stainless 

steel, so that it functions as both the supporting substrate and an electrode.101,102   

Another approach to improving the performance of top-illuminated OPVs is 

through nano-structuring of the back contact to increase the electrode surface area 

and/or to improve light trapping in the device.103–105 With large structures, scattering of 

the incident light occurs, which leads to a longer path length of the light through the 

photoactive layer and so more efficient harvesting of the incident light. Nano-

structuring with dimensions much less than the wavelength of the incident light has also 

been shown to increase PCE due to surface plasmon enhanced absorption in OPVs. 

Surface plasmons are collective oscillations of conduction band electrons that localise  

and concentrate incident light at the metal | semiconductor interfaces for frequencies at 

and below the surface plasmon resonant frequency of the metal.106 For this application 

Ag is the metal of choice due being highly conductive and having low losses due to 

inter-band transitions below 3.9 eV, with a strong plasmonic absorption in the visible 

spectrum.107,108 

As previously alluded to, when considering alternatives to ITO as a transparent 

electrode a Rsheet of < 10 Ω sq-1 and a far field transparency of > 80 % are both essential 

for practical applications. Too high a Rsheet results in ohmic losses which, whilst not 

always noticeable for small area lab scale devices, become very significant in devices 

with a practical photoactive area.90,109 For all window electrode types there is a trade-off 
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between transparency and Rsheet and it is a false economy to improve one of these 

parameters at the expense of the other. As with the substrate electrode the window 

electrode must also be stable towards oxidation, flexible, and cheap. Currently the 

electrode materials most intensively investigated for the transparent electrodes in top-

illuminated OPVs are graphene/graphene oxide,110–112 carbon nanotubes,113 conductive 

polymers,114,115 metal nanowires116 and thin metal films.78,117 These are often used in 

conjunction with a grid of optically opaque current collecting bars which have a 

thickness in the order of micrometres overlaid onto a transparent electrode with sub-

optimal Rsheet.
118 In this way more resistive but higher transparency electrodes can be 

used and still be able to efficiently extract charge due to the close proximity to the 

current collecting bars.100,119 However, this composite approach has a number of issues 

including adding complexity/cost to the device, partially shadowing the photoactive 

layer, and leading to an increased likelihood of shunting between the two electrodes 

when used as the substrate electrode due to the large thickness of the bus bars as 

compared to the photoactive layer. Thin metal films, deposited by vacuum evaporation, 

provide a simple and controllable way to achieve transparent conducting electrodes, 

with thicker films leading to a lower sheet resistance at the expense of reduced 

transparency. Vacuum evaporation is well-established in the packaging industry as a 

low cost, large area processing method for the deposition of thin metal films that is 

compatible with roll-to-roll deposition onto flexible substrates, and offers the necessary 

high degree of control over metal film thickness.120 Ag is the metal of choice for this 

application because it has the highest conductivity121 and the lowest absorbance122 of the 

earth abundant metals over the visible spectrum, combined with relatively high stability 

towards oxidation in air.  
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In order to reduce the losses in transparency upon increasing the film thickness, 

champion top-illuminated OPV devices use a triple layer window electrode structure of 

dielectric | metal | dielectric (DMD) with the dielectrics being materials with a high 

refractive index such as metal oxides or polymers.105,117,123,124 This structure acts to 

increase the transparency of the electrode by suppressing losses due to surface plasmon 

excitation and reducing reflection. Surface plasmons occur when the real part of the 

dielectric constant of the metal is negative and has a greater magnitude than that of the 

dielectric layer at the interface. Therefore, the far-field transparency of the metal can be 

increased by depositing materials with a large dielectric constant. For Ag the 

transparency has been shown to increase when deposited on materials such as WO3 or 

MoO3.
92,125 The optical transmittance of the metal is also increased due to a decrease in 

the reflectivity of the film when capped with dielectric materials. This effect is shown to 

increase with materials with higher refractive indexes due to the refractive index of the 

DMD structure being closer to that of air than the bare metal structure. 78,92,125 

Additionally, the underlying dielectric layer must also serve as a CTL, since it is inside 

the device, which limits the range of materials that can be used for this purpose. 

Sandwiching metal electrodes between dielectric layers allows metal thickness above 

the metal percolation threshold to be used (11-15 nm) such that the necessary 

conductivity can be achieved whilst retaining a high degree of transparency as shown in 

Figure 1.18.  
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The DMD electrode structure can be used to trap light in the OPV via a 

microcavity effect, although as already stated there are drawbacks to this approach. 

These are that it requires a very high degree of control over the thickness of each layer 

in the device over a large area, is wavelength dependent, and requires optimisation for 

different angles of incident of light. It is therefore important to explore other ways to 

produce more transparent metal films, the simplest of which is to make the Ag layer 

thinner. However, Ag has a high surface energy and so thin films of this metal typically 

have a high percolation thickness of > 10 nm, below which they form discontinuous 

island like structures which are poorly conductive and couple strongly with visible light 

due to excitation of localised surface plasmons.126 This is particularly the case when 

evaporating Ag onto the transition metal oxide and/or organic semiconductors 

invariably used for extraction of charge carriers in OPVs, since Ag binds very weakly to 

these classes of materials and the surface energy mismatch is a powerful driver for 

nanoparticle formation.123,127 To counteract this, a number of strategies have been 
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proposed: A thin (1 nm) metal seed layer of either Al or Au has been shown, by the 

groups of Leo123,128 and Yang124, to lead to much better film forming properties of 

evaporated Ag. An alternate approach proposed by Schubert et al.129 is to make a Ca:Ag 

composite electrode which was shown to have a high transparency whilst maintaining a 

relatively low sheet resistance of 27.3 ohm sq-1, although this is too high for use in 

practical OPV devices. Zuo et al. designed a gradient Ag electrode with increasing  

electrode thickness (15-32 nm) as it approached the current extraction grid.117 This 

approach takes advantage of the intensity gradient of thermal dissipation losses, which 

is less intense far from the extraction grid and so a less conductive, but more 

transparent, film can be used. 

 In summary top-illuminated OPV device architectures are at a relatively early 

stage of development but show promise for a number of OPV applications. There are 

challenges still to be addressed with this architecture particularly with regards to both 

the transparent and reflective electrodes, which are the topic of this thesis. In Chapter 3 

of this thesis the development of a novel reflective substrate electrode based on an Al | 

Cu bilayer with an ultra-thin Al layer is discussed. This same electrode is used in 

Chapter 4 due to its remarkably low work function and stability to probe the interface 

between the electrode and organic semiconductors and thus propose a new design-rule 

for BHJ OPVs. In Chapter 5 the focus moves to the transparent top-electrode in which a 

novel solution processed organo-molybdenum oxide bronze is developed and 

characterised. This is shown to effectively act as a seed layer to promote the growth of 

highly transparent, low sheet resistance, stable silver window electrodes for top-

illuminated OPVs as well as fulfilling the role of a charge blocking layer.  In the final 

results chapter, Chapter 6, preliminary results are shown relating to the nano-structuring 
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of the back electrode as a method to increase the path length of light in the OPV and 

thus enhance absorption.  
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Chapter 2. 

Experimental Techniques 

 

This chapter gives an overview of the experimental techniques and methods used to 

acquire the results presented in Chapters 3-6 of this thesis. Details of particular 

relevance to specific experiments are also provided at the beginning of each results 

chapter. 

 

2.1 Thin Film Fabrication Techniques 

2.1.1 Substrate Preparation 

Glass substrates were prepared by cutting 1.2 mm thick glass microscope slides (VWR 

Super Premium) to sizes of either 12 × 12 mm, 18 × 18 mm, or 26 × 26 mm depending 

on the application. 12 × 12 mm glass substrates with an 8 mm wide ITO strip were 

purchased from Thin Film Devices Inc. with an ITO stated thickness of 145 nm ± 10 nm 

and a sheet resistance of 15 Ω sq-1 ± 3 Ω sq-1. Immediately prior to use the slides were 

cleaned by: 

 Rinsing to remove debris from the cutting procedure (glass substrates only),  

 Ultra-sonic agitation for 10 minutes in a dilute aqueous solution of DECON 

surfactant (Neutracon), 

 Rinsing with high  urity (>10 MΩ cm) deionised water, 

 Ultra-sonic agitation for 10 minutes in high purity deionised water, 

 Rinsing with iso-propanol (IPA), 

 Ultra-sonic agitation for 10 minutes in IPA, 
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 Drying in a stream of nitrogen.  

 Suspension in hot acetone vapour for 10 seconds then drying in a stream of 

nitrogen. 

Ultra-sonic agitation was performed with a Fisherbrand FB11002 ultrasonic bath. 

The substrates were then exposed to ozone generated from ambient air using an 

ultra-violet light (UV/O3 treatment) to remove solvent residue and physiorbed 

hydrocarbon contaminants from the atmosphere at the glass surface. This treatment also 

raises the surface energy of the glass and so increases the hydrophilicity, and is an 

essential treatment immediately prior to surface chemical derivatisation with a 

molecular monolayer (see below). UV/O3 treatment was conducted for 15 minutes 

followed by 5 minutes in the chamber with the UV lamp off, during which the ozone 

level gradually decayed. The chamber was then removed of all ozone vapour with a 

rotary pump. A Novascan PSD-UVT UV/O3 rig with a UV lamp (185 nm and 254 nm, 

20mW cm-2) was used to generate ozone. 

 

2.1.2 Molecular Monolayer Deposition 

Molecular monolayers can be used to promote the adhesion of some metals onto the 

surface of glass.130 This increased binding strength reduces the diffusion of the metal 

atoms when they arrive at the glass surface from the vapour phase, so they are more 

likely to form a continuous metal film at very low thicknesses than would otherwise be 

the case. To deposit these monolayers glass slides are UV/O3 treated to functionalise the 

surface with a high density of hydroxyl moieties. These are then immediately 

transferred to a desiccator containing a small volume (< 0.5 ml) of the molecule used to 

form the monolayer in a vial and the pressure is reduced to 20-50 mbar. The molecular 
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adhesive molecules used were 3-mercaptopropyltrimethoxysilane (MPTMS, Sigma 

Aldrich) and 3-aminopropyltrimethoxysilane (APTMS, Sigma Aldrich), 4 drops of 

each, or separately with 8 drops dispensed from a standard glass pipette.  These 

molecules both have methoxysilane groups which are able to bind to the treated glass 

hydroxyl moieties via siloxane linkages to form a dense monolayer (Figure 2.1). The 

second functional group; either thiol or amine, is chosen to promote the adhesion with 

the metals Cu, Ag, or Au, binding them strongly to the glass surface.131,132 It has been 

shown previously by Stec et al.130 that the amine group in APTMS also acts to catalyse 

the formation of the siloxane linkages to the glass surface. Due to this a much shorter 

time is required to deposit a dense monolayer of APTMS or mixed APTMS and 

MPTMS (1 hour), as compared to MPTMS only (>70 hours).  This procedure can also 

be applied to ITO coated glass and various other films which have native surface 

hydroxyl groups, such as aluminium oxide or molybdenum oxide. As also shown in 

Figure 2.1 crosslinking can also occur between adjacent molecules. 

 

 

Figure 2.1: A schematic showing the molecular structure and proposed binding 

mechanism of MPTMS and APTMS to a surface with native hydroxyl groups.  
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2.1.3 Vacuum Evaporation Deposition 

Vacuum evaporation of thin films of metals, metal oxides and small organic molecules 

was performed using a CreaPhys Organic molecular evaporator housed in an MBRAUN 

MB 20G LMF N2 filled glove box. Small molecule organic semiconductors and metals 

were evaporated from resistively heated boron nitride crucibles and tungsten filament 

boats respectively. Metal oxides were evaporated from a boron nitride crucible housed 

in a tungsten boat. High vacuum was achieved using a two stage pump process, a first 

stage in which a rotary pump achieves a pressure of 0.1 mbar followed by a turbo-

molecular pump stage which reduces the pressure to <1 x 10-5 mbar, which is suitable 

for evaporation. The sample substrates were mounted ~30 cm above the sources on a 

rotating holder and were shielded from the sources by a shutter that is opened only 

when the required deposition rate is achieved for the material. Rotation ensured 

homogeneous material deposition over a number of separate substrates. Two calibrated 

quartz crystal microbalances (QCMs) mounted on either side of the rotating substrate 

holder were used to monitor the rate and thickness of source material deposition onto 

the substrates. Typical deposition rates, source temperatures, and film thicknesses for 

each material are given in each results chapter. 

The thickness of the films deposited in the evaporator is monitored using a QCM 

which allows for real time accurate monitoring of the film thickness.133 An oscillating 

electric field is applied to the quartz crystal via Au electrodes which induces an 

oscillating acoustic wave perpendicular to the crystal surface. When incoming material 

condenses on the crystal the magnitude of dampening of the frequency of oscillation 

depends on the thickness, density and impedance of the material condensing on the 

crystal surface, and so from the change in frequency the thickness of the material can be 

calculated providing its density and shear modulus is known. This is described by the 
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Sauerbrey equation (Equation 2.1) which relates the observed change in oscillation 

frequency of the QCM to the change in mass of the crystal.134 

∆𝑓

𝑓
= −𝐶𝑞𝑓∆𝑀𝑓 Equation 2.1 

Where f is the original frequency of oscillation, Δf is the change in frequency of 

the crystal caused by the change in mass, ΔMf, due to the evaporation of the foreign 

material, and Cq is the crystal constant of the clean material, i.e. quartz. As ΔMf is equal 

to the density multiplied by the thickness of the foreign material if the density is known 

then the thickness can be calculated through changes in frequency. The accuracy of this 

measurement is increased by including a Z-match term which takes into account 

differences between the shear modulus and density of the incoming material and the 

quartz.135 

Even though the QCM is positioned as close to the substrate as possible there is 

often some discrepancy between the thickness given by the QCM and that measured 

directly post-deposition using atomic force microscopy (AFM). This difference is seen 

when there is geometric misalignment or when the incoming material is highly 

viscoelastic, as is often the case for organic semiconductors, as the Sauerbrey equation 

assumes a completely rigid material.134 This is corrected by determining a tooling factor 

for each source and material whereby the output from the QCM is the product of the 

QCM reading and the tooling factor. In order to determine the tooling factor for each 

source a thick film (typically, 50-100 nm) is deposited onto a very flat substrate and the 

thickness measured directly by scoring a step edge in the film, taking care not to scratch 

the underlying substrate (Figure 2.2).  
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Figure 2.2: (a) An AFM image of a step in an evaporated film with (b) a histogram 

showing the height distribution and (c) a representative line scan taken from the image 

in the top left. 

Multiple step edges are scored on each sample and the mean step height determined for 

each image from the peak-to-peak difference in a histogram of the pixel heights that 

make up the image, as shown in Figure 2.2. The tooling factor can then be calculated as: 

𝐹𝑚 = 𝐹𝑖
𝑇𝑚

𝑇𝑖
        Equation 2.2 

where Fm is the new tooling factor required, Fi is the tooling factor used in the 

evaporation (initially set to 100 for an unknown material), Tm is the film thickness 

measured by AFM, and Ti is the thickness indicated by the QCM. 

 

2.1.4 Spin Coating 

In order to deposit thin films of organic semiconductors from solution, concentrated 

solutions were deposited using the spin coating method, which is a reproducible within 
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±5% for films with thicknesses <0.5 μm over small areas. The substrate is placed on a 

stage and held in place with a vacuum chuck, before rapidly rotating the stage which 

drives the excess solution off the surface via centripetal force, leaving a uniform thin 

film.136 Films were deposited either by drop casting, in which the surface of the 

substrate is covered by the solution and then spun, or by spin casting where the solution 

is dropped onto a spinning substrate. Spin casting typically results in smoother films, 

though requires a good wetting of the substrate, and is the preferred method for use with 

volatile solvents such as chloroform. The spin speed, spin time, and solution 

concentration are used to control the film thickness. Spin coating was performed using a 

Krüss spin-coater integrated in the glove box, unless otherwise stated. Spin coating in 

air was performed using a Chemat Technology Spin-Coater KW-4A system.  

 

2.2 OPV Device fabrication  

OPV devices were fabricated in both top-illuminated and conventional bottom-

illuminated architectures as shown in Figure 2.3.  These two classes of device structure 

can further be separated into inverted and non-inverted structures where electrons 

(inverted) or holes (non-inverted) are extracted from the supporting substrate electrode. 

Device fabrication and testing was carried out in the same nitrogen filled glovebox 

unless otherwise stated. 
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Figure 2.3: Schematics of a conventional and top-illuminated OPV device architecture 

indicating the layers used and the direction of light through the device.  

 

2.2.1 Metal electrode deposition 

Reflective substrate electrodes were fabricated on pre-cleaned glass slides by thermally 

evaporating a 60 nm thick film of either Ag (at 0.1 nm s-1), Al (at 0.1-1 nm s-1), or a 

triple layer of Al (60 nm at 0.1-1 nm s-1) | Cu (5-20 nm at 0.1 nm s-1) | Al (0.8-1.2 nm at 

0.02-0.04 nm s-1) as described in Chapter 3. Metal electrode deposition was through a 

shadow mask to form electrodes of size 8 × 12 mm to achieve the desired device layout 

Figure 2.4(a). Opaque top electrodes of Al or Ag were deposited in the same manner at 

thicknesses >60 nm through a six pixel (4 × 3 mm) per substrate mask arrangement as 

shown in Figure 2.4(b). 
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Figure 2.4: Shadow mask dimensions used with the thermal evaporator for (a) substrate 

electrodes, (b) top electrodes, and (c) charge extraction layers. 

 

Transparent top electrodes of Ag or Cu were thermally evaporated onto the 

underlying substrate at a rate of 0.2 nm s-1, unless otherwise stated, through the shadow 

mask shown in Figure 2.4(b). In order to achieve well-defined electrode areas with 

sharp edges the substrates were not rotated during evaporation. 

The purity and suppliers of any evaporation materials used in this thesis are 

given in Table 2.1 

 

 

 

 

 

 

Table 2.1: Supplier and purity of evaporated materials used in this thesis. 

Material Supplier Purity 

Cu Kurt J. Lesker 99.99% 

Al Kurt J. Lesker 99.99% 

Au Kurt J. Lesker 99.99% 

Ag Alfs Aesar 99.999% 

MoO3
 Sigma Aldrich 99.99% 

BCP Alfa Aeser 98% 

8 mm 

1
2

 m
m

 

(a) (b) 10 mm 

1
2
 m

m
 (c) 
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2.2.2 Charge extraction layer deposition 

Zinc oxide (ZnOx): The zinc oxide hole-blocking layer used in Chapters 3 and 4 was 

prepared by dissolving zinc acetate dihydrate (Sigma  ldrich, ≥99%) and ethanolamine 

(Alfa Aeser, 99+%) 1:1 (at concentrations of 0.08, 0.16 or 0.5 M) in 2-methoxyethanol 

and stirring in air for 12 hours prior to use. The 0.5 M solution was drop cast onto 

substrates at 4000 rpm for 60 seconds followed by annealing at 150°C for 10 minutes in 

air, which resulted in a film with a worm-like surface structure (Figure 2.5(a)). The 0.08 

and 0.16 M solutions were drop cast at 5000 rpm for 60 seconds followed by annealing 

at 100°C for 10 minutes in air which gave flat films as shown in Figure 2.5(b) for the 

0.16 M solution.  

 

Figure 2.5: Mophology of ZnOx films spun at (a) 4000 rpm for 60 seconds from a 0.5 

M solution and (b) at 5000 rpm for 60 seconds from a 0.16 M solution.  

 

MoO3: The MoO3 electron-blocking layer used in Chapters 3, 4, 5 and 6 was 

deposited by thermal evaporation at a thickness of 5-10 nm at 0.03 nm s-1 through the 

shadow mask shown in Figure 2.4(c). Alternativley a solution processed molybdenum 

oxide bronze film was deposited as described in Chapter 5. In Chapter 6 evaporated 

MoO3 is used as a capping layer at a thickness of 34 nm deposited at 0.03 nm s-1. 

(b)(a)
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HyMoO3-x: HyMoO3-x was synthesised by dispersing molybdenum powder (Alfa 

Aeser, 99.95%, -100 mesh, 0.1 g) in ethanol (10 ml) by ultra-sonication agitation for 10 

minutes. The solution was heated to 40°C followed by addition of H2O2 (Sigma Aldrich, 

30% in H2O, 0.35 ml) under vigorous stirring. This solution turned yellow after 10 

hours then blue after 48 hours. After 72 hours reaction (unless otherwise stated) the 

solution was removed from the heat and allowed to cool, filtered through a 0.2 μm 

PTFE filter and dried using a rotary evaporator. The solutions were then made up to 20 

mg ml-1 in ethanol and ultra-sonically agitated to fully dissolve the powder. Before use 

all solutions were centrifuged at 10,000 rpm for 10 mins. To prepare the 5-10 nm thick 

films used in OPVs, 5 mg ml-1 solutions were drop cast at 3000 rpm for 60 seconds in 

the glovebox followed by annealing at 80°C for 10 mins, also in the glovebox. Varied 

concentrations and spin speeds were used to fabricate different film thicknesses as 

required. 

Bathocuproine: The small molecule Bathocuproine (BCP) was used as an electron 

extraction layer in Chapter 6 and was deposited by thermal evaporation at a thickness of 

8 nm at 0.05 nm s-1 at 150°C. 

 

2.2.3 Photoactive layer deposition 

All organic semiconductors in this section were purchased from Ossila and used without 

further purification. Solvents used are anhydrous and purchased from Sigma Aldrich 

unless otherwise stated. BHJ solutions were all prepared and deposited under nitrogen 

in the glovebox as follows: PTB7:PC71BM (1:1.5) was dissolved at a concentration of 

25 mg ml-1 in dichlorobenze (DCB):diiodotane (DIO) (Alfa Aeser, 98%)  (97:3 vol.%) 

followed by stiring at 60°C for 1 hour then heating at 40°C for 17 hours, then allowing 
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to cool before use. The solution was drop cast onto substrates by spinning at 1000 rpm 

for 60 seconds, before increasing the spin speed to 6000 rpm for 4 seconds.; 

P3HT:PC61BM (1:1) was dissolved at a concentration of 40 mg ml-1 in DCB followed 

by stirring at 45°  for 1 week, then filtered through a 0.2 μm P FE filter  rior to use. 

The solution was drop cast onto substrates spinning at 600 rpm for 120 seconds before 

increasing the spin speed to 1000 rpm for 4 seconds. The still wet film was left to dry 

under nitrogen for 45 minutes followed by annealing at 120°C for 20 minutes. 

PCDTBT:PC71BM (1:3) was dissolved at a concentration of 4 mg ml-1 in chloroform by 

stirring at 65°C for 1 hour. The solution was then spin cast onto substrates spinning at 

6000 rpm for 60 seconds followed by annealing at 80°C for 30 minutes. PBDTTT-

EFT:PC71BM (1:1.5) was dissolved at a concentration of 25 mg ml-1 in chlorobenze 

(CB):(DIO) (97:3 vol.%) by stiring at 70°C for 16 hours then heating at 70°C for 1 hour 

prior to use. The solution was then drop cast onto substrates spinning at 1000 rpm for 

120 seconds then left under vacuum (< 1 × 10-1 bar) for 3 hours for the film to dry. 

 

2.2.4 OPV Device Layout 

Devices were arranged on each 12 × 12 mm glass substrate according to the design 

shown in Figure 2.6. The six devices per substrate share a common substrate electrode 

to which electrical connection was made by removing the semiconductor layer(s) at the 

point labelled with an X in Figure 2.6. Conductive silver paint (RS Materials) was used 

to form consistently good contact between the electrodes and the probes connecting to 

the external circuit. 
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Figure 2.6: Layout of OPV devices fabricated on 12 × 12 mm glass slides. 

 

2.3 OPV testing 

2.3.1 OPV Current Density vs Voltage Analysis 

Current density-voltage (JV) characteristics were measured using a Keithley 2400 

source-meter in the dark and under AM1.5G solar illumination at 100 mW cm–2 (1 sun). 

A custom Labview interface was used to chnage the voltage and measure the current  

and calculate the Jsc, Voc, FF and PCE. The light source used throughout was an ABET 

technologies Sun 2000 Solar Simulator using a Xenon short arc lamp with AM 1.5 

filters with the output intergrated into the glovebox so that testing could be carried out 

under a nitrogen atmosphere. The light source was calibrated using a silicon diode (PV 

measurements Inc.) with KG5 colour filter which yields a short circuit current of 47 mA 

cm-2 under AM 1.5. So that the the active quarter of the JV characteristic of inverted and 

non-onverted device architectures are easily comparable, the applied voltage is reversed 

between inverted and non-inverted devices. 
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2.3.2 OPV External Quantum Efficiency Analysis 

External quantum efficiency (EQE) spectra, also called Incident-Photon-to-Converted-

Electron (IPCE) spectra, show how many electrons are extracted into the external circuit 

from each photon incident on the device as a function of photon wavelength137: 

𝐸𝑄𝐸(𝜆) =
𝐽𝑠𝑐(𝜆)

𝑞𝑁(𝜆)
  Equation 2.3 

where q is the elementary charge and N(λ) is the flux density at a specific wavelength. 

Ideally the EQE is equal to one across all wavelengths harvested, but in practice losses 

due to recombination, limited absorption by the photoactive layer, and reflection and 

absorption of light by the transparent electrode reduce this value. From the EQE 

spectrum Jsc can be calculated by integrating under the curve: 

𝐽𝑠𝑐 = ∫ 𝑏(𝜆). 𝐸𝑄𝐸(𝜆). 𝑑𝜆
𝜆2

𝜆1
   Equation 2.4 

where b is the solar photon flux of the light source. The EQE spectrum provides 

invaluable evidence for localised optical effects such as those due to optical 

microcavities or surface plasmon resonances, as discussed in Chapters 4 and 6 

respectively. A typical EQE spectrum for an OPV device using PTB7:PC71BM as the 

photoactive layer is shown in Figure 2.7. 
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Figure 2.7: A typical EQE spectra of an OPV device with an active layer of 

PTB7:PC71BM. 

 

EQE and reflectance measurements were carried out using a custom Labview 

interface, a Sciencetech SF150 xenon arc lamp and a monochromator (Photon 

Technology International), focussing and splitting lenses, a current-voltage amplifier 

(Femto DHPCA-100) and a lock-in amplifier (Stanford Research Systems SR 830). The 

incoming monochromatic light was chopped at 190 Hz to enable the lock in amplifier to 

remove any signal generated from background light and to mitigate charge build up. 

The monochromatic light intensity was calibrated using a pair of Si photodiodes 

(Newport 818-UV) as the light is not split equally at every wavelength and so the ratio 

between the reference and the sample has to be taken into consideration. 
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2.4 Characterisation Techniques 

2.4.1 X-ray photoelectron spectroscopy and Auger electron spectroscopy  

X-ray photoelectron spectroscopy (XPS) is a technique commonly used for the surface 

characterisation of thin films.138 It provides the binding energy of core shell electrons 

which can be used to give the elemental composition of the film being probed as well 

information about the chemical bonding environment. To do this an X-ray photon is 

directed onto the sample in ultra-high vacuum. Photoelectrons are ejected from the 

material in accordance with Einstein’s  hotoelectric effect leaving behind em ty energy 

states as shown schematically in Figure 2.8(a) and (b).  

The number of photoelectrons that are ejected is recorded to give the XPS 

spectrum of counts versus electron binding energy. The binding energy of core electrons 

is very sensitive to the chemical environment that the atom is in, because the valance 

electrons which are already involved with bonding screen the coulombic attraction 

between the ejected electron and the nucleus. The bonding environment can lead to an 

increase or decrease in the binding energy of the core electrons depending on whether 

the valence electron density is decreased or increased due to chemical bonding. The 

small shifts in the binding energy of the core electrons that result from differences in the 

electron density distribution around the nucleus due to the chemical bonding 

environment are called chemical shifts. The sensitivity of XPS is such that it can detect 

as little as 1% of a monolayer of species on a surface.139 It is a surface sensitive 

technique with 95% of the signal ty ically originating from a de th of ≤10 nm below 

the sample surface for most materials. This surface sensitivity is not due to the 

penetration depth of the X-ray, which is typically of the order of microns, but rather the 

inelastic mean free path of the photo-excited electrons, which must be able to reach the 
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material surface in order to escape into the vacuum interface before dissipating their 

energy via collisions with the material lattice.  

 

Figure 2.8: A schematic diagram showing the action of the photoelectric effect 

exploited in XPS and AES: (a) An X-ray energy photon excites a core shell electron (b) 

causing it to be ejected leaving behind a vacancy. (c) Higher energy electrons can relax 

into this vacancy which results in energy being transferred to another bound electron 

giving it enough energy to be ejected as an Auger electron. 

 

The binding energy of the electron (B.E.) is determined from the known energy 

of the photon used to excite the electron (hv), the kinetic energy of the emitted photon 

(K.E) measured at the detector and the work function of the detector (ΦD) as given by 

Equation 2.5 and illustrated pictorially in Figure 2.9. Since there is Ef alignment 

between the sample and detector, the electron binding energy is relative to the Ef of the 

sample.  

𝐵. 𝐸. = ℎ𝑣 − 𝐾. 𝐸. −𝛷𝐷  Equati n 2.5 

   
 

   
 

   
 

(a) (b) (c) 

XPS Auger 
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Figure 2.9: A schematic energy level diagram illustrating how the binding energy is 

extracted from the kinetic energy of the photoelectrons at the detector. 

  

 uger electron s ectrosco y ( ES) is similar to XPS and is often used in 

conjunction with XPS as it has su erior s atial resolution, although at the e  ense of 

sensitivity, and  rovides insight into the detailed electronic structure.  he mechanism 

for the release of  uger electrons, as shown in Figure 2.8(c),  roceeds via the rela ation 

of an electron into a vacancy left by an ejected core electron.  he energy released from 

this transition then e cites an outer shell electron which is ejected from the sam le.  s 

with XPS,  ES is also a surface sensitive technique as the  uger electrons are still 

 rone to inelastic scattering.  

The XPS measurements presented in thesis were collected using a Kratos Axis 

Ultra DLD spectrometer or an Omicron sphere spectrometer. The samples were 

illuminated using X-rays from a monochromated Al Kα source (hν = 1486.6 eV) and 

detected at a take-off angle of 90 degrees. The resolution, binding energy referencing 
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and transmission function of the analyser were determined using a clean polycrystalline 

Ag foil. Analysis of the data was undertaken with the CasaXPS package, incorporating 

Voigt (mixed Gaussian-Lorentzian) line shapes and a Shirley background. 

 

2.4.2 Ultraviolet photoelectron spectroscopy 

Ultraviolet photoelectron spectroscopy (UPS) is based, as with XPS, on the 

photoelectric effect, although uses much lower energy photons to excite the electrons; 

21.2 eV, and therefore only probes the valence electrons and the top 1 nm of the 

sample surface. UPS is used to probe the frontier orbitals and is used to measure the 

work function and the energy of the valence band edge of the material with respect to Ef 

(Figure 2.10). To determine the Φ and IP from a UPS spectrum equation 2.6 and 

equation 2.7 can be used such that: 

𝛷𝑆 = ℎ𝑣 − 𝐵. 𝐸𝑚𝑎𝑥   Equation 2.6 

and 

𝐼𝑝 =  𝛷𝑆 + 𝐵. 𝐸𝑚𝑖𝑛  Equation 2.7 

Binding energies of the materials can again be measured due to the Ef alignment of the 

detector and the sample (Figure 2.10). The values of B.Emax and B.Emin are extracted 

from the secondary electron cut-off and valence band edge, respectively, as shown in 

Figure 2.11.140  
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Figure 2.10: A schematic energy level diagram illustrating how the work function of 

the sample (Φ
s
) is extracted from the kinetic energy of the photoelectrons at the 

 

 

 

Figure 2.11: (a) A schematic diagram displaying the relationship between the density 

of states of electrons when bound and when ejected by h.  (b) A representative UPS 

spectra showing the valence band edge, Fermi edge, and secondary electron cut-off. 
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The large peak at the secondary electron cut-off does not provide any 

information about the density of occupied electron states. The large flux of electrons 

ejected in this part of the spectrum are due to secondary excitation of electrons from 

smaller potential energy bands due to inelastic scattering by other electrons. In 

heterogeneous/amorphous samples, i.e. molecular solids, there are variations in the local 

work function due to differences in local crystallinity and dopant density. Importantly, 

the value of Φs measured with UPS gives the lowest possible work function, by 

comparing the Fermi-edge and secondary-electron cut-off, and gives the Φ and VB edge 

energy to within an accuracy of ±0.1 eV.  his uncertainty must be taken into account 

when interpreting UPS data.141 

 

2.4.3 Kelvin Probe 

Kelvin probe is a non-invasive technique for the measurement of the average work 

function under the probe, which in this case has an area of 5 mm2. To do this the contact 

potential difference is recorded between the sample and an oscillating probe, which are 

positioned parallel to one another to form the two plates of a parallel plate capacitor.142 

When electrically disconnected the probe and sample can be depicted as in Figure 

2.12(a). However, when electrically connected equilibrium is established, due to Ef 

alignment, as shown in Figure 2.12(b), which results in an opposite charge forming on 

the probe and sample surface. The capacitance of this arrangement is given by Equation 

2.8: 

𝐶 =
𝑄

𝑉𝐶𝑃𝐷
=

𝜀𝜀0𝐴

𝑑
  Equation 2.8 

𝑉𝐶𝑃𝐷 =
𝑄𝑑

𝜀0𝜀𝐴
              Equation 2.9 
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where C is capacitance, Q is the charge on the plates, VCPD is the contact potential 

difference, ɛ is the relative permittivity of the material between the electrodes (ɛair~1), ɛ0 

is the electric permittivity of free space, d is the distance between plates and A is the 

area of overlap between the two plates. Equation 2.8 can then be rearranged to give 

Equation 2.9 which shows the dependence of VCPD on the distance between the sample 

and probe.  

 

Figure 2.12: Energy level diagrams of two metals in close proximity to each other (a) 

when electrically disconnected, (b) electrically connected and (c) when a bias is applied 

equal to counteract the VCPD.  

 

VCPD cannot be measured directly and so the probe must be oscillated vertically with 

respect to the sample to produce an oscillating current in the wire connecting the sample 

to the probe due to the change in capacitance. By applying a counter bias VCPD can be 
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nulled so that there is no change in the capacitance with oscillation, and so no current 

flows between the sample and probe as in Figure 2.12(c). The null bias is equal in 

magnitude but opposite in polarity to the VCPD. Once the contact potential difference 

between the probe and the sample is known the work function of the sample can be 

determined either by knowing the probe work function or using a reference sample with 

known work function.  

For the measurements report in this thesis a piece of freshly cleaved highly 

ordered pyrolytic graphite (HOPG) with a mosaic spread  of 3.5° ± 1.5° was used as the 

reference. HOPG has a work function of 4.475 eV and so the VCPD between the probe 

and HOPG can be used in conjunction with the contact potential difference between the 

probe and the sample to determine the work function of the sample.143 

Kelvin probe measurements were made in the same glovebox as used for spin 

coating and evaporating films using a Kelvin Probe S and the Kelvin Control 07 

electronic control unit (Besocke Delta Phi GmbH). The position of the 5 mm2 Au probe 

is manipulated in the x, y, z using micrometers external to the isolating Faraday cage in 

which the probe is located. The Au probe is oscillated by a piezoelectric transducer and 

is held ~1 mm above the sample where it oscillates with an amplitude of 0.5 mm at 200 

Hz. The applied null potential is varied using the gain control until the current signal 

monitored on an oscilloscope is nulled. This technique is extremely sensitive to changes 

in the work function and can detected differences in work function < 5 meV. 
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2.4.4 Atomic Force Microscopy 

AFM is a powerful surface imaging technique with nanoscale resolution at room 

temperature and pressure. A vertical resolution of up to 0.1 nm can be achieved 

although the lateral resolution is much lower due to the diameter of the tip.  Unlike 

other microscope techniques with nanoscale resolution, such as scanning electron 

microscopy (SEM), there is no need for the sample to be conductive and samples can 

even be imaged submerged in a liquid. 

 

 

Figure 2.13: Illustration showing the operation of an AFM in contact mode where (a) 

the tip is not in contact with the surface and (b) where the cantilever has been pushed 

upwards due to the surface. 

  

 AFM images of the surface of a sample were obtained by measuring the 

interatomic forces between the surface and a very fine tip (diameter ~10 nm) mounted 

on the end of a cantilever. The force exerted on the tip as it approaches the surface is 

measured by the deflection of a laser reflecting off the cantilever onto a photodiode.  
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 The two most commonly used AFM imaging techniques are contact mode 

and tapping mode. In contact mode the tip is brought down towards the surface until 

intermolecular forces between the tip and the surface cause the cantilever to deflect 

leading to a perturbation of the laser position on the photodiode. The tip is held at a 

constant height by maintaining a set value of this perturbation (Figure 2.13). A z-

piezoelectric transducer controls the tip height above the sample, then uses a feedback 

loop to maintain this force on the cantilever and so maintain the same distance between 

the sample and the surface, provided the surface composition remains homogeneous. 

The tip is rastered over the surface in order to form an image. In contact mode there is a 

high chance of damaging the surface or tip by either too rough a surface or simply 

through the constant contact between tip and surface. For this reason, all topography 

measurements reported in this thesis were recorded using tapping mode AFM. In 

tapping mode, the tip is oscillated at a frequency ~5% off of its resonant frequency. As 

the cantilever is brought near to the surface this oscillation is typically dampened until it 

reaches a set frequency at which it is then held whilst rastering over the surface. 

Tapping mode is sensitive to changes in intermolecular forces without touching the 

surface and so is much less likely to damage the tip or surface, than contact mode. 

To compare sample surface roughnesses the root-mean-squared roughness 

(RRMS) is most often used, which is defined as the root-mean-square of any deviations 

from the mean height of the sample: 

𝑅𝑅𝑀𝑆 = √
1

𝑁
∑ (𝑍𝑖 − 𝑍𝑎𝑣𝑔)2𝑁

𝑖   Equation 2.10 

Unless otherwise stated, all surface roughness data given in this thesis relates to root-

mean-square roughness. Tapping mode AFM imaging was performed in air using an 

Asylum Research MFP3D or a Veeco multimode. 
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2.4.5 Scanning Electron Microscopy 

Another imaging technique that is routinely used to image conductive surfaces is 

scanning electron microscopy (SEM). In SEM an electron beam is focused onto the 

surface from an electron gun via electromagnetic lenses to form a spot size in the 

nanometre range. This spot is then rastered over the surface to collect the image. Since 

the wavelength of accelerated electrons, given by the De Broglie equation, is much 

smaller than visible light, SEM offers much higher spatial resolution than can be 

achieved with a light microscope. Modern SEMs can offer sub-1nm spatial resolution, 

although the smallest feature size that can be resolved with the instrument used for the 

research reported herein is  3 nm. When the electron beam impinges on the sample the 

electrons penetrate the surface and cause the ejection of secondary electrons due to 

inelastic scattering. These ejected electrons come from the top few nanometres of the 

sample and the intensity of these secondary electrons is used to form the image with a 

higher electron count leading to a brighter pixel spot. For soft samples and high electron 

kinetic energies it is even possible to image to within a few nanometres below the 

surface. However, because the incoming beam causes the ejection of electrons the 

sample can easily become charged, leading to erosion of the image quality. Therefore, 

SEM can only be used for samples that are suitably conductive or that have been 

sputtered with a highly conductive carbon layer to aid the removal of charge.  The 

image quality can also be deteriorated by the decomposition of organic contaminants on 

the surface of the sample by the high energy electron beam, forming a thin amorphous 

carbon layer. These contaminants  typically originate from the atmosphere when loading 

the sample into the SEM vacuum system, or from solvent residue in the case of samples 

prepared from solution, although can also originate from the vacuum chamber itself.144  

Due to this film of organic contamination the underlying fine detail of the surface is 
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obscured leading to a lower quality image. This is particularly apparent when collecting 

images of OPVs. Unfortunately, when scanning electrodes on top of OPVs it is 

impossible to avoid organic contamination, which makes collecting images difficult due 

to rapid darkening of the image for scan sizes of less than 10 µm due to the high 

intensity of the electron beam. It was found that a large degree of organic contamination 

was occurring due to the silver conductive paint used to electrically contact the sample 

to the base. This could be greatly reduced by allowing the silver paint to dry under 

vacuum for at least 15 minutes prior to scanning. SEM images were collected with a 

Zeiss SUPRA 55-VP   

 

2.4.6 Sheet Resistance 

In order to quantify the lateral resistance of a thin film the sheet resistance; Rsheet, is 

used as this measures a dimensionless resistance so is useful for universal comparisons. 

Rsheet is measured using the Van der Pauw (VdP) method which is applicable to thin 

films due to being based on a two-dimensional current distribution.145 Rsheet is calculated 

as shown in Equation 2.11: 

𝑅𝑠ℎ𝑒𝑒𝑡 =
𝜌

𝑑
=

𝜋𝑅

𝑙𝑛2
  Equation 2.11 

where ρ is the resistivity of the material, d is the film thickness and R is the resistance 

measured by the VdP method.  In order for the measurement to be accurate the sample 

should be of uniform thickness and resistivity and the dimensions of the contacts used 

should be small in comparison to the film dimensions. The sample is set up as shown in 

Figure 2.14. 

 



Chapter 2. 

 

70 
 

 

Figure 2.14: Schematic diagrams showing the experimental set up to measure an 

average Rsheet on one sample. 

 

A Keithley 2400 source-meter is used to apply a voltage of 5 mV to contacts 3 

and 4 whilst a current is measured from contacts 1 and 2. Due to the symmetry of the 

sample the difference between the two configurations shown in Figure 2.14 should be 

non-existent however in order to verify the reliability of the data measurements were 

taken for both sample orientations for all samples. 

 

2.4.7 Absorption/ Reflection spectroscopy 

In order to fully characterise metal films for application in OPVs it is often necessary to 

determine their absorbance and reflectance as a function of wavelength. The absorption 

of thin films can give information about many useful properties including the degree of 

crystallinity or, in the case of semiconductors/insulators, the HOMO-LUMO gap. Since 

OPVs deal e clusively with harvesting the solar s ectrum, which is most intense for λ = 

300-900 nm this is the wavelength range of interest. The absorbance of a film is given 

by the Beer-Lambert Law: 
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𝐴𝑏𝑠 = − log10 (
𝐼

𝐼0
) = 𝜀𝑐𝑙 = 𝛼𝑙  Equation 2.12 

where Abs is the absorbance, I is the light intensity exiting the sample, I0 is the incident 

light intensity, ɛ is the molar extinction coefficient, c is the molar concentration, α is the 

absorption coefficient and l is the path length through the sample. Measurements were 

performed using a Perkin-Elmer Lambda 25 UV-VIS spectrometer using the software 

UVWINLAB. 

Reflectivity is closely related to absorbance in that it is the inverse of 

transmittance (I/I0). It is important to have knowledge of the reflectivity of the opaque 

electrodes used in OPVs to know how much light is being parasitically absorbed. The 

experimental set-up is very similar to the way absorbance is measured: light is passed 

through a monochromator across the wavelength range of interest incident on the 

sample and the reflected light is collected by a diode that is referenced to the same light 

source pre-reflection. Spectroscopic reflectivty  measurements were carried out in the 

same set-up as the EQE measurements with a chopper speed of 500 Hz  

 

2.4.8 Contact Angle Measurements 

The wettability of a drop of liquid on a surface can give useful information about the 

surface energy and surface roughness. In this case wettability is quantified in terms of 

the angle between the droplet and the substrate surface as shown in Figure 2.15. Contact 

angles on substrates coated with PTB7:PC71BM and PCDTBT:PC71BM were measured 

for molybdenum oxide bronze solutions (20 mg ml-1) as discussed in Chapter 5. Freshly 

deposited films were exposed to the air for the shortest time possible, ~1 minute, prior 

to contact angle measurement to avoid contamination of the surface by atmospheric 
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contaminants, such as water or hydrocarbons. Contact angle measurements were 

recorded using a Krüss DSA100 Drop Shape Analysis System with droplets between 3-

5 µl and recorded at a tilt of 2° in static mode. The Conic section (tangent 1) 

computational method is used to find the contact angle. 

 

Figure 2.15: Example of a static contact angle measurement. 

 

2.4.9 Optical Simulations 

Optical simulations for transparency, reflectivity and electric field intensity were carried 

out using The Essential Macleod Software from Thin Film Center Inc. Refractive index 

and extinction coefficient data as a function of wavelength were entered into the 

software for each material. This data was obtained from the literature and an in-built 

Macleod database. This simulation package assumes the films are homogenous slabs 

with smooth interfaces. 
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Chapter 3. 

A Silver-Free, Reflective Substrate Electrode for 

Electron Extraction in Top-Illuminated Organic 

Photovoltaics 

 

The majority of the work presented in this chapter has been published in: 

A Silver-Free, Reflective Substrate Electrode for Electron Extraction in Top-Illuminated 

Organic Photovoltaics, Martin S. Tyler, Oliver S. Hutter, Marc Walker, and Ross A. 

Hatton, ChemPhysChem. 2015, DOI: 10.1002/cphc.201402880 

 

3.1 Summary 

The choice of metals suitable as the reflective substrate electrode for top-illuminated 

OPVs is extremely limited. In this chapter the development of a novel substrate 

electrode for this class of OPV architecture based on an Al (>60 nm)  Cu (8 nm)  AlOx 

(~1 nm) triple layer is described. This new electrode offers a reflectivity comparable to 

that of Al over the wavelength range λ= 400-900 nm and a work function suitable for 

efficient electron-extraction in OPVs along with high stability towards oxidation. In 

addition to reporting the advantage of this electrode over Al in model top-illuminated 

OPVs, the results of a photoelectron spectroscopy study show that the oxidised ~1 nm 

AlOx layer, formed by evaporation then oxidation of Al on a thermally evaporated Al  

Cu reflective substrate electrode, is sufficient to block oxidation of the underlying Cu. 

This is remarkable given that the self-limiting oxide thickness of bulk Al metal is 

greater than 2 nm. 
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3.2 Introduction 

In conventional OPV architectures electrons are extracted to the external circuit by the 

reflective metal electrode which is deposited onto a photoactive organic semiconductor 

layer supported on a transparent electrode, most commonly ITO coated glass.146 For 

efficient electron-extraction the reflective metal electrode is preferably a low Φ metal 

such as Ca or Mg, although parasitic optical absorption by these metals is known to 

reduce the photocurrent in OPVs, so the highly reflective metals Al and Ag are most 

often used.72,81 The Φ of both Al; 4.2-4.4 eV;147 and Ag; 4.3-4.7 eV;148 is too high for 

efficient electron-extraction from the LUMO of most electron acceptor molecules used 

in OPVs (e.g. PC71BM = 3.9 eV71, C60= 4.2 eV149 and  perylene = 3.8 eV150) (Figure 

3.1) and so these metals must be used in conjunction with a charge extraction layer to 

ensure good alignment between the LUMO of the electron acceptor and the Ef of the 

metal electrode.151 

 

Figure 3.1: Schematic energy diagram showing the LUMO energy of three widely used 

electron acceptor molecules and the energy of the Ef (with respect to the vacuum level) 

for both Al and Ag. 
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The two most widely used electron-extracting layers are the wide band-gap 

partially reduced oxides ZnOx
152,153 and TiOx

154,155
 which serve to block the unwanted 

extraction of holes by the electrode - a process that competes with the photovoltaic 

effect in BHJ OPVs because both donor and acceptor phases can contact both 

electrodes. These interface layers are ordinarily processed by deposition of an 

organometallic precursor from solution onto the supporting electrode followed by 

heating in air to form the oxide, a process that is incompatible with metal substrate 

electrodes that are susceptible to oxidation, such as Al.  

Record laboratory efficiencies for top-illuminated OPVs are now approaching 

those of conventional architecture OPVs.104,129 However, these devices invariably use an 

optically thick ( 50 nm) Ag or Al reflective substrate electrode.  Unfortunately, Al is 

extremely susceptible to oxidation and the oxide formed at its surface is self-passivating 

at a thickness of 2-4 nm.156 This thickness is too great to be transparent to the flow of 

electrons, as has been demonstrated for other insulating materials used in OPVs and 

organic light emitting diodes, such as LiF.157,158 Oxidation of the Al electrode is also 

known to be a major degradation pathway in conventional architecture OPVs159,160 and 

so, in general, Al is poorly suited as the substrate electrode in top-illuminated OPVs. 

Whilst Ag is much more stable towards oxidation than Al, its use erodes the cost 

advantage of OPVs over other types of thin film PVs due to its high cost.161 The pallet 

of potential alternatives to Ag for top-illuminated OPVs in which the reflective substrate 

electrode also serves as the electron-extracting electrode is extremely limited, since 

most low Φ metals either exhibit unacceptable optical absorption losses72 or are too 

easily oxidised. Petoukhoff et al.72 have shown that Cu, which is 1% of the cost of 

Ag,161 is a potential alternative to Ag in OPVs. However, Cu is susceptible to oxidation 

in air and for < 600 nm optical losses due to inter-band transitions are large.72,107 The 
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Φ of Cu (4.5-4.6 eV)162 is also too high to be suitable as an electron-extracting 

electrode. It is therefore evident that for top-illuminated OPVs to achieve their full 

potential there is a need for a new reflective substrate electrode with high stability 

towards oxidation based on low cost earth abundant materials. 

In this chapter a new substrate electrode for top-illuminated OPVs is described 

based on an Al  Cu  AlOx triple layer structure which offers a reflectivity comparable 

to that of Al over the spectral range  = 400-900 nm and low Φ comparable to that of 

Mg163, combined with high stability towards oxidation. The latter is achieved using a 

strategy recently proposed by the Hutter et al. for the passivation of optically thin Cu 

films on glass; namely passivation of Cu with a 0.8 nm AlOx capping layer.164 In 

addition to demonstrating the advantage over Al as the reflective substrate electrode in 

model top-illuminated OPVs, the results of a photoelectron spectroscopy study of the 

surface of this composite electrode provide new insight into the nature of the ultra-thin 

surface passivation layer.  

 

3.3 Experimental 

The layered electrode was fabricated by sequentially evaporating Al, Cu (1.0 Ås-1) and 

Al (0.2-0.3 Ås-1) without breaking vacuum of ≤1×10-5 mbar. Notably, it was found that 

a previously unused tungsten boat resulted in much smoother films, although the reason 

for this is as yet unclear. Alternatively, Al (60 nm, 1.0 Ås-1) only was deposited as the 

electrode.  Oxidation treatment was carried out in a sealed antechamber using dry air 

(50 ppm H2O). To form the ZnOx electron-extracting layer zinc acetate dihydrate 

(0.5M) and ethanolamine (0.5M) in 2-methoxyethanol was drop cast at 4000 rpm 

followed by annealing at 150oC for 10 minutes in air to form ZnOx films. 
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OPVs were fabricated by spin coating PCDTBT:PC71BM ,as stated in Chapter 2, 

onto the electrode substrate followed by thermal evaporation of MoO3 (5 nm, 0.3 Ås-1) 

and Ag (11 nm, 1 Ås-1) unless otherwise stated. 

 

3.4 Results and Discussion 

The  range of most importance for thin film PV is 400-900 nm and so the opaque 

reflective electrode must efficiently reflect light across this range. The reflectance of a 

100 nm Al film at near normal incidence, shown in Figure 3.2, is above 80% over this 

range of , with a minimum at λ  800 nm and an average reflectance of 88%.  

 

Figure 3.2: Reflectance spectra of Al (100 nm), Cu (100 nm) and Al (100 nm) | Cu (8 

nm) | Al (0.8 nm) substrates. The angle of the incident and reflected light was 15o to the 

normal. Also shown is the absorbance) of the BHJ used in this study: namely 

PCDTBT:PC71BM. 
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This high reflectance combined with the relatively low cost of Al has resulted in its 

widespread use as the reflective electrode in conventional architecture OPVs. It is 

evident from Figure 3.2 that the reflectance of an optically thick Cu film is over 90% for 

λ > 600 nm, although this high value is offset by strong absorption for λ < 600 nm such 

that the mean reflectance between 400-900 nm is only ~78%. Whilst there has been a 

great deal of progress in the development of narrow band-gap polymers and small 

molecule organic semiconductors for BHJ OPVs165–169, the organic semiconductors used 

in today’s BHJ OPVs  rimarily absorb light of λ < 700 nm and so the reflectance of  u 

is too low to be a viable alternative to Al. To achieve high reflectivity across the entire λ 

range of interest, combined with high resistance to oxidation in air, the possibility of 

using a multilayer electrode with the structure: Al (60 nm)  Cu (x nm)   Al (0.8 nm) 

was investigated. This electrode structure offers the advantage that it can be readily 

integrated with sheet Al or deposited onto another supporting substrates used in the 

building and automotive industries such as steel or plastic. In the first instance a number 

of thicknesses of Cu in the range 5 – 20 nm were investigated, the reflective properties 

of these are shown in Figure 3.3 along with plane-wave optical simulations of these 

thicknesses based on the transfer matrix method (The Essential Macleod, Thin Film 

Centre Inc.) 

 An Al substrate thickness of 100 nm was used to ensure complete opacity 

(<0.01% transmission) of the film, in conjunction with an Al capping layer thickness of 

0.8 nm in the first instance. It was found that a Cu thickness of 8 nm resulted in the 

highest mean reflectivity (~86%) although the reflectance is lower than predicted by 

simulation. This difference is evident across all samples although is most pronounced 

for  u thickness ≤ 7 nm (Figure 3.3) for which there are three possible explanations: 

Firstly, because an integrating sphere was not used to capture all the reflected light there 
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is inevitably some loss due to diffuse reflectance, as is evident from the difference 

between the measured and modelled reflectance for aluminium films also shown in 

Figure 3.3.  

 

Figure 3.3: Measured (solid line) and simulated (dotted line) reflectance spectra of Al | 

Cu (x nm) | Al (0.8 nm) films with varying thickness (X) of the Cu layer as well as of an 

Al (100 nm) film. Experimental data collected at an angle of incidence of 15o. Arrows 

are included to show the discrepancy between the experimental and modelled spectra. 

 

Additionally, there is likely to be partial inter-mixing at the Al  Cu interface since Cu is 

known to readily alloy with a variety of metals, including Al.170–172 A mixed interfacial 

layer would have unique electronic and optical properties, not accounted for by the 

optical model and this effect would be expected to be most pronounced for the thinner 
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Cu films where the percentage of bulk Cu would be smallest. Additionally, for Cu 

thicknesses <8 nm the much larger discrepancy between simulated and experimental 

reflectance could indicate a rougher Cu film, perhaps even to the extent of particle 

formation as opposed to a continuous film. This is likely to occur for Cu due to its high 

surface tension (1.30 N m-1) as compared to Al (0.87 N m-1) such that evaporated Cu 

will favourably form particles  rather than conformally wetting the underlying Al 

substrate.173 A rougher or more particulate film would scatter light more strongly which 

would explain the higher reflectance of the thinner Cu films. 

Due to its comparable average reflectance to Al films (86% vs. 88%) the Al  Cu 

(8 nm) | Al (0.8 nm) electrode, hereafter referred to as Al | Cu | Al, was tested further 

for use as a reflective electrode in model top-illuminated OPVs.  Notably, the 

reflectance of this electrode remained unchanged after storage in a nitrogen filled glove 

box for 144 days (Figure 3.4(a)) and after heat treatment at 50oC, which is the working 

temperature of an OPV (Figure 3.4(b)). Additionally, there is only a slight reduction in 

reflectivity after heating in air at 100°C for 10 min (Figure 3.4(c)), although there is a 

larger decrease when the heating temperature is raised to 150°C. Notably however, the 

decrease in reflectance is still much smaller than for a pure Cu film after identical 

treatment (Figure 3.4(d)), consistent with increased stability after capping with an Al 

(0.8 nm) film. 
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Figure 3.4: Reflectance spectra of an Al (100 nm) | Cu (8 nm) | Al (0.8 nm) electrode 

recorded before and after; (a) 144 days stored in nitrogen (b) 50°C treatment for 60 

minutes in nitrogen; (c) 100°C treatment for 10 minutes in air and; (d) 150oC treatment 

for 10 minutes in air with a Cu (100 nm) film as a comparison. 

 

To test the utility of the Al | Cu | Al electrode in top-illuminated OPVs it was 

incorporated into the OPV structure Al | Cu | Al | PCDTBT:PC71BM | MoO3 (5 nm) | Ag 

(11 nm). In order to simplify the structure no interfacial electron-extraction layer was 

used. Representative JV curves for OPVs with Al only and composite susbtrate 
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electrodes are shown in Figure 3.5(a) and (b) respectively. The full data set is given in 

(Table 3.1) 

 

Figure 3.5: JV characteristics of OPVs with the structure: substrate electrode  

PCDTBT:PC71BM | MoO3(5 nm) | Ag (11 nm) where the substrate electrode is: (a) Al 

(60 nm); and (b) Al (60 nm)  Cu (8 nm)  Al (0.8 nm), with varied time in hours the 

substrate electrode was exposed to air prior to device fabrication. Filled and empty 

markers indicate dark and light characteristics respectively.  

 

It is evident from Figure 3.5 (and Table 3.1) that for OPV devices using the triple layer 

Al | Cu | Al electrode both the Jsc and stability are increased as compared to devices 

using Al only as the reflective electrode. The higher Jsc for the Al | Cu | Al electrode is 

unexpected because the absolute reflectivity of this electrode is lower than that of Al, as 

shown in Figure 3.2. 
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Substrate 

electrode 

Air exposure time/ 

hours 

Jsc/ mA cm
-2

 Voc/ V FF PCE/ % 

Al (60 nm) 0 5.01 ±0.08 0.82 ±<0.01 0.62 ±<0.01 2.53 ±0.05 

1 4.83 ±0.13 0.82 ±0.01 0.55 ±0.01 2.18 ±0.05 

64 4.68 ±0.10 0.81 ±0.03 0.43 ±0.02 1.63 ±0.09 

Al | Cu | Al 

(0.8 nm) 

0 5.41 ±0.22 0.84 ±0.01 0.60 ±0.01 2.73 ±0.13 

1 5.49 ±0.17 0.84 ±0.01 0.60 ±0.01 2.73 ±0.05 

64 6.23 ±0.28 0.84 ±0.02 0.55 ±0.01 2.87 ±0.23 

Table 3.1:  Key OPV performance characteristics for OPVs of structure: opaque 

substrate electrode | PCDTBT:PC71BM | MoO3(5 nm) | Ag (11 nm), where the electrode 

is either Al (60 nm) only,  or Al (60 nm) | Cu (8 nm) | Al (0.8 nm) and has been exposed 

to air for 0, 1 or 64 hours prior to device fabrication. 

 

This unexpected improvement can be explained either by: (i) the formation of an AlOx 

film at the Al | Cu | Al surface, that is thin enough to not hinder the flow of photo-

generated electrons, that serves to hinder quenching of excitons by the electrode; (ii) a 

greater efficiency of charge extraction across the interface between the electrode and 

semiconductor, due to the smaller Φ of the hybrid electrode (3.2 eV) as compared to 

that of Al (4.2 eV)147,174; (iii) a variation in wetting of the BHJ on the electrode due to a 

change in the surface energy leading to a more favourable morphology. Whilst Al is 

widely used as the reflective electrode in conventional OPV architectures the oxide 

layer that forms at its surface upon oxidation due to the inevitable ingress of air into the 

device impedes electron extraction,  resulting in electron accumulation at the contact 

and an S-shaped JV characteristic which leads to a reduction in FF, Voc,  and Jsc
175,176. 
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The onset of this S-shape is evident in the JV characteristics of OPVs using an Al 

substrate electrode after 1 hour and 64 hours air oxidation of the electrode prior to 

device fabrication (Figure 3.5(a)). After 64 hours air exposure the FF is reduced from ~ 

0.62 to ~ 0.43.  However, for OPVs using the Al  Cu | Al substrate electrode there is no 

change in FF when the electrode is exposed to air for 1 hour, and after 64 hours air 

exposure the reduction in FF is  10%.  

To further test the stability of the Al (60 nm)  Cu (8 nm) | Al (0.8 nm) electrode 

a ZnOx electron transport layer was deposited onto the composite electrode and an Al 

reference substrate prior to deposition of the organic photoactive layer. Representative 

JV characteristics are shown in Figure 3.6(a) with device data given in Table 3.2. The 

ZnOx electron-transport layer was found to have a wavelike surface structure as shown 

in Figure 3.6(b). The performance of OPVs fabricated on an Al only substrate electrode 

is very poor, consistent with the formation of a thick AlOx layer at the substrate 

electrode surface. This result is expected, since ZnOx film deposition involves 

conversion of zinc hydrate in ethanolamine into ZnOx by heating in air at 150°C for 10 

minutes, which is a highly oxidising processing, and so this step is incompatible with 

easily oxidised metals such as Al. 
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Figure 3.6: (a) JV characteristics of Al | Cu (7 nm) | Al | ZnOx | PCDTBT: PC71BM | 

MoO3 (5 nm) | Ag (7 nm) OPVs with and without a ZnOx interlayer and with and 

without a pre-air oxidation of the composite Al | Cu | Al film. Representative data for 

OPVs fabricated on an Al only electrode with a ZnOx layer is also included. Filled and 

empty markers indicate dark and light characteristics respectively. (b) Morphology of a 

ZnOx film spun onto glass recorded with AFM and (c) the corresponding height 

histogram of the ZnOx film. 
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 Jsc/ mA cm
-2

 Voc/ V FF PCE/ % 

Al | Cu | Al 4.78 ±0.14 0.81 ±0.01 0.60 ±0.06 2.34 ±0.27 

Al | Cu | Al  | ZnOx 4.81 ±0.24 0.77 ±0.07 0.57 ±0.02 2.19 ±0.11 

Ox-Al | Cu | Al | ZnOx 4.75 ±0.30 0.80 ±0.02 0.57 ±0.05 2.17 ±0.26 

Al | ZnOx 0.20 ±0.14 0.27 ±0.18 0.23 ±0.02 0.02 ±0.02 

Table 3.2: Key OPV performance characteristics for device architecture: Al | Cu (7 nm) 

| Al | ZnOx | PCDTBT:PC71BM | MoO3 (5 nm) | Ag (7 nm).  The abbreviation Ox means 

that the composite electrode was oxidised in air for 1 hour prior to ZnOx deposition. 

 

Conversely, the performance of OPVs fabricated on the composite electrode using a 

ZnOx electron extracting layer is only marginally deteriorated as compared to that 

without; a  10% reduction in FF being the only significant difference in performance 

characteristics. This loss in FF is consistent with that seen for OPVs using a composite 

electrode exposed to air for 64 hours and is further compelling evidence that the 0.8 nm 

layer is extremely effective at passivating the underlying Cu  Al electrode from 

oxidation. Interestingly no significant improvement is seen with the ZnOx films, 

although this may result from the reduced reflectance after heating of 150°C in air 

(Figure 3.4(d)). This phenomenon is investigated in Chapter 4 of this thesis for ZnOx 

films processed at 100°C, a temperature at which reflectance is not significantly altered 

(Figure 3.4(c)). 

In an effort to prevent the small reduction in FF of OPVs fabricated on the composite 

electrode after an extended period of air oxidation or ZnOx layer deposition, the Al 

capping layer thickness was increased from 0.8 nm to 1.2 nm in 0.2 nm steps. It was 
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hoped that these thicker films would provide better coverage of the Cu whilst still being 

thin enough to not adversely affect the resistance in the device. Representative JV plots 

are given in Figure 3.7 and the full data set is given in Table 3.3. From this it is evident 

that increasing the Al capping layer thickness actually results in a larger degradation in 

FF (inset Figure 3.7(b)) due to an increased series resistance and a significant reduction 

in Voc after air oxidation of the electrode.  Both of these changes can be rationalised in 

terms of the formation of an oxide layer that readily forms at the surface of the 

composite electrode that is too thick to be completely transparent to the flow of 

electrons across the interface. The resulting accumulation of electron density at the 

contact would give rise to the observed reduction in Voc. Since Al undergoes a ~ 30% 

increase in volume upon conversion to Al2O3
177 it is plausible that oxidation of the Al 

capping layer alone would be sufficient to form a layer too thick to be transparent to the 

flow of electrons.  
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Figure 3.7: Representative JV characteristics of OPVs with the structure: Al (60 nm)  

Cu (8 nm)  Al | PCDTBT:PC71BM | MoO3(5 nm) | Ag (11 nm) at substrate electrode 

oxidation times of 0, 1 and 64 hours prior to device fabrication for capping thicknesses 

of (a) 1 nm and (b) 1.2 nm. Filled and empty markers indicate dark and light 

characteristics respectively. The variation of FF for OPVs is shown in (c) with the 

composite substrate electrode and an Al capping layer of thickness 0.8–1.2 nm, with 

increasing air exposure time of the substrate electrode prior to device fabrication. 
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Substrate 

electrode 

Air exposure time/ 

hours 

Jsc/ mA cm
-2

 Voc/ V FF PCE/ % 

Al | Cu | Al 

(1.0 nm) 

0 4.11 ±0.17 0.79 ±0.01 0.60 ±0.01 1.95 ±0.13 

1 4.00 ±NA 0.79 ±NA 0.57 ±NA 1.81 ±NA 

64 4.06 ±0.40 0.78 ±0.03 0.53 ±0.04 1.69 ±0.29 

Al | Cu | Al 

(1.2 nm) 

0 4.11 ±0.10 0.77 ±0.01 0.61 ±0.01 1.91 ±0.05 

1 4.03 ±0.14 0.77 ±0.01 0.55 ±0.07 1.69 ±0.29 

64 4.51 ±0.38 0.76 ±0.01 0.50 ±0.02 1.72 ±0.17 

Table 3.3:  Key OPV performance characteristics for device architecture: Al (60 nm) | 

Cu (8 nm) | Al | PCDTBT:PC71BM | MoO3(5 nm) | Ag (11 nm), where the Al cap is 

either 1.2 or 1.0 nm, with respect to the number of hours exposed to air. 

 

Since a drop in FF is seen for even the optimised thickness capping layer 

(Figure 3.5(b)) it is evident that the optimal Al capping layer thickness of 0.8 nm is not 

completely passivating the underlying Al  Cu electrode. This is likely due to 

insufficient surface coverage resulting from the relatively high surface roughness; ~3 

nm of the Al  Cu substrates as measured using AFM (Figure 3.8(b)). As the Al capping 

layer cannot be increased in thickness due to degradation in OPV PCE, it was attempted 

to fabricate a smoother electrode to achieve a better electrode passivation. It was found 

that the surface roughness can be tuned by simply varying the deposition rate of the 

opaque Al film in the range 1-10 Å s-1. A slow rate of deposition resulted in Al films 

with a large surface roughness (Figure 3.8(a)), whilst an increased rate resulted in much 

smoother electrode formation (Figure 3.8(b) and (c)). 
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Figure 3.8: AFM image showing a 2D (left) and 3D (right) representations of an Al (60 

nm) | Cu (8 nm) | Al (0.8 nm) substrate with the bottom Al layer deposited at (a) 0.2-1 

Ås-1, (b) 2-5 Ås-1 and (c) 10 Ås-1
 with RMS surface roughness shown.  

 

It was expected that these smoother films would lead to improved surface 

passivation due to a more complete coverage of the Cu film by the Al capping layer. 

Since the Φ of metals is strongly dependent on the surface chemical state the Kelvin 

probe technique was used to monitor the time dependence of the surface oxidation 
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process for Al  Cu substrates with high (~ 9 nm) and low (~ 1.5 nm) surface roughness, 

(Figure 3.8(a) and (c) respectively) when an 0.8 nm Al capping layer is used (Figure 

3.9).  

 

Figure 3.9: The evolution of Φ, measured using the Kelvin probe technique and 

ultraviolet photoelectron spectroscopy (UPS) with air oxidation time for: Al (60 nm) | 

Cu (8 nm) | Al (0.8 nm) films with a fast (1 nm s-1) and slow (0.1 nm s-1) Al base layer 

evaporation rate, which results in a surface roughness of ~ 1.5 nm (triangles) and ~ 9 

nm (diamonds) respectively. 

 

 It is evident from Figure 3.9 that the Φ of the highest roughness substrate 

electrode, before oxidation, was significantly higher than that of the smoother electrode 
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(Φ = 4.5-4.6 eV)162 in the former, since Cu has the higher Φ of the two metals. This 

conclusion is supported by the continuous increase in Φ with increasing oxidation time 

towards that typical of Cu oxide (Φ ~ 4.76 eV)178, since it is known that the oxidation of 

Cu occurs via the diffusion of Cu+ to the surface of the film along Cu+ grain 

boundaries179,180  and so it is plausible that those parts of the Al  Cu substrate that are 

not capped with an ultra-thin Al layer are the source of Cu which diffuses over the 

surface and oxidises. Conversely, the Φ of the composite electrode with a very low 

surface roughness saturated at ~ 3.9 eV after ~ 200 hours, consistent with passivation of 

the electrode surface as previously reported by Hutter et al. for ultra-smooth Cu films 

on glass.164 Collectively these results show that it should be possible to completely 

passivate this composite reflective electrode towards oxidation in air provided the 

roughness of the supporting substrate is sufficiently low. Importantly the increase in Φ 

from ~3.2 eV to ~3.9 eV that occurs as a result of oxidation would not be expected to 

bring about any change in the degree of alignment between the electrode Ef  and the 

LUMO of the electron acceptor since the LUMO of PC71BM is ~ 3.9 eV below the 

vacuum level.181 Consequently, provided the oxide thickness remains sufficiently low 

not to impede the flow of electrons across the interface this change in Φ should not 

adversely impact OPV device performance.  

To test the conclusion of complete passivation by the smoother film OPVs are 

fabricated on substrate electrodes comprising a very smooth Al substrate (roughness 

~1.5 nm), 8 nm Cu layer and 0.8 nm Al passivation layer. The full data set is shown in 

Table 3.4 with JV curves shown in Figure 3.10. 
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Figure 3.10: Representative JV characteristics of OPVs in the light (empty) and dark 

(filled) with the structure Al | Cu | Al | PCDTBT: PC71BM | MoO3 (5 nm) | Ag (7 nm) 

under various dry air exposure times with an Al | Cu | Al bottom electrode roughness of 

1.49 nm.   

 

Dry air exposure/ hours Jsc/ mA cm
-2

 Voc/ V FF PCE/ % 

0 6.69 ±0.29 0.85 ±0.01 0.56 ±0.03 3.22 ±0.20 

1 6.18 ±0.45 0.84 ±0.01 0.56 ±0.03 2.95 ±0.11 

64 6.18 ±0.19 0.85 ±0.01 0.57 ±0.02 2.97 ±0.10 

Table 3.4: Key OPV performance characteristics for OPV architecture: Al (50 nm) | Cu 

(8 nm) | Al (0.8 nm) | PCDTBT: PC71BM | MoO3 (5 nm) | Ag (7 nm) under various dry 

air exposure times with an Al | Cu | Al bottom electrode RMS roughness of 1.49 nm.   
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It can be seen that Voc and FF are unchanged even after 64 hours air exposure of the 

substrate electrode which indicates an unchanged resistivity of the electrode. Whilst 

there is a loss in Jsc upon air exposure it is likely this is due to a change in the BHJ 

morphology, on account of a different surface energy of the electrode, and not due to 

any intrinsic detrimental effects from the electrode as evidenced by the aforementioned 

stable FF and Voc. 

It is assumed that, due to the high reactivity of Al, all of the ultra-thin Al 

capping layer at the composite electrode surface is ultimately oxidised when exposed to 

air for an extended period. However, the extent to which the underlying Cu is also 

oxidised is not known. To address this important fundamental question High resolution 

XPS (HRXPS) was used to probe the chemical composition of the uppermost surface of 

the Al  Cu  Al substrate electrode after 0, 1, and 64 hours exposure to air. All substrates 

were exposed to the laboratory environment for ~ 2 minutes whilst loading into the 

spectrometer, so even for zero hours oxidation some oxide is present. It is evident from 

Figure 3.11 that the Cu 2p3/2 core level peaks are symmetric with a narrow full-width-at-

half-maximum of ~ 1 eV at binding energies of 932.8 eV and 932.7 eV for films 

exposed to dry air for 0 and 64 hours respectively, which indicates that all Cu is in the 

Cu0 oxidation state even after 64 hours air oxidation. There is no evidence for CuO for 

which the Cu 2p3/2 binding energy is expected to be 933.6-933.8 eV.182–184 The absence 

of a satellite peak at ~ 943.6 eV corroborates this conclusion.182,183 However, the 

presence of Cu2O cannot be ruled out, since the Cu 2p3/2 peaks for Cu0 and Cu1+ species 

are known to be within 0.1 eV of one another and so are difficult to resolve.183–185 
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Figure 3.11: Cu 2p3/2 core level HRXPS spectra with peak fitting (red lines) for Al (60 

nm) | Cu (8 nm) | Al (0.8 nm) substrates, after 0 and 64 hours air oxidation. 

 

The Cu LMM Auger spectra is therefore probed to look for the presence of any Cu2O. It 

is evident from Figure 3.12 that there is no significant change in the Cu LMM Auger 

spectral peaks for samples exposed to air for 0 hours and 64 hours, and both spectra are 

essentially identical to that previously reported for freshly sputtered polycrystalline Cu 

films by Platzman et al.183 and Greiner et al.89, which is compelling evidence that no 

Cu2O is formed.  
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Figure 3.12: Cu LMM Auger spectra for Al (60 nm) | Cu (8 nm) | Al (0.8 nm) 

substrates, after 0 and 64 hours air oxidation.  

 

Further evidence for the absence of Cu oxides is provided by an analysis of the 

core level peaks associated with the O1s electrons (Figure 3.13). For all samples the 

broad asymmetric O1s peak can be fitted with two peaks at ~532 eV and ~533 eV.  

 

Figure 3.13: O 1s core level HRXPS spectra with peak fitting for Al (60 nm) | Cu (8 

nm) | Al (0.8 nm) substrates, after 0 and 64 hours air oxidation. 

C
o

u
n

ts

580 575 570 565 560

Binding Energy/ eV

Cu LMM
0h dry air
64h dry air

C
o
u
n
ts

538 536 534 532 530 528

Binding Energy/ eV

 0 h

C
o
u
n
ts

538 536 534 532 530 528

Binding Energy/ eV

 0 h

538 536 534 532 530 528

64 h



Chapter 3. 

 

97 
 

Peaks in the XPS s ectra that are indicative of  u o ides occur at ≤ 530. 5 eV183,184,186–

189 and so the absence  of a  shoulder at low binding energy, even after 64 hours air 

exposure, is consistent with the absence of Cu oxides. The peak at ~ 533 eV is attributed 

to H2O adsorbed whilst loading the samples into the vacuum system 183 and the peak at 

~ 532 eV is assigned to AlOx.
189,190 Consistent with the gradual oxidation of the ultra-

thin Al capping layer, the intensity of the latter increases with increasing air oxidation 

time as compared to the peak associated with adsorbed H2O, as is evident from the 

change in ratio of the these two peaks: 1:1.11, 1:1.40 and 1:1.55 for 0, 1 and 64 hours 

respectively. 

Direct evidence for the presence of AlOx and for Al0 is also provided by the 

peaks associated with Al 2s electrons (Figure 3.14) at binding energies of 120.4 eV and 

118.1 eV respectively.191 Whilst the former partially overlaps with the peak centred at 

122.8 eV, which can be assigned to Cu 3s,188,192 the separation is sufficient to be 

confident of the assignment.  
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Figure 3.14: Graph of the ratio of HRXPS peaks assigned to AlOx (~120 eV) and Al (~ 

118 eV) at the surface of an Al (60 nm) | Cu (8 nm) | Al (0.8 nm) substrate as a function 

of air oxidation time. The line is intended to guide the eye and is not a rigorous fit. The 

inset shows the Al 2s binding energy region after 0 hours oxidation. All samples were 

briefly exposed to the laboratory environment whilst loading into the spectrometer 

vacuum system.   

 

Notably the ratio between these peaks increases with oxidation time from 12.3 to 18.6 

and finally to 27.0 indicative of the gradual conversion of Al to AlOx. Whilst the 

preferential oxidation of Al over Cu at the composite electrode surface can be 

understood in terms of the much greater heat of oxide formation of  AlOx (-1675.69 kJ 

mol-1)193 as compared to Cu2O (-170.71 kJ mol-1)193 and CuO (-156.06 kJ mol-1)193 , it is 
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remarkable that such a thin Al capping is so effective at passivating the film even after 

64 hours. 

 

3.5 Conclusion 

In summary, in this chapter a new substrate electrode for top-illuminated OPVs based 

on the triple layer structure: Al (> 60 nm)| Cu (8 nm) | AlOx (0.8 nm) has been 

developed, which has a reflectance comparable to that of Al, with the advantages of 

high stability towards oxidation and low raw materials cost.  It has also been shown that 

a 0.8 nm Al capping layer deposited by thermal evaporation is sufficient to block 

oxidation of the reflective Al  Cu substrate, which is a remarkable finding given that the 

self-limiting oxide thickness on Al metal is greater than 2 nm. 
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Chapter 4.  

Elucidating an Electrode Design Rule for High 

Performance Top-Illuminated Organic Photovoltaics 

 

The majority of the work presented in this chapter has been published in: 

An Electrode Design Rule for High Performance Top-Illuminated Organic 

Photovoltaics Martin S. Tyler, Immad M. Nadeem, Ross A. Hatton, Mater. Horiz. 2016, 

DOI:10.1039/C6MH00124F 

 

4.1 Summary 

This chapter proposes an electrode design rule for high performance top-illuminated 

bulk-heterojunction organic photovoltaics, which enables the device architecture to be 

simplified by removing the need for the electron selective layer at the interface with the 

low work function reflective electrode. This new guideline for electrode design is 

underpinned by device studies in conjunction with a study of the energetics at the 

interface between five widely used solution processed organic semiconductors of both 

electron donor and acceptor type, and a stable low work function reflective substrate 

electrode. The magnitude and distribution of space charge resulting from ground-state 

electron transfer from the electrode into each organic semiconductor upon contact 

formation is derived from direct measurements of the interfacial energetics using the 

Kelvin probe technique, which enables the variation in potential across the entire film 

thickness used in the devices to be probed.  
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4.2 Introduction  

It is widely accepted that OPVs based on a solution processed BHJs of electron donor 

and electron acceptor type organic semiconductors offer the lowest cost path to the 

fabrication of OPVs.194 For this type of OPV it is considered essential to include wide 

band-gap charge extraction layers at both electrode interfaces to ensure optimised 

interfacial energetics and guarantee charge carrier selectivity, since both donor and 

acceptor type organic semiconductors can contact both electrodes.195,196 The thickness 

of these charge extraction layers is typically in the range 3-50 nm74,101,197–200, sufficient 

to block the extraction of one carrier type whilst at the same time not significantly 

contributing to device series resistance or parasitic absorption of incident light. For 

hole-blocking layers (HBLs) the wideband-gap oxides ZnOx and TiOx are the materials 

of choice because they can be deposited from solvents that are orthogonal to those used 

for organic semiconductors and have the deep lying valance band edge needed to block 

unwanted hole-extraction by the electrode, a process that erodes device FF and Jsc.
74,76 

These materials are n-type with a conduction band edge at comparable energy to the 

LUMO in the electron-acceptor component of the BHJ, and so serve to align the 

electrode Ef to the LUMO of the organic electron-acceptor which maximises the electric 

field strength across the BHJ. The use of these metal oxides removes the need for a low 

work function reactive metal electrode such as Ca because they can be used in 

conjunction with relatively high work function, and thus relatively stable metals such as 

Ag.81,199 It has been proposed that these wide band-gap interfacial layers also offer the 

benefit of: (i) reduced quenching of excitons formed in the BHJ near to the reflective 

electrode, leading to improved Jsc,
77; and (ii) increased Jsc by acting as an optical spacer 

layer, which enables tuning of the optical field distribution to maximise absorption of 

light.13  
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As described in Chapter 1, OPVs with a top-illuminated architecture are 

increasingly attracting attention because they remove the need for costly conducting 

oxide coated glass and increase the range of potential applications by giving more 

flexibility in terms of the materials used as the supporting substrate.82,101,105,114 In this 

class of OPV the preferred location of the HBL is at the contact with the reflective 

substrate electrode, which has proved to be the most stable device architecture.152 The 

potential benefit of an optical spacer at the interface with the reflective electrode in top-

illuminated OPVs has been explored by Lin et. al78 in the context of OPV devices based 

on very thin films of evaporated small molecule organic semiconductors. The thickness 

of the optical spacer layer needs to be very carefully controlled and this approach is 

only useful for a narrow range of incident angles, so is not a panacea for light 

management in top-illuminated OPVs.81  

In this chapter the results of a study of the energetics at the interface between 

five widely used solution processed organic semiconductors and a low work function 

(3.25 eV) electrode, in conjunction with OPV device studies for three different BHJ 

systems, are presented. The results of this study are used to under-pin a new electrode 

design rule for top-illuminated OPVs in which the reflective electrode is also the 

electron extracting electrode. All published reports at the time of writing relate to the 

study of energy level alignment at the interface between substrate electrodes and 

solution processed organic semiconductors have been limited to relatively high work 

function ( 3.8 eV) electrode materials181,201,202, or  electrodes capped with an HBL such 

as ZnOx
142,203, possibly due to the difficultly of working with low work function metals 

outside of a vacuum system. In Chapter 3 a means of rendering Al films sufficiently 

stable towards oxidation for practical application as a substrate electrode in top-

illuminated OPVs is shown, using a very thin capping layer of Cu | Al.204 This triple 
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layer metal electrode is well-matched to the requirements of top-illuminated OPVs 

because it offers the advantages of high reflectivity, low metal cost, and the rare 

combination of high stability towards oxidation and very low work function of 3.25 eV 

± 0.08 eV.204 In this chapter this electrode is used because it enabled an investigation of 

the energetics at the interface between a low work function electrode and solution 

processed organic semiconductor junction, without the complexity associated with 

interfacial chemical reaction and uncontrolled oxidation.  

 

4.3 Experimental 

To fabricate the reflective electrodes onto cleaned 12  12 mm2 glass slides was 

thermally evaporated Al (60-100 nm, 1 nm s-1), Cu (8 nm, 0.1 nm s-1), Al (0.8 nm, 0.01-

0.03 nm s-1) without breaking the vacuum between depositions followed by oxidation in 

dry air for 1 hour, as previously reported,20 to ensure oxidation of the thin capping layer.  

Organic semiconductor films of increasing  thickness were deposited from 

solutions fabricated using the spin coating technique with concentrations and spin 

speeds as follows; PC71BM in CHCl3 (24, 12, 6, 3, 1, 0.2 mg ml-1) spin cast at 6000 rpm 

for 60s followed by annealing at 80°C for 30 mins; PC61BM in CHCl3 (24, 12, 6, 0.5 mg 

ml-1) spin cast at 6000 rpm for 60s followed by annealing at 80°C for 30 mins; PTB7 in 

1,2-dichlorobenzene (DCB) (10, 5, 2.5, 1 mgm l-1) drop cast at 1000 rpm for 60 s dried 

under vacuum for 1 h; P3HT in DCB (20, 10, 5, 1 mg ml-1) drop cast then spun at 1000 

rpm for 120 s followed by 30 mins under N2 then annealed at 120°C for 30 mins, 

PCDTBT in CHCl3 (4, 2, 1 mgml-1) drop cast then spun at 1000 rpm for 60s or spin cast 

at 6000 or 3000 rpm all then annealed at 80°C for 30 mins. Film thickness was 
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measured by scoring the film to form a step and measuring the step height using AFM 

and referencing to a clean electrode as shown in the experimental.  

In order to deposit a ZnOx layer from solution the proven low temperature 

method described by Jagadamma et al74 was used: ZnOx HBL zinc acetate dihydrate 

(0.08M or 0.16M) and ethanolamine (0.08M or 0.11M) were added to 2-

methoxyethanol and stirred in air for 12 hours prior to use (for 5 nm and 11 nm films 

respectively). A film was then formed by drop casting the solution followed by spinning 

at 4000 rpm for 60 seconds and annealing at 100oC for 10 minutes in air. This method 

has been shown to result in compact ZnOx films compatible with processing on flexible 

plastic or oxidisable substrates, and offers the advantage of reduced cost as compared to 

high temperature processing.74,197,205 

 

4.4 Results & discussion 

To probe the interfacial energetics upon contact formation the Kelvin probe 

technique203,206 was used to measure the change in energy of the vacuum level relative 

to Ef, denoted as εF
vac, upon deposition of organic semiconductor layers from solution 

onto Al | Cu | Al electrodes. Importantly, measurements were made under nitrogen 

immediately after organic semiconductor deposition without exposure to the laboratory 

atmosphere. Unlike UPS, which is most widely used to make measurements of 

interfacial energetics, the maximum film thickness that can be probed using the Kelvin 

probe technique is not limited by sample charging as it does not cause charged particles 

to be emmited.203,207–210 As a result the change in potential across film thicknesses 

comparable to that used in OPV devices can be probed. Measurements were made for 

two archetypal electron acceptors; PC71BM and PC61BM (Figure 4.1(a) and (c)), and 
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three widely used electron donors; PCDTBT, PTB7, and P3HT (Figure 4.2(a), (c) and 

(e)). Uniform thin films of these materials were deposited by spin coating whilst the 

thickness was tuned via the solution concentration (0.1 mg ml-1-24 mg ml-1) and spin 

speed. 

 

 

Figure 4.1: (a) & (c) show the variation in εF
vac for PC71BM and PC61BM films 

supported on an Al | Cu | Al electrode. The εF
vac data is fitted with a double exponential 

function. The insets show the corresponding structures of the molecules.; (b) & (d) 

show the space charge density distribution, (x), calculated using Equation 4.1, that 

would give rise to the measured variation in potential.  
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Figure 4.2: Variation in εF
vac (a), (c) & (e) and charge distribution (b), (d) & (f) for 

donor organic semiconductor thin films supported on an Al | Cu | Al electrode as a 

function of semiconductor film thickness for: PCDTBT (a) & (b); PTB7 (c) & (d); and 

P3HT (e) & (f). The insets show the corresponding structures of the molecules and 

schematic energy level diagrams. The εF
vac data is fitted with a double exponential 

function. For the cases of PCDTBT and P3HT, for which the push back effect is 

observed, the total space charge was calculated for thicknesses after the initial abrupt 

decrease in the vacuum level. 
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It is evident from Figure 4.1(a) and (c) that for both PC71BM and PC61BM films 

there is an  0.7 eV increase in εF
vac across the thickness of the fullerene layers, most of 

which occurs within the first 10 nm of the interface. In both cases the change is 

consistent with spontaneous transfer of electron density from the electrode into the 

adjacent fullerene layer, giving rise to a static space charge region near to the interface 

and band bending, as depicted in Figure 4.1(b) and (d). For each of the measurements of 

interfacial energetics the space charge distribution, ρ(x), that would give rise to the 

measured variation in  otential is calculated using Poisson’s equation: 

𝑑2𝑉(𝑥)

𝑑𝑥2
= −

𝜌(𝑥)

𝜀𝑟𝜀0
                         Equation 4.1 

where ε0 is the permittivity of free space and εr is the relative permittivity of each 

organic semiconductor, assumed to be 4 and 3 for the fullerenes electron acceptors and 

polymer electron donors respectively.35,181,209,211 ρ(x) is therefore calculated by twice 

differentiating the double exponential fit of the variation of εF
vac across the film 

thickness and multiplying by (εrε0). Thermodynamic equilibrium across the interface 

between un-doped organic semiconductors and electrodes cannot be assumed for the 

semiconductor thicknesses used in OPVs because the density of unintentional impurities 

in the organic semiconductor capable of donating or accepting charge may be too 

low.203,208,210 However in the current case the LUMO energies of PC71BM and PC61BM 

are 3.77 eV and 3.78 eV below the vacuum level respectively212 much lower than the 

energy of the electrode Ef (at 3.25 eV below the vacuum level), so there is a high 

density of states available to accommodate the transferred charge.   

In the context of a BHJ OPV both the donor and acceptor phases can have an 

interface with both electrodes, and so it is interesting to consider the energetics at the 
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contact between the donor type organic semiconductor and the low work function 

electrode, a class of interface that has been sparsely investigated to date and only in the 

context of vacuum deposited small molecules.207,213,214 It is evident from Figure 4.2(a), 

(c) and (e) that the extent of electron transfer from the Al | Cu | Al electrode into the 

three donor type semiconductors investigated is much less than that at the interface with 

the fullerenes, which is consistent with the shallower LUMO states in donor type 

organic semiconductors.196 For both PTB7 (3.3-3.5 eV)215,216 and PCDTBT (3.4-3.6 

eV)57,73 the LUMO is below the Ef of the electrode, so there is a high density of empty 

states into which electron density can be accepted. Consequently, most of the potential 

energy change occurs very close to the electrode in both of these cases, just as for the 

fullerenes. Conversely, the rate of change in potential energy in P3HT is much more 

gradual and occurs over a much greater film thickness, due to the shallow LUMO of 

P3HT; only 3.0 eV below the vacuum level.64,217 The LUMO of P3HT is in fact above 

the Ef of the electrode and so the electron density transferred (which is motivated by the 

difference in chemical potential) must be accommodated in defect states in the P3HT 

band-gap. Since the density of unintentional electron accepting defects states in the 

band-gap of P3HT is expected to be relatively low in high purity polymers such as those 

used in this study218, band bending is much more gradual than in the case for PTB7 and 

PCDTBT. Crucially, high performance donor-type polymers are invariably 

characterised by a narrower band-gap than P3HT (< 1.8 eV vs  2.0 eV) and a larger 

ionisation potential ( 5.2 eV vs ≤ 5.0 eV)57,64,68,73,215,216,219, the latter of which ensures 

the HOMO energy is sufficiently deep lying to achieve a large Voc.
220 The HOMO and 

LUMO energies, with respect to VL, of those used herein and state-of-the-art polymer 

electron donors used in OPVs are shown in Figure 4.3. Consequently, the LUMO in 

high performance donor type polymers is, by design, much lower lying than in P3HT. 
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Therefore, the pictures of the interfacial energetics at the interface with PTB7 and 

PCDTBT shown in Figure 4.2(b) and (d) are most representative of the energetics that 

would be achieved at the interface between the low work function electron-extracting 

electrode and a high performance narrow band-gap donor-type polymer in the absence 

of a HBL.  

 

Figure 4.3: Frontier orbital diagram showing the HOMO and LUMO levels for a series 

of electron donor polymers used in OPVs. 

 

As is evident from Figure 4.1 and Figure 4.2, all of the organic semiconductor 

films accept electron density from the low work function electrode. Interestingly, for the 

cases of PCDTBT and P3HT (Figure 4.2(a) and (e)) there are two distinct parts to the 

change in εF
vac; an initial sharp decrease in εF

vac followed by the aforementioned more 

gradual increase. The latter occurs over a film thickness equivalent to the first few 

molecular layers of the organic semiconductor. This effect, which has been widely 

documented to occur at the interface between vacuum deposited small organic molecule 

films,221–223 although sparsely reported at the interface between electrodes and solution 

processed organic semiconductors,224 is attributed to the pushback effect. The pushback 

effect occurs due to a repulsion of the electron cloud at the surface of the metal back 
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into the bulk by the adsorbed molecules, leading to an effectively positively charged 

vacuum side of the film as compared to the bare surface.  This shift in εF
vac is therefore 

due to a reduction in the size of the dipole layer at the surface of the electrode rather 

than charge transfer from the organic semiconductor layer into the electrode.210  

Using Poisson’s Equation (Equation 4.1) the average space charge density in 

each of the organic semiconductors within 5 nm of the interface is calculated to be: 

PC71BM; -1.2 C cm-3, PC61BM; -1.5 C cm-3, PCDTBT; -0.11 C cm-3, PTB7; -0.16 C 

cm-3, and P3HT; -7.3  10-3 C cm-3, which are all greater than the space charge density 

associated with the photo-current in high performance OPVs. For example, the hole 

density at the short-circuit condition under one sun illumination in an OPV based on 

PTB7:PC71BM is estimated to be 4-5  10-4 C cm-3 assuming a photocurrent of 12-15 

mA cm-2 and the charge carrier mobilities reported by Ebenhoch et al.63 This is three 

orders of magnitude lower than that formed at the interface due to spontaneous ground 

state electron transfer, and so it is reasonable to conclude that this space charge 

distribution in the PTB7 phase persists under illumination, and the energy level diagram 

depicted in Figure 4.2(d) is a true picture of the energetics close to the interface in a 

working device.  For the case of P3HT:PC61BM OPVs the space charge density due to 

current flow can be as high as 1.7  10-3 C cm-3 in optimised devices52 (assuming the 

charge carrier mobilities from Huang et al.225) which is much closer to the space charge 

density formed at the interface due to spontaneous ground state electron transfer, 

although is still several times smaller. Collectively these measurements show that for 

BHJ OPVs using high performance donor type materials in conjunction with a low work 

function reflective electrode there should be no need for a HBL because the formation 

of a Schottky type junction in both donor and acceptor phases should enable efficient 



Chapter 4. 

 

111 
 

electron-extraction whilst presenting a barrier to unwanted hole-extraction as depicted 

in Figure 4.4. 

 

Figure 4.4: Schematic energy level diagram of the frontier orbitals of an organic 

semiconductor and an Al | Cu | Al electrode as found from kelvin probe experiments 

showing the proposed selective extraction of electrons due to Schottky barrier formation 

at the interface. 

 

To test the proposed design rule three different top-illuminated OPVs using the 

Al | Cu | Al electrode as the electron extracting back reflective electrode with and 

without a thin ZnOx HBL were fabricated and tested. Importantly, it is evident from 

Figure 4.5 that the reflectivity of the Al | Cu | Al electrode is not significantly altered 

under the reaction conditions used to deposit this ZnOx layer; 100°C heating in air.  
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Figure 4.5: Reflectance of an Al | Cu | Al electrode before and after annealing at 100°C 

in air for 10 minutes, an identical treatment is used in the formation of ZnOx. 

 

The first OPV tested used PCDTBT:PC71BM as the BHJ in the structure Al | Cu 

| Al | ZnOx (11 nm) | BHJ | MoO3 (5 nm) | Ag (11 nm) and it is evident from Figure 4.6 

the addition of the ZnOx HBL leads to a significant improvement in the device 

performance due to an improved Jsc (Table 4.1). However, this improvement cannot be 

attributed only to hole-blocking at the electron extracting electrode because it is evident 

from the EQE measurements in Figure 4.6(b), that the improvement in Jsc largely results 

from a large improvement in light harvesting efficiency for λ ~ 500-700 nm. The 

simulation of the optical field intensity and distribution in the device (Figure 4.6(c) and 

(d)), shows that this difference is due to a more intense o tical field centred around λ ~ 

650 nm when the ZnOx is used, and so the origin of the increase in Jsc is an optical 

microcavity effect rather than electrical hole-blocking effect. If the increase in Jsc was 

due to a hole blocking effect, then the EQE would be expected to increase equally 

across all wavelengths. 
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Figure 4.6: Performance characteristics of OPV devices with the structure: Al (70 nm) | 

Cu (8 nm) | Al (0.8 nm) | ZnOx (11 nm) | PCDTBT: PC71BM | MoO3 (5 nm) | Ag (11 

nm) with and without a ZnOx HBL: (a) JV characteristics in the dark (filled markers) 

and under 1 sun illumination (empty markers).; (b) Corresponding EQE spectra.; 

Models of the optical field distribution in the device with (c) and without (d) a ZnOx 

HBL performed using The Essential Macleod, Thin Film Centre Inc. software 

simulation package. 
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Table 4.1: Key OPV performance characteristics under 1 sun simulated solar 

illumination for OPV architecture: Al (70 nm) | Cu (8 nm) | Al (0.8 nm) | ZnOx (11 nm) | 

PCDTBT: PC71BM | MoO3 (5 nm) | Ag (11 nm) with and without ZnOx. 

 

The optical effect seen with PCDTBT:PC71BM is very pronounced due to the 

thin BHJ used; 60 nm, and relatively thick ZnOx film; 11 nm, which results in a 

significant increase in the total film thickness of the device;  18%, and so gives rise to 

a large change in the light intensity.  

In order to disentangle optical effects from electronic effects, which can be 

challenging for high performance OPVs based on very thin photoactive layers, the ZnOx 

film thickness was reduced to 5 nm ±1.7 nm coupled with thicker BHJ systems. To this 

end OPVs with the structure Al | Cu | Al | ZnOx (5 nm) | PTB7: PC71BM (90 nm) | 

MoO3 (5 nm) | Ag (11 nm) were fabricated. As shown in Figure 4.7(a) and Table 4.2, 

PTB7 OPVs have virtually identical Jsc, Voc and FF. The EQE spectra of the OPVs 

with and without the ZnOx (Figure 4.7(b)) still however exhibits a mismatch in shape, 

which, based on the results of optical simulations (Figure 4.7(c) & (d)), can again be 

attributed to slight differences in the optical field distribution in the device, because 

there is good correlation between the simulated differences in optical field intensity and 

the variation in EQE spectra. At shorter wavelengths (~350 nm) there is, however, no 

difference in the EQE with or without an HBL, which corroborates the conclusion that 

 Jsc/mA cm
-2

 Voc/ V FF PCE/ % 

ZnOx (11 nm) 7.17 ±0.25 0.84 ±0.01 0.58 ±0.04 3.49 ±0.29 

No HBL 5.70 ±0.53 0.84 ±0.01 0.62 ±0.01 2.94 ±0.27 
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the ZnOx film is not needed as a HBL and is simply serving to modify the light intensity 

distribution in the OPV.  

 

Figure 4.7: Performance characteristics of OPV devices with the structure: Al (70 nm) | 

Cu (8 nm) | Al (0.8 nm) | ZnOx (5 nm) | PTB7: PC71BM | MoO3 (5 nm) | Ag (11 nm) 

with and without a ZnOx HBL: (a) JV characteristics in the dark (filled markers) and 

under 1 sun illumination (empty markers).; (b) Corresponding EQE spectra.; Models of 

the optical field distribution in the device with (c) and without (d) a ZnOx HBL 

performed using The Essential Macleod, Thin Film Centre Inc. software simulation 

package. 
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 Jsc/mA cm
-2

 Voc/ V FF PCE/ % 

ZnOx (5 nm) 11.50 ±0.39 0.72 ±0.01 0.65 ±0.02 5.41 ±0.25 

No HBL 11.41 ±0.31 0.72 ±0.01 0.66 ±0.03 5.37 ±0.44 

Table 4.2: Key OPV performance characteristics under 1 sun simulated solar 

illumination for OPV architecture: Al (70 nm) | Cu (8 nm) | Al (0.8 nm) | ZnOx (5 nm) | 

PTB7: PC71BM | MoO3 (5 nm) | Ag (11 nm) with and without ZnOx. 

 

In order to test the generality of the latter conclusion and to further reduce 

complexity associated with optical effects, OPVs were fabricated using the archetypal 

bulk heterojunction P3HT:PC61BM with and without a 5 nm ZnOx film at the interface 

with the low work function reflective electrode. The large photoactive layer thickness, 

of 220 nm, whilst not optimal for achieving high power conversion efficiency in these 

device architectures, serves to further minimise optical effects resulting from the 

inclusion of a 5 nm ZnOx HBL, since the ZnOx thickness is < 2% that of the photoactive 

layer thickness in this case. It is evident from Figure 4.8(a) and Table 4.3 that, as for the 

PTB7:PC71BM OPVs, removal of the ZnOx layer has no adverse impact on OPV 

performance. There is also no significant difference in the photo-response across the 

visible wavelength region (Figure 4.8(b)), consistent with the results of the optical 

simulations which show that there is no significant change in the light intensity 

distribution (Figure 4.8(c) and (d)).  
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Figure 4.8: Performance characteristics of OPV devices with the structure: Al (70 nm) | 

Cu (8 nm) | Al (0.8 nm) | ZnOx (5 nm) | P3HT: PC61BM | MoO3 (5 nm) | Ag (11 nm) 

with and without a ZnOx HBL: (a) JV characteristics in the dark (filled markers) and 

under 1 sun illumination (empty markers).; (b) Corresponding EQE spectra.; Models of 

the optical field distribution in the device with (c) and without (d) a ZnOx HBL. The 

Essential Macleod, Thin Film Centre Inc. software simulation package. 
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 Jsc/mA cm
-2

 Voc/ V FF PCE/ % 

ZnOx (5 nm) 4.08 ±0.17 0.56 ±0.01 0.59 ±0.01 1.35 ±0.06 

No HBL 4.05 ±0.17 0.57 ±0.002 0.61 ±0.01 1.42 ±0.05 

Table 4.3: Key OPV performance characteristics under 1 sun simulated solar 

illumination for OPV architecture: Al (70 nm) | Cu (8 nm) | Al (0.8 nm) | ZnOx (5 nm) | 

P3HT: PC61BM | MoO3 (5 nm) | Ag (11 nm) with and without ZnOx. 

 

4.5 Conclusions 

In summary, the results presented in this chapter show that in the context of top-

illuminated BHJ-OPVs for which the reflective substrate electrode extracts electrons, an 

electron selective interfacial layer is not required provided the work function of the 

electron-extracting electrode is less than the energy of LUMO of the donor material. 

Importantly, the latter requirement is easily met for high performance narrow band-gap 

electron donor polymers because these materials are characterised by a narrow band-gap 

and relatively large ionisation potential, which results in a low lying LUMO energy. 

Through a study of the energetics at the interface between five widely used solution 

processed organic semiconductors (both donor an acceptor type) and the stable low 

work function reflective substrate electrode described in Chapter 3, it has been shown 

that this electron selective/hole-blocking mechanism results from spontaneous ground 

state electron transfer from the electrode to both components of the BHJ, giving rise to a 

Schottky-type junction which facilitates electron extraction and blocks hole extraction. 

Removing this layer simplifies the fabrication of this important class of OPVs and so 

will help to maximise the cost advantage over other types of PV technology.  
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Chapter 5. 

High Performance Silver Window Electrodes for Top-

Illuminated Organic Photovoltaics Using an Organo-

Molybdenum Oxide Bronze Interlayer 

 

The majority of the work presented in this chapter has been published in: 

High-Performance Silver Window Electrodes for Top-Illuminated Organic 

Photovoltaics Using an Organo-Molybdenum Oxide Bronze Interlayers Martin S. Tyler, 

Marc Walker, Ross A. Hatton, ACS Appl. Mater. Interfaces, 2016, 

DOI:10.1021/acsami.6b02647 

 

5.1 Summary 

The research presented in this chapter relates to the development of an organo-

molybdenum oxide bronze hole-extraction material that enables the fabrication of high 

performance Ag window electrodes for top-illuminated solution processed OPVs 

without complicating the process of device fabrication. It is shown that this composite 

material combines the function of wide band-gap interlayer for the efficient extraction 

of holes from organic semiconductors, with the role of seed layer for the formation of 

robust sub-10 nm thick silver film electrodes, and can be processed from ethanol which 

ensures orthogonality with a large range of solution processed organic semiconductors 

used in OPVs. The organic component is the low cost small molecule 3-

mercaptopropionic acid (MPA) which is shown to: (i) bind to the oxide matrix and Ag 

electrode, promoting Ag film formation and robustness at low Ag thickness.; (ii) reduce 
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the contact resistance at the Ag | bronze interface and.; (iii) improve the film forming 

properties when deposited directly onto organic semiconductor films. Ag film 

electrodes with a thickness of 8 nm deposited by simple vacuum evaporation onto this 

hybrid interlayer have a sheet resistance as low as 9.7 Ω sq-1 and mean transparency  

80% over the wavelength range =400-900 nm, without the aid of an anti-reflecting 

layer, which makes them well-matched to the needs of organic photovoltaics. 

 

5.2 Introduction 

It is widely recognised that the full-cost advantage of solution processed OPVs over 

conventional crystalline silicon PV will only be achieved if an alternative window 

electrode to the conducting oxide coated glass used in the current generations of OPV is 

forthcoming. In top-illuminated OPVs the window electrode is often an optically thin 

silver electrode78,105,117,226,227, which has been shown to achieve comparable device 

performance to conventional device architectures using a conducting oxide window 

electrode in wholly vacuum deposited small molecule OPVs.123 Ag is the metal of 

choice for this application because it has the highest conductivity121 and the lowest 

absorbance over the visible spectrum122 of the earth abundant metals, combined with 

relatively high stability towards oxidation in air. However, Ag also has a high surface 

energy and so thin films of this metal have a high percolation thickness of > 10 nm, 

below which they form a discontinuous island like structure which is poorly conductive 

and strongly absorbs visible light due to excitation of localised surface plasmons.126 

This limitation is particularly pronounced when evaporating Ag onto polymer and small 

molecule semiconductors because Ag tends to bind weakly to these classes of materials 
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and the high surface energy of Ag is a powerful driver for the formation of Ag 

nanoparticles.123,127   

In practice, for PV applications the sheet resistance of the window electrode 

cannot realistically e ceed 10 Ω sq-1 without incurring an unacceptable loss in device 

fill-factor or requiring a relatively dense array of opaque current carrying bus-

bars.90,109,228 Additionally, the electrode transparency across the wavelength range = 

400-900 nm must be ≥ 80% to be com etitive with a 10 Ω sq-1 conducting oxide coated 

glass (e.g. F:SnO2 and Sn:In2O3).
90 In recent years Schubert et al.5 and Yang et al.13 

have shown that it is possible to achieve a sheet resistance of 19 Ω sq-1 and 16 Ω sq-1  

respectively for sub-10 nm Ag window electrodes in top-illuminated OPV, with peak 

transparencies of 80% although with much lower transparency in other useful parts of 

the spectrum. In both cases the Ag electrodes were fabricated by depositing a 1 nm Au 

seed layer immediately prior to Ag deposition. The disadvantages of that approach are: 

(i) the cost incurred by adding an extra step to the fabrication process.; (ii) the use of Au 

which is almost certainly too costly to be used in PV applications, even at such a low 

thickness161. It is also unclear as to the extent the stability of the Ag window electrode is 

affected when using a 1 nm Au seed layer. Co-depositing Ag with Ca in conjunction 

with a 1 nm Al seed layer has also been shown to be a promising approach to enable the 

fabrication of Ag-based window electrodes for top-illuminated OPV, offering a 

transparency greater than 90% over a large portion of the visible spectrum. However, 

the sheet resistance of these three metal electrodes; 27.3 Ω sq-1, is too high to be 

implemented in PVs, and the susceptibility of Ca to oxidation is a major drawback.129 

What is needed is a means of enabling the formation of highly conductive, sub-10 nm 

Ag films on the top surface of OPV that does not complicate the process of device 

fabrication and is applicable to solution processed device architectures, since it is 
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widely regarded that solution processing offers the lowest cost path to PV device 

fabrication.229,230 

 

Figure 5.1: A schematic diagram of the top-illuminated OPV architecture used in this 

chapter with the MPA doped H
y
MoO

3- 
 layer highlighted. The reflective substrate 

electrode is the same described in Chapter 3. 

 

In this chapter the development of an organo-molybdenumn oxide bronze is 

described; MPA:HyMoO3-x, that combines the function of wide band-gap interlayer for 

the efficient extraction of holes from organic semiconductors, with the role of seed layer 

for the formation of robust sub-10 nm Ag films in top-illuminated solution processed 

PV devices (Figure 5.1). Transition metal charge extraction layers, including transition 

metal bronzes,231,232 are an essential component of high performance OPVs233,234 and so, 

unlike the use of an ultra-thin Au interlayer, the hybrid reported herein does not 

complicate the process of device fabrication. The organic component of this new 

composite is the small molecule MPA which is shown to have three functions: (i) It 

binds to the HyMoO3-x matrix and Ag electrode, promoting Ag film formation and 

robustness at low Ag thickness.; (ii) reduces the contact resistance of the Ag | HyMoO3-x 

interface.; (iii) and it improves the film forming properties on the surface of organic 
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semiconductor films. Additionally, the composite is processed from ethanol which is 

environmentally sustainable and ensures orthogonality with a large range of solution 

processed organic semiconductors.  

 

5.3 Experimental   

Molybdenum Bronze synthesis: HyMoO3-x was synthesised by dispersing molybdenum 

powder (0.1 g) in ethanol (10 ml) by ultra-sonic agitation for 10 minutes. This solution 

was heated to 40°C followed by addition of H2O2 (30%, 0.35 ml) under vigorous 

stirring. This solution turned yellow after 10 hours then blue after 48 hours. After 72 

hours reaction the solution was removed from the heat (unless otherwise stated), filtered 

through a 0.2 μm P FE filter and dried using a rotary eva orator.  he solutions were 

then made up to 20 mg ml-1 in ethanol and ultra-sonically agitated to fully dissolve the 

powder. Solutions were left for ≥1 week before use. Before use all solutions were 

centrifuged at 10,000 rpm for 10 mins. 

Film deposition: For XPS/UPS and Kelvin probe measurements a 5 mg ml-1 solution of 

HyMoO3-x, doped with either 0, 10 or 30 mM MPA, was spin coated onto Au (50 nm) 

electrodes at 800 rpm for 60 s followed by annealing at 80°C for 10 mins under N2. This 

was repeated 6 times to achieve thick films. To measure conductivity unipolar diodes 

were fabricated on Au (50 nm) electrodes by spin casting HyMoO3-x (20 mg ml-1) 

solution with 0, 40 or 120 mM MPA, which correlate to 0:1, 0.29:1 and 0.86:1 

MPA:Mo ratios respectively, at 1000 rpm for 60 s followed by annealing at 80°C for 10 

mins under N2. Onto these was then evaporated Ag (50 nm, 1 Ås-1) or Au (20 nm, 1 Ås-

1). 
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For transparency and Rsheet measurements a BHJ of PTB7:PC71BM (4 mg: 6 mg in 0.4 

ml dichlorobenzene:diiodooctane, 97:3 vol%, stirred at 60°C for 16 hours prior to use) 

was deposited on cleaned 18 × 18 mm2 glass slides by spin coating at 1000 rpm for 60 

seconds followed by 6000 rpm for 4 seconds then dried under N2 for 30 minutes. 

HyMoO3-x solution (5 mg ml-1) was then spin coated at 3000 rpm for 60 seconds 

followed by annealing at 80°C for 10 minutes under N2 to achieve 10 nm films. Ag (8 

nm, 2 Ås-1) was then deposited. This was repeated with a BHJ of PCDTBT:PC71BM (2 

mg: 6 mg in 0.5 ml chloroform stirred at 70°C for 1 hour) which was spin cast 

dynamically onto a slide spinning at 6000 rpm for 60 seconds followed by annealing at 

70°C for 30 minutes.  

OPV fabrication: Substrate illuminated electrodes were fabricated by vapour depositing 

APTMS  (1 hour, 30 mbar) onto ITO followed by deposition of the BHJ as above. 

Either MoO3 (5 nm or 10 nm, 0.3 Ås-1) was then thermally evaported or HyMoO3-x was 

deposited as above followed by thermal evaporation of Ag (70nm, 1 Ås-1). Top-

illuminated OPVs were fabricated by thermally evaporating Al (60 nm, 5.0 Ås-1) | Cu (8 

nm, 1.0 Ås-1) | Al (0.8 nm, 0.2 Ås-1) onto glass without breaking the vacuum between Al 

and Cu layer deposition. The rest of the device was then deposited as above. PBDTTT-

EFT:PC71BM (1:1.5) deposition is as described in Chapter 2. 

 

5.4 Results & Discussion 

5.4.1 HyMoO3-x synthesis  

MoO3-x is one of the most widely used hole-extraction materials in organic electronics 

and is typically deposited by vacuum evaporation, although solution processing 

methods which include a post-deposition annealing step have also begun to 
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emerge.71,230,234  Depositing very thin (i.e. 5-10 nm) films of metal oxides from solution 

directly onto organic semiconductors is particularly challenging due to the need for 

solvent orthogonality between layers and the constraint on post-deposition annealing 

temperature imposed by the underlying organic semiconductor. One transition metal 

oxide that has been successfully applied from solution directly onto the surface of 

organic semiconductors by the group of Choy is molybdenum oxide bronze; HyMoO3-

x.
231,235,236 In this wide band-gap semiconductor oxygen vacancies and hydrogen serve 

as deep and shallow n-type dopants respectively.237  

It has been reported by Kurusu238 that when molybdenum powder is oxidised 

with an excess of H2O2 (30%) it forms a yellow solution MoO2(OH)(OOH). Conversely 

if the molybdenum powder is in excess then a dark blue solution forms due to the 

insertion of hydrogen into the lattice, forming MoO2(OH)2.
238 A similar effect to this is 

seen by Ayyappan et al.239 whereby refluxing MoO3 in ethylene glycol also gave dark 

blue molybdenum bronze solutions. Herein, the molybdenum bronze HyMoO3-x is 

synthesised using an adaptation of the approach reported by Xie et al231 wherein the 

rapid reaction with H2O2 is controlled by performing the reaction in ethanol which 

slows the reaction, acts as a reducing agent, and provides a source of protons for 

inserting into the bronze. The method has been modified to include additional heating 

steps and an increased reaction time because shorter reaction times (~20 hours) at room 

temperature gave a yellow solution consistent with the formation of an only partially 

reduced bronze. It was found that in order to achieve the target product of sub-

stoichiometric HyMoO3-x, which is blue in colour, a longer time of ~168 hours was 

required when performing the reaction at room temperature. Importantly, when used in 

OPVs the solution processed HyMoO3-x films showed a comparable performance to 
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films with an evaporated hole transport layer (HTL) of MoO3 (5 nm) (Figure 5.2) with 

average PCEs of 2.9% (±0.13) and 3.1% (±0.19) respectively (Table 5.1). 

 

Figure 5.2: Representative JV characteristics under illumination (empty markers) and 

the in the dark (filled markers) of devices with structure; ITO | APTMS | 

PCDTBT:PC71BM | HTL | Ag (70 nm) using either evaporated MoO3 or solution 

processed HyMoO3-x as a hole- transport layer. In this device APTMS is acting to 

decrease the work function of the ITO glass and so facilitate electron extraction. 

 

HTL Jsc/mA cm
-2

 VOC/ V FF PCE/ % 

MoO3 8.06 ±0.41 0.85 ±0.01 0.46 ±<0.01 3.14 ±0.19 

HyMoO3-x 7.78 ±0.20 0.79 ±0.02 0.47 ±0.02 2.87 ±0.13 

Table 5.1: Key device parameters from devices of structure ITO | APTMS | 

PCDTBT:PC71BM | HTL | Ag (70 nm) with either evaporated MoO3 or solution 

processed HyMoO3-x as a hole-transport layer. 
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In order to reduce the reaction time required to produce HyMoO3-x with the target 

stoichiometry the temperature was increased from room temperature to 40°C which 

resulted in the colour change to yellow after ~ 6 hours and blue after ~ 60 hours, a large 

time saving over the previous 168 hour reaction time. Aliquots were taken from the 

reaction solution after 63, 87, 114 and 135 hours all of which produced fine dark blue 

crystals when dried. As shown in Figure 5.3 and Table 5.2, when used as the hole-

extraction layer in top-illuminated OPVs all of these performed comparably to an 

evaporated MoO3 film, except for the device using the aliquot taken after 135 hours 

which exhibited reduced Jsc and Voc.  

 

Figure 5.3: Representative JV characteristics under illumination (empty markers) and 

the in the dark (filled markers) of devices with structure; ITO | APTMS | 

PCDTBT:PC71BM | HTL | Ag (70 nm) with either evaporated MoO3 or solution 

processed HyMoO3-x after reacting at 63, 87, 114 or 135h as the HTL. 
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Table 5.2: Key device parameters from devices of structure ITO | APTMS | 

PCDTBT:PC71BM | HTL | Ag (70 nm) with either evaporated MoO3 or solution 

processed HyMoO3-x as a hole transport layer after reacting at 63, 87, 114 or 135h. 

 

This is likely due to a combination of a decrease in the shunt resistance, as is evident 

from the difference in the gradient of the line at short circuit, and an excessive reduction 

in the oxidation state of the Mo. The latter is shown in subsequent sections to result in a 

reduced work function which would inhibit the functionality of the film as a HTL due to 

poor alignment between the HOMO of PCDTBT and the CB edge of HyMoO3-x. 

Consequently, a reaction time of 72 hours at 40°C was considered optimal.  

A further variable that was found to have a large effect on the synthesis of 

HyMoO3-x was the age of the H2O2 (30% in H2O) used in the synthesis. Since the H2O2 

initially rapidly oxidises the molybdenum metal powder the rate at which this happens is 

a key determinant of the stoichiometry of the final product: HyMoO3-x. To this end 3 

solutions of H2O2 were sourced for the synthesis; a recently acquired H2O2 solution, a 

solution aged for over a year, and a recently acquired H2O2 solution diluted in H2O 

(1:1). Whilst the diluted and aged solution of peroxide produced HyMoO3-x solution that 

acted well as a HTL, the films from the reaction using the newest H2O2 solution 

HTL Jsc/mA cm
-2

 VOC/ V FF PCE/ % 

MoO3 (10 nm) 8.80 ±0.27 0.84 ±0.01 0.47 ±0.03 3.45 ±0.31 

63 h HyMoO3-x 8.96 ±0.19 0.80 ±0.02 0.47 ±0.03 3.32 ±0.26 

87 h HyMoO3-x 9.27 ±0.42 0.79 ±0.02 0.50 ±0.02 3.62 ±0.15 

114 h HyMoO3-x 9.10 ±0.30 0.80 ±0.01 0.48 ±0.03 3.48 ±0.32 

135 h HyMoO3-x 8.13 ±0.36 0.44 ±0.05 0.46 ±0.03 1.69 ±0.28 



Chapter 5. 

 

129 
 

performed very poorly, with similar device characteristics as seen when the solution 

was over reduced by excessive reaction time (Figure 5.4 and Table 5.3). This suggests 

that the stoichiometry of reactants used have a large effect on the composition of the 

HyMoO3-x produced, which in turn can have a significant effect on the quality of the 

film for use as an HTL in OPVs. H2O2 degrades spontaneously to water and oxygen and 

so it can be reasoned that the more recent H2O2 solution is more concentrated than the 

other samples and so the rate of Mo oxidation was a lot higher.   

 

 

Figure 5.4: Representative JV characteristics under illumination (empty markers) and 

the in the dark (filled markers) of devices with structure; Al (60 nm) | Cu (8 nm) | Al 

(0.8 nm) | PTB7:PC71BM | MoO3 | Ag (8 nm) with HyMoO3-x films using fresh, aged or 

diluted H2O2 in the synthesis. 
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Table 5.3: Key device parameters from devices of structure Al (60 nm) | Cu (8 nm) | Al 

(0.8 nm) | PTB7:PC71BM | MoO3 | Ag (8 nm) with HyMoO3-x films using fresh, aged or 

diluted H2O2 in the synthesis 

 

Using these optimised conditions for synthesising HyMoO3-x, film thickness was 

optimised for use in OPVs by preparing solutions with HyMoO3-x loadings in the range 

2-20 mg ml-1 in ethanol and spin coating onto BHJ films at 3000 rpm. From the key 

device parameters given in Table 5.4 and the JV characteristics shown in Figure 5.5, it is 

evident that the best device performance was achieved for films deposited from a 4 mg 

ml-1 solution, due mainly to increased Jsc and FF when compared to that achieved using 

thicker films, and an increased Voc and Jsc as compared to that achieved using thinner 

films. HyMoO3-x films prepared from a 4 mg ml-1 alcoholic solution were found to have 

a thickness in the range of 9-12 nm, as determined from a scored step edge the height of 

which was measured using AFM. 

H2O2 condition Jsc/mA cm-2 VOC/ V FF PCE/ % 

Fresh 5.08 ±0.24 0.55 ±0.04 0.52 ±0.01 1.48 ±0.16 

Aged 7.90 ±0.21 0.64 ±0.02 0.52 ±0.01 2.63 ±0.10 

Diluted 8.60 ±0.37 0.63 ±0.02 0.51 ±0.01 2.76 ±0.18 



Chapter 5. 

 

131 
 

 

Figure 5.5: Representative JV characteristics under illumination (empty markers) and 

the in the dark (filled markers) of devices with structure Ag (80 nm) | 

PCDTBT:PC71BM | HyMoO3-x | Ag (7 nm) with HyMoO3-x concentration of 2-20 mg ml-

1. 

 

HyMoO3-x conc. Jsc/ mA cm
-2

 VOC/ V FF PCE/ % 

20 mg ml-1 3.67 ±0.15 0.78 ±0.04 0.41 ±0.05 1.08 ±0.38 

10 mg ml-1 3.88 ±0.11 0.77 ±0.04 0.43 ±0.05 1.29 ±0.18 

4 mg ml-1 4.17 ±0.28  0.74 ±0.03 0.46 ±0.02 1.43 ±0.14 

2 mg ml-1 3.86 ±0.08 0.35 ±0.02 0.49 ±0.03 0.66 ±0.08 

Table 5.4: Key device parameters from devices Ag (80 nm) | PCDTBT:PC71BM | 

HyMoO3-x | Ag (7 nm) with HyMoO3-x concentration of 2-20 mg ml-1 
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5.4.2 HyMoO3-x characterisation  

Following optimisation of the HyMoO3-x preparative method the effect of doping with 

MPA was investigated. MPA was added to alcoholic solutions of HyMoO3-x and all 

films were briefly annealed at 80oC under nitrogen to remove residual solvent. Due to 

the very mild annealing temperature thin films of this material are essentially 

amorphous as shown by the absence of well-defined peaks in the X-ray diffraction 

pattern (Figure 5.6).  

 

Figure 5.6: Grazing incidence X-ray diffraction pattern of a spin cast HyMoO3-x film on 

silicon after annealing at 80°C for 10 minutes under N2. The peak at 55° results from 

the underlying Si substrate. 

XPS was used to determine how incorporation of MPA into the HyMoO3-x 

matrix alters its electronic structure. All spectroscopic characterisation was performed 

for samples with loadings of 0.29 or 0.86 MPA molecules per Mo atom, which was 

found to be the optimal loading for OPV applications - as detailed in subsequent 
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sections of this chapter. HyMoO3-x films were supported on a gold substrate. It is evident 

from the high resolution XPS (HRXPS) spectrum of the Mo 3d region of HyMoO3-x 

without MPA; Figure 5.7(a), that Mo is present in both the 6+ and 5+ oxidation states. 

The ratio of the Mo3d5/2 peaks at 232.6 eV and 231.4 eV, which are assigned to Mo+6 

and Mo+5 respectively, is 1:0.6 which yields an average Mo oxidation state of 5.62.  

 

Figure 5.7: HRXPS binding energy spectra of: (a) the Mo 3d regions in HyMoO3-x and 

(b) MPA doped HyMoO3-x; (c) the O 1s regions for HyMoO3-x (d) and MPA doped 

HyMoO3-x. The MPA:Mo ratio in MPA doped samples is 0.86:1. The MPA peak 

assignments are: C=O (531.9 eV) C-OH (533.4 eV) and COO- (530.7 eV). 

 

The O1s region of the spectrum, shown in Figure 5.7(c), can be fitted with two 

components at 530.4 eV and 531.4 eV which are assigned to Mo-OH (or Mo-OOH) 

and Mo-O-Mo (or Mo=O/Mo-OOH) chemical environments respectively.71,240,241 If it is 

(a) (c) 

( ) (b) 
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assumed that hydrogenation is the only source of reduction, then the average Mo 

oxidation state calculated from the O1s peak intensities is 5.67 although it should be 

noted this is an over estimate due to advantageous absorption of H2O and O2. The 

difference between this value and the actual value; 5.62 (determined from the 

Mo+6:Mo+5 peak intensities) can be assigned to the presence of oxygen vacancy defects 

and so the average stoichiometry is calculated to be H0.24MoO2.95. It is evidence from 

Figure 5.7(b) that addition of MPA results in a further reduction in the average Mo 

oxidation state because the Mo+6:Mo+5 ratio is reduced to 5.51 for an MPA:Mo loading 

of 0.86:1. The O1s region for HyMoO3-x with MPA (Figure 7(d)) includes three 

additional peaks corresponding to two oxygen environments in carboxylic acid; C=O 

(531.9 eV) and C-OH (533.4 eV)242, and one in deprotonated carboxylic acid; COO- 

(530.7 eV)243. By constraining the Mo-O and Mo-OH peak positions and FWHM to 

those in Figure 5.7(c) and assuming an MPA: HyMoO3 ratio of 0.86:1 (confirmed from 

the XPS peak intensities), the deconvolution of the O1s peak is as given in Figure 

5.7(d). It is evident from Figure 5.7(d) that the peak attributed to Mo-OH at 531.5 eV 

has increased in intensity with respect to the Mo-O peak at 530.5 eV, which is further 

evidence for the reduction of HyMoO3-x by MPA. It is also evident that there is a 

significant amount of deprotonated MPA in the HyMoO3-x film and so the additional Mo 

reduction upon doping with MPA can be attributed to donation of hydrogen by the 

carboxylic acid group resulting in the formation of Mo-OH/Mo-OOH. The HRXPS 

spectrum of the S2p region (Figure 5.8(a)) is consistent with this conclusion, since the 

sulphur is primarily present as unreacted thiol.244 
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Figure 5.8: HRXPS spectra of the (a) S2p region of a spin cast HyMoO3-x: MPA film 

(1:0.86), (b) C1s region of HyMoO3-x and (c) HyMoO3-x: MPA 

 

Due to advantageous carbon adsorption onto the films from any non-vacuum 

environment, it is hard to distinguish between the C 1s peaks in the bronze from MPA 

(and likely ethanol) and contaminants from the atmosphere. However, if the films with 

0.86:1 and 0:1 MPA: HyMoO3-x ratio are directly compared (Figure 5.8(b) and (c)) 

evidence for the MPA components is very clear at 288.7 eV, which can be assigned to 

the carbon in a protonated carboxylic acid.244 A slight shoulder is evident in this peak at 

lower binding energies which could be evidence of deprotonation to COO-.  The 

contaminants make assigning the peaks responsible for the alkyl carbons difficult; 

however, there are clearly a large number of components centred on the peak at 284.7 

eV.  

The UPS spectra shown in Figure 5.9 corroborates the conclusion that MPA 

serves as a source of hydrogen, and therefore as a shallow n-type dopant, since the 

energy difference between the Ef and the VB edge increases from 3.21 eV with no 

MPA, to 3.35 eV and 3.61 eV with increasing MPA loading (Figure 5.9(a)). It is 

important to note that the work function is a function of both the chemical and the 

surface potential so the movement of Ef nearer to the CB edge does not necessarily 
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mean the work function will be reduced as the effect on the surface potential is not 

known, though it is likely quite significant due to our high level of doping. The two 

small peaks in the band-gap, labelled d1 and d2, can be assigned to occupied defect 

states due to hydrogen insertion and oxygen vacancies, since both are known to be 

present in reduced molybdenum oxides.89,237 The increased intensity of d2 upon addition 

of MPA can be rationalised in terms of increased occupancy of the available defect 

states due to n-type doping. 

 

Figure 5.9: UPS spectra of HyMoO3-x: MPA films with increasing MPA loading 

showing (a) the valance band edge region, (b) the survey scan and (c) the secondary-

electron cut-off. (d) Energy levels of HyMoO3-x films with loadings of 1:0, 1:0.29 and 

1:0.86 Mo:MP  e tracted from UPS, Kelvin  robe and  auc  lots from the absor tion 

s ectra as labelled. 
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The optical band-gap of HyMoO3-x was estimated to be 4.21 eV from the absorption 

spectrum by plotting (αh)2
 versus h in a Tauc plot (Figure 5.10(a)). Upon addition of 

MPA the band-gap was found to undergo a slight reduction to a value of 4.14 eV. The 

absorption coefficient of HyMoO3-x films is increased from 0.2 m-1 to 0.3 m-1 in the 

wavelength range  = 400-600 nm and reduced by a commensurate amount for  = 600-

900 nm and so the mean value across the range  = 400-900 nm is not significantly 

changed (Figure 5.10(b)).  

 

Figure 5.10: (a) Tauc plot of (absorptivity × energy)2 versus energy from which optical 

band-gap is determined with an MPA:Mo loading of 0:1, 0.29:1, and 0.86:1.; (b) 

Corresponding absorption coefficient of HyMoO3-x:MPA films. 

 

Addition of MPA to HyMoO3-x also resulted in a reduction in its work function, 

as measured from the UPS secondary-electron cut-off (Figure 5.9(c)) and the Kelvin 

probe technique. Figure 5.9(d) shows a schematic energy level diagram summarizing 

this data, along with the energy difference between the valance band edge and Ef from 

the UPS valence band edge (Figure 5.9(a)) and the band-gap from Tauc plots (Figure 

5.10(a)). Notably, whilst UPS and Kelvin probe show the same trend in work function 
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the work function measured using UPS is consistently lower than that measured using 

the Kelvin probe. This difference can in part be explained by the fact that UPS is known 

to measure the lowest work function, and the Kelvin probe the average work function 

under the probe.141,245 However, for UPS measurements the samples were briefly 

exposed to the laboratory environment when loading into the UPS vacuum chamber, 

and modification of the surface potential contribution to work function by surface 

contamination is likely. Conversely the Kelvin probe measurements were made using an 

instrument located in the same nitrogen filled glove box used for film deposition, and so 

measurements made using the Kelvin probe technique are considered to be more 

reliable in this instance, a conclusion corroborated by the device studies described in a 

subsequent part of this paper. The work function measured using the Kelvin probe is 

reduced from 6.33 eV (±0.14 eV) for the HyMoO3-x without MPA, to 5.66 eV (±0.06 

eV) and 5.29 eV (±0.15 eV) after doping with MPA:Mo loadings of 0.29:1 and 0.86:1 

respectively. Since the largest change in work function;  1.04 eV, is much greater 

than the change in the position of Ef in the band-gap (figure 5.9(d)), the MPA must be 

acting to lower the surface potential contribution to the work function in addition to 

changing the chemical potential, which is consistent with the very high MPA doping 

level used. For transition metal oxide hole-extraction layers efficient hole-extraction 

from an organic semiconductor is only achieved when the oxide work function is higher 

or comparable to Ip of the adjacent organic semiconductor.246 A similar decrease in 

work function of HyMoO3-x is reported by Li et al.235,236 by increased doping with Cs, 

which eventually leads to HyMoO3-x efficiently acting as an electron-transport layer. 

However in this case, even for the highest MPA doping level tested the work function of 

HyMoO3-x:MPA should still be sufficiently large to ensure optimised interfacial energy 
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level alignment for most donor-type organic semiconductors.220 This conclusion is 

supported by the OPV device studies reported in a subsequent section of this paper.   

Current-voltage analysis of unipolar diodes with the structures; Au | HyMoO3-x | 

Ag and Au | HyMoO3-x | Au were used to determine the effect of MPA doping on the 

electrical conductivity and contact resistance with the electrode. The conductivity was 

extracted from the IV plots shown in Figure 5.11 using Equation 5.1: 

1

𝜎
= 𝜌 =

𝑅 × 𝐴 

𝑙 
  Equation 5.1 

where 𝜎 =conductivity, 𝜌 =resistivity, 𝑅 =resistance, 𝐴 =area of measurement and l= the 

thickness of the film.  

 

Figure 5.11: Current density vs. Electric field for unipolar diodes of structure (a) Au | 

HyMoO3-x | Ag with and without MPA doping at thicknesses of 52 nm, 64 nm and 66 

nm for Mo:MPA ratios of 1:0, 1:0.29 and 1:0.86 respectively and (b) Au | HyMoO3-x | 

Au with and without MPA doping at thicknesses of 48 nm, 62 nm and 40 nm for 

Mo:MPA ratios of 1:0, 1:0.29 and 1:0.86 respectively. 
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For the Au | HyMoO3-x | Ag diode conductivities of 3.94 × 10-3 S m-1 (±0.53 × 10-3) to 

3.80 × 10-3 S m-1 (±0.53 × 10-3) and 4.33 x 10-3 S m-1 (±0.68 × 10-3) were measured for 

films with a Mo:MPA loading of 1:0, 1:0.29 and 1:0.86 respectively. There is a slight 

increase in the mean conductivity upon MPA doping although the change is statistically 

insignificant, since all of the values are within one standard deviation of each other. 

Conversely, for the Au | HyMoO3-x | Au diodes conductivities of 1.50 × 10-3 S m-1 

(±0.27 × 10-3) to 1.41 × 10-3 S m-1 (±0.35 × 10-3) and 1.14 x 10-3 S m-1 (±0.13 × 10-3) 

were measured for films with a Mo:MPA loading of 1:0, 1:0.29 and 1:0.86 respectively. 

In this case there is a slight decrease in the mean conductivity upon doping, but again 

the change is very small and within the uncertainty of the measurement.  

There are three effects due to MPA doping that can affect the measured 

conductivity: (i) a decrease in charge carrier mobility.; (ii) an increase in free charge 

carrier density.; (iii) and a decreased contact resistance upon doping. The change in the 

measured conductivity of the HyMoO3-x film with a varied electrode contact must be due 

to a change in the contact resistance between the films, with Ag forming a more 

conductive contact compared to Au leading to a 3-fold increase in conductivity. It is 

likely this effect is outweighed by the loss in mobility in the case of the Au contacts. 

Regardless of the causes the changes in the conductivity of the HyMoO3-x films upon 

doping are found to be very small and are not significant enough to affect the 

performance of these films in OPVs where the series resistance of the semiconductors is 

over 100 times larger than the contact resistance at the electrode interface, as shown in a 

subsequent section of this chapter.  

To test the film forming properties when deposited directly onto organic 

semiconductors two widely used BHJs were used as model substrates; PTB7:PC71BM 
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and PCDTBT:PC71BM. The morphology of a 10 nm HyMoO3-x film spin cast directly 

onto a PTB7:PC71BM BHJ film, measured using AFM, is shown in Figure 5.12, from 

which it is evident that addition of MPA (1:0.86 Mo:MPA) dramatically reduces the 

RMS roughness of the bronze over layer from 4.3 nm (±0.5) to 2.0 nm (±0.3). 

 

Figure 5.12: Morphology measured using AFM of HyMoO3-x without (a) and with (b) 

MPA, spun cast on glass | PTB7:PC71BM; (c) step height of a scratch in a HyMoO3-x 

film (5 mg ml-1, 3000rpm 60s).  

 

Conversely, as is evident from Figure 5.13, HyMoO3-x films spun directly onto glass 

with and without MPA doping exhibit no significant difference in surface roughness 

(3.35 nm with MPA vs 3.25 nm without). Therefore, the difference in film roughness 

when deposited directly onto BHJ films can be attributed to improved wetting due to the 

(c) 

(b) (a) 
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presence of MPA, rather than suppression of aggregate formation in the HyMoO3-x 

solution when MPA is added. 

  

Figure 5.13: Morphology of spin cast HyMoO3-x films onto glass (measured using 

AFM) with a MPA:Mo ratio of 0.86:1 (a) and without MPA (b). 

 

This marked improvement in film forming properties is evidence that the HyMoO3-x 

solution wets the organic semiconductor surface more readily when MPA is added, 

further evidence for which is provided by measurement of the static contact angle of 

droplets of HyMoO3-x solution on PTB7:PC71BM BHJ films; < 2° with 1:0.86 MPA 

doping vs 19.53° (±3.6) without (Figure 5.14). HyMoO3-x films spin cast onto 

PCDTBT:PC71BM showed no significant difference in surface roughness, although the 

static contact angle measurements provided evidence of improved wetting;  13.1° (±2.5) 

with 1:0.29 MPA doping and 18.6° (±1.8) without (Figure 5.14). 

 

(a) (b) 
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Figure 5.14: Static contact angle measurements of: (a) HyMoO3-x on 

PCDTBT:PC71BM.; (b) HyMoO3-x:MPA on PCDTBT:PC71BM.; (c) HyMoO3-x on 

PTB7:PC71BM.; (d) HyMoO3-x:MPA drop showing the case of a contact angle too low 

to measure with the program. The droplet volume was 3-5 μl. 

 

5.4.3 Ag Window Electrode Characterisation 

To fabricate Ag window electrodes with properties comparable to that in top-

illuminated device structures Ag films of thickness 8 nm were thermally evaporated 

onto HyMoO3-x coated BHJ films supported on glass. Again the widely used BHJs 

PTB7:PC71BM and PCDTBT:PC71BM were used as model substrates. A Ag thickness 

of 8 nm was chosen because it was found to be the minimum needed to achieve the 

target Rsheet of 10 Ω sq-1 when deposited on a glass | HyMoO3-x substrate whereas a 

thinner Ag film (6 nm) gave Rsheet values of 20 Ω sq-1. 

The results from a representative batch of electrodes on PTB7:PC71BM films are 

shown in Figure 5.15(a), which show the mean Rsheet is decreased from 14.8 Ω sq-1 

(±2.2) to 11.1 Ω sq-1 (±0.6) when MPA is added to HyMoO3-x with a MPA:Mo ratio of 

0.86:1. The decrease in Rsheet correlates with a significant decrease in Ag film 

roughness, which is 20% lower upon addition of MPA (Figure 5.16(a)) compared to 

(a) (b) 

(c) (d) 
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the un-doped film (Figure 5.16(c)), primarily due to a smoother underlying HyMoO3-x 

layer (Figure 5.12). This reduction in electrode roughness would decrease ohmic losses 

due to scattering of electrons, offering a plausible explanation for the improvement in 

Rsheet upon addition of MPA. 

 

Figure 5.15: Rsheet of 8 nm Ag films supported on glass | PTB7:PC71BM | HyMoO3-x, 

with 1:0.86 Mo:MPA doped HyMoO3-x and without MPA; (a) immediately after 

fabrication; (b) after 70 hours in N2; (c) after 70 hours in air. Electrode size was 18  18 

mm.  

 

In addition to the 25% reduction in sheet resistance the addition of MPA to the 

bronze also greatly improves the electrode stability: After 70 hours storage in nitrogen 

(< 1 ppm O2 and H2O) the Rsheet of films supported on MPA doped HyMoO3-x was not 

significantly different at 11.5 Ω sq-1 (±0.7) (Figure 5.15(b)). In contrast the Rsheet of Ag 

electrodes supported on HyMoO3-x without MP  was either in the range 18.3 Ω sq-1 

(±1.8) or was too high to measure (Rsheet ≥200000 Ω sq-1). The AFM images in Figure 

5.16 show that the surface roughness of Ag films supported on HyMoO3-x without MPA, 

greatly increases upon storage in nitrogen, due to the formation of large aggregates, 

which is not the case when MPA is incorporated into the HyMoO3-x underlayer. For Ag 

films supported on a layer of un-doped HyMoO3-x which gave an Rsheet too high to 
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measure, the Ag film was found to have formed large isolated island, as shown in 

Figure 5.17. This data supports the conclusion that the MPA serves as a molecular 

adhesive, helping to bind Ag atoms onto the HyMoO3-x, and so counteract the 

thermodynamic instability in thin Ag films that stems from its high surface energy.  

 

 

Figure 5.16: Morphology of 8 nm Ag film supported on glass | PTB7:PC71BM | 

HyMoO3-x with MPA doping at a MPA:Mo ratio of 0.86:1 ((a) & (b)) and without ((c) & 

(d)) immediately after fabrication ((a) & (c)) and after 72 hours storage in N2  (< 1 ppm 

O2 and H2O) ((b) & (d)). 

 

  

  

t = 0 hrs t = 72 hrs 
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Figure 5.17: Morphology of an 8 nm Ag deposited onto un-doped HyMoO3-x after 65h 

under N2.  

 

The stability of these films was further tested as a function of storage time in 

ambient air; 20°C and relative humidity 30-40% (Figure 5.15(c)). After 70 hours in air 

the sheet resistance of Ag films supported on MPA doped HyMoO3-x had increased from 

10.2 Ω sq-1 (±0.8) to 20.4 Ω sq-1 (±1.9). Without MPA the change was much more 

pronounced, since the Rsheet increased from 13.7 Ω sq-1 (±2.1) to 51.1 Ω sq-1 (±5.8). In 

both cases the Rsheet did not correlate with an increase in surface roughness, presumably 

due to the formation of a constraining silver oxide capping layer.  

To test the generality of these results the same experiment was performed using 

PCDTBT:PC71BM as the underlying organic semiconductor (Figure 5.18(a)). Again, the 

Rsheet of the electrode was reduced upon addition of MPA to the HyMoO3-x under-layer 

from 10.9 Ω sq-1 (±0.4) without MP  to 9.7 Ω sq-1 (±0.5) with an MPA:Mo loading of 

0.29:1.  
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Figure 5.18: Rsheet of 8 nm Ag films supported on glass | PCDTBT:PC71BM | HyMoO3-x 

with and without 0.29:1 MPA:Mo doping immediately aftre fabrication (a) and as a 

function of time stored in air (b). The electrode size was 18  18 mm. 

 

There is no significant increase in the Rsheet for electrodes supported on MPA doped 

HyMoO3-x when stored under N2 after 384 hours. However, with this BHJ the same is 

also true for the electrode without MPA in the HyMoO3-x under-layer. This result is 

attributed to the lower surface roughness of the underlying BHJ film; roughness 1.6 

nm for PCDTBT:PC71BM BHJ compared to 2.8 nm for PTB7:PC71BM (Figure 5.19(a) 

and (b)), in conjunction with a smoother bronze layer. This led to a smoother Ag film 

for PCDTBT:PC71BM (Figure 5.19(c)) with less features as compared to PTB7:PC71BM 

(Figure 5.19(d)) with higher inherent stability due to a reduced surface area.  
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Figure 5.19: Morphology of (a) PCDTBT:PC71BM; (b) PTB7:PC71BM; (c) 

PCDTBT:PC71BM | HyMoO3-x | Ag; (d) PTB7:PC71BM | HyMoO3-x| Ag measured using 

AFM. 

 

Conversely, the difference in rate of degradation of these electrodes in ambient 

air is very pronounced as shown in Figure 5.18(b). After 400 hours the Rsheet of 

electrodes without MP  had degraded from 10.9 Ω sq-1 (±0.4) to 222.6 Ω sq-1 (±18.8) 

whereas those with MPA had degraded to a much smaller extent from 9.7 Ω sq-1 (±0.5) 

to 27.6 Ω sq-1 (±1.5). It is likely that the degradation of these films in ambient air is due 

to oxidation of surface Ag and uptake of H2O by the hydrophilic HyMoO3-x film, 

causing swelling and resulting in an increased roughness in films without MPA from 

1.5 nm to 1.8 nm. However, the films with MPA doping exhibited no significant change 

in surface roughness after exposure to air: 1.0 nm (before) to 1.1 nm (after). 

(b) (a) 

(d) (c) 
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The lower Rsheet and improved stability of the Ag electrodes supported on both 

model BHJs upon incorporation of MPA into the HyMoO3-x layer is consistent with 

improved interfacial adhesion. XPS studies were conducted to probe the nature of this 

interaction by acquiring spectra before and after depositing an ultra-thin Ag film with a 

thickness equivalent to 1.1 nm. To avoid complexity resulting from uncontrolled 

oxidation or contamination by air exposure the experiment was conducted under high 

vacuum with a Ag evaporation source co-located in the XPS chamber. It is evident from 

the HRXPS spectra in Figure 5.20 that the sulphur on the MPA molecules exists 

primarily in one chemical environment when incorporated into HyMoO3-x, which can be 

attributed to the free thiol244, with a very small proportion; 1:29, existing as thiolate, -S-, 

possibly due to coordination with a Mo atom. Upon evaporation of a thin Ag layer the 

signal intensity is reduced because the photoelectrons must now come from beneath the 

Ag over-layer. The 1.4 eV reduction in the binding energy of the S 2p electrons upon 

Ag deposition is compelling evidence for thiolate-Ag bond formation.244  

 

Figure 5.20: HRXPS spectra of HyMoO3-x: MPA S 2p region (a) before and (b) after 

deposition of 1.1 nm Ag. 
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The improvement in stability of the film under N2 is therefore likely due to this binding 

interaction between the thiol functionality on MPA and the evaporated metal, which 

serves to help immobilise the incident Ag atoms when they arrive on the HyMoO3-x film 

surface.  

Additionally, upon deposition of the Ag film the oxidation state of the Mo was 

probed using HRXPS. From this a reduction of the Mo species at the interface is evident 

from the appearance of a doublet at lower binding energies, 230 eV and 233 eV for 3d5/2 

and 3d3/2 respectively, than before Ag deposition (Figure 5.21(a) and (b)) which is 

assigned to Mo+4 environment.89 This led to a shift in the oxidation state compositions 

from 53% Mo+6
: 47% Mo5+ to 3% Mo+6: 54% Mo+5: 43% Mo+4. This effect is mirrored 

in the doped species as shown in Figure 5.21(c) and (d) where the compositions shift 

from 53% Mo+6
: 47% Mo5+ to 5% Mo+6: 46% Mo+5: 49% Mo+4.  
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Figure 5.21: HRXPS spectra of HyMoO3-x films Mo 3d region (a) before and (b) after 

deposition of 1.1 nm Ag and of HyMoO3-x: MPA films (c) before and (d) after 

deposition of 1.1 nm Ag. The grey line is the sum of the components 

 

Despite this reduction in the Mo species there is no indication of significant 

AgOx formation for either species, as evidenced by the Auger MNN spectra (Figure 

5.22) which is identical for both doped and undoped films. As discussed by Ferraria et 

al.247 these spectra can be assigned to Ag0 due to the characteristically high KE of the 

peaks. It is therefore likely that the reduction is due to electron transfer from the Ag, due 
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to its smaller Φ than HyMoO3-x, causing a charging of the Ag film rather than an 

oxidation. As described by Greiner et al.89, for a Au electrode with evaporated MoO3, 

the  g doesn’t o idise due to the much larger gibbs free energy of o idation of MoO2 

 MoO3 (ΔGO2= -275.6 kJ mol-1) as compared to Ag  AgOx (ΔGO2< -10 kJ mol-1).   

This partial reduction of Mo at the interface in OPVs could have a number of effects on 

the performance. Whilst an increased conductivity will occur due to filling of the 

HyMoO3-x CB, the reduction of Mo will also lead to a lowered work function at the 

interface and so a barrier to hole-extraction. It is uncertain how the interplay between 

these two effects alters the efficiency of the HyMoO3-x film. 

 

Figure 5.22: AES spectra of MPA doped and un-doped HyMoO3-x films Ag MNN 

region after 1.1 nm Ag deposition. 

 

Figure 5.23 shows the far-field transparency of 8 nm Ag electrodes on both 

PTB7:PC71BM and PCDTBT:PC71BM films over the wavelength range  = 400-900 
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nm, with the absorption and reflection of the underlying BHJ | HyMoO3-x subtracted. On 

PTB7:PC71BM, which has the higher surface roughness of the two BHJs, the mean 

transparency of the Ag electrode is very slightly improved upon incorporation of MPA 

into the HyMoO3-x layer, from 79.9% (±0.4) to 80.5% (±0.9). Conversely the 

transparency when deposited onto a PCDTBT:PC71BM BHJ is very slightly decreased 

from 85.8% (±0.5) to 85.6% (±0.6) when MPA is added.  

 

Figure 5.23: Far-field transparency of 8 nm Ag films deposited on glass | BHJ | 

HyMoO3-x with and without MPA doping of Mo:MPA ratios of 1:0.29 and 1:0.86 on 

PCDTBT:PC71BM and PTB7:PC71BM BHJs respectively. The absorption and reflection 

of the underlying BHJ|HMyMoO3-x has been subtracted. 

 

The difference in transparency between electrodes deposited on these different BHJ 

films can be understood in terms of the large difference in the surface roughness of 
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these BHJ films; 1.6 nm for PCDTBT:PC71BM and 2.8 nm for PTB7:PC71BM as shown 

in Figure 5.19. Since even for conformal Ag films the increase in the roughness of the 

underlying substrate will result in increased absorption due to excitation of surface 

plasmons and an increased light scattering. For Ag films deposited onto the same BHJ 

the differences in surface roughness are too small to significantly change the 

transparency because the absolute roughness is two orders of magnitude smaller than 

the wavelength of the incident light. However, these differences are large enough to 

significantly affect the Rsheet since they are of the same order as the metal thickness. 

Overall the mean transparency of the electrodes supported on MPA doped HyMoO3-x is 

su erior to that re orted using a  u seed layer and com ares well to that of 8.5 Ω sq -1 

indium tin oxide coated glass across the wavelength range.90 Additionally the Rsheet of < 

10 Ω sq-1 and increased stability of the electrode makes these electrodes viable for use 

as the window electrode in high performance top-illuminated OPVs.  

 

5.4.4 Device Studies 

The performance of these electrodes was evaluated in model top-illuminated OPV 

devices, with the structure: Al | Cu | Al | BHJ | HyMoO3-x | Ag (8 nm), where the BHJ is 

either PTB7:PC71BM, PCDTBT:PC71BM or PBDTTT-EFT:PC71BM. The Al | Cu | Al 

electrode described in Chapter 3 of this thesis was used as the back reflective electrode 

due to its stable low work function and high reflectivity.204 For devices based on a 

PTB7:PC71BM BHJ there is a marked improvement in the Jsc upon addition of MPA 

into the bronze hole-extraction layer, from 8.27 mA cm-2 (±0.71) to 10.92 mA cm-2 

(±0.28), which led to a commensurate increase in PCE; Figure 5.24(a) and Table 5.5. 
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Figure 5.24: Characterisation of Al | Cu | Al | PTB7:PC71BM | HyMoO3-x | Ag (8 nm) 

OPVs of (a) JV of optimised MPA concentration; (b) EQE of optimised MPA 

concentration (c) JV over varied MPA concentration. JV curves are shown under 

illumination (empty markers) and in the dark (filled markers) 

 

 Jsc/mA cm
-2

 VOC/ V FF PCE/ % Rseries/Ω cm
2
 

No MPA 8.27 ±0.71 0.64 ±0.02 0.51 ±0.04 2.69 ±0.40 13.46 ±1.32 

With MPA 10.92 ±0.28 0.65 ±0.03 0.51 ±0.07 3.65 ±0.62 13.24 ±1.82 

Table 5.5: Key device parameters of Al | Cu | Al | PTB7:PC71BM | HyMoO3-x | Ag (8 

nm) OPVs with and without an MPA doping of 0.86:1 MPA:Mo. Series resistance 

estimated from the gradient of the JV curve under open circuit. 

 

This effect was found to increase with higher loadings of MPA (from 0.15 to 

0.86 molecules per Mo) yielding an optimised ratio of 0.86:1 at which point the 

improvement saturated (Figure 5.24(c)). This improvement cannot be attributed to the 

increased conductivity of the HyMoO3-x with MPA doping since the contribution to the 

device series resistance from a 10 nm HyMoO3-x layer is calculated to be 0.030 Ω cm2 
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and 0.024 Ω cm2 for un-doped and doped HyMoO3-x layers respectively, which is small 

compared to the total series resistance in the OPV (Table 5.5). This does however 

explain why there is no significant improvement in device FF upon MPA doping.248 It 

is evident from the EQE data shown in Figure 5.24(b) that the improvement in PCE is 

due to an increased photo-conversion in the longer wavelength region of the spectrum. 

Scanning electron microscopy and AFM imaging (Figure 5.25) of the Ag electrode 

surface reveals a large difference in surface roughness for Ag films supported on 

HyMoO3-x films with and without MPA:  2.8 nm (with MPA) vs. 10.1 nm (without). 

This difference must in large part result from a difference in wetting of the BHJ on the 

AlCuAl electrode, as compared to glass and is further compelling evidence that adding 

MPA to HyMoO3-x greatly improves the film forming properties. This large increase in 

roughness of the Ag electrode is due to both the increased roughness of the underlying 

HyMoO3-x film and the formation of 50-100 nm diameter Ag particles resulting from 

reduced adhesion between the Ag and the HyMoO3-x. The difference in Jsc is therefore 

tentatively ascribed to losses due to plasmon-excitation followed by thermalisation in 

the rougher Ag electrode when the HyMoO3-x charge extraction layer is used without 

MPA.  
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Figure 5.25: Morphology of layers in a PTB7:PC71BM OPV; HyMoO3-x layers 

measured with AFM for (a) MPA doped and (b) un-doped films,; Morphology of Ag 

electrode measured with SEM for (c) MPA doped and (d) un-doped films. 

 

In order to get some handle on the optical properties of the top electrodes in the 

device environment, reflectance measurements were made of the whole device stack at 

an angle of incidence of 15°, as well as of the BHJ and HyMoO3-x layers also in a device 

configuration (Figure 5.26(a)). Since the Al | Cu | Al substrate electrode transmits <1% 

of the incoming light, any loss in the reflectance out of the OPV can be attributed to 

absorption by the various layers. For the case with just the BHJ deposited on the 

electrode the result is very similar to that predicted by optical simulation (Figure 

5.26(b)).  ny absor tion by the films at wavelengths ≥ 800 nm is due to the back 

electrode as the absorption of PTB7 does not extend this far into the infra-red. Upon 

deposition of a   10 nm HyMoO3-x film a very large increase in absorption occurs for 

wavelengths ≥600 nm.  he results of this measurement are contrary to the modelled 
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data, which suggests that any capping layer will lead to an increased reflection. This is 

disparity is attributed to diffuse scattering of light which cannot be taken account for in 

the model system as it assumes a completely flat film.  

 

Figure 5.26: Reflectance of Al | Cu | Al | PTB7:PC71BM | HyMoO3-x | Ag films at 

various stages through the device fabrication process for experimental (a) and modelled 

(b) data. Total optical field of glass | Al | Cu | Al2O3 | PTB7:PC71BM | MoO3 | Ag 

without (c) and with (d) Ag top electrode. 

 

It is evident that the evaporation of the Ag films causes a large decrease in reflection of 

the device stack in the longer wavelength region however, this is not the case for 

wavelengths <700 nm where the reflection is only 0-5 % higher than the underlying 

film. This is clear evidence for the micro-cavity effect occurring upon deposition of Ag, 
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which is confirmed by modelling the total field in the device and finding that the field is 

greatly enhanced between 750-900 nm (Figure 5.26(c) and (d)). Upon addition of MPA 

to HyMoO3-x an increased reflectance is seen after Ag evaporation.  his occurs at ≥400 

nm which aligns well with the improvement seen in the EQE spectra (Figure 5.24(b)). It 

is likely therefore that the rougher, nano-particulate Ag film in the non MPA doped 

device stack is causing an attenuation of light entering the device stack due to increased 

diffuse scattering and plasmonic absorption. 

Similarly, for OPV devices based on a PCDTBT:PC71BM BHJ there is an also 

an improvement in Jsc (Figure 5.27(a) and Table 5.6) upon incorporation of MPA into 

the  HyMoO3-x layer, which is optimised for a lower MPA loading; 0.29:1 of MPA to 

Mo (Figure 5.27(c)).  

 

Figure 5.27: Characterisation of Al | Cu | Al | PCDTBT:PC71BM | HyMoO3-x | Ag (8 

nm) OPVs of (a) JV of optimised MPA concentration; (b) EQE of optimised MPA 

concentration (c) JV over varied MPA concentration. JV curves are shown under 

illumination (empty markers) and in the dark (filled markers) 
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 Jsc/mA cm
-2

 Voc/ V FF PCE/ % Rseries/Ω cm
2
 

No MPA 6.06 ±0.28 0.81 ±0.03 0.58 ±0.15 2.88 ±0.15 13.19 ±0.74 

With MPA 6.56 ±0.40 0.86 ±0.01 0.59 ±0.02 3.33 ±0.17 11.72 ±0.83 

Table 5.6: Key device parameters of Al | Cu | Al | PCDTBT:PC71BM | HyMoO3-x | Ag 

(8 nm) OPVs with and without an MPA doping of 0.29:1 MPA:Mo. Series resistance 

estimated from the gradient of the JV curve under open circuit condition. 

 

Interestingly the higher loading of 0.86:1 MPA:Mo results in less of an improvement in 

device performance. It is evident from the EQE in Figure 5.27(b) that the improvement 

in Jsc is again due to increased photo-conversion in the longer wavelength region of the 

spectrum. Whilst a smoother HyMoO3-x film is found after doping with MPA: 1.3 nm vs 

1.8 nm (Figure 5.28), the change is not as large as seen for the PTB7:PC71BM films.  

 

Figure 5.28: Morphology of layers in a PCDTBT:PC71BM OPV;  HyMoO3-x layers 

measured with AFM for (a) MPA doped and (b) un-doped films.; Morphology of Ag 

electrode measured with SEM for (c) MPA doped and (d) un-doped films. 

(c) (d)

(a) 2 μm (b) 2 μm
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The increase in Jsc, is therefore smaller although it most likely occurs for the same 

reason as evidenced by the increase in EQE only at λ> 450 nm. Additionally, an 

increase in Voc is apparent upon doping with MPA which is usually associated with 

improved energy level alignment at the electrode interfaces. This may be caused here by 

the lowered Ef upon doping of the HyMoO3-x leading to improved alignment with 

PCDTBT. Alternatively, an increased Voc is often associated with decreased charge 

carrier recombination.  

Due to the higher stability of PCDTBT as compared to PTB7,50,67 the stability of 

the electrode under constant 1 sun illumination in a nitrogen atmosphere was evaluated 

in top-illuminated OPV devices based on a PCDTBT:PC71BM BHJ light harvesting 

layer. It is evident from Figure 5.29 that there is a significant reduction in the rate of 

device degradation when the HyMoO3-x is doped with MPA. The degradation is 

primarily due to a loss in Voc, although losses in Jsc and FF are also apparent.  

 

Figure 5.29: Stability of Al | Cu | Al | PCDTBT:PC71BM | HyMoO3-x | Ag (8 nm) OPVs 

under illumination for 60 mins without (a) and with (b) doping of HyMoO3-x with MPA. 

The red arrow indicates the direction of change in the current-voltage characteristic with 

increasing time. 
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The exact reason for the improvement in device stability with MPA doping is not yet 

known, although likely reasons include; (i) an increased electrode stability due to 

improved adhesion between the Ag electrode and HyMoO3-x charge extraction layer.; (ii) 

improved HyMoO3-x layer stability towards the movement of ions in the bronze in the 

very high electric field in the device.; and (iii) improved wetting of the HyMoO3-x layer 

on the BHJ stopping delamination at the BHJ | bronze interface. 

Top-illuminated OPV devices based on the high efficiency BHJ PBDTTT-

EFT:PC71BM were then fabricated. The surface roughness of the HyMoO3-x film again 

shows significant changes upon incorporation of MPA: 1.2 nm (0.58:1 MPA:Mo) vs 1.7 

nm (un-doped) (Figure 5.30(a) & (b)).  A difference in surface roughness of the Ag 

electrode is also evident (Figures 5.30(c) & (d)) that mirrors that of the underling 

HyMoO3-x layer. 

As shown in Figure 5.31(a) and Table 5.7, inclusion of MPA into the HyMoO3-x 

results in an improvement in device performance due to a significantly enhanced Jsc. 

Whilst, as is evident from the EQE spectrum shown in Figure 5.31(b), there is still 

suppression of plasmonic absorption loses in the MPA doped device stack Ag electrode, 

there also appears to be a secondary effect leading to increased photo-conversion in the 

shorter wavelength region which is attributed to scattering of the incoming light.  
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Figure 5.30: Morphology of layers in a PBDTTT-EFT:PC71BM OPV;  HyMoO3-x layers 

measured with AFM for (a) 0.58:1 MPA:Mo doped and (b) un-doped films,; 

Morphology of Ag electrode measured with SEM for (c) 0.58:1 MPA:Mo doped and (d) 

un-doped films. 

 

Figure 5.31: Characterisation of AlCuAl | PBDTTT-EFT:PC71BM | HyMoO3-x | Ag (8 

nm) OPVs with and without an MPA doping of 0.58:1 MPA:Mo of (a) JV curves under 

illumination (empty markers) and in the dark (filled markers) and (b) EQE. 

(a) 2 μm (b) 2 μm

(c) (d)
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 Jsc/mA cm
-2

 VOC/ V FF PCE/ % Rseries/Ω cm
2
 

No MPA 10.02 ±0.39 0.77 ±0.01 0.60 ±0.02 4.64 ±0.11 11.97 ±1.13 

With MPA 12.06 ±0.39 0.76 ±0.02 0.51 ±0.03 4.71 ±0.25 18.07 ±2.80 

Table 5.7: Key device parameters of Al | Cu | Al | PBDTTT-EFT:PC71BM | HyMoO3-x | 

Ag (8 nm) OPVs with and without an MPA doping of 0.58:1 MPA:Mo. Series 

resistance estimated from the gradient of the JV curve under open circuit. 

 

However, due to the reduction in FF the overall improvement in PCE is small. The 

reduction in FF appears to be due to an increased series resistance in the devices, as 

estimated from the inverse of the gradient of the current-voltage characteristic at the 

open-circuit condition. The reasons for this increase in series resistance when using 

PBDTTT-EFT:PC71BM as the light harvesting layer are as yet not fully understood.   

 

5.4.5 Substitution of Ag with Cu 

Finally, in order to reduce the materials cost of the Ag window electrode the possibility 

of substituting some of the Ag with another lower cost metal was explored. Cu has a 

bulk conductivity comparable to that of Ag, alloys readily with Ag and is also know to 

interact strongly with thiol moieties, making it an obvious choice as a lower cost 

substitute for Ag in this context.   

A similar XPS experiment to that used to probe the interaction between Ag and 

HyMoO3-x was performed using Cu in place of Ag, the data for which is shown in Figure 

5.32. As seen previously the evaporation of the metal results in a large increase in the 

thiolate character of the MPA species (Figure 5.32(a) & (b)) which is attributed to 
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binding with the incoming Cu. At the same time reduction of the underlying Mo film 

also occurs with the ratio of Mo oxidation states changing from 50% Mo+6
: 50% Mo5+ 

to 5% Mo+6: 56% Mo+5: 39% Mo+4 (Figure 32(c) & (d)). In contrast to the case of Ag 

there is clear evidence for oxidation of Cu because there is a satellite peak at a binding 

energy of 944.9 eV (Figure 5.32(e)), which can be assigned to Cu2+.183 Additionally, the 

Cu LMM Auger spectra shows a large change in the shape of the spectrum when the Cu 

film thickness is increased from ~1 nm to ~3 nm (Figure 5.32(f)).  

For the thicker Cu film the Auger spectrum is consistent with that of bulk Cu0 as 

previously reported by Platzman et al.,183
 whereas the thinner film has a large peak 

centred 570.6  eV which can again be assigned to Cu2+. It is however unclear as to 

whether the Cu2+ signal is also due to the formation of CuO or an alloy of MoOx and Cu, 

since Greiner et al. have shown that a MoOx:Cu alloy can readily form and give rise to 

an Auger LMM spectrum similar to that in Figure 5.32(f) for the ~1 nm Cu film.89 Upon 

doping the HyMoO3-x films with 0.86:1 MPA:Mo the oxidation state composition 

changes from 36% Mo+6
: 64% Mo5+ to 5% Mo+6: 38% Mo+5: 57% Mo+4 after ~1 nm Cu 

deposition. By comparing the LMM Auger spectra for the MPA doped films to the un-

doped films two large differences are noticeable (Figure 32(f)). Firstly, the line shapes 

of the spectra are very different, with the MPA doped sample exhibiting a line shape 

much more similar to that of bulk Cu0 than on the un-dopedHyMoO3-x film. 

Additionally, the intensity of the Cu signal is much larger when deposited on the MPA 

doped HyMoO3-x film.  
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Figure 5.32: HRXPS spectra of (a) HyMoO3-x:MPA (1:0.86) films S 2p region before 

and (b) after deposition of 1 nm Cu, (c) un-doped HyMoO3-x Mo 3d region before and 

(d) after deposition of 1 nm Cu, (e) un-doped HyMoO3-x Cu 2p 3d region after ~1 nm 

Cu deposition and (f) Cu LMM Auger spectra for a 1 nm or ~3 nm Cu film evaporated 

on un-doped HyMoO3-x and HyMoO3-x:MPA (1:0.86) films. Thin black lines (counts) 

and thick dashed red lines (overall fit). 

 

It should be noted that after ~3 nm Cu deposition on the MPA doped film an 

identical line-shape to the non-doped ~3 nm Cu sample was seen in the Auger spectra 

but at a greater intensity. Since identical Cu thickness was deposited on films with and 

without MPA this difference in intensity is tentatively ascribed to improved adhesion of 

Cu at the interface when MPA is present which would block the diffusion of Cu atoms 

into the bulk of the HyMoO3-x film and so hinder the formation of an alloy. Evidence for 

this is provided by the SEM images of the Cu electrode on HyMoO3-x (Figure 5.33) from 

which it was found that more compact Cu films were formed when the MPA is present. 

 

Figure 5.33: Morphology of Cu | Ag electrode measured with SEM for (a) 0.86:1 

MPA:Mo doped and (b) un-doped HyMoO3-x films in a PTB7:PC71BM OPV.  

 

 a   b  
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Top-illuminated OPVs were fabricated with a bilayer Cu (4 nm) | Ag (4 nm) 

electrode which combines the higher transparency of Ag with the lowered cost of Cu.161 

The 4 nm Cu layer was deposited first to increase the stability of the OPV because Ag is 

more resistant to oxidation in air. OPVs were fabricated with the structure; Al | Cu | Al | 

PTB7:PC71BM | HyMoO3-x:MPA | Cu (4 nm) | Ag (4 nm) with and without MPA doping 

of the HyMoO3-x film (Figure 5.34). The optimised loading for the PTB7:PC71BM BHJ 

of 0.86:1 MPA:Mo, as shown in Figure 5.24(c), was used. 

Figure 5.34: Characterisation of Al | Cu | Al | PTB7:PC71BM | HyMoO3-x | Cu (4 nm) | 

Ag (4 nm) OPVs with and without an MPA doping of 0.86:1 MPA:Mo of (a) JV curves 

under illumination (empty marker) and in the dark (filled markers); (b) EQE.        

           

 Jsc/mA cm
-2

 Voc/ V FF PCE/ % Rseries/Ω cm
2
 

No MPA 8.15 ±0.52 0.62 ±0.02 0.47 ±0.03 2.40 ±0.34 16.14 ±1.32 

With MPA 10.30 ±0.37 0.61 ±0.02 0.48 ±0.04 3.06 ±0.37 16.46 ±1.79 

Table 5.8: Key device parameters of Al | Cu | Al | PTB7:PC71BM | HyMoO3-x | Cu (4 m) 

| Ag (4 nm) OPVs with and without an MPA doping of 0.86:1 MPA:Mo. Series 

resistance estimated from the gradient of the JV curve under open circuit. 
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A similar effect to that seen previously occurs when using a Cu | Ag bilayer electrode in 

place of Ag; an increase in Jsc due to increased photo-conversion at longer wavelengths 

(Figure 5.34 & Table 5.8). This improvement is again consistent with the improvement 

in the top electrode morphology (Figure 5.33) and so can be attributed to a decreased 

plasmonic absorption and scattering of the electrode in the MPA doped device stack. 

 

5.5 Conclusions 

This chapter has discussed the development of a new solution processed layer for top-

illuminated organic photovoltaics that combines the function of wide band-gap hole-

extraction layer with the role of seed layer for the formation of robust 8 nm Ag window 

electrodes. The advantages of this hybrid electronic material are (i) that it does not add 

to the complexity of device fabrication, since oxide charge extractions layers are an 

essential component of high performance OPVs, (ii) it does not use costly materials, 

such as Au, (iii) and it is compatible with a large range of organic semiconductors, since 

it is processed from ethanol. We have shown that the key organic component, MPA, (i) 

binds to the oxide matrix and silver electrode, promoting silver film formation and 

robustness at low Ag thickness, (ii) reduces the contact resistance at the Ag | HyMoO3-x 

interface without significantly adversely affecting the optical properties, and (iii) 

improves the film forming properties on the surface of organic semiconductor films. Ag 

film electrodes with a thickness of 8 nm deposited onto this hybrid interlayer have a 

sheet resistance as low as 9.7 Ohms per square and mean transparency ∼80% over the 

wavelength range λ = 400−900 nm, even without the aid of an anti-reflecting layer. 

OPVs made with the MPA doped HyMoO3-x film showed a significant improvement in 

PCE over the un-doped films due, in part, to the more compact window electrode. 
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Combined with a greatly improved stability toward nitrogen and air exposure these 

properties make these electrodes an excellent match to the needs of high performance 

top-illuminated OPVs. HyMoO3-x:MPA was found to bind strongly to Cu also and so 

preliminary experiments into  fabricating a bilayer Cu | Ag window electrode in 

conjunction with HyMoO3-x:MPA were conducted. The low-cost of Cu combined with 

the high transparency and stability of Ag will lead to a cheaper high performance OPV. 
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Chapter 6. 

A Nano-Structured Reflective Electrode for Top-

Illuminated OPVs 

 

6.1 Summary 

This chapter reports preliminary work relating to the fabrication and testing of a new 

type of substrate electrode for top-illuminated OPVs, designed to increase the path 

length of light in the device by scattering reflected light not absorbed on the first pass 

back into the absorbing layer, without compromising device Rshunt. The electrode is 

based on an optically thin Au film with a random array of apertures with dimensions 

of 100-300 nm and a depth of 8-15 nm supported on a reflective Al/AlOx substrate 

modified with a molecular adhesive.  Whilst this work is at an early stage of 

development, it is included in this thesis to document the considerable progress made 

towards the development of this model electrode and some preliminary 

investigations into its functionality in top-illuminated OPVs. 

 

6.2 Introduction 

As previously explained in Chapter 1 a constraint on the thickness of the photo-

active layer in OPVs is the low electron and hole mobility in organic 

semiconductors. Therefore the thickness of this layer is often not sufficient to absorb 

all of the light incident on the OPV before it leaves the device after reflection from 

the back contact.249,250 By nano-structuring the reflective electrode it is possible to 

scatter the light which is not absorbed on first pass through the photo-active layer, 
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such that its path length through the photoactive layer the second time around is 

longer than the first, as illustrated in Figure 6.1.  

 

Figure 6.1: Schematic diagram showing the action of a nano-structures electrode as 

a light scattering element in a top-illuminated OPV. 

 

The potential of this approach has been demonstrated in OPV device 

structures using metal nanoparticles with a diameter in the range of 60-100 nm by An 

et al.,104 and also using metal films with an array of circular indentations of diameter 

300 nm fabricated by nano-sphere lithography by Xu et al.226 However, whilst such 

large features are necessary to efficiently scatter visible light, by introducing them in 

the form of particles there is a significant risk of compromising the Rshunt of the OPV, 

since these scattering elements are of a comparable thickness to the photo-active 

layer used in most high performance OPVs. By introducing shallow indentations into 

the film with lateral dimensions of the correct size to scatter light this problem is 

avoided, although the method proposed by Xu et al. is based on the use of nano-

sphere lithography, which adds complexity to the device fabrication and would be 

very costly to scale to large areas. In both the aforementioned cases the improvement 

in device performance observed upon nano-structuring the back contact was 

attributed to a number of different effects including plasmonic absorption, light 
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scattering and increased contact area with the electrode. Since it is difficult to 

disentangle optical and electronic effects in the performance of an OPV device, the 

contribution from each of these could not be isolated. 

Herein the fabrication of a Au electrode with a random dense array of 

apertures of the correct size to scatter visible light is described. The electrode is 

fabricated on a reflective Al/AlOx supporting substrate using a molecular adhesive 

layer of APTMS:MPTMS  to enable control over film adhesion and morphology. 

Importantly the formation of the apertures requires no lithographic step, rather only 

simple annealing of the electrode, and the apertures formed have a very narrow depth 

distribution which helps to ensure minimal decreases in Rshunt. Furthermore the large 

distribution of aperture size and shape should ensure broad-band light scattering 

which is important for PV applications, since PVs must ideally harvest light over a 

large range of wavelengths; 400-1100 nm. Au is used as the electrode material due to 

having a relatively high Φ and good stability towards oxidation, which helps to 

simplify the interpretation of the results by removing complexity that arises from 

oxidation. 

 

6.3 Experimental 

Nano-structured reflective electrodes were fabricated using the 4 step process shown 

in Figure 6.2: (i) Evaporating Al (50 nm, 1 nm s-1) onto cleaned glass substrate 

followed by UV/O3 treatment to create an AlOx film.; (ii) Deposition of a mixed 

APTMS:MPTMS monolayer from the vapour phase at ~50 mbar for 5 hours, 

followed by exposure to air for 3 hours, then a further 16 hours in APTMS:MPTMS 

vapour at ~50 mbar.; (iii) Thermal evaporation of a thin Au film (8 nm, 0.1 nm s-1).; 
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(iv) Aperture formation by heating between 200-350°C for 5 minutes under N2.  The 

methods used for OPV fabrication are given in Chapter 2 of this thesis. 

 

 

Figure 6.2: Electrode fabrication  rocedure:  i  Eva oration of  l onto cleaned glass 

substrate followed by UV/O
3
 treatment to create an  lO

x
.;  ii   e osition of a mi ed 

monolayer.;  iii  Eva oration of a thin  u film.;  iv    erture formation by annealing 

under N
2
. Mor hology of the  u electrode  re and  ost annealing are included, 

measured using an  FM 

 

6.4 Results and Discussion 

Apertures of different sizes and densities were formed in the Au film by thermal 

annealing at different temperatures between 200-350°C for 5 minutes as shown in 

Figure 6.3. As shown, both the size and density of the apertures is tuneable with 

increasing annealing temperature resulting in a higher density of larger apertures. 

Area analysis using the software WS×M251 calculates the total area of apertures as 

0.3% after 200°C; 3.3% after 250°C; 11.2% after 300°C and 37.7% after 350°C.  
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Figure 6.3: Mor hology of glass |  l (50 nm) |  P MS:MP MS |  u (8 nm) with 

    no heating, and after 5 minutes at  b  200° ,  c  250° ,  d  300° , and  e  350°  

collected via  FM.  f    re resentative line scan taken from the image shown in  e . 

 

Preliminary investigations were conducted in model OPV devices using 

electrodes annealed at 350°C for 5 minutes and the results are given in Figure 6.4 

and Table 6.1. Surprisingly, introducing a high density of apertures into the nano-

structured back electrode has only a very small effect on the performance of the 

device, as compared to identical devices using an electrode without apertures, with 

only a slight increase in Jsc (Table 6.1). This improvement is very small and cannot 

be conclusively stated to be due to light scattering, light trapping due to plasmon 

excitation occurring at electrode surface, or an effect bought about by a change in 

another of the electrodes properties.  
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Figure 6.4:     Re resentative J  device characteristics of the structure  l (50 nm) | 

 P MS:MP MS |  u (8 nm) | MoO
3
 (5 nm) | P   B :P 

71
BM | B P (8 nm) |  l 

(1  nm) |  g (14 nm) | MoO
3
 (34 nm) with and without 38% a erture formation in the 

light (em ty markers) and dark (filled markers).  b  Mor hology of the annealed  u 

electrode collected with  FM. 

 

Table 6.1: Key device data of the structure Al (50 nm) | APTMS:MPTMS | Au (8 

nm) | MoO3 (5 nm) | PCDTBT:PC71BM | BCP (8 nm) | Al (1  nm) | Ag (14 nm) | 

MoO3 (34 nm) with and without aperture electrodes. 

 

There is also a very slight decrease in FF, due to an increased Rseries, when using the 

nano-structured electrode, which may result from an increase in the electrode sheet 

resistance due to either an increased path length or a scattering of the charge in the 

aperture electrode. However, it should be emphasised that the changes in FF and Jsc 
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 Jsc/ mA cm
-2

 Voc/ V FF PCE/ % Rseries/ Ω cm
2
 

Ref  7.33 ± 0.37 0.85 ± < 0.01 0.56 ± 0.01 3.50 ± 0.17 12.6 ± 0.8 

Aperture  7.50 ± 0.29 0.86 ± < 0.01 0.54 ± 0.02 3.51 ± 0.18 13.6 ± 1.4 
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are very small, indeed within one standard deviation of each other, which is very 

surprising considering that roughly 30% of the electrode structure is absent compared 

to a flat homogenous electrode.  

It is evident from the AFM images in Figure 6.3  that there is a large increase 

in the mean size of the Au crystallites upon annealing and so it is possible that this 

difference is what is causing the slight changes in device performance, since changes 

in crystallinity can change the  energetics at the electrode – semiconductor interface. 

To investigate the effect of the increased grain size, electrodes were fabricated with 

varied crystallite sizes but without the formation of apertures. To achieve this, 

thicker (15 nm) Au electrodes are deposited on an APTMS:MPTMS monolayer 

directly on glass. A much shorter silane monolayer vapour time of 1 hour was used 

due to the stronger adhesion of the monolayer to glass than to AlOx and the thicker 

film being more robust.  These films were annealed at 300°C for 10 minutes in order 

to alter the grain size of the crystallites as illustrated in Figure 6.5. 

Figure 6.5: Morphology of Au electrodes with relevant line scans (a) pre and (b) 

post annealing at 300°C for 10 minutes. 
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The JV characteristics of devices using larger crystallite structures are shown 

in Figure 6.6 and Table 6.2. As can be seen the difference in electrode grain size has 

a very similar effect on the performance of the devices as seen with the aperture 

electrode. As with the aperture electrode there is a slight increase in the Jsc, although 

this effect is even smaller than previously seen so it arguably not significant. A 

decrease in FF is again seen upon annealing the electrode, but with a much more 

noticeable change to the Rseries in this device set. Whilst this effect is again only small 

the similarity with the data in Table 6.1 lends credence to this being a real effect. The 

increase in crystallite size is therefore tentatively associated with the slight losses 

observed when using the aperture electrode (Figure 6.4).  

 

 

Figure 6.6: Representative JV device characteristics of the structure glass | 

APTMS:MPTMS | Au (15 nm) | MoO3 (5 nm) | PCDTBT:PC71BM | BCP (8 nm) | Al 

(1  nm) | Ag (14 nm) | MoO3 (34 nm) with and without annealed electrodes to induce 

a change in the grain size. 

 



Chapter 6. 

 

179 
 

Table 6.2: JV device characteristics of the structure glass | APTMS:MPTMS | Au 

(15 nm) | MoO3 (5 nm) | PCDTBT:PC71BM | BCP (8 nm) | Al (1  nm) | Ag (14 nm) | 

MoO3 (34 nm) with and without annealed electrodes to induce a change in the grain 

size. 

 

6.5 Conclusions 

In summary the fabrication of a novel nano-structured reflective substrate electrode 

for top-illuminated OPVs has been described and demonstrated in model devices. 

Whilst no significant improvement in light harvesting has been observed in this 

limited device study, further work on this interesting electrode structure could lead to 

a scalable approach to increasing light harvesting in top-illuminated OPVs.  

 

 

 

 

 

 

 

 

Grain Size Jsc/ mA cm
-2

 Voc/ V FF PCE/ % Rseries/ Ω cm
2
 

Small 2.87 ± 0.29 0.85 ±< 0.01 0.58 ± 0.03 1.40 ± 0.08 57.2 ± 8.6 

Large 2.96 ± 0.15 0.84 ±< 0.01 0.56 ± 0.02 1.39 ± 0.18 72.7 ± 17.6 
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Chapter 7. 

Future Outlook 

 

In Chapter 3 a highly reflective, low work function metal electrode which offers high 

stability towards oxidation in air is described , that is based on the triple layer 

structure: Al (60 nm) | Cu (8 nm) | Al (0.8 nm). Potential areas for the further 

development of this electrode include: (i) An investigation into the reason for the 

increase in Jsc observed when fabricating OPV devices in the trilayer electrode as 

compared to bare Al, including the apparent increase seen in Jsc with oxidation. It is 

possible that this is due to a wetting phenomenon which may lead to a change in the 

composition or physical structure of the BHJ when deposited onto the oxide surface 

as compared to the bare metal. It could also be due to the dielectric properties of the 

ultra-thin oxide layer, which screen the image charge reducing recombination at the 

electrode. (ii) An extension of the stability study to include an investigation of effect 

of humidity and extended oxidation times. (iii) An investigation into the composition 

at each layer of the electrode to further elucidate the chemistry and structure possibly 

using dynamic secondary ion mass spectroscopy to depth profile the electrode.  

In Chapter 4 the electrode developed in Chapter 3 is used to elucidate a new 

design rule for bulk-heterojunction OPVs. The key areas for further investigation on 

this topic are: (i) To expand the catalogue of semiconductors tested to include  a 

larger selection of state-of-the-art polymers, such as PBDTTT-EFT.; (ii) To conduct 

a  study aimed at investigating when and why the push-back effect occurs using 

varied organic semiconductors  and substrate electrodes with a range of work 

functions.; (iii) To further validate the universality of the proposed design rule by 
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fabricating OPVs with varied hole-blocking layers , such as PFN and TiOx, and using 

other low work function electrodes, such as Ca or Sm. 

In Chapter 5 the synthesis of an organo-molybdenum bronze is described and 

used to enable the realisation of robust, low sheet resistance window electrodes with 

high far-field transparency. The key areas for further investigation of this hybrid 

charge extraction layer are: (i) The synthesis and comparison of analogous organo-

doped metal oxide bronzes based on vanadium oxide and tungsten oxide material to 

identify the most proposing for practical applications. (ii) An investigation into the 

efficacy of other organic dopants such as 3-aminopropionic acid, which may more 

effective than MPA.  

In Chapter 6 the results of a preliminary investigation into a nano-structured 

Au electrode at the reflective substrate are described. This electrode was developed 

to explore the potential for enhancement of Jsc in top-illuminated OPVs by increasing 

the path length of light in the device.  Due to being at an early stage of research there 

are a number of potential avenues for further study, these include: (i) Applying the 

same fabrication process to other materials, e.g Cu and Ag. (ii) Sensitising the 

electrode to increased plasmonic absorption through insertion of appropriate thin 

films. (iii) Fabricating aperture electrodes with varied monolayers and deposition 

conditions to achieve a more rapid fabrication route. 
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