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Abstract 

 

The work reported in this thesis is focused on developing Cu electrodes for organic 

photovoltaics (OPVs). At present indium tin oxide (ITO) coated glass is the dominant 

transparent electrode used in OPVs owing to its high optical transparency and electrical 

conductivity. However, there are some significant drawbacks in ITO, most notably the 

use of indium which is a costly rare earth metal and poor compatibility with flexible 

substrates. Consequently, more sustainable alternative electrode materials are needed for 

application in OPVs and thin metal films particularly silver has attracted attention for this 

purpose because of the high electrical conductivity and low optical losses. However, 

silver is a costly metal, thus more cheap alternatives are essential in order to reap the full 

cost benefit of energy generation from OPVs.  

Cu is an abundant metal with comparable electrical properties to that of silver but 

has received very little attention as an alternative electrode material due to its 

susceptibility to oxidation in air. However, in the recent past, a number of passivation 

techniques have been developed that enable retardation of Cu oxidation without electrical 

isolation, imparting increased stability under ambient conditions.  

This thesis highlights Cu as a viable alternative to conventional ITO and silver 

metal electrodes, describing in detail the fabrication and characterization of Cu electrodes 

and their application in conventional, inverted and top-illuminated OPV device 

architectures. A comprehensive investigation of the application of Cu as a transparent 

window electrode, reflective substrate electrode and a plasmon-active light catching 

electrode is discussed.  

As research pertaining to the use of Cu electrodes in OPVs is extremely limited, 

it is anticipated that the concepts and results discussed in this thesis will be useful in the 

inevitable transition to low cost-alternatives enabling the exploitation of the full potential 

of OPVs in energy harvesting. 
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Chapter 1 

Introduction 

 

1.1 Background 

The search for sustainable, reliable and affordable energy sources is a growing global 

concern especially with the escalating global population predicted to increase from 7.7 

billion as of March 2019 to 8.5 billion in 2030. Access to energy is therefore mandatory 

in order to meet the needs and wants of this growing population. In the recent past there 

has been continuous research focused on harnessing energy from renewable sources 

motivated by the need to reduce carbon dioxide emissions, which are primarily produced 

by burning coal, natural gas and oil. Carbon dioxide, which is currently 410 ppm in the 

atmosphere,1,2 is a greenhouse gas and the main contributor to global warming. The rise 

in atmospheric temperature increases the frequency of extreme weather conditions, 

increases ice mass loss from polar regions which results in rising in sea levels affecting 

coastal areas, causes loss of biodiversity and ecological damage.1,3,4 Additionally, fossil 

fuels are a limited resource, therefore several alternative renewable sources such as wind, 

geothermal, solar, ocean and hydro power have been developed over the years to support 

the ever increasing energy demand. Considering the current international agreements on 

climate change, air quality and access to modern energy the International Energy Agency 

(IEA) forecasts a growth of the renewable energy capacity by 43 % or 920 GW by 2022, 

of which solar energy will be the highest.5 Photovoltaics (PV) are attractive as an 

alternative means of electricity generation in many parts of the world because of their low 

cost, sustainability and short energy payback times.6 The performance of PV devices 

depends on the availability of sunlight which they convert directly into electricity. The 

sun deposits a large amount of energy onto the earth’s surface in the form of solar 

radiation which, if harnessed, will be adequate to fulfil the energy demand of all 

humanity. Nevertheless, all PV technologies depend on the availability of sunlight, 

therefore, energy generation using this technology must be used in conjunction with other 

means of renewable energy generation and energy storage.  

The Solar Resource            

The sun is a star located at the centre of the solar system and is the primary source of 

energy for all life on earth. Sunlight consists of the infrared (IR), visible and ultraviolet 

(UV) parts of the electromagnetic (EM) spectrum. The solar spectrum can be modelled 
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as a black body at a temperature of ~5800 K.7 The amount of EM radiation incident on 

the earth’s outer atmosphere per unit area on a plane perpendicular to the incoming rays 

is referred to as the solar constant and is ~1366 W m2. However, the actual radiation that 

arrives at the earth’s surface is lower than this value because it is attenuated when passing 

through the atmosphere due to interaction between water vapour in the atmosphere, dust 

particles, carbon dioxide, oxygen and other gases which absorb and scatter the incoming 

radiation. Therefore, a parameter known as the air mass coefficient (AM) is defined to 

quantify the solar spectrum after the radiation has passed through the atmosphere. The 

AM is a measure of the optical path length through the atmosphere and is defined as,  

𝐴𝑀 =  
𝐿

𝐿0
=  

1

𝑐𝑜𝑠 𝜃
 

where L is the path length through the atmosphere, L0 is the path length normal to the 

earth’s surface (zenith path length) and θ is the zenith angle in degrees.8  

When the sun is located directly above the earth’s surface and the radiation passes directly 

through the atmosphere, it is referred to as air mass 1 Direct (AM 1D). The notation AM 

1G is given when both direct and diffuse radiation is considered where G means Global. 

The standard spectrum at the earth’s surface is known as AM 1.5G where θ is 48o and 

solar radiation is incident at 48o angle from the normal to the earth’s surface. The AM 

Equation 1.1 

Figure 1.1: American Society for Testing Materials (G173-03) AM 1.5 reference spectra of the 
spectral irradiance and Photon flux adapted from ref. [10]. 
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1.5G spectrum (Figure 1.1) is the standard spectrum used to compute PV device 

performance and has an intensity of 1kW m-2.9,10  

1.3 Photovoltaic Technologies 

Many advances have been made in the field of PVs, since the invention of silicon (Si) 

PVs in 1954, when scientists at Bell laboratory demonstrated the first practical Si PV 

device.11 Si PVs (first generation PV), which include monocrystalline, polycrystalline 

and amorphous Si PVs, are the dominant PV technology with a record power conversion 

efficiency (PCE) of ~26 %.12,13 Si PVs dominate the PV market because they are 

relatively efficient, very stable and because they are the oldest PV technology there is a 

widespread knowledge and know-how within the scientific community. However, Si PVs 

have the following drawbacks11,14,15 which has motivated the development of alternative 

PV technologies: 

 Their rigid flat plate design limits utility in certain important application areas;  

 Fabrication of Si wafers require high temperatures and therefore it is an energy 

intensive process; 

 Relatively long energy payback times (i.e. the operating life of a PV device 

needed to produce the amount of energy invested during manufacturing, 

installation and maintenance): 1-1.5 years; 

 Si is an indirect band gap material at long wavelengths (λ) so there is poor light 

absorption at long wavelengths, which requires the use of thick layers of the order 

of 100 – 300 µm to attain maximum efficiency. 

Second generation PVs comprise thin film PVs.11 Thin film based PV offer reduced 

material cost by decreasing the thickness of materials used and by reducing the energy 

consumption during the manufacturing process. CdTe PV and Copper Indium Gallium 

Diselenide (CIGS) are the dominant types of thin film PV and have reported a PCE of 

21.7 % and 21% respectively.13 Third generation PVs aim to combine the advantages of 

the former types of PV and comprise all emerging PV technologies including hybrid 

inorganic – organic PVs such as perovskite PV which have grown rapidly in the recent 

years. Third generation PV also include polymer and organic PVs (OPVs) as well as 

multi-junction PVs which are capable of breaking the theoretical upper limit for the 

efficiency of a single junction PV given by the Shockley-Queisser efficiency limit, by 

using several complementary light harvesting layers to absorb light across different 

regions of the spectrum.   

https://en.wikipedia.org/wiki/Shockley%E2%80%93Queisser_limit
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1.4 Organic Photovoltaics 

OPV devices convert sunlight directly into electricity using thin films of organic 

semiconductors (conjugated organic molecules) as the photo-active material and are 

considered to be one of the most promising emerging thin film PV technologies. OPVs 

have several advantages over conventional Si PVs:11,16,17 

 Organic semiconductors have a large optical absorption coefficient; hence, a small 

thickness of material is sufficient to absorb all of the incident light. Thus, typical 

high performance OPV devices are relatively thin (≤ 200 nm) requiring less 

material;  

 Low fabrication cost which stems from the low processing temperature of organic 

semiconductors (< 150 oC); 

 Solution processing and printing techniques enable high speed roll-to-roll 

production which is low cost; 

 Tunable electrical properties; molecular engineering permits the alteration of the 

band gap and frontier orbital energies providing higher material flexibility  

 Short energy payback times: ~ 1 week;  

 Compatibility with flexible light weight substrates, renders them useful in 

applications such as transportation and building integration where rigid flat plate 

PVs are not a possibility. 

 

 

 

 

 

 

 

 

 

 
Figure 1.2: Progress of OPV device performance from 1985 – 2019 adapted from ref. [18]. 
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The major drawback in OPVs is the relatively low PCEs compared to that of Si PV and 

the lower long term stability. However, it is important to note that over the years OPVs 

have progressed rapidly18 and together with scientific and technological improvements 

have recently achieved a PCE 16%19 for a single junction device and 17 %20 for a multi-

junction OPV. Therefore, OPVs have strong potential as a low cost environmentally 

friendly and sustainable means of energy generation provided the advantages are fully 

exploited and the shortcomings are addressed in the years to come. 

1.5 Semiconductors                       

Semiconductors are materials that have an electrical conductivity intermediate to that of 

a metal and an insulator. Pure semiconductors possess few free charge carriers but can be 

made conductive under specific conditions. Addition of impurity atoms into the lattice in 

small proportions (1013-1018 atoms cm-3) to the base material is a versatile way to engineer 

the electrical conductivity by increasing the concentration of free charges. This deliberate 

addition of impurities is referred to as doping. Commonly known examples of crystalline 

semiconductors include Si, germanium (Ge) and Gallium arsenide (GaAs).  

The electrical conductivity in materials can be understood by considering the electronic 

band structure of the material. Atoms consist of atomic orbitals (AO) with discrete 

energies occupied by pairs of electrons with opposite spin. When the inter-atomic 

distance of two such AOs with unpaired electrons is sufficiently small they interact 

forming a molecular orbital (MO) having a bonding orbital with an energy lower than the 

AOs and an anti-bonding orbital with a higher energy. When a very large number of 

identical AOs overlap the high density of bonding and anti-bonding orbitals give rise to 

continua of energy levels called bands. The highest occupied bonding MOs form the 

valence band (VB) whilst the lowest unoccupied anti-bonding MOs give rise to the 

conduction band (CB). The gap between the VB and CB is known as the band gap (Eg) 

and denotes the energy range in which there are no electronic states. Electrons can be 

promoted from the VB to the CB only by absorbing energy ≥ Eg. The vacancy in the VB 

left behind by the photo-excitation of an electron is called a hole. These positively 

charged vacancies in an otherwise filled band can move in response to an applied electric 

field and so contribute to current flow. When a material becomes conductive due to the 

generation of free charge carriers (electrons and holes) by absorption of light, it is known 

as photoconductivity.  Absorption of energy > Eg will result in the excited electron rapidly 

relaxing to the CB edge by a process known as thermalisation. Consequently, band 
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diagrams only include the VB and CB edges indicated by the blue lines in Figure 1.3(b) 

and (c).  

As depicted in Figure 1.3(a) metals have a half-filled band and materials with a Eg ≤ 3 eV 

are referred to as semiconductors and those with a larger Eg as insulators. When the Eg is 

large, in addition to it being difficult to excite electrons from the VB to the CB it is also 

difficult to inject charge carriers into the VB and CB edges, due to the small electron 

affinity and large ionisation potential.  

1.5.1 Organic Semiconductors               

Organic semiconductors can range from simple small molecules to complex polymers 

and are primarily composed of carbon (C) and hydrogen (H) but can also include other 

heteroatoms such as oxygen (O), nitrogen (N) and sulphur (S).  

Organic semiconductors consist of hybrid orbitals resulting from the hybridisation of 2s 

and one or more 2p atomic orbitals. These hybrid orbitals give rise to highly directional 

strong sigma bonds which form the backbone of the molecule, whereas electrons 

remaining in unhybridized 2p orbitals lead to weak π bonding. The latter are delocalised 

and can move along the molecule in response to an electric field when the p orbital is 

partially filled.21,22 

  

Figure 1.3: Electronic band diagrams of a typical (a) metal; (b) semiconductor and (c) insulator. The 
dark regions indicate filled states and the light regions depict unfilled states. 
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In inorganic crystals, the charge carriers (electrons or holes) are delocalised over a few 

lattice sites in the 3-dimensional crystal lattice. In organic semiconductors (molecular 

solids) the situation is quite different, since the charges are highly localised on individual 

molecules or in the case of conjugated polymers, on segments of the polymer chain. The 

weak interaction between adjacent molecules in an organic semiconductor leads to very 

narrow bands and therefore the electronic structure is best described in terms of weakly 

interacting potential wells rather than a conventional band structure which only apply for 

few exceptional highly ordered molecular solids.  

The highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular 

orbital (LUMO) are equivalent to the VB and CB in a crystalline inorganic semiconductor 

(Figure 1.4). The energy gap between these two energy levels corresponds to the Eg 

similar to the inorganic semiconductor discussed in section 1.5. According to the potential 

well model, the electronic structure of the molecules comprising a molecular solid are 

highly preserved due to the weak interactions between adjacent molecules, so the valence 

electrons are in deep potential wells. Therefore, if the electrons are to move from one 

molecule to the next, the potential barrier between them must be overcome and they must 

hop from one potential well to the next. This is a thermally activated process that is also 

electric field assisted.21,23Consequently, in this type of solid, charge transport is achieved 

by means of hopping between potential wells as depicted by the arrows in Figure 1.5.17,23 

 

Figure 1.4: Molecular orbital diagram showing the positioning of bonding and antibonding orbitals 
responsible for sigma and π bonding. 
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The potential well model shown in Figure 1.5 includes other energy levels which are key 

to understanding the operation of an OPV: The vacuum level (VL) refers to a region 

immediately outside the surface of the solid where the electron is at rest and the energy 

at VL is considered to be zero; The Fermi level (Ef) is a precisely defined thermodynamic 

quantity that refers to the energy level at which the probability of electron occupancy is 

0.5. The Fermi-Dirac distribution function, given by equation 1.2 below, is the probability 

that (at thermodynamic equilibrium) an electron will occupy a state having and energy, 

E.  

𝑓(𝐸) =  
1

𝑒
(𝐸− 𝐸𝑓)

𝑘𝐵𝑇 +  1

 

where f(E) is the probability of occupancy of a state of energy E, T is the temperature and 

kB is the Boltzmann constant. The energy needed to remove an electron from the HOMO 

to the VL is known as the ionisation potential (Ip), and the energy dissipated when an 

electron moves from the VL to the LUMO is the electron affinity (As). 

1.6 Work Function 

Work function (φ) is defined as the amount of energy needed to take an electron form the 

Ef to the VL. The φ is made up of two components; the bulk chemical potential (µ) and the 

surface potential (χ). 

Figure 1.5: Potential well model for a molecular solid adapted from ref. [18]. 

 

Equation 1.2 
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µ is the amount of energy needed to overcome the interaction with the bulk lattice, which 

is affected by the position of Ef  in the band gap, and therefore the degree of doping. χ is 

the contribution to the φ from the surface dipole. All solids have an electric dipolar layer 

on the surface, formed as a result of spilling of the electron density into the vacuum. χ is 

sensitive to the nature of the surface and interactions with adjacent materials. For 

instance, when electron rich materials are adsorbed onto the surface, the electron density 

spilling out of the solid will be pushed back due to electrostatic repulsion, reducing the 

magnitude of χ (Figure 1.7). This is known as the push-back effect. 

φ = µ + χ Equation 1.3 

Figure 1.6: Energy level diagram indicating the contribution of the bulk chemical potential (µ) and 
surface potential (χ) to work function (Φ) 

 

Energy 

Figure 1.7: Schematic representation of the push-back effect showing the change in electron 
density distribution as a function of metal surface (a) for a contaminant free metal and (b) when an 

electron rich material is adsorbed on the surface.  

 

(b) 

(a) 
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1.7 The Metal – Semiconductor Interface 

When a metal is in contact with a semiconductor two types of junctions can be formed 

depending on the φ of the metal and semiconductor; 

1. A Schottky contact 

2. An Ohmic contact 

If the φ of the metal (φM) is greater than that of the semiconductor (φS), a Schottky barrier 

is formed at the contacting interface (Figure 1.8). 

When the metal has a higher φM compared to the semiconductor, it means that more 

energy is required to transfer an electron from the Ef to the VL. When the two are brought 

into contact, electrons will flow from the semiconductor to the metal. As a result of this 

electron migration and the associated potential change, band bending occurs in the 

semiconductor causing the VL to shift as shown in Figure 1.8(b), resulting in a Schottky 

barrier of height φB.17,24 The Ef alignment upon contact results in a shift in the VL 

generating a built-in potential (Vbi) and a region of charge accumulation known as the 

depletion region.  

Conversely when φM < φS (for a heavily doped semiconductor) electrons move in the 

opposite direction; i.e. from the metal to the semiconductor, generating an Ohmic contact 

with no rectifying behaviour as shown in Figure 1.9. 

Figure 1.8: Energy level diagram of a metal and semiconductor when (a) separate and (b) when 
brought into contact with each other where the ΦM > ΦS 
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1.8 Excitons 

An exciton is an electrically neutral quasi-particle in which an electron and a hole are 

bound together by electrostatic Coulombic forces. An exciton is formed when a photon 

of energy greater or equal than the Eg is absorbed by the semiconductor, promoting an 

electron to the CB and leaving a hole in the VB. There are two types of excitons defined 

in terms of the strength of the electron and hole interaction; 

1. Mott-Wannier excitons 

2. Frenkel excitons 

Coulombs law states that the magnitude of the force of electrostatic attraction or repulsion 

between two point charges (q1 and q2) is directly proportional to the product of the charges 

and inversely proportional to the square of the distance (r) between them. 

𝐹 =  
𝑞1𝑞2

4𝜋𝜀0𝜀𝑟𝑟2
 

 

where ε0 is the vacuum permittivity (or dielectric constant) and εr is the relative 

permittivity (or relative dielectric constant).  

εr is a dimensionless quantity that is a measure of the ability of a material to screen the 

force of interaction between charges by undergoing polarisation. 

Equation 1.4 

Figure 1.9: Energy level diagram of a metal and heavily doped semiconductor when (a) separate 
and (b) when brought into contact with each other where the ΦM <ΦS 
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In the case of highly crystalline inorganic semiconductors, εr is typically in the range of 

10 – 15. Therefore, the force of interaction between electrons and holes is well screened, 

and so the binding energy between the electron in the CB and hole in the VB, is small; ≤ 

25 meV (less than kBT, which is equivalent to the thermal energy of an electron at room 

temperature). Consequently, at room temperature, photon absorption results in excited 

electrons and holes that can be very easily separated. This type of weak interaction 

between an excited electron and hole is known as a Mott-Wannier exciton.17,25,26 Mott-

Wannier excitons can extend over several lattice sites and so are highly delocalized 

excitons.  

In the case of organic semiconductors the εr is very small, typically in the range of 2 - 4 

which results in high binding energies between the electron and hole, usually of the order 

of  0.1-1 eV. Consequently, at room temperature, following excitation the electron in the 

LUMO and hole in the HOMO of an organic semiconductor are tightly bound giving rise 

to a Frenkel exciton. As a consequence of small εr and the localisation of the electron and 

hole in the potential well of the molecule, Frenkel excitons are tightly bound and 

relatively small compared to Mott-Wannier excitons. Additionally, because Frenkel 

excitons have large binding energies, there is a substantial barrier that must be overcome 

in order to separate them into respective free electrons and holes.11,17,18,25,27   

1.9 Working Principle of an OPV 

The simplest organic PV device architecture consists of a transparent electrode such as 

indium tin oxide (ITO) supported on a glass substrate, followed by two layers of organic 

semiconductor materials; the first having electron donor character and the second with 

electron acceptor character, followed by a top reflective electrode, typically aluminium 

(Al) or silver (Ag) (Figure 1.11). Electron donors are materials that generate and transfer 

Figure 1.10: Schematic representation of (a) Mott-Wannier and (b) Frenkel excitons 
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an electron to the acceptor upon illumination. Conversely electron acceptors are materials 

that are capable of accepting electrons and transferring holes to the donor material.28,29 

Therefore, the donor type organic semiconductor has a lower ionization potential 

compared to that of the acceptor, while the electron acceptor has a higher electron affinity 

compared to that of the donor.  

 

 

 

 

 

 

 

 

 

 

 

The heart of an OPV is therefore a heterojunction between organic molecules with offset 

frontier orbitals which are responsible for splitting of excitons formed either in the donor 

or acceptor. The electron donor and acceptor must therefore be carefully chosen so that 

the abrupt shift in potential energy is just enough to split the excitons. An excessively 

large energy off set will lead do a reduction in the device voltage as will be discussed 

later. Usually an energy offset of ~0.3 eV is sufficient for splitting of excitons at organic 

semiconductor junctions.18 Moreover, excitons in organic semiconductors have relatively 

low diffusion lengths and therefore careful engineering of the donor and acceptor 

thickness is essential to ensure exciton separation prior to its relaxation.  

Figure 1.12 summarises the four main processes that occur in an OPV: 

1. Photon absorption to form excitons; 

2. Exciton diffusion and separation at the heterojunction; 

3. Charge carrier transport to the electrodes; 

4. Charge carrier extraction to the external circuit. 

 

Figure 1.11: A simplified schematic representation of an energy level diagram of a basic OPV 
device. 
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Absorption of a photon energy ≥ Eg results in the excitation of an electron from the 

HOMO to the LUMO of the donor/acceptor molecule, (Figure 1.12; step1)). This is 

followed by thermalisation to release the extra energy followed by formation of an 

exciton. As discussed in section 1.8, excitons are electrically neutral and therefore not 

influenced by the built-in electric field across the organic semiconductor layer that arises 

due to the difference in the φ of the electrodes on either end. As a result, excitons diffuse 

between molecules and may relax back to the ground state, radiatively by emitting light 

or non-radiatively by liberating the extra energy in the form heat. For efficient operation 

of an OPV device these excitons must arrive at the heterojunction before the relaxation 

takes place so that they can contribute to photocurrent generation. Upon diffusion to the 

heterojunction in the photo-active layer (Figure 1.12; step 2) excitons undergo 

dissociation to form a hole in the HOMO of the donor and an electron in the LUMO of 

acceptor (Figure 1.13; step 3). Immediately following separation, the two charge species 

will be weakly bound, a state that is sometimes referred to as a charge transfer exciton. 

However, as the interaction is quite weak, the gradient in chemical potential arising due 

to the charge carrier concentration gradient, together with the static electric field across 

the device, is sufficient to dissociate the charge carriers forming free electrons and holes. 

The separated charge carriers are then transported to the corresponding electrodes and 

extracted to the external circuit under the influence of the electric field (Figure 1.12; step 

Figure 1.12: Schematic energy level diagram showing the four basic steps in the operation of an 
OPV device. 
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4). The overall efficiency of the OPV device is dependent on the efficiency of every step 

of this process.11,18,30,31 

In the early stages of OPV technology donor and acceptor species were deposited as 

discrete bilayers; the donor adjacent to the hole extracting electrode and the acceptor 

adjacent to the electron accepting electrode (Figure 1.13 (a)). Frenkel excitons in organic 

semiconductors exhibit small diffusion lengths (≤ 40 nm) thus, there is a limitation to the 

maximum thickness of each layer. However, optimal light absorption is obtained only 

when the photo-active layer is sufficiently thick. Hence an alternative way of depositing 

the light harvesting layer was sought: Most efficient OPV devices to date are based on a 

bulk heterojunction (BHJ) architecture in which a complex interpenetrating network of 

electron donor and electron acceptor type organic semiconductors constitute the photo-

active layer32,33 (Figure 1.13 (b)). These two components are phase separated on the 10-

20 nm scale,18,34 which ensures that all excitons are formed within an exciton diffusion 

length of a dissociating heterojunction. This complex structure also increases the 

interfacial area available for exciton dissociation relative to the bilayer architecture. As 

PCE of OPVs is highly dependent on the morphology of this donor-accepter interface, 

the size of the donor and acceptor domains must be carefully engineered in order to 

accommodate the afore-mentioned low exciton diffusion length or exciton bottleneck in 

organic semiconductors35,36 without compromising the absorption of light or electrical 

resistance for the transport of free carriers out of the device to the external circuit. 

1.10 Key Device Performance Parameters 

The parameters used to characterise the performance of OPV devices are:  

1. Open-circuit voltage (Voc);  

2. Short circuit current density (Jsc); 

Figure 1.13: A schematic representation of the (a) bilayer and (b) BHJ architectures of the 
photoactive layer in an OPV with donor (red) and acceptor (blue) phases. 
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3. Fill factor (FF);  

4. Power conversion efficiency (PCE, 𝜂). 

Jsc is the photocurrent generated by the device under illumination at the short-circuit 

condition, i.e. when the voltage across the load is zero. It is dependent on the intensity of 

the incident light, the transparency of the electrode through which light enters the device 

(the window electrode), the absorption coefficient of the photo-active material (donor and 

acceptor) and the spectrum of the materials constituting the photo-active layer. The Voc is 

the maximum voltage that the device can deliver to an external load and it is defined as 

the voltage under illumination when no current flows across the device. Voc is 

proportional to the difference between energy levels of the HOMO of the donor and 

LUMO of the acceptor.18,37 Scharber et al. proposed an empirical relationship for 

evaluating Voc by analysing a wide range of material combinations (Equation 1.5).37,38 

The origin of the 0.3 V correction is postulated to arise due to Ef variations in the donor 

and acceptor domains as a function of temperature.37,39   

 𝑉𝑜𝑐 =
1

𝑒
(𝐸𝐻𝑂𝑀𝑂𝐷𝑜𝑛𝑜𝑟

− 𝐸𝐿𝑈𝑀𝑂𝐴𝑐𝑐𝑒𝑝𝑡𝑜𝑟
− 0.3) 

 

In equation 1.5, E
HOMODonor

 and E
LUMOAcceptor

 are the HOMO and LUMO energy levels of 

the donor and acceptor respectively and e is the charge on an electron.  

Figure 1.14: Key parameters that can be deduced from a typical JV curve. 
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FF is a measure of the ‘squareness’ of the current-voltage characteristic under 

illumination and is given by the ratio of the maximum power (product of current and 

voltage at maximum power point) to the product of Jsc and Voc (Equation 1.6).  

 

𝐹𝐹 =
𝑉𝑀𝑃𝑃  × 𝐽𝑀𝑃𝑃

𝑉𝑜𝑐  ×  𝐽𝑠𝑐
 

where VMPP and JMPP are the voltage and current density at the maximum power point. 

The magnitude of the FF is also an indication of the quality of the diode. The FF is 

determined by the series resistance (Rs) and shunt resistance (RSH) across the device; 

ideally the Rs is zero and RSH should be infinitely large. Therefore a high FF is achieved 

when the Rs is low and the device RSH is high.  

The Rs results from resistance to charge carrier transport through the bulk semiconductor, 

the contact resistance at the metal-semiconductor interface and resistance to current flow 

from the electrodes to the external circuit.14,40,41 The RSH arises from current leakage 

across the device due to pin holes and/or recombination of charges. Both Rs and RSH can 

be estimated from the JV curve; Rs is the gradient when the current is zero whilst RSH is 

the gradient of the JV curve when the current is equal to Jsc. Therefore the fourth quadrant 

of the JV curve, in which the device is generating electricity is important in evaluating 

the key device parameters that are crucial in determining the PCE of a device.8,42  

The PCE is defined as the fraction of incident power converted to electricity by the device 

and is expressed as follows, 

 𝑃𝐶𝐸 =
𝐹𝐹 ×  𝐽𝑠𝑐  ×  𝑉𝑜𝑐

𝑃𝐼𝑛
 × 100 

Equation 1.6 

Equation 1.7 

Figure 1.15: Equivalent circuit diagram for a PV device. 
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where PIn is the input power under standard 1 sun simulated solar illumination; (100 mW 

cm-2 at AM 1.5G)  

The total current density (J) in the circuit (Figure 1.15) under illumination is; 

𝐽 =  𝐽𝑝ℎ − 𝐽𝐷 − 𝐽𝑆𝐻 

where Jph denotes the photo-generated current density, JD the diode current density and 

JSH the current density through RSH. 

Equation 1.8 in combination with the Shockley diode equation (Equation 1.9) can be 

used to derive the characteristic equation for a solar cell (Equation 1.10) 

Shockley diode equation is given by,  

𝐽𝐷 =  𝐽0  (𝑒 
𝑉𝐷

 𝑛𝑉𝑇
 
− 1) 

where J0 is the reverse bias saturation current density, VD the voltage across the diode, VT 

is the thermal voltage expressed as kBT/q; kB is the Boltzmann constant, T is the 

temperature, q is the charge and n is the non-ideality factor. 

The characteristic equation for a solar cell can therefore be expresses as, 

𝐽 =  𝐽𝑝ℎ − 𝐽0  {𝑒
𝑞(𝑉+𝐽𝑅𝑠)

𝑛𝑘𝐵𝑇 − 1} −  
𝑉 + 𝐽𝑅𝑠

𝑅𝑆𝐻
 

When RSH is infinite and J = 0 (i.e. at the Voc condition) equation 1.10 can be reduced to 

obtain an expression for Voc as given in equation 1.11; 

𝑉𝑜𝑐 =  
𝑛𝑘𝐵𝑇

𝑞
 ln ( 

𝐽𝑝ℎ

𝐽0
+  1) 

1.11 Materials 

1.11.1 Substrate 

The substrate is the platform upon which the device is supported and therefore needs to 

be robust. In the case of a conventional or inverted device architecture, the substrate must 

be highly transparent so that it does not hinder entry of light into the device, especially in 

the region where most light harvesting layers absorb: in the wavelength range of  λ = 300-

900 nm. Additionally, the substrate should be relatively smooth so that subsequent layers 

adhere well forming uniform compact films. Glass is by far the most widely used type of 

Equation 1.10 

Equation 1.11 

Equation 1.8 

Equation 1.9 
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substrate in OPV research because it is highly transparent, provides a rigid support and 

exhibits excellent barrier properties towards ingress of oxygen and moisture. However, 

with the current transition from rigid to flexible OPVs, more plastic substrates are being 

used because they are compatible with roll-to-roll processing and the resulting flexibility 

of the device caters for a much broader range of applications.11,43–48 Polyethylene 

terephthalate (PET) and polyethylene naphthalate (PEN) are the commonly used flexible 

substrates. However, for certain processing steps, the use of plastic substrates can be 

problematic as they cannot withstand high temperatures (glass transition temperature (Tg) 

of PET and PEN are ~ 81 oC49 and ~ 120 oC50 respectively) and are not always compatible 

with solvents used in OPVs. 

 

 

 

 

 

 

 

In a typical OPV device with a conventional architecture, the transparent window 

electrode is deposited onto the supporting substrate. As window electrode fabrication 

forms an important part of the work discussed in this thesis, this will be reviewed later in 

detail under section 1.13.  

1.11.2 Photo-active Material            

As already discussed, the photo-active material forms an integral part of the OPV device 

and is composed of an electron donor material and electron acceptor material. Both 

donors and acceptors must exhibit high mobility of their respective charge carriers, strong 

absorption of the solar spectrum, have long exciton diffusion lengths and good solubility 

in common solvents. These materials can be small molecules or highly conjugated 

polymeric materials. The structures of the electron donor and electron acceptor materials 

used in this work are depicted in Figure 1.17.  

Figure 1.16: Chemical structures of flexible substrates (a) PET and (b) PEN 

 

(b) (a) 
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These include PCE10 (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)]), PCE12 (Poly[(2,6-(4,8-bis(5-(2-ethylhexyl)thiophen-2-yl)-

benzo[1,2-b:4,5-b’]dithiophene))-alt-(5,5-(1’,3’-di-2-thienyl-5’,7’-bis(2-ethylhexyl) 

benzo[1’,2’-c:4’,5’-c’]dithiophene-4,8-dione)]), ClAlPc (Chloro aluminium 

(f) 

Figure 1.17: Chemical structures of electron donor material; (a) PCE10; (b) PCE12; (c) ClAlPc and 
electron acceptor material; (d) C60 (e) PC70BM (f) BCP and (g) m-ITIC used in the work reported in 

this thesis. 
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phthalocyanine),C60, PC70BM ([6,6]-Phenyl-C71-butyric acid methyl ester) BCP 

(bathocuproine) and m-ITIC (3,9-bis(2-methylene-((3-(1,1-dicyanomethylene)-6/7-

methyl)-indanone))-5,5,11,11-tetrakis(4-hexylphenyl)-dithieno[2,3-d:2’,3’-d’]-s-

indaceno[1,2-b:5,6-b’]dithiophene). 

1.11.3 Charge Transport Layers 

High performance OPV devices include two additional layers known as the hole transport 

layer (HTL) and electron transport layer (ETL) which are collectively described as charge 

transport layers (CTLs). The HTL is located beside the hole-extracting electrode and ETL 

beside the electron-extracting electrode and the BHJ is sandwiched between the HTL and 

ETL. The main function of these layers is to enable selective extraction of only one type 

of charge carrier (either electrons or holes) by blocking the transport of the other carrier 

type. This is achieved by ensuring that there is a large barrier to extraction of one carrier 

type and a small barrier to extraction of the other type as illustrated in Figure 1.18.  

ETLs have a high electron mobility and enable selective extraction of electrons. Hole 

transport to the electrode is blocked because the VB edge of the ETL lies at a lower energy 

compared to the HOMO of the accepter or donor material (Figure 1.18). Conversely 

HTLs have a high hole mobility and facilitate only the transport of holes to the electrode 

by blocking electron transfer because the CB edge of the HTL has a higher energy 

compared to the LUMO of the donor or acceptor (Figure 1.18). In addition to this primary 

function, CTLs contribute to improved device performance by preventing unfavourable 

Figure 1.18: Energy level diagram illustrating positioning of CTLs that facilitate selective extraction 
of a single type of charge carrier. 
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interaction between the organic photo-active layer and electrodes such as diffusion or 

migration of species from the electrode. Very conductive CTLs can also serve as optical 

spacer layers which is particularly important when the photo-active layer is very thin. 

CTLs are mostly wide band gap materials and can be metal oxides, polymers or small 

molecules.  

The HTL widely used in this work is MoO3. Other examples of commonly used HTLs 

include WO3 and highly conducting heavily doped poly(3,4-ethylenedioxythiophene) 

polystyrene sulfonate (PEDOT:PSS). In the case of metal oxides, the properties of the 

HTL is highly dependent on the stoichiometry of the oxide as charge transport is 

facilitated by oxygen vacancy defects.51–53 The ETLs used in this work include, BCP, 

ZnO, polyethylenimine (PEI), ethoxylated polyethylenimine (PEIE) and a thin film of Al 

(0.8 nm) which oxides to AlOx.    

1.11.4 Reflective Electrode 

All high efficiency OPV devices need a reflective metal electrode to redirect the light not 

absorbed on the first pass through the photo-active layer, back into the device to facilitate 

reabsorption and subsequent exciton generation. This electrode needs to be a metal with 

high reflectivity in the wavelength range of operation and is therefore very thick; 50 – 

100 nm. Ag and Al are the most widely used reflective electrodes, owing to their very 

high reflectivity in the wavelength range 300 – 900 nm. Although Ag is more stable 

towards oxidation in air, Al is preferred due to its relatively low cost. Additionally, Al is 

more stable under illumination and has a lower probability of diffusing into adjacent 

organic semiconductor layers because it reacts with oxygen forming aluminium oxide 

which is stable. However, as discussed in Chapter 5 of this thesis, certain device 

architectures, prefer Ag over Al. 

1.12 Device Architectures 

There are three main ways in which the layers constituting a typical OPV device can be 

arranged.  

1. Conventional architecture 

2. Inverted architecture 

3. Top-illuminated architecture  

The type of device architecture used depends on the availability and compatibility of 

materials as well as the application under consideration. Conventional devices are those 

that use a transparent electrode to extract holes and a reflective top electrode to extract 

https://en.wikipedia.org/wiki/Poly(3,4-ethylenedioxythiophene)
https://en.wikipedia.org/wiki/Polystyrene_sulfonate
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electrons. In inverted device architectures the electrical polarity is reversed, such that the 

window electrode extracts electrons and the top reflective electrode extracts holes. In both 

conventional and inverted architectures, light enters the device through the transparent 

electrode which is supported on the substrate. The primary difference in top-illuminated 

devices is that light enters through a transparent electrode which is located at the top of 

the device and the substrate electrode serves as the reflective electrode.  

As detailed in each results chapter, all three types of devices have been fabricated in the 

work reported in this thesis.  

1.13 Transparent Electrodes 

Transparent electrodes, also referred to as window electrodes, permit light into the device. 

All transparent electrodes used in OPVs must possess a high transparency across the 

wavelength range 300 – 900 nm together with high electrical conductivity. The electrical 

conductivity of thin film electrodes is expressed in terms of sheet resistance (Rsh) in units 

of Ω sq-1 and high electrical conductivity is needed so that ohmic losses in the plane of 

the electrode are minimized. However, the problem faced when simultaneously 

attempting to optimise both these parameters is that the improvement of one invariably 

leads to a deterioration in the other. This is because high electrical conductivity is usually 

achieved by having a large density of free electrons, which can also interact with light 

leading to a reduction in overall transparency due to absorption, reflection and scattering 

of incident photons. Hence a compromise must inevitably be made between transparency 

and electrical conductivity. Additionally, the window electrode must have the following 

properties;  

 A suitable φ for the extraction of the charge carrier of interest; 

 Exhibit stability towards the processing conditions used in OPV fabrication;  

 Possess low surface roughness enabling formation of good contacts;  

 Compatibility with flexible substrates;  

 Be low-cost in terms of both raw materials and fabrication.  

The most predominant type of transparent window electrode used for OPVs to date, are 

doped metal oxides, particularly ITO. These are wide Eg materials and therefore highly 

transparent (≥ 80 % over the range λ = 300-900 nm) which permits a relatively thick film 

to be used. The high electrical conductivity in these types of metal oxides is achieved by 

degenerate n-type doping. The high level of doping and the ability to fabricate relatively 

thick layers (100-300 nm) contributes to a low Rsh, i.e. 10 -15 Ω sq-1. Therefore, the 
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electrical conductivity is strongly thickness dependant, with thicker films exhibiting 

lowest Rsh. Owing to the high electrical conductivity and transparency, ITO is the 

preferred choice of transparent electrode for most OPVs, however, there are notable 

drawbacks to this type of transparent electrode which has led to the search for alternatives. 

ITO is a ternary oxide consisting of indium oxide (In2O3) with ~10 % tin as the dopant. 

Indium is a rare earth metal with limited reserves and thus the extensive use of ITO in 

liquid crystal displays, organic light emitting diodes (OLEDs), touch screens technology 

and other optoelectronic devices rises concerns about the supply of this material for large 

area and large scale devices like solar cells. Standard techniques for depositing ITO 

requires thermal annealing to achieve optimal performance which is an energy intensive 

process and limits the substrate choice. Additionally, ITO is an inherently brittle material 

and therefore, matches very poorly with the needs of flexible OPVs.11,54–59 Studies have 

also shown that ITO cracks and therefore degrades readily upon bending through small 

radii of curvature.55 Additionally, indium has been shown do diffuse into the adjacent 

organic semiconductors leading to degradation in device performance over time.11 

Therefore an alternative transparent electrode that is better suited for emerging types of 

OPV technology is needed.                

Alternatives to ITO include other doped oxides such as fluorine doped tin oxide (FTO) 

and aluminium doped zinc oxide (AZO). In the case of FTO, although it is composed of 

abundant elements, it has a rough surface making it poorly suited for OPVs60 and both 

AZO and FTO are known to have optical and electrical properties inferior to that of ITO.58 

The other common alternatives to ITO are carbon nanotube network electrodes35,61 and 

graphene.62–64 Although carbon nanotubes have good charge mobility, the light 

absorption and reflection in the visible and IR regions lead to poor transparency. 

Graphene on the other hand is highly transparent but the Rsh of this material is very high.46 

Furthermore, both carbon nanotubes and graphene exhibit poor adhesion to the 

underlying substrate, as a result both these materials are inappropriate as stand-alone 

alternatives to ITO.58 The conductive polymer, PEDOT.PSS which is commonly used as 

a HTL in OPVs, is both highly transparent and electrically conductive and therefore has 

been used as an alternative transparent electrode. However, a key issue is the 

hydrophilicity of PEDOT.PSS. The high affinity towards water results in the gradual 

uptake of water, which is detrimental to OPVs and therefore results in poor long-term 

stability and performance.65 Metal nanowires66–69 and nanogrids70 are yet another 

important class of alternatives to ITO. Ag and Cu are widely used for this application 
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owing to their very high conductivity. Although metal nanowire electrodes are impressive 

in terms of transmittance, the Rsh is often high.71,72 When the density of metal nanowires 

is high, the Rsh is low but high coverage leads to poor transparency. Additionally, the 

random arrangement of metal nanowires brings about high surface roughness and 

increased probability of shorting in devices. In the case of metal grids, the spacing 

between adjacent lines must be large to facilitate higher transmission but this leads to 

high resistance and high recombination losses.70 To overcome this drawback planarising 

conductive materials are used to increase the conductivity and smoothen the surface 

which adds to the complexity of the fabrication process.         

In the recent years there has been a lot of attention and research interest focused towards 

the use of thin metal films as window electrodes in OPVs. Metals inherently have a large 

number of free electrons which makes them highly conductive.  However, as stated earlier 

a careful compromise between electrical conductivity and transmission needs to be 

struck. Thin metal films (~10 nm) can be fabricated using vacuum deposition techniques 

with good control and homogeneity. Generally, most attention is given to the coinage 

metals Au, Ag and Cu. Of these Au is extremely costly and can only realistically be used 

in laboratory scale investigations. Therefore, Ag is the most predominant choice of metal 

used in OPVs. However, when the properties of Ag and Cu are considered, Cu has a 

comparable conductivity to that of Ag at one hundredth of the cost and therefore Cu may 

be a more viable alternative in the long run. Ag is more transparent compared to Cu in 

the range of λ = 300-900 nm because it exhibits the lowest inter-band absorption losses 

in this region. However all unpatterned thin metal films are not as transparent as ITO and 

so scalable methods must be implemented to increase the transparency of these thin metal 

films so they may prove to be more competitive alternatives to ITO. One approach to 

achieving higher transparency is forming a dielectric/metal/dielectric (DMD) triple layer. 

Ideally a thin metal film is sandwiched between dielectric materials which are 

predominantly oxides such as ZnO, WO3 and MoO3. These inorganic oxides are wide 

band gap materials and therefore highly transparent even when relatively thick (30 - 40 

nm). The optical and electrical properties of a DMD type electrode is largely dependent 

on the thickness of individual layers.57,73 A thin layer of the metal is preferred but this 

thickness must be greater than the percolation thickness of the metal to ensure the 

formation of a homogenous, continuous film and avoid formation of discrete metal 

islands. Efficient OPV devices have been fabricated using DMD structures as transparent 

metal films but in most of these studies, sputtering is used to deposit the metal oxide.57,74–

76 Sputtering is a harsh technique that uses a plasma to ablate the source material directing 
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it towards the substrate. This can damage the substrate and is also costly compared to 

vacuum evaporation due to the slowness of the deposition process. Introducing an array 

of holes into metal films is another effective means of improving the transparency. The 

objective is to reduce the effective coverage of the metal by patterning techniques so that 

areas with metal will contribute to electrical conductivity whilst metal free areas enable 

transmission of light. Generally patterned metals have a higher transparency (provided 

the pattern has dimensions larger than the wavelength of light) that the unpatterned metal 

of identical thickness. The electrical conductivity is inevitably reduced due to film 

discontinuity in the metal and scattering of electrons at the edges of the holes. Therefore, 

the pattern must be carefully designed to achieve a balance between the two parameters. 

Additionally, these patterned metal films can be used in conjunction with metal oxides or 

conductive polymers to reduce the Rsh. However, some patterning techniques such as 

conventional lithography can be quite complex requiring sophisticated equipment and 

specific conditions, thus inexpensive methods of patterning compatible with thin metal 

films will be more advantageous and cost effective.  

Depositing homogenous films of Cu and Ag directly onto transparent substrates can be 

problematic due to wetting issues. In such instances surface modification techniques are 

required to promote good adhesion between the film and the underlying substrate. An 

effective method of achieving this is using functionalized (amino and mercapto groups) 

methylsilanes to modify the surface and this method is used throughout the work reported 

in thesis to fabricate homogenous compact Cu films. The silanes interact strongly with 

the substrate such as glass, PET and PEN via the Si-O bond and metals are bound by 

strong S-M or N-M bonds77,78 as will be discussed in chapter 2.  

 

Figure 1.19: Schematic illustration of a Cu film supported on a mixed monolayer consisting of 3-
mercaptopropyltrimethoxysilane (MPTMS) and 3-aminopropyltrimethoxysilane (APTMS). 
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Additionally, metals may need to be passivated to reduce interaction with oxygen, 

especially in the case of Cu as it is more susceptible to oxidation in ambient air. One very 

effective approach to achieving this is using a thin Al film. This thin Al layer may also 

serve as ETL thereby providing dual functionality.79–81 A key advantage of optically thin 

metal films over ITO is that they possess good flexibility owing to the inherent 

malleability in metals and nature of the metallic bond. Therefore, metal films are suitable 

for flexible OPVs and provide good mechanical stability against bending and modest 

physical deformation. 

In order to compare all transparent electrodes on a common basis a parameter known as 

figure-of-merit (FoM) has been introduced. FoM for transparent electrodes is a numerical 

value that can be used to estimate the performance of a transparent electrode enabling the 

comparison between different types of electrodes fabricated using various techniques. 

The most commonly used FoM was proposed by Haacke and so is known as the Haacke 

FoM: Equation 1.1282,83 

𝐻𝑎𝑎𝑐𝑘𝑒 𝐹𝑜𝑀 =  
𝑇𝑎𝑣𝑔

10

𝑅𝑠ℎ
 

The Haacke FoM for a particular electrode can be computed using the average 

transmission (Tavg) and Rsh. The larger the magnitude of the FoM, the better the electrode 

is deemed to be. Throughout this thesis the Haacke FoM has been used to compare the 

fabricated electrodes with others reported in literature. 

1.14 Copper 

Cu is an abundant metal in the earth’s crust and in nature it may exist in the form of Cu 

sulphites, carbonates and Cu (I) and Cu (II) oxides. Cu is a d-block element located in the 

11th group in the periodic table. Its atomic number is 29 with an electronic configuration 

of 1s2 2s2 2p6 3s2 3p6 3d10 4s1
. It is a solid at room temperature with a face centered cubic 

crystalline structure, a melting point of 1085 oC, a boiling point of 2560 oC and an 

electrical conductivity of 5.96 × 107 S m-1. Cu is extensively used in many applications 

including for electrical wiring, as a component of alloys in jewellery and in coin 

manufacture and as part of thermocouples.  

1.14.1 Optical Properties of Copper        

There have been several studies investigating the band structure of Cu particularly by 

Krutter,84 Fukuchi,85 Ehrenreich,86 Rudberg87 and Burdick88 and their investigations are 

Equation 1.12 
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instrumental in understanding how Cu interacts with light. It was initially postulated that 

electrons in 4s and 3d bands were separate with no band intermixing84 but later it was 

identified that there is definite mixing of these two bands which gives rise to s-d 

hybridization in Cu. This is represented in the density of states (DOS) diagram for Cu 

(Figure 1.20) by the overlapping of the bands arising from 4s and 3d orbitals. Burdrick 

concluded that these bands should be able to accommodate eleven electrons from each 

atom arising from the 3d and 4s orbitals.88 

The DOS defines the number of different states of a particular energy level that the 

electrons are permitted to occupy. As illustrated in Figure 1.20, the 3d band is narrow and 

shows a high DOS because it can accommodate 10 electrons. The 4s band is broader and 

can accommodate only one electron, therefore the DOS is small. Figure 1.20 also shows 

that for Cu, the Fermi surface is located in the 4s band.  

Figure 1.20: Schematic representation of the density of states for Cu adapted from ref.[87,88]. The 
shaded area indicates available states. 

 

Figure 1.21: Total transmission spectra for 11 nm thick planar (a) Cu and (b) Ag films deposited on 
glass. 

(a) (b) 
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Inter-band transitions can be defined as a transition from the Fermi surface to the next 

higher empty band or transitions from a lower lying filled band to the Fermi surface. 86,88 

The colour of Cu can be explained in terms of these inter-band transitions.  

The transmission spectrum for a thin Cu film has a peak at ~600 nm (at ~2 eV) (Figure 

1.21(a)). A decrease in transmittance at λ ≤ 550 nm can be observed and this is attributed 

to an inter-band transition from d to s band.88,89 To facilitate this transition, absorption of 

blue-green light takes place resulting in re-emitting the complementary red-orange colour 

which is perceived as the colour of Cu. Consequently, as Cu absorbs short wavelength 

visible light, the reflectivity of Cu drops at λ ≤ 550 nm (Figure 1.22). 

In the case of Ag, there are no inter-band transitions taking place in the visible region of 

the EM spectrum because these transitions need much higher energy to promote electrons 

from a 4d to a 5s band. As a result, inter-band transitions in Ag require absorption of the 

UV part of the EM spectrum. Therefore, all colours in the visible region are equally re-

emitted giving Ag its colour and high reflectivity throughout the entire visible spectrum 

(Figure 1.22). In Ag, the inter-band transition that promotes electrons from 4d to 5s takes 

place at ~4 eV, resulting in a peak at ~325 nm in the transmission spectrum for Ag (Figure 

1.21(b)). 

Considering the behaviour of electrons in metals two types of loss mechanism can be 

identified. They are the inter-band transition losses and free electron or Drude losses. 

These losses can be understood by considering the complex dielectric constant (ε) of a 

metal. As described earlier the dielectric constant is a measure of the polarisability of a 

Figure 1.22: Total reflectance of 85 nm thick planar Cu and Ag films deposited on glass. 
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material in response to an electric field and therefore the material’s ability to screen the 

force of interaction between charges. Metals have a complex dielectric function in which 

the real part (ε’) indicates the strength of the polarisation induced by and external electric 

field and the imaginary apart (ε”) denotes the losses encountered when polarising the 

material.89 

𝜀(𝜔) =  𝜀′(𝜔) +  𝑖𝜀′′(𝜔) 

where ω is the frequency of the applied field.  

ε” denotes the total losses comprising of inter-band and free electron losses as shown in 

Figure 1.23.  

The free electron losses are very high at low energies (< 1 eV) and then exponentially 

reduce, such that at energies > 2 eV, the free electron losses for Cu are negligible. This is 

because at lower energies electrons behave as a free electron gas and therefore contribute 

to losses in this region. Conversely, the inter-band transition losses are small until ~2 eV 

and then increase abruptly due to the onset of inter-band transitions. Consequently, for 

Cu, free electron losses dominate inter-band transition losses at energies ≤ 2 eV whilst 

inter-band transition losses dominate at energies ˃ 2 eV. 

As indicated in the inter-band losses curve for Cu in Figure 1.23, at ~2eV transitions from 

d to s and at a higher energy, transitions from d to s and s to s bands take place.89  

Figure 1.23: Inter-band and free electron losses in Cu adapted from ref. [89] 

 

d          s d           s 
s           s 

Equation 1.13 
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1.15 Surface Plasmons 

The field of plasmonics deals with the interaction between light and matter and in the 

area of OPVs this phenomenon has been widely exploited to enhance the photogenerated 

current via light scattering and near-field enhancement.90–94 Most literature pertaining to 

the use of plasmonics in OPVs relates to the use of metal nanoparticles such as Au or Ag 

to achieve increased photocurrent by positioning nanoparticles at different interfaces 

within a device.35,89,94 The positioning of nanoparticles in OPVs and the corresponding 

potential for photocurrent enhancement is discussed in detail in chapter 6. Another 

relatively less exploited approach is to use a thin metal film with an array of nanoscale 

holes or apertures.92,95–97 Although the metal structure that gives rise to plasmonics is 

different in the two cases, there are studies that show that the underlying theory for both 

cases is quite similar.92 Surface plasmon resonances (SPR) are collective oscillations of 

conduction band electrons at the interface between a metal and a surrounding dielectric 

medium. This effect is termed as a localized surface plasmon resonance (LSPR) when the 

SPR is confined to a particular area such as a nanoparticle or nano aperture in a metal 

film having dimensions smaller than the wavelength of the exciting light. When the SPR 

gives rise to a wave that propagates freely along the metal - dielectric interface, it is 

referred to as a surface plasmon polariton (SPP).62,89,90 This discussion will be limited to 

LSPR as this is the type of SPR of most relevance to the research reported in this thesis 

(Chapter 6). 

 

Metals are electrically conductive because they have a high density of free electrons. 

When illuminated with EM radiation, these free electrons in the metal can respond to the 

oscillating electric component of the incident light, for frequencies up to the metal plasma 

Figure 1.24: Schematic representation of LSPR arising from collective oscillations of conduction 
band electrons in metal nanoparticles. The lighter shade represents the movement of the electron 

density. 
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frequency (ωp). The metal will respond by redistribution of the charge confined within a 

metal nanoparticle or nanohole. Thus, the electron density will move to one side leaving 

the other side positively charged generating a dipole. This dipole gives rise to an electric 

field that opposes the field of the incident light and acts as a restoring force pushing the 

electrons back to their equilibrium position.  

When the electrons are in the displaced position, if the external field is removed, then the 

electrons continue to oscillate with a certain frequency. The maximum frequency this 

restoring oscillation can support is the ωp of the metal.98 Therefore at ω ˃ ωp, the metal is 

unable to respond to the oscillating electric field and light passes unhindered. Conversely 

at ω ˂ ωp, the metal can counteract the oscillating electric field and therefore under this 

condition planar metal films reflect light. 

ωp is given by 

𝜔𝑝
2 =  

𝑛𝑒2

𝜀0𝑚∗
 

where n is the density of conduction electrons, e is the charge on an electron, ε0 is the 

permittivity of free space and m* is the effective mass of a conduction electron.  

The oscillation of conduction band electrons induced by the incident light corresponds to 

energy transfer from the light to the nanoparticle, and as energy is always conserved, it 

follows that, light is attenuated in the process. Hence, the plasmonic effect of metal films 

can be studied by investigating the optical properties of the metal relative to the incident 

light; in the absorption spectrum this will be manifested as a peak and in the transmission 

spectrum this will be depicted as a dip. 

However, these plasmonic excitations have a limited lifetime and will eventually decay 

or undergo damping due to:62,89,92  

i. Intra-band damping – the electrons leave the collective plasmonic oscillation due 

to scattering; 

ii. Inter-band damping – the electrons leave the surface plasmon oscillation to 

participate in inter-band transitions; 

iii. Radiative damping – loss of the plasma oscillation in the form of radiation. 

As surface plasmons rely on free electrons, key equations can be derived by considering 

the complex dielectric function (ε) of a metal as discussed in section 1.14.1. It follows 

Equation 1.14 
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that equation 1.13 can be further expanded using the Drude theory to give equation 

1.15.89,99,100 

𝜀(𝜔) =  𝜀′(𝜔) +  𝑖𝜀′′(𝜔) =  𝜀𝑖𝑛𝑡 −  
𝜔𝑝

2

𝜔(𝜔 + 𝑖Г)
 

 

where εint is the contribution arising from inter-band transitions which in the case of a 

perfectly free electron gas, becomes unity.89 Г is the total damping rate. 

Therefore, for a perfectly free electron gas,  

𝜀(𝜔) =  1 −  
𝜔𝑝

2

𝜔(𝜔 + 𝑖Г)
 

It follows that when the ω is lower than the ωp the complex dielectric function takes a 

negative value. Consequently for SPRs to be possible the real part of the dielectric 

constant, ε’ should be negative. This is one reason for the extensive use of metals to 

investigate SPR as metals have an abundance of free electrons that provides the negative 

ε’ which is an essential property for a plasmonic material.62,89 Moreover, the use of metals 

ensures that the ωp is large and so SPRs can be supported across both the visible and IR 

parts of the EM spectrum. 

SPR requires electrons to behave as a free electron gas and therefore mostly predominant 

below energies at which inter-band transitions occur.  For example, as discussed in 

section 1.14.1, for Cu inter-band transitions commence at ~2 eV and as shown in Figure 

1.23, at energies below 2 eV electrons behave like a free electron gas resulting in large 

free electron losses and at energies greater that 2 eV inter-band transition losses dominate. 

As SPR is a characteristic related to free conduction band electrons, for Cu, it is 

predominant at ω ≤ 2 eV as beyond this point electrons have sufficient energy to 

participate in inter-band transitions and as such inter-band transitions will dampen the 

effects of SPRs. However, when ω is very low the free electron losses increase at an 

exponential rate (Figure 1.23) and therefore dampening of the SPR can occur via other 

mechanisms. Hence SPR occur more effectively within a narrow range of wavelengths. 

For Cu this is in the range of λ = 600-800 nm depending on dimensions of the nanoparticle 

or nanopattern.101 The same has been proven for Au films consisting holes of variable 

sizes where it was observed that the SPR does not occur beyond 2.4 eV which is the inter-

band threshold for Au.92 Additionally, several studies have shown that for LSPR in metal 

nanoparticles, the ωp is dependent upon the type of metal, size, shape and geometry of 

the nanoparticle. Similarly, in the case of nano apertures in metal films, investigations 

Equation 1.15 

Equation 1.16 



 
Chapter 1 

34 
 

show that the LSPR depends on the size and shape of the nano apertures where as SPP 

excitation requires periodicity in the aperture pattern with dimensions similar to the SPP 

wavelength.92–94,102–106 

SPRs are distant dependant as it is easier to induce a dipole in the electrons in the metal 

surface closer to the incident light compared to electrons that are further away from the 

light source. Therefore, SPRs can be viewed as near-field evanescent waves that decay 

exponentially with distance. Thus, in the context of applications of SPRs in OPVs it is 

important that the distance between the point of SPR generation and photoactive layer is 

optimized so that the near-field enhancements due to light coupling with the nanofeatures 

can be used to generate excitons before the SPR is lost to the surrounding metal due to 

ohmic losses.90,98  

1.16 Polymer Blends 

Polymers are molecules composed of many repeating units known as monomers and can 

range from natural biological polymers such as deoxyribonucleic acid and proteins to 

synthetic polymers such as polystyrene, polyethylene and nylon. The simplest type of 

polymer consists of only one type of monomer and is referred to as a homopolymer. The 

complexity of the polymer increases when many types of monomers are involved and can 

vary from a simple linear structure to a complex 3-dimensional branched structure. A vast 

diversity of polymers with different properties are used for a broad range of applications 

and in the context of OPVs polymers are primarily used as donors and acceptors in BHJ 

systems as the photoactive material which form a vital part of the device.  

Polymer blends consist of two or more polymers which are mixed together to form a new 

material with different properties to that of the individual components. The simplest case 

is the mixing of two polymers which is referred to as a binary polymer blend. Principally 

when two polymers are mixed together there can be two possible outcomes; they will 

either be completely miscible in one another forming a single phase or immiscible in one 

another, in which case a phase separation will occur. The behaviour of polymer blends at 

thermodynamic equilibrium is governed by,107 

i. The molecular structure of the polymers: linear or branched; 

ii. The composition of the polymer blend; 

iii. The degree of polymerisation which is the number of monomers that make up the 

polymer chain. 
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The energy of mixing for a binary homopolymer blend can be estimated using the Flory-

Huggins segment-segment interaction parameter denoted by χs in equation 1.17, 

𝜒𝑠 =  
1

𝑘𝐵𝑇 
 [𝜖𝐴𝐵 −  

1

2
 (𝜖𝐴𝐴 + 𝜖𝐵𝐵)]  

where, ϵij represents the contact energy between i and j segments, kB the boltzmaan 

constant and T the temperature. 

A negative value for χs indicates a favourable energy of mixing which means that when 

A and B segments contact the overall energy of the system is lower than the sum of energy 

when A and A or B and B segments are in contact. This type of energy of mixing can be 

obtained when hydrogen bonding is predominant. A positive value for χs denotes an 

increase in energy of mixing when A and B segments are brought into contact compared 

to when only identical segments are in contact.  

The phase behaviour of a linear homopolymer mixture can be summarised by equation 

1.18. 

∆𝐺𝑚

𝑘𝐵𝑇
=  

𝑓𝐴

𝑁𝐴
ln 𝑓𝐴 + 

( 1 −  𝑓𝐴) 

𝑁𝐵
ln(1 −  𝑓𝐴) +  𝑓𝐴 (1 −  𝑓𝐴)𝜒𝑠 

where ΔGm is the change in Gibbs free energy upon mixing per segment, fA refers to the 

overall volume fraction of component A and NA is the number of segments per polymer 

molecule in A.  

The first two terms on the right-hand side of equation 1.18 accounts for the entropy upon 

mixing, ΔSm. As mixing increases disorder, ΔSm increased but as larger chains have a limit 

to the configurations that can be attained compared to smaller chains, increase in N 

reduces ΔSm. The last term accounts for the enthalpy of mixing, ΔHm and may increase or 

decrease ΔGm depending on whether χs is positive or negative.107–109  

Ideally for a stable homogenous polymer solution to result the ΔGm should take a negative 

value. However, this criterion alone in not sufficient to determine the stability of the 

resulting polymer blend. Upon mixing if a more stable condition, i.e. a lower ΔGm, can 

be attained, the polymer blend will further reduce its ΔGm by undergoing phase separation. 

In the case of a stable homogenous polymer solution, a plot of ΔGm vs composition (f) 

will result in a convex shaped curve with a local minimum. 

Equation 1.17 

Equation 1.18 
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This can be mathematically expressed as,  

𝜕2∆𝐺𝑚 

𝜕𝑓
2 > 0 

In general curves of ΔGm vs f for polymer blends are not simple and can have a 

combination of minima and maxima (Figure 1.25). Therefore, values derived from this 

curve are used to plot a corresponding phase diagram for a given combination of 

polymers. A typical phase diagram for a symmetric binary linear homopolymer blend 

where NA = NB is given in Figure 1.26. Two distinct regions can be identified as a 

completely miscible single phase and a phase separated region. Within the phase 

separated region two types of separation can be seen; spinodal decomposition and binodal 

decomposition.  

Binodal decomposition takes place only within the metastable region in phase diagram. 

The metastable region (green area in Figure 1.25) is mathematically expressed as, 

𝜕2∆𝐺𝑚 

𝜕𝑓
2 = 0 

Under this condition, small droplets of the minor phase in the metastable region begin to 

form by nucleation and can grow by increasing the size of the droplet. However, once 

equilibrium (a point on the solid curve in Figure 1.26) has been attained, further growth 

of droplet size by diffusion is not possible and therefore coalescence takes place 

increasing the size further. 

Equation 1.19 

Equation 1.20 

Figure 1.25: A plot of ΔGm vs composition for a binary homopolymer blend showing stable, unstable 
and metastable regions. 
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Thus, binodal decomposition involves nucleation and growth and the free energy barrier 

towards nucleation must be overcome in order to grow.  

Spinodal decomposition takes place when the mixture exists in an unstable region (yellow 

area in Figure 1.25) which is mathematically expressed in equation 1.21.  

𝜕2∆𝐺𝑚 

𝜕𝑓
2 < 0 

In this region there is no thermodynamic barrier and the mixture spontaneously separates 

into a bicontinuous morphology as shown in Figure 1.26. However, in both types the 

coarsening of polymer entities take place in order to the minimize interfacial surface 

tension by reducing the interfacial area.107,108 For a given combination of polymers, the 

phase diagram shown in Figure 1.26 may have a minimum or maximum depending on 

whether increase in temperature favours miscibility or phase separation.107,109 

In the work reported in this thesis, a polymer blend consisting of polystyrene (PS) and 

poly (methyl methacrylate) (PMMA) has been used to fabricate transparent Cu window 

electrodes applicable for OPVs. As the objective was to finally fabricate holes in the Cu 

electrode, a binodal decomposition was preferred over spinodal decomposition for this 

application. Therefore, the proportions of PS to PMMA were adjusted with guidance from 

previously reported work in this area110,111 to obtain a binodal type phase separation where 

Equation 1.21 

Figure 1.26: Phase diagram for a symmetric binary homopolymer blend and the morphology of 
binodal and spinodal decomposition taking place at metastable and unstable portions of the two-

phase region adapted from ref. [107,109]. 
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spherical PS (minor phase) entities were distributed in a PMMA (major phase) matrix. 

However, achieving the required morphology on Cu proved very challenging and several 

blend compositions and concentrations were attempted before arriving at the appropriate 

polymer blend concentration and morphology. As shown in Figure 1.28, the PS:PMMA 

ratio in the polymer blend plays a critical role in the type decomposition obtained. The 

polymer blend preparation and associated electrode fabrication will be discussed in detail 

in chapter 3.  

 

 

 

 

 

 

 

 

 

 

Figure 1.27: Chemical structures of (a) PS and (b) PMMA used to fabricated apertures in thin Cu 
films using polymer blend lithography 

 

Polystyrene Poly(methyl methacrylate) 

(a) (b) 

Figure 1.28: Atomic force microscopy images showing the morphology of the PS/PMMA polymer 
blend spin cast onto a Cu film when the PS: PMMA ratio is (a) 1:9; (b) 2:8; (c) 3:7 and (d) 1:1.  

(a) 

(c) 

(b) 

(d) 
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1.17 Project Overview            

The work presented in this thesis is primarily focused on developing Cu electrodes for 

OPVs. Over the period of this study (2015 October – 2018 March) and even at present 

there are only a few reports in which Cu is used as an electrode for OPV devices, and in 

most instances it is used in the form of Cu wires,67–69,71,112–114 DMD type triple layer 

electrodes75,76,115 or in conjunction with other materials such as graphene.63 There are 

very few reports in which thin Cu films have been used as stand-alone electrodes in OPVs 

in conjunctions with CTLs that enhance optical and electrical characteristics of the 

underlying electrode79,116 or where the fabrication of such an electrode has been discussed 

in detail.80 Ag is by far the dominant metal choice for transparent metal electrodes 

because it is more stable towards oxidation and has the lowest inter-band absorption 

losses in the visible region. However, Ag is a relatively costly metal117 and the transition 

to a low cost alternative is essential in order to realise the full cost benefit of OPVs over 

other types of thin film PV. Cu is an abundant metal that can offer comparable 

conductivity to Ag at one 100th of the cost. Its main drawback is its susceptibility towards 

oxidation in air, although this can be mitigated by appropriate passivation methods.80 The 

work reported in this thesis directs attention towards the possible applications of Cu as 

electrodes in OPVs as transparent window electrodes, reflective electrodes, top electrodes 

for top-illuminated OPVs and plasmon active light-catching electrodes. 
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 Chapter 2 

Experimental Techniques 

                                                                                                                           

This chapter gives a detailed overview of the experimental techniques, methods and 

instruments used for the research work reported in this thesis together with a brief outline 

of the theory behind each method. Specific details of each method are given in the 

experimental section of each chapter. 

2.1 Substrate Cleaning  

All substrates, including ITO coated glass slides (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), glass (1.2 mm thick Academy 

microscope slides) and plastic (PET, Mitsubishi, Hostaphan GN 125 4600A) substrates 

were cleaned using the following protocol prior to all types of analysis and OPV device 

fabrication. Glass and plastic substrates were cut to the required size, 13 × 13 mm for 

OPV device fabrication, 18 × 18 mm for electrode characterisation and 26 × 26 mm for 

sheet resistance and transparency measurements, before cleaning. 

1. Rinsing with de-ionized water followed by ultrasonic agitation in a diluted 

aqueous solution of surfactant (Hellmanex III) for 20 minutes and then drying in 

a stream of nitrogen. 

2. Ultrasonic agitation in de-ionized water for 20 minutes following by drying under 

a stream of nitrogen. 

3. Ultrasonic agitation in acetone for 20 minutes following by drying under a stream 

of nitrogen. 

4. Ultrasonic agitation in iso-propanol (IPA) for 20 minutes following by drying 

under a stream of nitrogen. 

Ultra-sonic agitation was performed using a Fisherbrand FB11002 ultrasonic bath at 

100% power. 

2.2 UV Ozone Treatment 

UV ozone treatment was performed on substrate surfaces following substrate cleaning, 

prior to deposition of metals or semiconductors primarily to remove any residual solvents 

and physisorbed organic material. This treatment also serves to increase the wetting 
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Scheme 2.1: Reactions that lead to formation and degradation of ozone when illuminated with a 

UV lamp that irradiates radiation corresponding to 185 nm and 254 nm 

 

properties of the surface by increasing the surface energy of the substrate. The setup 

consists of an UV lamp irradiating at two wavelengths: 185 nm and 254 nm. The shorter 

UV radiation facilitates the dissociation of molecular oxygen into oxygen free radicals 

and these reactive oxygen species interact with molecular oxygen yielding ozone.1 The 

ozone formed in this manner absorbs UV radiation of 254 nm and breaks down back to 

an oxygen free radical and molecular oxygen.  

 

 

 

 

 

 

As UV photons are high energy photons (UV A – UV C = 3.1 – 12.4 eV), this energy is 

sufficient to decompose organic contaminants present on the surface of the sample via 

several chain scission reactions. The resulting reactive species interact with atomic 

oxygen radicals (which have a very strong oxidizing capacity) generated by either the 

formation or decomposition of ozone, resulting in the production of CO2, H2O, N2, O2 

and other short chain organic compounds which can easily be desorbed into the gas phase 

giving an organic contaminant free substrate surface. 

UV/O3 treatment was carried out using a Novascan PSD-UVT (185 nm and 254 nm, 20 

mW cm-2) UV surface decontamination system. Glass, PET and ITO slides were UV/O3 

treated for 15 minutes with UV illumination followed by a further 5 minutes with the

O2                                           O   + O 

O2  + O                                            O3 
UV - 254 nm 

O2 

UV - 185 nm 

Figure 2.1: The Novascan PSD-UVT UV/O3 system 
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lamp off during which period the O3 level gradually decreases. The remaining O3 was 

finally extracted using a rotary pump. 

2.3 Monolayer Deposition 

All glass and plastic substrates were derivatised with a methoxysilane monolayer prior to 

evaporation of the metal electrodes. This is an important step because the molecular 

monolayer promotes adhesion between the substrate and the condensing metal, enabling 

the formation of a compact, smooth and uniform metal film even at a very low metal 

thickness. The silanes used for this purpose are 3-mercaptopropyltrimethoxysilane 

(MPTMS) and 3-aminopropyltrimethoxysilane (APTMS) which contain a thiol and 

primary amine functional group respectively.  

When substrates undergo a UV/O3 treatment the surface will be decorated with hydroxyl 

moieties making the surface more hydrophilic. Subsequently, when the substrates are 

exposed to these methoxysilanes, hydrolysis and condensation reactions result in the 

formation of a strong silane bond with glass. Consequently, the thiol and primary amine 

ends which become exposed at the surface can form a bond with the deposited metal 

giving rise to a compact metal film. This method of surface derivatization using a mixed 

monolayer deposited from the vapor phase was first developed by the Hatton group for 

Au,2 and later extended to other metals such as Cu and Ag.3 It was found that although 

the bond Cu makes with thiol is much stronger than that with the amine group, APTMS 

is important as it catalyses the reaction between methoxysilanes and hydroxy moieties at 

the glass surface forming a dense monolayer within a short period than when MPTMS is 

used on its own. Stec et al. have shown this method to give an APTMS: MPTMS 

composition of 3.4: 1 and a monolayer thickness of ~ 0.8 nm.2 Thus, this monolayer 

provides a high density of sites for metal nucleation, promoting continuous growth of 

Figure 2.2: Schematic showing the derivatisation of the glass surface with a MPTMS and APTMS 
monolayer  
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smaller crystallites.2,3 For this work a mixed monolayer comprising of MPTMS and 

APTMS (97% Sigma Aldrich) was used for monolayer formation when the metal being 

deposited was Cu and in the case of Ag, MPTMS was used on its own. Equal parts of the 

two silanes were transferred to a small uncapped vial, together with freshly UV/O3 treated 

substrates into a desiccator and left under reduced pressure ( ̴ 5 mbar) for at least 4 hours 

for complete monolayer formation and then transferred to the evaporator for deposition 

of the metal.  

2.4 Thermal Evaporation 

Thermal evaporation is a simple physical vapour deposition technique used to evaporate 

metals and small molecule semiconductors and condense them onto a substrate, enabling 

the fabrication of thin films typically in the range of a few angstroms to several microns 

in thickness. The setup consists of a chamber which is maintained under high vacuum so 

that the mean free path of the material under evaporation, (i.e. the distance the atom or 

molecule travels before it collides with another particle) is much greater than the distance 

between the source and the substrate, to facilitate minimum disruption to the evaporating 

atoms/molecules. Materials to be evaporated in the form of pellets or powders are placed 

in appropriate boats or crucibles composed of refractive metals such as tungsten or 

molybdenum and gradually heated to their melting point by passing a current through the 

boat. As a result of this heating the material melts and then eventually evaporates towards 

the rotating substrates located in the upper part of the chamber. On reaching the substrates 

the evaporated material condenses and forms a film. The amount of heat supplied needs 

to be controlled in order to maintain a particular rate of evaporation so that the material 

evaporates gradually facilitating the formation of a uniform film.4 

For the work reported in this thesis, a MBraun bell-jar evaporator co-located in a N2 filled 

glove box (MBraun MB 20G LMF) was used. The lifting and lowering of the bell-jar is 

performed using an electro-pneumatic mechanism. The evaporation unit consists of two 

organic sources and two metal thermal sources located in the bottom of the chamber and 

a rotary substrate holder positioned in the upper part of the evaporation unit. The rotary 

substrate holder and all sources are equipped with shutters. The working pressure of this 

system is ≤ 110-6 mbar and this high vacuum is achieved using a rotary pump which 

reduces the pressure to about 110-2 mbar followed by a turbo pump which further brings 

down the pressure to ≤ 110-6 mbar. The rate of evaporation and thickness of the 

deposited material was monitored using a quartz crystal microbalance (QCM) mounted 

on either side of the rotating substrate. The QCM measures the rate of evaporation by 
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computing the change in frequency of oscillation induced by condensation of material on 

the crystal. The change in oscillation frequency of the crystal resulting from its change in 

mass can be converted to film thickness when physical properties such as density of the 

material being deposited is known. 

However, as the QCM is not exactly aligned with the substrate, to ensure that the 

measurement is correct, the QCM is calibrated by depositing a known thickness of the 

material and comparing this with the actual value obtained by making a measurement 

using the AFM. The actual and measured values are then used to calculate a tooling factor 

which accounts for the QCM position. The material density and tooling factor pertaining 

to each material are entered into a monitoring unit (Thin film thickness SQM 160) which 

then displays the rate and thickness of the material being deposited during an evaporation. 

𝑇𝑜𝑜𝑙𝑖𝑛𝑔 𝐹𝑎𝑐𝑡𝑜𝑟 =  
𝐴𝑐𝑡𝑢𝑎𝑙 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 𝑜𝑓 𝑡ℎ𝑒 𝑑𝑒𝑝𝑜𝑠𝑖𝑡𝑒𝑑 𝑓𝑖𝑙𝑚

𝑇ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 𝑖𝑛𝑑𝑖𝑐𝑎𝑡𝑒𝑑 𝑏𝑦 𝑡ℎ𝑒 𝑄𝐶𝑀
 × 𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑡𝑜𝑜𝑙𝑖𝑛𝑔 𝑓𝑎𝑐𝑡𝑜𝑟   

 

2.4.1 Evaporation of metals          

Metal films were evaporated onto glass or plastic substrates of the required dimensions, 

derivatised with a molecular monolayer to facilitate adhesion. Evaporation was done 

using one of the two thermal sources and the metals (Cu, Ag and Al) in the form of pellets 

(K J Lesker, 99.99%) were placed in a tungsten dimple boat positioned between two Cu 

feedthroughs, and gradually heated until the required rate was achieved. Details of rates 

Figure 2.3: (a) The MBraun MB 20G LMF Glovebox with solar simulator (far left) and (b) the interior 
view of the CreaPhys organic molecular evaporator (right) used in this work. 

 

(a) (b) 

Equation 2.1 
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and the thickness of each metal deposited are given in the method section of each chapter. 

Inorganic oxides such as MoO3 were also evaporated using a thermal source however in 

this case a boron nitride crucible placed within a heat shielded crucible heater was used, 

for more uniform heating. 

2.4.2 Evaporation of inorganic oxides and organic semiconductors             

Organic semiconductors such as ClAlPc, C60 and BCP were evaporated using an organic 

source with boron nitride crucibles. The crucibles were placed inside a resistive heating 

coil and the heating temperature was set and monitored using a Creaphys controller unit. 

The typical rates and thicknesses used are given in the method section of each chapter. 

For each evaporation, appropriate stainless steel masks/substrate holders were used to 

deposit material on different substrate sizes depending on the characterisation technique 

and to control the area exposed to a deposited material on a given substrate size, especially 

in the case of a solar cell. 

 

Figure 2.4: (a) AFM image of a scored Cu film deposited on glass; (b) a cross section of the image 
along the line shown in (a) and (c) histogram showing how the actual thickness is computed. 

(a) (b) 

(c) 

Thickness of Cu film = 83 ± 1 nm 
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Table2.1: General thicknesses and function of evaporated material used in this thesis.  

 

 

 

2.5 Spin Coating 

This technique is used to deposit thin layers of solution processable materials onto flat 

substrates with thickness in the range of 5 – 500 nm.5 The material dispersed in a suitable 

solvent medium is deposited onto a substrate and is spread evenly by the centrifugal force 

of the rotating substrate, thereby forming a uniform thin film. There are two methods of 

depositing the solution onto the substrate, 

1. Static dispensing or drop casting in which the solution is deposited on to a 

stationary substrate and then spun 

2. Dynamic dispensing or spin casting in which the solution is deposited on to a 

spinning substrate 

The sample is held in position using a vacuum chuck and the solution is deposited using 

one of the above methods. Rotation facilitates even spread of the film as the centrifugal 

force together with the surface tension of the liquid pulls the solution towards the 

substrate boundary forming an even covering. Typically variation in thickness across a 

33 cm sample is ~ ± 5 %. The solvents generally used for spin coating are volatile and 

therefore spinning at high speeds results in the formation of a dry film. However, in most 

cases further drying or annealing on a hot-plate may be required to completely remove 

the solvent or cure the material giving rise to an evenly deposited solid layer of the desired 

material. The spin speed and concentration of the solution can be used to control the 

Material General Thickness / nm Function 

Cu 
11 

85 

Transparent Electrode 

Reflective Electrode 

Ag 
9 - 11 

85 

Transparent Electrode 

Reflective Electrode 

Al 
0.8 

100 

ETL/Passivation layer 

Reflective Electrode 

MoOx 5 - 10 HTL 

ClAlPc 20 Electron Donor 

BCP 5 ETL 

C60 40 Electron Acceptor 
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thickness of the resulting film; higher spin speeds and low concentrations give thinner 

films.5,6  

For the work presented herein, spin coating was performed using a SUSS MicroTec Delta 

6RC spin coater for samples spun in the glovebox. For spin coating outside the glovebox 

a Chemat-Technologies KW-4A spin coater was used. 

2.6 Sheet Resistance Measurements 

Sheet resistance (Rsh) is a measure of the lateral resistance of thin films of uniform 

thickness, usually composed of conducting or semiconducting materials. In this work the 

van der Pauw four probe method was used to measure the Rsh of metal films. This method 

was proposed by Leo J. van der Pauw in 1958 and is commonly used to measure the 

resistivity of irregularly shaped samples.7 In order to use this method with minimum 

errors the following conditions need to be fulfilled; 

1. The sample should be solid, flat, homogeneous and uniform in thickness with no 

isolated holes 

2. Contacts need to be placed at the edges of the sample 

3. The area of an individual contact should be at least an order of magnitude smaller 

than the area of the entire sample 

4. Sample thickness should be less than the width and length 

Rsh measurements reported in this thesis were performed using 26  26 mm samples and 

good contact between the sample and probes were established by depositing a very small 

amount of conductive silver paint on the four edges. A Keithley 2400 source measurement 

unit was used to apply a voltage (V) of 5 mV to two contacts on one side whilst the 

resulting current (I) was measured by placing two leads on the opposite side. Van der 

Pauw formula states that for an arbitrary shaped sample the Rsh can be determined using 

resistance measurements made along the vertical (R vertical) and horizontal ( R horizontal) 

edges and accordingly, 

𝑒
−𝜋𝑅𝑣𝑒𝑟𝑡𝑖𝑐𝑎𝑙

𝑅𝑠ℎ + 𝑒
−𝜋𝑅ℎ𝑜𝑟𝑖𝑧𝑜𝑛𝑡𝑎𝑙

𝑅𝑠ℎ = 1 

However, in this case as the sample is a square, 

𝑅𝑣𝑒𝑟𝑡𝑖𝑐𝑎𝑙 =  𝑅ℎ𝑜𝑟𝑖𝑧𝑜𝑛𝑡𝑎𝑙 = 𝑅  

 

 

Equation 2.2 

Equation 2.3 
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Therefore, the van der Pauw equation can be simplified in the following manner;  

𝑒
−𝜋𝑅
𝑅𝑠ℎ + 𝑒

−𝜋𝑅
𝑅𝑠ℎ = 1 

𝑅𝑠ℎ =  
𝜋𝑅

ln 2
 

𝑅𝑠ℎ =  
𝜋

ln 2
 (

𝑉

𝐼
) 

Two measurements were performed on each sample and an average value was input into 

equation 2.4 to obtain the Rsh of a particular sample. For a particular type of electrode / 

metal film at least 9 such individual samples were measured and the average of all these 

measurements were quoted as the Rsh. 

2.7 Atomic Force Microscopy 

Atomic Force Microscopy (AFM), which was invented by Binnig, Quate and Gerber in 

1985, is a type of scanning probe microscope that is extensively used to obtain 

quantitative data on different types of surfaces including metals, semiconductors and 

insulating substances. Unlike scanning tunnelling microscopy, which can only image 

conducting or semi-conducting substances, the AFM can be used to image almost any 

type of surface providing information about topology, potential, conductivity and 

resistance.8 The AFM consists of a cantilever with a sharp pyramidal shaped tip made of 

silicon or silicon nitride. The tip is 3-6 µm tall and has a radius of 15-40 nm. This tip is 

used to scan over the surface and when the tip approaches the surface, the attractive and 

repulsive forces between the tip and the sample induce deflection of the cantilever in 

accordance with Hooke’s law. The forces between the tip and the sample are maintained 

at a low and constant level by a feedback mechanism and the resulting alterations in the 

Figure 2.5: Schematic depicting the measurement of sheet resistance using Van der Pauw method 

Equation 2.4 
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deflection of the cantilever are detected by the positional changes in a laser beam that 

reflects off the top surface of the cantilever. The changes in deflection manifested by the 

reflected beam are monitored by a position sensitive photodiode which enables the 

generation of a topographic map of the surface.8–10 

The AFM can be used in three main modes11 

1. Contact Mode                                      

This is a static mode where the tip contacts the sample and is dragged along the 

surface of the sample. The deflection of the tip is monitored and maintained at a 

constant level by applying a voltage to the piezo on which the sample is mounted. 

This results in lowering or raising of the sample thereby changing the distance 

between the tip to the sample to maintain the deflection of the cantilever. As the 

tip contacts the sample there is a higher possibility of damaging both the tip and 

sample. 

 

2. Non-Contact Mode 

The cantilever does not directly contact the sample but is oscillated above the 

sample surface. The amplitude, phase and frequency of this oscillation is 

monitored and used to compute the force between the tip and the sample. The 

inevitable liquid meniscus on top of the surface may interfere with scanning, there 

by imaging the true surface may prove to be difficult in certain situations. 

 

3. Tapping Mode or Intermittent Contact Mode 

This method was used in all the work described here in and provides a technique 

for obtaining high resolution images of surface topology. The cantilever is 

vibrated close to or at its resonant frequency using a piezoelectric crystal at a high 

amplitude, when it is away from the surface and then brought down to the surface 

where it lightly touches the sample. Therefore, the tip alternately taps the surface 

and lifts off and this motion affects the amplitude of oscillation. When the tip 

approaches a bump there is less room for oscillation thus amplitude decreases and 

when at a depression in the surface, the opposite takes place increasing the 

amplitude of oscillation. The amplitude of oscillation is kept constant by changing 

the distance between the tip and the sample by varying the voltage applied to the 

piezo and this information is used to generate an image of the surface under study. 
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In this work, tapping mode was used to obtain surface topologies, film thicknesses and 

roughness of various substrates and deposited materials and was performed using an 

Asylum Research MFP3D instrument (located within a Faraday cage). The tips used for 

the analysis were purchased from Olympus (OMCL-AC240TS-R3, resonant frequency 

70 kHz and spring constant 2 N m-1). Analysis was done using an Asylum Research AFM 

software and WXsM software.  

 

2.8 Conductive Atomic Force Microscopy 

Conductive Atomic Force Microscopy (C-AFM) which was first developed by John 

O’Shea and co-workers in 1993, enables the scanning of the topography of the sample 

and the measurement of the electric current at the point of contact simultaneously. This 

is usually operated in contact mode where the tip is scanned over the substrate surface 

under a constant voltage and the resulting current measured.12 In order to perform C-

AFM, 

 The probe tip needs to be conductive 

 A voltage needs to be applied between the sample holder and the tip 

 An electric-current amplifier is required to quantify the electric conductivity  

The current produced as a result of the applied voltage follows the relationship, 

𝑰 = 𝑱𝑨𝒆𝒇𝒇 

 

Figure 2.6: Force-distance curve showing the regimes under which difference modes are used, 
adapted from ref. [11]. 

Equation 2.5 
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where I is the total current flowing through the tip and sample holder, J is the current 

density and Aeff is the effective area through which flow of electrons occurs.  

C-AFM studies reported in this thesis, were performed using an Asylum Research 

MFP3D instrument (located within a Faraday cage) under contact mode and the samples 

were fixed to the sample holder using silver paint. The tips used for C-AFM were 

diamond coated silicon tips (HQ:NSC14/Hard/Al BS, resonant frequency 160kHz and 

spring constant 5 N m-1) purchased from Mikromasch. The resulting morphology and 

current maps were analysed using an Asylum Research AFM software. 

 

2.9 Scanning Electron Microscope 

The scanning electron microscope (SEM) is a tool used to study the surface of a sample 

using a high energy focused electron beam, which interacts with the sample generating 

various signals which can be used to deduce the nature of the sample. These signals are 

used to create a 2D image of the surface displaying the topography including all spatial 

variations. A magnification of 50 – 2,000,000 times and a very high spatial resolution of 

1- 20 nm can be achieved using a SEM. The samples must be under vacuum when the 

analysis is conducted because a high energy electron beam is used. Samples must also be 

sufficiently conductive to avoid charging enabling the generation a clear image.13,14 An 

electron gun is used to generate an electron beam which passes through a series of lenses 

so that the beam spot is reduced to a few nanometres. When this high energy beam strikes 

the sample surface, a number of outputs originate due to electron – sample interactions 

and can be used to obtain information about the sample. These include, 

 Low energy secondary electrons which are used to generate the SEM image 

 High energy back scattered electrons which provide information on the chemical 

composition of the sample which is expressed by a variation in contrast 

 Diffracted back scattered electrons which enable the determination of crystal 

structures and orientations in minerals  

 Characteristic X-rays which can be used for elemental analysis 

In this work SEM imaging was performed using ZEISS Gemini 500 to study the 

morphology of planar and nano-aperture Cu electrodes. ZEISS Supra SP55 equipped with 

a heating stage was used to evaluate the temperature at which aperture formation 

commences in Cu electrodes supported on plastic substrates. 
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2.10 Energy Dispersive X-ray Spectroscopy 

Energy Dispersive X-ray Spectroscopy (EDXS) is a useful analytical technique that 

enables the identification of chemical species present in a sample. This is done by 

bombarding the sample with high energy electrons and analysing the X-rays emitted by 

the sample from the resulting interaction with the electron beam. When the beam strikes 

the surface of the sample, inner electrons will be ejected and outer electrons may move 

into the vacancies. As outer electrons are of a much high energy, the difference in energy 

between the two electrons is emitted in the form of X-rays which are characteristic for 

different elements providing a means of identifying the chemical elements present in the 

sample. A high energy electron beam is used in SEM and therefore can be used for EDXS 

provided it is integrated with an appropriate detector to identify the emitted X-rays. As 

many elements can have overlapping X-ray peaks, care must be taken when using this 

method to draw conclusions and the accuracy, sensitivity and spatial resolution of EDXS 

is greatly dependent on the penetration depth of the beam, composition and density of the 

sample.15  

For this work, EDXS spectra were recorded using an Oxford Instruments Si-Li detector 

unit on the SEM (ZEISS Gemini 500) instrument, at an accelerating voltage of 17- 25 

keV. 

2.11 Integrating Sphere 

An integrating sphere also known as an Ulbricht sphere is an optical component that can 

be used to spatially integrate radiant light. It is used for a variety of photometric, 

radiometric and optical measurements. In this work it was used in conjunction with a 

UV/Vis/NIR spectrophotometer to measure total (specular and diffuse) and diffuse, 

transmittance and reflectance of metal films and polymers used as photoactive materials 

Figure 2.7: SEM image of an 11nm thick Cu film with holes fabricated using polymer blend 
lithography 

3 µm 
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in OPV devices. The integrating sphere consists of a hollow spherical cavity with its 

interior surface covered with a uniform diffuse white reflective coating, ports for entry 

and exit of light and a detector to determine the radiant light. The coating is of prime 

importance and both reflectivity of the coating as well as its durability in the environment 

in which is operated need to be considered. The type of coating used depends on the 

wavelength range of operation and barium sulphate is used for the visible region but can 

be stretched for use in UV and NIR regions. Diffused gold coatings are used for operation 

in NIR to mid IR regions.16,17 

In quantifying the radiation, the integrating sphere considers the following, 

i. Light introduced into the integrating sphere 

ii. Reflectance of the sphere wall 

iii. Surface area of the sphere 

iv. Multiple surface reflections light undergoes 

v. Losses arising from port openings 

The light that enters the integrating sphere, will be nearly perfectly diffused by initial 

reflection. A fraction of this light then arrives on another point on the surface and will 

again be diffused on striking the interior surface of the sphere. This process will occur 

multiple times causing the individual beams to reach the same intensity. When the 

photodetector that is housed inside the sphere is struck by one of these beams it can 

measure the total flux.  

 

 

Figure 2.8: Cross sectional view of the integrating sphere showing the setup for total and diffuse 
transmittance 
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The total flux (L) incident over the entire sphere surface is given by, 

𝐿 =  
𝛾

𝜋𝐴𝑠
 

𝑃

1 − 𝑃(1 − 𝑓)
 

 

 

where Υ is the light introduced into the sphere, As is the area of the sphere, P is the 

reflectance of the sphere wall and f  is fraction of the port area. The second part of the 

equation which is the sphere multiplier accounts for increase in radiance due to multiple 

reflections.17 

When measuring the transmittance using the integrating sphere, the sample is mounted 

on the sample port located in the sphere wall and depending on whether total or diffused 

transmittance is being measured the port at the rear of the instrument is left closed or open 

respectively (Figure 2.8).16,18 

In the case of reflectance measurements, samples are mounted on the rear port and the 

specular light port is closed for total reflectance measurements and opened for diffused 

reflectance measurements. It is also important to note that the integrating sphere is 

equipped with baffles to prevent direct entry of light from a source port to the detector 

prior to undergoing reflection by the interior of the sphere wall.16,18 

In this work total and diffuse transmittance and reflectance measurements were conducted 

using a 150 mm Spectralon Integrating Sphere coupled to PerkinElmer LAMBDA high 

performance UV/vis spectrophotometer over a wavelength range of 300- 900 nm.  

Radiance of the 

diffused sphere 

Sphere 

multiplier 

Figure 2.9: Cross sectional view of the integrating sphere showing the setup for total and diffuse 
reflectance 

Equation 2.6 



Chapter 2 

65 
 

2.12 Kelvin Probe 

A Kelvin probe was used in this work to determine the work function (φ) of materials 

used to fabricate OPV devices, but this non-destructive measurement technique is also 

useful in corrosion studies, surface analysis, catalytic studies and to investigate the band 

bending and doping in semiconductors. As discussed in the introduction, the φ has two 

components; a bulk chemical potential contribution and surface potential contribution. 

Although the former is independent of the nature of the surface, the latter is strongly 

affected by the surface environment, hence Kelvin probe measurements are not just useful 

in determining the magnitude of the φ, but useful for probing the surface properties.  

Sir William Thompson, later known as Lord Kelvin observed that Cu and Zn plates 

mounted on insulating shafts developed a charge when they were electrically connected 

and moved apart. This setup was then further modified by William Zisman who 

introduced a vibrating reference surface. In principle, when two materials with different 

φs are close enough to one another, their vacuum levels will be aligned as shown below 

in Figure 2.10. When electrical contact is established between these materials, electrons 

will flow from the material with a lower φ to that with a higher φ so that the two materials 

become charged positively and negatively respectively. This generates an electric 

potential and the electron transfer takes place until this generated electric potential is 

compensated; in other words, until Ef alignment is attained. In this state, the potential off 

set between the two materials is known as the contact potential difference (CPD). The 

CPD when multiplied by the charge on an electron is equal to the difference in φ between 

the two materials.  

A Kelvin probe consists of a gold probe which is brought close to the surface of the 

sample and oscillated. The gold probe is electrically connected to the sample and so this 

oscillation generates an AC current in the wire connecting them which is monitored using 

an oscilloscope. A gradual counter potential (Vc) is then applied until the observed AC 

current approaches zero at which point Vc is equal in magnitude but opposite in polarity 

to the CPD.19 The relationship between the CPD and separation of the probe and sample 

can be understood in terms of the equation for a parallel plate capacitor: 

𝐶 =  
𝑄

𝑉
=  

𝜀𝑟𝜀0𝐴

𝑑
  

∴  𝑉 =  
𝑄𝑑

𝜀𝑟𝜀0𝐴
 

Equation 2.7 

Equation 2.8 
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where C is the capacitance, Q is the charge, V is the potential/CPD, 𝜀𝑟 is the relative 

permittivity of dielectric between the two material, 𝜀0 is the permittivity of free space, A 

is the area of overlap and d is the separation between the two materials. As d increases, 

C decreases and as Q remains constant, V increases, thus oscillation of the probe to and 

fro generates a current.20 

This method only enables the determination of CPD between the probe and the sample. 

To obtain the φ of the sample, it needs to be calibrated against a reference material of 

known φ. Highly oriented pyrolytic graphite (HOPG) is used as the reference material 

because it is a chemically inert material. HOPG has a φ of 4.475 eV. In this work, prior 

to measuring the φ of the sample a calibration was done using a freshly cleaved HOPG 

sample in order to establish a reference point. The Kelvin probe is housed in a Faraday 

cage located inside the glove box to minimize stray capacitance. The samples used for 

Kelvin probe measurements were deposited on glass/plastic and the substrate was ground 

using a Cu pin and screwed down to the movable sample holder located at the base of the 

Faraday cage. 

 

2.13 Tube Furnace 

A tube furnace is widely used in synthesis and purification of materials and is capable of 

electrically heating materials in a controlled manner. However, for the work reported in 

this thesis, a tube furnace was used to anneal Cu films on PET substrates in an oxygen 

free environment to prevent formation of copper oxides.  

The setup consists of a long glass tube surrounded by heating coils securely embedded in 

a thermally insulating material. The Cu films were mounted on a glass slide and placed 

in the central position of the tube. The tube was securely placed within the heater and 

Figure 2.10: Working principle behind Kelvin probe measurements 
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Figure 2.11: The Carbolite horizontal split-hinge tube furnace (HST 12/300) 

clasped into position and evacuated to a pressure of 10-5 mbar using a rotary pump 

followed by a turbo pump. Once this pressure was reached the heater was switched on 

and the required final temperature, duration and ramp was set on the furnace controls. On 

reaching and stabilizing at the set temperature annealing starts automatically and 

continues until the set duration is completed.  

A Carbolite horizontal split-hinge tube furnace (HST 12/300) was used to conduct 

annealing experiments reported in this thesis. 

 

 

 

2.14 X – Ray Diffraction  

X-Ray Diffraction (XRD) is a non-destructive analytical technique used to evaluate the 

atomic or molecular structure of a crystal. The technique uses Bragg’s reflections to 

determine unit cell dimensions and perform phase identification. Bragg’s law states that 

when a crystal is bombarded with X-rays, the intensity of the scattered beam will be a 

maximum, when the angle of incidence is equal to the angle of scattering and the path 

difference between two scattered waves from two different planes in the crystal is an 

integral multiple of the wavelength of the incident X-rays.  

𝑛𝜆 = 2𝑑𝑠𝑖𝑛𝜃 

where d is the spacing between crystal planes, λ is the wavelength of X-rays incident at 

an angle θ and n is an integer giving the order of diffraction.  

The instrument uses a cathode ray tube to generate X-rays. The cathode ray tube consists 

of a filament which is heated to produce electrons and these electrons are then accelerated 

towards a target, usually Cu, using a high voltage. When electrons with adequate energy 

strike the target, inner shell electrons can be dislodged and outer shell electrons move in 

Equation 2.9 
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to fill the vacancies. As a result of the difference in binding energy associated with the 

energy levels of the two electrons, the additional energy is emitted in the form of X-rays. 

For the experimental work reported in this thesis, Cu was used as the target material and 

following the filtering, monochrmotaic X-rays of CuKα1 and CuKα2 are produced. As 

these two have very similar λs a weighted average of the two is used; CuKα = 1.5418 Å. 

These X-rays are then collimated and directed to the sample. The sample is rotated 

through an angle θ while the detector which collects the diffracted X-rays rotates at an 

angle 2θ permitting the detection of the diffracted beam at every orientation of the crystal. 

When the Bragg condition is satisfied, constructive interference occurs giving rise to a 

peak. The detector records the angle and the intensity of the diffracted beam and a 

spectrum of 2θ angle vs counts/intensities is produced.21,22 The resulting spectrum can be 

compared with those available in public databases providing a means of identifying the 

crystal structure.  

XRD measurements reported herein, were carried out using a Siemens D5000 X-ray 

diffractometer operated in grazing angle. The scans were run for 14 h (for better peak 

resolution) and the samples were mounted inside a purged graphite dome under a 

continuous flow of N2 to avoid formation of copper oxides during prolonged scans. The 

XRD peaks were assigned using the Mercury software and the CDS National Chemical 

Database. 

 

2.15 X-ray Photoelectron Spectroscopy 

X-ray Photoelectron Spectroscopy (XPS) which is often known as electron spectroscopy 

for chemical analysis (ESCA) is a surface analytical technique used to determine the 

elemental composition of the sample. Spectra are obtained by irradiating the surface with 

a beam of soft X-rays (200 – 2000 eV) which results in the ejection of core electrons from 

the surface of the sample. The kinetic energy of these electrons as well as the number of 

electrons are detected. Analysis is conducted in ultra-high vacuum as the detectors used 

in XPS analysis need to be operated under low pressure conditions. The resulting 

information is used to generate a photo electron spectrum showing the intensity of 

electrons and the corresponding kinetic energies, which enable the identification of 

elements present on the surface of the sample as atoms emit electrons at characteristic 

energies.  
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XPS is a surface sensitive technique because, whilst X-rays penetrate deeply into the 

sample, photo-ejected electrons can only escape from a depth of a few nanometres. 

Consequently, for most materials ≥ 95 % of the signal comes from the top 1-10 nm.23 

XPS also provides information on the empirical formula, chemical state and electronic 

state of the elements. As the kinetic energy of ejected electrons depend on photon energy, 

φ and binding energy, this also provides useful details on the chemical environment and 

the orbital from which the electron was emitted. The former is very useful and can be 

regarded as the major strength in XPS as shifts in the characteristic binding energy of an 

electron for a specific element provides information on the bonding environment and 

formal oxidation state.  

Additionally, angle dependent studies can be performed in XPS enabling control over 

penetration depth providing an opportunity to investigate and compare chemical 

composition at various thicknesses from the top surface of the sample.23,24 The binding 

energy (B.E) is determined from the known photon energy, the kinetic energy (K.E) of 

the emitted electrons measured at the detector and the φ of the detector (Figure 2.13). 

In the work reported in this thesis, XPS was performed on thin Cu electrodes using a 

Kratos Axis Ultra DLD spectrometer and XPS peak fitting was carried out using the 

CasaXPS software. 

 

 

Figure 2.12: A schematic representing the photoelectric effect used in XPS and AES; (a) incident x-
ray beams (b) eject an electron generating a vacancy; (b) higher energy outer electrons move to 
occupy this vacancy resulting in (d) transfer of energy to another bound electron which is then 

ejected as an Auger electron.  
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2.16 OPV Fabrication 

The OPV devices reported in this thesis have one of the following architectures; 

a) Conventional architecture 

b) Inverted architecture 

c) Top-illuminated devices 

However, as the work presented predominantly use an inverted architecture, the general 

steps followed in fabricating such an OPV device is outlined below. 

1. Substrate cleaning with solvents followed by UV/O3 cleaning 

2. Molecular monolayer deposition 

3. Deposition of the transparent metal window electrode 

4. Deposition of ETLs by evaporation or spin coating followed by 

annealing if necessary 

Figure 2.13: An energy level diagram illustrating how the binding energy is calculated using the 
kinetic energy of electrons reaching the detector 

Sample 

Detector 

Figure 2.14: Basic architecture of an inverted device 
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5. Deposition of the photo-active layer by spin-coating followed by 

annealing or drying under vacuum for completion of film formation 

6. HTL deposition by evaporation or spin coating followed by annealing 

7. Deposition of top reflective electrode through a shadow mask forming 

six individual devices on a given slide each having an area of 6 mm2 

Further details on materials, processing conditions, evaporation rates, thicknesses used 

for different layers and important information pertaining to individual steps are outlined 

in the experimental section of each chapter. 

2.17 OPV Device Testing 

The performance of OPV devices was evaluated using JV measurements in the dark and 

under 1 sun simulated solar illumination. The setup consists of a solar simulator (ABET 

technologies Sun 2000) housed in a glove box enabling measurements to be performed 

in a N2 atmosphere. The solar simulator uses a xenon short arc lamp as the light source 

together with AM 1.5 filters to provide AM 1.5G solar illumination at 100 mW cm–2 (1 

sun) which is the standard global spectrum for testing flat plate PV modules.25 

Characterization under standard conditions enables comparison of PV devices with 

different architectures reported by different manufacturers and research laboratories 

worldwide. 

The fabricated OPV device was mounted on a bespoke device holder, with 6 probes for 

the six separate devices on the slide (Figure 2.15) and one probe to contact with the 

bottom common electrode. Silver paint was placed on the edges of each electrode to 

ensure good electrical connection with the probes. To ensure that current density is 

computed accurately, measurements were performed with masks which accurately 

defined the device area exposed to light. For device characteristics reported in this thesis, 

Figure 2.15: Dimensions of various masks used for evaporation of different layers in an OPV device 
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the device performance was measured using a mask having a pixel area of 0.013 cm2.A 

Keithley 2400 source measurement unit was used to sweep a voltage of -1 V to 1 V across 

the device in 0.01 increments at a rate of 0.1 Vs-1. A Labview program was used to change 

the Keithley settings and analyse the output JV curve. The Jsc, Voc, FF and % PCE values 

were automatically calculated from the software.  

All JV measurements were performed in the dark and under illumination and prior to each 

measurement the light source was calibrated using a silicon diode (PV measurements 

Inc.) to ensure the lamp intensity was correct. Typically for a particular type of device, a 

batch consisting of 9 slides were fabricated with each having 6 individual devices. This 

gives a total of 54 individual devices/pixels per batch. 

 

2.18 Quantum Efficiency 

The quantum efficiency of a PV device which is also referred to as the incident photon to 

converted electron (IPCE) ratio is a measure of how efficiently photons striking a PV 

device are converted to electrons in the external circuit.26 Quantum efficiency can be 

reported as, 

1. External Quantum Efficiency (EQE) 

2. Internal Quantum Efficiency (IQE) 

The EQE takes into account all of the light striking the PV device and therefore is 

dependent on how much light reaches the photo-active layer, the efficiency of exciton 

dissociation and the efficiency of charge carrier extraction. As the energy of the 

impinging photon changes with wavelength, EQE is usually measured over a range of 

wavelengths in which the photo-active material absorbs, typically extending from about 

300 nm to 850 nm. The integrated measurement gives the total current (Jsc) generated 

when the device is exposed to solar radiation. 

𝐸𝑄𝐸(𝜆) =  
𝑁𝑜. 𝑜𝑓 𝑐ℎ𝑎𝑟𝑔𝑒 𝑐𝑎𝑟𝑟𝑖𝑒𝑟𝑠 𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑒𝑑

𝑁𝑜. 𝑜𝑓 𝑝ℎ𝑜𝑡𝑜𝑛𝑠 𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡 𝑜𝑛 𝑡ℎ𝑒 𝑑𝑒𝑣𝑖𝑐𝑒
=  

𝐽𝑠𝑐(𝜆)

𝑞𝑁(𝜆)
 

𝐽𝑠𝑐 =  
𝑞𝜆

ℎ𝑐
∫  𝑃𝐴𝑀1.5𝐺  (𝜆) 𝐸𝑄𝐸 (𝜆) . 𝑑(𝜆)

850

300

 

where N(λ) is the incident photon flux density at given wavelength, q is the electronic 

charge, h is Planck's constant, c is the speed of light and PAM1.5G is the solar spectral light 

intensity. 

Equation 2.10 

Equation 2.11 
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EQE should ideally be 1 across all wavelengths, however due to losses arising from 

insufficient material thickness for complete light absorption, reflection at the glass 

surface and recombination, it is not possible to generate an electron for every incident 

photon and therefore EQE is always less than unity. 

The IQE is the efficiency with which photons that are absorbed by the photo-active 

material are converted to electrons in the external circuit. Therefore, IQE is always larger 

than EQE for a particular device.                         

𝐼𝑄𝐼 =  
𝑁𝑜. 𝑜𝑓 𝑐ℎ𝑎𝑟𝑔𝑒 𝑐𝑎𝑟𝑟𝑖𝑒𝑟𝑠 𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑒𝑑

𝑁𝑜. 𝑜𝑓 𝑝ℎ𝑜𝑡𝑜𝑛𝑠 𝑎𝑏𝑠𝑜𝑟𝑏𝑒𝑑 𝑏𝑦 𝑡ℎ𝑒 𝑑𝑒𝑣𝑖𝑐𝑒
  

∴  𝐼𝑄𝐼 =  
𝐸𝑄𝐸

( 1 − 𝑅𝑒𝑓𝑙𝑒𝑐𝑡𝑖𝑜𝑛 )
 

For this work, only EQE measurements were performed using a white light xenon arc 

lamp as the light source (Sciencetech SF150) which was directed to a monochromator to 

separate the light into different λs. A series of optics including, focusing and splitting 

lenses were used to separate the monochromatic light beam into two parts out of which 

one was directed to a stationary rear photo-diode and the other to a front photo-diode27 

(818UV, Newport). The front photo-diode is used for calibration of the light beam prior 

to probing the sample. When obtaining the EQE the front diode is replaced with the device 

under study. The monochromatic light beam is chopped at 180 Hz to enable a lock-in-

amplifier (Stanford Research Systems SR 830) to remove any background light and 

enhance the signal. The current generated in the device was measured as a function of λ, 

using a current-voltage amplifier (Femto DHPCA-100) and the resulting EQE was 

recorded and analysed using a custom Labview interface. 

 

 

 

 

 

 

 

 

 

 
Figure 2.16: Block diagram of the setup of an EQE showing the key components 

Equation 2.12 
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2.19 Optical Simulations 

2.19.1 Essential MacLeod (Version 9.7) 

Simulations of transmittance, reflectance, absorbance and electric field distribution 

within a device were performed using the program Essential MacLeod V9.7 by Thin Film 

Center Inc. The software requires refractive indices (n) and extinction coefficients (k) of 

materials to model the above properties. The values of common materials such as Ag, Cu 

and Au were already in-built into the software but for specialist materials such as HTLs, 

ETLs and BHJ polymer materials, the n and k values over the required λ range were 

obtained from literature. This simulation software assumes the films to be slab-like and 

homogenous.28 

2.19.2 COMSOL Multiphysics 5.2a 

This finite-element modelling software was used to perform simulations for Cu films with 

irregularly shaped apertures (chapter 6) and to evaluate the electric field distribution in 

the vicinity of apertures. COMSOL Multiphysics 5.2a uses Maxwell’s equations to 

perform the simulations and has a series of different modules. For the work reported in 

this thesis the RF module designed for EM wave simulations was used. A representative 

3 dimensional model of the electrode/device is first setup and subsequently the model 

parameters, constants (such as n and k values) for each material, physics configurations, 

boundary conditions, ports and meshing are defined to perform the simulation.29 
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Chapter 3 

Fabrication of Copper Window Electrodes with 108 

Apertures cm-2 

The work presented in this chapter has been published in: 

H. J. Pereira, J. Reed, J. Lee, S. Varagnolo, G. D. R. Dabera, R. A. Hatton, Fabrication 

of Copper Window Electrodes with 108 Apertures cm-2 for Organic Photovoltaics, 

Advanced Functional Materials, 2018, 28,1802893. 

 

3.1 Background 

As discussed in the introductory chapter, transparent conductive oxides (TCO) form an 

integral part of many optoelectronic devices including PVs, organic light emitting diodes 

(OLEDs), liquid-crystal displays and touchscreens. To date ITO is the predominantly 

used TCO, however due to its high material cost, brittle nature and the limited resource 

of indium which is a rare earth metal, there is a constant search for viable alternatives. As 

a result, optically thin metal films with a thickness of < 10 nm are attracting growing 

attention as window electrodes for a variety of emerging applications1–3 including thin 

film PVs4–6 and displays,7,8 because they are compatible with flexible substrates9–15 and 

can be deposited using simple vacuum evaporation. Roll-to-roll vacuum evaporation is 

attractive as a method for metal electrode deposition for organic optoelectronics3,11 

because it is a proven industrial process for the manufacture of low cost food packaging 

and insulation foils based on very thin metal films, offering excellent control over metal 

thickness and uniformity. To date, Ag has been the metal of choice for window electrode 

applications9,16 because it offers the highest electrical conductivity and lowest optical 

losses17 over the visible and NIR spectrum. To maximise transparency the thin Ag film 

is typically sandwiched between two wide bandgap inorganic oxides or organic 

semiconductor layers to form a triple layer electrode architecture.18–20 However, Cu is 

much more abundant and cheaper and therefore the most attractive from all the coinage 

metals for low-cost applications. Hence, for price-sensitive applications such as OPVs 

Cu is an attractive alternative to Ag because it offers comparable electrical conductivity17 

at one hundredth of the cost.21,22 At the time this work was reported there were three 

reports of high performance OPVs, using a Cu based window electrode that exhibits 

performance close to that achieved using an ITO electrode: Hutter et al.23 used an 8 nm 
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thick thermally evaporated Cu film and a WO3 over layer which serves both as an anti-

reflecting layer and HTL. Zhao et al.24,25 have demonstrated a high performance window 

electrode based on a partially oxidised Cu film sandwiched between ZnO layers, which 

proved to be remarkably stable towards air oxidation. However, in the latter case both the 

metal and oxide metal layers were deposited by the process of sputtering,24,25 the slowness 

and complexity of which partially offsets the benefit of using a low-cost metal. A different 

approach for the passivation of optically thin Cu film electrodes, that is compatible with 

vacuum evaporation, is the use of a sub-1 nm Al over layer which also serves to reduce 

the electrode φ so that it can be used as the electron-extracting electrode in OPVs.26,27 

For window electrode applications the primary disadvantage of Cu as compared to Ag is 

its lower far-field transparency for wavelengths below 550 nm, which stems from inter-

band absorptions28,29 that do not occur in Ag. For wavelengths above 550 nm the 

transparency is reduced due to reflection (Figure 3.1) similar to the case of Ag.  Ebner et 

al.30 and  Zhao et al.25 have shown that absorption losses in optically thin Cu films can 

be reduced to an acceptable level by reducing the thickness of the Cu film, with a 

thickness of 6.5 nm proving to be most effective. Whilst losses due to reflection can be 

supressed using a wide bandgap semi-conducing layer of specific thickness, there is a 

compromise to be struck between the optimal thickness to supress reflection and the 

thickness needed for optimal electronic functionality. 

Figure 3.1: Total transparency spectrum of an 11 nm thick Cu film on glass showing the reflective 
losses at λ ˃ 550 nm and inter-band transition losses at λ ˂ 550 nm  
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In this chapter, a different approach to simultaneously reducing inter-band absorption 

losses in optically thin Cu films for wavelengths below ~550 nm and dramatically 

suppressing reflection for wavelengths above 550 nm is demonstrated, which is based 

on incorporating into the metal film 100 million circular apertures per cm2 with a mean 

diameter of  500 nm. The size of the apertures is selected to be large enough to ensure 

that short wavelength light can pass through unhindered, whilst being small enough to 

ensure that, in the context of an OPV, photo-generated free charge carriers formed in the 

light harvesting semiconductor adjacent to apertures in the metal electrode can still be 

extracted by the electrode without the need for a highly conducting charge extracting 

layer such as heavily doped PEDOT:PSS to span the gaps in the electrode, as is the case 

for metal nanowire and metal grid electrodes.31,32 This approach to metal window 

electrode design is applicable to thicker metal films than the optimal thickness of 6.5 nm 

reported previously,25 which is likely to prove more practical to deposit over large areas. 

Conventional lithographic techniques for fabricating arrays of apertures of this size over 

large areas are prohibitively costly. One potentially low-cost approach is to use micron-

sized polymer nanoparticles as a shadow mask, deposited directly from a colloidal 

solution, which has been widely used31,33–35, or formed by polymer blend lithography36,37 

followed by mask and metal lift-off. The work of Huang et al.[35] demonstrates the use of 

polymer blend lithography as a mask to pattern metal films. Inspired by the latter, the 

electrode fabrication process reported herein is based on a simplified method of forming 

a dense array of apertures in metal films based on polymer blend lithography that has the 

advantage that it does not require a metal lift-off step. It is shown that these electrodes 

can be easily combined with a widely used, solution processed, electron transport 

semiconductor that also serves as an anti-reflecting layer, to realise window electrodes 

suitable for use in OPVs. The advantage of this approach to Cu window electrode 

fabrication is the technological simplicity that results from the use of metal deposition by 

simple vacuum evaporation combined with a mask that self-organises from a single 

solution, instead of having to synthesise the mask prior to deposition onto the substrate 

to be etched, as is the case for conventional microsphere lithography. Also, all the 

solution-based steps use widely available low-cost chemicals, based on earth-abundant 

elements, and there is no requirement to control humidity or need for post-deposition 

annealing of the polymer blend. When this electrode is used in conjunction with the 

solution processed wide bandgap n-type semiconductor ZnO, which is very widely used 

as an ETL in OPVs, a dramatic 66 % reduction in electrode Rsh occurs due to low 
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temperature diffusion of Cu into the adjacent ZnO layer, which greatly increases its 

performance as a transparent electrode for OPVs.  

3.2 Experimental Methods  

Experimental details specific to the work presented in this chapter are as follows;                  

3.2.1 Substrate cleaning 

Glass substrates of the required dimension and ITO coated glass substrates were cleaned 

as described in section 2.1 and 2.2.  

3.2.2 Mixed monolayer deposition 

For glass substrates, a mixed monolayer was deposited prior to evaporation of Cu by 

exposing the substrates to vapours of MPTMS and APTMS at 50 mbar for 4 hours 

immediately after UV/O3 treatment. 

3.2.3 Deposition of Cu 

Cu was deposited by thermal evaporation of Cu pellets placed in a tungsten boat at a rate 

of 2.2 – 2.5 Å s-1 to give the required thickness.  

3.2.4 Fabrication of apertures using polymer blend lithography  

A polymer blend consisting of PS (Mw = 280 000) and PMMA (Mw = 50 000) in the 

weight ratio of 3:7 having a concentration of 15 mg ml-1 was prepared in 2-butanone 

(Methyl ethyl ketone (MEK)). The blend was deposited on Cu by spin coating at 2500 

rpm for 60 seconds. The PS entities were selectively removed by rinsing the films in 

cyclohexane followed by UV/O3 treatment for 15 minutes. A dilute solution of 

ammonium persulphate (0.002 mol dm-3) was used to etch Cu through the PMMA mask 

to fabricate holes by immersing the substrates in the etchant for 15 - 20 seconds followed 

by washing with deionized water and drying with a stream of N2. The PMMA template 

was finally removed by ultrasonic agitation in toluene and then in glacial acetic acid. (For 

the selective removal of the 62 nm thick ZnO layer from a ZnO (62 nm) / Cu (11 nm) 

film, the sample was etched with glacial acetic acid for 1 min.) 

3.2.5 Morphology and distribution of apertures       

AFM imaging was performed using an Asylum Research MFP – 3D operated in tapping 

mode to study the morphology of the Cu films. The size distribution of apertures was 

evaluated using WXsM software. C-AFM was performed on nano-aperture Cu films with 

ZnO using the same instrument in contact mode by applying a constant voltage between 

the tip and the sample holder and the resulting morphology and current maps were 
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analyzed using the Asylum Research AFM software. SEM imaging was performed using 

ZEISS Gemini 500 with an accelerating voltage of typically 0.3-0.6 kV to evaluate the 

distribution and coverage of apertures. EDXS spectra were recorded using an Oxford 

Instruments Si-Li detector unit on the SEM instrument, at an accelerating voltage of 17 

keV. 

3.2.6 Optical transparency and reflectance measurements 

Far-field transmittance and reflectance of metal films on glass were measured over the 

wavelength range of 350 – 850 nm using a 150 mm Spectralon® Integrating Sphere 

coupled to a PerkinElmer® LAMBDA™ high performance UV/Vis spectrometer. 

Measurements were performed with reference to the substrate. 

3.2.7 X-ray Diffraction Measurements 

XRD measurements were carried out using a Siemens D5000 X-ray diffractometer 

operated in grazing angle using Cu (Kα) radiation with a wavelength of 1.542 Å. The 

scans were run for 14 h (for better peak resolution) and the samples (on glass) were 

mounted inside a purged graphite dome under a continuous flow of N2 to avoid formation 

of Cu oxides during prolonged scans. The XRD peaks were assigned using the Mercury 

software and the CDS National Chemical Database. 

3.2.8 X-ray Photoelectron Spectroscopy measurements                 

XPS measurements were performed using a Kratos Axis Ultra DLD 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°. The resolution, binding energy referencing, 

and transmission function of the analyser were determined using a clean polycrystalline 

Ag foil. XPS peak fitting was carried out using the CasaXPS software. The peaks were 

corrected with respect to C 1s at 284.7 eV due to the use of neutraliser to avoid charging. 

3.2.9 Fabrication of OPV devices               

A ZnO ink (5.6% w/v) in IPA was purchased from Infinity PV and a diluted solution (0.5 

– 1.4 % w/v) was spun at 1000 rpm for 60 seconds followed by annealing at 180 oC for 

15 minutes to fabricate the ETL. The enhanced device performance obtained by 

incorporating an ultra-thin layer of poly(ethyleneimine) (PEI) has already been 

reported.38,39 Therefore, a thin layer of PEI was spun on top of ZnO as a capping layer38, 

following the annealing process to maximize device performance. PCE10 and PC70BM 

were mixed in 2:3 mass ratio to make a 35 mg ml-1 solution in chlorobenzene (97%) and 

1,8-diiodooctane (3%) and deposited by spin coating from a static start at 3000 rpm for 
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120 seconds to form the photo-active layer. These slides were left inside the evaporator 

overnight and MoO3 (10 nm at 0.1- 0.2 Å s-1) was deposited as the HTL followed by Ag 

(80 nm at 1.0-1.2 Å s-1) as the reflective top electrode. Notably, whilst the molybdenum 

oxide layer is deposited from a powder of MoO3, it is known that during vacuum 

evaporation, partial reduction to MoO3-α occurs, where α is < 0.3 (therefore labelled as 

MoOx). Ag was deposited through a shadow mask to give an electrode area of 0.06 cm2.  

3.2.10 Characterization of OPV devices 

Current density-voltage (JV) testing was performed as described in section 2.17 and the 

OPV devices were measured through a mask having a pixel area of 0.013 cm2. EQE 

measurements were done as described in section 2.18 in the wavelength range of 300 – 

850 nm. 

3.3 Results and Discussion  

Figure 3.2 depicts the process of electrode fabrication developed in this study. Cu films 

were thermally evaporated onto glass substrates modified with a mixed molecular 

monolayer of MPTMS and APTMS. It has been previously shown that this class of 

adhesion layer can be applied to both glass and plastic substrates to realise robust Cu 

films without contributing to light absorption.31,40 A blend of the immiscible polymers, 

PS and PMMA in 2-butanone was spin cast directly onto the Cu film (Figure 3.2, step 1), 

where upon spontaneous phase separation into well-defined isolated spherical PS 

domains in a PMMA matrix occurs. Crucially the PS domains protrude from the PMMA 

surface and extend through most, or all, of the film thickness.  

Whilst spontaneous phase separation of PS/PMMA is well known, achieving the desired 

PS domain size distribution and density on Cu using previously reported protocols proved 

very difficult and hundreds of hours of effort went into development of a blend 

composition and reproducible method that was well suited for this particular study.  
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Selective removal of PS using cyclohexane (Figure 3.2, step 2) leaves behind a layer of 

PMMA with circular holes, which serves as a mask to etch copper. (Figure 3.3 (b)) 

To date literature reports pertaining to phase separation in PS/PMMA blends have 

emphasised that the size of the PS domains in the PMMA matrix can be controlled by 

varying the polymer molecular mass combination,36 or weight ratio,37,41,42 or the humidity 

of the atmosphere in which the film is deposited36, or with post-deposition annealing42.  

The deposition protocol described herein, is distinct from these earlier works in that the 

molecular mass and weight ratio of the two polymers is held constant and the PS domain 

size is controlled only by adjustment of the overall concentration of the polymer blend 

solution: A higher concentration yields larger PS domains suitable for transparent 

electrodes, whilst low concentrations give very small island sizes that couple strongly 

with incident light (Figure 3.4). Crucially this process does not require post-deposition 

annealing or control over humidity, and so is more amenable to up-scaling 

Figure 3.2: Schematic of electrode fabrication process. 
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Figure 3.3: AFM images showing the morphology of (a) the PS/PMMA polymer blend (7.5 mg ml -1) 
spin cast onto a Cu film showing spherical PS islands dispersed in a PMMA matrix; (b) holes formed 
in the PMMA layer by selective removal of PS using cyclohexane; (c) UV/O3 treated PMMA film on 
Cu; (d) etched Cu film showing circular apertures;  (e) – (h) are representative AFM cross-sections 

taken from (a) – (d) respectively along the lines shown; (g) shows that the holes in the PMMA layer 
extend to an equal depth after UV/O3 treatment. 

 

(b) 

 

(a) 

 

(c) 

 

(d) 

 

(e) 

 

(f) 

 

(g) 

 

(h) 
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An important step in the electrode fabrication process is the brief UV/O3 treatment to 

remove PMMA at the bottom of the holes formed by PS removal (Figure 3.2, step 3). 

PMMA is uniformly etched under exposure to UV radiation43,44 and so this treatment 

ensures the holes in the PMMA film extend all the way through to the underlying Cu film, 

as evidenced by the cross-sections of AFM images (Figure 3.3(g) and Figure 3.5), 

forming a clear pathway for the etchant to travel to the surface of metal film. This step is 

necessary to achieve a high density and uniform distribution of holes in the Cu film, 

Figure 3.4: AFM images of Cu electrodes (11 nm) etched using polymer blend solutions having 
concentrations (a) 2.9 mg ml -1; (b) 7.5 mg ml -1; (c) 15 mg ml -1 respectively; (d) size distribution of 

(a); (e) size distribution for (b) computed for a 10  10 µm2 AFM image and (f) size distribution for 

(c) computed for a 20  20 µm2 AFM image. 

 

(b) 

 

(a) 

 

(c) 

 

(d) 

 

(e) 

 

(f) 
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without which a significant proportion of holes formed by removal of PS do not extend 

down to the underlying Cu (Figure 3.3(f)). 

Etching of the Cu film through the PMMA mask (Figure 3.2, step 4) is achieved by 

dipping the substrate for 15-20 seconds into the low-cost etchant ammonium persulphate 

((NH4)2S2O8, APS), which is a common oxidizing and bleaching agent. The etching 

process is very rapid because the metal thickness is very low, although it can be further 

speeded up by increasing the concentration of the etchant. In the presence of water, APS 

undergoes decomposition as shown in equation 3.1.45,46 

  

 

A further reaction may occur where oxidation of some of the ammonia forms nitrate ions 

as shown in equation 3.2.  

 

Therefore, the ability of APS to act as an etching agent arises due to the reaction between 

metallic Cu and resulting acids which may be further intensified by the presence of free 

oxygen.45,46 

The PMMA mask is removed by ultra-sonic agitation in toluene, followed by glacial 

acetic acid. Glacial acetic acid simultaneously dissolves residual PMMA and any oxide 

layer at the surface of the Cu film that may have formed if the etching processing is 

performed in air. Glacial acetic acid is known to preferentially remove Cu oxides 

(Equation 3.3 and 3.4) from the surface of Cu leaving the metal surface residue free29,47.  

 

 

 

Notably, for PMMA layers that are  ≤ 25 nm thick, acetic acid treatment alone is 

sufficient47 to completely remove the PMMA layer. Together the process illustrated in 

Figure 3.2 enables the fabrication of Cu electrodes with a random distribution of 100 

million circular apertures cm-2, the average size of which can be altered by changing the 

concentration of the polymer blend, which enables control within the diameter range 50 

to 1000 nm (Figure 3.4). 

2(NH4)2S2O8 + 2H2O    2(NH4)2SO4 + 2H2SO4 + O2   

8(NH4)2S2O8 + 6H2O      7(NH4)2SO4 + 9H2SO4 + 2HNO3   

Equation 3.1 

Equation 3.2 

CuO + 2CH3COOH    Cu(CH3COO)2 + H2O  

Cu2O + 4CH3COOH    2Cu(CH3COO)2 + H2O + H2  

Equation 3.3 

Equation 3.4 
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For OPV device applications the Rsh of the window electrode is a key determinant of 

device performance and in practice cannot exceed 20 Ω sq-1 without incurring 

unacceptable electrical losses.48–50 To determine the thickness needed to achieve the 

highest far-field transparency, whilst retaining a Rsh below 20 Ω sq-1, different thicknesses 

of copper films ranging from 9 to 17 nm were used to fabricate electrodes with the same 

aperture size distribution shown in Figure 3.5(a).  

The total transmittance and reflectance (i.e. specular and diffuse combined) is shown in 

Figure 3.6 for films with and without apertures. As expected, the transmittance is highest 

for the thinnest film and the reflectance is greatest for the thickest film. The transmittance 

is increased by ≥ 20 % in absolute terms when apertures are introduced into the film, 

across the wavelength range of 400-850 nm. For wavelengths below  550 nm the 

Figure 3.5: (a) SEM showing the morphology of 11 nm thick Cu films with apertures; Inset: A 
photograph of an 11 nm thick Cu electrode with (right) and without (left) apertures; (b) cross-

section taken from an AFM image of the same sample as in (a) showing the depth of the apertures; 
and (c) histogram showing the size distribution of apertures computed for a 20 × 20 µm2 AFM 

image. 

 

(a) 

(b) 

(c) 
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transmittance is increased by 20-25 % for all metal thicknesses, which can be rationalised 

primarily in terms of a reduction in absorption, since the aperture density and size 

distribution shown in Figure 3.5(a) corresponds to removal of one quarter (24 ± 1 %) of 

the metal electrode.  

For wavelengths above 550 nm, it is evident that the total reflectance is dramatically 

reduced upon incorporation of apertures, although this does not entirely translate into a 

commensurate increase in transparency. For example, for an 11 nm thick film the 

reflectance at 850 nm is reduced from 45% to 12%, a decrease of 33%, whilst the 

transparency increases from 50% to 75%; an increase of only 25%. The 8% difference 

is attributed to parasitic absorption due to surface plasmon excitation in the Cu 

electrode14,51,52 which, as shown in the subsequent section, can be largely mitigated by 

appropriate selection of the adjacent CTL.  

Figure 3.6: (a) Total far-field transparency and; (b) reflectance of different thicknesses of Cu films 
(referenced to glass) with (broken lines) and without (solid lines) apertures. 

(a) 

(b) 
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The data in Figure 3.6 show that the highest transparency is achieved using the thinnest 

Cu film. However, since Rsh increases with decreasing film thickness, as shown in Figure 

3.7(a), a compromise must be struck between these properties for optimal performance 

as a window electrode in OPVs.53 It is evident from Figure 3.7(a) that incorporation of 

apertures increases the Rsh for all metal thicknesses, consistent with scattering of electrons 

at the aperture edges.31The Rsh of films with apertures is only below 20 Ω sq-1 for a metal 

thickness above 14 nm. However, for application in OPVs the window electrode is 

invariably buried beneath a wide bandgap CTL such as ZnO54,55 or PEDOT:PSS54, both 

of which require annealing at low temperature (100-200oC) for optimal performance.  

Figure 3.7: (a) Rsh as a function of thickness for electrodes of different thicknesses with (red) and 
without (black) apertures, and the change in Rsh when 11 nm thick Cu films are annealed at 120 oC 
and 180 oC following deposition of a 62 nm ZnO over layer ( t = 0 and t = 5 months); (b) Total far-

field transparency (referenced to glass) and; inset: total reflectance for 11 nm Cu films with 
apertures (CuE) and Cu films with a 62 nm ZnO over layer with and without apertures.  

(b) 

(a) 
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In this study a solution processable ZnO ETL was used, which can be processed using a 

variety of deposition methods including screen printing and doctor blading. The ZnO 

annealing step was initially performed at 120 oC which, for an 11 nm thick Cu film with 

apertures, resulted in a notable reduction in the Rsh of the electrode from 29.8 ± 0.7 Ω sq-

1 to 24.2 ± 0.7 Ω sq-1. Increasing the annealing temperature to 180 oC resulted in a larger 

reduction in Rsh to 17.9 ± 0.4 Ω sq-1.  

Remarkably, the Rsh continued to decrease upon long term storage in a glove box, 

reaching  9.6 Ω sq-1 after 5 months of storage. Over the same period there is a small 

reduction in the far-field transparency of 2.6 % across the visible spectrum (Figure 3.8), 

although in terms of the electrode Haacke FoM56,57, which is widely used to compare the 

performance8,18,24 of window electrode materials, the benefit of the large reduction in Rsh 

far outweighs the detrimental effect of the small reduction in transparency: The FoM 

increases from 0.0099 Ω-1  to 0.0135 Ω-1.  

At the time of this study, for a Cu based window electrode, this FoM had only been 

exceeded by electrodes with a more complex triple layer; oxide-metal-oxide structure, 

fabricated by sputter deposition: Table 3.1. 

 

 

Figure 3.8: Total far-field transparency of nano-aperture Cu electrodes (11nm) with ZnO (62 nm) 
annealed at 180 oC for 15 mins at t = 0 and t = 5 months. 

2.6 % 
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Table 3.1: Comparison of optical and electrical characteristics of different types of Cu electrodes 

reported.  Tavg is the average far-field transparency between   = 400 - 800 nm. 

 

 

XRD analysis; Figure 3.9, reveals that this 66 % total reduction in Rsh cannot be 

attributed to a change in crystallinity of the Cu film14 since the intensity of the reflections 

from Cu crystal planes does not change, consistent with the very high surface melting 

temperature of Cu (>400 oC)38,62. An alternative explanation is that the intrinsic 

conductivity of the ZnO film is increased when annealed at the higher temperature of 180 

oC and/or the conductivity is increased due to doping of the ZnO by Cu that diffuses from 

the underlying Cu film. To test this hypothesis C-AFM analysis was performed on nano-

aperture Cu electrodes covered with a 62 nm thick ZnO over layer annealed at 120 oC 

and 180 oC. It is evident from the C-AFM images and the corresponding cross-sections 

given in Figure 3.10, that the current drop across the aperture when annealed at 120 oC is 

very abrupt and distinct (indicated by green arrows), and so the boundary of the aperture 

in the underlying Cu layer is well-defined. 

Group Substrate Electrode Architecture 

Average 

Transparency  

(T avg) 

Rsh 

(Ω sq-1) 

𝑻𝒂𝒗𝒈
𝟏𝟎

𝑹𝒔𝒉

 

(Ω-1) 

Zhao et 

al.24,25 

PET ZnO/Cu (9.5nm)/ZnO 

ZnO/Cu (6.5nm) on Cu(O)/ZnO 

ZnO/Cu (9.5nm) on Cu(O)/ZnO 

ZnO/Cu (7 nm) (O = 5%) /ZnO 

ZnO/Cu (8 nm) (O = 5%) /ZnO 

79.47 

85.84 

83.54 

85 

83 

9.49 

11.12 

6.26 

13 

 9 

0.0106 

0.0195 

0.0264 

0.0151 

0.0172 

Wang et 

al.58 

Glass or 

Polymer 

Ag nanoparticle coated CuNWs 89.1 47 0.0067 

 

Sachse et 

al.59 

Glass CuNWs 88 24 0.0116 

Rathmell 

et al.2160 

Glass 

Plastic 

CuNWs 

CuNWs 

65 

85 

15 

30 

0.0009 

0.0066 

Ebner et 

al.30 

Glass TiOx/Cu (10 nm)/AZO 

TiOx/Cu (7.5 nm)/AZO 

80 

74 

6.5 

17 

0.0165 

0.0029 

Song et 

al.61 

Glass or 

PET 

CuNW films 

CuNW elastomers 

80 

80 

26.2 

58.6 

0.0041 

0.0018 

Current 

Study 

Glass Cu(11nm) nano-aperture 

Cu(11nm) nano-aperture/ZnO 

(t=0) 

Cu(11nm) nano-aperture/ZnO 

(t=5 months) 

79.1 

84.1 

 

81.5 

29.8 

17.9 

 

 9.6 

0.0032 

0.0099 

 

0.0135 
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Conversely, the electrode annealed at a higher temperature of 180 oC shows a more 

gradual drop in current as the probe moves over the site of an aperture in the underlying 

Cu film and has a minimum at the centre of the aperture, so the boundaries of the apertures 

appear more diffuse in the current map. These spatially resolved electrical measurements 

are compelling evidence for an increase in the conductivity of ZnO in the plane of the 

oxide close to the metal film, which is consistent with the reduction in measured Rsh. 

Notably, the applied voltage for the electrode annealed at 180 oC is twice that needed to 

achieve the same current as compared to the film annealed at 120 oC (8V vs 4V), which 

seems to contradict the conclusion that the conductivity of the ZnO layer is increased in 

the sample annealed at 180 oC. It is however important to note that C-AFM measures the 

conductance normal to the plane of the film surface, and so it is sensitive to variations in 

the conductivity of the uppermost surface of the oxide as compared to the bulk, which 

may have become more resistive due to a higher barrier to charge extraction/injection and 

transport at higher annealing temperature.63 Whilst solid state diffusion of Cu into the 

ZnO layer would be expected to be accelerated by thermal annealing, diffusion of Cu into 

oxides at very low temperature is also known,23,64,65 and so electrical doping of the ZnO 

layer by Cu offers an explanation for the reduction in electrode Rsh upon annealing. 

Figure 3.9: XRD pattern of Cu, ZnO annealed at 120 oC, Cu/ZnO annealed at 120 oC and 180 oC. All 
films were deposited on glass and XRD patterns have been offset along the y-axis for clarity. The 

XRD patterns for Cu and ZnO have been compared with the standards ICSD-43493 and ICSD-67454 
respectively to assign peak positions. 
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Table 3.2: Elemental composition from XPS spectra of nano-aperture Cu films (on glass) with ZnO 
annealed at 120 oC and 180 oC. 

Direct evidence for Cu diffusion from the underlying Cu film into the ZnO layer is 

provided by XPS analysis of a Cu electrode buried beneath a 62 nm thick ZnO layer, 

annealed at 120 oC and 180 oC: Figure 3.11 and Table 3.2. The escape depth of Cu 2p 

photo-electrons is limited to ˂ 10 nm and so, the presence of clearly defined Cu 2p peaks 

in the spectrum for the film annealed at 180 oC, confirms that Cu has diffused through 

the entire thickness of the ZnO layer and the process is thermally accelerated. Based on 

this XPS analysis, the elemental composition at the ZnO surface is estimated to be < 1% 

Cu. 

 

Element O C Cu Zn 

Annealing Temperature - 120 oC 

Percentage 48.7 30.2 0 21.1 

Annealing Temperature - 180 oC 

Percentage 45.8 37.3 0.86 16.0 

Figure 3.10: C-AFM images showing the current profiles obtained by applying a bias of 4V and 8V 
respectively for Cu nanohole electrodes with 62 nm ZnO annealed at (a)120 oC and (c)180 oC; (b) 

and (d) correspond to the cross sections of (a) and (c) respectively along the lines shown. 

(a) (b) 

(c) (d) 
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Evidence for Cu doping of the ZnO film at the sites above apertures in the Cu film is 

provided using spatially resolved EDXS: Figure 3.12 and Table 3.3, although, unlike 

XPS, EDXS probes the elemental composition of the entire ZnO thickness. It is clear 

from the composition derived from the EDXS analysis (Table 3.3) that the proportion of 

Cu in ZnO regions adjacent to the underlying Cu is very much higher than 1%, which 

evidences very extensive Cu diffusion into the ZnO over layer. The large difference 

between the Cu concentration derived from XPS and EDXS measurements provides 

compelling evidence that the Cu concentration in the ZnO film normal to the plane of the 

film is not homogenous but concentrated in the region nearest the Cu film. This gradient 

in Cu concentration offers a plausible explanation for the apparent reduction in 

conductivity of the ZnO film measured using C-AFM, since the conductivity of Cu doped 

ZnO is known to depend strongly on concentration of Cu.66,67  

ZnO is known to exhibit n-type conductivity68,69 and it has been shown that at low 

concentrations (< 1 %) Cu dopants act as deep acceptors, which reduce the n-type 

character by acting as a compensating center.70 Conversely at higher concentrations of > 

3% the conductivity is increased due to accumulation of metallic Cu at the grain 

boundaries, which reduces the contact resistance between the ZnO crystallites.66 The high 

concentration of Cu dopant nearest the Cu film could therefore give rise to the observed 

reduction in the electrode Rsh. At the same time, the low concentration of Cu dopant at 

the uppermost surface of the 62 nm ZnO film would reduce the n-type character of the 

Figure 3.11: XPS spectra of nano-aperture Cu films with ZnO annealed at 120 oC and 180 oC 
showing the presence of Cu by the characteristic Cu 2p1/2 and Cu 2p3/2 peaks in the latter. 
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oxide thus increasing the barrier to electron injection into the conduction band, which 

would manifest as an apparent reduction in the conductivity normal to the plane of oxide 

film as evidenced from C-AFM measurements. 

To confirm that an increase in the conductivity of the ZnO over layer is the reason for the 

reduction in the large electrode Rsh, the ZnO layer on 5 month old electrodes with a Rsh 

of 9 Ω sq-1 was selectively removed by etching with acetic acid: Figure 3.13.[27,41]  

 

 

Figure 3.12: Representative EDXS spectra of nano-aperture Cu films with ZnO (on glass) annealed 
at 180 oC showing the distribution of elements (a) inside a hole and (b) in a continuous area. 

(a) 

(b) 
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 After this treatment the Rsh increases to  40 Ω sq-1, which confirms that the doped ZnO 

over layer is the reason for the reduction in Rsh. Notably, 40 Ω sq-1 is 10 Ω sq-1 higher 

than that of freshly etched Cu electrodes; 29.8 ± 0.7 Ω sq-1. Such an increase is not 

however unexpected since: (i) The Cu that has diffused into the ZnO layer (and is thus 

removed upon etching) has reduced the thickness of the metal film; (ii) At the interface 

between the Cu film and the ZnO over layer, it is plausible that the Cu has been partially 

oxidised, forming a thin Cu oxide interlayer which would be readily etched by acetic 

acid[27,41], and so this would also reduce the Cu metal thickness.  

A Cu film thickness of 11 nm was chosen to demonstrate utility of this electrode as the 

window electrode in an OPV device. In OPVs the ZnO layer serves primarily as a charge 

extraction layer although, like other wide band gap charge extraction materials, can also 

serve as an anti-reflecting layer when used in conjunction with metal film window 

electrodes: Figure 3.14 shows how the transparency of an 11 nm Cu film (without 

Sample O Mg Al Si Ca Cu Zn 

Inside Hole 49.1 2.6 0.6 35.9 4.9 1.4 5.4 

Continuous Area 43.9 2.5 0.5 38.2 5.8 3.7 5.4 

Table 3.3: Representative elemental composition from EDXS spectra of nano-aperture Cu films with 
ZnO (on glass) annealed at 180 oC showing the distribution of elements (a) inside a hole and (b) in a 

continuous area. 

Figure 3.13: AFM image of a Cu electrode (11 nm) which has been stored in the glove box for 5 
months prior to removal of the ZnO over layer using glacial acetic acid. The presence of apertures is 

evidence that the ZnO has been completely removed. 

µ
m
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apertures) is improved as a function of ZnO layer thickness (20 – 96 nm). The average 

transparency of the Cu electrode (400 – 800 nm) with apertures is increased from 75.9% 

to 84.1% using the optimised ZnO thickness of  62 nm (Figure 3.7(b)), which is 

comparable to that achieved using thinner Cu films without apertures reported previously 

(Table 3.1).23–25,30 Importantly, the inclusion of ZnO does not complicate the process of 

electrode fabrication, since wide band gap charge extraction layers are an essential 

component of high performance OPVs regardless of the choice of electrodes. 

To demonstrate these electrodes as window electrodes in OPVs, devices were fabricated 

with the architecture; Cu (11nm)/ZnO (β nm)/ PEI (2 nm) / PCE10 – PC70BM (160 nm) 

/MoOx (10 nm) / Ag (80 nm), where β = 20 - 62 nm. Whilst the highest electrode 

transmittance was achieved using a ZnO thickness of 62 nm, the efficiency of an OPV 

device depends on a complex interplay of optical and electrical factors,38,39,71,72 and so 

devices with different thicknesses of ZnO ranging from 20 - 62 nm were tested: Table 3.4 

and Figure 3.15(a). The device PCE is maximised when the thickness of ZnO is 33 nm. 

Champion devices achieved a PCE of 4.9% and 6.8% for devices using an 11 nm thick 

Cu electrode without and with apertures respectively. The large difference in PCE results 

from a 35% improvement in Jsc in devices using the electrode with apertures as shown 

in Figure 3.15 (b), which is consistent with more light entering the device. Crucially, there 

is no significant difference in Voc or device FF, which is consistent with the expectation 

that the apertures in the Cu film electrode are sufficiently small not to require the use of 

a highly conducting polymer to span the apertures. 

Figure 3.14: (a) Total far-field transparency and (b) reflectance of different thicknesses of ZnO spin 
cast on 11 nm thick planar Cu films. 

(a) (b) 
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(a) 

Figure 3.15: (a) Representative current density – voltage characteristics under one sun simulated 
solar illumination (100 mW cm−2; AM 1.5G) for devices with the architecture: Cu (11nm) with nano 

holes / ZnO (β nm) / PEI (2 nm) / PCE10 – PC70BM (160 nm) / MoOx (10 nm)/ Ag (80 nm) for 
different thicknesses of ZnO; (b) Representative current density-voltage and; Inset: EQE data 
recorded under same conditions for devices with the architecture: Cu (11nm) with (blue) and 

without (red) apertures/ ZnO (33 nm)/ PEI (2 nm) / PCE10 – PC70BM (160 nm) /MoOx (10 nm) / Ag 
(80 nm). The integrated EQE for the red and blue curves shown are 9.17 mA cm-2 and 12.30 mA cm-2 

respectively which is within 3.7 % of the measured Jsc. 

(b) 
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Table 3.4:  Summary of current density - voltage characteristics of devices with the architecture; Cu 
(11nm)/ ZnO (β nm)/ PEI (2 nm) / PCE10 – PC70BM (160 nm) / MoOx (10 nm) / Ag (80 nm) where β = 

20 - 62 nm tested under 1 sun simulated solar illumination. The error bars represent ± 1 standard 
deviation determined from the performance of 20 - 30 devices with identical architecture. 

 

 

 

 

 

 

 

 

 

Sample 
Jsc 

/mA cm-2 
Voc/ V FF 

Rs 

/Ω cm2 

Rshunt 

/Ω cm2 
PCE/ % 

Cu – Planar / 

ZnO (33 nm) 

Champion 

9.58 ± 0.18 

 

9.73 

0.74 ± 0.01 

 

0.74 

0.68 ± 0.01 

 

0.68 

6.0 ± 0.5 

 

 

1420 ± 65 

 

 

4.77 ± 0.12 

 

4.93 

Cu - Nano 

holes/ 

ZnO (20 nm) 

Champion 

13.17 ± 0.15 

 

 

13.37 

0.73 ± 0.01 

 

 

0.75 

0.58 ± 0.03 

 

 

0.60 

14.1 ± 0.7 

 

 

 

662 ± 55 

 

 

 

5.66 ± 0.30 

 

 

6.00 

Cu - Nano 

holes/ 

ZnO (26 nm) 

Champion 

12.78 ± 0.27 

 

 

12.76 

0.76 ± 0.01 

 

 

0.76 

0.64 ± 0.02 

 

 

0.66 

8.1 ± 0.5 

 

 

 

772 ± 47 

 

 

 

6.18 ± 0.14 

 

 

6.44 

Cu - Nano 

holes/ 

ZnO (33 nm) 

Champion 

12.90 ± 0.46 

 

 

13.51 

0.76 ± 0.01 

 

 

0.76 

0.66 ± 0.01 

 

 

0.67 

6.1 ± 0.3 

 

 

 

820 ± 52 

 

 

 

6.47 ± 0.27 

 

 

6.80 

Cu - Nano 

holes/ 

ZnO (48 nm) 

Champion 

11.64 ± 0.17 

 

 

11.87 

0.76 ± 0.01 

 

 

0.76 

0.64 ± 0.02 

 

 

0.66 

7.9 ± 0.7 

 

 

 

680 ± 63 

 

 

 

5.64 ± 0.16 

 

 

5.90 

Cu - Nano 

holes/ 

ZnO (62 nm) 

Champion 

11.98 ± 0.08 

 

 

12.00 

0.75 ± 0.01 

 

 

0.75 

0.61 ± 0.01 

 

 

0.62 

8.7 ± 0.5 

 

 

 

666 ± 36 

 

 

 

5.47 ± 0.06 

 

 

5.57 

ITO/ 

ZnO (62 nm) 

Champion 

16.14 ± 0.13 

 

16.40 

0.72 ± 0.01 

 

0.72 

0.69 ± 0.01 

 

0.69 

7.3 ± 0.6 

 

 

722 ± 38 

 

 

8.04 ± 0.03 

 

8.15 
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3.4 Conclusion 

In summary, this chapter describes a novel approach to simultaneously reducing inter-

band absorption losses in optically thin Cu films for wavelengths below 550 nm and 

dramatically suppressing reflection for wavelengths above 550 nm, which is based on 

incorporation of ~100 million circular apertures per cm2 into the Cu film with a mean 

aperture diameter of  500 nm. Additionally, this work describes a method for the 

realisation of such an electrode that could be applied to other thin metal films. The 

advantage of this method is that the metal is deposited by simple vacuum evaporation and 

all subsequent steps are solution-based processes using widely available low-cost 

chemicals based on earth abundant elements, without the need to control humidity or for 

post-deposition annealing.  

Remarkably, when this electrode is constrained beneath a solution processed ZnO layer, 

widely used as an ETL in OPVs, brief thermal annealing at only 180 oC dramatically 

improves the electrode conductivity due to spontaneous diffusion of Cu into the ZnO over 

layer which is particularly important for improving the conductivity across those regions 

above apertures in the Cu film, which ensures that the device FF is not degraded as 

compared to that achieved using an electrode without apertures in the Cu film. Notably, 

in the current study, the Cu electrodes are supported on glass for ease of handing. 

However, it has been previously demonstrated that unpatterned optically thin Cu films of 

the same thickness have identical properties on glass and plastic substrates when using 

the metal deposition protocol used in the current work.36 Since the approach reported 

herein, for the formation of apertures in Cu films is compatible with plastic substrates, 

Figure 3.16:(a) Representative current density – voltage characteristics and (b) EQE recorded under 
one sun simulated solar illumination (100 mW cm−2; AM 1.5G) for devices with the architecture: ITO 

/ZnO (33 nm)/ PEI (2 nm) / PCE10 – PC70BM (160 nm) /MoOx (10 nm)/ Ag (80 nm). 

(a) (b) 
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there is no barrier to translating this approach to plastic substrates for the realisation of 

flexible OPVs.   
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Chapter 4 

High Figure-of-merit Transparent Copper Window 

Electrodes for Organic Photovoltaics 

A manuscript derived from the work presented in this chapter has been submitted: 

H. J. Pereira, R. A. Hatton, High Figure-of-merit Transparent Copper Window Electrodes 

for Organic Photovoltaics, Front. Mater. 

4.1 Background             

The low-cost associated with processing organic semiconductors by printing, together 

with low processing temperature and colour tuneability make OPVs attractive for a 

diverse range of applications.1,2 The flexibility and light weight of OPVs supported on 

flexible plastic substrates also enables integration into wearable electronics, roofing, 

automobile and building related applications where conventional rigid PVs are not 

suitable3–7 , as well as enabling compact storage for transportation. All OPVs require a 

transparent electrode with low Rsh, which is often expressed in terms of the Haacke FoM 

which quantifies the trade-off between transmission and Rsh. A higher magnitude for the 

Haacke FoM is preferred and indicates an effective electrode with high transparency and 

good conductivity.8–10 In addition to requiring a high FoM, flexible OPVs require a 

transparent electrode that does not degrade when bent, both for application purposes and 

for compatibility with roll-to-roll processing. Whilst ITO and FTO are predominantly 

used in research scale OPVs due to their high FoM, they are unsuitable for flexible OPVs 

because of the inherent brittleness of these oxide films11–13, which cause their Rsh to 

degrade quite readily upon modest physical deformation.11–16 Consequently, flexible 

OPVs reported to date use a transparent electrode composed of carbon nanotubes,17 metal 

nanowires,14,18,19 graphene,16,20 metal nanogrids11,19 or optically thin (6-12 nm) films of 

Au, Ag or Cu.12,19 As already discussed, of the metals Ag is by far the dominant choice 

owing to its relatively slow oxidation under ambient conditions and its very low optical 

losses in the visible and IR regions.21,22 However, Ag  is a costly precious metal and so 

Cu is attractive as an alternative because it offers a conductivity comparable to that of Ag 

at one hundredth of the cost.22,23 Unfortunately, parasitic absorption in Cu due to inter-

band absorption losses mean that optically thin Cu films are not as transparent as Ag films 

of the same thickness.22–25 To address this problem a new approach was described in 
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chapter 3 based on incorporating a random distribution of 100 million holes of the order 

of 500 nm per cm2 which  simultaneously reduces absorption losses whilst suppressing 

reflective losses.24  

In this chapter, the work presented in chapter 3 is advanced by showing that; (i) the 

method of electrode fabrication can be translated to the technologically important 

transparent plastic substrate, PET, with only slight adaptation, and that the Haacke FoM 

can be increased substantially above that previously reported on glass substrates by 

increasing the aperture density; (ii) it is possible to fabricate the polymer mask by dip 

coating, which, unlike spin coating, is a scalable deposition method compatible with roll-

to-roll processing; (iii) these electrodes outperform ITO coated plastic as the transparent 

electrode in flexible OPVs. 

4.2 Experimental Methods                   

Experimental details specific to the work presented in this chapter are as follows;         

4.2.1 Substrate cleaning 

Substrate slides of the required dimension were cut from a roll of PET and cleaned as 

described in section 2.1 and 2.2. Notably both sides of the PET sheet were not identical 

in surface roughness and so AFM imaging was performed in tapping mode using an 

Asylum Research MFP – 3D AFM to determine the smooth side onto which all surface 

treatment was done prior to deposition of Cu. 

4.2.2 Mixed Monolayer deposition 

A mixed monolayer was deposited prior to evaporation of Cu by exposing the substrates 

to vapours of MPTMS and APTMS, at 50 mbar for 4 hours immediately after UV/O3 

treatment.   

4.2.3 Deposition of Cu  

Cu was deposited by thermal evaporation of Cu pellets at a rate of 2.2 – 2.5 Å s-1 to give 

the required thickness.  

4.2.4 Fabrication of apertures using polymer blend lithography  

A polymer blend consisting of PS (Mw = 280 000) and PMMA (Mw = 50 000) in the 

weight ratio of 3:7 having a concentration of 15 mg ml-1 was prepared in 2-butanone 

(MEK). The blend was deposited on Cu by spin coating at 2500 rpm for 60 seconds or 

by dip coating, using an automated setup, at a dipping rate of 2 mm s-1 and a dwell time 

of 2 seconds. The PS entities were selectively removed by rinsing the films in 
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cyclohexane. The films were then UV/O3 treated for 15 minutes. A dilute solution of 

ammonium persulphate (0.002 mol dm-3) was used to etch Cu through the PMMA mask 

to fabricate holes by immersing the substrates in the etchant for 15-20 seconds followed 

by washing with deionized water and drying with a stream of N2. The PMMA template 

was finally removed by ultrasonic agitation in toluene and then very briefly in glacial 

acetic acid to remove any residual PMMA and Cu oxides on the surface of the electrode. 

4.2.5 Morphology and distribution of apertures  

AFM imaging was performed using an Asylum Research MFP – 3D operated in tapping 

mode to study the morphology of the Cu films. The size distribution of apertures was 

evaluated using WXsM software. SEM imaging was performed using ZEISS Gemini 500 

with an accelerating voltage of typically 0.1 - 0.4 kV to evaluate the distribution and 

coverage of apertures.  

4.2.6 Optical transparency and reflectance measurements 

Far-field transmittance and reflectance of metal films supported on PET were measured 

over the wavelength range of 350 – 850 nm using 150 mm Spectralon® Integrating 

Sphere coupled to a PerkinElmer® LAMBDA™ high performance UV/Vis spectrometer. 

Measurements were performed with reference to the substrate. 

4.2.7 Fabrication of flexible OPV devices  

A ZnO ink (5.6% w/v) in IPA was purchased from Infinity PV and a diluted solution was 

spun at 1000 rpm for 60 seconds followed by annealing at 145 oC for 15 minutes to 

fabricate the ETL. PCE12 and m-ITIC were mixed in 1:1 mass ratio to make a 20 mg ml-

1 solution in chlorobenzene (99%) and 1,8-diiodooctane (1%) and was deposited by spin 

coating from a static start at 1900 rpm for 60 seconds to form the photo-active layer 

having a thickness of ~100 nm. These slides were left inside the evaporator overnight and 

MoOx (10 nm at 0.1- 0.2 Å s-1) was deposited as the HTL followed by Ag (85 nm at 1.0-

1.2 Å s-1) as the top reflective electrode. Ag was deposited through a shadow mask to 

give an electrode area of 0.06 cm2.  

4.2.8 Characterization of OPV devices                

Current density-voltage (JV) testing was performed as described in section 2.17 and the 

OPV devices were measured through a mask having a pixel area of 0.013 cm2. EQE 

measurements were done as described in section 2.18.  
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4.3 Results and Discussion 

Optically thin Cu films with a thickness of 11 nm were thermally evaporated onto PET 

substrates modified with a mixed molecular nucleation layer of MPTMS and APTMS.15,26 

In the first instance, a 15 mg ml-1 PS/PMMA blend with the ratio 3:7 in MEK was spin 

coated onto these 11 nm Cu films on PET. The PS phase was then selectively removed 

using cyclohexane, followed by a UV/O3 treatment to open out the base of the holes in 

the PMMA, and finally rapid etching and removal of the PMMA mask, similar to the 

protocol designed for glass substrates24 as discussed in chapter 3 (Figure 4.1(a) – (d)).  

Spin coating is not compatible with roll-to-roll processing and large area fabrication of 

electrodes, and so the possibility of dip-coating the polymer blend was also tested. It is 

evident from the AFM images in Figure 4.1 (f) - (i), that the polymer blend mask can be 

deposited by dip-coating. Using a dipping rate of 2 mm s-1 and a dwell time of 2 seconds, 

a very similar aperture size distribution to that obtained by spin coating was achieved 

even though the solvent evaporation rates for spin coating and dip coating are very 

different,27 which demonstrates the robustness of this method for mask formation and 

scope for increasing the dipping speed. The primary difference between the spin cast and 

dip coated films is in the density of apertures (Figure 4.1(e) and (j)) in the Cu film: 

Electrodes fabricated by spin casting the resist layer have a total aperture area of 29 ± 1 

% vs 25 ± 1 % for electrodes fabricated using a dip coated resist layer. It is anticipated 

that by fine tuning of the dip coating deposition parameters it will be possible to achieve 

the same result using the two different methods.  For convenience, all of the OPV devices 

fabricated as part of this study were fabricated by spin coating the polymer blend.  

The AFM images in Figure 4.1 show that the distribution of aperture sizes using both 

methods is very similar, consistent with a previously reported observation that the 

aperture size is primarily determined by the solution concentration. 
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It is evident from the SEM image and cross-sectional AFM image (Figure 4.2) that the 

edges of the apertures taper in towards the centre, which was not observed to occur on 

glass substrates. However, the AFM image also shows that the hole in the film is 2-5 nm 

deeper than the combined thickness of the metal film and the APTMS/MPTMS adhesion 

layer. The tapered edge in the film is therefore attributed to sagging of the surrounding 

metal into the hole in PET that forms as a result of etching of the PET substrate during 

the acetic acid wash used to remove residual PMMA and surface Cu oxides. 

Consequently, when fabricating electrodes on PET substrates, the acetic acid rinse time 

must be very brief. 

Figure 4.1: AFM images showing the morphology of: (a) the PS/PMMA polymer blend (15 mg ml-1) 
spin cast onto a Cu film vacuum evaporated on PET substrates showing spherical PS islands 

dispersed in a PMMA matrix; (b) following the selective removal of PS using cyclohexane the peaks 
are transformed into holes; (c) the resulting PMMA film is UV/O3 treated to remove residual 
polymers within the holes and to ensure the holes extends the entire depth right down to the 

surface of the metal; (d) etched Cu film showing circular apertures;  (f) – (i) are representative AFM 
images showing the morphology of the film when the same steps are repeated following the 

deposition of the polymer blend by dip coating; histogram showing the size distribution of 
apertures computed for a 10 × 10 µm2 AFM image of the etched Cu electrode when the PMMA 

mask is deposited by (e) spin coating and (j) dip coating of the polymer blend. 

Figure 4.2: (a) SEM image showing the morphology of 11 nm thick Cu films with apertures; and (b) 
AFM image and (c) cross section of the aperture along the line in (b) showing the depth of the hole 

is larger than the metal thickness (11 nm) indicating the etching of the PET substrate when the 
acetic acid wash is prolong.  . 

1 µm 

(a) 

(b) (c) 

µ
m
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The Cu electrodes with apertures have an average far-field transparency (Tavg) of 75.9% 

over the wavelength range of 400 - 800 nm (Figure 4.3(a)) with an 18.8% average 

increase in the total transmittance over this wavelength as compared to an unpatterned 

electrode of similar thickness. The reduction in reflectance upon introduction of apertures 

is very large, particularly for λ ≥ 620 nm where the reduction as compared to planar Cu 

film is ˃ 30% (Figure 4.3 (b)). The transmittance of these flexible window electrodes is 

further increased to an impressive 86.4% (400 - 800 nm) upon deposition of a ~62 nm 

thick ZnO over layer (Figure 4.3(a)) from solution at low temperature.  

Importantly the ZnO not only contributes to an increase in transmittance but also serves 

as an ETL and spans the apertures substantially reducing the electrode Rsh. The 

introduction of apertures increases the Rsh from 8.4 ± 0.5 Ω sq-1 to 29.9 ± 1.2 Ω sq-1 

because the apertures disrupt the flow of electrons in the plane of the electrode by 

scattering. However, after deposition of a ZnO over layer, which includes annealing at 

145 oC, the Rsh drops to 21.9 ± 1.1 Ω sq-1, and continues to fall upon storage, such that 

after 4 months, the Rsh is reduced to 11.3 ± 1.5 Ω sq-1.  This improvement in Rsh with time 

has previously been shown for these Cu electrodes supported on glass (chapter 3), and is  

due to diffusion of Cu into the ZnO where in accumulates in the grain boundaries 

contributing to an increase in the conductivity.24 In this case the ZnO annealing 

temperature was reduced from 180 oC to 145 oC to avoid thermal distortion of the PET 

substrate. This was also accompanied with a very small reduction in the overall 

transmittance to Tavg = 84.6% (400 – 800 nm) (Figure 4.4). However, the Haacke FoM is 

increased from 0.0107 Ω-1 to 0.0166 Ω-1 after 4 months of storage in the glove box, which 

Figure 4.3: (a) Total far-field transparency and (b) total reflectance of 11 nm Cu films before and 
after the introduction of nano - apertures (CuE), and ITO coated PEN substrates with and without 

ZnO (referenced to glass). 

(b) (a) 
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is much higher than previously achieved on glass ; i.e. 0.0099 Ω-1 and 0.0135 Ω-1 at time 

= 0 and 5 months respectively.24 

An essential characteristic of flexible electrodes is the ability to sustain physical 

deformation without significant deterioration in Rsh. In order to evaluate how these Cu on 

PET electrodes behave upon deformation, a bending test was performed in which the 

electrode was bent repeatedly (100 times) through a 4 mm radius of curvature. Electrodes 

were bent inwards (compressed) and outwards (stretched) in separate experiments.  

It is evident from the data in Figure 4.5 that there is negligible change in Rsh for Cu 

electrodes with and without apertures. In contrast the Rsh of the ITO on PEN deteriorate 

rapidly upon repeated bending. These differences in robustness can be rationalised in 

terms of metal thickness and the nature of the bonds in a metal as compared to ITO. The 

metal thickness in these electrodes (11 nm) is at least an order of magnitude thinner than 

the thickness of ITO and so the stress in the Cu film upon bending is proportionally lower. 

This together with the flexibility of metallic bonds between metal atoms enable moderate 

deformation without damaging the electrode.  Additionally, unlike the directional 

covalent bonds in ITO, metallic bonds are flexible, enabling moderate elastic 

deformation.13 

 

Figure 4.4: (a) Total far-field transparency of an 11 nm thick flexible CuE electrode with a ZnO (62 
nm) over layer immediately after fabrication and following storage in a glove box for a period of 4 
months and (b) comparison of the total far-field transparency of an 11 nm thick CuE electrode with 
a ZnO (62 nm) over layer supported on PET and glass after storage in a glove box for a period of 4 

months and 5 months respectively. 

 

(a) (b) 
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In order to test the applicability of these electrodes in flexible solution processed OPVs, 

devices were fabricated using PCE12 and m-ITIC as the donor and acceptor respectively 

in BHJ OPV devices with the architecture; transparent electrode /ZnO (β nm)/ PCE12 – 

m-ITIC (100 nm) /MoOx (10 nm) / Ag (85 nm), where β = 25-62 nm.  

Whilst the maximum far-field transparency was achieved when the ZnO thickness was 

~62 nm (Figure 4.3(a)) this was not the optimal thickness for OPV devices. When the 

ZnO thickness was varied, the best device performance was achieved for a ZnO thickness 

of ~33 nm (Table 4.1 and Figure 4.6(a)). Transfer matrix optical simulations of the entire 

device, with the extinction coefficient (k) for the BHJ set to zero, confirm that more light 

is coupled into the device when the ZnO thickness is 33 nm than when it is 62 nm: Figure 

4.6(b) and (c)). Using this optimal ZnO thickness a champion PCE of 8.68 % (8.25 ± 0.32 

%) was achieved, which is the highest efficiency reported to date for an OPV device using 

a Cu based window electrode.28  

Figure 4.5: Change in Rsh when Cu, CuE electrodes supported on PET and ITO coated PEN electrodes 
are subjected to repeated bending in the (a) outward (stretched) and (b) inward (compressed) 

directions. Inset: A photograph of a flexible CuE electrode with a ZnO (~62 nm) over layer.  

 

(b) (a) 
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It is evident from the EQE data in Figure 4.7(c) that the improvement in Jsc as compared 

to the electrode without apertures correlates with the increase in electrode transparency; 

being most enhanced for shorter wavelengths. Notably the dark current characteristics of 

both Cu and CuE electrodes exhibit suppressed forward current injection when compared 

to that under illumination. This significant change in Jsc at V ˃ Voc in the dark, is associated 

with ZnO 29,30 and will be discussed in chapter 5. 

 

 

Figure 4.6: (a) Representative current density – voltage characteristics recorded under one sun 
simulated solar illumination (100 mW cm−2; AM 1.5G) for devices with the architecture: Cu (11nm) 
with (solid lines) and without (broken lines) nano-apertures / ZnO (β nm) / PCE12 – m-ITIC / MoOx 

(10 nm)/ Ag (85 nm); (b) Transfer-matrix simulation of the transmittance for an 11 nm thick 
unpatterned Cu electrode in an inverted OPV device with the architecture: Cu (11nm) / ZnO (β nm) / 

PCE12 – m-ITIC (k = 0) showing the amount of light entering the device; Simulated optical field 
variation for devices at different wavelengths with k = 0 for the BHJ when the thickness of ZnO is (c) 

33 nm and (d) 62 nm for devices with the architecture: Cu (11 nm) / ZnO (β nm) / PCE12 – m-ITIC 
(100 nm) / MoOx (10 nm)/ Ag (85 nm). 

(a) 

(c) (d) 

(b) 
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Table 4.1: Summary of current density - voltage characteristics of devices with the architecture; Cu 
or CuE (11nm) or ITO on PEN/ ZnO (β nm) / PCE12 – m-ITIC (100 nm) / MoOx (10 nm)/ Ag (85 nm) 

where β = 25-62 nm tested under 1 sun simulated solar illumination (100 mW cm−2; AM 1.5G). The 
error bars represent ± 1 standard deviation determined from the performance of 20-30 devices with 

identical architecture. 

 

 

 

 

Sample 

ZnO 

Thickness 

/nm 

Quantity 
Jsc  ± 1 SD  

/ mA cm-2 

Voc ± 1 SD 

 / V 
FF ± 1 SD 

PCE ± 1 SD 

 / % 

Cu 

62 

Average 8.28 ± 0.22 0.91 ± 0.01 0.69 ± 0.02 5.21 ± 0.22 

Champion 8.66 0.92 0.70 5.61 

CuE 

Average 11.19 ± 0.52 0.92 ± 0.02 0.68 ± 0.02 7.00 ± 0.51 

Champion 11.90 0.94 0.70 7.85 

Cu 

48 

Average 8.87 ± 0.24 0.91 ± 0.01 0.67 ± 0.01 5.39 ± 0.12 

Champion 8.85 0.91 0.69 5.52 

CuE 

Average 11.32 ± 0.55 0.93 ± 0.01 0.70 ± 0.01 7.32 ± 0.37 

Champion 11.98 0.93 0.70 7.86 

Cu 

33 

Average 10.16 ± 0.24 0.91 ± 0.02 0.66 ± 0.04 6.16 ± 0.27 

Champion 10.07 0.93 0.70 6.52 

CuE 

Average 12.67 ± 0.33 0.93 ± 0.01 0.70 ± 0.01 8.25 ± 0.32 

Champion 13.19 0.94 0.70 8.68 

Cu 

25 

Average 10.08 ± 0.57 0.91 ± 0.02 0.65 ± 0.02 5.97 ± 0.37 

Champion 10.50 0.92 0.67 6.47 

CuE 

Average 12.10 ± 0.62 0.91 ± 0.02 0.67 ± 0.03 7.43 ± 0.22 

Champion 12.20 0.92 0.70 7.87 

ITO 

(PEN) 

33 

Average 14.54 ± 0.23 0.85 ± 0.04 0.45 ± 0.02 5.60 ± 0.32 

Champion 14.73 0.87 0.47 5.98 

ITO 

(Glass) 

Average 15.51 ± 0.21 0.93 ± 0.01 0.70 ± 0.01 10.05 ± 0.19 

Champion 15.73 0.94 0.70 
10.32 
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To directly compare the performance of the Cu electrode on PET against commercial ITO 

coated plastic substrates, OPV devices were fabricated using ITO coated PEN as the 

transparent electrode. It is clear from Figure 4.7(a) and Table 4.1 that devices using the 

ITO electrode exhibit a higher Jsc (14.5 ± 0.2 mA cm-2) than those using the Cu electrode 

(12.8 ± 0.25 mA cm-2), but both the Voc and FF are much lower in the former. The larger 

Jsc correlates with the higher far-field transmittance of ITO (Figure 4.3(a)) although this 

does not translate to a higher PCE because the FF is significantly degraded due to a s-

shaped kink, which also erodes the Voc.  A s-shaped kink in the JV characteristic is typical 

of accumulation of one charge carrier type at an interface in the device.30 Given that both 

OPVs are identical except in the choice of the transparent electrode, the interface in 

question must be that between the ITO and ZnO. Alternatively the s-shape kink may result 

from a local deterioration in the ITO conductivity due to deformation of the ITO layer by 

Figure 4.7: (a) Representative current density – voltage characteristics recorded under one sun 
simulated solar illumination (100 mW cm−2; AM 1.5G) for devices with the architecture: 

Transparent electrode / ZnO (33 nm) / PCE12 – m-ITIC (100 nm) / MoOx (10 nm) /Ag (85 nm) and 
EQE recorded under same conditions for identical devices when the transparent electrode is (b) ITO 

coated PEN and (c) Cu (red) or CuE (blue).   

(a) 

(b) (c) 
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the spring loaded pins connecting each device to the external circuit. The origin of the s-

shaped kink in the JV characteristic is the subject of ongoing investigation, although the 

poor performance of inverted OPVs using ITO supported on PEN as the substrate 

electrode serves to highlight the inadequacy of this transparent substrate electrode for 

flexible OPVs. Thus, although identical devices on ITO coated glass exhibited a PCE  

over 10% (10.05 ± 0.19 %; Table 4.1 and Figure 4.8) in accordance with values reported 

for this particular BHJ, the PCE of the flexible ITO based devices were limited to 5.57 ± 

0.36 %. 

 

 

 

 

 

 

 

 

4.4 Conclusion                 

In summary this chapter reports the fabrication of highly transparent flexible Cu window 

electrodes applicable to flexible OPVs. The fabrication process based on incorporation of 

over hundred million holes having a diameter of about 500 nm per cm2 which was initially 

reported for optically thin Cu films on glass (chapter 3) has been successfully transferred 

to Cu on PET substrates resulting in a flexible electrode having a Tavg of 84.6 % (400 – 

800 nm) with a Rsh of 11.3 ± 1.5 Ω sq-1. This electrode enabled the fabrication of flexible 

OPV devices having a champion PCE of 8.68%, which is the highest reported PCE to 

date for a Cu based window electrode. The possibility of depositing the polymer mask 

used to fabricate the dense array of apertures by dip coating is demonstrated. Dip coating 

is a scalable deposition method compatible with roll-to-roll processing and bodes well for 

practical application of this type of electrode. Therefore, this approach which utilises 

simple self-organization of a polymer blend at ambient conditions and uses low toxic 

Figure 4.8: (a) Representative current density – voltage characteristics and (b) EQE recorded under 
one sun simulated solar illumination (100 mW cm−2; AM 1.5G) for devices with the architecture: ITO 

on glass / ZnO (33 nm) / PCE12 – m-ITIC / MoOx (10 nm)/ Ag (85 nm). 

(b) (a) 
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solvents will be a powerful approach in fabrication of transparent flexible metal window 

electrodes for next-generation photovoltaics and related applications. It is also quite 

evident that the absorption edge for this BHJ system lies at λ ~750 nm, although a 

significant improvement in transparency is taking place at λ ˃ 750 nm. Thus, if a ternary 

BHJ with multiple donor or multiple acceptor is employed a broader absorption of the 

solar spectrum (up to λ ≥ 1000 nm) will lead to a higher Jsc contributing to an improved 

PCE31–33 enabling the full potential of this electrode to be exploited. 
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Chapter 5 

Copper Substrate Electrode for Efficient Top-illuminated 

Organic Photovoltaics 

The work presented in this chapter has been published in: 

H. J. Pereira, R. A. Hatton, Copper Substrate Electrodes for Efficient Top-illuminated 

Organic Photovoltaics, ACS Applied Materials and Interfaces, 2019, 11(1) pp 43-48, 

DOI: 10.1021/acsami.8b18453 

5.1 Background           

OPV devices have recently achieved a record PCE of 17.3%1 using solution processed 

BHJ light harvesting layers and so have reached the efficiency needed for a broad range 

of emerging applications.2–4 Key advantages of OPVs over other thin film PVs, is their 

compatibility with high-speed roll-to-roll processing and that rare or toxic elements can 

be completely avoided, which minimises materials cost5 and ensures environmental 

sustainability. Many different OPV device architectures have been developed falling into 

the categories of conventional, inverted, top-illuminated, semi-transparent and multi-

junction, each offering advantages for particular applications or fabrication methods. For 

OPVs based on a single BHJ layer, conventional wisdom dictates that the PCE is 

maximised when one of the electrodes is highly reflective across the full range of 

wavelengths over which the BHJ absorbs, because the thickness of the BHJ in most 

efficient single junction OPVs reported to date is only 100-150 nm, which is insufficient 

to absorb all of the incident light across all wavelengths on the first pass through the BHJ 

layer. This constraint on the thickness of the light harvesting layer stems from the low 

and mismatched charge carrier mobility in the donor and acceptor phases comprising the 

BHJ.6–8 However, in recent years there has been a concerted effort towards developing 

solution processed OPVs with high performance using a much thicker BHJ of up to 400 

nm,9–11 because it is now clear that the high defect density associated with much thinner 

BHJ layers, together with the difficulty in achieving a uniform layer thickness over large 

areas using low cost printing methods when the BHJ is very thin, are serious obstacles to 

scaling up for potential applications.8,12–15 Whilst there are relatively few BHJs suitable 

for thick-junction OPVs, this paradigm is beginning to shift since it is now understood 

that if the charge carrier mobility in the donor and acceptor phases are sufficiently high 
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and well matched it is possible to increase the junction thickness8,14 to 400 nm without 

incurring an unacceptable increase in device series resistance.8–11,14 At the same time, for 

many applications the top-illuminated device architecture, in which the substrate 

electrode is the opaque electrode and light enters the device through the transparent top 

electrode,16 is particularly attractive for a wide range of applications including in 

automotive17 and buildings integration17,18 applications. Using an opaque bottom 

electrode has the advantage that it enables much more flexibility towards the choice of 

substrate by removing the need to use conducting oxide coated glass or plastic.19 Whilst 

there have been continuous developments in the materials used for top-illuminated OPVs 

with regard to device engineering20–23, the substrate electrode used is invariably Ag 

because it is highly reflective in the wavelength range of 350 – 900 nm and offers good 

stability towards oxidation in air.20,22,24  However, using a Ag layer that is sufficiently 

thick to be opaque (> 80 nm) as the reflective electrode seriously erodes the cost 

advantage of OPVs,25 since Ag is a high cost metal. Consequently, there is a need to 

identify a viable much lower cost alternative to Ag for this important emerging 

application space. Cu is an attractive replacement for Ag in this context because it is less 

than 1% of the cost of Ag with comparable electrical conductivity.26,27 However to date 

there are no reports of using Cu as the reflective substrate electrode in top-illuminated 

OPVs because the reflectance of Cu for wavelengths ˂ 600 nm is less than 60% of that 

of Ag due to absorptive losses associated with inter-band transitions,26,28 which renders 

it unsuitable for OPVs with a light harvesting layer ≤150 nm. Additionally, Cu is more 

susceptible to air oxidation than Ag, limiting the extent to which Cu electrodes can be 

manipulated in air prior to device fabrication, and arguably also limiting the long-term 

device stability, since slow air ingress into the device is inevitable. Addressing the latter 

issue, is has recently be shown that Cu can be passivated towards oxidation in air without 

electrical isolation or significantly altering the optical properties, rendering it as stable as 

Ag.29  

This chapter shows that Cu can be used in place of Ag as the reflective substrate electrode 

in high performance top-illuminated OPVs, without compromising device PCE when the 

photo-active layer is thick enough to absorb majority of the incident photons with 

energies above the optical band gap, on first pass through the photo-active layer. Since 

Cu is approximately one hundredth of the cost of Ag, its use as a drop-in replacement for 

Ag in thick film OPVs will help to significantly reduce the bill of materials for OPV 

manufacture. 
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5.2 Experimental Methods                          

Experimental details specific to the work presented in this chapter are as follows;           

5.2.1 Substrate cleaning 

Glass substrates of the required dimension were cut and cleaned as described in section 

2.1 and 2.2. 

5.2.2 Mixed monolayer deposition 

A mixed monolayer was deposited prior to evaporation of Cu by exposing the substrates 

to vapours of MPTMS and APTMS at 50 mbar for 4 hours immediately after UV/O3 

treatment. For Ag electrodes monolayer deposition was done using only MPTMS. 

5.2.3 Deposition of Cu and Ag 

Cu was deposited by thermal evaporation of Cu pellets at a rate of 2.2 – 2.5 Å s-1 and Ag 

by thermal evaporation of Ag pellets at a rate of 1.0 – 1.5 Å s-1 to give the required 

thickness.  

5.2.4 Optical transparency and reflectance measurements 

Far-field transmittance and reflectance of metal films on glass were measured over the 

wavelength range of 350 – 850 nm using a 150 mm Spectralon® Integrating Sphere 

coupled to PerkinElmer® LAMBDA™ high performance UV/Vis spectrometer. 

Measurements were performed with reference to the air.  

5.2.5 Fabrication of OPV devices  

A ZnO ink (5.6% w/v) in IPA was purchased from Infinity PV and a diluted solution 

(0.5% w/v) was spun at 1000 rpm for 60 seconds followed by annealing at 180 oC for 15 

minutes to fabricate the ETL. For devices that used Al as the ETL, a thin layer of Al (0.8 

nm) was deposited by thermal evaporation. For these devices both the metal (Cu or Ag) 

and Al were evaporated under the same vacuum. PCE10 and PC70BM were mixed in 2:3 

mass ratio to make a 35 mg ml-1 solution in dichlorobenzene (97%) and 1,8-diiodooctane 

(3%) and deposited by spin coating from a static start at 3000 rpm for 120 seconds to 

form a photo-active layer having a thickness of 100 nm. For thicker BHJs a solution 

having a higher concentration of 50 mg ml-1 was used and was spun at 2500 rpm and 

1500 rpm to obtain a thickness of 300 nm and 400 nm respectively. These slides were left 

inside the evaporator overnight and MoOx (10 nm at 0.1-0.2 Å s-1) was deposited as the 

HTL followed by Ag (11 nm at 1.0-1.2 Å s-1) as the top transparent electrode. Ag was 

deposited through a shadow mask to give an electrode area of 0.06 cm2.  
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5.2.6 Characterization of OPV devices 

Current density-voltage (JV) testing was performed as described in section 2.17 and EQE 

measurements were done as described in section 2.18 in the wavelength range of 300 – 

850 nm. 

5.3 Results and Discussion  

Optically thick metal films were deposited onto glass substrates modified with a 

monolayer of MPTMS for Ag, and a mixed monolayer of MPTMS and APTMS for Cu. 

These molecular adhesive layers ensure that the metal films are smooth and compact by 

nucleating slab-like film growth at a very low thickness, which helps to ensure that 

parasitic losses due to surface plasmon excitation28 are minimised.30  A PCE10/PC70BM 

BHJ was employed as the photo-active material for this study because PCE10 and 

PC70BM have well-matched electron and hole mobility enabling a study of BHJ thickness 

of up to 400 nm.31  

In the first instance inverted OPVs (Figure 5.1) were fabricated using the previously 

reported optimal thickness for PCE10/PC70BM heterojunctions of 100 nm.32 In such a 

thin BHJ the light distribution across the photoactive layer is strongly determined by the 

interference between the incoming light and that reflected from the back electrode, and 

charge carriers are generated within the bulk of the photo-active layer regardless of the 

incident photon energy.12 It is evident from Figure 5.2 that the reflectance of the Cu 

electrode is much lower than that of Ag for wavelengths ≤ 600 nm, falling to less than 

60% for wavelengths below 550 nm, which would be expected to result in a significantly 

reduced Jsc compared to identical devices using Ag as the reflective substrate electrode. 

However, it is important to recognize that the solar photon flux33 drops away steeply for 

Figure 5.1: Schematic showing the top-illuminated device architecture. 

Glass Substrate 

ZnO (or Al) 

MoOx 

Cu or Ag 

Ag 

Thick BHJ  



Chapter 5 

 

130 
 

wavelengths ˂ 500 nm (Figure 5.2), which moderates the adverse impact of the lower 

reflectivity of Cu in this region. 

It is however apparent from the JV characteristics given in Figure 5.3(a), that the change 

in Jsc when Cu is used in place of Ag is relatively small and there is no significant change 

in Voc or device FF. The EQE for devices using Cu as the substrate electrode (Figure 5.3 

(b)) is lower than for devices using Ag for wavelengths < 600 nm but converges for 

wavelengths ≥ 650 nm, and in both cases the EQE is highest for wavelengths > 600 nm, 

which is qualitatively consistent with the difference in the reflectance of the Cu and Ag 

substrate electrodes weighted by the solar photon flux.  

 

 

 

 

 

 

 

 

 

 

 

Figure 5.3: Representative (a) current density - voltage (JV) characteristics and (b) EQE measured 
under one sun simulated solar illumination (100 mW cm−2; AM 1.5G) for devices with the 

architecture: Cu or Ag (85nm) / ZnO (25 nm) / PCE10 – PC70BM (100 nm) / MoOx (10 nm)/ Ag (11 
nm). 

(b) (a) 

Top reflective electrode 

(Al or Ag) 

ETL 

Transparent metal 

window electrode 

Figure 5.2: Total reflectance of 85 nm thick Ag and Cu electrodes deposited by vacuum evaporation 
on glass substrates derivatized with a silane molecular adhesive layer together with the AM 1.5G 

solar photon flux spectrum overlaid in the background. 
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Table 5.1: Summary of current density - voltage characteristics of devices with the architecture; Cu 
or Ag (85nm) / ZnO (25 nm) / PCE10 – PC70BM (Z nm) / MoOx (10 nm)/ Ag (11 nm); where Z = 100 - 
400 nm, tested under 1 sun simulated solar illumination (100 mW cm−2; AM 1.5G). The error bars 

represent ± 1 standard deviation (± 1SD) determined from the performance of 20 - 30 devices with 
identical architecture. 

Simulations of the optical field distribution using transfer matrix model with extinction 

coefficient, k = 0 for the BHJ (Figure 5.4(a) & (b)), show that there is a cavity resonance 

condition at λ ̴ 700 nm, and so photons with wavelength at and near to this value make a 

disproportionate contribution to Jsc as is evident from the EQE. Consequently, because of 

this strong optical interference effect, the average PCE when Cu is used as the substrate 

electrode is only fractionally lower than when Ag is used (5.56% and 5.79% respectively 

(Table 5.1)). 

 

 

 

 

 

Interestingly, when devices with a similar BHJ thickness were fabricated with a thin layer 

of Al (0.8 nm) as the ETL in place of ZnO, a clear difference in the efficiency of charge 

extraction was observed as shown in the EQE given in Figure 5.5(b). It is evident that 

Bottom 

Electrode 

Active 

Layer 

Thickness/ 

nm 

Jsc ± 1SD 

/ mA cm-2 

Voc ± 1SD 

/ V 
FF ± 1SD 

%PCE ± 

1SD 

Cu 

100 11.06 ± 0.24 0.76 ± 0.02 0.66 ± 0.01 5.56 ± 0.23 

300 10.62 ± 0.11 0.74 ± 0.01 0.60 ± 0.01 4.68 ± 0.18 

400 10.68 ± 0.21 0.74 ± 0.01 0.54 ± 0.01 4.32 ± 0.16 

Ag 

100 11.97 ± 0.44 0.75 ± 0.02 0.64 ± 0.01 5.79 ± 0.32 

300 10.53 ± 0.07 0.74 ± 0.01 0.59 ± 0.01 4.61 ± 0.10 

400 10.84 ± 0.22 0.74 ± 0.01 0.52 ± 0.01 4.18 ± 0.15 

Figure 5.4: Simulated optical field variation for devices at different wavelengths with k = 0 for the 
BHJ when (a) Ag and (b) Cu are used as back electrodes for devices with the architecture: Cu or Ag 

(85nm) / ZnO (25 nm) / PCE10 – PC70BM (100 nm) / MoOx (10 nm)/ Ag (11 nm).  

(a) (b) 



Chapter 5 

 

132 
 

although the performance is similar at λ ˃ 600 nm,  the devices with a Ag reflective 

electrode extract charges more efficiently in the wavelength range of λ ~ 450 - 600 nm, 

contributing to a larger Jsc of 12.36 ± 0.35 mA cm-2 in comparison to an identical device 

with a Cu electrode (Figure 5.5(b)). As evidenced by the optical simulation data given in 

Figure 5.5(c) & (d), the underlying reason for this observation is clearly a shift in the 

position of the cavity resonance to a lower wavelength (λ ˂  550 nm) where the reflectance 

of Cu drops rapidly compared to that of Ag. Hence, at this wavelength range Cu is unable 

to compete with the superior charge extraction of Ag, resulting in a lower Jsc of 11.22 ± 

0.33 mA cm-2. However in terms of overall device performance, the gap between the PCE 

of devices based on Ag and Cu electrodes is still small, considering the reflectance of Cu 

at shorter wavelengths, and the only contribution to this difference stems from the Jsc as 

Voc and FF are similar for both sets of devices. Therefore in the context of thin BHJs, the 

performance gap between devices that use Cu and Ag reflective substrate electrodes is 

dependent on the optical field distribution within the device. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.5: Representative (a) current density - voltage (JV) characteristics and (b) EQE measured 
under one sun simulated solar illumination (100 mW cm−2; AM 1.5G) for devices with the 

architecture: Cu or Ag (85nm) / Al (0.8 nm) / PCE10 – PC70BM (100 nm) / MoOx (10 nm)/ Ag (11 
nm). Simulated optical field variation for OPV devices at different wavelengths with k = 0 for the 

BHJ when (c) Ag and (b) Cu are used as reflective substrate electrodes.  

 

(a) (b) 

(d) (c) 
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Devices that use ZnO as the ETL exhibited slightly better overall performance and 

therefore subsequent experiments were based on devices with this architecture. It was 

shown in chapter 3 that spontaneous diffusion of Cu to ZnO occurs upon annealing at 180 

oC for 15 mins34 and this was also shown to be accompanied by an increase in total 

reflectance at shorter wavelengths for optically thin Cu electrodes. Thus in order to study 

the effects of annealing these thick metal films, total reflectance was measured after 

annealing the samples at 180 oC for 15 mins and 45 mins. The annealing time was 

extended to 45 mins with the intention of facilitating further diffusion as the migration of 

Cu into ZnO was observed to increase overtime. However, as shown in Figure 5.6, the 

incorporation of ZnO slightly reduces the total reflectance at λ ˂ 430 nm for Ag and at λ 

˂ 570 nm for thick Cu films and there is no apparent change arising from annealing time 

as metal films annealed for 15 mins and 45 mins show identical reduction (curves are one 

over the other). Interestingly, these positions correspond with the wavelengths at which 

inter-band transition losses begin to rise in the two metals; at λ ˂ 450 nm for Ag and λ ˂ 

600 nm for Cu.26 As the diffusion of Cu into ZnO progresses, ZnO becomes more metallic 

in character with more free electrons than its pure counterpart and the parasitic absorption 

losses associated with these electrons may contribute towards a reduction in total 

reflectance. As a similar explanation can be given for Ag, it is possible that annealing Ag 

films under same conditions causes Ag to diffuse into ZnO. A small degree of this 

reduction in reflectance may also be due to absorption of ZnO (Figure 5.6(b)) but it is 

limited to very short wavelengths (λ ˂ 370 nm). 

 

 

 

 

 

 

 

 

 

 

Figure 5.6: (a) Total Reflectance of thick Cu and Ag films (85 nm) before and after deposition of ZnO 
followed by annealing at 180 oC for 15 mins and 45 mins; and (b) total transmittance of ZnO (25 

nm) deposited on glass.   

 

(a) (b) 
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For these devices, the thickness of the photo-active layer was ~100 nm and so over the 

wavelength range of 400 – 700 nm nearly 50% of the incident light is not absorbed on 

the first pass through the BHJ layer: Figure 5.7(a). Consequently, the absorption of this 

residual light strongly depends on the efficient reflectance from the bottom substrate 

electrode, which directs the unabsorbed light back through the photo-active layer. 

Increasing the thickness of the photo-active layer increases the total amount of light 

absorbed on the first pass through the BHJ and when the thickness is increased to 400 nm 

the average absorbed light between 400 - 700 nm is increased to ~ 80%.  

Simulations of the optical intensity with k = 0 for the BHJ, show that for these thicker 

layers there are several cavity resonant modes occurring at wavelengths 450 nm, 680 

nm and 820 nm for a 300 nm thick BHJ and at 425nm, 575nm and 750 nm for the 

400 nm thick BHJ (Figure 5.8). However, in the limit where all of the incident light is 

absorbed on the first pass through the BHJ only the cavity resonance effect at the optical 

edge is of importance for photocurrent generation, since for shorter wavelengths there is 

a Beer-Lambert like optical field distribution.  

 

 

 

 

 

Figure 5.7: Total transmittance of PCE10 – PC70BM BHJ at different film thicknesses.  
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It is evident from Figure 5.9 that with increasing BHJ layer thickness, the Jsc and shape 

of the EQE spectrum when Ag and Cu are used as substrate electrodes converge, such 

that they are essentially identical when the BHJ is 400 nm in thickness. Increasing the 

thickness from 300 nm to 400 nm also shifts the cavity resonance so that it is more closely 

matched to the absorption edge: Figure 5.8, which is a significant advantage since it helps 

to extend the light harvesting capability of the device by a further 50 nm as evidenced 

by Figure 5.9(c) & (d).  

 

 

 

 

 

Figure 5.8: (a) Transfer matrix simulation of the optical field in OPV devices with the structure: 
reflective substrate electrode / ZnO (25 nm) / PCE10 – PC70BM (Z nm) / MoOx (10 nm)/ Ag (11 nm). 
When Z = 300 nm and the reflective substrate electrode is 85 nm of (a) Ag or (b) Cu and when Z = 

400 nm and the reflective substrate electrode is 85 nm of (c) Ag or (d) Cu.  

 

(a) (b) 

(c) (d) 
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Notably, in Figures 5.3 and 5.9 the onset of forward current injection in the dark is greatly 

suppressed as compared to that under illumination, which is atypical for OPVs. The large 

disparity in current density in the dark and light for V > Voc disappears after a few minutes 

of constant illumination, although is restored when the device is kept in the dark for an 

extended period: Figure 5.10(a). When the ZnO layer is substituted with a very thin (0.8 

nm) Al layer29 (which also enables efficient extraction of electrons as shown in Figure 

5.5) this anomaly in the dark current characteristic does not occur; Figure 5.10(b), 

indicating that it is associated with the use of a ZnO ETL. This behaviour has previously 

been reported for OPVs using a ZnO electron extraction layer and is attributed to UV 

light induced O2 desorption from ZnO, followed by its re-adsorption in the dark. 35  

 

(a) 

(c) (d) 

(b) 

Figure 5.9: Representative current density – voltage characteristics for devices with the 
architecture: Cu or Ag (85 nm) / ZnO (25 nm) / PCE10 – PC70BM (Z nm) / MoOx (10 nm)/ Ag (11 nm) 
measured under one sun simulated solar illumination (100 mW cm−2; AM 1.5G) where (a) Z = 300 

nm and (b) Z = 400 nm; (c) and (d) are representative EQE for devices given in (a) and (b) 
respectively. 
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Notably, the PCE of model top-illuminated devices used in this study is lower than that 

achievable using ITO coated glass as the transparent electrode, because the semi-

transparent top Ag (11 nm) electrode reflects  36% of the incident light before it can 

enter the BHJ layer (Figure 5.11(a) and (b)). It is expected that optimisation of the 

transparency of the top electrode, either by using a thinner Ag top-electrode and/or Ag 

grid in conjunction with an anti-reflecting layer, would reduce the reflectance to < 10%, 

such that substantially more light could be coupled into the device.  

Figure 5.10: (a) Representative dark current density – voltage (JV) characteristics for top-
illuminated OPV devices  with the architecture: Cu (85 nm) / ZnO (25 nm) / PCE10 – PC70BM (100 

nm) / MoOx (10 nm)/ Ag(11 nm) measured after different periods of exposure under one sun 
simulated solar illumination and (b) representative JV characteristics for top-illuminated OPV 

devices with the architecture: Cu (85 nm) / Al (0.8 nm) / PCE10 – PC70BM (100 nm) / MoOx (10 nm)/ 
Ag (11 nm) measured under same conditions (100 mW cm−2; AM 1.5G). 

 

(a) 

(b) 
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5.4 Conclusion                           

In summary this chapter shows that optically thick Cu films can be used as a drop-in 

replacement for reflective Ag electrodes in efficient top-illuminated OPV devices without 

sacrificing device efficiency, when the photo-active layer is thick enough to absorb most 

of the incident light on the first pass through the BHJ layer, since Cu is as reflective as 

Ag where it matters most for high performance BHJ OPV devices; i.e. at the band edge 

(λ ˃ 700 nm). Given the inevitable transition to BHJs with a thickness of ≥ 300 nm in the 

coming years, using Cu in place of Ag will ensure that the bill of materials for the 

reflective substrate electrode is a small part of the total device cost.   

 

 

 

 

 

 

 

Figure 5.11: Transfer matrix simulation of the reflectance (a) from the top 11 nm Ag electrode in a 
top-illuminated OPV with the architecture: Ag (85nm) / ZnO (25 nm) / PCE10 – PC70BM (300 nm) / 

MoOx (10 nm)/ Ag (11 nm).  The average reflectance in the range of λ = 400 – 850 nm is 36.8% and 
(b) from the ITO glass electrode in an OPV with the architecture: Ag (85nm) / ZnO (25 nm) / PCE10 
– PC70BM (300 nm) / MoOx (10 nm)/ ITO glass.  The average reflectance in the range of λ = 400 – 

850 nm is 2.0% 

 

(a) (b) 
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Chapter 6 

Copper Light-catching Electrodes 

 

The work presented in this chapter has been published in: 

H. J. Pereira, O. S. Hutter, G. D. M. R. Dabera, L. A. Rochford, R. A. Hatton, Copper 

Light-catching Electrodes for Organic Photovoltaics, Sustainable Energy & Fuels 2017, 

1, 859. 

 

6.1 Background 

The thickness of the photo-active layer is limited by the low charge carrier mobility in 

organic semiconductors used in OPVs and therefore it is seldom possible to ensure that 

the entire useful portion of the incident solar spectrum between λ = 350 – 900 nm is 

absorbed. As a consequence, light trapping strategies need to be implemented to increase 

the effective optical path length of light within a device without increasing the thickness 

of the photo-active material.2 Over the past decade several ways to circumvent this 

thickness limitation arising from the low charge carrier mobility have been proposed 

based on using of Au and Ag nanoparticles to increase the photon-to-electron conversion 

efficiency by increasing light absorption in the photo-active layer.1  

 

Figure 6.1: (a) Schematic representation of the near-field enhancement at the metal nanoparticle – 
dielectric interface and (b) the distance dependent exponential decay of the optical field intensity 
indicating the need for the photo-active layer to be as close to the metal as possible to generate 

excitons prior to plasmon relaxation.  

(b) (a) 
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Noble metal nanoparticles couple strongly with visible light as a result of excitation of 

LSPRs,2 which are collective oscillations of the conduction band electrons confined to 

the interface between the metal and the surrounding dielectric medium, that occur when 

the particle dimensions are much smaller than the wavelength of the incident light.3 The 

very large absorption cross-section of noble metal nanoparticles4 combined with the 

possibility of engineering the nanoparticle size and geometry to tune the LSPR frequency, 

offers the possibility for them to be used in OPVs to enhance light absorption across a 

broad range of wavelengths via two different mechanisms: (i) by efficient scattering of 

the incident light into the far-field, thereby increasing the path length through the photo-

active layer5; and/or (ii) by confining and concentrating the incident light as an intense 

near-field evanescent wave at the nanoparticle-dielectric interface (i.e. LSPR 

excitations),3,6 (Figure 6.1(a)) where the near-field enhancement decays exponentially 

into the surrounding dielectric over a range of several tens of nanometres.6 The latter 

approach requires that the light harvesting organic semiconductor is as close to the 

nanoparticle as possible (Figure 6.1(b)), although not so close that the competing process 

of exciton quenching by the metal becomes significant.6,7 In practice the optimal 

separation is of the order of 3-5 nm.6,7 Due to the very large absorption coefficient in 

organic semiconductors used to harvest light in OPVs it is possible that this trapped light 

can be harnessed directly to excite electron transitions from HOMO to the LUMO in the 

adjacent organic semiconductor, before the surface plasmonic excitations dissipate their 

energy as heat due to ohmic losses in the metal.8  

Plasmonic structures can be integrated into PVs in different ways 10 as depicted in Figure 

6.2. Metal nanoparticles on the surface of devices can be used as light scattering elements 

to increase the path length of incident light in the absorbing semiconductor thin film. The 

Figure 6.2: (a) Plasmon assisted forward light scattering by metal nanoparticles on the front 
surface of the PV device; (b) light concentration by metal nanoparticles in the vicinity of the photo-

active layer; (c) and light trapping using propagating surface plasmons by a corrugated metal 
electrode. 
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efficiency of forward light scattering by metal nanoparticles is highly dependent on the 

size, shape and permittivity of the surrounding dielectric medium.3,9–12 Thus, depending 

on the requirements these parameters need to be carefully optimised9 in order to exploit 

the full potential of this phenomenon in OPVs. An alternate approach to trap light is the 

use of plasmons localised on nanoparticles to concentrate light. This approach exploits 

the strong local field enhancement at the surface of metal nanoparticles embedded in the 

semiconductor. In this approach the nanoparticles behave as sub-wavelength antennas 

that store the incident light in the form of LSPRs.10 Embedding plasmon-active metal 

nanoparticles near the photo-active layer allows light being trapped at the metal/dielectric 

interface to contribute to exciton generation in the adjacent organic semiconductor.2 

Unfortunately, the dimensions of Au and Ag nanoparticles needed for efficient scattering 

and concentration of light is of the order of several tens of nanometres5 and so integration 

into OPV device architectures over large areas presents a significant challenge for scale-

up.1  

An alternative scalable approach that has received relatively little attention to date, but is 

well matched to OPV device architectures, is to trap the incident light9 as surface 

plasmonic excitations at the surface of a noble metal electrode having a random array of 

sub-optical wavelength apertures.3,13–15 Since metal electrodes are a vital component of 

all OPV device designs, this approach can be easily integrated into the device 

architecture. Similar to metal nanoparticles, nano-holes in a noble metal film have large 

absorption cross-sections enabling strong coupling with plane wave incident light,15,16 

whilst having the advantage of being confined to the plane of the electrode. Consequently, 

unlike metal nanoparticles, nano-apertures in a metal film electrode do not risk 

compromising the shunt resistance of a device with a very thin light harvesting layer, 

such as in an OPV. Unlike metal nanoparticles, periodic arrays of metal nano-holes can 

support both propagating and localised plasmonic-excitations, which are strongly 

coupled.9,15,10 This approach to light trapping in OPVs was first proposed by Reilly et al. 

who used a 30 nm thick Ag electrode with a random distribution of circular apertures of 

the same radius formed by micro-sphere lithography.17 Stec et al.14 advanced that work 

in three important ways: (i) by developing a scalable method for the formation of a dense 

array of random apertures over large areas based on annealing optically thin (10 nm) Ag 

films; (ii) by demonstrating that Au could be used in place of Ag; (Figure 6.3) and (iii) 

by showing that OPV devices using random nano-hole electrodes could actually 

outperform conventional ITO glass window electrodes in OPVs. Importantly the 
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apertures formed by thermal annealing have a broad distribution of shapes and sizes 

which ensures a broad-band plasmonic response, which is well-matched to OPV 

applications.15 

However, whilst Ag and Au are the preferred metals for this application, because of their 

high conductivity and relatively low optical losses,8 the use of such high cost metals 

inevitably erodes the cost advantage of OPVs over other types of thin film PVs, and so 

there is a need to identify lower cost alternatives to these metals as explained in the 

introduction. Cu is attractive as an alternative to Ag owing to its abundance, high 

electrical conductivity and because it is ~100th of the cost of Ag18. What is not widely 

appreciated is that the optical losses in Cu due to inter-band transitions and free electrons 

are comparable to that of Au, so it can also support intense SPRs in the visible region 

similar to Au.19,20 Cu has not received much attention as a plasmon-active material for 

PVs due to its susceptibility to oxidation in air, which results in the formation of a surface 

oxide that damps surface plasmonic excitations.19,20 However, in recent years there has 

been considerable progress in the development of ultra-thin surface passivation layers for 

Cu which offer a means of addressing this problem,21–23 and so nano-structured Cu may 

yet prove useful for light trapping and concentration in OPVs.  

Figure 6.3: JV characteristics and associated EQE for devices that employ Au (8.4 nm) and Ag (11 
nm) electrodes with (N) and without (P) nano-holes demonstrating superior performance of the 
plasmon-active nano-hole electrodes compared to the planar electrodes of identical thickness. 

Reprinted with permission form Stec et al.[14] Copyright © 2013, John Wiley and Sons.  
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This chapter discusses the proof-of-principle that Cu electrodes with a random array of 

sub-optical wavelength apertures can be used to catch incident light and efficiently 

transfer that energy to an adjacent organic semiconductor in a model OPV device. This 

energy transfer process is demonstrated using model small molecule and polymer OPV 

devices (based on ClAlPc : C60 and PCE10 : PC70BM heterojunctions respectively) in 

conjunction with a nano-hole Cu electrode formed by thermal annealing an optically thin 

Cu film supported on PET.  

6.2 Experimental Methods 

Experimental details specific to the work presented in this chapter are as follows;  

6.2.1 Substrate cleaning 

Substrate slides of the required dimension were cut from a roll of PET and cleaned as 

described in section 2.1 and 2.2. Notably both sides of the PET sheet were not identical 

in surface roughness and so AFM imaging was performed in tapping mode using an 

Asylum Research MFP – 3D AFM to determine the smooth side onto which all surface 

treatment was done prior to deposition of Cu.  

6.2.2 Deposition of Cu 

Cu was deposited by thermal evaporation of Cu pellets at a rate of 2.2 – 2.5 Å s-1 to give 

a thickness of 11 nm.  

6.2.3 Fabrication of apertures 

Cu films were annealed in a tube furnace at 175 oC at a pressure of ≤ 5  10-4 mbar for 

10 minutes. SEM imaging was performed using ZEISS Supra SP55 with an accelerating 

voltage of typically 5-7 kV to evaluate the distribution and coverage of apertures. The 

coverage of apertures was evaluated using WXsM software. 

6.2.4 Optical transparency measurements 

Far-field transmittance of metal films on PET was measured over the wavelength range 

300 – 900 nm using a150 mm Spectralon® Integrating Sphere coupled to a PerkinElmer® 

LAMBDA™ high performance UV/Vis spectrometer. The incident beam passed through 

the plastic substrate first and measurements were done with reference to the substrate. 

6.2.5 Fabrication of OPV devices  

ClAlPc was purified by thermal gradient sublimation prior to deposition. All other 

chemicals were used without further purification. MoOx (5 nm at 0.1-0.2 Å s-1) was 

deposited on annealed Cu thin films using thermal evaporation. For fabrication of devices 
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with a bilayer architecture ClAlPc (20 nm) and C60 (40 nm) were deposited by thermal 

evaporation at a rate of 0.9 – 1.2 Å s-1 and 0.3 – 0.4 Å s-1 respectively. For devices with 

a BHJ architecture, PCE10 and PC70BM were mixed in 2:3 mass ratio to make a 35 mg 

ml-1 solution in chlorobenzene (97%) and 1,8-diiodooctane (3%) and deposited by spin 

coating from a static start at 4000 rpm for 120 s, followed by a methanol treatment at 

4000 rpm for 30 s. These slides were then allowed to dry under vacuum overnight. BCP 

(5 nm at 0.3-0.5 Å s-1) as the ETL and Al (80 nm at 1.0-1.3 Å s-1) as the reflective 

electrode were deposited by thermal evaporation. Al was deposited through a shadow 

mask to give an electrode area of 0.06 cm2. 

6.2.6 Characterisation of OPV devices                

Current density-voltage (JV) testing was performed as described in section 2.17 and EQE 

measurements were done as described in section 2.18 in the wavelength range of 300 – 

850 nm. 

6.3 Results and Discussion 

Cu films with a thickness of 11 nm were deposited onto the transparent plastic substrate 

PET by thermal evaporation, forming films with a Rsh of 11 Ω sq-1.  

Thermal annealing of these films under high vacuum results in the formation of a random 

array of irregularly shaped sub-optical wavelength apertures, the number density and size 

being determined by the annealing time and temperature. The optimal annealing 

Figure 6.4: SEM images of 11 nm thick Cu films on PET upon annealing from 50 oC to 198 oC using 
an SEM with a built-in heating stage showing aperture formation 

200 nm 

50 oC 

198 oC 180 oC 150 oC 

100 oC Ambient 
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conditions were determined by observing aperture formation as a function of annealing 

temperature using a heated stage mounted inside a SEM (Figure 6.4). 

When the electrodes were annealed in vacuum (5×10-4 mbar) at 175 oC for 10 minutes, a 

dense random array of apertures with dimensions in the size range 50-100 nm and area 

coverage of ~10% were formed (Figure 6.5(b)). Thermal annealing was accompanied by 

an increase in Rsh of the films to ~27 Ω sq-1 which can be attributed to the combined 

effects of the inclusion of apertures and increase in film surface roughness (from 1.5 ± 

0.5 nm for a planar Cu film to 5.2 ± 1.7 nm for an annealed Cu film), both of which 

increase the scattering of electrons as they move in the plane of the metal film under the 

influence of the applied bias. Importantly, this increase in Rsh is not sufficient to 

significantly change the series resistance of the OPV devices fabricated as part of this 

study because the devices have a small area of 0.06 cm2. 

The incorporation of apertures into the Cu film results in a large reduction in the far-field 

transparency across a broad wavelength range between λ = 450-850 nm, with the largest 

absolute reduction of 10% for wavelengths in the range of λ = 590-700 nm. Light 

scattering measurements performed using an integrating sphere (Figure 6.5(c)) confirmed 

Figure 6.5: SEM showing the morphology of Cu films (11 nm) (a) before and (b) after annealing; 
and (c) Optical transparency (solid lines) and far-field scattering (dashed lines) measurements of 11 

nm Cu films with (blue) and without (red) nano-apertures.  

  200 nm   200 nm 

26.8 ± 0.8 Ω sq-1 11.4 ± 1.0 Ω sq-1 (b) (a) 

(c) 
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that this reduction in transparency is not the result of far-field light scattering, which is 

consistent with the small size of the apertures compared to the wavelength of the incident 

light. Since the apertures are not of uniform size or uniformly distributed and the largest 

reduction in transparency occurs for wavelengths in the range of λ = 590-700 nm and 

peaks at ~625 nm, the reduction in transparency for wavelength ˃ 600 nm is attributed 

(primarily) to light absorption arising from excitation of SPRs at the site of apertures in 

the Cu film, since this wavelength range coincides with that over which Cu can support 

surface plasmon resonant excitations and the optical losses due to inter-band transitions 

and free electron losses are at their lowest.8  

Finite-element modelling of the near-field intensity in Cu films with and without 

apertures of the size and shapes formed by annealing Cu films corroborate the conclusion 

that light is trapped at the surface as a near-field evanescent wave. The simulations also 

show that the intensity distribution across the electrode surface is highly heterogeneous, 

consistent with the complex interaction between plasmonic excitations associated with 

different features on the electrode surface (Figure 6.6). In principle these regions of 

Figure 6.6: Finite-element modelling of the near field 15 nm above the surface of an 11 nm thick Cu 
nano-hole electrode supported on PET, with a random arrangement of different shaped apertures 

(representative of that achieved experimentally) as shown in (a); optical field for (b)  = 400 nm 

and (c)  = 675 nm for plane polarised incident light; (d) Optical field 15 nm above the metal 

electrode for plane polarised incident light of  = 675 nm, simulated for PET (200 nm) / Cu (11 nm) / 
MoOx (5 nm) / ClAlPc (20 nm); (e) Normalized field strength as a function of distance from the 

surface of the Cu nano-hole electrode for PET (200 nm) / Cu (11 nm) at points A and B (indicated in 
(a)) for plane polarised incident light.  

A 
B 

(a) (b) (c) 

(d) (e) 
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intense near-field radiation can be used to excite electronic transitions from the HOMO 

to the LUMO in the organic semiconductor before the surface plasmons dissipate their 

energy as heat due to ohmic losses in the metal.24 

 

 

 

 

 

 

 

 

 

 

 

 

To explore this possibility, model OPVs based on a bilayer heterojunction of small 

molecule donor ClAlPc and acceptor C60 were fabricated using Cu electrodes with and 

without a random array of apertures (Figures 6.5(a) & (b)). This simple device 

architecture and the thickness of the organic semiconductor layers were specifically 

selected as a model structure to test the aforementioned hypothesis: ClAlPc was used 

because its intense Q-band 25,26 is located between 600 – 850 nm (Figure 6.7) which 

coincides with the range over which surface plasmon resonant excitations are most 

intense in the Cu nano-hole electrode. MoOx was used as the hole-extraction layer 

because it is well-known to facilitate efficient extraction of holes from most donor type 

organic semiconductors for thicknesses in the range 3-20 nm and its thickness can be 

accurately controlled by thermal evaporation.27,28,29 Additionally, the results of the finite-

element modelling given in Figure 6.6 (d) and (e) show that a 5 nm thick MoOx layer is 

sufficiently thin for there to be significant spatial overlap between the ClAlPc layer and 

the near-field evanescent wave extending from the electrode surface, since the range of 

the trapped light extends to several tens of nanometres from the electrode surface. 

The device JV characteristics in the dark and under 1 sun simulated solar illumination are 

shown in Figure 6.8 and Table 6.1. It is evident that the Jsc is comparable for devices 

using Cu electrodes with and without nano-holes, despite the lower far-field transparency 

of the Cu nano-hole electrode, particularly over the wavelength range between λ = 600 – 

200 nm 

Figure 6.7: Absorption spectra of ClAlPc (20 nm) and C60 (40 nm) films - the same thickness used in 
the model OPV devices fabricated as part of this study. 
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Table 6.1: Summary of current density - voltage characteristics measured under one sun simulated 
solar illumination for devices with the architecture: Cu (11nm)/ MoOx (5 nm) / ClAlPc (20 nm) / C60 

(40 nm) /BCP (5nm) / Al (80 nm) with and without nano-holes in the Cu electrode. 

800 nm which coincides with the range over which ClAlPc most strongly absorbs (Figure 

6.7). This finding is consistent with the hypothesis that the light trapped as surface 

plasmonic excitations in the Cu nano-hole electrode (which results in the reduced 

transparency for  > 575 nm in the nano-hole electrode) is to a large extent coupled into 

the adjacent ClAlPc layer, since in the bilayer device architecture, ClAlPc is the only 

layer within range of the evanescent wave extending from the surface of the nano-hole 

electrode (Figure 6.6(d) & (e)).  

 

 

 

 

 

 

 

 

 

 

 

 

This conclusion is corroborated by the difference in the shape of the EQE spectra (Figure 

6.9) from which it is evident that photons are converted to electrons in the external circuit 

Electrode 

Champion  

Jsc 

/mA cm-2 

Jsc ± 1 SD 

/mA cm-2 

Voc ± 1 SD 

/ V 
FF ± 1 SD 

%PCE 

± 1 SD 

Non-

Annealed 
2.71 2.53 ± 0.09 0.48 ± 0.03 0.40 ± 0.02 0.49 ± 0.04 

Annealed 2.65 2.44 ± 0.11 0.60 ± 0.02 0.49 ± 0.01 0.72 ± 0.05 

Figure 6.8: Representative current density –voltage characteristics in the dark and under one sun 
simulated solar illumination (100 mW cm−2; AM 1.5G) for devices with the architecture: Cu(11nm) / 
MoOx (5 nm) / ClAlPc (20 nm) /C60 (40 nm) / BCP (5 nm) /Al (80 nm) with and without nano-holes in 

the Cu electrode. Inset: Schematic representation of the device architecture. 
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more efficiently for devices using the nano-hole electrode for wavelengths in the range 

of  = 600 – 800 nm, which is the same range over which the far-field optical transparency 

is observed to be reduced. Indeed, the EQE is increased by 25% over the wavelength 

range of   = 655 – 715 nm, which coincides with the wavelength range over which the 

optical losses in Cu due to inter-band transitions and free electron damping are at a 

minimum (Figure 6.9) and so SPRs will be most intense. Conversely for  < 575 nm the 

EQE is reduced in line with the reduction in far-field transparency for devices using the 

Cu nano-hole electrode. Normalizing the difference in EQE to the transparency (%T) 

(Figure 6.9 (b)) shows that the onset of enhanced absorption actually occurs very close to 

the minimum in the optical losses for Cu. 

Interestingly, devices using a nano-hole electrode also consistently exhibit a higher Voc 

and FF (Figure 6.8 and Table 6.1). It is evident from Figure 6.8 that this difference stems 

from the earlier onset of dark current injection in devices using electrodes without nano-

holes. Since Cu is known to diffuse aggressively into evaporated MoOx films at room 

temperature this difference may stem from a difference in the energy level alignment at 

the electrode - ClAlPc interface due to filamentary strands of metallic Cu that extend 

partly or all the way to the surface of MoOx at the grain boundaries thereby weakening 

the electronic functionality of the underlying Cu electrode.29,30 Conversely, as 

crystallinity is increased upon annealing, imparting increased lattice stability and 

reducing the thermodynamic drive for Cu diffusion into the neighbouring MoOx layer, the 

Cu electrodes with apertures exhibit a higher Voc. To test this hypothesis the crystallinity 

of the Cu electrodes before and after thermal annealing was probed using grazing angle 

Figure 6.9: (a) Representative EQE for annealed (blue) and non-annealed (red) Cu electrodes with 
the device structure: Cu (11nm)/ MoOx (5 nm) / ClAlPc (20 nm) / C60 (40 nm) /BCP (5nm) / Al (80 
nm); and (b) EQE/%T vs wavelength plot and imaginary component of the dielectric constant of 

Cu[8] indicating inter-band transition losses and free electron losses. 

(a) (b) 
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XRD, and the work function of Cu / MoOx (5 nm) bilayer films were measured using the 

contact potential difference method (Kelvin probe measurements). It is evident from the 

XRD pattern (Figure 6.10) that the crystallinity is increased upon annealing because the 

intensity of the peak corresponding to reflection from the Cu (111) plane is more intense 

after annealing. The work function of the electrode/MoOx bilayer is also significantly 

lower for the case in which the Cu electrode was not annealed; typical values were  5.7 

eV and  5.1 eV for Cu electrodes with and without nano-holes respectively. Importantly, 

whilst this difference complicates the interpretation of device Jsc, it cannot explain the 

change in the shape of the EQE spectrum. 

To test the generality of the findings, OPVs were also fabricated using a BHJ, based on 

the narrow band gap polymer PCE10 in conjunction PC70BM (100 nm) in place of 

ClAlPc:C60. Importantly in this device structure a smaller proportion of the total photo-

active layer thickness is in the region of intense near-field, near to the Cu electrode 

because the PCE10:PC70BM BHJ system is thicker than the ClAlPc:C60 bilayer, and 

unlike the ClAlPc:C60 bilayer, the PCE10: PC70BM BHJ absorbs strongly over a broad 

range of wavelengths, including in the range, λ = 450-600 nm where the Cu nano-hole 

electrode is not plasmon-active. Consequently, the Jsc in devices using nano-hole 

electrodes is lower compared to those that use a Cu electrode without nano-holes (Figure 

6.11). However, the EQE in devices using the nano-hole electrode is still highest in that 

part of the spectrum where the electrode is least transparent, which corresponds to the 

Figure 6.10: XRD pattern of Cu films (11 nm) deposited on PET substrates before and after 
annealing at 175oC for 10 min in vacuum. The pattern corresponding to the annealed Cu film has 

been offset for clarity. 

Cu (111) 
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region over which Cu supports surface plasmonic excitations. It is also evident from 

Figure 6.11 that the onset of plasmon enhanced absorption occurs when the optical losses 

are a minimum and at the same wavelength as seen in the ClAlPc/C60 bilayer OPVs; i.e. 

λ = 590-600 nm (Figures 6.9 (b)). 

To confirm the near-field nature of the light trapping mechanism, the thickness of the 

MoOx layer was increased from 5 to 15 nm. The key device performance parameters are 

summarised in Table 6.2. It is evident from Table 6.2 that the effect of increasing the 

MoOx layer thickness from 5 to 15 nm is much more pronounced for the devices with the 

nano-hole electrode, which is consistent with the exponential decay of the near-field 

intensity into the photo-active layer (Figure 6.6 (e)). 

 

Figure 6.11: Representative (a) current density –voltage characteristics in the dark and under 1 sun 
simulated solar illumination for OPVs with the structure: Cu (11nm)/ MoOx (5 nm)/ PCE10 - PC70BM 
(100 nm) / BCP (5nm) /Al (80 nm); and (b) EQE/%T vs wavelength plot and imaginary component of 

the dielectric constant of Cu[8] indicating inter-band transition losses and free electron losses. 

(a) 

(b) 
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Table 6.2: Summary of current density - voltage characteristics of devices with the architecture; Cu 
(11nm)/ MoOx (5 and 15 nm)/ PCE10 - PC70BM (100 nm) / BCP (5nm) /Al (80 nm) with and without 

nano-holes in the Cu electrode, tested under 1 sun simulated solar illumination. 

 

 

 

6.4 Conclusion 

Collectively the findings reported in this chapter, provide compelling evidence that light 

trapped as surface plasmon-resonant excitations in an optically thin Cu electrode with a 

random array of sub-optical wavelength apertures can be efficiently coupled into an 

adjacent strongly absorbing organic semiconductor layer before the competing process of 

exciton quenching occurs. This study has focused on the demonstration of proof-of-

principle in model OPVs, rather than optimisation of device performance. Based on the 

findings presented it may prove better to locate an electrode of this type at the back of the 

device so that the shorter wavelength photons can be substantially absorbed in the organic 

semiconductor before reaching the Cu electrode, since optical losses in Cu for  < 600 

nm are considerable.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Electrode 

Thickness 

of MoOx  

/ nm 

Jsc ± 1 SD 

/ mA cm-2 

Voc ± 1 SD 

/ V 

FF 

± 1 SD 

%PCE 

± 1 SD 

Non-Annealed 5 7.08 ± 0.16 0.65 ± 0.04 0.56 ± 0.02 2.78 ± 0.52 

Annealed 5 6.16 ± 0.60 0.72 ± 0.02 0.56 ± 0.03 2.54 ± 0.35 

Non-Annealed 15 6.31 ± 0.43 0.71 ± 0.03 0.57 ± 0.03 2.62 ± 0.34 

Annealed 15 4.75 ± 0.36 0.74 ± 0.01 0.53 ± 0.03 1.91 ± 0.22 
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Chapter 7 

Optically Thin Copper Films as Top Electrodes for Top-

illuminated Organic Photovoltaics 

7.1 Background 

Top-illuminated OPVs are an important emerging class of OPVs because they are well 

suited for integrating into automobile and building related application spaces. As 

discussed in chapter 5, top-illuminated OPVs require a thick reflective substrate electrode 

to serve as the bottom contact. Ag is the material of choice for both the bottom electrode 

and transparent top electrode in most reports on top-illuminated OPVs to date,1–3 because 

it is relatively stable towards oxidation in air and has the lowest optical losses for metals 

in the visible region.4,5 However, regardless of the performance of these devices, the use 

of Ag as both the reflective bottom contact and the transparent top contact is questionable, 

since Ag is a costly metal6 and so such extensive use in an OPV seriously erodes the cost 

advantage of OPVs. The replacement of Ag with Cu as the reflective substrate electrode 

has already been successfully demonstrated7 in Chapter 5; a substitution that will 

contribute significantly towards reducing the bill of materials. As Cu has electrical 

properties comparable to that of Ag and as the oxidation of Cu in air can be slowed to 

provide remarkable stability in ambient conditions,8 this chapter focuses on investigating 

the possibility of using a thin Cu film as the transparent window electrode in top-

illuminated OPVs. 

Apart from the drawbacks of ITO for conventional architecture OPVs already discussed 

in Chapter 1, there is an additional complication related to its use in top -illuminated 

OPVs because it has to be deposited on top of the device by sputtering. Sputter deposition 

of ITO directly onto organic semiconductors, damages the organic material leading to 

poor device performance. Conversely, thin metal films, can be deposited by vacuum 

evaporation without damaging the underlying organic layer.  

In this chapter an optically thin film of Cu is used as a top transparent window electrode 

in semi-transparent and top-illuminated OPVs and the device performance is compared 

with identical devices with an equally thin Ag film as the top electrode. The results 

presented in this chapter, represent ongoing work at the time of submission of this thesis.  
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7.2 Experimental Methods                   

Experimental details specific to the work presented in this chapter are as follows;    

7.2.1 Substrate cleaning 

Glass substrates of the required dimension and ITO coated glass substrates were cleaned 

as described in section 2.1 and 2.2.  

7.2.2 Monolayer deposition: 

A monolayer was deposited prior to evaporation of Ag by exposing the substrates to 

vapours of MPTMS at 50 mbar for 4 hours immediately after UV/O3 treatment.  

7.2.3 Molybdenum Bronze synthesis (HyMoO3-z)               

HyMoO3-z 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. The solution turned yellow after 

10 hours then blue after 48 hours. After 72 hours, the solution was removed from the heat, 

filtered through a 0.2 μm PTFE filter and dried using a rotary evaporator to yield the solid 

product which was dissolved in ethanol by ultrasonic agitation to give a 20 mg ml-1 

solution. This was used as the stock solution and was centrifuged at 10,000 rpm for 10 

minutes before use. 

7.2.4 Fabrication of OPV Devices 

Ag (85 nm at 1.0-1.2 Å s-1) was deposited on cleaned glass substrates functionalised with 

a molecular monolayer. Polyethylenamine ethoxylated (PEIE) was spun from a 0.4% 

solution in 2-methoxyethanol at 5000 rpm for 60 seconds on to Ag or ITO to give a 10 

nm film as the ETL. A PCE10 – PC70BM solution was employed as the active layer. 

PCE10 and PC70BM were mixed in 2:3 mass ratio to make a 35 mg ml-1 solution in 

chlorobenzene (97%) and 1,8-diiodooctane (3%) and deposited by spin coating from a 

Figure 7.1: (a) The synthesis of HyMoO3-x showing the gradual change in the colour of the solution 
due to the change in oxidation state of Mo as the reaction progresses and (b) shows the isolated 

HyMoO3-z solid following rotary evaporation. 

(a) 

(4) (1) (3) (5) (2) 

(b) 
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static start at 4000 rpm for 120 seconds to form a photo-active layer having a thickness 

of 100 nm. These slides were left inside the evaporator overnight and a HyMoO3-z solution 

having a concentration of 5 mg ml-1 was spun at 3000 rpm for 30 seconds followed by 

annealing in the glove box for 10 minutes at 80 oC to form the HTL. Cu (11nm at 1.5-1.7 

Å s-1) was deposited through a 0.06 cm2 shadow mask as the top electrode. 

7.2.5 Characterization of OPV devices 

Current density-voltage (JV) testing was performed as described in section 2.17.  

7.2.6 Fabrication of thin films of polydimethyl siloxane (PDMS)                        

Silicon wafers were cleaned in a similar manner to that described in 7.3.1 followed by 

UV/O3 treatment for 15 mins. The wafers were then transferred to a desiccator and 

exposed to vapours of trichloro-perfluoro-octyl silane at 50 mbar for 2 hours immediately 

after UV/O3 treatment. This surface functionalization facilitated easy peel off of the 

PDMS after curing. Sylgard 184 PDMS was mixed with the curing agent in 10:1 ratio 

and degassed gently until all air bubbles disappeared. This was then spun on surface 

modified Si wafers at 1000 rpm for 60 seconds followed by curing at 90 oC for 1 hour for 

complete hardening. Once hardened, PDMS was spun on again and cured. This process 

was repeated 3 times to obtain a sufficiently thin PDMS layer (~200 μm). 

7.2.7 Optical transparency measurements 

Far-field transmittance of different layers were measured over the wavelength range of 

350 – 850 nm using a 150 mm Spectralon® Integrating Sphere coupled to a 

PerkinElmer® LAMBDA™ high performance UV/Vis spectrometer. Measurements 

were performed with reference to the substrate. 

 

7.3 Results and Discussion             

In the first instance semi-transparent OPV devices were fabricated on ITO with the 

architecture; ITO / PEIE (10 nm) / PCE10 – PC70BM (100 nm) / HyMoO3-z (10 nm) / Cu 

(11 nm) which enabled optimization of individual layers and preliminary understanding 

of how Cu would perform as a top electrode (Figure 7.2).  
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The Jsc of these devices is satisfactory considering that a significant portion of the light 

passes through unabsorbed. PEIE was used as the ETL9–11 and in order to ensure that a 

good balance between device Jsc and FF is achieved, the concentration of PEIE was varied 

from 0.2% (by weight) to 0.8% and it was found that as the amount of PEIE increased 

the Jsc increased gradually up to a PEIE weight of 0.6% but simultaneously the FF was 

reduced. Therefore, a PEIE concentration of 0.4% which gave a layer thickness of 10 nm 

was deemed suitable for this device architecture and resulted in a Voc of 0.73 V and FF 

of 0.57 (Figure 7.3). HyMoO3-z synthesised according to the method outlined by Tyler et 

al.12 was used as the HTL in place of vacuum evaporated MoOx
13,14 because this facilitates 

the fabrication of all layers except the top metal electrode by means of solution 

processing, making it more compatible towards scaling up.  

As these devices are semi-transparent, they can be operated both as a top-illuminated 

device as well as an inverted device, such that the light enters through the ITO side. Thus, 

some of these devices were measured as inverted devices to demonstrate that the 

applicability of Cu as a top electrode is not limited to the top-illuminated device 

architecture. The inverted architecture was tested using higher PEIE concentrations 

(0.6%) as this system exhibited highest Jsc in top-illuminated devices. However as 

discussed previously for top-illuminated devices a PEIE concentration of 0.4% yielded 

the best performance and therefore 0.4% has been used in all OPV devices discussed in 

the proceeding sections of this chapter. 

 

Figure 7.2: Schematic diagram of the device architecture used for this study 

Ag or ITO 

BHJ 

Cu 

HyMoO3-z 

PEIE 
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Light In 
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Table 7.1: Summary of current density - voltage characteristics of devices with the architecture; ITO 
/ PEIE (10 nm) / PCE10 – PC70BM (100 nm) / HyMoO3-z (10 nm)/ Cu (11 nm) tested under 1 sun 
simulated solar illumination (100 mW cm−2; AM 1.5G). The error bars represent ± 1 standard 

deviation (± 1SD) determined from the performance of 20 - 30 devices with identical architecture. 

 

 

 

 

 

 

 

 

 

 

 

 

 

The stability of these semi-transparent devices was tested under constant illumination for 

3 hours, both under ambient conditions exposed to atmospheric oxygen (Figure 7.4) and 

under N2 (Figure 7.5) in the glove box. Device performance deteriorated rapidly when 

exposed to ambient air.  This is attributed to the oxidation of the top electrode which is 

known to occur for unpassivated Cu films15–17 consistent with the large increase in device 

series resistance with time. Therefore, although the initial device PCE was ~2 %, in the 

time taken to transport the device in air to the stability testing rig, the PCE dropped to 

less than 1%. Consequently, the results given in Figure 7.3 show much lower initial JV 

Device 

Architecture 

Concentration 

of PEIE/ % 

Jsc ± 1SD  

/ mA cm-2 

Voc ± 1SD  

/ V 
FF ± 1SD 

PCE ± 

1SD / % 

Top-

illuminated 

0.2  4.33 ± 0.19 0.76 ± 0.01 0.55 ± 0.04 1.80 ± 0.10 

0.4  5.19 ± 0.20 0.73 ± 0.01 0.57 ± 0.04 2.16 ± 0.12 

0.6  6.04 ± 0.40 0.71 ± 0.02 0.46 ± 0.01 1.99 ± 0.19 

0.8  5.64 ± 0.17 0.73 ± 0.02 0.41 ± 0.02 1.69 ± 0.10 

Inverted 0.6  10.70 ± 0.55 0.71 ± 0.01 0.49 ± 0.01 3.72 ± 0.21 

Figure 7.3: Representative current density - voltage (JV) characteristics measured under one sun 
simulated solar illumination (100 mW cm−2; AM 1.5G) for devices with the architecture: ITO / PEIE 

(10 nm) / PCE10 – PC70BM (100 nm) / HyMoO3-z (10 nm)/ Cu (11 nm). 
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characteristics for time = 0 mins compared to the values reported in Table 7.1. Therefore, 

if these devices are to be used under an oxygen rich atmosphere some form of passivation 

or encapsulation will be essential to protect the top Cu electrode from oxidizing.  

 

Figure 7.4: Variation in (a) Jsc ; (b) Voc ; (c) FF; (d) PCE and (e) current density - voltage (JV) 
characteristics measured under constant illumination for 3 hours in air under one sun simulated 

solar illumination (100 mW cm−2; AM 1.5G) for devices with the architecture: ITO / PEIE( 10 nm) / 
PCE10 – PC70BM (100 nm) / HyMoO3-z (10 nm)/ Cu (11 nm). 

(a) (b) 

(c) (d) 

(e) 

Increase in 

device Rs 
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Conversely when the constant illumination experiment was performed under N2 in the 

glove box, the devices exhibited good stability with negligible changes in Jsc and Voc. 

Interestingly, the FF decreased slightly in the first few minutes and then gradually 

increased after t = 40 min and therefore the FF has remained at 0.54 both at t = 0 and t = 

180 mins. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.5: Variation in (a) Jsc ; (b) Voc ; (c) FF; (d) PCE and (e) current density - voltage (JV) 
characteristics measured under constant illumination for 3 hours in the glove box, under 1 sun 

simulated solar illumination (100 mW cm−2; AM 1.5G) for devices with the architecture: ITO / PEIE    
(10 nm) / PCE10 – PC70BM (100 nm) / HyMoO3-z (10 nm)/ Cu (11 nm). 
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In order to further increase the Jsc of these semi-transparent devices a thin layer of PDMS 

was laminated directly on top of the device. PDMS is an inert material with excellent 

viscoelastic properties18 and therefore can be laminated directly on the top surface of the 

device to achieve conformal physical contact without the need for any additional 

adhesive.2 Additionally PDMS is hydrophobic and can therefore act as a barrier retarding 

ingress of air and moisture into the device. Furthermore, the low refractive index of 

PDMS (~1.4) enables gradual change in the refractive index when moving from air to 

PDMS / Cu / HyMoO3-z, facilitating an increment in the transmittance of the Cu / 

HyMoO3-z bilayer as evidenced from the data given in Figure 7.6.  

Therefore, introduction of a thin layer of PDMS onto the device resulted in improved Jsc 

and FF with slight drop in the Voc and an overall increment in the PCE of the device 

which was very prominent as the angle of the device holder was changed indicating that 

the enhancement is angle dependent (Table 7.2).  

 

 

 

Figure 7.6: Total transmittance of HyMoO3-z (10 nm)/ Cu (11 nm) deposited on glass with and 
without a layer of PDMS. 
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Table 7.3: Summary of current density - voltage characteristics of devices with the architecture; Ag 
(85 nm) / PEIE (10 nm)/ PCE10 – PC70BM (100 nm) / HyMoO3-z (10 nm)/ Ag or Cu (11 nm) tested 
under 1 sun simulated solar illumination (100 mW cm−2; AM 1.5G). The error bars represent ± 1 
standard deviation (± 1SD) determined from the performance of 10 - 20 devices with identical 

architecture. 

Table 7.2: Summary of current density - voltage characteristics of devices with the architecture; ITO 
/ PEIE (10 nm)/ PCE10 – PC70BM (100 nm) / HyMoO3-z (10 nm)/ Cu (11 nm) tested under 1 sun 

simulated solar illumination (100 mW cm−2; AM 1.5G) with and without a layer of PDMS laminated 
on top of the device. The error bars represent ± 1 standard deviation (± 1SD) determined from the 

performance of 10 - 20 devices with identical architecture. 

 

 

This same device architecture used to fabricate semi-transparent devices was translated 

to top illuminated devices where the back contact was an 85 nm thick Ag film to provide 

adequate reflectance to redirect the unabsorbed light back into the device. The possibility 

of using an equally thick Cu film as the back contact in place of Ag has already been 

demonstrated in chapter 5, thus for simplicity a Ag bottom electrode was used for all 

devices reported in this chapter. In order to compare the performance of devices that use 

Cu as the top contact, identical devices were fabricated but with an 11 nm thick Ag 

electrode on top. 

 

  

 

As evidenced by the device performance outlined in Table 7.3, it is clear that, Ag 

outperforms Cu as a top electrode primarily due to a higher Jsc. The higher Jsc arises from 

the higher transmittance of the Ag electrode compared to a Cu electrode of same 

thickness. However, it is noteworthy that the overall difference in performance is small; 

i.e. ~8%. 

Angle of 

Light 

Incidence/ 

deg 

Structure 
Jsc ± 1SD  

/ mA cm-2 

Voc ± 1SD  

/ V 
FF ± 1SD 

PCE ± 1SD  

/ % 

900 
Without PDMS 5.19 ± 0.20 0.73 ± 0.01 0.57 ± 0.01 2.16 ± 0.12 

With PDMS 5.53 ± 0.28 0.72 ± 0.02 0.58 ± 0.01 2.22 ± 0.29 

500 
Without PDMS 1.42 ± 0.27 0.72 ± 0.02 0.58 ± 0.02 0.60 ± 0.30 

With PDMS 3.41 ± 0.17 0.74 ± 0.01 0.58 ± 0.01 1.44 ± 0.19 

Top 

Electrode 
Jsc ± 1SD / mA cm-2 Voc ± 1SD / V FF ± 1SD PCE ± 1SD / % 

Ag 12.24 ± 0.24 0.77 ± 0.01 0.57 ± 0.04 5.31 ± 0.23 

Cu 10.55 ± 0.27 0.77 ± 0.01 0.60 ± 0.01 4.87 ± 0.20 
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When these OPVs were subjected to constant illumination in a N2 atmosphere in the glove 

box (Figure 7.7) the performance of both devices decreased but the rate of degradation of 

the OPV devices with Ag transparent electrodes were greatest with the PCE dropping 

from 5.08 to 4.40%. Ag electrodes are known to be unstable under illumination due to 

Figure 7.7: Variation in (a) Jsc ; (b) Voc ; (c) FF; (d) PCE and (e) current density - voltage (JV) 
characteristics measured under constant illumination for 3 hours in the glove box, under 1 sun 

simulated solar illumination (100 mW cm−2; AM 1.5G) for devices with the architecture: Ag (85 nm) 
/ PEIE (10 nm)/ PCE10 – PC70BM (100 nm) / HyMoO3-z (10 nm)/ Ag or Cu (11 nm). 

(e) 

(a) 

(c) 
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the higher mobility of Ag resulting in cluster formation. This affects the Ag/ETL interface 

causing a drop-in performance of the device. Interestingly, for devices with a Cu top 

electrode the PCE decreased from 4.85 to 4.45 %, therefore at the end of the 3 hours these 

devices have outperformed the former marginally. The main reason behind this 

observation is the increase in Jsc in the first hour from 10.5 to 11. 4 mA cm-2 which has 

then gradually dropped at a low rate to 10.9 mA cm-2. Thus, effectively there is a small 

improvement in Jsc contributing to an increment in the PCE but overall the PCE decreases 

as all other parameters degrade over the time period of 3 hours (Figure 7.7).  

7.4 Conclusion             

The use of an optically thin Cu electrode as the top contact in top-illuminated OPVs has 

been demonstrated in this chapter. It is shown that an enhancement in Jsc can be obtained 

by laminating a thin layer of PDMS onto the surface of the electrode. This may be further 

beneficial in the context of a Cu electrode which is susceptible to oxidation in air, as 

PDMS can behave as a barrier retarding the ingress of oxygen and moisture to a certain 

extent. The performance of top-illuminated devices with Ag and Cu as top electrodes 

have been compared and it is demonstrated that although devices with a Ag electrode 

exhibit a higher initial PCE, the devices with a Cu electrode are much more stable towards 

constant illumination.  
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Chapter 8 

Future Work 

8.1 Fabrication of a plasmon-active transparent Cu electrode using polymer 

blend lithography               

In Chapter 3, a method of fabricating a thin Cu film with a random distribution of circular 

holes was described.1 In that work large holes were fabricated to improve the overall 

transparency of the Cu film. However, as corroborated with AFM images given in chapter 

3, the size of the holes can be controlled by changing the concentration of the polymer 

blend solution. Therefore, this technique could be used to make apertures having a 

diameter smaller than the wavelength of light in order to generate plasmonic excitations. 

Compared to the method outlined in chapter 6, this method of fabricating small holes in 

Cu films has the advantage that no annealing is involved in the process.   

 

Figure 8.1: (a) A representative AFM image showing the morphology of a 15 nm thick Cu electrode 
with a random distribution of apertures fabricated using a polymer blend solution having a 

concentration of 2.9 mg ml-1; (b) shows a cross section of the AFM along the line shown in (a); (c) 
size distribution of (a); and (d) total transmittance spectra of Cu films with and without apertures. 

 

(a) 

(c) (d) 

(b) 



Chapter 8 

 

174 
 

Preliminary studies were conducted using a 15 nm thick Cu film deposited on glass, to 

identify the most suitable concentration of the polymer blend to fabricate small holes 

(Figure 8.1). Transparency measurements were performed to monitor the evolution of 

SPRs and when the etching was done using a blend solution having a concentration of 

5.8 mg ml-1 a depression in the transparency spectrum was observed at λ ≥ 700 nm. This 

dip was further enhanced when the concentration was reduced to 2.9 mg ml-1 as shown 

in Figure 8.1(d). AFM images show a large density of very small holes with diameters ≤ 

200 nm which are suitable for a plasmon-active electrode. However as evident form the 

AFM cross section given in Figure 8.1(b), the holes do not appear to extend all the way 

down to the glass surface and are only 6 – 8 nm deep. 

In order to test the electrode, devices with a conventional type architecture were 

fabricated, having an identical structure to those described in chapter 6; Cu (15nm)/ MoOx 

(5 nm)/ PCE10 - PC70BM (100 nm) / BCP (5 nm) /Al (80 nm). Although the transparency 

spectrum showed a pronounced plasmonic effect for the Cu electrode with holes, device 

performance was similar to that of the reference with only marginal changes in Jsc (Figure 

8.2(a). However, the shape of the EQE is slightly different with improved photon to 

charge conversion at λ ~ 350 – 570 nm and λ ~ 610 – 720 nm. The former can be attributed 

to the improved transparency in the short wavelength range owing to the removal of metal 

which contributes to a reduced absorption. However, in the region of λ ~ 610 – 720 nm, 

the transparency of the Cu electrode with holes is much less compared to the planar 

electrode but still the EQE shows slightly higher efficiency in photon to charge 

Figure 8.2: (a) Representative current density-voltage and (b)EQE data recorded under one sun 
simulated solar illumination (100 mW cm−2; AM 1.5G) for devices with the architecture: Cu (15nm) 
with (blue) and without (red) apertures/ MoOx (5 nm) / PCE10 – PC70BM (100 nm) /BCP (5 nm) / Al 

(80 nm).  

(a) (b) 
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conversion. This therefore must be arising from the optical field enhancement as a result 

of light coupling due to the presence of apertures. This plasmon excitation decays rapidly 

as evidenced by a lower absorption edge of λ ~ 700 nm compared to ~ 750 nm for the 

devices that use a planar Cu electrode. Therefore, although a plasmonic effect is present 

it does not seem to contribute to any significant improvement in the overall device 

performance. Thus optimisation of the Cu/dielectric medium interface is essential in order 

to exploit the full potential of this electrode; i.e. to make use of the plasmon excitations 

to generate more excitons before it decays. Hence as plasmon excitations are distant 

dependent, the thickness of the MoOx layer needs to be optimised for this particular 

electrode. Additionally the use of alternative material such as a thin layer of Al (0.8 nm) 

in place of MoOx can be explored, as the CTL adjoining the metal must be sufficiently 

thin to harness the benefits of the light catching effect before the plasmon excitation 

relaxes whilst supporting charge extraction. Furthermore, the influence of hole depth on  

plasmon excitations need to be fully explored to understand the optimum depth of the 

hole for a given metal thickness that will be most beneficial for this type of electrode 

because although the holes do not extend the entire 15 nm there is still a significant 

plasmonic effect as evidenced by the transmittance spectrum given in Figure 8.1(d).  

8.2 Fabrication of a plasmon-active reflective Cu electrode using polymer 

blend lithography 

The results given in Chapter 6, suggest that it will be more beneficial to have the plasmon-

active electrode at the back of the OPV device as a reflective electrode in a top-

illuminated architecture rather than a transparent electrode.2 This will facilitate 

absorption of shorter wavelength photons before reaching the Cu electrode because losses 

associated with Cu are significant at wavelengths ≤ 600 nm.2–4 This was investigated by 

repeating the process described in section 8.1 but with a thick Cu film of 45 nm and a 

higher concentration of the polymer blend (11.2 mg ml-1) in order to make slightly large 

holes with low density. As the metal thickness is now high, during the complete etching 

of 45 nm, slight widening of the aperture may take place however, this can be mitigated 

by increasing the etchant concentration so that etching is completed fast.  

For this electrode, the overall transparency is higher in the entire wavelength range of 

300 – 900 nm, compared to an unpatterned electrode of equivalent thickness. Similar to 

the transparent plasmon-active electrode fabricated using polymer blend lithography, the 

improvement in transmittance at shorter wavelengths is due to the reduced absorption 
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caused by removal of metal to form apertures. In the longer wavelengths ranging from 

600 – 900 nm the overall transmittance is still higher than the reference, but the extent of 

improvement is relatively lower. For instance, if the two curves were superimposed on 

one another, the overall transmittance increase at λ ≤ 600 nm is much greater than at λ ≥ 

600 nm.  Therefore, in this region there may be a complex interplay between plasmon 

excitations and reduction in reflectance caused by the presence of apertures as 

demonstrated in chapter 3.  

To investigate the applicability of this electrode, top-illuminated devices having the 

architecture, Cu (45nm)/ Al (0.8 nm)/ PCE10 - PC70BM (100 nm) / MoOx (10 nm) /Ag 

(11 nm) were fabricated. The JV characteristics given in Figure 8.4 depict that the Jsc in 

devices that use an electrode with apertures is comparable with the Jsc of devices that use 

an unpatterned back electrode. Conversely, the EQE shows a slight improvement in 

photon to charge conversion in the wavelength range of 400 to 600 nm in accordance 

with the transparency spectrum but at λ ≥ 600 nm there is a drop in the EQE even though 

(d) 

Figure 8.3: (a) A representative AFM image showing the morphology of a 45 nm thick Cu electrode 
with a random distribution of apertures fabricated using a polymer blend solution having a 

concentration of 11.2 mg ml-1; (b) shows a cross section of the AFM image along the line shown in 
(a); (c) size distribution of (a); and (d) total transmittance spectra of Cu films (45 nm) with and 

without apertures. 

(a) (b) 

(c) 
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the transparency is high compared to a planar Cu electrode in this wavelength range. 

However, as shown in Figure 8.4(b), a change in the shape of the EQE is indicative of a 

plasmonic effect and the drop in the intensity can be attributed to the fact that although 

there is light coupling and associated optical field enhancement in the vicinity of the 

holes, the plasmonic excitation may be undergoing rapid decay prior to the transfer of 

this energy to generate excitons.  

Future work can focus on reflectance measurements of this electrode to investigate how 

the reflectance is altered upon introduction of holes to a thick Cu film and deduce the 

extent of plasmon-activity and reasons underlying the shape of the transmission spectrum 

given in Figure 8.2, especially at λ ≥ 600 nm. Following this, optimization of the hole 

size and density may be required for a thick electrode in order to obtain better light 

coupling.  

Furthermore, as shown in Chapter 5, a thicker Cu electrode (~85 nm) which provides 

improved reflectance which is essential for good performance of a top-illuminated device 

and a thicker BHJ which is more suitable to use in conjunction with a Cu electrode can 

be used to obtain improved device performance since the reflectance of Cu drops at λ ≤ 

600 nm.5  

 

 

Figure 8.4:  (a) Representative current density-voltage and (b)EQE data recorded under one sun 
simulated solar illumination (100 mW cm−2; AM 1.5G) for top – illuminated devices with the 

architecture: Cu (45nm) with (blue) and without (red) apertures/ Al (0.8 nm) / PCE10 – PC70BM (100 
nm) /MoOx (10 nm) / Ag (85 nm).  

(a) (b) 
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