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ABSTRACT 

This thesis focuses on the outdoor monitoring of organic photovoltaics (OPVs) 

with the aim of improving the stability and performance of OPVs under real world 

conditions. This is important as in order for OPVs to become commercially viable they 

must make the transition from small laboratory cells to larger modules. 

Over the course of several outdoor monitoring campaigns various types of OPV 

modules have been benchmarked against a number of other technologies: 

polycrystalline silicon, cadmium indium diselenide and dye sensitised solar cells. The 

principal performance parameters are examined in detail, analysing their dependence 

on irradiance and temperature. OPVs were shown to have positive temperature 

coefficients for efficiency, ISC and fill factor and a negative temperature coefficient for 

VOC. One of the main causes of degradation is ingress of water and oxygen into the 

module and subsequent photo-oxidation of the active layer and it was shown that UV 

filtering would improve stability. 

To improve the yield of OPVs outdoors, modules were laminated to different 

corrugated substrates and subjected to indoor characterisation and outdoor monitoring. 

The corrugated modules were shown to have three advantages: the effective area of the 

module, allowing for curvature, is reduced which leads to an improvement in the power 

conversion efficiency per unit area; substantial enhancement at high angles of incidence 

led to increased output during early morning and evening; under diffuse irradiance 

performance improved by up to 25%. Outdoor measurements on larger module strips 

showed that corrugated strips outperformed flat strips by 7.5% with a 14.8% 

enhancement under diffuse conditions. 

An alternative technique to improve the yield of OPVs is the use of luminescent 

down-shifting coatings which were investigated as alternatives to UV filters and have 

the added benefit of improving stability. The use of both discrete and multiple-dye 

blends dispersed in poly(methyl methacrylate) led to improvements in performance of 

up to 8% and a six-fold extension of operational lifetime. Dyes were systematically 

selected by examining their absorption and photoluminescence spectra and matching 

these to the spectral performance of P3HT:PC61BM OPV devices. In doing so optimised 

multiple-dye blends were made possible. 
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Chapter 1. Introduction 

Over the last two decades, concerns about climate change, peak oil and energy 

security have driven the growth of renewable energy. It is now generally accepted that 

the climate is warming due to exponential increases in CO2 and other greenhouse gases 

in the atmosphere and that temperature rises of over 2°C are likely by the end of this 

century, with worse case scenarios predicting increases of up to 4.8°C [1]. It is predicted 

that global demand for electricity will increase by around 69% between 2012 and 2040 

(growth rates based on the “IEO2016 Reference Case”) (Figure 1.1) [2], [3]. 

 

 

Figure 1.1: World net electricity generation by source, 2012-2040 [2]. 

 

In order to balance this increasing demand for energy with the need to combat 

climate change there must be a massive decarbonisation of global energy sources. In 

2014 over 19% of global electricity generation was from renewable sources [4]. In 2015, 

147 GWP of renewable power capacity was added, the largest annual increase ever and 

the sixth consecutive year where net investment in renewable energy exceeded that for 

fossil fuels [4]. 
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The main renewable energy resources are hydropower, wind, biomass, solar, 

tidal, wave and geothermal. Apart from geothermal, these are all ultimately powered by 

the sun which has a massive theoretical potential: in less than two hours the earth 

receives more energy from the sun (656 EJ) than total global primary energy supply for 

a whole year (2014 = 575 EJ) [5], [6]. 

In the UK recent government policies have led to ambitious targets of halving its 

greenhouse gas emissions between 1990 and 2027 and cutting them by a total of 80% 

by 2050 [7]. Since the mid to late nineties there has been a rapid and increasing growth 

in renewable energy and it produced 24.6% of the electricity generated in 2015 (Figure 

1.2) [8]. This growth was initially in wind and biomass and more recently in solar 

following the introduction of feed-in tariffs in 2010. 

 

 

Figure 1.2: Electricity generated from renewable sources in the UK [8]. 

 

Globally, wind and solar are the fastest growing sources of electricity and are 

now technologically mature and affordable, with the cost of utility-scale solar PV 

dropping by two thirds between 2010 and 2015 [9]. The levelised cost of electricity 

(LCOE) for wind and solar have reduced significantly and are now approaching grid 

parity with other traditional sources of electricity [10]. As their contribution increases 

the problems of intermittency and integration must be addressed by improvements in 

energy storage and better site location so that the energy can be used locally [10]. The 

total global PV production in 2015 is estimated at 63.2 GWP and brings the total installed 

capacity to about 227 GWP, a growth of about 37% since 2014 [11], [12]. 
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The first generation of solar PV is based on crystalline silicon wafers: 

monocrystalline (mono-Si) and polycrystalline (poly-Si). These accounted for about 93% 

of global PV production in 2015 (mono-Si: 24%, poly-Si: 69%) [12]. Second generation 

PV uses thin film technologies to reduce material usage and includes copper indium 

gallium selenide (CIGS), cadmium telluride (CdTe) and amorphous silicon (a-Si). Second 

generation PV accounts for the other 7% of global PV production in 2015 (CIGS: 1.7%, 

CdTe: 4.0%, a-Si: 0.9%) [12]. 

The third generation of PV covers a much broader range of technologies, from 

high efficiency multi-junction (tandem) cells and concentrated PV (CPV), through to the 

emerging technologies of organic, dye-sensitised solar cell (DSSC), perovskite and 

quantum dots [13], [14]. Tandem and CPV use high efficiency solar cells (> 30%), but are 

only suitable for specialist applications (e.g. space) and for areas of high direct 

irradiation. The emerging technologies are looking to reduce costs by using non-toxic, 

abundant materials and cheap processing methods. At present the majority of third 

generation technologies are still at the research and development stage and any 

commercial production is at very low levels. 

It was not until the early 1980s that the first polymer based solar cells were 

developed [15], [16]. The first breakthrough was in 1986 when Tang produced a bilayer 

cell using two different dyes and obtained a power conversion efficiency (PCE) of 1% 

[17]. In 1992, Heeger et al. reported on photoinduced electron transfer from a polymer 

to a fullerene [18]. In 1995, the same group reported on the first bulk heterojunction 

(BHJ) polymer solar cell where the active layer was a blend of polymer and fullerene and 

had an efficiency of 2.9% [19]. This was a key discovery and led to a step change in OPV 

research, with an exponential growth in papers being published [20]. 

Efficiencies of best performing OPVs have exceeded 10% in recent years, with 

Mitsubishi reaching 11.1% in 2012 and Toshiba reaching 11.2% in 2015 [21]. Toshiba 

have also produced record breaking modules (8.7%, area: 802 cm2) and mini-modules 

(9.7%, area: 26 cm2) (see Figure 1.3) [21]. In early 2016, Heliatek achieved an efficiency 

of 13.2% for a multi-junction OPV device [22]. 

Research into organic photovoltaics (OPVs) has grown exponentially over the 

last decade but OPVs have not yet reached true commercial viability. The prospect is 

that OPVs will allow solar cells to be produced cheaply, based on solution processing, on 

flexible substrates, and at lower temperatures than silicon cells, reducing embodied 
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energy. At present OPVs lag far behind silicon based solar cells in terms of efficiency, 

cost (in terms of £/WP) and lifetime. It is likely that initially the two technologies will 

complement each other with OPVs providing cheap consumer power sources whilst 

silicon based PV is used for energy production. In the long term it is feasible that OPVs 

will also be used in mainstream energy generation. 

 

 

Figure 1.3: NREL regularly update this chart which shows the progress being 
made in various technologies by the world’s leading laboratories. The progress 
of emerging PV is highlighted at the bottom. [21], [23]. 

 

One area where OPVs may have an advantage over traditional PV technologies is 

in building integrated photovoltaics (BIPV). The most common form of BIPV at present 

is silicon-based and it is usually applied as either wall cladding or roof tiles, as this suits 

its rigidity and opacity [24], [25]. Flexible thin film PV is also being used in BIPV, 

especially flexible amorphous silicon, as it is less sensitive to water and air than the 

other thin film technologies and can be semi-transparent [24], [25]. DSSCs and OPVs 

have a great potential in BIPV, as they offer cheap R2R manufacturing onto flexible 

lightweight substrates and offer a degree of transparency, so they could be used for clear 
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and tinted glazing [24]–[27]. OPVs have the advantages of ease of processing, low 

weight, flexibility, semi-transparency, and the ability to be coated onto substrates, 

compared to silicon-based PV, which is constrained to heavy, rectangular flat panels 

[24], [26], [28]. 

PolySolar in the UK are already providing a range of BIPV products including 

clear CdTe glazing, tinted a-Si glazing, mono-Si and poly-Si wall cladding and they are 

currently developing BIPV products based on OPVs [29]. Heliatek in Germany have 

developed a BIPV based on OPVs, HeliaFilm®, which is semi-transparent, flexible and 

lightweight, and has been installed on several demonstration projects in Europe and 

Asia [30]. At the Milan EXPO 2015, Belectric GmbH in conjunction with Merck Chemicals 

installed an OPV solar roof for the German pavilion, demonstrating the potential for 

OPVs in BIPV [31]. 

At present the increased cost and shorter lifetimes of BIPV products compared 

to standard building products are a deterrent [25]. Future regulations requiring 

buildings to be energy self-sufficient would increase the take-up of this technology. 

Financial incentives have been shown to stimulate the take-up of this technology in 

France and Italy [25]. 

OPVs still face the dilemma of balancing advances in efficiency, scalability, cost 

and lifetime and it is only once all of these are improved that OPVs will be ready for 

commercialisation [20]. 

1.1 Highlights and Structure of this Thesis 

This thesis focuses on outdoor monitoring of OPVs, with the aim of improving 

the stability and performance of OPV cells and modules under real world conditions. 

This is important as in order for OPVs to become commercially viable they must make 

the transition from small laboratory cells towards larger modules that can be of real use. 

The highlights of this research are: 

 The first report on benchmarking of OPV modules against other PV technologies in 

outdoor test environment. 

 Detailed analysis of OPV module performance as a function of temperature and 

irradiance under outdoor conditions. 

 Demonstration of improved yield using three-dimensional structured OPV modules. 
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 Demonstration of improved performance, spectral response and stability of OPVs 

using luminescent downshifting (LDS) coatings consisting of both single and 

multiple-dye blends. 

The structure of this thesis is as follows: 

Chapter 2 provides a background of the science behind this research. 

Chapter 3 discusses the current state of outdoor monitoring of OPVs, structuring of PV 

cells and modules, and the use of LDS materials with PV. 

Chapter 4 discusses the experimental methods used including a full description of the 

outdoor monitoring setup on the roof at Bangor. The various characterisation and 

fabrication techniques are described.  

Chapter 5 is the first of three results chapters and presents the results from various 

outdoor monitoring campaigns, including a comparison of the outdoor performance of 

different types of OPV modules and other PV technologies. 

Chapter 6 presents the results from indoor characterisation and outdoor monitoring of 

four different corrugated OPV modules. Also presented are outdoor results from 

commercial OPV strips laminated onto a corrugated substrate. 

Chapter 7 reports on detailed optical characterisations of a number of discrete and 

multiple-dye LDS blends, lifetime testing of OPV cells and modules coated with a 

selection of these dyes. 

Chapter 8 summarises the main results from the thesis and discusses possible 

directions for further work. 
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Chapter 2. Scientific Background 

2.1 Nature of Light 

The sun emits radiation with a spectrum approximating a blackbody source at 

5760 K and this is reasonably constant when it hits the upper atmosphere (solar 

constant: ~1.37 kW/m2) [5]. As light passes through the atmosphere the radiation is 

attenuated by: Rayleigh scattering by molecules in the air (especially at shorter 

wavelengths); Mie scattering by aerosols and dust particles; absorption by atmospheric 

gases (especially ozone, oxygen, water and carbon dioxide) [32]. On a clear sunny day, 

with the sun directly overhead, ~18% of incoming irradiation will be absorbed, ~3% 

will be reflected back out into space, ~70% will reach the Earth’s surface as direct 

radiation and ~7% will reach the Earth’s surface as diffuse radiation [33]. Depending on 

the angle of incidence, it passes through different amounts of the atmosphere; this 

pathlength is called the air mass (AM) and affects the level of attenuation (Figure 2.1). 

 

 

Figure 2.1: Definition of Air Mass. 

 

As the incidence angle (θi) increases, the energy received at sea level reduces 

(            [assuming a non-refractive atmosphere]) and the spectrum is shifted 

towards the infra red as more blue light is filtered out (“redder” at sunset/sunrise and 

“bluer” at noon) [34], [35]. Figure 2.2 shows the spectra of solar radiation received at 
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the top of the atmosphere (AM0) and the American Society for Testing and Materials 

(ASTM) reference at sea level (AM1.5G). 

 

 

Figure 2.2: Solar radiation spectra (based on ASTM Terrestrial Reference 
Spectra) [36], [37]. 

 

The total irradiation received by a surface (global radiation) comes from various 

sources: direct normal irradiation (DNI) comprising beam and circumsolar radiation 

(bright disk within 2.5° from the centre of the sun); diffuse radiation; ground reflected 

(albedo) radiation which affects inclined surfaces (e.g. PV modules) (Figure 2.3a) [38], 

[39]. The albedo factor depends on the nature of the reflective ground surface. Under 

conditions of intermittent cloud on a sunny day there will be peaks of radiation as the 

sun passes an edge or gap in the clouds caused by edge of cloud lensing effects (Figure 

2.3b) [40]. These cloud lensing events can cause irradiation to exceed normal direct 

irradiation by over 20% and with silicon PV can lead to even greater increases in yield, 

as the panels will be cooler having been previously exposed to diffuse sunlight [40]. 

To compare solar modules, a reference solar spectrum has been designed: the 

AM1.5 G173-03 (2012) spectrum is based on the average for the 48 contiguous states of 

the US, and has an integrated intensity of 963 W/m2 which, via international consensus, 

is re-standardised to 1000 W/m2 [36], [41]. 
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a) b) 

  

Figure 2.3: Solar radiation: a) direct, diffuse and reflected radiation; b) cloud 
lensing. 

 

Several models have been proposed for calculating the three components of 

solar radiation incident on a tilted surface: direct, diffuse & ground reflected [42]. The 

calculation for direct radiation is based on the ratio of beam angle to solar zenith angle. 

The modelled values for ground reflected radiation have only a small contribution to the 

overall figure and are dependant mainly on direct radiation, with the influence from 

diffuse radiation often assumed as being isotropic. It is the calculations for diffuse 

radiation which show the biggest differences and are based on two different hypotheses. 

The early isotropic models proposed by Liu and Jordan assumed that the intensity of 

diffuse radiation is uniform across the whole sky [43]. Later models were based on the 

anisotropic principle where diffuse radiation is non-uniform and has multiple 

components: circumsolar, horizon brightening and isotropic radiation [44], [45]. For the 

purposes of global horizontal irradiance (GHI) calculations in this thesis, the isotropic 

clear sky model proposed by Bird and Hulstrom was utilised [46]. It is available as an 

Excel VBA program [47]. 

2.2 Solar Photovoltaic Characteristics 

Electrical characterisation of a solar cell is performed by measuring its current-

voltage (IV) curve (Figure 2.4). If the active area is known then the current density (J) 

can be calculated. From this curve the following parameters can be obtained: short 

circuit current (ISC or JSC); open circuit voltage (VOC); maximum power point (MPP) and 

corresponding current (IMPP) and voltage (VMPP); fill factor (FF) (Equation 2.1). 
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 2.1 

If the irradiance is known then the power conversion efficiency (PCE) can be 

calculated (Equation 2.2). 

     
           

               
 

          

                     
 2.2 

It is important to accurately measure the active area of the cell and the power of 

the irradiance if the PCE and JSC values are to be accurate [48]. 

Examination of the IV curve allows the series resistance (RS) and shunt 

resistance (RSH) to be assessed [49]. Once these parameters are known (the most 

important being ISC, VOC, FF and PCE) they can be used to compare different solar cells. 

To compare IV curves it is usual to perform these tests under standard test conditions 

(STC): Irradiance = 1000 W/m2, Spectrum = AM1.5 G173-03 (2012), Module 

temperature = 25°C. 

 

 

Figure 2.4: Current-voltage (IV) and power curves for a solar cell highlighting 
main parameters. The maximum power point (MPP) denotes the place on the I-V 
curve where power is at a maximum. 
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2.3 Equivalent Circuit Models 

An ideal solar cell can be modelled as a current source in parallel with a diode 

(Figure 2.5a) [50]. Under dark conditions the IV behaviour will be that of a diode and 

under illumination this will be shifted by the photocurrent from the current generator 

(IPH), which is directly proportional to the irradiance (Figure 2.5b) [50]. The current 

generated by an ideal solar cell is given by Equation 2.3 (derived from the Schockley 

diode equation), where IL is the photocurrent, I0 is the diode’s reverse bias saturation 

current, n is the diode’s ideality factor, q is the elementary charge, k is Boltzmann’s 

constant and T is the cell temperature [50]. 

             
  

   
     2.3 

 
a) 

 

b) 

 

Figure 2.5: a) Equivalent circuit of an ideal solar cell. b) IV curves under dark 
and light conditions (IPH is the photo-generated current and I0 is the reverse bias 
saturation current of the diode). 

 

In practice a solar cell will have parasitic resistances, known as shunt resistance 

(RSH) and serial resistance (RS), and these can be modelled by the equivalent circuit 

shown in Figure 2.6.  

 

 

Figure 2.6: Equivalent circuit for a solar cell including parasitic resistances. 

 

In an OPV device, low RSH comes from problems in the active layer causing 

recombination (morphology, traps etc) as well as recombination further away from the 
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dissociation site (e.g. near the electrodes). High RS comes from low charge mobilities and 

problems at the interfaces between layers and at the electrodes affecting conductivity. 

Equation 2.4 shows the current in a solar cell allowing for the parasitic 

resistances and taking into account that ISC = IL [50]. 

              
        

   
     

     

   
 2.4 

Equation 2.5 shows the derivation for VOC based on the simple one-diode model: 

     
   

 
   

  

  
     2.5 

2.4 Physics of Organic Photovoltaics 

2.4.1 Organic Electronics 

The physics of organic electronics have been studied for many years, conduction 

in polyaniline first being reported on in 1862, but it was not until 1989, with the 

discovery of organic light emitting diodes (OLEDs), that organic electronics became a 

heavily researched area [51], [52]. OLEDs are now widely used in active matrix displays, 

and organic electronics are being used for thin film sensors and transistors, e-paper 

displays and OPVs [52], [53]. 

Broadly speaking organic semiconductors are split into two main categories: 

small molecules (monomers and oligomers) and polymers. Alongside these are: 

fullerenes, nanotubes, graphene and other similar carbon-based structures; these have 

complimentary properties to small molecules and polymers [54]. 

Organic semiconductors share a common feature: a conjugated backbone, 

consisting of alternating single and double carbon-carbon bonds with a planar structure 

(see Figure 2.7a) [55]. The single bonds each consist of one σ bond and the double bonds 

consist of one σ and one π bond. The σ bonds are highly localised and are based on an 

sp2 hybridisation, whereas the π bonds are based on the unhybridised pz orbital, located 

perpendicular to the sp2 plane, and allowing the π electrons to be delocalised along the 

backbone (see Figure 2.7b) [55]. The σ-σ* energy gap is much greater than the π-π* 

energy gap and therefore the π-π* energy bands form the basis for semiconducting 

properties of the polymer, as the π electrons allow charge transfer along the conjugated 

backbone (Figure 2.7c). The upper edge of the π band forms the valence band (VB) and 
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is called the highest occupied molecular orbital (HOMO). The conduction band (CB) is 

formed by the empty states of the π* orbitals and is called the lowest unoccupied 

molecular orbital (LUMO). The gap between the HOMO and LUMO defines the electrical 

band gap of the molecule (EG). Charge transfer between different molecules occurs when 

the π orbitals on neighbouring molecules overlap, as conjugated molecules are usually 

planar. When an electron in the HOMO is excited with sufficient energy, either thermally 

or by an incoming photon, it will cross the band gap to the LUMO leaving behind a hole 

in the HOMO. These electron-hole pairs, known as excitons, are strongly bound by 

Coulombic attraction (0.3-1 eV) due to the low dielectric constant of the polymer and are 

not free to separate [56]. Excitons are neutral quasi-particles and therefore not 

influenced by external electric fields. Excitons travel by hopping between localised 

states, as HOMOs and LUMOs cannot form a continuous VB or CB. Normally, unless the 

electron and hole can dissociate into free charge carriers, they will recombine either 

radiatively or thermally. 

 
a) b) c) 

 

  

Figure 2.7: a) Examples of conjugated molecules. b) sp2 and pz orbitals and π- 
and σ-bonding (pz orbitals perpendicular to sp2 plane). c) Energy levels for σ-σ* 
and π-π* bands. 

 

2.4.2 Organic Photovoltaics 

All photovoltaic solar cells convert the energy of incident photons into electrical 

energy by the photovoltaic effect. Figure 2.8 shows a simplified energy diagram of an 

organic solar cell, consisting of donor and acceptor polymers sandwiched between two 

electrodes, and illustrates the principle processes: light is absorbed in the donor 

(analogous processes can happen with absorption in the acceptor) and generates an 

exciton (1); the exciton diffuses towards a donor-acceptor (D-A) interface (2); at the 

interface the exciton will rapidly dissociate into separate free charges, via the charge 

transfer (CT) state, due to the potential at the interface (3); the separated carriers are 
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free to migrate to the electrodes under the influence of a field created by the work 

function differences between the cathode and anode (4); the charges are collected by 

their respective electrodes (5). 

There are several competing recombination processes which take place (Figure 

2.8): geminate recombination by either exciton decay (6) or recombination through the 

charge transfer state (7); non-geminate recombination of free carriers (8) [55], [57], 

[58]. These recombination processes will either be radiative (if allowed) or thermal. 

 

 

Figure 2.8: Photovoltaic processes within an organic solar cell. 

 

The power conversion efficiency (PCE) of a solar cell is dependent on each of 

the following processes working at their maximum potential (Equation 2.6) [59]. 

                                        2.6 

Optical (ηOpt): An incoming photon must reach the active layer. Reflection from the 

front surface (or subsequent interfaces) or absorption by the nominally transparent 

front substrate will reduce the number of available photons. 

Absorption (ηAbs): An incoming photon with sufficient energy (EPH≥EG) is absorbed by a 

semiconducting material and optically excites an electron which will be raised from the 

HOMO to the LUMO energy level forming an exciton. The efficiency of this process is 

determined by the ability of the material to absorb photons, based on the bandgap (EG), 

optical absorption coefficient and thickness of the material. Organic semiconductors 
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have a relatively high optical absorption coefficient and complete absorption can be 

accomplished in film thicknesses of only a few hundred nanometres. 

Diffusion (ηDiff): Excitons can travel along or between conjugated polymers via hopping 

and tunnelling. They have a short diffusion length (~10 nm) and lifetime (nanoseconds) 

compared to free carriers in inorganic semiconductors (100 μm and microseconds). The 

charge mobility in conjugated polymers is much lower (1-0.1 cm2/Vs) compared to 

inorganic semiconductors (mono-Si: 300-900 cm2/Vs, poly-Si: 50-100 cm2/Vs) [60]. The 

exciton will diffuse through the donor material until it either recombines or dissociates. 

The efficiency of this process is determined by the lifetime and diffusion length of the 

exciton and by the density of defects where recombination can occur. 

Dissociation (ηDiss): Exciton dissociation (charge separation) will normally only occur 

at a step change in the energy level, where the LUMO offset is greater than the exciton 

binding energy, and is a rapid process (femtoseconds) [18], [61]. This mainly occurs at 

interfaces between different polymer types (donor and acceptor), but can also occur at 

the electrodes and at defects in the lattice (e.g. absorbed oxygen or impurities). The 

electron will be transferred across to the acceptor leaving the hole in the donor. This 

forms a CT complex, which is bound by a much lower energy than the exciton, as the 

electron and hole are further apart [53]. 

Transport (ηTrans): The charges will be able to separate, under the influence of the 

electric field formed by the mismatch of the work functions of the two electrodes. The 

free carriers will be able to drift, via hopping processes, towards their respective 

electrodes (electrons  cathode, holes  anode). The efficiency of this process is 

determined by the electron and hole mobilities. Losses will occur if there are electrical 

shorts, high bulk resistance or traps (e.g. lattice defects). If the electron-hole pair 

recombine after charge separation this in non-geminate recombination [58].  

Collection (ηColl): Once they reach the electrodes the electrons and holes can be 

extracted to generate a photocurrent. The efficiency of this process is determined by the 

Fermi levels of the electrodes (EFcathode < ELUMOacceptor and EFanode > EHOMOdonor) and should 

be very efficient [59]. 

2.4.3 OPV Device Structures 

Most OPV devices consist of a transparent conducting window (front electrode), 

an active layer and a rear electrode layer, usually a metal. The front electrode is often 
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made from a transparent conducting electrode, such as indium tin oxide (ITO), coated 

onto a substrate, which can either be rigid (glass) or flexible. The active layer has 

evolved through four main variants. The simplest and earliest devices have a single 

organic material for the active layer (homojunction) and rely on the difference in work 

functions at the electrodes to separate the excitons. This is an inefficient mechanism, 

due to the short diffusion length of excitons and likelihood of recombination at the 

electrodes, and provides PCEs of less than 0.1% (Figure 2.9a) [62]. An improvement on 

this was the formation of a Schottky barrier at one contact (e.g. a donor polymer and a 

low work function electrode is commonly used), which provides a more efficient means 

of exciton dissociation and PCEs of up to 2% have been obtained (Figure 2.9b) [15], [62], 

[63]. The bilayer device proposed by Tang was a significant improvement and was based 

on two separate layers of organic material, one a donor and the other an acceptor 

(Figure 2.9c) [17]. The donor-acceptor (D-A) interface provides an efficient location for 

exciton dissociation, but only those excitons generated within a diffusion length of the 

interface are able to dissociate. The problem of the majority of excitons not reaching the 

junction before recombining, due to the short diffusion length, was overcome by mixing 

the donor and acceptor materials together before fabricating the device. The active layer 

forms a bulk heterojunction (BHJ), with a dispersed structure and a very large D-A 

interface area (Figure 2.9d) [62]. Subsequently wherever an exciton is generated it is 

within a short distance from a D-A interface and can more readily dissociate. The 

dispersed structure will allow the free carriers to reach the relevant electrode. As both 

donor and acceptor materials extend to each electrode it is necessary to add extra 

functional layers to select either holes or electrons, based on the work functions of the 

layers. It is possible for “islands” of donor or acceptor material to form, which are 

isolated from the electrodes, and these can limit charge transport and increase 

bimolecular recombination [64]. This type of device dominates present day solution 

processed OPV technology and research, and is the focus of the research in this thesis. 

Improvements in morphology of the active layer are sought by improving a 

number of different factors: solvents, additives, donor/acceptor ratio, annealing time 

and annealing temperature [65]–[67]. These can all be tuned to improve performance. 

Ordered heterojunctions are another technique; a more regular organisation of the 

active layer can be achieved by nanoimprint lithography of the donor material before 

coating with the acceptor material (Figure 2.9e) [68]–[70]. So far this approach has 

yielded improved FF, but not an increase in PCE, as it is normally accompanied by a 
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reduced JSC. Finally, molecular heterojunctions can be used to self-assemble donor and 

acceptor morphologies, with fullerene covalently bonded into a donor-acceptor 

backbone (known as double-cable polymers) [71]–[73]. 

 
a) b) c) 

 
  

d) e) 

  

Figure 2.9: OPV device structures: a) Homojunction – cross section; b) Energy 
diagram showing Schottky barrier; c) Bi-layer device – cross section; d) Bulk 
heterojunction – cross section; and e) Ordered heterojunction – cross section. 

2.4.4 OPV Materials 

Active Layer: For solution processed OPVs, the active layer within BHJ devices 

commonly consists of a conjugated polymer as the donor and a fullerene derivative as 

the acceptor. Figure 2.10 shows the structure of materials commonly used in OPVs. The 

most commonly reported donor and acceptor materials are poly(3-hexylthiophene) 

(P3HT) and phenyl-C61-butyric acid methyl ester (PC61BM) respectively. A common 

variant of PC61BM is PC71BM, based on C70. C70 is ovoid in shape leading to better light 

absorption and PC71BM has a higher LUMO which increases VOC [74]. P3HT is an 

excellent absorber and transporting material but having a band gap of 1.9 eV means that 

light of over 650 nm cannot be absorbed. In 2006, Scharber et al. published design rules 

for donors in BHJ devices using PC61BM as a common acceptor and showed that 

efficiencies above 10% were possible [75]. One area of research is to find active layer 

materials with lower bandgaps, which will allow light at longer wavelengths to be 

absorbed [75], [76]. One of these materials that has been extensively studied at Bangor 

is poly[2,6-(4,4-bis-(2-ethylhexyl)-4H-cyclopenta[2,1-b;3,4-b0]dithio-phene)-alt-4,7-
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(2,1,3-benzothiadia-zole)] (PCPDTBT), which has a bandgap of ~1.5 eV extending 

absorption into the infrared region [67], [74], [77]–[79]. Most of these materials have 

sidechains, which are required to ensure the solubility of the polymers and fullerenes. 

This is particularly important in the fabrication of BHJs as the active layer is produced 

from a D-A blend in solution. Under optimised annealing conditions the active layer will 

phase segregate, such that the polymer becomes more crystalline, the PCBM will 

aggregate, and acceptor (donor) enrichment will occur at the cathode (anode) 

interfaces, leading to improved performance and FF [80]–[82]. Fullerene derivatives are 

the dominant acceptor material, but have the disadvantages of weak absorption and 

limited spectral breadth, so most research is focused on new oligomer and polymer 

acceptor materials [83]. 

 

 

Figure 2.10: Common OPV materials: P3HT, PCPDTBT, PC61BM, PC71BM, and 
PEDOT:PSS. 

 

Functional Layers and Electrodes: To minimise recombination, an electron transport 

layer (ETL) which has high electron mobility and acts as a hole blocker, and a hole 

transport layer (HTL) which has high hole mobility and acts as an electron blocker, are 

normally used in OPVs. Common HTLs are poly(3,4-ethylenedioxythiophene) 

polystyrene sulfonate (PEDOT:PSS) (Figure 2.10) and molybdenum trioxide. Common 

ETLs are zinc oxide and calcium. PEDOT:PSS and ZnO also improve the cell structure by 

forming a smooth, planarised surface for the active layer to be deposited on, which 

reduces pin hole defects (responsible for reduced shunt resistance and FF) [84]. 

Substrates: although the majority of laboratory test cells are fabricated on glass, as it is 

a rigid, stable material that is easily handled and readily available, one of the advantages 

of OPVs is that they can be fabricated onto flexible plastic substrates. A substrate must 

have low absorption over the desired range of wavelengths, compatibility with OPV 

materials and good barrier properties. Common plastic substrates are polyethylene 

terephthalate (PET) and polyethylene naphthalate (PEN). These are often assembled in 
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multi-layer structures with interfacial barrier layers of thin oxide films to improve 

resistance to transmission of oxygen and water [85]. 

Front Electrode: ITO is the most common transparent electrode used in OPVs, but 

indium is a rare element and other replacements are being investigated: silver 

nanowires (AgNW), ZnO doped with aluminium (AZO), silver grid with highly 

conductive PEDOT:PSS, carbon nanotubes and graphene [84], [86]–[90]. 

2.4.5 OPV Device Geometries 

There are two different device geometries (see Figure 2.11): “Normal” 

geometry, which was used for all early devices, where the ITO acts as the anode; 

“Inverted” geometry where the ITO acts as the cathode. 

 
a) b) 

  

Figure 2.11: OPV device geometries: a) “Normal” geometry OPV device; and b) 
“Inverted” geometry OPV device. 

 

The early (“normal”) devices used PEDOT:PSS as the HTL and calcium as the 

ETL with aluminium for the cathode. Calcium and aluminium are easily oxidised and 

readily react with water. In addition, PEDOT:PSS is highly acidic and is usually deposited 

from an aqueous dispersion, with the device being heat treated to drive off the water 

before the active layer is applied. Consequently, these devices are particularly prone to 

degradation. Improvements were achieved using “inverted” geometry, with ZnO coated 

onto the ITO (either by sputtering or sol-gel deposition), followed by the active layer 

blend and then evaporation of MoO3 followed by silver as the high work function back 

electrode. This has produced cells that are more resilient to degradation and it has the 

advantage that silver can be printed from liquid paste. Inverted devices have the 
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advantage that polymers tend to phase separate towards the top surface during 

deposition, due to their lower surface energy, leading to higher concentrations of 

acceptors near the cathode and donors near the anode [91]. 

2.4.6 OPV Stability and Causes of Degradation 

Now that OPV cell efficiencies are exceeding 10%, an important area of research 

is looking at how to improve the stability of OPV cells and modules. High efficiency and 

longevity are key to enabling OPVs to become commercially viable [92]. 

Causes of degradation and instability can be separated into two broad categories: 

Intrinsic degradation: Caused by internal changes involving the materials of the cell, 

morphology changes in the D-A blend and physical delamination of the layers [93]. 

 Extrinsic degradation: Caused by external triggers such as light (especially UV), 

temperature, oxygen and humidity. This type of degradation is closely linked to the 

impermeability of the encapsulation [93]. 

There are many different factors which affect stability and degradation in OPVs: 

Morphology: For efficient BHJ cells it is important to be able to control the structure of 

the active layer, as this determines the efficiency of charge generation, transport and 

collection. The architecture of this layer is not always thermodynamically stable and 

exposure to sunlight for long periods leads to macro phase separation which leads to 

distances beyond the exciton diffusion length [92]. Methods of controlling the 

morphology include modification of the chemical structure of the donor and acceptor 

materials, crosslinking to lock in the required structure and the addition of a stabiliser 

(called a compatibilizer) to reduce interfacial tension and thereby suppress phase 

separation [92]. 

Photo-oxidation of donor materials: The π bonds in conjugated polymers are 

susceptible to chemical degradation, particularly by oxidation and exposure to UV light, 

leading to reduced photovoltaic properties [92]. The mechanism of this oxidation 

involves the energy transfer from photo-excited polymer to adsorbed oxygen to form 

singlet oxygen which can then react with the polymer [94]. As this process is dependent 

on the presence of oxygen and water catalysed by UV it can be reduced by efficient 

encapsulation and UV filtering [95]. It has also been shown that reducing the number of 

sidechains on the polymer will reduce photo-oxidation, improving stability [96].  
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Interface and electrode degradation: A major cause of degradation in normal 

geometry devices are electro-chemical reactions at the ITO and aluminium electrodes. 

The cathode is commonly a thin layer of calcium with a thicker layer of aluminium on 

top. Both these metals are highly reactive due to their low work-function and are easily 

oxidised. This leads to a change in the work-function of the cathode which reduces its 

efficiency at electron collection, effectively increasing the series resistance of the device 

[92]. The metal oxides are insulating which reduces electron transport. A thin layer of 

lithium fluoride or Al2O3 between the polymer and metal electrode improves the lifetime 

and electrical characteristics of OPV devices. This is thought to be due to the change in 

electrical properties of the interface (the work-function is reduced and a dipole layer is 

formed) and because the interfacial layer protects the polymer from the hot aluminium 

during sputtering and therefore reduces any reaction between them [94]. 

At the anode the interface between PEDOT:PSS and ITO is also susceptible to 

degradation. The indium in ITO is known to diffuse through the whole device and this 

erosion of the ITO occurs faster under heat and humidity [94]. PEDOT:PSS is highly 

acidic and is normally spin-coated from a water solution/suspension, followed by 

heating to drive off the water. PEDOT:PSS is highly hygroscopic and any absorbed water 

increases its sheet resistance, as well as being a source of water for degradation of the 

ITO and polymer layers [92], [94]. The use of additives such as dimethylsulfoxide 

(DMSO) can improve the operational stability of the PEDOT:PSS [97]. 

Delamination: Delamination between the functional layers of a device will increase the 

series resistance of the cell, leading to a drop in FF and a loss of performance. 

Delamination can be caused by loss of physical contact between the layers due to 

chemical reactions (typically photo-oxidation), which can cause voids and insulating 

patches to form [93]. Delamination can be exacerbated by mechanical stresses. 

S-shaped IV curve: A common failure mechanism is the development of an S-shaped IV 

curve which leads to reduced FF and short circuit current (ISC) [98]. This is due to an 

insulating interface in the device affecting the mobilities and causing a space charge 

build up [99], [100]. This is often caused by band bending, leading to a Schottky barrier 

forming at the interface and can be prevented by utilising an interfacial layer to better 

match the energy bands of the two layers [101]. Degradation of an interfacial layer (e.g. 

Ca or PEDOT:PSS) can lead to the mismatch in work functions at the interface [101]. 
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2.4.7 Encapsulation 

OPV devices are susceptible to degradation caused by atmospheric oxygen and 

water and good encapsulation which prevents their ingress is essential for stable 

outdoor operation [102]–[104]. As well as providing protection from the elements an 

ideal encapsulant will also be optically clear, a good adhesive, stable to thermal and light 

degradation, and an insulator. In the laboratory this is often done with epoxies and glass 

cover slips, but these are not viable for the production of commercial cells [105], [106]. 

One encapsulant used with silicon PV is polydimethylsiloxane (PDMS), which has 

excellent UV and thermal stability, relatively low moisture absorption, and is optically 

clear down to 280 nm [107]–[109]. OPVs are much more susceptible to degradation due 

to water and oxygen ingress than silicon PV and for long term protection, barrier 

materials are required with a water vapour transmission rate (WVTR) less than 

10-3 g/m2/day [110]. Roll to Roll (R2R) manufacturing techniques are often used to 

fabricate OPVs and a pressure sensitive adhesive is normally applied onto the R2R sheet 

for encapsulation. These flexible modules are commonly based on PET or PEN, but these 

materials have high transmission rates for both water and oxygen, so barrier layers (e.g. 

SiOx) are being applied by techniques such as atomic layer deposition [94], [111], [112]. 

The join between the two flexible substrates is important; otherwise diffusion of oxygen 

and water can occur from the edges. One method is to laser cut the module once it has 

been completed which simultaneously seals the edges [112]. Other materials are being 

looked at; for example polyurethane, although deposition on a R2R line is 

challenging [113]. 

2.5 Spectral Response 

An ideal solar cell would absorb all available photons across the whole 

spectrum. However, there is a cut-off based on the band gap of the semiconductor which 

prevents any photons with energy less than the band gap from creating an exciton. At 

the blue end of the spectrum (high energy photons) the response is reduced due to 

reflection, absorption by the substrate and front surface recombination. In the 

intermediate wavelengths there will be losses, due to incomplete absorption and 

recombination. External quantum efficiency (EQE), also known as incident photon 

conversion efficiency (IPCE), is an indicator of the spectral response of a solar cell. 



Scientific Background  23 

 

   

2.6 Shockley Queisser Limit 

In 1960 Shockley and Queisser determined the limit for the PCE of an ideal solar 

cell, depending on a balance between electron generation (from photon energy, band 

gap and spectrum losses) and radiative recombination, recently updated by Rühle to 

33.7% (Figure 2.12b) [114], [115]. Many incoming photons are not absorbed (EPH<EG) 

and some of the energy of the photons that are absorbed is lost to thermalisation (Figure 

2.12b). Janssen and Nelson examined this limit in view of OPVs and proposed a limit of 

20-24%, allowing for a 0.3-0.5 eV energy offset at the D-A interface [116]. 

 
a) 

 
b) 

 

Figure 2.12: a) Record efficiencies of different PV technologies and SQ detailed 
balance limit plotted as a function of band gap wavelength [circles=homo-
junctions, squares=hetero-junctions, filled=direct band gap, empty=indirect 
band gap] [115]. b) Spectral response for silicon [117]. 
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Chapter 3. Literature Review 

This chapter gives an overview of current research in the following areas: outdoor 

monitoring of OPVs; ISOS outdoor testing protocols; 3D structuring of OPVs; luminescent 

downshifting. Details of the criteria used to select suitable LDS materials are explained. 

3.1 Outdoor Monitoring of OPVs 

Research into OPVs has been beset by the problems of scalability. A meta 

analysis by Jørgensen et al. of about 9000 research papers on OPVs published before 

January 2012 provided some important insights into the current state of OPV research, 

including the fact that the vast majority of devices reported on were very small 

laboratory scale devices, 86% having an active area of 0.2 cm2 or less (Figure 3.1) [20]. 

Scalability has problems because, as devices get larger, the higher sheet resistivity of ITO 

leads to drops in PCE [118]. Small devices are difficult to measure outdoors with any 

degree of accuracy, as the currents involved are small (nA), especially at lower 

irradiances, and require the use of specialist test equipment, and this has held back 

outdoor testing. 

 

 

Figure 3.1: PCE vs. device active area in research papers up till 2012. This 
highlights the large number of very small scale laboratory devices and the lack 
of reported results from larger area devices [20]. 
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3.1.1 ISOS Stability Test Protocols for Outdoor Testing 

The International Summit on OPV Stability (ISOS) has published detailed 

protocols for measuring OPV devices, covering shelf life testing, outdoor monitoring, 

laboratory weathering and thermal cycling [119]. Each area has three levels of test 

protocols: basic (level 1), intermediate (level 2) and advanced (level 3). This allows 

laboratories with different capabilities to adhere to a standard set of protocols and 

improve the comparability of their results. The majority of laboratories would be 

expected to comply with level 2 and only a small number of certified testing centres 

would reach level 3. Table 3.1 shows the protocols which apply to outdoor testing and 

Table 3.2 shows the protocols which apply to indoor (laboratory weathering) testing. 

 

Table 3.1: ISOS outdoor testing protocols [119]. 

Test Type ISOS-O-1 Outdoor ISOS-O-2 Outdoor ISOS-O-3 Outdoor 
Light Source Sunlight Sunlight Sunlight 
Temperature Ambient Ambient Ambient 
Relative Humidity Ambient Ambient Ambient 
Environment Ambient Ambient Ambient 
Characterisation 
Light Source 

Solar simulator Sunlight 
Sunlight and solar 

simulator 
Load MPP or open circuit MPP or open circuit MPP 

 

Table 3.2: ISOS indoor (laboratory weathering) testing protocols [119]. 

Test Type 

ISOS-L-1 
Laboratory 
weathering 

ISOS-L-2 
Laboratory 
weathering 

ISOS-L-3 
Laboratory 
weathering 

Light Source Simulator Simulator Simulator 
Temperature Ambient 65/85 °C 65/85 °C 
Relative Humidity Ambient Ambient Near 50% 

Environment/setup Light only 
Light & 

Temperature 
Light, Temperature 
& Relative Humidity 

Characterisation 
Light Source 

Solar simulator Solar simulator Solar simulator 

Load MPP or open circuit MPP or open circuit MPP 
 

Devices being measured outdoors are exposed to a wide variety of conditions 

(e.g. temperature, humidity, wind, irradiance) which will influence the accuracy of the 

measurements. Irradiance is the most important and is ideally measured using a 

thermopile pyranometer which has a flat spectral response from 300 to 2800 nm [120]. 

The ISOS protocols also recommend measuring device temperature. 
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3.1.2 Stability and Lifetime Assessment 

If a series of IV measurements are taken over time then it is possible to assess 

the stability and lifetime of the device by plotting the change in PCE, JSC, VOC or FF against 

time (Figure 3.2). The time for the monitored quantity to reduce to either 80% (T80) or 

50% (T50) of its initial value is used as a measure of its lifetime. If there is an obvious 

change in device performance after an initial burn-in period then the stable and burn-in 

lifetimes may be given separately. 

Silicon and thin film PV modules and systems are often assessed using specific 

yield (ratio of system yield to system size) or performance ratio (ratio of actual yield to 

potential yield), usually calculated on an annual basis [121]–[123]. However for the OPV 

cells and modules that are assessed in this thesis, the rate of degradation is too fast and 

therefore these metrics are of limited use. 

 

 

Figure 3.2: Stability and lifetime measurements. The time to drop to a 
percentage (usually 80% or 50%) of the initial value is used for lifetime 
comparisons [119]. 

 

3.1.3 Outdoor Monitoring Studies on OPVs 

Few groups have developed facilities for conducting outdoor tests and therefore 

limited data exists on the outdoor performance of OPVs. The lack of suitable large area 

modules means that most research has concentrated on small laboratory scale devices. 

The perceived short lifetime of OPV devices, especially when exposed to real weather 

conditions, is also a disincentive. However, these are some of the most useful tests as 

they allow for performance of materials and systems to be understood in an 
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environment where the modules are likely to be used. Despite these challenges there 

have been some comprehensive studies. 

A number of papers have emerged from the group at the Technical University of 

Denmark (DTU) lead by Professor Frederik Krebs. Few laboratories have the facilities to 

fabricate large area flexible OPV devices and DTU are leading the way in the 

development of R2R techniques using environmentally friendly materials and methods 

[124]–[127]. They provide large numbers of OPV modules to the research community, 

both through inter-laboratory partnerships, round-robins and through their freeOPV 

programme [112]. 

One of the earliest studies, in 2006, on long-term evaluation of OPV 

performance outdoors was by Katz et al. at Ben Gurion University, Israel. They published 

a study of outdoor degradation based on OPVs encapsulated with glass and aluminium 

with different semiconductors in the active layer (BHJ of MEH-PPV:PC61BM, BHJ of 

P3HT:PC61BM, bilayer P3CT:C60), all with an active area of 10 cm2 (Figure 3.3a) [128]. 

They found that the main degradation losses were due to ISC and FF, whereas VOC 

remained relatively stable. ISC and VOC were seen to degrade during the day and recover 

overnight (Figure 3.3b). This recovery effect was also observed if the cells were shaded 

for 30 minutes during the day. They suggested that non-reversible photochemical 

degradation occurred in parallel with reversible degradation from photo-induced 

generation of charge traps. FF showed a steady decline over the course of the 

monitoring. Overall the cells were relatively unstable and the best cell (P3CT:C60) 

showed a 50% drop in PCE within 90 hours of sunlight exposure. 

 
a) b) 

  

Figure 3.3: Outdoor testing in Israel: a) three different cells mounted for 
outdoor testing; b) evolution of ISC and VOC for P3HT:PC61BM cell [128]. 
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In 2008 Hauch et al. at Konarka Technologies (Lowell, MA, USA) reported on 

eight flexible modules monitored outdoors based on P3HT:PC61BM which showed that 

after one year outdoors PMPP had only dropped to 80% of its initial value (Figure 

3.4) [129]. For the first six months, after an initial jump in PMPP performance of about 

40%, the performance correlates to the ambient temperature and subsequently the 

modules show a linear degradation. After 14 months of outdoor testing the modules 

were retested under the solar simulator and there was found to be an 11% increase in 

FF, 3.3% increase in PCE, 7% drop in VOC and no change in JSC. When the modules were 

first placed on the roof they were loaded with a fixed resistor at their MPP. As the 

performance of the modules changed, due to degradation and changes in irradiance and 

temperature, the MPP changed. Every 60 seconds the voltage drop across the resistor 

was logged and the output power was derived from this. This highlights the importance 

of taking IV curves, from which the performance parameters can be derived, as their 

outdoor results are severely affected by the non-optimal loading. 

 
a) b) 

  

Figure 3.4: Outdoor testing at Konarka: a) outdoor testing rack; b) evolution of 
PCE (normalised) over the course of a year [129]. 

 

Angmo et al. (DTU) have published several reports into long term (one and two 

years) outdoor studies of OPV devices. A one year study was performed on two different 

batches of ITO-free P3HT:PCBM modules (active area: 70-100 cm2), encapsulated with 

low-cost plastic barrier material, under different climatic conditions (Denmark, Holland 

and India) [130]. The second batch was fabricated with improved edge sealing. All of the 

modules in the first batch failed, whereas the best of the second batch of modules 

retained 95% of their initial performance after 1 year of outdoor testing. Degradation 

for all of these modules was through failures in edge sealing and at the contacts. Another 

outdoor stability study in Denmark and India, using similar modules to the first batch, 
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showed maximum T80 lifetimes of 1500 hours and little variation in performance 

between the modules in India and Denmark, despite the higher temperature and 

humidity levels in India [131]. Another study looked at large area (100 cm2) ITO-free 

modules, with the improved edge sealing, over the course of two years under both 

outdoor and dark-storage conditions in Denmark [132]. These modules showed 

reasonably stable outdoor performance and all maintained an MPP performance above 

80% of initial performance over the course of the two years. The degradation that was 

observed was attributed to oxygen permeation through the barrier layers. 

DTU have coordinated several inter-laboratory and round robin studies with 

the aim of assessing and improving the ISOS standards (both indoors and outdoors) 

[119], [133]–[136]. One study looked at the reproducibility of outdoor measurements 

and involved 46 different laboratories worldwide [134]. Suitcase samples, consisting of 

three OPV modules and a silicon reference cell, were sent between laboratories for VOC, 

ISC and IV testing at noon on a clear day, by whatever means each laboratory had 

available. Comparison of the results from each laboratory revealed a standard deviation 

of about 5%, which indicates a high level of consistency and confirms the validity of 

these multi-laboratory studies. For effective research it is important for results between 

laboratories to be consistent and therefore comparable. 

An inter-laboratory study by Søndergaard et al. (DTU) in 2012 reported on 

outdoor testing in eight countries of OPV modules encapsulated in polyurethane 

sandwiched between two plates (one glass and the other polycarbonate) [113]. 

Although the average degradation trends were similar across all locations it was noted 

that 13% of modules at seaside locations experienced catastrophic failure compared to 

only 5% of modules at inland sites. This was attributed to the higher concentration of 

salt in the air and corrosion of the external copper electrodes was observed. Lifetimes 

increased by a factor of over three when compared to similar modules with only front 

and back barrier foil for encapsulation. 

In 2013 Gevorgyan et al. (DTU) reported on an inter-laboratory outdoor 

stability study involving six laboratories and lasting over 17 months [137]. The modules 

(P3HT:PC61BM) were fabricated at DTU and included an extra layer of UV-filter/barrier 

encapsulation. Two modules were distributed to each of the participating laboratories. 

The results showed that T80 lifetime varied between a few hundred to over 10,000 

hours, and the primary source of degradation was deterioration of the sealing at the 
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contact terminals, which allowed water and oxygen to diffuse into the cells. This caused 

progressive cell degradation, with the cells nearest the contacts showing the largest 

drop in performance, which was attributed to the absorption of moisture by PEDOT:PSS 

(which is strongly hygroscopic) leading to oxidation of the Ag/PEDOT:PSS interface 

(Figure 3.5).  

 

 

Figure 3.5: IV curves of individual cells in a module, highlighting the failure of 
cells close to the terminals [137]. 

 

Another inter-laboratory study by Gevorgyan et al. (DTU) compared ISOS-O-1 

and ISOS-O-2 measurements at 16 different laboratories [138]. It was found that 

ISOS-O-1 tests (characterisation performed indoors under calibrated light) were 

inherently more unreliable and led to greater failure rates than ISOS-O-2 tests 

(characterisation performed outdoors) due to the minimal handling required for 

ISOS-O-2 tests. The performance results for these tests showed that VOC was fairly stable 

and degradation of PCE was due to drops in FF and ISC, in agreement with the earlier 

results from Katz [128]. 

Several studies have looked at how indoor accelerated lifetime testing (ALT) can 

be used to predict outdoor lifetimes. Haillant used Atlas solar simulators for testing OPV 

degradation as a function of irradiance and temperature [139]. Existing ISOS test 

procedures were used and the results indicated that degradation in OPVs does not 

correlate linearly with increasing irradiance, but according to a power law. In addition, 

increasing temperature can significantly alter the nature of the degradation process, as 

outdoor degradation is mainly photo-oxidative in nature, whereas increasing 

temperature affects the rate of photo-chemical reactions; increasing humidity can lead 
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to swelling due to absorption of water, which can lead to abnormal mechanical stresses 

in the module resulting in cracking. 

A study by Corazza et al. (DTU) tested different OPV modules outdoors for one 

year in order to compare the results to several complimentary indoor studies and 

establish a method of predicting outdoor lifetime based on indoor accelerated 

tests [140]. They found a correlation between lifetimes under accelerated indoor testing, 

under damp heat and light soaking (ISOS-D-3 and ISOS-L-2), and lifetime outdoors. 

An inter-laboratory study by Owens et al. was performed at Pomona College 

(Claremont USA) involving 8 different laboratories [141]. Each laboratory supplied their 

best OPV modules for indoor and outdoor testing under standardised conditions. 

Normalised PCE results (Figure 3.6) show the huge disparity in lifetimes between the 

different modules/cells, with some cells showing linear decay, whilst others show rapid 

exponential decay. 

 
a) b) 

 

Figure 3.6: Comparative testing results of different OPV module types: a) indoor; 
and b) outdoor [141]. 

 

Weerasinghe et al. conducted research into flexible barrier layers and 

encapsulation techniques with large area OPVs [142]. They tested three different levels 

of encapsulation, all based on 3M™ Ultra Barrier Solar Film (Figure 3.7). The first two 

levels used adhesive transfer tape to laminate the barrier film to the front and back of 

the modules: on one the film on the rear did not completely cover the module, allowing 

access to the electrodes (“partial”); on the other both the films were both oversize and 

overlapped the module all round, with electrical connection via copper tape accessed 

through two small perforations in the rear film (“perforated”). The third encapsulation 

method (“complete”) used ethylene vinyl acetate (EVA) to laminate oversized barrier 

film to the module, along with moisture barrier tape to seal all round the edges and the 
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copper tape where it exited. Modules with the “complete” level of encapsulation showed 

no evidence of degradation after 13 months outdoors and they projected a potential T80 

lifetime of at least 3 years, assuming similar degradation modes as the “partial” modules 

and no catastrophic failures. 

a) b) c) 

 

Figure 3.7: Exploded cross sections and photographs of encapsulation test 
modules: a) “partial”; b) “perforated”; and c) “complete” [142]. 

 

A recent field trial by Emmott et al. of fourteen large area (1200 cm2) OPV 

modules in rural Rwanda were used to test OPV degradation at high levels of irradiance 

(spectral air mass ≈ AM1.0), high temperatures and heavy rainfall [143]. This resulted in 

early degradation of the modules, due to delamination caused by the failure of the non-

UV stable encapsulation. The modules exhibited lifetimes of between 2½ and 5 months; 

5 to 6 times shorter than the lifetimes of control modules kept indoors in the dark.  

In 2010 Medford et al. (DTU) tested a set of OPV panels with active areas up to 

9180 cm2 and power levels up to 8 W [144]. The panels were fabricated by taking a 

number of R2R fabricated OPV modules and connecting them together, as if they were 

cells in a standard silicon module, with a glass front, EVA encapsulation and tetlar foil 

backplane (Figure 3.8a). Each panel was encapsulated differently and tested outdoors 

(Figure 3.8b). The best panel (T80=1 month, T50=6 months) had been fabricated with an 

additional thin protective foil layer at the back, which further reduced oxygen and water 

diffusion. No difference was found between those panels with or without UV filtering, 

and this is attributed to the UV filtering caused by the tempered glass at the front. 
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a) b) 

  

Figure 3.8: Large area OPV panels: a) fabrication; b) testing outdoors [144]. 

The latest development from DTU is the production of continuous R2R OPV 

modules, with serially connected module stacks (so called infinity cells) [145], [146]. 

These foils can be up to 100m long and at that length will have a VOC of about 10kV and 

power rating of over 220 WP. To demonstrate the potential of these new module foils a 

solar park has been setup with 4 inclined racks, each with six rows of infinity-PV foil. 

The energy payback time for these grid connected systems is 277 days in Denmark, and 

just 180 days in southern Spain1. 

 

 

Figure 3.9: DTU Solar Park using infinity-PV foil [145]. 

 

The importance of edge sealing was highlighted by Tanenbaum et al. who 

compared matched pairs of R2R modules, one of which had exposed cut edges and the 

other was re-laminated with extra adhesive sealing around the cut edges (edge sealing 

                                                        

1 The energy payback time is the time required for the solar PV system to generate the equivalent amount 
of energy that is consumed in the construction and decommissioning phases of the system. 
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rim: 10 mm) [147]. Tests, including indoor stability studies and imaging, showed that in 

both cases degradation was caused by the ingress of atmospheric reactants from the 

edges. The edge sealed devices showed significantly reduced levels of degradation and 

improved stability, with fast non-linear degradation eliminated. 

Overall these results all highlight the variability of outdoor performance 

depending on location and module type, and that ingress of oxygen and water through 

the edges and contacts provide the primary source of initial degradation. Efficiency and 

material lifetimes, which are affected by intrinsic degradation, are being addressed 

indoors in the laboratory, but it is only by taking OPV modules outdoors that they can be 

properly tested against extrinsic sources of degradation. OPV devices now have lifetimes 

that significantly exceed their energy payback time, which is the first hurdle towards 

cost effective commercialisation [145], [148]. The next hurdle is to improve LCOE, by 

continuing improvements in efficiency and lifetime, and by reducing costs [149], [150]. 

3.1.4 Temperature and Irradiance Dependence 

Experiments by Katz et al. on OPVs fabricated from polyphenylene-vinelyne 

(PPV) and PC61BM show that they possess positive temperature dependence for PCE, ISC 

and FF and negative temperature dependence for VOC (Figure 3.10) [151]. ISC and FF 

saturated at about 50°C which led to a drop in PCE above this temperature. 

 

 

Figure 3.10: Temperature dependence for OPVs derived from outdoor 
measurements by Katz et al.: a) ISC; b) VOC; c) PCE; and d) FF [151]. 
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Riedel et al. looked at the IV characteristics of PPV:PC61BM devices as a function 

of temperature (125-320 K) and irradiance (0.03-100 mW/cm2) [152]. For temperature 

dependence they had similar results to Katz: PCE, ISC and FF had a positive dependence 

and VOC had a negative dependence (Figure 3.11a). Against irradiance ISC was observed 

to have a linear dependence and VOC a logarithmic dependence. However PCE and FF 

were observed to have a weak negative dependence on irradiance. Their investigation of 

RS and RSH (Figure 3.11b) found RS to be unaffected by irradiance, but negatively 

dependent on temperature, as RS is primarily due to the ohmic resistance of the 

absorber material. RSH, caused by recombination, was unaffected by temperature but 

had a strong negative dependence on irradiance, leading to the drop in FF at higher light 

intensities. 

 
a) b) 

  

Figure 3.11: Temperature and irradiance dependencies: a) PCE; b) serial 
resistance (RS, full symbols) and shunt resistance (RP, open symbols) [152]. 

 

Tromholt et al. investigated the effect of concentrated sunlight on OPVs and 

found that PCE increased slowly, until saturation at 0.5-2 suns, followed by a strong 

reduction with further increases in irradiance (Figure 3.12) [153]. At irradiances below 

10 suns, ISC was linearly dependent on irradiance, but at higher levels the rate reduced. 

VOC had a logarithmic dependence on both irradiance and ISC. VOC peaked at about 10 

suns and reduced at higher irradiances. FF and PCE peaked at about 1 sun and reduced 

thereafter. 
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a) b) c) 

 

Figure 3.12: Effect of concentrated sunlight on OPVs: a) ISC; b) VOC; c) PCE [153]. 

 

3.2 Use of 3D Structuring to Increase Yield in PV Devices 

Microscopic and macroscopic approaches to 3D structuring have been used to 

improve PV device yield. In silicon PV, microscopic surface texturing and/or anti-

reflection coatings have been used to reduce optical losses for many years. Anti-

reflection coatings often work by adding thin dielectric films which change the refractive 

properties of the surface and use destructive interference to reduce reflections at 

normal incidence [154], [155]. Surface texturing reduces reflective losses as incident 

light will undergo multiple reflections which will increase light trapping. One of the early 

methods was to create microscopic pyramids by chemical etching along the faces of the 

crystal planes (Figure 3.13a) [156]. An alternative method is nanoimprinting the texture 

(either pyramids or moth-eye structures) onto the surface [157]–[160]. Moth-eye 

structures are a dense periodic array of sub-wavelength pillars which reduce Fresnel 

reflection of light at an abrupt optical interface by forming the equivalent of a graded 

refractive index layer [161]. Patterning can also be applied to a polymer film which is 

then applied as a protective layer to the solar cells [162]. 

Similar anti-reflection coatings and processes have been used on OPVs, although 

there are fewer reports. Haque et al. have proposed triangular textured OPVs; modelling 

showed an 11-13% improvement in absorption, leading to PCE improvements of 15-

20% [163]. Several groups have investigated the use of moth-eye structures fabricated 

by nanoimprint lithography on OPV cells to improve light capture. Chuang et al. 

observed an improvement in light capture at high angles of incidence (Figure 3.13b) 

[164]. Similar results were found by Forberich et al. [165]. Kettle et al. added anti-

reflective structures to the PET substrate of an OPV cell using thermal nanoimprint 

lithography, leading to a 4% relative increase in PCE with light at normal incidence and 

32% at oblique angles of incidence (80°) [166]. OPVs have low carrier mobility and 
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therefore the active layer needs to be relatively thin (50-300 nm) in order to maximise 

the capabilities of the device and minimise recombination losses. There have been 

various light trapping schemes which use buried nano-electrodes, gratings, plasmons 

and scattering grids to increase the light absorption in thin film OPVs [167]–[172]. 

 
a) b) 

  

Figure 3.13: Surface texturing: a) textured silicon [173]; b) AFM image of moth- 
eye structure on an organic solar cell [164]. 

At the macroscopic scale, 3D structuring of solar cells is used to improve light 

capture at oblique angles of incidence, leading to improved performance in the morning 

and evening and improved total diurnal yield. Bernardi, Grossman et al. at 

Massachusetts Institute of Technology studied the use of 3D structures built from silicon 

cells and their ability to improve yield (Figure 3.14a) [174]. The use of 3D structures 

increased the energy density (energy per base area) by a factor of 2-20 compared to a 

fixed inclined flat panel and by a factor of 1.3-1.8 compared to a flat panel with dual-axis 

sun tracking. These structures could double the number of peak power generation hours 

and reduce seasonal, latitude and weather variations compared to stationary flat panels. 

However the area of solar panels required increased by up to a factor of 1.5-4 (based on 

solar cell area per kWh generated). Their designs utilised reflection from one surface 

onto another cell in order to capture more light and they used both computer modelling 

and outdoor monitoring. They also examined combining mirrors and solar panels in 3D 

structures. 

In 2010 Myers (in collaboration with Bernardi and Grossman) used computer 

simulations to examine 3D structures based on various algorithms [175]. They were 

trying to improve the yield from a given footprint area and found that the increase in 

yield correlated linearly with the height of the array. The designs depended on inter-cell 
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reflections, sometimes from multiple surfaces, and allowed for loss at each reflection. 

The ideal design, involving 64 individual triangular panel sections (see Figure 3.14b), 

would not be easily realised in practice and required nine times as much active material 

compared to a flat panel. However it did have an increase in yield of x2.38 and provided 

fairly even power throughout the day. 

 
a) b) 

  

Figure 3.14: a) 3D structures fabricated from silicon cells (Bernardi et al.) [174]. 
b) Optimal theoretical 3D PV design from Myers et al. [175]. 

 

In 2014 Zardetto et al. investigated the performance of curved metal/plastic dye 

cells (Figure 3.15a) [176]. Under a solar simulator they compared energy density for 

various curvature radii (RCURVE) against a flat module. Low curvature modules had an 

improved energy density (e.g. at RCURVE = 13.5 cm  +9.4%) due to an increase in FF; at 

higher curvatures there was no improvement. Outdoor results showed that at low 

curvature (RCURVE = 13.5 cm) there was an increase in diurnal yield (+7.9%), with higher 

energy density at noon, but no improvements in the morning or evening (Figure 3.15b). 

The high curvature module (RCURVE = 5.5 cm) showed a 9.1% increase in diurnal yield, 

with improvements during the morning and evening and slightly lower energy density 

at noon (Figure 3.15c). 

 
a) b) c) 

   

Figure 3.15: Effect of curvature on curved DSSC modules: a) flat and curved 
modules; Diurnal results: b) RCURVE = 13.5 cm, and c) RCURVE = 5.5 cm [176]. 
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There has only been one report of macroscopic structuring on OPVs, by Chuang 

et al. who investigated how P3HT:PC61BM cells respond to light when the cells are 

curved or the light is at a high angle of incidence and they found that the EQE decreased 

significantly in both cases [164]. They looked at the difference between polarised light in 

transverse electric (TE) and transverse magnetic (TM) modes incident on a flat 

P3HT:PC61BM cell and on a curved P3HT:PC61BM film (Figure 3.16). Absorption of 

TM-polarised light was significantly reduced at higher angles of incidence or increased 

curvature, whereas TE-polarised light was largely unaffected. 

 
a) b) 

  

Figure 3.16: Effect of polarised light: a) ISC vs. angle of incidence for a flat OPV 
cell; b) Extinction coefficient vs. radius of curvature (R) for a P3HT:PCBM film on 
polycarbonate substrate [164]. 

 

Various groups have shown an improvement in light trapping using V-shaped 

geometries (Figure 3.17a). Peumans et al. at Stanford demonstrated an improvement in 

JSC of 29% with an interior angle of 30° in one paper and in another paper reported a 

relative improvement in PCE of 52% with an interior angle of 35° using a device with an 

active layer thickness of 170 nm [177], [178]. 

Tvingstedt et al. proposed a V-fold tandem device with different active layer 

materials on each side of the device, so that unabsorbed light could be reflected onto the 

opposite side, where it could be absorbed (Figure 3.17b) [179]. The optimum folding 

angle was 70°, leading to x1.8 enhancement in PCE. 
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a) b) 

  

Figure 3.17: V-fold light trapping techniques: a) V-shaped groove light trapping 
[178]; b) V-fold tandem device [180]. 

 

There have been studies by Dennler et al. who investigated the dependence of 

EQE in OPV cells on incidence angle and found that the peaks were blue-shifted with 

increasing angles of incidence (Figure 3.18) [181]. JSC was found to increase up to a 

maximum at 50°, but to drop at higher angles of incidence. Cells with thin (170 nm) 

active layers had enhanced absorption under oblique incident radiation when compared 

to cells with thick (880 nm) active layers. 

 
a) b) 

  

Figure 3.18: Effect of incidence angle on EQE & JSC for P3HT:PC61BM OPVs with 
different active layer thicknesses: a) 170nm; b) 880nm [181]. 

 

3.3 Luminescent Downshifting to Increase Yield 

In solar cells there is an uneven absorption profile across the UV, visible and 

infrared (IR) spectrum, especially for higher energy photons (UV and blue light) where 

there are additional losses due to absorption by the optical window layer, front surface 
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recombination and other mechanisms. One approach to improve efficiencies at short 

wavelengths is to use luminescent down shifting (LDS) of the incident spectrum: short 

wavelength photons are absorbed by a coating and re-emitted at higher wavelengths 

where they match the absorption profile of the solar cell better. This allows energy to be 

shifted from wavelengths outside the optimum spectral response of the solar cell 

towards wavelengths where the solar cell has higher efficiency. In the case of OPVs it 

also has an added benefit as it allows UV wavelengths to be filtered out, reducing the 

potential for photo-oxidation and other degradation mechanisms. 

LDS is one of three spectral conversion mechanisms: downshifting (LDS) – one 

high energy photon is absorbed and re-emitted as a lower energy photon; down 

conversion (DC) – one high energy photon is absorbed and two (or more) lower energy 

photons are emitted; up conversion (UC) – two (or more) low energy photons are 

absorbed and one higher energy photon is emitted [182]–[186]. 

3.3.1 Physics of Photoluminescence 

Photoluminescence (PL) is the emission of light from a material after the 

absorption of photons (photoexcitation) and Figure 3.19 illustrates the physics behind 

these processes. When photons with an energy level greater than or equal to the energy 

gap are absorbed, an electron is raised from the ground electronic state, S0, to a higher 

excited state, S1, or above (1). Excited electrons will decay back to the bottom of S1 by 

relaxation (2). Electrons which have been raised to a higher excited state (e.g. S2) will 

return to S1 by internal conversion (3). From the S1 state some electrons will return back 

to the S0 ground state without emitting a photon (quenching) (4). Some electrons will 

emit a photon (fluorescence) as they drop back to the ground state, which is normally a 

fast process (typically 0.5 to 20 ns) (5). Some electrons will transfer to a triplet state (T1) 

via a process known as intersystem crossing (6), from where they can emit a photon 

(phosphorescence) as they drop back to the ground state, which happens relatively 

slowly (milliseconds to hours) (7). 
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Figure 3.19: Jablonski energy band diagram showing possible transitions. The 
spectra of the processes are shown below to illustrate that these usually occur 
across a range of wavelengths. 

The absorption and emission spectra are spread across a range of wavelengths 

due to relaxation and internal conversion. In dyes where the principle PL mechanism is 

fluorescence this can lead to symmetry between the absorption and emission spectra. 

The difference between the absorption and emission peaks is called the Stokes’ shift 

(Figure 3.20a) [187]. This shift occurs because absorbed light usually loses some energy 

through relaxation, before it is re-emitted through fluorescence or phosphorescence at a 

lower wavelength. 

Figure 3.20b shows the main processes that occur when light is incident on an 

LDS layer on top of a solar cell. Incident light will either be absorbed by a dye molecule if 

its wavelength matches the absorption spectrum of the dye (1) or will pass straight 

through the LDS layer (2). The majority of the light that is absorbed by the dye molecule 

will be re-emitted isotropically and a proportion of it will reach the solar cell: directly 

(3); after total internal reflection at the front surface (4); after absorption (5) and re-

emission by another dye molecule (6). Some of the light will escape through the edges of 

the LDS layer (7) and some of the light will escape from the front surface (8) if its 
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incident angle is within the escape cone (θi<θC). Light which is incident at an angle above 

the critical angle will be reflected at the front surface (9). Reflection at the interface 

between the solar cell and the LDS layer is less as their refractive indices will be similar. 

 

a) b) 

 

 

Figure 3.20: a) Stokes’ Shift. b) Schematic of LDS layer on a solar cell showing the 
various processes. 

3.3.2 Simplified Optical Efficiency Model for LDS on Solar Cell 

The application of an LDS layer will modify the incident spectrum due to losses 

and the down shifting of light. For the overall effect to be beneficial the losses need to be 

less than the increase in PCE of the solar cell. These losses are wavelength dependent 

and Equation 3.1 shows how the optical efficiency (ηLDS) is calculated [188] (equivalent 

to ηOpt in Equation 2.6). 

                                                  3.1 

Reflective Losses at the Front Surface (T): The amount of transmitted light (T) is 

given by the simplified Fresnel’s relation, Equation 3.2, for normally incident light, 

where n0 and n1 are the refractive indices and R is the reflected light [189] (Figure 

3.20b(9)).  

          
     

     
 
 

 3.2 

For a device in air (n0=1) the front surface reflection (R) for glass (n1=1.5) is 4% and 

decreases slightly to 3.87% with a PMMA coating (n1=1.49), giving a value for T for 

PMMA of ~96%. 
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Photoluminescent Quantum Yield (PLQY): if PLQY is less than 100% it leads to a 

reduction in the number of down shifted photons. 

Escape Cone Losses (Lesc): If the incidence angle (θi) of a re-emitted photon on a 

surface is less than the critical angle (θc) then the photon will not be reflected back but 

will escape out of the surface (Figure 3.20b(8)). The probability of this (Lesc) is given by 

Equation 3.3, where n0 and n1 are the refractive indices for the LDS layer and air 

respectively [190], [191]. 

      
             

 
 3.3 

For PMMA in air (n1=1.49, n0=1) Lesc is ~12.9%, assuming isotropic emission [182]. 

Parasitic absorption by the host material (Lhost): any absorption by the host material 

will reduce the number of photons that are available for either absorption by the LDS 

material or transmission directly through to the solar cell underneath. This is dependent 

on thickness and the absorption properties of the host material. A 1mm thick layer of 

PMMA will absorb ~1% of the incident light [182]. 

Re-absorption Losses (Lreabs): When a photon is re-absorbed (due to the overlap 

between absorption and PL spectra), the PLQY, escape-cone and edge losses will be re-

applied to this photon, leading to further losses. 

Edge Losses etc. (Lother): Losses from the edge will occur through the same mechanism 

as escape cone losses (Figure 3.20b(7)). These losses are dependent on film thickness 

and area: thicker, smaller area films will have higher losses and this will adversely affect 

small scale laboratory devices. An LDS film 1 mm thick with an area of 1 cm2 will lose 

4.3%, compared to 1.8% for an area of 9 cm2 and just 0.1% at 7200 cm2 [182]. There will 

also be reflective losses at the LDS layer/solar cell interface. 

Apart from minimising losses in the LDS layer itself, there must also be a match 

between the absorption and emission spectra of the LDS material and the EQE curve of 

the solar cell (Figure 3.21). The absorption and PL spectra must not overlap, otherwise 

this leads to re-absorption. There must be a good absorption match with the EQE of the 

solar cell, such that the LDS material will absorb photons in regions of the spectrum 

where the solar cell does not absorb (low EQE) and not absorb in regions where the 

solar cell works well (high EQE). The photons which would have been wasted are 

utilised and the solar cell is not shaded by the LDS material. The LDS material will be 
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absorbing in the blue region (short wavelengths) and transparent in the green/red 

region (longer wavelengths). The PL peak must be near the peak of the EQE curve, 

where the solar cell is working at its maximum efficiency. And for an OPV device there 

needs to be high absorption over the UV range, in order to reduce photo-oxidation in the 

device. 

 

 

Figure 3.21: Optical properties for an ideal LDS material on a solar cell. 

3.3.3 Review of Existing Studies of LDS with Different PV Technologies 

There are few reports of LDS coatings on OPVs, but LDS coatings have been used 

with most of the mainstream PV technologies, and the materials applied could be of 

relevance to this thesis. 

The first reports of LDS was in the late seventies, when Hovel et al. started using 

LDS layers to enhance the output of solar cells, reporting efficiency improvements of up 

to 2% using PMMA doped with organic dyes [192]. They used several different 

materials: PMMA doped with various organic dyes such as Coumarin 540 and 

Rhodamine 6G, leading to an increase in PCE from 11.5% to 13.5%; rubrene dissolved in 

polystyrene, which led to a relative increase in PCE of 16%; ruby crystals, which were 

polished and applied using an optical matching liquid. 

Klampaftis, Richards et al. at Heriot-Watt University, Edinburgh, report on 

several different studies on poly-Si and thin film (CdTe, CIGS) cells and mini-modules 

and showed the effect of LDS layers on the EQE curve below 400 nm [193]–[197]. In 

some cases the EQE between 400 nm and 600 nm was lower after the LDS coating had 
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been applied, due to the absorption of the dye in that region. They experimented with 

several different organic dyes and a europium based complex, all being incorporated 

into either the EVA encapsulation layer or in a top sheet of PMMA. Alongside extensive 

experimental work they used ray tracing to model performance; in most cases there was 

a slight increase in PCE. 

Examination of the effect of LDS coatings on the EQE response of mono-Si cells 

by McIntosh et al. showed an increase below 400 nm from 0% to 40% after the addition 

of the LDS layer, leading to a relative gain in PCE of ~1% [198].  

The Ephocell project, which ran from 2009 till 2013 and was funded by the 

European Union, investigated combining down-shifting and up-conversion to increase 

the efficiency of solar cells. Whereas down-shifting is a known and efficient process with 

high PLQYs commonplace, up-conversion is considerably more difficult and PLQYs are 

much lower. The project was aimed at commercial PV technologies as well as OPVs. As 

part of this project Kennedy et al. used europium complexes to provide active UV-

blocking layers for DSSCs, which were predicted to increase energy production outdoors 

by 3-5% [199]. Kennedy, Ahmed et al. characterised europium and terbium complexes 

and Lumogen organic dyes and observed that high PLQYs were easily attainable when 

the dyes were dissolved in solvent, but when the dyes were used in thin films of PMMA 

or epoxy much lower PLQYs were obtained, down to 50% [200]. Aubouy et al. looked at 

the role of ray-tracing to predict the resulting spectrum that would be transmitted 

through an LDS layer and then used that to predict the output from different PV 

technologies [201]. Turshatov et al. were able to obtain a PLQY of 11% using an up-

converter [202]. 

The use of LDS materials in conjunction with DSSCs has been studied by 

Zahedifar et al. and Hosseini et al. [203]–[206]. Zahedifar et al. used lanthanide 

orthovanadate doped with dysprosium (LaVO4:Dy3+) and showed that JSC could be 

improved by 6.7% [203]. Hosseini et al. used a europium based phosphor and compared 

using a front LDS layer (transmissive mode) against putting the LDS layer at the bottom 

of the cell with a reflective layer underneath [204]. This reduced the losses and led to an 

improvement in PCE at 500nm of 200% and an overall improvement of ~50% for JSC. 

There have been a few trials of LDS on OPVs. Ma et al. looked at adding an LDS 

layer (based on AlQ3) on an OPV (P3HT:PC61BM) leading to a 15% relative improvement 

in PCE [207]. Das et al. looked for ways to maintain PCE as module area increased [208]. 
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Instead of creating large single cells they fabricated cells consisting of a number of small 

pixels. To increase the light harvesting they doped the polycarbonate framework 

surrounding the pixels with LDS material and integrated this with an OPV 

(PCPDTBT:PC71BM) pre-fabricated module. The dye was optimised to absorb in the 

500-600 nm range (where PCPDTBT shows a drop in EQE) and PL emission was at 

600-800 nm. They showed an improvement in PCE from 1.91% for 1 cm2 unpatterned 

cells to 3.65% for 1 cm2 cells consisting of 25x 0.01 cm2 pixels. There was also a 

threefold reduction in RS, which is one of the major loss mechanisms as OPV cells are 

scaled up. 

 As part of studies into fabricating ITO free OPV cells Prosa et al. added silk 

fibroin protein and used it as an interfacial layer between the front substrate (glass or 

PET) and the high conducting PEDOT:PSS layer [209]. They compared devices with and 

without Stilbene (an LDS material) doping of the silk fibroin and found that thin layers 

with doping led to an increase in EQE at low wavelengths whereas thick layers with 

doping had a drop in EQE due to high levels of absorption. This highlights the 

importance of optimising the absorbance of the LDS layer. The devices with Stilbene 

doping had the longest lifetimes. 

Several groups have used UV absorbing layers to reduce photodegradation in 

OPV devices, but this has always led to a drop in performance [210]–[214]. Ryu et al. 

reported a drop in PCE from 4.3% to 3.6% on application of a 4 μm thick UV absorbing 

coating, but over a fivefold increase in stability [213]. An improvement in this was the 

use by Xu et al. of an LDS coating on a P3HT film [210]. They used phosphors, based on 

yttrium vanadate doped with europium (YVO4:Eu3+) sensitised by bismuth, which 

absorb UV light and have a sharp emission peak at 619 nm and these led to a threefold 

increase in stability of a P3HT film. Turkovic et al. looked at reducing photodegradation 

in OPV devices by using commercially available UV absorbers and observed that 

although there was a significant drop in photocurrent there was an overall three-fold 

increase in long-term energy production [214]. Engmann et al. looked at reducing this 

loss in performance by using an LDS layer (anthracene in epoxy) as the UV filter on OPV 

devices [215]. They found that the loss of photocurrent from UV wavelengths was 

compensated for by the photocurrent from the down shifted photons from the LDS layer 

and they observed an increase in PCE from 1.57% to 1.79% by the addition of the LDS 

layer. 
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Apart from the simple use of LDS films coated directly onto PV devices there is 

another class of device that uses LDS materials, the luminescent solar concentrator 

(LSC), which consists of a collector, fabricated from transparent plastic doped with 

fluorescent dyes, with a solar cell on one edge [216], [217]. 

3.3.4 LDS Materials 

Although there have been few studies using LDS materials on OPV cells it is 

necessary to select dyes for this research. The selection of LDS materials depends on the 

EQE of the solar cell that they are being matched to. It is important that LDS absorption 

occurs where EQE is low and that PL emission occurs at or near to the highest EQE. 

Based upon studies, thirteen dyes were selected from the literature, based on 

their suitability for use with OPVs, specifically P3HT:PC61BM (Table 3.3). Many of these 

dyes have already been shown to be effective LDS materials when used with 1st and 2nd 

generation PVs, DSSCs and in LSCs [197], [198], [218]–[224]. Coumarin, perylene, 

alizarin and rhodamine have all been used as photosensitisers in DSSCs [225]–[228]. 

 

Table 3.3: List of LDS dyes that were used for initial screening. 

LDS Dye Colour Chemical Family 
Europium Red Lanthanide complex 
Coumarin 7 Orange/yellow Coumarin dye 
Coumarin 153 Yellow Coumarin dye 
Kremer blue (94736) Blue Naphthalimide dye 
Kremer green (94737)  Green Perylene dye 
Kremer orange (94700) Orange Perylene dye 
Lumogen F red 300 Red Perylene dye 
Lumogen F orange 240 Orange Perylene dye 
Alizarin Purple Anthraquinone dye 
Disperse Blue 3 Blue Anthraquinone dye 
AlQ3 Green Metal/organic complex 
DCM Red Organic dye 
Rhodamine B Pink Rhodamine dye 

 

Figure 3.22 shows the basic chemical structures for these dyes. They are all 

based around aromatic organic compounds with a conjugated structure; it is this 

structure along with its delocalised π electrons which allows the ready absorption of 

photons, similar to absorption and photo-generation of excitons in OPVs [229]. 
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AlQ3 

 
Europium 

Figure 3.22: Chemical structures of the LDS materials used. AlQ3 and europium 
are organo-metallic dyes and the rest are organic. All these dyes are based 
around aromatic ring structures. 

 

Europium Complex: Europium is a lanthanide and these complexes have been studied 

comprehensively, as they are known to have good luminescent characteristics, with 

intense narrow emission spectra, large Stokes’ shifts (>150 nm) and long luminescent 

lifetimes of up to a millisecond [222], [230], [231]. The absorption of lanthanides is not 

very high, and they rely upon the organic ligands of the complex to absorb the incident 

photons, the energy of which is then transferred to the lanthanide ion which re-emits at 

a lower energy (“antenna effect”) [232]. For this work the europium complex used was 

europium(III) tris(1,3-diphenyl-1,3-propanedionato) mono(1,10-phenanthroline) [sym.: 

Eu(dbm)3(phen)], supplied by Sigma Aldrich (#538965). Europium complexes have 

been researched as LDS coatings for DSSCs, CdTe PV cells and in LSCs. 

Tris (8-hydroxyquinolinato) aluminium (AlQ3): AlQ3 has been widely used in the 

active layer of green organic light emitting diodes (OLEDs) [233], [234]. It has been 

successfully used as an LDS with polymer solar cells [207]. 

Napthalimide and Perylene Dyes: These two chemical groups are similar, as perylene 

is a molecule consisting of two naphthalene molecules joined together. Dyes from these 
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two chemical groups have been used extensively in LDS and LSC applications and as 

sensitisers in DSSCs [219], [228], [235]–[238]. Two manufacturers of these dyes are 

Kremer Pigments and BASF (Lumogen®) and a representative selection of their dyes 

was used for the research in this thesis, based on their absorbance and PL spectra, and 

previous reports of their use.  

Lumogen Dyes: Lumogen red (F300) and Lumogen orange (F240) are both perylenes. 

These dyes have been shown to improve the performance of multicrystalline silicon PV 

by being included as a dopant in the EVA encapsulant [193]. 

Kremer Dyes: Kremer blue (94736) (naphthalimide); Kremer Orange (97400) and 

Kremer Green (94737) (both perylenes) [239]. 

Coumarin Dyes: Coumarin dyes have been used in DSSCs as sensitizers and in 

LSCs [225], [240]–[243]. Two dyes were selected, based on their absorbance and PL 

spectra: Coumarin7 and Coumarin153. 

Alizarin & Disperse Blue 3: Both alizarin and disperse blue 3 are anthraquinone dyes 

(alizarin is purple). Alizarin was used as the sensitiser in early work on DSSCs [244]. 

Neither is known to have been used in previous studies on LDS on PVs. 

DCM [4-(Dicyanomethylene)-2-methyl-6-(4-dimethylaminostyryl)-4H-pyran]: 

DCM has been used as an LDS with LSCs and on CdTe devices [219], [245]. DCM has been 

blended with AlQ3 and used as an LDS material on ZnPc:C60 OPVs, showing an increase 

in efficiency of more than 10% [246]. 

Rhodamine B: Rhodamine B is a pink dye that has traditionally been used as a standard 

for relative PLQY measurements [247], [248]. It has been used as a sensitiser in DSCs 

and as an LDS in LSCs [226], [249], [250]. 

3.3.5 LDS Host Materials 

Although LDS materials can be applied directly onto the surface of solar cells 

(e.g. by sublimation [251]) it is more usual to dissolve the LDS dye in a host material. As 

this is applied to the front of a solar cell it must have low haze (scattering) and high 

transmittance across all of the relevant wavelengths for both the dye (absorption 

spectrum) and the solar cell (EQE). It will need to be compatible with the LDS material 

and the solvent used to dissolve the LDS material. If it is the final layer on the front 

surface it needs to be weatherproof, with good UV stability. Solar modules can reach 

temperatures in excess of 40°C, so both host and LDS materials must have good thermal 
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stability. It must have a lifetime that matches or exceeds that of the solar cell (over 25 

years for silicon), remaining stable and transparent. It must have a suitable refractive 

index to complement the solar cell and any other layers which it touches. Crucially it 

must have good mechanical adhesion and be compatible with the fabrication techniques 

being used. 

A common host material is poly(methyl methacrylate) (PMMA), which is also 

known as acrylic or by various trade-names (e.g. Perspex). It is a hard, clear polymer 

which is soluble in a large range of solvents. It is transparent down to below 300 nm, 

relatively UV stable with good weatherability and has good miscibility with most LDS 

dyes. It has a long history of being used as the bulk material for LSCs [252]. Other host 

materials which have been used are: polyvinyl acetate (PVA), EVA, polyurethane, and 

epoxy resin [195], [200], [220], [253]. All of these materials have been used previously 

as encapsulants so their suitability for use with PV is known and they have the 

advantage that LDS materials can be utilised without having to add extra fabrication 

steps. 

3.3.6 Comparison using Figures of Merit of LDS Layers 

To analyse and compare different LDS materials, a number of figures of merit 

have been used. These build upon the work of Alonso-Álvarez et al. and have been 

extended by the author to include “UV Coverage”, as this is of particular importance to 

OPVs [224]. The first three are based solely on the optical characteristics of the LDS 

material (transmittance, PL and PLQY). Transmittance (T(λ)) is used as it defines the 

actual amount of light passing through the layer according to the Beer-Lambert Law (see 

Equation 3.4, where λ is wavelength). 

                       3.4 

Radiative Overlap (RO): A measure of the overlap between the absorption and PL 

spectra (Figure 3.23a & Equation 3.5). RO is the proportion of emitted light which will be 

reabsorbed by the dye itself and ideally will be 0%. 

    
                

        
 3.5 

UV Coverage (UVC): Defined as the fraction of incident light within the UV region (300-

400 nm), which is absorbed by the LDS layer and prevented from reaching the solar cell 

(Figure 3.23b & Equation 3.6). Ideally this figure will be high providing the cell with 
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good UV filtering as, although this does not affect the actual performance of the solar 

cell, it will have a serious impact on the degradation of a solar cell (due to photo-

oxidation) and therefore its lifetime. 

    
                    

   

   

            
   

   

 3.6 

 
a) b) 

  

Figure 3.23: Figures of Merit: a) Radiative Overlap; b) UV Coverage. 

 

Photoluminescent Quantum Yield (PLQY): this is the probability that an absorbed 

photon will be re-emitted: 

      
                     

                      
      3.7 

The following figures of merit are also based on spectrum of the incident light (AM1.5G) 

and on the EQE of the active layer of the OPV: 

Absorption Spectral Matching (ASM): A measure of how well the LDS layer absorbs 

photons which are not utilised by the solar cell (Figure 3.24a). Equation 3.8 defines Φ(λ), 

the spectral distribution of the wasted photons which cannot be utilised by the solar cell, 

and Equation 3.9 defines the fraction of the wasted photons which are absorbed. Ideally 

this will be 100%. 

                          3.8 

     
               

       
 3.9 

Parasitic absorption (PA): A measure of the absorption in the region where the solar 

cell performs well (Figure 3.24b). Ideally this will be 0%. Equation 3.10 defines Θ(λ), the 

spectral distribution of the photons which are absorbed by the solar cell. Equation 3.11 
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defines parasitic absorption, the fraction of the photons absorbed by the dye which 

would otherwise have been absorbed by the solar cell. 

                      3.10 

    
               

       
 3.11 

 
a) b) 

  

Figure 3.24: Figures of Merit: a) Absorption Spectral Matching; b) Parasitic 
Absorption. [Based on Kremer Blue and P3HT:PC61BM]. 

 

Emission Spectral Matching (ESM): A measure of how well the PL of the LDS material 

matches with the solar cell (Figure 3.25 & Equation 3.12). Ideally this will be 100%. 

     
              

                
 3.12 

 

 

Figure 3.25: Figures of Merit: Emission Spectral Matching. [Based on Kremer 
Blue and P3HT:PC61BM]. 
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Chapter 4. Experimental Methods 

This chapter details the experimental methods used during this research. A full 

description of the outdoor measurement system is given, followed by details of the methods 

used to analyse the outdoor data. The different OPV modules supplied by DTU are 

described. Details of the in-house OPV test cells are given, along with the fabrication 

methods employed. Laboratory characterisation of cells and modules is very important as 

it allows testing under controlled conditions, which facilitates comparisons between 

different materials and designs. The various techniques are described, including 

optophysical characterisations used with LDS coatings and the setting up of an EQE 

system. One phase of research involved the use of structured modules to improve the 

outdoor performance of OPVs and details are provided of how these were fabricated and 

tested. The final chapter of this thesis investigates how the application of luminescent 

downshifting layers could improve the performance and stability of OPV devices. Details of 

application methods and sample preparation are provided. 

4.1 Outdoor Measurement System at Bangor 

The majority of the outdoor monitoring took place on the roof of the School of 

Electronic Engineering, Dean St., Bangor, Gwynedd (53.23°N 4.13°W), which has an 

altitude of 40 m above sea level and is located 250 m from the Menai Strait. The UK is 

classified as Oceanic (Cfb) under the Köppen-Geiger climate classification [254]. Long 

term climatic averages2 are 14°C during summer and 4.7°C during the winter. The 

humidity levels are similar all year, with an average mean of 79%, an average maximum 

of 90%, and an average minimum of 61% in summer and 65% in winter. UV indices are 

very different, with an average mean of 1.07 in the summer (average maximum of 5.45) 

and 0.43 in the winter (average maximum of 2.38). Appendix B.1 shows climatic 

averages experienced during the course of the research. The location is a flat roof with 

brick parapets to 1.3 m all round. Bangor Mountain is to the South and causes shading in 

                                                        

2 Long term climate data was sourced from the Meteorological Office for RAF Valley on Anglesey (~20 
miles away). 
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the winter in early morning and late afternoon. There is a brick shed where the 

monitoring equipment and computer hardware are installed. 

4.1.1 Outdoor Monitoring – Hardware 

A complete outdoor measurement system for this research was designed and 

installed by the author on the roof at Dean Street (see Figure 4.1 and Figure 4.2). The 

measurement system conforms to ISOS-O-2 outdoor measuring protocol [119]. It 

comprises two OPV module mounting racks, each of which can be independently 

adjusted for inclination. OPV modules are attached on raised studs to allow free air flow 

behind the modules. Two 8-channel multiplexers are each connected to a separate 

source measure unit (SMU) (supplied by Botest Systems GmbH), allowing two sets of up 

to eight modules to be monitored synchronously. Two silicon irradiance sensors 

(supplied by IMT Solar) are used to measure irradiance. One is mounted horizontally 

and the other in-plane-of-array with one of the inclined OPV racks. 

 

 

Figure 4.1: System schematic of the outdoor monitoring system on the roof of 
the School of Electronic Engineering at Dean Street, Bangor. 

 

Table 4.1 has details of the non-OPV modules tested during this research. There 

are two PWSQM-48 polycrystalline silicon modules on the roof, one mounted 

horizontally and the other inclined at 35° and facing due south. These are monitored by 

two PVMS-250 measurement systems, supplied by Egnitec Ltd. Each silicon module has 

a PT100 temperature sensor, attached to its backplane, also monitored by the Egnitec 

PVMS units. There is an ST36 copper indium diselenide (CIS) module, inclined at 35° and 
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facing due south [255]. This is connected to an Egnitec PVMS-250(MET) measurement 

system, which also monitors the two irradiance sensors and the two OPV PT100 sensors. 

During the research a dye sensitised solar cell (DSSC) was also monitored on the OPV 

rack, but its model number, rated power and nominal efficiency are unknown. 

 

 

Figure 4.2: Photograph of the outdoor monitoring system on the roof of the 
School of Electronic Engineering at Dean Street, Bangor. 

 

Table 4.1: Details of PV modules tested during this research. 

Type & Model Number Manufacturer 
Dimensions 

(cm x cm) 
Rated 
Power 

Nominal 
Efficiency 

Poly-Si: PWSQM-48 
polycrystalline silicon 

Pure Wafer 
Solar Ltd. 

132.7 x 99.9 185 WP 14.0% 

CIS: ST36 
Copper indium diselenide 

Shell Ltd. 129.3 x 32.8 36 WP  8.5% 

DSSC: 
Dye sensitised solar cell 

SolarPrint 
(Dublin) 

7.3 x 7.5 N/A N/A 

4.1.2 Outdoor Monitoring – Weather Station 

A Davis Vantage Pro 2 weather station is used to collect meteorological data 

including temperature, humidity, wind speed and direction, solar radiation, UV, rainfall, 

and air pressure [256]. The solar powered integrated sensor suite is mounted on the 

roof and communicates wirelessly to a console indoors (see inset in Figure 4.2). The 

console is connected to the main datalogging PC and periodically downloads its data to 

the PC. The weather station has its own internal clock and therefore the weather data is 

not synchronised to the PC. In order to maintain reasonable synchronisation between 

the weather data and the datalogger measurements on the PC, it was necessary to 

regularly reset the weather station clock to match the PC’s internal clock. As the weather 
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data is stored as minute by minute averages, a slight discrepancy (<30 seconds) 

between the two clocks is not a significant problem. 

4.1.3 Outdoor Monitoring – Software 

The Botest SMUs and the Egnitec measurement units both have dedicated 

datalogger software which runs on the same PC, ensuring that the measurement 

timestamps are synchronised. The Botest software was controlled by an autoclicker3, 

which starts a new measurement cycle every 10 minutes. The measurement cycle runs a 

full IV sweep on each module connected to the multiplexers in turn. The two Botest 

SMUs run their measurements simultaneously. Each IV sweep takes between 10 and 30 

seconds to complete depending on start and end points, step size and preset delay. 

Between IV sweeps the OPV modules are kept at VOC. 

The Egnitec datalogger software controls all of the PVMS units simultaneously. 

Each PV module was kept at maximum power point (MPP). The software was configured 

to measure current and voltage (IMPP, VMPP), irradiances (horizontal and in-plane) and 

PT100 temperature sensors once every 15 seconds. Once a minute an IV sweep was 

performed on each module, taking about 3-5 seconds to complete, before returning the 

module to MPP. 

4.1.4 Outdoor Monitoring – Data Analysis 

The data from each source (weather station, Botest and Egnitec) are stored in 

different format text files and have different measurement frequencies. An Access 

database was designed, which incorporated import routines to process these different 

datafiles, including extracting the performance parameters (ISC, VOC, FF, IMPP and VMPP) 

from the IV curves. Once the data was imported a series of programs to synchronise the 

data from the different sources were run. This was necessary as, in order to calculate 

module efficiency, the irradiance at the time of each measurement is required. The result 

of this synchronisation was that every module measurement was linked to the nearest 

irradiance and weather measurement. The data from each measurement campaign was 

kept in its own database in order to speed up queries on the data. 

A separate MS Access database frontend was written, which can connect to each 

of the campaign databases individually. This frontend has a large number of queries 

                                                        

3 Autoclicker software replicates the clicking of a mouse at predetermined intervals. 
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which have been developed over the course of the research and are used to extract the 

required results from the measurement data. 

4.2 OPV Devices 

Two different types of OPV modules were used for this research: freeOPV 

modules from DTU; small six-pixel test cells, fabricated in-house at Bangor, for indoor 

characterisation and lifetime testing. 

4.2.1 DTU freeOPV Modules 

OPV modules were fabricated and supplied by Professor Frederic Krebs’ group 

at Technical University of Denmark (DTU) as part of their freeOPV programme [112]. 

The freeOPV modules are fabricated using a R2R process under ambient conditions with 

screen and flexographic printing, slot die coating and spray coating of the various layers 

(see Figure 4.3a) [131], [257]. 

 
a) b) c) 

   

Figure 4.3: DTU freeOPV modules: a) outline of the multilayer structure in first 
generation freeOPV module; b) freeOPV module with graphite busbars; and c) 
freeOPV module with silver nanowire front electrode [112], [258]. 

 

The following freeOPV module types were used, selected as availability allowed 

(see Figure 4.3): 

DTU(AgGrid): These were the first modules supplied under the freeOPV 

programme and are based on an inverted geometry with 8 serially connected cells [112]. 

The modules are fabricated on an ITO-free “Flextrode” PET substrate, consisting of an Ag 

grid coated with PEDOT:PSS and then ZnO (acting as an electron transport layer) [257]. 
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The active layer is slot die coated on top of the Flextrode, followed by PEDOT:PSS (acting 

as a hole transport layer) and finally an Ag grid. The top substrate is PET with SiOx 

barrier layers, which encapsulates the module using pressure sensitive adhesive. Finally 

the modules are laser cut from the foil which seals the edges. Active area: 64.8 cm2. 

DTU(Carbon): These modules replace the front Ag grid with highly conductive 

PEDOT:PSS and carbon (graphite) busbars between the cells, and the back Ag grid with 

PEDOT:PSS and ZnO. The module consists of 16 serially connected cells [97], [258], 

[259]. Active area: 30 cm2. 

DTU(AgNW): These modules are similar to the DTU(AgGrid) modules, but the front Ag 

grid is replaced by a hybrid AgNW/ZnO layer [260], [261]. Active area: 64.8 cm2. 

4.2.2 OPV Device Fabrication at Bangor 

All the devices were fabricated in a category 1000 cleanroom and nitrogen 

atmosphere glovebox. The glovebox was maintained at levels down to <1 ppm for O2 and 

<100 ppm for H2O and was fitted with a solvent scrubber. The small six-pixel test cells 

were fabricated using pre-patterned ITO on glass substrates (see Figure 4.4), with the 

ITO having a sheet resistance of 16 Ω/square. Each pixel had an active area of 7 mm2 

defined by the overlap between the top electrode and the ITO. 

 
a) b) 

  

Figure 4.4: Small six-pixel test cells: a) design; b) photo of PCPDTBT OPV device. 

 

Fabrication of Normal Geometry OPV Devices 

Normal (non-inverted) geometry OPV device fabrication followed the following 

procedures: 

Active Layer Blend Preparation: Prior to fabrication of the devices the blend had to be 

prepared and allowed to completely dissolve. The majority of devices were fabricated 
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using P3HT:PC61BM as the active layer, deposited from solution. P3HT (supplied by 

Sigma Aldrich) and PC61BM (supplied by Nano-C Inc.) were prepared with weight ratios 

of 1:0.8 and dissolved in anhydrous chlorobenzene to give a solution with a 

concentration of 30 mg/ml. After preparing the blend in the cleanroom it was 

transferred to the glovebox in a sealed vial. This was placed on a hot plate with a 

magnetic stirrer at 50°C for 48 hours to ensure solids were completely dissolved. 

The order of processing is as follows: 

Substrate Cleaning: The standard small area test cells were fabricated on glass 

substrates with pre-patterned ITO electrodes. These were jet washed with deionised 

water, followed by acetone and finally isopropyl alcohol, then dried using nitrogen gas. 

This was followed by 5 minutes of O2 plasma etch which removes any residual organic 

compounds and alters the surface energy of the ITO in preparation for coating with 

PEDOT:PSS. 

PEDOT:PSS Deposition: The substrates were spin coated with PEDOT:PSS (Heraeus 

Clevios™ AI 4083 supplied by Ossila) at 5000 rpm for 30 seconds to give a thickness of 

~45 nm, then moved into the glovebox and baked on a hotplate at 120°C for 20 minutes 

to anneal and dry the PEDOT:PSS layer. All subsequent processing was performed in the 

glovebox. 

Active Layer Deposition: The active layer was applied by spin coating from a 60°C 

blend at 1500 rpm for 60 seconds, giving a thickness of ~100 nm. The active layer was 

then annealed at 140°C for 1 hour. 

Thermal Evaporation of Top Electrode: Thermal evaporation of the cathode was 

performed though a shadow mask to define the electrode pattern and consisted of 8 nm 

of calcium and 100 nm of aluminium. 

Encapsulation: For some devices an optional encapsulation step was performed before 

the devices were removed from the glovebox. A drop of UV-curable epoxy resin 

(supplied by Ossila) was placed on top of the device and a glass coverslip was applied, 

being careful to remove any air pockets. This was cured under a UV lamp until the epoxy 

had set (about 3-4 minutes). The active layer was protected from UV irradiation by the 

aluminium electrode. 
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Fabrication of Inverted Geometry OPV Devices 

Inverted devices were processed in a similar manner to the normal geometry devices 

with the following steps: 

Substrate Cleaning: as above. 

Zinc Oxide Deposition: A film of ZnO was sputter coated at room temperature onto the 

ITO/glass substrate to give a thickness of 20-30 nm. The substrates were transferred to 

the glove box and annealed on a hotplate at 200°C for 30 minutes. An alternative method 

for depositing the ZnO layer was the sol-gel process. Zinc acetate dihydrate (109 mg) 

was dissolved in a solution of 2-methoxyethanol (1 ml) and ethanolamine (0.03 ml) and 

stirred for 1 hour at room temperature. This was then spin coated onto the substrate at 

2000 rpm for 60 seconds and then baked at 150°C for 1 hour in atmospheric oxygen 

[262]. This allowed the zinc acetate to calcinate into zinc oxide, forming a layer of ZnO 

~30 nm thick. 

Active Layer Deposition: as above. 

Thermal Evaporation of Top Electrode: Thermal evaporation of the anode was 

performed though a shadow mask to define the electrode pattern and consisted of 

10 nm of molybdenum trioxide and 100 nm of silver. 

Encapsulation: optional – as above. 

4.3 Encapsulation of DTU Modules 

The first OPV modules monitored outdoors showed fast degradation rates and 

this highlighted the importance of encapsulation to prevent ingress of water and oxygen. 

The DTU modules have PET barrier foil from Amcor used as front and back substrates, 

but are susceptible at the edges and where the contacts pierce the foil [147], [263]. 

Although PDMS is not suitable for long term encapsulation, as it has a relatively high 

WVTR, for short term testing it is ideal, providing an easy to use encapsulant with 

excellent optical properties. The PDMS used was Sylgard 184, supplied by Dow Corning. 

After preparing the required quantity of PDMS it was degassed under vacuum before 

being poured onto a module, pre-prepared with wires soldered to the contacts, within a 

PTFE former taped to a glass backing sheet. The assembly was then heated to 40°C (low 

enough to prevent degradation of the OPV modules) and allowed to cure for 24 hours 

(Figure 4.5). 
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a) 

 
b) c) 

  

Figure 4.5: PDMS encapsulation of OPV modules: a) cross section of PDMS on 
glass; b) curing on hotplate at 40°C; and c) OPV module encapsulated in PDMS 
on a glass backing sheet ready for outdoor testing. 

 

4.4 Characterisation Techniques 

4.4.1 IV Characterisation and Lifetime Testing 

A solar cell’s performance parameters (VOC, ISC, FF, and PCE) can be evaluated 

from on an I-V curve measured under a source at a known irradiance. These 

measurements were performed using a Newport Oriel™ Sol1A class ABB solar simulator 

(Figure 4.6a). It has a xenon bulb with additional filtering which provides irradiance at 

100 mW/cm2 and a spectrum of AM1.5G. This simulator has a reasonably even light 

profile across an area of 10 cm x 10 cm which is large enough for measuring the 

performance of the freeOPV modules from DTU. The IV curve was measured using an 

SMU supplied by Botest Systems GmbH. This was supplied with a multiplexer allowing 

up to eight channels to be measured sequentially. This was used along with a bespoke 

cell holder for lifetime testing of up to four small test cells (Figure 4.6b). For lifetime 

stability tests the cells were placed under the solar simulator and regular IV curves 

taken (normally once every 30 minutes). In between measurements the cells were kept 

at VOC. The lifetime setup conforms to ISOS-L-1 indoor measurement protocol [119]. 
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a) b) 

  

Figure 4.6: a) IV characterisation under the Newport Oriel™ Sol1A class ABB 
solar simulator at Bangor. Photograph shows a 3D module being measured. b) 
Lifetime testing of small six-pixel test cells was performed using a bespoke cell 
holder kept under constant illumination under the solar simulator. 

 

4.4.2 Angular IV Characterisation. 

The IV characterisations described in Section 4.4.1 were performed with the 

modules perpendicular to the irradiance. For the structured modules in Chapter 6 it was 

necessary to ascertain the effect that modifying the angle of incidence had on the 

performance parameters. This was measured on the Lucas Nuelle solar simulator at 

Cardiff School of Engineering (Figure 4.7). 

 

 

Figure 4.7: Lucas Nuelle solar simulator at Cardiff School of Engineering. 
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The light source is a linear halogen bulb, adjustable from 0 to 500 W, and can be 

tilted to allow measurements at various angles of yaw and pitch to simulate the path of 

the sun at different times of the day and of the year (Figure 4.8). The equipment 

provides solar simulation of the sun’s elevation angle (pitch) in 15° increments with a 

total 120° sweep angle. The passage of the sun during the day (yaw) can be set in 10° 

increments with a 180° range. The module measurements were taken using a Botest 

SMU to obtain an IV curve from which the performance parameters could be derived. 

 

  
PITCH is the angle of the “sun” away from 
normal incidence and simulates the 
vertical tilt of the panel. 
(0° = panel directly facing the sun) 

YAW is the angle of the “sun” in the 
horizontal plane and simulates the 
diurnal passage of the sun. 
(90° = panel directly facing the sun). 

Figure 4.8: Definition of pitch and yaw. 

 

Light Spectra Mismatch 

Figure 4.9 shows the normalised spectra of the AM1.5G standard [264], the 

solar simulator at Bangor (xenon bulb with filtering) and the Lucas Nuelle simulator at 

Cardiff (linear halogen bulb). It also shows the EQE curve for P3HT:PC61BM. 

 

 

Figure 4.9: Spectral Mismatch. The standard light spectra for AM1.5G, the 
Newport solar simulator at Bangor (xenon bulb with filtering), and the Lucas 
Nuelle solar simulator at Cardiff (linear halogen bulb). The EQE of P3HT:PC61BM 
is also shown. 
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Although there is fairly a close match between the AM1.5G standard spectrum 

and the xenon bulb, there is a large spectral mismatch between the xenon and halogen 

bulbs. This leads to a lower calculated efficiency from the Lucas Nuelle results, as the 

spectrum of the halogen bulb has relatively low intensity in the region where 

P3HT:PC61BM is most efficient (400-600 nm) in comparison to the xenon bulb. 

Therefore the efficiency measurements obtained from the Lucas Nuelle need to be 

adjusted by a multiplier, known as the spectral mismatch factor. 

The IEC standard IEC60904-7 defines how the mismatch factor (MMF) should 

be calculated [265]. Equation 4.1 shows how the MMF is calculated from the spectral 

responses of the reference cell (SR(λ)) and test cell (ST(λ)) and the output spectrums 

from the reference cell (ER(λ)) and the solar simulator (ES(λ)) [48], [265]–[267]. 

     
             

             
 

             

             
 4.1 

The mismatch factor obtained was 2.67 and has been applied to all the PCE 

measurements made on the Lucas Nuelle equipment (similarly for JSC) [268]: 

           
    

   
     4.2 

4.4.3 External Quantum Efficiency Measurements 

EQE is measured by exposing a solar cell to a narrow bandwidth of light at a 

known power and measuring the short circuit current. EQE is the ratio between incident 

photons (Equation 4.4) and number of generated electrons (Equation 4.5), where P is 

the power, λ is the wavelength of the incident light and I is the generated current: 

     
          

        
 4.3 

 
         

 
 

 

  
 

  

  
 4.4 

 
           

 
 

 

 
 4.5 

The EQE estimated AM1.5G short circuit current can be calculated from EQE 

measurements by integrating [Number of Photons x Fraction Converted to Electrons x 

Elementary Charge] across all relevant wavelengths: 
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   4.6 

EQE provides a significant indication of PV performance, providing both 

spectral as well as JSC information. A fully featured EQE measurement system is very 

expensive and therefore the author designed and built a system that would provide the 

whole OPV group at Bangor with a long term solution for EQE measurements on small 

test cells. 

Figure 4.10 and Figure 4.11 show a photograph and system schematic of the 

EQE measurement system at Bangor. The quartz tungsten halogen light source has a 

usable range of 350-2500 nm and is driven by a stabilised power supply. This is coupled 

into a monochromator (Bentham M300), which has a servo-controlled diffraction 

grating to provide a beam of light with a bandwidth of 1 nm and a wavelength range of 

375-925 nm. The output from the monochromator passes through an optical chopper, a 

filter and a lens which focuses the light onto the target which is positioned on an XYZ 

stage. The very low current output from the target is measured on a Stanford Research 

Systems SR830 lock-in amplifier, which is synchronised with the optical chopper in 

order to maximise the signal to noise ratio. A feature of diffraction gratings is the 

existence of overlapping spectra within the output, based on harmonics of the selected 

wavelength [269]. These harmonics are removed using different bandpass filters. 

 

 

Figure 4.10: Photograph of the EQE measurement system at Bangor. The optical 
equipment is kept in a black enclosure to prevent stray light affecting the 
measurements. 
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Figure 4.11: System schematic of EQE measurement system. 

 

The hardware is controlled by a LabVIEW program (Figure 4.12a), which 

controls the measurement process. Two sweeps are performed, one using a calibrated 

photodiode (Thorlabs SM1PD1A) to measure the photon flux and the second measuring 

the output from the sample to measure the electron flux. Before each sweep the XYZ 

stage is adjusted to give maximum output. The photodiode has a mask in front to reduce 

its active area to the same size as the sample cells being tested. The data is then 

processed on a macro-enabled spreadsheet to give a graph of the EQE (Figure 4.12b). 

 
a) b) 

  

Figure 4.12: EQE Processing on the PC: a) screenshot of the LabVIEW program 
that controls the measurement process; and b) a screenshot of the macro 
enabled spreadsheet used to semi-automate the production of the EQE graphs. 
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4.4.4 Laser Beam Induced Current 

All of the LBIC measurements in this thesis were performed by DTU. A laser 

beam (405 nm, 65 W/m2, <100 μm spot size) is scanned over the surface of the module 

while the short circuit current is measured using a Keithley 2400 SMU [125], [270]. The 

data is used to construct a map where the colour gradient (blue to yellow) represents 

lowest to highest solar cell output. The images show the current profile of the device and 

can pinpoint areas with elevated or reduced performance. The colour gradient between 

blue (minimum current) and yellow (maximum current) is qualitative and therefore not 

comparable between different LBIC images [270]. 

4.4.5 Atomic Force Microscopy 

Atomic force microscopy (AFM) was used to measure film thicknesses by 

scanning across a scratch made in the layer. AFM was also used to measure average 

surface roughness (RA). These measurements were performed using a Digital 

Instruments Nanoman V running in tapping mode. 

4.4.6 Optical Characterisation 

Absorption spectra, photoluminescent emission spectra and PLQY 

measurements were used to characterise the optical properties of the LDS materials. 

Absorption measurements were made using a Shimadzu UV-3600 spectrophotometer. 

This has three detectors, a resolution of 0.1 nm and can measure across a wavelength 

range of 185-3300 nm. It is a dual beam instrument allowing samples to be compared 

against a reference (usually air). Photoluminescent emission spectra and PLQY were 

both measured using a Horiba Scientific Fluoromax-4 spectrofluorometer. Once the 

absorption peak for a sample had been identified, using UV-Vis spectroscopy, the sample 

was excited at this wavelength and the photoluminescent spectrum was obtained. To 

measure PLQY, an integrating sphere was fitted to the spectrofluorometer and a series 

of measurements were taken (both with and without the sample present in the 

chamber). These measurements were analysed by software to calculate absolute PLQY, 

based on the technique proposed by de Mello et al. [271]. 

4.5 Structured OPV Modules 

One element of the research was to investigate how structured OPV modules 

perform compared to flat modules. OPVs have the benefit of being flexible which gives 
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them an advantage over traditional PV, which is flat and inflexible. In order to examine 

the potential performance benefits of structured solar panels, a choice has to be made as 

to what shape to test. The simplest way of structuring a flat flexible sheet is to form 

corrugations. 

Two different substrates were chosen from the Corolux™ range of corrugated 

PVC roofing available from Ariel Plastics, Chesterfield, UK. One had a large corrugated 

profile (Figure 4.13a), which closely matched the size of the freeOPV modules, allowing 

one module to occupy a single section of the corrugated profile. The other substrate had 

a smaller sized corrugation (Figure 4.13b) which allowed one freeOPV module to span 

several corrugations. The different sizes of corrugation allowed different mechanical 

and optical properties to be examined. 

The freeOPV modules were attached to the corrugated substrates using a 

double-sided adhesive tape with a foam core (0.7 mm thick) (Unibond™ exterior 

mounting tape). One batch of modules was attached using a thin (90 μm) double-sided 

adhesive tape with a polypropylene core (Tesa™ 64261 double-sided tape) but this was 

found to have too little give and caused sharp edged crinkles to form in the module. This 

was most noticeable on the modules mounted on the small corrugation with the tighter 

bend radius. 

 

a) 

 

b) 

 

Figure 4.13: Cross sectional dimensions of corrugated substrates, showing 
depth, width, radius and sidewall angle. a) Large corrugation (Corolux™ 77/20 
Profile), b) small corrugation (Corolux™ Miniature Profile). 
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The 3D modules were fabricated to four different patterns (and are shown in Figure 

4.14): 

A. Single Concave: the module is laminated on the inside of one section of the 

large corrugated substrate, forming a U-shaped bowl. 

B. Single Convex: the module is laminated on the outside of one section of the 

large corrugated substrate to form an inverted U-shape. 

C. Small Inline: the module is laminated onto the small corrugated substrate with 

the cells in-line with the corrugations. This tests how the module performs as 

the angle of incidence reduces and some cells become shaded whilst some cells 

remain fully illuminated. 

D. Small Transverse: the module is laminated onto the small corrugated substrate 

with the cells across the corrugations. This tests how the module performs as 

the angle of incidence increases and parts of each and every cell become shaded 

whilst other parts of the same cells remain fully illuminated. 

All of the results in Chapter 6 were obtained using DTU(AgNW) modules. Two sets of 

each 3D structured module plus two flat reference modules were used. The monitoring 

was performed during summer 2015. In Appendix C the results from two earlier sets of 

structured modules, based on DTU(AgGrid) modules, are presented: one set was 

monitored outdoors in summer 2014 and the other set was monitored outdoors during 

winter 2013, both having first been characterised indoors under the Lucas Nuelle solar 

simulator (Section 4.4.2). 

4.5.1 Indoor Characterisation of Structured Modules 

The experiments in Chapter 6 were performed in collaboration with Professor 

Frederic Krebs at DTU. After fabrication at DTU the flat modules were tested 

(characterised under AM1.5G and LBIC imaging) before being sent to Bangor. At Bangor 

they were laminated onto corrugated substrates; two sets of each 3D module type. After 

lamination one set of modules were taken to Cardiff for angular characterisation by the 

author and the other set were sent back to DTU for post-lamination characterisation 

under AM1.5G and LBIC imaging, before being sent back to Bangor for outdoor 

monitoring. 
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4.5.2 Outdoor Performance Monitoring of Structured Modules 

For these measurements the 3D modules were attached to the inclined panels of 

the outdoor OPV rack on the roof of the School of Electronic Engineering at Bangor 

University (Figure 4.14). Both racks were inclined at 35° to horizontal and facing south. 

 

 

Figure 4.14: Outdoor monitoring system at Bangor, showing flat reference and 
3D modules mounted on the inclined OPV racks, and horizontal and in-plane 
silicon reference irradiance sensors. 

 

4.5.3 Multiple Module Strips on Large Corrugations 

The final outdoor monitoring experiment used a new type of module supplied 

by InfinityPV, a company founded in 2014 by Professor Frederik Krebs of DTU to 

commercialise their research [272]. The modules are fabricated on a roll-to-roll plant, as 

a continuous series of module stacks connected together (Figure 4.15). The foil can be 

cut to length as required, having a voltage output of up to 60 V/m, which will give a 

voltage of several kilovolts over the full 100 m length [145], [146]. The active material is 

undisclosed, but is assumed to be a low band gap polymer, based on its appearance 

which is similar to PCPDTBT. 
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Figure 4.15: Dimensions of infinityPV foil. The foil consists of serially connected 
module stacks, the cells of which are horizontally aligned. The foil can be cut to 
length as required and contacts are snap fasteners, which are press fitted 
through the foil and then have connecting wires soldered to them (in the figure 
three module stacks are shown wired up). 

 

For this experiment the module strips were prepared as four module stacks in 

series. A large corrugated substrate was chosen from the Corolux™ range of corrugated 

PVC roofing (Figure 4.16).  

 

 

Figure 4.16: Cross section of large corrugations (Corolux™) used for multiple 
module experiment. Each set of four modules covered about 3 corrugations. 

 

Two of the module strips were laminated to this corrugated substrate, with 

about 4 module stacks spread across 3 corrugations. Due to their size it is not possible to 

characterise these under the solar simulator. The flat strips had a total module footprint 

of 400 cm2 and for the corrugated strips this was reduced to 320 cm2. 

Two of the corrugated module strips were mounted on the outdoor 

measurement rack, along with two flat module strips (all inclined at 35° and facing due 

south) (Figure 4.17). They were monitored outdoors for two months during the autumn 

of 2015, connected to the multiplexed Botest SMU. 
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Figure 4.17: Foil modules mounted on outdoor rack for testing. The top pair are 
mounted flat and the bottom pair are laminated onto large corrugated PVC 
(Corolux™). The edges were taped to provide an extra level of protection against 
moisture ingress. 

 

4.5.4 Indoor Characterisation of Various 3D Profiles 

In order to provide insight into how curvature affects the performance 

parameters of the structured modules, further tests were undertaken using a set of 

curved substrates. A range of profiles were printed on a Velleman K8200 3D printer to 

compare the performance of OPV modules laminated on curved profiles with different 

sidewall angles (Figure 4.18). The profiles were all based on a parabola, with the 

sidewall angle of the module edge ranging from 15° to 80°. A DTU(Carbon) module was 

measured flat under the solar simulator and then attached to each 3D profile and re-

measured (Figure 4.18c). 
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a) 

 
b) c) 

  

Figure 4.18: 3D parabolic profiles: a) cross section of 30° profile (showing where 
sidewall angle is measured at edge of module active area); b) photograph of the 
3D profiles; and c) photograph of a module mounted onto a 3D profile. 

 

4.5.5 Computer Simulation on PVsyst 

A series of simulations were run on PVsyst PV simulation software to compare 

the output from a number of different configurations of 3D structured PV modules [273]. 

Although it is normally used to simulate and assess real life PV installations it was 

capable of simulating different 3D structures, as it allows multiple PV arrays to be 

arranged at different angles of tilt and direction. Unfortunately the simulation was not 

able to directly model the performance of corrugated structures as, although it is able to 

calculate shading by nearby structures/arrays, it is not able to simulate any 

enhancement due to reflection. However it is useful for insight into how 3D modules can 

affect PV yield. 

In order to simulate different corrugated profiles a set of three strings of PV 

modules was used, each string being oriented differently and at varying angles (Figure 

4.19). Although using flat panels is a simplification, the software gave very good results 

and allowed a comparison of different profiles to be made. One of the advantages of the 

software is that it has very good shading algorithms built in.  
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The software includes meteorological data covering a typical meteorological 

year (TMY) for Preston in Lancashire, which is at a similar latitude to Bangor. Analysis of 

this data allowed four days to be selected covering winter diffuse, winter sunny, summer 

diffuse and summer sunny. This allows system performances to be compared under 

different weather conditions at different times of the year. The software uses the 

simplified clear sky model proposed by Bird et al. to simulate global direct and diffuse 

radiation [46]. The validity of the PVsyst algorithms has been confirmed by several 

authors, including an assessment of the shading simulation [274]–[277]. 

 

 

 

 

Figure 4.19: PVsyst software was used to simulate various simple profiles. In 
this case three strings of silicon panels are being used to simulate a corrugated 
structure with sidewalls at 35° to the horizontal. The software will provide 
hourly, monthly (top right) and annual performance figures, as well as doing 
shading calculations (bottom right). 

 

4.5.6 Module Footprint for Efficiency Calculations 

When calculating a single cell’s performance it is usual to measure the total area 

of the cell (typically length x width) and use that in the efficiency calculation: 

            
            

                 
 4.7 

Once multiple cells are combined together to form a module there is a choice of which 

module area measurement to use (Figure 4.20). 
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a) b) c) d) e) 

 

Figure 4.20: Module area definitions: a) total module area; b) nominal active 
area; c) real active area; d) LBIC defined active area (bright yellow shows areas 
of current extraction); and e) 3D footprint area, which is based on the nominal 
active area, but the width is reduced due to the curvature of the module leading 
to reduced effective area (figure shows type B module). 

 

Total module area: this is the size of the whole module, including the border. If 

multiple modules were being deployed then this is the physical area that each module 

would occupy. 

Nominal active area: this is the area taken up by the active cells, but includes the space 

between cells (interconnects and separation distance). 

Real active area: this is the total active area occupied by each cell. Cell interconnects 

and separation space is ignored. When flat modules are being characterised indoors or 

outdoors the real active area is normally used. 

LBIC defined active area: every cell in a module will potentially have an active area 

slightly smaller than the real active area, due to the presence of busbars and variations 

in the fabrication process  (leading to slight variations in the actual active area), and the 

LBIC image allows this to be accurately measured. This is the most accurate 

measurement of active area. When LBIC data is available this gives a more accurate 

measurement of the active area and is used in preference to the real active area. 

3D footprint area: this only applies to 3D structured modules and is the total area that 

the active layer covers when viewed perpendicular to the plane of array and is 

calculated from the reduced width of the curved module multiplied by its length. This is 

less than the nominal module area, due to the reduction in the width caused by the 

curvature of the module. 
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For the structured modules in Chapter 6 the 3D footprint area was used for all 

the flat and structured modules, as this allows the total energy generated per unit area 

to be calculated. The assumption is that the cost of structured modules would not be 

dramatically greater than that of the equivalent flat module and that this would lead to a 

more cost effective use of the space available for a PV system. 

4.5.7 Incidence Angle Modifier 

Figure 4.21 shows the effect that varying the angle of incidence (AOI) has on 

irradiation. Based on the change in effective area the irradiance changes according to the 

cosine of the AOI, see Equation 4.8, where A0 is the area at normal incidence, Aθ is the 

area and θ is the AOI (Figure 4.21a) [38]. 

           4.8 

As the AOI increases, losses due to reflections at the surface and between layers 

also increase, and the irradiance reduces by a factor known as the incidence angle 

modifier[38]. There are various models for the incidence angle modifier, FIAM; Equation 

4.9 was proposed by Souka and Safwat, where b0 is the incidence angle modifier 

coefficient and for silicon is often set at 0.05 [38], [278]. The application of the incidence 

angle modifier to irradiance is shown in Equation 4.10, where I0 is the irradiance of the 

lamp measured at normal incidence, and Iθ is the irradiance experienced by a module 

with light incident at an angle of θ. 

           
 

    
    4.9 

               4.10 

Figure 4.21b shows curves for both the simple cosine and IAM adjusted cosine 

models, as well as real data taken from a silicon reference cell and a flat DTU module, 

measured on the Lucas Nuelle equipment at various angles of yaw. The silicon reference 

cell follows a similar curve to the IAM adjusted model, but the flat DTU module has much 

higher efficiencies. This is because the silicon reference cell has a very small area (width 

≈1 cm), whereas the DTU module has a much larger area (width ≈8 cm). The lamp on the 

Lucas Nuelle equipment is relatively close to the modules (~50 cm) and does not 

provide a collinear light source. As the larger module is tilted half of the module will be 

closer to the lamp and will benefit from higher levels of irradiance. This leads to a higher 

output from the larger module, as seen in Figure 4.21b. For the purposes of the angular 
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characterisation the cosine model has been used to provide figures for irradiance (used 

to calculate efficiency), as only the flat modules present their surfaces at a single angle of 

incidence. 

 
a) b) 

 

 

Figure 4.21: Effect of change in angle of incidence on irradiance: a) change in 
angle of incidence away from perpendicular reduces the effective area that is 
illuminated; b) curves from cosine and cosine adjusted by incidence angle 
modifier models plotted alongside measured irradiance from silicon reference 
cell and flat OPV module. 

 

4.6 Application of Luminescent Downshifting Layers on OPVs 

The last phase of research investigated the use of LDS coatings to improve the 

stability and performance of OPV devices. This work involved material and device 

characterisation and both indoor and outdoor stability tests. 

The substrate used for all of the optical characterisations was UV fused silica 

(Spectrosil®) supplied by UQG Optics Ltd, Cambridge. This is high quality glass of 

exceptional purity and is designed for deep UV applications (>92% transmission from 

300 nm to 2000 nm). The substrates were supplied as 12.5 mm round, 1 mm thick, glass 

windows. 

4.6.1 Coating Techniques for LDS Materials 

LDS Preparation: although it is possible to apply LDS materials directly onto surfaces 

(e.g. by sublimation [251]) most LDS samples were prepared in a host material. LDS 

solutions for coating were prepared by weighing out the LDS material and PMMA into a 

vial (both as dry powders) and then adding the requisite volume of solvent. For the early 

part of this work PMMA was dissolved at a concentration of 20 mg in 1 ml of solvent. 
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After trials the optimum solvent was found to be 25% anisole mixed with 75% 

chloroform. During the second stage of the work commercially available PMMA 

dissolved in anisole was used (#A8 supplied by MicroChem), at a concentration of 8% by 

weight [279]. This was added to the dry LDS materials. In all cases the solutions were 

left overnight on a heated magnetic stirrer at 60° to ensure solids were completely 

dissolved. 

Various coating techniques were utilised:  

Spin Coating: the most commonly used technique for the small test samples was spin 

coating. For the host material MicroChem A8 was used, which is a readymade solution of 

PMMA dissolved in anisole at a concentration of 8% solids. Spin coating at 2000 rpm for 

60 seconds, followed by annealing at 50° for 30 minutes produced a film with very 

consistent thickness (830±5 nm), low roughness (RA: ~1 nm). This was found to be the 

ideal coating method for small samples and could also be used for coating OPVs, as the 

low annealing temperature does not cause any degradation to the active layer. 

Screen Printing: for coating larger samples (e.g. DTU freeOPV modules) screen printing 

was adopted. This printing work was carried out by Welsh Coating and Printing Centre 

(WCPC) at Swansea University under the supervision of the author. They optimised an 

ink blend for screen printing PMMA onto PET. The LDS material was dissolved in PMMA 

(10 mg/ml) with 4% by weight polyethylene glycol 400 acting as a binder. Printing 

directly onto the modules entailed first removing the contacts so that the modules 

would pass through the printer, followed by refitting the contacts. Although this would 

have been the preferred method it was found that there was quite a high failure rate 

after refitting the contacts. An alternative was to print the LDS material directly onto a 

PET substrate and laminate the PET onto the OPV module using PDMS as an adhesive. 

These inks were used to print 8.5 cm x 10 cm rectangles on 125 μm thick PET (supplied 

by DuPont Teijin Films) using a DEK 248 silkscreen printer. As the printed thickness was 

10 μm, this minimised wave-guiding to the edges and losses are estimated at < 1% of 

optical losses. The surface was very smooth and the surface roughness was measured at 

RA = 3 nm. 

4.6.2 Outdoor Stability Testing of LDS Materials at Bangor University 

The first outdoor lifetime tests were conducted at Bangor using DTU(AgGrid) 

modules. Three configurations were prepared (see Figure 4.22): 
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A. Control: PMMA (with no LDS) printed onto PET and laminated onto the module 

using PDMS. 

B. LDS (on PET): LDS (Kremer Blue) printed onto PET and laminated onto the 

module using PDMS. 

C. LDS (printed): LDS (Kremer Blue) printed directly onto the module. 

The modules were tested outdoors on the inclined OPV rack for 10 weeks from 

01/07/2014 till 09/09/2014 (Figure 4.22b). 

 
a) b) c) 

 

Figure 4.22: LDS modules tested outdoors at Bangor: a) module configurations; 
b) modules on outdoor OPV rack; and c) LDS modules photoluminescing under 
exposure to UV light. 

 

4.6.3 Outdoor Stability Testing of LDS Materials at Ben Gurion University 

Collaboration was sought with Professor Eugene Katz at Ben Gurion University, 

Israel. This meant that outdoor stability studies of LDS materials could be conducted at 

Jacob Blaustein Institutes for Desert Research in the Negev Desert, under much higher 

levels of UV irradiation. Four of each of the following configurations were prepared (see 

Figure 4.23), based on DTU(Carbon) modules: 

A. Reference: uncoated module. 

B. Europium Complex: LDS (Europium complex) printed on PET and laminated 

onto a module. 

C. Kremer Blue: LDS (Kremer Blue) printed on PET and laminated onto a module. 

D. PMMA Only: PMMA (with no LDS) printed on PET and laminated onto a 

module. 

E. UV Filter: a commercial self-adhesive UV filter (Solaronix SA #49132) was 

applied to a module. 
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To improve the long term stability of the modules they were all encapsulated in 

PDMS and mounted on a glass backing sheet (see Section 4.3). 

 
a) 

 
b) 

 
c) 

 

Figure 4.23: Cross sections of LDS modules tested outdoors at Ben Gurion 
University: a) DTU modules with just PDMS (type A); b) DTU modules with 
coated PET layer [** PMMA coating was prepared in 3 different formulations: 
type B: PMMA with Europium complex; type C: PMMA with Kremer Blue dye; 
type D: Pure PMMA]; and c) DTU modules with UV filter (type E) 

 

Figure 4.24 shows two of the modules with LDS coating under exposure by UV 

light (λEXCITATION = 365 nm): the Europium Complex photoluminescing with a red light 

and the Kremer Blue dye with a blue light. These photographs show that the screen 

printing has produced a very even coating. They also show the photoluminescence of the 

PET barrier layers [280]. 

 

  

Figure 4.24: DTU modules photoluminescing under exposure to UV light 
(λEXCITATION =365 nm). A: Europium and B: Kremer Blue. 
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After fabrication the modules were sent to DTU for further characterisation, 

before being shipped to Israel for the outdoor testing. They were mounted on inclined 

outdoor racks (at 30°) facing south and tested over a period of 80 days (see Figure 4.25). 

 

 

Figure 4.25: Outdoor OPV rack at Jacob Blaustein Institutes for Desert Research, 
in the Negev Desert. 

 

4.6.4 Testing of Discrete and Multiple-Dye LDS Layers 

For all subsequent tests the LDS materials were dissolved in MicroChem A8 (8% 

by weight PMMA in anisole) and spin coated onto the substrates (see Section 4.6.1). A 

series of tests on discrete LDS materials were conducted, followed by testing on blends 

of LDS materials. The final tests were performed using inverted geometry P3HT:PC61BM 

devices (Section 4.2.2): IV characterisation and indoor lifetime tests were performed. 
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Chapter 5. Outdoor Monitoring of Organic 
Photovoltaics 

The bulk of the research for this thesis involves outdoor monitoring of OPV 

modules. This chapter examines in detail the various analysis methods used based around a 

series of outdoor monitoring campaigns. Over the course of several campaigns various OPV 

mini modules are benchmarked against a number of other technologies: polycrystalline 

silicon (poly-Si), cadmium indium diselenide (CIS), and dye sensitised solar cells (DSSC). 

The principal performance parameters (PCE, ISC, VOC and FF) are examined in detail, 

analysing their dependence on irradiance and temperature. The early OPV modules are 

shown to have high rates of degradation and two degradation paths were identified. One of 

the main paths for degradation is ingress of water and oxygen into the cell, leading to 

electrode/interface failure and photo-oxidation of the active layer. The use of UV filtering 

to reduce photo-oxidation of the active layer is investigated. 

5.1 Comparison of OPV Outdoor Performance against Silicon 

Eight DTU(AgGrid) modules were monitored outdoors over a period of twelve 

weeks during the summer of 2013 (start date: 09/07/2013). Four modules were 

mounted on a rack inclined at 35° and facing due south (S1-S4) and four were mounted 

on a horizontal rack (S5-S8). The initial efficiencies of these modules were 0.77±0.09%, 

which indicates the close tolerances obtained in the R2R processing of this batch of 

modules. One module on each rack had a PT100 temperature sensor attached to the 

back (S2 & S5). 

5.1.1 Comparison of Performance under Different Climatic Conditions 

Data from two contrasting days are used to compare relative OPV performance 

with that of the poly-Si (see Figure 5.1). On the cloudy day (05/08/2013) the horizontal 

and in-plane irradiances are closely matching, as the irradiance is predominantly diffuse 

(until 18:00 when the cloud begins to disperse). On the sunny day (03/08/2013) there 

is a distinct difference between the horizontal and in-plane irradiance, with the in-plane 

exceeding the horizontal at local noon by about 25%, indicating that the irradiance is 
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dominated by direct normal irradiation (DNI). After 15:00 in the afternoon intermittent 

full sun was observed leading to cloud lensing effects [40], [281]. The days were selected 

to be close together so that the effects of degradation on the OPV modules were not 

significant. As the OPV modules degraded relatively quickly it was not possible to find 

two completely contrasting days that were close together and with a full set of data (OPV 

data on 05/08/2013 was missing before 09:00). 

 
a) sunny (03/08/2013) b) cloudy (05/08/2013) 

  

Figure 5.1: Irradiance on two contrasting days: sunny (a) and cloudy (b). 

 

The graphs in Figure 5.2 show PCE, ISC, VOC and FF plotted for an OPV module 

(S2) and a poly-Si module for both days (both inclined). On the sunny day some large 

spikes are evident in the PCE and FF data which are caused by temporal mismatching of 

the fast changing irradiance levels during cloud lensing. This cloud lensing mismatch is 

less evident for the OPV module, as the IV sweep takes much longer (~10 s) than it does 

for the poly-Si module (~1 s). For both modules ISC closely tracks the changing 

irradiance over the course of the day, apart from a brief period of shading on the poly-Si 

module before 08:00. However for PCE, VOC and FF there is a difference between the two 

module types. The parameters for poly-Si rise quite quickly at sunrise to their limiting 

values which are maintained until early evening when they drop back to zero at sunset. 

The parameters for the OPV module start their rise slightly later and rise more slowly 

before reaching their limiting values which are maintained until late afternoon after 

which they steadily return to zero. Both modules show a slight drop in PCE in the early 

afternoon.  
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Sunny – 03/08/2013 Cloudy – 05/08/2013 
a)  b)  

  
c) d)  

  
e) f)  

  
g) h)  

  

Figure 5.2: Comparison of diurnal performance of OPV (S2) and poly-Si modules 
on two contrasting days (sunny: left column, cloudy: right column): a) & b) PCE; 
c) & d) ISC; e) & f) VOC; and g) & h) Fill Factor. 
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On the cloudy day ISC for both modules track irradiance very closely. The 

shading effects on the poly-Si module that were seen on the sunny day are not present 

due to the higher proportion of diffuse light. PCE, VOC and FF for the poly-Si module 

show similar trends as seen on the sunny day, rising to their maximum values early in 

the morning and staying reasonably constant until early evening before dropping back 

to zero. The drops seen in PCE and FF in early afternoon are not present. The maximum 

values for PCE (13%), VOC (28 V) and FF (0.65) are similar to those seen on the sunny 

day. However the OPV module is much more unresponsive on the cloudy day as, 

although early morning data is missing until 09:00 (due to hardware problems), it is still 

apparent that the module is not reaching such high and steady values as were seen on 

the sunny day. 

The morning, evening and cloudy results show that PCE for the OPV device is 

more affected by low irradiances than it is for the poly-Si module, which leads to the 

lower increase in PCE with increasing irradiance. 

5.1.2 OPV Degradation 

All of the OPV modules were seen to degrade relatively quickly over the course 

of the outdoor monitoring. Two sets of graphs are presented: one set shows the change 

in the performance parameters vs. irradiance on a weekly basis for one module (Figure 

5.3); the other set shows the performance parameters (calculated as a daily average) vs. 

time for a representative number of modules (Figure 5.4). 

In order to examine the change in the performance parameters vs. irradiance 

plotted against time, each parameter was averaged on a weekly basis, binned at 

25 W/m2 intervals so that the effect of changing irradiance is still clear. To declutter the 

graphs, only the data from every other week was plotted. 

Figure 5.3 plots the main performance parameters against irradiance for the 

best performing inclined OPV module (S2). ISC maintains a linear trend throughout, 

remaining relatively stable for the first 5-6 weeks before steadily degrading. VOC 

maintains a logarithmic trend for the first 6 weeks, although the irradiance level where 

it attains 90% of maximum VOC drops from 300 W/m2 in week 2, to 525 W/m2 in week 6. 

Maximum VOC drops from 4.3 V in weeks 2 and 4 down to 4.0 V by week 6, after which it 

degrades rapidly with the trend becoming linear. FF shows a steady degradation over 

the first 8 weeks, dropping from a maximum of 0.4 in week 2 to 0.25 in week 8, after 
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which it does not change. A FF of 0.25 is indicative of a straight line IV curve and is 

normally the minimum that would be expected. PCE rapidly degrades from a maximum 

of 0.6% in week 2 down to 0.1% by week 8. 

 
a) b) 

  
c) d) 

  

Figure 5.3: Degradation of performance parameters for module S2 (best 
performing inclined OPV module): a) PCE, b) ISC, c) VOC and d) Fill Factor. Each 
data point is a weekly average for irradiance binned in 25 W/m2 intervals. 

 

To analyse the degradation of these modules against time it was necessary to 

separate the decline in the performance parameters due to degradation from the diurnal 

variation due to changes in irradiation, especially at the lower irradiances. This was 

achieved by averaging data where the irradiance was within a narrow band, as this 

removed the effect changing irradiation had on the performance parameters. After 

investigation an irradiance band of 600±15 W/m2 was selected, as this filtered out data 

from diffuse conditions where performance was reduced. Choosing a higher irradiance 

would have limited the number of available data points to only those from very sunny 

conditions, which would also be more likely to be affected by cloud lensing. The novel 

approaches to degradation analysis seen in Figure 5.3 and Figure 5.4 have not been seen 

in the literature before. 
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Figure 5.4 shows the evolution of PCE, ISC, VOC and FF for four modules over the 

course of the monitoring. The modules selected are the best and worst performing from 

the inclined (I) and horizontal (H) racks: best: S2(I) & S7(H); worst: S1(I) & S8(H). The 

PCE data shows that all of the modules have degraded within 6-8 weeks. There are two 

different degradation patterns. In the first pattern, seen in S1(I) and S8(H), ISC and VOC 

show a steady decrease over time, reaching a minimum at 8 weeks. In addition the FF 

reaches a minimum at 4-5 weeks. These combine to give a very fast decay in PCE, 

reaching a minimum after about 6 weeks. In the second pattern, seen in S2(I) and S7(H), 

ISC, FF and PCE hold relatively steady for the first 2 weeks, after which they steadily 

decline, reaching a low at about 8 weeks. VOC holds steady for the first 4-5 weeks, before 

dropping relatively quickly and also reaching a low value at about 8 weeks. The modules 

split equally between the two degradation patterns and those in the second group 

showed better stability than the first group. Degradation affecting ISC is usually 

associated with chemical degradation of the photoactive layer (PAL), as well as 

degradation of the PAL/electrode interface, whereas degradation in VOC and FF are 

normally caused by problems in the PAL/electrode interface [92], [93]. 

 
a) b) 

  
c) d) 

  

Figure 5.4: Degradation of OPV modules (Summer 2013): a) PCE; b) ISC; c) VOC; 
and d) FF. Two modules from each rack: inclined (solid lines); horizontal 
(dashed lines). Data is diurnal average where irradiance was 600±15 W/m2. 
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Table 5.1 shows the T80 and T50 lifetimes for all of the modules. The best two 

performing modules, S2 (inclined) and S7 (horizontal), had similar lifetimes (S2: T80 = 

22 days, T50 = 42 days; S7:T80 = 21 days, T50 = 42 days). The worst performing module 

was S8 (horizontal): T80 = 6 days, T50 = 14 days. The worst five modules had average 

lifetimes of T80 = 6.6 days and T50 = 14.8 days, which highlights the fast degradation 

rates of these modules. 

No significant differences were observed between the horizontal and inclined 

modules, either in performance or rates of degradation. All subsequent testing was 

performed with the racks inclined at 35° to horizontal and facing south. 

 

Table 5.1: T80 and T50 lifetimes (Summer 2013). Data based on diurnal average 
PCE where irradiance was 600±15 W/m2. 

Rack Sample T80 Lifetime (days) T50 Lifetime (days) 

Inclined 

S1 6 17 

S2 22 42 

S3 10 26 

S4 6 11 

Average 11 24 

Horizontal 

S5 8 18 

S6 7 14 

S7 21 42 

S8 6 14 

Average 10.5 22 

 

One major source of degradation is at the edges of the modules, where the 

active layer has been rapidly degraded by the ingress of water and oxygen (see Figure 

5.5). This shows that water and oxygen can penetrate sideways through the device, 

leading to chemical degradation of the active layer, interfacial layers and electrodes. This 

is not surprising as a pressure sensitive adhesive is used to laminate the backside PET 

and could be the source of initial degradation. Although laser cutting has been used to 

separate the modules from the R2R foil, this would suggest that it is not an effective 

method for edge sealing. 
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a) 

 

b) 

 

Figure 5.5: Microscope photographs (magnification x2.5) showing the edge of an 
OPV module (a) before and (b) after outdoor performance monitoring, 
demonstrating degradation at the module edges. Laser cutting is used to 
separate the modules from the R2R foil, giving rise to the burnt edges. 

 

5.1.3 Effect of Irradiance on OPVs and Comparison with Silicon PV  

Figure 5.6 shows PCE, ISC, VOC and FF plotted against irradiance for the poly-Si 

and OPV modules on the sunny and cloudy days. The effect of partial shading on PCE and 

FF in the early morning can be seen in the poly-Si data for the sunny day and this has 

been highlighted. Otherwise there is very little difference between the sunny and cloudy 

characteristics for each module type. 

ISC has a linear relationship to irradiance for both module types and the rate of 

change of ISC as a function of irradiance is the same on both days. Likewise VOC shows the 

expected behaviour with a logarithmic relationship to irradiance for both module types 

and on both days. However 90% of maximum VOC is reached at ~80 W/m2 for the poly-Si 

compared to ~250 W/m2 for the OPV, which explains why VOC for the OPV module is 

variable at low irradiances. 

The FF data shows both OPV and poly-Si reaching steady values very quickly 

(poly-Si=0.6, OPV=0.2). The poly-Si then rises slightly to 0.7 (at 100 W/m2) before 

steadily dropping off with increasing irradiance to 0.6 at 1000 W/m2. In comparison FF 

for the OPV module continues to rise with increasing irradiance, reaching 0.35 at 

800 W/m2, after which it remains constant. 

The PCE curve for poly-Si shows it reaching maximum efficiency (13.5%) at 

200 W/m2, after which the efficiency steadily reduces down to 11.5% at 1000 W/m2. 

The OPV module has PCE showing a more logarithmic trend, rising to a maximum of 

0.5% at 500 W/m2 and then remaining constant for higher irradiances. 
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a) 

 

b) 

 

c) 

 

d) 

 

Figure 5.6: The effect of irradiance on a) PCE, b) ISC, c) VOC and d) Fill Factor for 
OPV and poly-Si modules on 03/08/2013 (sunny) and 05/08/2013 (cloudy). 
The effects on PCE and FF of partial shading for the poly-Si module are 
highlighted. 
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5.1.4 Module Temperature Analysis 

Two contrasting days (sunny: 03/08/2013 and cloudy: 17/08/2013) were 

selected and the irradiances are shown in Figure 5.7a&b. Figure 5.7c&d shows the 

module temperatures of OPV and poly-Si modules over the course of the two days. On 

both days the cooling effect of the wind is similar, with the wind speed rising from 2 m/s 

in the morning to 4 m/s at noon before dropping back to 2 m/s in the evening, and on 

the cloudy day there are two periods of rain (see Figure 5.8a). 

On the cloudy day all of the modules follow a similar temperature profile, with 

module temperature differences above ambient (TDELTA) rising and falling in line with 

irradiance. The maximum values for TDELTA are +3.5°C for the inclined poly-Si, +4.2°C for 

the horizontal poly-Si, +3.3°C for the inclined OPV and +3.2°C for the horizontal OPV. 

There are two sharp drops in TDELTA, at 11:30 and 14:00, which are caused by the cooling 

effect of the rain. 

On the sunny day there is a marked difference between the OPV and poly-Si 

modules, and between the horizontal and inclined modules of each type. The maximum 

temperatures reached are 38.7°C (TDELTA=+17.7°C) for the inclined poly-Si module, 

32.8°C (TDELTA=+11.8°C) for the horizontal poly-Si module, 32.4°C (TDELTA=+11.5°C) for 

the inclined OPV module, and 29.9°C (TDELTA=+8.9°C) for the horizontal OPV module. The 

horizontal modules follow a similar temperature profile as the inclined modules but at 

lower levels as the angle of incidence of the sun is closer to perpendicular for the 

inclined modules. Figure 5.8b shows the linear relationship between TDELTA and 

irradiance for the inclined modules on the sunny day, defined by Equation 5.1, where G 

is irradiance and k is the slope, known as the Ross coefficient [282], [283]. 

                            5.1 

The values obtained for the Ross coefficient are: OPV=0.0101 K.m2/W and poly-

Si=0.0154 K.m2/W. Expected values for freestanding poly-Si are slightly higher 

(~0.02 K.m2/W), the difference being due to cooling by the wind [282]. The temperature 

rises are closely linked to irradiance and to the ability of the modules to absorb infrared 

radiation [284]. The poly-Si modules get hotter, as silicon can absorb at wavelengths up 

to 1100 nm, compared to 650 nm for the OPV modules (P3HT:PC61BM) [285], [286]. 
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Sunny – 03/08/2013 Cloudy – 17/08/2013 
a) b) 

  
c) d) 

  

Figure 5.7: Temperature analysis of OPV and PV modules on two contrasting 
days (sunny: 03/08/2013 & cloudy: 17/08/2013): a) & b) horizontal and in-
plane irradiance; and c) & d) module and ambient temperatures. The sharp 
drops in module temperature during rainfall can be seen in d). 

 
 

a) b) 

  

Figure 5.8: (a): Wind speed and total rainfall on the two days. [NB there was no 
rainfall on the sunny day]. (b): Temperature rise above ambient (TDELTA) plotted 
against irradiance with linear trend lines. 
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5.1.5 Effect of Temperature on OPV Performance 

A common method for measuring temperature coefficients (TCs) is to shade the 

module and lower its temperature to ambient. The module is then uncovered and 

allowed to heat up whilst several IV curves are taken at different temperatures [34], 

[287], [288]. This is impractical for OPV modules at this location, as the temperature 

variation over the course of a day is relatively low and therefore would require 

specialised equipment. However the TCs can also be obtained through performance 

monitoring. To obtain the TCs data was fitted to the following equation for efficiency 

[288]–[290]: 

                           
 

         
  5.2 

where T is the module temperature and G is irradiance, η(T) is efficiency at 

temperature T, ηref is the efficiency at STC, and γ is the solar irradiance coefficient and β 

is the temperature coefficient. The solar irradiance coefficient, γ, is usually taken as zero 

which reduces it to a simple linear expression [291]. This equation can also be used to 

calculate the TC for VOC. Equation 5.3 is used to calculate the TC for ISC: 

              
             

 

         
 5.3 

where ISC(T) is ISC at temperature T, ISCref is ISC at STC, and α is the TC for ISC. To 

remove the effect of solar radiation on the TCs the outdoor data was filtered for fixed 

irradiance ranges of 600±20 W/m2 and 1000±20 W/m2. This also ensures that: diffuse 

conditions are excluded and therefore the majority of the irradiance is DNI; and that the 

measurements are from near noon ±3 hours when spectral conditions will be closer to 

AM1.5G. Data was analysed for a 14 day period in order to reduce the effect of 

degradation of the OPV modules. 

The results for the OPV module are shown in Figure 5.9 along with trend lines 

and Table 5.2 has the calculated TCs, fitted by the least squares method. 

 

Table 5.2: Calculated temperature coefficients for OPV module. 

Irradiance Range 
PCE 

(%/K) 
ISC 

(mA/K) 
VOC 

(mV/K) 
FF 

(K-1) 
600±20 W/m2  0.0047 0.0774 -0.80 0.0015 

1000±20 W/m2  0.0080 0.1126 -0.86 0.0038 

Average 0.0063 0.0950 -0.83 0.0027 
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a) b) 

  
c) d) 

  

Figure 5.9: Temperature dependence of a) PCE, b) ISC, c) VOC, and d) FF. 
Measurements were filtered for irradiances of 600±20W/m2 and 1000±20W/m2 
over a 10 day period. 
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0.0063%/K (β=0.0092 K-1). These results also show higher TCs under conditions of 

higher irradiance, as reported previously[295]. 

5.1.6 Effect of Temperature on poly-Si Performance Parameters 

Temperature analysis on the outdoor results was also performed for the poly-Si 

modules and the results are shown in Figure 5.10 and Table 5.3. These were taken over 

a 30 day period, as degradation was not an issue, and over tighter irradiance ranges 

(±5 W/m2). 

 
a) b) 

  
c) d) 

  

Figure 5.10: Temperature dependence of a) PCE, b) ISC, c) VOC, and d) Power (at 
MPP). Measurements were filtered for various irradiance ranges over a 30 day 
period. 
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VOC was very consistent for all irradiance ranges, giving an average value of 

-96.0 mV/K, which is -2.0 mV/K/cell (poly-Si module has 48 cells). VOC at STC is 28.5 V 

which gives a value for βVoc of -0.0034 K-1. VOC has a negative TC due to a narrowing of 

the semiconductor’s bandgap and increase in the saturation current [290]. ISC shows a 

positive TC with an average value of 4.66 mA/K, which gives a value for α of 0.009 K-1 at 

1000 W/m2. The positive TC for ISC is mainly due to thermally excited intrinsic charge 

carriers and narrowing of the semiconductor’s bandgap with increasing 

temperature [289]. Despite a positive TC for ISC the poly-Si has a negative TC for power 

and PCE, as the negative TC for VOC is more significant. 

Table 5.4 shows a comparison of measured and reported temperature 

coefficients. The calculated TC for efficiency for poly-Si (-0.292%/K) compares well with 

reported values obtained using a similar method (-0.4%/K). This gives confidence in the 

values obtained for OPVs. In comparison to other PV technologies, OPVs appear to be 

one of the few that have positive temperature coefficients for efficiency. 

 

Table 5.4: Comparison of measured and reported temperature coefficients. 

Type 
η (PCE) 

(%/K) 

η (PCE) a 

(K-1) 

α ISC b 

(K-1) 

VOC c 

(mV/K/cell) 

β VOC d 

(K-1) 

OPV (Bangor) 0.0063 0.0092 0.0046 -0.10 -0.0002 

poly-Si (Bangor) -0.292 -0.024 -0.0009 -2.0 -0.0034 

poly-Si [288], [290] -0.4 -0.031 -0.0005 -2.0 -0.0044 

CIGS [288], [290] -0.484  -0.0003  -0.006 

CdTe [288] -0.25  -0.0004  -0.0036 

a-Si [288] -0.165  -0.0018  -0.0031 
a Normalised to PCE at STC: (OPV=0.69%, poly-Si=12.39%) 
b Normalised to ISC at STC (OPV=20.6 mA, poly-Si=8.07 A) 
c VOC data is adjusted to cell values (Bangor: OPV=8 cells; poly-Si=48 cells) 
d Normalised to VOC at STC (OPV=4.3 V, poly-Si=28.5 V) 

 

5.2 OPV Performance under Winter Conditions 

Three DTU(AgGrid) modules (W1-W3) were monitored, over a fourteen week 

period, mounted on the inclined rack at 35°. These modules had a large variation in PCE, 

indicating that this batch was not as uniform as the modules from summer 2013. One 

module (W3) was protected by a UV filter (Solaronix #49132) in order to test whether 

this would improve stability. 
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5.2.1 OPV Degradation under Winter Conditions 

Figure 5.11 and Table 5.5 show the degradation of the modules over winter. The 

module with the UV filter (W3) has not degraded over the period of monitoring; in fact it 

has shown a very slight increase in PCE (102% of its initial value), ISC and FF. One of the 

modules (W2) showed rapid degradation, VOC and PCE dropping steadily from the start 

(T80 = 28 days, T50 = 51 days). The other module (W1) showed a slight drop in VOC and 

FF after 6 weeks and a slight drop in ISC at 8 weeks, leading to a decrease in PCE between 

weeks 6 to 8, followed by a stabilisation (T80 = 44 days). 

 
a) b) 

  
c) d) 

  

Figure 5.11: Degradation of DTU modules (Winter 2013/14): a) PCE; b) ISC; c) 
VOC; and d) FF. Measurements were selected at irradiances of 600±15 W/m2. 

 

Table 5.5: T80 and T50 lifetimes (Winter 2013/14). Data based on diurnal average 
PCE where irradiance was 600±15 W/m2. 

Sample T80 Lifetime (days) T50 Lifetime (days) 
Normalised final PCE 

(at 95 days) 

W1 44 - 64% 
W2 28 51 40% 

W3 (UV) - - 102% 
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5.2.2 Comparison with Summer Results 

From analysis of how the modules from each group degraded over time it was 

apparent that the summer modules degraded much quicker than the winter ones. In 

order to compare the two datasets it was necessary to consider cumulative insolation 

received by the modules, as most degradation is caused by photo-oxidation and 

therefore will proceed much more slowly in winter than in summer. Comparison of the 

two datasets for VOC indicated that degradation was dependent on time rather than 

insolation, which would mean that it is a physical rather photo-oxidative process that is 

causing it. Figure 5.12 shows a comparison of the summer and winter modules: PCE, ISC 

and FF are plotted against cumulative insolation and VOC is plotted against time. When 

plotted against these different x-axes the degradation rates are seen to be comparable. 

 
a) b) 

  
c) d) 

  

Figure 5.12: Comparison of degradation between summer 2013 and winter 
2013/14: a) PCE; b) ISC; c) VOC; and d) FF. Measurements were selected at 
irradiances of 600±15 W/m2. Measurements are plotted against cumulative 
insolation, apart from VOC which is plotted against time. [Summer modules: S1 & 
S2, Winter modules: W1 & W2; All modules are on inclined racks]. 
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11±7 days, T50(AVG) = 23±13 days) than the modules in winter (T80(AVG) = 36±11 days) 

and one of the winter modules only dropped to 64% of its initial PCE by the end of the 

monitoring (95 days). The high standard deviations (winter: ±11, summer: ±7 & ±13) 

are indicative of the wide variation in lifetimes of these modules. 

 

Table 5.6: Comparison of summer 2013 and winter 2013/14: Average T80 and T50 
lifetimes. 

Sample Module Count 
T80 Lifetime 

(days) 

T50 Lifetime 

(days) 

Summer 2013 8 11±7 23±13 
Winter 2013/14 2 36±11 51 † 

†  Only one module reached T50, the other module only dropped to 64% of initial PCE by 
the end of the testing (95 days). 

 

5.2.3 Assessment of UV Filtering 

One module (W3) had been protected by a UV filter in order to test whether this 

would improve its stability. Figure 5.13 shows the cumulative yields of the three 

modules over the monitoring period. As the modules all started the monitoring with 

different PCEs the data has been normalised to module W1, based on their initial PCEs. 

 

 

Figure 5.13: Comparison of cumulative yields of modules with and without UV 
filters. (Data has been normalised to initial PCE of W2). 
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module with the UV filter has a very low performance. However the long term benefits 

of the UV filter (very slow degradation rates) outweigh the lower initial performance 

levels. These results confirm that degradation during the summer could be due to UV. 

5.3 Improving Stability using Silver Nanowire Front Electrodes 

The first two monitoring campaigns used DTU(AgGrid) modules and these 

degraded relatively quickly. It was shown that even under winter conditions the 

application of a UV filter could improve stability. Here we examine data for one 

DTU(AgNW) module, which was monitored outdoors from 16/04/2015 till 17/07/2015. 

The primary difference between this module and those examined in Sections 5.1 and 5.2 

is that the front electrode has been changed; a composite electrode of AgNW and ZnO 

has been used in the DTU(AgNW) modules. The ZnO thickness has to be increased for 

optimal processing and therefore absorbs more UV irradiation [296]. The purpose of 

this outdoor monitoring campaign is to examine whether these modules have improved 

stability. 

 
a) b) 

  
c) d) 

  

Figure 5.14: Degradation of DTU modules with silver nanowire front electrodes: 
a) PCE; b) ISC; c) VOC; and d) FF. Measurements were selected at two different 
irradiances: 600±15 W/m2 and 1000±15 W/m2. 
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Figure 5.14 shows the degradation of the performance parameters selected at 

irradiances of 600±15 W/m2 and 1000±15 W/m2. The efficiency curves show a rapid 

deterioration during burn-in over the first week or so, dropping from 2.5% to just below 

2% (T80 = 6 days). This loss of efficiency mainly comes from a drop in fill factor as well 

as a very slight drop in VOC. Once the module reaches stabilisation it is followed by a 

much slower degradation for the remainder of the outdoor monitoring; characteristic 

behaviour for these types of modules [297]. PCE stabilises at about 1.8% and maintains 

this for the rest of the monitoring period and ISC increases very slightly over the course 

of the monitoring. FF and VOC degrade very slowly over the same period. It is clear that 

using the AgNW/ZnO composite electrode greatly enhances the stability in an outdoor 

environment. 

5.3.1 Reversible Degradation Pattern of DTU(AgNW) Modules 

It was observed that when PCE was plotted against irradiance for a sunny day it 

followed a different pattern in the morning than in the afternoon (Figure 5.15). As it was 

a clear sunny day irradiance followed a predictable curve, climbing steadily until midday 

and then dropping down again. This morning/afternoon split affected all four 

performance parameters, especially PCE, ISC and FF. 

 

 

Figure 5.15: PCE plotted against irradiance on a sunny day near the beginning of 
the monitoring (18/04/2015), highlighting the different pattern in the morning 
and afternoon. 

 

Closer examination of IV curves at similar irradiances, one from the morning 

and one from the afternoon (see Figure 5.16), show that the morning IV characteristic 

has better performance parameters than the afternoon curve: ΔPCE(relative)=25%; 

ΔISC=+14%; ΔFF=+9%; and ΔVOC=+2%. ISC and FF are the parameters with the most 

change and VOC is virtually unaffected. This indicates that there is some reversible 
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degradation occurring in the active layer, which is either temperature or irradiance 

induced [298]. Examination of data later in the monitoring period showed that this 

morning/afternoon split no longer occurred. 

 
a) b) 

  

Figure 5.16: Comparison of morning (red) and afternoon (blue) IV curves on 
18/04/2015 (2 days after monitoring commenced) at two similar irradiance 
levels: a) 105 & 107 W/m2 and b) 250 & 263 W/m2. The morning curves show 
higher current and voltage and better fill factor than the afternoon curves. 
[**dotted line: current linearly adjusted to match irradiance of other curve] 

 

5.4 Summary of PV Benchmarks 

Figure 5.17 shows a comparison of the performance parameters for poly-Si, 

CIS4, DSSC5, DTU(AgGrid) and DTU(AgNW) modules. In order to allow a better 

comparison between the very different module types, JSC and VOC/cell have been plotted. 

All data was sourced from clear sunny days, with high levels of direct normal irradiance, 

and all modules were inclined at 35° to the horizontal and facing south. 

Apart from the DSSC module all of the modules display a linear trend for JSC. 

They all display logarithmic VOC, with DSSC having a VOC of ~0.8 V/cell, poly-Si having a 

VOC of ~0.6 V/cell and all the others having a VOC of ~0.5 V/cell. However the rate of rise 

to maximum VOC is very different, with DSSC, poly-Si and CIS reaching maximum VOC at 

low irradiances, whereas the OPV modules have a much slower response, with 

DTU(AgGrid) being the slowest. 

                                                        

4 A cadmium indium diselenide (CIS) module was installed on the roof in early 2014, inclined at 35°. 

5 A dye sensitised solar cell (DSSC), supplied by SolarPrint (Dublin), was monitored outdoors from 
03/03/2014 till 07/05/2014 in order to provide a comparison of OPVs to other third generation modules. 
SolarPrint specialised in DSSCs fabricated using an electrolyte paste composed of carbon nanotubes [320]. 
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a) 

 
b) 

 
c) 

 
d) 

 

Figure 5.17: Comparison of performance parameters for poly-Si, CIS, DSSC and 
two OPV mini-modules from DTU: a) PCE; b) JSC; c) VOC/cell; and d) FF. 
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Poly-Si shows a similar profile for both PCE and FF, both reaching maximum 

levels at low irradiances (100-200 W/m2) and then reducing with further increases in 

irradiance. The PCE and FF profiles for CIS are slightly different, reaching maximums at 

slightly higher irradiance levels (~400 W/m2), and then reducing only very slightly with 

higher irradiance. The OPVs show very different profiles: for PCE they reach their 

maxima at much higher irradiances (600-800 W/m2) and then stay relatively constant, 

whereas FF starts at low values (~0.25) and steadily increases with increasing 

irradiance. Of the two OPV modules DTU(AgNW) has the best overall performance. 

The DSSC module has very different PCE and ISC characteristics when compared 

to the other modules. PCE peaks at very low levels of irradiance, reaching 10% at 12 

W/m2, before dropping logarithmically to reach a steady PCE of ~1%; JSC has the 

expected linear trend up to irradiance levels of ~100 W/m2, after which it remains 

linear but with a much lower rate of growth. This current limiting effect is related to the 

low concentration of iodine in the electrolyte, as at higher irradiances the cell is current 

limited by the rate of migration of   
  (triiodide) ions through the electrolyte and 

subsequent triiodide reduction rate at the counter electrode [299]–[302]. Similar results 

have been seen in DSSCs monitored outdoors in Abu Dhabi [303] and Japan [302] and 

these results confirm that DSSCs perform better under low light conditions. 

5.5 Summary 

Over the course of several outdoor monitoring campaigns it has been possible to 

investigate several different properties of OPV modules. The first campaign was 

performed over summer using DTU(AgGrid) modules from DTU. These were shown to 

degrade very quickly, displaying two different degradation patterns. Detailed module 

temperature analysis was performed on both OPV and polycrystalline silicon modules, 

showing that both have a linear relationship between irradiance and module 

temperature above ambient, giving a Ross coefficient of 0.01 K.m2/W for the OPV 

module. Further analysis was performed on the relationship between module 

temperature and PCE, ISC, VOC and FF for OPV modules. It was shown that VOC has a 

negative temperature coefficient, but that ISC, PCE and FF have positive temperature 

coefficients. 

A second outdoor campaign looked at similar OPV modules over winter, one of 

which had a commercial UV filter applied. In comparison with the summer results all of 

these modules degraded much more slowly due to the lower levels of irradiance and UV 
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experienced. The module with the UV filter was shown to be particularly stable and 

outperformed the best control module by 62% (based on normalised yields). 

Comparison of the degradation rates of the summer and winter modules indicated that 

whereas ISC and FF degradation was based on cumulative insolation, VOC was time based. 

This suggests that ISC and FF degradation is due to photo-oxidation, whereas VOC 

degradation is a physical process. 

A third monitoring campaign looked at DTU(AgNW) modules under summer 

conditions. These were found to degrade much more slowly than the DTU(AgGrid) 

modules and this is attributed to the UV filtering effect of the ZnO in the composite 

AgNW/ZnO electrode. The DTU(AgNW) module was found to undergo temporary 

reversible degradation when exposed to higher levels of irradiance and UV. 

Over the course of this research several different PV technologies were 

compared to examine the effect of irradiance on PCE, ISC, VOC and FF. These included 

polycrystalline silicon (poly-Si), cadmium indium diselenide (CIS), dye sensitised solar 

cells (DSSC), and two different types of freeOPV module: DTU(AgGrid) and DTU(AgNW). 

Overall these results showed that OPV modules perform well under high levels 

of irradiance, aided by positive temperature coefficients. It was also shown that 

degradation was driven by photo-oxidation and physical ingress of water. It was shown 

that UV filtering slowed these degradation rates. UV filtering will be looked at again in 

more detail in Chapter 7. 
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Chapter 6. Development of OPVs onto Structured 
Corrugated Substrates  

This chapter examines how the performance of OPVs can be improved by 

laminating them to corrugated substrates in order to improve their light capture 

capability in outdoor conditions. OPVs are ideal candidates for lamination onto curved 

substrates as they are flexible. This chapter specifically looks at the performance of OPVs 

laminated onto curved substrates, but the results will be applicable to both laminated and 

printed modules. 

These 3D structures are particularly relevant for use in building integrated PV 

(BIPV) applications and this is an area where OPVs could compete directly with 

mainstream PV technologies [304]. OPVs have the advantage of ease of free form design 

that flexibility, printing and lamination offer over traditional rigid PV technologies [27]. 

6.1 3D Structured Module Preparation 

Four different configurations of structured OPV modules were fabricated, based 

on DTU(AgNW) modules and were laminated onto two different corrugated PVC roofing 

substrates supplied by Ariel Plastics Ltd. (see Section 4.5 and Figure 4.13) [112]. The 3D 

modules were fabricated to four different patterns: 

A. Single Concave: the module is laminated on the inside of one section of the 

large substrate forming a U-shape. 

B. Single Convex: the module is laminated on the outside of one section of the 

large substrate to form an inverted U-shape. 

C. Small Inline: the module is laminated onto the small corrugated substrate with 

the cells parallel to the corrugations. 

D. Small Transverse: the module is laminated onto the small corrugated substrate 

with the cells across the corrugations. 

In all four cases the footprint area of the flat module is reduced (by up to 18%) 

when the module is laminated over the curved substrate (Table 6.1). Laser beam 
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induced current (LBIC) imaging has been used to define real active areas, as this has an 

impact on the effective efficiency of the modules (see Section 4.5.6). 

 

Table 6.1: Active area footprints of flat and 3D modules. The nominal active area is 
based on the length and width of the total active area and includes “dead” areas 
between cells, whereas the real active area is measured by LBIC. The percentages 
in brackets show the active area of the 3D modules compared to the original flat 
module. 

Module Type 
Nominal Active Area 

(cm2) 
Real Active Area 

(LBIC defined) (cm2) 

Flat 73.47 56.70 (100%) 
A 61.38 47.37 (84%) 
B 60.45 46.65 (82%) 
C 64.78 49.99 (88%) 
D 66.96 51.68 (91%) 

 

6.2 Single Module Tests 

The testing was carried out with four experiments: characterisation under 

AM1.5G conditions; LBIC; indoor angular characterisation; and outdoor monitoring. 

6.2.1 Characterisation under AM1.5G 

All of the modules were first characterised at DTU using an AM1.5G source prior 

to lamination onto the corrugated substrates by the author at Bangor. After lamination 

the 3D modules were retested at DTU, first with the module positioned normal to the 

incident light and then at various angles of tilt to simulate changes in angle of incidence 

(AOI). 

Table 6.2 shows the performance figures at AM1.5G for modules before and 

after lamination under irradiation at normal incidence. Prior to lamination the modules 

showed very little variation in PCE across the batch (2.13±0.05%). After lamination both 

the single convex and the single concave modules showed an increase in PCE, with type 

A showing a relative enhancement of 5.3% and type B of 10.6%. These improvements in 

PCE are primarily due to gains in JSC, with type A increasing by 5.3% and type B by 

13.4%. Neither of the modules on the small corrugations performed very well. Type D 

showed relative losses of -13.5% in PCE and -14.8% in JSC. The worst performing module 

was type C, with relative drops of -39.9% in PCE and -39.5% in JSC. 
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By comparison there was very little variation in VOC across all of the modules, 

measured at 4.27±0.02 V before lamination and 4.33±0.03 V after lamination. Similarly 

for fill factor, going from 53.0±0.2% before lamination to 52.0±0.8% after lamination. 

This indicates that lamination onto 3D structures causes PCE changes that are primarily 

due to variations in JSC. 

 

Table 6.2: Performance of modules before and after lamination onto corrugated 
substrates (averaged across two sets of modules). 

Before lamination 

Effective area: 56.7 cm2 
After Lamination 

Type 
PCE 
(%) 

JSC 
(mA/cm2) 

Effective 
Area (cm2) 

Effective 
PCE (%) 

JSC 
(mA/cm2) 

PCE 
gain 

JSC 
Gain 

A 2.10 0.92 47.37 2.17 0.97 3.2% 5.3% 
B 2.17 0.96 46.65 2.40 1.09 10.6% 13.4% 
C 2.18 0.96 49.99 1.31 0.58 -39.9% -39.5% 
D 2.06 0.91 51.68 1.78 0.78 -13.5% -14.8% 

Flat 2.15 0.94 - - - - - 
 

 

Table 6.3 and Table 6.4 have the performance results for the flat and structured 

modules tilted at 20° and 45° in both orientations (definitions shown in Figure 6.1). 

Relative gains in PCE and JSC relative to the flat module at the same angle of tilt have 

been calculated in order to compare the performance of the 3D modules against a flat 

module. 

 
a) 

 

b) 

 

c) 

 

Figure 6.1: a) Definition of tilt angles and module orientations for LBIC testing 
and AM1.5G characterisation measurements at DTU. Tilting in Orientation 1 
represents changes in yaw (b) and in Orientation 2 represents changes in 
pitch (c). 
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In both orientations and at both tilt angles type B showed the best overall 

increase in performance when compared to the flat module. In orientation 1 (changing 

yaw angle) it showed relative PCE enhancements of 5.6% (at 20°) and 19.4% (at 45°). In 

orientation 2 (varying pitch) it showed relative PCE enhancements of 14.2% (at 20°) and 

10.6% (at 45°). Type A also outperforms the flat module at 20° with relative 

enhancements of 2.3% (orientation 1) and 1.2% (orientation 2). However at 45° it only 

outperforms the flat module in orientation 2 with a PCE enhancement of 2.9%, whereas 

in orientation 1 it does not perform as well as the flat module with a relative drop in PCE 

of -10.8%. 

Neither of the smaller corrugated modules (types C & D) performed as well as 

the flat module. As will be seen later there are reasons why these two modules have 

performed so badly, but it is interesting to note that the module with the cells parallel to 

the corrugations (type C) was outperformed by the module with the cells perpendicular 

to the corrugations (type D) and that when the modules were tilted at 45° they both 

performed better when the light was coming from a direction parallel with the direction 

of the corrugations (varying pitch) and worse when it was perpendicular to the 

corrugations (varying yaw). 

 
 

Table 6.3: Performance of modules at 20° of tilt and comparison of structured 
modules against flat module at 20°.  

Orient-
ation 

Type 
Module tilted at 20° cf. to flat module at 20° 

Effective 
Area (cm2) 

Effective 
PCE (%) 

JSC 
(mA/cm2) 

PCE gain JSC gain 

1 A 44.51 2.32 1.04 2.3% -4.5% 
1 B 43.84 2.39 1.18 5.6% 8.1% 
1 C 46.98 1.45 0.64 -36.1% -41.1% 
1 D 48.56 1.88 0.86 -17.1% -21.3% 
1 Flat 53.28 2.27 1.09 - - 

2 A 44.51 2.31 1.02 1.2% -3.8% 
2 B 43.84 2.60 1.18 14.2% 10.5% 
2 C 46.98 0.84 0.37 -62.9% -65.0% 
2 D 48.56 1.87 0.80 -18.0% -24.8% 
2 Flat 53.28 2.28 1.07 - - 
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Table 6.4: Performance of modules at 45° of tilt and comparison of structured 
modules against flat module at 45°. 

Orient-
ation 

Type 
Module tilted at 45° cf. to flat module at 45° 

Effective 
Area (cm2) 

Effective 
PCE (%) 

JSC 
(mA/cm2) 

PCE gain JSC gain 

1 A 33.50 2.13 0.98 -10.8% -11.4% 
1 B 32.99 2.85 1.33 19.4% 20.3% 
1 C 35.35 1.56 0.73 -34.9% -34.3% 
1 D 36.54 1.71 0.89 -28.6% -19.3% 
1 Flat 40.09 2.39 1.11 - - 

2 A 33.50 2.59 1.13 2.9% -2.6% 
2 B 32.99 2.78 1.18 10.6% 2.1% 
2 C 35.35 0.50 0.24 -80.2% -79.2% 
2 D 36.54 1.95 0.88 -22.3% -23.8% 
2 Flat 40.09 2.52 1.16 - - 

6.2.2 Angular Characterisation 

Indoor angular characterisation measurements were performed on the Lucas 

Nuelle solar simulator which allows variation of both yaw and pitch of the light source. 

By varying the yaw the response to the diurnal passage of the sun can be evaluated. 

Variation of the pitch allows for seasonal variation, latitude or tilt of the module to be 

simulated. The efficiency figures have been multiplied by a spectral mismatch multiplier 

of x2.67 in order to bring them into line with the IV characterisation measurements 

made at DTU, as the light source on the Lucas Nuelle is a halogen bulb (Section 4.4.2). 

Figure 6.2a shows the irradiance used for all efficiency calculations, calculated 

from the cosine of the AOI (Section 4.5.7). Figure 6.2b shows the angular 

characterisation for the flat module. As expected the highest efficiency is when the light 

source is normal to the module (PCE = 1.90%). As the position of the light source is 

varied by altering the pitch and yaw the PCE drops off as a function of the AOI 

(approximately cosine(AOI)). These efficiency measurements for the flat module are 

used for comparison with the 3D modules in order to assess relative performance. 

Figure 6.3 shows the angular characterisation for the structured modules. The 

trends in PCE as pitch and yaw are varied are significantly different to those obtained for 

the flat module (Figure 6.2c). Figure 6.4 shows the relative enhancement in effective PCE 

for each of the structured modules when compared to the flat module. 

The two modules laminated onto the larger corrugated substrate (types A & B) 

have higher PCE than the flat module at normal incidence (PCE0°(A) = 2.16%, PCE0°(B) = 

2.24%). As pitch and yaw are increased effective PCE for both modules initially 
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decreases at a similar rate to the flat module. However, as yaw reaches 70°-80° away 

from normal incidence there is a dramatic rise in the performance, with type B actually 

increasing its PCE to nearly 4%. This can be seen more clearly in Figure 6.4, with an 

enhancement in PCE of nearly x15 for type B and of x6 for type A. The modules on the 

smaller corrugated substrate (types C & D) have slightly lower PCE than the flat module 

at normal incidence (PCE0°(C) = 1.50%, PCE0°(D) = 1.21%). As pitch and yaw are 

increased these modules also exhibit effective PCE decreasing at a similar rate to the flat 

module. For type C there is a trough in relative PCE enhancement at high angles of yaw 

(>70° away from normal), as PCE reaches almost zero. This is due to whole cells 

becoming shaded resulting in the reverse biasing of individual cells in the module which 

leads to a large drop in module performance. Variations in pitch do not have the same 

dramatic changes as are seen for yaw. 

Further data confirming the reproducibility of these results is in Appendix C.3. 

 
a) 

 
b) 

 

Figure 6.2: 3D Angular characterisation: a) calculated relative irradiance [=Irr0 x 
cos(AOI), where Irr0 is irradiance at normal incidence and AOI is the angle of 
incidence], used for calculating module efficiency; and b) measured efficiency of 
flat reference cell, with the maximum efficiency at normal incidence. 
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a) 

 
b) 

 
c) 

 
d) 

 

Figure 6.3: 3D angular characterisation – module efficiency: a) type A; b) type B; 
c) type C; and d) type D. 
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a) 

 
b) 

 
c) 

 
d) 

 

Figure 6.4: 3D angular characterisation – relative enhancement in PCE when 
compared to flat reference module: a) type A; b) type B; c) type C; and d) type D . 
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6.2.3 Laser Beam Induced Current Imaging 

LBIC imaging was performed at DTU on all of the flat modules before they were 

laminated [270]. After the modules were laminated, one set were sent back to DTU for 

further LBIC imaging, initially with the modules positioned normal to the laser beam and 

then at various angles of tilt to simulate changes in pitch and yaw (Figure 6.1). The full 

set of images is in Appendix C.1 and the important findings are discussed below. 

 All the flat modules showed generally uniform current extraction between all 

the cells with very few imperfections, although there was some horizontal banding 

caused by slight variations in the R2R printing [145] and vertical slanted striping caused 

by the Ag grid of the back electrode (Figure 6.5a&b). Figure 6.5 shows that after 

lamination the LBIC images indicate two different phenomena: stripes of higher current 

generation (indicated by red arrows) and delamination defects (circled in white). Type A 

shows distinct bands of elevated photocurrent generation along the areas corresponding 

to the steepest curvature of the module (Figure 6.5c). This would indicate that whilst 

some of the laser beam is coupling into the module in these areas, a proportion is also 

being reflected off and coupling in at the bottom of the corrugation leading to an 

enhanced photocurrent being measured at the point of reflection. This light trapping 

effect only occurs where the module surface is at its steepest (~50° to normal) and the 

high AOI leads to maximum reflection towards another photoactive area of the module. 

This could be thought of as a reflective in-coupling effect. This effect can also be clearly 

seen in type D (Figure 6.5f). The effect is seen to a much lesser extent in type C (Figure 

6.5e). Although this could be due to the severe delamination defects (discussed below), 

it is more likely that this is because any enhancement or reduction affects whole cells 

and therefore reduces the total current flow through the whole module as it is limited to 

the current flow of the worse performing cells. This will have the effect of reducing the 

visibility of the reflective in-coupling effect. LBIC images taken at different angles of 

pitch and yaw (Figure B.1) show that the reflective in-coupling effect also occurs as the 

module is tilted. Type B showed the most uniform current generation across the 

photoactive areas, which indicates that there is little variation due to reflective losses or 

gain. 

The modules laminated onto the smaller corrugated profiles (types C & D) have 

significant areas of defects where there is no photocurrent generation (Figure 6.5e&f). 

These areas of defects explain the lower efficiencies found in these modules (see Section 

6.2.1). Close visual examination of the modules shows crinkling at the edges of these 
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areas. This would indicate that severe delamination has occurred, either when they were 

being laminated onto the corrugated substrates or at some time afterwards. They are 

mounted onto the smaller corrugated profile, which leads to greater bend stresses due 

to the smaller bend radius (8 mm). These faults are not observed on module types A and 

B, which were fabricated on the larger corrugated profile (23 mm bend radius), even 

after outdoor testing for over two months. Results of cyclic bend testing conducted on 

these types of modules with Ag-nanowire electrodes show that they are stable even 

after 500 cycles [260]. This would indicate that it is the long term static stress that these 

modules have been subjected to that has caused these defects to appear. Repeat LBIC 

imaging on freshly laminated modules showed less severe delamination on these 

modules confirming that the delamination is exacerbated by prolonged static stress (see 

Appendix C.2) [260]. This indicates that both cyclic and static bending tests should be 

considered when testing flexibility of modules for their compliance to non planar 

surfaces. 

 
a) b) c) 

  
 

d) e) f) 

   

Figure 6.5: LBIC images of 3D structured modules: a) & b) Flat (before 
lamination; c) Type A; d) Type B; e) Type C; and f) type D. The corrugated profile 
of each structured module is indicated. Defects caused by delamination and R2R 
printing problems are highlighted in white. Strips of higher current generation 
caused by internal reflection are highlighted in red. 
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6.2.4 Outdoor Performance Monitoring 

Outdoor measurements were taken at Bangor under both summer and winter 

conditions. In all cases the modules were mounted on racks inclined at 35° to the 

horizontal and facing due south. Regular IV and irradiance measurements were taken 

and from these the main performance parameters (VOC, ISC, FF and PCE) were derived. 

The system yields were analysed to compare overall performance on days with 

different climatic ratings, based on comparing the measured daily global horizontal 

irradiation (GHI) against the nominal GHI6: “Sunny” (daily irradiation >80% of nominal 

GHI), “Diffuse” (daily irradiation <40% of nominal GHI), and “Intermediate”. This allows 

the performance of the different module types to be compared under different 

irradiance conditions. From each set of data a pair of contrasting days was also selected 

to provide diurnal comparisons between sunny (high levels of direct normal irradiance) 

and cloudy (mainly diffuse irradiance) conditions. 

The tests reported below were performed between 13/05/2015 and 

18/06/2015 and used structured modules laminated using DTU(AgNW) modules. 

Figure 6.6 shows the irradiance and diurnal efficiencies for the modules on a sunny day 

(10/06/2015) and a cloudy day (22/05/2015). 

Considering the sunny day: the total irradiation was 8.1kWh/m2 and maximum 

horizontal irradiance reached 890W/m2; average and maximum ambient temperatures 

were 14.3°C and 17.2°C respectively. The flat module exhibits typical diurnal 

performance for an OPV module, staying relatively constant over the majority of the day 

with a gentle rise in the morning and a gentle fall during the evening. Examination of ISC, 

VOC and FF over the course of the day (Appendix C.4) shows that ISC is linearly dependent 

on irradiance and therefore PCE is dependent on variations in VOC and FF. As VOC and FF 

are constant across the majority of the day, the effective PCE is also almost constant 

from 08:00 till 16:00. 

In contrast the type B module shows significantly improved efficiency under 

oblique angles of incidence which occur in the early morning and evening. In the 

morning it reaches a maximum efficiency of 4.7%, which is a fourfold improvement on 

the flat module. Considering the times of day and angles of the sun relative to the 

module, these increases are consistent with the indoor results in Section 6.2.2. This 

                                                        

6 Nominal GHI: GHI on a clear day derived from the model proposed by Bird et al. [46]. 
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improvement is primarily due to increased ISC which is related to improved light 

capture. Whilst this improvement is substantial it is lower than that predicted from the 

indoor results. This could be attributed to several reasons including the different 

spectral characteristics in early morning/late evening and the effect of local shading 

from structures on the roof and nearby mountains. One other likely reason is that the 

light source used for the indoor tests is not collinear as the lamp is quite close to the 

module under test. Type A also shows a diurnal trend in performance similar to type B, 

but the relative enhancements are not as great. 

Considering the performance of the two smaller corrugated modules, they have 

not performed as well as the single convex and single concave modules. Type C shows its 

highest performance at midday, but performance is not stable over the course of the 

morning and afternoon and drops off significantly at the ends of the day. By comparison 

type D has a relatively steady performance over the course of the day, although at a 

much lower efficiency than the flat module. 

Now considering the data for the cloudy day, where the irradiation levels are 

much lower (total irradiation of 2.4kWh/m2 and maximum irradiance of 631W/m2) and 

mainly diffuse (as shown by the close overlap of in-plane and horizontal irradiance) 

(Figure 6.6b). Ambient temperatures are much lower with an average of 13.4°C and a 

maximum of 15.0°C. As OPVs possess a positive temperature coefficient the potential 

effective PCE over the course of the day is reduced. PCE is also dependent on irradiance 

at levels below 500W/m2; above this level of irradiance the efficiency becomes constant 

(Figure B.5d in Appendix C.4). This can be seen in Figure 6.6d, with effective PCE 

following changes in irradiance. Comparing the different module types, type B is the best 

performing, followed by the flat reference and type A modules which both have similar 

performances. Finally the modules on smaller corrugations (types C & D) have 

performed the worst but with closely matching results. Type B does not show the 

substantial early morning/evening enhancements seen on the sunny day as the light is 

predominantly diffuse with very little or no direct irradiation. 
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a) b) 

  

c) 

 

d) 

 

Figure 6.6: Outdoor monitoring: summer 2015. Diurnal irradiance: a) sunny day 
(10/06/15); b) cloudy day (22/05/15). Diurnal Efficiency: c) sunny day; d) 
cloudy day. [sunrise: 04:20, sunset: 20:05] 

 

Analysis of average diurnal yields for the different module types and under 

different irradiance conditions allows a better understanding of the potential for the 

different module types (Table 6.5). Type B outperforms the flat module by 17% overall, 

with the best gain (25%) being seen under diffuse conditions compared to just 11% 

under sunny conditions. This is of significance to countries like the UK where cloudy 

conditions are predominant. Type A does not perform as well as the flat module under 

any conditions and shows the least loss (cf. flat module) under cloudy conditions. The 

smaller corrugated modules do not show much variance between different days. 
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Table 6.5: Analysis of average daily yields from outdoor performance monitoring 
over a five week period (start: 13/05/2015) under different climatic conditions. 
Gain is the percentage improvement shown by the 3D modules when compared to 
the flat reference module. 

Module 
Type 

Sunny Intermediate Cloudy Total 

Average 
Daily Yield 
(mWh/cm2) 

Gain 
(cf. 

Flat) 

Average 
Daily Yield 
(mWh/cm2) 

Gain 
(cf. 

Flat) 

Average 
Daily Yield 
(mWh/cm2) 

Gain 
(cf. 

Flat) 

Average 
Daily Yield 
(mWh/cm2) 

Gain 
(cf. Flat) 

Flat 11.72 - 6.30 - 2.35 - 7.42 - 

A 8.50 -27% 5.16 -18% 2.13 -9% 5.76 -22% 

B 13.05 11% 7.68 22% 2.94 25% 8.65 17% 

C 6.42 -45% 3.78 -40% 1.32 -44% 4.23 -43% 

D 5.89 -50% 3.42 -46% 1.15 -51% 3.85 -48% 

 
 

One of the apparent benefits of the 3D modules is their increased performance 

in the early morning and evening. This is potentially of great benefit in countries where 

electricity demand peaks at these times, especially in the late afternoon/evening, which 

is often associated with higher electricity prices. In the UK these diurnal fluctuations in 

demand peak between 16:30 and 19:30 [305]. Further analysis of the system yield 

between 16:30 and 19:30 is presented in Table 6.6. This shows that for type B there is 

an average performance gain of 70% under sunny conditions, rising to 74% under 

intermediate conditions and dropping to 37% under diffuse conditions, and averaging 

70% overall. This highlights the benefits that could be obtained with 3D modules by 

increasing output at times of high demand and reducing the need for fossil fuel back up 

on the grid [306]. 

 

Table 6.6: Analysis of peak hour yields (between 16:30 and 19:30) from outdoor 
performance monitoring over a 5 week period (start: 13/05/2015) under 
different climatic conditions. Gain is the percentage improvement shown by the 
3D modules when compared to the flat reference module. 

Module 
Type 

Sunny Intermediate Cloudy Total 

Average 
Daily Yield 
(mWh/cm2) 

Gain 
(cf. 

Flat) 

Average 
Daily Yield 
(mWh/cm2) 

Gain 
(cf. 

Flat) 

Average 
Daily Yield 
(mWh/cm2) 

Gain 
(cf. 

Flat) 

Average 
Daily Yield 
(mWh/cm2) 

Gain 
(cf. Flat) 

Flat 0.62 - 0.44 - 0.24 - 0.48 - 

A 0.51 -17% 0.38 -13% 0.21 -11% 0.41 -15% 

B 1.05 70% 0.77 74% 0.33 37% 0.81 70% 

C 0.23 -63% 0.17 -61% 0.11 -54% 0.18 -62% 

D 0.28 -54% 0.20 -54% 0.12 -50% 0.22 -54% 
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Additional outdoor tests were conducted under summer conditions between 

23/06/2014 and 30/06/2014 and gave broadly similar results (see Appendix C.5). 

Outdoor monitoring under winter conditions was performed between 26/11/2013 and 

04/12/2013 (see Appendix C.6). These results showed no early morning or evening 

enhancements. This is due to the short day lengths and the fact that the maximum AOI is 

~50° away from normal incidence. In the indoor angular characterisation (Section 6.2.2) 

the enhancements were seen at AOIs of ~80°. 

 

6.3 Effect of Corrugation Sidewall Angle on Module Performance 

In the indoor characterisation and outdoor monitoring, module type B showed 

the best results, based on a non-optimised geometry. To provide insight into how 

curvature affects the performance parameters of the structured modules, further tests 

were undertaken using a set of curved substrates printed on a 3D printer. The 

substrates were based on parabolic profiles with different sidewall angles (from 15° to 

80°) (see Section 4.5.4). 

Figure 6.7 shows how the performance parameters change as a function of 

sidewall angle (Figure 4.18a). Effective PCE increases with increasing sidewall angle, so 

to obtain best performance a high sidewall angle is desired. In practice a high sidewall 

angle is likely to lead to delamination effects, so a trade off exists between best 

performance and long term stability. The effective JSC increases with increasing sidewall 

angle but this is entirely due to reduced footprint. ISC itself reduces with increasing 

sidewall angle due to higher reflection at higher angles of incidence. This leads to a 

reduced in-coupling of light but this is offset by the reduction in footprint leading to an 

increase in JSC. VOC reduces as the sidewall angle increases due to a reduced in-coupling 

of light. Finally FF increases very slightly with sidewall angle from 38% to 41%. 
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a) b) 

  
c) d) 

  
e) f) 

  

Figure 6.7: Effect of sidewall angle on performance parameters: a) effective PCE; 
b) effective JSC; c)VOC; d) Fill Factor; e) ISC; and f) effective footprint. 

 

6.4 Larger Module Tests on Corrugated Substrates 

The tests in Section 6.2 focused on individual corrugated modules and showed 

that type B was the best performing geometry. The next set of tests looked at how a 

practical corrugated structure would work, with multiple corrugations causing shading 

at higher angles of incidence. The final set of outdoor measurements were conducted 

using multiple module strips (supplied by infinityPV, Denmark) [146]. Four strips were 

prepared, each 40 cm long and having four serially connected modules. Two strips were 

mounted flat and two were laminated to a large corrugated PVC substrate (Section 

4.5.3). The strips were mounted onto the outdoor rack at Bangor, inclined at 35° and 

facing due south, and monitored for two months (from 29/09/2015 till 30/11/2015). 
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Figure 6.8 shows the diurnal performance of the strips under different 

irradiances (averaged for each type). Under sunny conditions the flat strips have a fairly 

constant efficiency throughout the day, whereas the corrugated strips have a parabolic 

profile that peaks at local noon and exceeds the flat modules between 10:00 and 14:00. 

Under diffuse conditions the corrugated strips outperform the flat strips throughout the 

day. 

 

a) 

 

b) 

 

Figure 6.8: Diurnal performance of multiple module strips under different 
irradiance conditions: a) sunny (01/10/2015); b) diffuse (09/10/2015). The 
greyed out areas are when the module strips were subject to shading from the 
adjacent racks and roof structures. 

 

Figure 6.9 shows the cumulative daily yield for the four module strips (averaged 

for each type); the corrugated strips outperformed the flat strips. Comparison of average 

daily yields under diffuse, intermediate and sunny conditions shows that under sunny 

conditions the corrugated strips perform 2.6% better than the flat strips (Table 6.7). 

Under diffuse conditions this rises to a gain of 14.8% for the corrugated strips and 

overall the average gain is 7.5%. 

These results corroborate the earlier findings that corrugated modules perform 

better than flat modules, especially under cloudy conditions, but the benefits are not as 
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great as were seen with the individual modules on the larger corrugated substrate 

(types A & B), due to the shading of serially connected modules in the multiple module 

strips. 

 

 

Figure 6.9: Average cumulative daily yield per active area for module strips. 

 

Table 6.7: Analysis of daily yields for the multiple module strips under different 
irradiance conditions7. Gain is the percentage improvement shown by the 
corrugated (3D) strips when compared to the flat strips. 

Strip 
Type 

Sunny Intermediate Cloudy Total 
Average 

Daily Yield 
(mWh/cm2) 

Gain 
(cf. 

Flat) 

Average 
Daily Yield 
(mWh/cm2) 

Gain 
(cf. 

Flat) 

Average 
Daily Yield 
(mWh/cm2) 

Gain 
(cf. 

Flat) 

Average 
Daily Yield 
(mWh/cm2) 

Gain 
(cf. Flat) 

Flat 5.19 - 1.96 - 0.31 - 1.68 - 
3D 5.33 2.6% 2.17 10.7% 0.35 14.8% 1.81 7.5% 

 

6.5 Modelling of Optimal Geometry for 3D Profile 

A series of simulations were run on PVsyst, a PV simulation, design and analysis 

package, to investigate various 3D configurations (Section 4.5.5) [273]. Multiple 

simulations were run for the configurations shown in Figure 6.10 with the sidewall 

angle (θ) varied between 0° and 45°. The relative annual yield for each configuration 

compared to the flat array is shown in Figure 6.11. This shows that configuration T 

(Inverted U) offers the largest increase in annual output per unit area (10% 

improvement at 35° sidewall angle) and that for the concave configurations the best 

performing configuration is P (No Infill), with over 4% gain at 45° sidewall angle. 

                                                        

7 Irradiance ratings are based on daily irradiation figures by comparing measured irradiation against 
theoretical maximum GHI (based on Bird model[46]): Sunny: >80% of maximum GHI irradiation, Diffuse: 
<40% of maximum GHI irradiation, otherwise Intermediate. 

0 

20 

40 

60 

80 

100 

120 

0 10 20 30 40 50 60 

C
u

m
u

la
ti
v
e

 D
a

ily
 Y

ie
ld

 
(m

W
h

/c
m

2
) 

Time (days) 

Flat 

Corrugated 



Development of OPVs onto Structured Corrugated Substrates  125 

 

   

 

Figure 6.10: Various PV array configurations used for PVsyst simulations. 
Sidewall angle (θ) is varied for separate simulation runs. 

 

 

Figure 6.11: PVsyst simulation results: relative annual yield (c.f. horizontal flat 
array) The dashed lines are actual array output, whereas the solid lines show 
yield/unit area (adjusted for reducing footprint as the sidewall angle increases). 

 

Figure 6.12 shows simulation diurnal efficiency results under different 

irradiance conditions, based on horizontal global irradiance and footprint area of the 

arrays. Configurations T and P, both with sidewall angles of 45°, show distinct efficiency 

improvements in the morning and evening for sunny conditions. Configuration T also 

shows higher efficiency throughout the day under cloudy conditions. This configuration 

shows the greatest geometric overlap to the 3D module type B from Section 6.2 and 

corroborates the experimental data from the outdoor monitoring. 
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a) b) 

  
c) d) 

  

Figure 6.12: Simulation results for diurnal efficiency comparing different panel 
configurations: a) summer, sunny (24/06/1990); b) summer, cloudy 
(25/06/90); c) winter, sunny (15/12/90); and d) winter, cloudy (07/12/90). 

 

6.6 Discussions on Improvements in Performance 

The photocurrent generation characteristics under oblique angles for the flat 

modules are consistent with other reports [164], [166], [307]. At high angles of 

incidence, Fresnel reflection losses become significant as a result of the mismatch 

between the refractive indices of PET and air [189], [308]. As the AOI increases from 0° 

to 85° the reflection losses increase from 5% to 38% (at wavelength λ = 550 nm). This 

limits the in-coupling of light and subsequent photo-generation. When the modules are 

laminated onto corrugated substrates these reflection losses are reduced as a much 

higher proportion of light is at normal incidence to the active area of the module 

particularly under sunny conditions when there is a higher level of direct irradiation. 

The curved modules have the advantage that part of the surface will be close to normal 

incidence for much of the day, leading to high light absorption, whereas for the flat 

module this would only be true near midday. Before and after midday the absorbed 

irradiance on a flat surface will drop off by a function of the cosine of the AOI, leading to 

a corresponding drop in photo-generation (ignoring reflective and refractive losses at 
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oblique angles). In addition, when considering diffuse conditions where the radiation is 

equally distributed throughout the sky (isotropic model proposed by Liu and Jordan 

[309]), the 3D modules have the advantage over the flat module that a greater 

proportion of light will hit part of the active surface at or close to normal incidence. 

Comparing the different designs on the larger corrugated substrate there is a 

difference between type A and type B modules under irradiation at moderately oblique 

angles. Figure 6.13b shows irradiation of the type B structure with some areas receiving 

light normal to the surface, some areas receiving light at high angles of incidence leading 

to light being lost by reflection and some areas being completely shaded. Once the angle 

of incidence exceeds the sidewall angle there will be some shading. Figure 6.13a shows 

how a type A structure has similar effects, but with the addition of some light being 

reflected back onto another part of the active area of the module. This in-coupling 

reflective effect was clearly seen during the LBIC tests (Section 6.2.3) with type A acting 

as a pseudo lens. As the angle of incidence increases beyond 45° the type A module will 

become increasingly shaded whereas one half of the type B module will remain fully 

illuminated, even as AOI reaches 90°. On a repeating corrugated structure this would 

only apply to the end corrugation nearest to the source of irradiance. 

 
a) b) 

 

Figure 6.13: Irradiation of corrugated structures: a) type A; b) type B. 
Highlighted are areas where the irradiation is perpendicular (and current 
generation is at a maximum), irradiation is oblique (leading to reflection) and 
areas where there is shading (leading to zero current generation). 

 

Figure 6.14 shows the effect of oblique angle irradiation on the two module 

designs on the smaller corrugated substrate. The cells in the DTU modules are 

connected in series with no bypass diodes, so the module current is limited to the 

current carrying capability of the worst performing cell. As a cell becomes increasingly 

shaded its current carrying capacity reduces until at 100% shading, even if other cells 

are fully illuminated, the module current reduces to zero as the shaded cell is reverse 

biased. The type D module has the cells aligned across the corrugations, so shading is 
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applied equally to portions of each cell as the angle of yaw increases away from normal. 

Therefore all of the cells maintain equal current generating/carrying potential and there 

is no mismatch between individual cells in the module (Figure 6.14b). This means that 

although the efficiency of the module will reduce as the AOI increases the efficiency will 

not approach zero until the AOI reaches 90°. In the type C module changes in yaw will 

cause some cells to become increasingly shaded, whilst others are still fully illuminated 

(Figure 6.14a). As the AOI approaches the sidewall angle deep shading occurs on certain 

cells, leading to a sharp drop in performance. As the AOI continues to increase, 

eventually a cell will become fully shaded and the performance of the module will 

reduce. The DTU modules are not particularly good diodes when in reverse bias 

(indicated by poor fill factor), so the current, although reduced, will not actually go to 

zero [145], [310]. 

 
a) b) 

 

Figure 6.14: Comparison of effects of shading on multiple cell modules: a) type C 
vs. b) type D cell configurations. As the angle of incidence increases the shading 
on the type C configuration causes unequal shading, whereas for the type D 
configuration the shading affects all the cells within the module equally. 

 

6.7 Summary 

These experiments have looked at the performance of OPV modules laminated 

onto corrugated roofing. It has been shown that corrugated 3D modules provide three 

distinct advantages over flat OPV modules. The effective area of the module is reduced 

due to the curvature of the modules, which leads to an improved power output per unit 

area of roofing. There is substantial enhancement at high angles of incidence during the 

summer, leading to increased output during early morning and evening. Indoor 

characterisation showed enhancements of up to x15 for the corrugated module when 

compared against a flat module. There is improved performance under diffuse 

conditions, with the performance improvement (relative to the flat reference module) 
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for one corrugated module (type B) increasing from 11% under sunny conditions to 

25% under cloudy conditions. 

Comparison of the results from the modules on the smaller corrugations (types 

C and D) showed that the best performance occurred when the cell direction is across 

the corrugations (type D), so that shading is applied equally to each of the individual 

cells in a module thus avoiding mismatched performance between the cells in a module. 

Outdoor measurements on larger module strips showed that the corrugated 

strips outperformed the flat strips by 7.5% with a 14.8% enhancement under diffuse 

conditions. 

BIPV is seen as one of the areas where OPVs may be able to compete against 

mainstream PV technologies [25]–[27], [304]. This work highlights an area where the 

flexible and printable nature of OPVs could be used to its advantage. Geographically 

these advantages appear to suit countries at higher latitudes with a predominance of 

diffuse conditions. At higher latitudes there will be a large change in pitch between 

morning/evening and midday, which will allow maximum benefit from the early 

morning/evening enhancements that were seen. This is beneficial in countries with high 

penetrations of PV on the electricity network, so that the PV generation correlates better 

with electricity consumption and reduces the need for storage. The lifetime of best 

reported OPVs outdoors is approaching that of PVC corrugated roofing, which is 

typically guaranteed for 10 years, so they would be well matched [311]–[313]. Whilst 

this work has focused on laminating OPVs to standard corrugated substrates, PVC, being 

a mouldable thermoplastic, is an ideal material for optimising BIPV structures when 

used in conjunction with OPVs (either printed directly or laminated onto the substrate). 
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Chapter 7. Increasing Stability and Performance of 
OPVs using a Luminescent Downshifting Layer 

In Chapter 6 the use of 3D structuring to improve outdoor performance of OPVs 

was investigated. This chapter examines an alternative strategy to optically enhance the 

performance of OPVs by the application of LDS layers. This can be achieved in two ways: 

improving performance under AM1.5G solar irradiation and extending operational 

lifetime. For the former, the range of wavelengths where light can be harvested is extended 

leading to a performance increase. For the latter, a UV filter is often employed to prevent 

extrinsic degradation of the active layers caused by photo-oxidation, but this also prevents 

any UV light propagation. This UV filter can be replaced by an LDS layer which not only 

prevents UV light from reaching the active layers of the solar cell but also down shifts the 

UV light into the visible region where it can be absorbed and used to generate a 

photocurrent. 

7.1 Introduction 

This work was completed in two stages. Initial studies were made in the 

laboratory of two discrete dyes in collaboration with a post-doctorate researcher (Dr. 

Omar Moudam). These were followed by outdoor stability studies using larger modules 

(supplied by DTU) at Bangor and then in collaboration with Ben Gurion University in 

Israel at their outdoor test facility in the Negev Desert. 

Based upon the success of the first stage, a second phase of work was 

undertaken which investigated a wider range of LDS dyes with more detailed analysis. 

The aim was to identify single dyes and multiple-dye blends that would improve on the 

earlier work. This work was performed with the help of Ricardo Fernandes, an exchange 

student from Londrina State University, Brazil. 



Increasing Stability and Performance of OPVs using a Luminescent Downshifting Layer  131 

 

   

7.2 Single Dye LDS Layers for OPVs 

7.2.1 Effect of LDS on OPV Performance and Stability 

Two dyes were selected for this initial study: an organic-metal complex of 

europium (Eu(dbm)3(phen)) (hereinafter referred to as Europium Complex) and an 

organic naphthalimide dye, Kremer Blue (see Section 3.3.4 for full details). They were 

selected as they have high absorption over the UV region (300-400 nm), where 

P3HT:PC61BM has lower EQE response and is prone to degradation due to photo-

oxidation activated by UV. 

The dyes were each dissolved with PMMA powder in anisole (20 mg/ml of 

PMMA/anisole) at a variety of concentrations between 2% and 15% by weight 

(LDS:PMMA). Single cell, normal geometry OPV cells were prepared using P3HT:PC61BM 

as the active layer. The LDS blends were doctor bladed onto the glass front surface of the 

cells at thicknesses of ~3 μm. Electrical characterisations were carried out on the cells, 

both before and after LDS coating. 

Table 7.1 and Figure 7.1 show electrical characterisation results at various 

concentrations of Europium Complex in PMMA. At the higher concentrations (≥5%) 

there is a reduction in performance, but at 2% there is a moderate improvement, with 

relative PCE increasing by 8.4% and JSC by 5.1%. The EQE curves show a filtering effect 

at wavelengths below 400nm for all concentrations and an enhancement for 2% 

concentration at wavelengths between 550 and 650 nm. 

 

Table 7.1: Performance of small OPV devices (coated with various concentrations 
of Europium Complex), measured under AM1.5G irradiance. 

Sample 
PCE 
(%) 

JSC 
(mA/cm2) 

VOC 

(V) 
FF 

Relative 
PCE change 

Relative JSC 
change 

Control 2.79 10.01 0.598 0.466 - - 
2% Eu:PMMA 3.04 10.54 0.604 0.475 +8.4% +5.1% 
5% Eu:PMMA 2.82 9.84 0.607 0.472 +1.1% -1.7% 
8% Eu:PMMA 2.31 8.24 0.604 0.464 -16.8% -16.7% 
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a)  b) 

  

Figure 7.1: Electrical characterisation of OPV devices (coated with various 
concentrations of Europium Complex): a) current density vs. voltage under 
AM1.5G; b) normalised EQE. 

 

The effectiveness of LDS layers for protecting OPV devices against photo-

degradation was tested by indoor light soaking under AM1.5G (ISOS-L-1 protocol [119]). 

Tests were carried out for 550 hours on non-encapsulated devices with and without LDS 

coatings (Europium Complex and Kremer Blue dye, both at 2% concentration in PMMA) 

and the results are shown in Figure 7.2. 

 
a) b) 

  
c) d) 

  

Figure 7.2: Indoor lifetime testing under AM1.5G of three OPV cells 
(P3HT:PC61BM): one control, one with Europium and one with Kremer Blue. a) 
PCE; b) JSC; c) VOC; and d) FF. 
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All of the devices showed rapid deterioration, consistent with their lack of 

encapsulation, exhibiting exponential decay of their key performance parameters [67], 

[312]. The control device shows a rapid decrease in VOC initially (ΔVOC ≈ -0.27 V) before 

the rate of degradation reduces. This trend is consistent with severe photo-oxidation of 

the active layer [314]. This reduction in VOC is smaller in the LDS devices, due to the UV 

filtering effect. Both of the LDS dyes have improved the lifetime of the cells with 

Europium Complex outperforming Kremer Blue. All of the performance parameters are 

improved, especially JSC and FF, leading to the improvement in PCE. Assessment of the 

degradation parameters (T50) gives a measure of the long term stability of the devices. 

Europium Complex (T50 = 328 hours) has a greater than 6x advantage over the control 

device (T50 = 50 hours). Kremer Blue (T50 = 70 hours) is only marginally better than the 

control device. 

7.2.2 Outdoor Stability Tests at Bangor University 

Based on the success of the indoor stability test, outdoor stability tests were 

conducted at Bangor University, using Kremer Blue as the LDS material and 

DTU(AgGrid) modules. The LDS layers were printed by the Welsh Centre for Printing 

and Coating (WCPC) in Swansea (Section 4.6.1). Kremer Blue was used because WCPC 

had already formulated the Kremer Blue ink and the Europium Complex ink was more 

challenging to prepare, although it would have been preferable. It is important to note 

that work had to proceed quickly at this stage, as the outdoor tests needed to be 

conducted during summer, when light levels are at their highest and therefore for these 

trials Europium Complex was ignored. 

Three modules were prepared for outdoor testing (Section 4.6.2): 

A. Control: PMMA (with no LDS) printed onto PET and laminated onto the module 

using PDMS. 

B. LDS (on PET): LDS printed onto PET and laminated onto the module using 

PDMS. 

C. LDS (printed): LDS printed directly onto the module. The contacts were 

removed first to allow the module to pass through the printer and re-attached 

after printing was complete. 

The modules were tested outdoors on the inclined OPV rack from 01/07/2014 

till 09/09/2014. Figure 7.3 shows how the performance parameters changed over the 
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duration of the test. The data is a daily average for each parameter, where the data is 

only selected when the in-plane irradiance is 600±15 W/m2. This ensures that only data 

from sunny days is included (excluding diffuse measurements) and that all 

measurements are when the sun is close to normal incidence (near midday) and the 

spectrum closely approximates AM1.5G. The figures have been normalised to their 

initial values. All the modules exhibited an exponential decay to their PCE with a fast 

rate of degradation initially, followed by a reduction in the rate of degradation. 

 
a) b) 

  
c) d) 

  

Figure 7.3: Outdoor stability tests at Bangor University: a) PCE; b) JSC; c) VOC; and 
d) FF (all normalised). The graphs were based on daily averages where the 
irradiance was 600±15 W/m2. The data is normalised to initial values. 

 

Table 7.2 shows the T80 and T50 lifetimes, as well as the final normalised PCE. 

Module A reaches T80 in 10 days, followed by module C (11 days) and finally module B 

(12 days). Only two of the modules drop to 50% of their initial performance over the 10 

week testing period so, rather than use T50, a better comparison is to compare their final 

relative efficiencies: the best performing module is module B which has dropped to 55%, 

whereas the worst performing module is module A which has dropped to 40%. Module 

B is in between at 45%. Most of this drop in PCE is due to a reduction in JSC, with both 

VOC and FF only dropping slightly over the ten weeks of measurements. Module C 

showed a slight improvement in VOC and FF in the first week, before a gradual 
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degradation. Based upon this data, it is clear that the application of Kremer Blue has 

provided a moderate improvement to the stability of these modules under outdoor 

conditions. 

 

Table 7.2: T80 and T50 lifetimes and final normalised PCEs from stability tests at 
Bangor University. 

Sample T80 Lifetime T50 Lifetime 
Normalised final PCE 

(after 10 weeks) 

A: Control 10 days 46 days 40% 

B: LDS (on PET) 12 days - 55% 

C: LDS (printed) 11 days 62 days 45% 

 

7.2.3 Outdoor Stability Tests at Ben Gurion University, Israel 

After the promising results from the outdoor tests at Bangor, which were 

conducted during the late summer, collaboration was sought with Professor Frederic 

Krebs at DTU and Professor Eugene Katz at Ben Gurion University, Israel. This allowed a 

larger number of modules to be tested at Sede Boker in Israel, under much higher UV 

levels than were experienced at Bangor. WCPC supplied separate PET sheets printed 

with: Europium Complex; Kremer Blue; and plain PMMA with no LDS for use as control 

samples (see Section 4.6.1). 

New modules were characterised at DTU (IV under AM1.5G), before being sent 

to Bangor where they were prepared for outdoor testing with two different LDS dyes 

(see Section 4.6.3). Five different configurations were fabricated (all modules were 

encapsulated in PDMS on a glass backing sheet); four modules of each type to provide 

better statistical evidence of stability enhancements: 

A. Reference: uncoated module. 

B. Europium Complex: LDS (Europium complex) printed on PET and laminated 

onto a module. 

C. Kremer Blue: LDS (Kremer Blue) printed on PET and laminated onto a module. 

D. PMMA Only: PMMA (with no LDS) printed on PET and laminated onto a 

module. 

E. UV Filter: a commercial self-adhesive UV filter (Solaronix SA #49132) was 

applied to the DTU module. 
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Once fabricated they were sent to DTU for further characterisation, before being 

shipped to Israel for outdoor testing. The outdoor testing was performed at Jacob 

Blaustein Institutes for Desert Research, at Sede Boker in the Negev Desert (Lat: 30.8°N, 

Long: 34.8°E, Alt: 475 m). On a cloudless day the spectrum at Sede Boker at noon ±2 

hours closely matches AM1.5G, providing a vigorous test of LDS layers under UV light 

[128]. The modules were mounted on a rack inclined at 30°, facing south and with an in-

plane thermopile pyranometer. IV measurements were taken once an hour (from 10am 

till 3pm) along with in-plane irradiance and module temperature in accordance with 

ISOS-O-2 test protocols. The modules were kept outside throughout the 80 day 

measurement period. Data analysis was performed by the author at Bangor. 

A comparison of the IV measurements before and after processing and 

encapsulation is shown in Table 7.3. Values for each of the performance parameters 

have been averaged across the four modules of each type and the values shown are after 

processing. 

 

Table 7.3: Performance parameters for the modules used for lifetime testing: 
Europium Complex, Kremer Blue, PMMA Only, UV Filter & Reference modules. 
Values are averaged across all modules of each type after lamination and 
encapsulation. Relative changes are based on each individual module’s 
measurements before and after lamination and encapsulation. 

Sample 
Active Area: 30 cm2 

PCE 

(%) 

JSC 

(mA/cm2) 

VOC 

(V) 
FF 

Relative 
PCE change 

Relative 
JSC change 

Reference 
2.40 

±0.04 
0.456 

±0.016 
12.1 
±0.2 

0.43 
±0.01 

-1.79% 3.41% 

Europium Complex 
2.44 

±0.05 
0.488 

±0.043 
11.7 
±0.3 

0.43 
±0.02 

0.14% 4.04% 

Kremer Blue 
2.07 

±0.17 
0.414 

±0.017 
11.7 
±0.1 

0.43 
±0.01 

-16.01% -9.53% 

PMMA Only 
2.38 

±0.12 
0.480 

±0.009 
11.7 
±0.0 

0.42 
±0.03 

-2.29% 1.17% 

UV Filter 
1.97 

±0.02 
0.353 

±0.002 
11.9 
±0.2 

0.47 
±0.01 

-18.87% -18.19% 

 

The changes in PCE and JSC were obtained by comparing the relative changes 

experienced by each individual module and then calculating the average. The reference 

modules and the modules treated with plain PMMA both show a slight drop in PCE and a 

slight rise in JSC. The modules treated with Europium Complex show a very slight 

increase in PCE (0.14%) and the highest increase in JSC (4.04%). The Kremer Blue 

modules show quite a large relative drop in both PCE (-16%) and ISC (-9.5%). The 
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modules treated with the UV filter show the largest drops, -19% in PCE and -18% in JSC, 

due to the filtering of all light below 400 nm. Figure 7.4 shows the transmittance spectra 

for Quartz, PDMS, PET, PMMA and the UV filter, highlighting the different performance 

over the UV region. 

 

 

Figure 7.4: Transmittance spectra for Quartz, PMMA, PET, PDMS and UV Filter. 
The UV filter has a sharp cut off at 400nm, the PET is transmitting down to 
~325nm, the PDMS is transmitting all the way down to ~280nm and the PMMA 
starts to drop off at 300nm, before cutting off at ~240nm. The quartz has greater 
than 90% transmission across the whole of the UV and visible spectrum. 

 

Figure 7.5 shows the results from the lifetime testing at Ben Gurion University. 

These values were obtained by taking the measurements at maximum efficiency each 

day. In order to compensate for changes in irradiance and module temperature the 

values for JSC and VOC are adjusted to a standard irradiance of 1000 W/m2 and 

temperature of 25°C. JSC is adjusted by assuming a linear increase in JSC with light 

intensity [153]. VOC is adjusted to 25°C, assuming a linear decrease in VOC with increasing 

temperature [151]. The temperature compensation factor was calculated from VOC and 

module temperature values extracted from the first four weeks’ worth of data (before 

any significant decrease in VOC had occurred) where irradiance was 900±25 W/m2 and 

produced a value of -0.022±0.003 V/°C. The values for each parameter were then 

normalised to their initial value. All of the modules show a non exponential decline in 

PCE, JSC and FF over the course of the test, whereas VOC remains constant for the first 50 

days, after which it starts to decrease. 
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a) b) 

  
c) d) 

  

Figure 7.5: Outdoor lifetime results from testing in the Negev Desert (Ben Gurion 
University): a) PCE; b) JSC; c) VOC; and d) FF. Performance parameters were 
averaged across data from all modules of each type. 

 

These results show that the modules without any UV filters (Reference 

modules) showed the biggest decrease in performance, with the worst performing 

module dropping to below 50% by the end of the test. In comparison the modules with 

the UV filter and the Europium Complex showed the least decrease in performance, with 

the best performing module only dropping to 78% of its initial value after 80 days. 

Table 7.4 shows the average T80 lifetimes and average normalised PCE after 80 

days. Average T80 for the Reference modules was just 34 days, which is less than half 

that for the modules with the UV filter (T80 = 75 days). The average T80 lifetimes for the 

modules with LDS coatings were 53 days for the Kremer Blue and 63 days for Europium 

Complex. 
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Table 7.4: Average T80 lifetimes and final normalised PCEs from stability testing in 
Negev Desert (Ben Gurion University). 

Sample Average T80 Lifetime 
Average Normalised Final PCE 

(at 80 days) 

Reference 34 days 62% 
Europium Complex 63 days 72% 
Kremer Blue 53 days 68% 
UV Filter 75 days 74% 

 

The different degradation rates in PCE are driven by changes in FF, with the 

Reference modules having the biggest drop in FF. Degradation in FF is largely driven by: 

decreases in shunt resistance due to the presence of shorts and shunts, which are often 

linked to imperfections introduced in production; increases in series resistance, which 

are caused by degradation of the active layer, interfaces and electrodes[93]. 

These results show that having a UV filter reduces degradation rates. However, 

it is important to note that modules with Europium Complex have a PCE advantage over 

the modules with the UV filter; application of the UV filter led to a relative drop in PCE of 

18%, whereas no significant change was observed with the modules with Europium 

Complex. 

7.3 Alternative Dyes for LDS Layers for OPVs 

Having proved the viability of LDS layers in improving the lifetime and 

performance of OPV solar cells, further research was undertaken by considering a wider 

range of LDS materials. The aim was to better understand the optical characteristics to 

enable the selection of dyes for blending. Electrical performance testing was undertaken 

using IV and EQE characterisation, as well as indoor lifetime testing under solar 

simulator. Due to time constraints it was not possible to undergo long term outdoor 

tests. 

Thirteen different dyes were selected; all of them either organic or organo-

metallic complexes (Section 3.3.4). Quantum Dots were not examined as they have a 

history of low PLQY, high radiative overlap and are expensive [219]. 

7.3.1 Optical Characterisation 

All thirteen LDS materials were initially prepared at a concentration of 8 mg/ml 

with MicroChem A8 solution (8% by weight PMMA in anisole) and then spin coated onto 

quartz substrates at 2000 rpm for 60 seconds to give a film thickness of 830 nm. Figure 
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7.4 shows the transmittance spectra for the quartz substrates. Two of the dyes (Kremer 

blue and Lumogen red) were also prepared at 16 mg/ml, in order to check the effect of 

changes in concentration. Each substrate was tested for absorption (referenced to a 

quartz sample spin coated with a film of pure PMMA), photoluminescence (PL) 

(excitation wavelength was set at the wavelength of maximum absorption for each 

material) and PLQY. The optical characterisation results are shown in Figure 7.6, Figure 

7.7 and Figure 7.8. 

Based on the optical characterisation results (Figure 7.6) and their toxicity, ease of use 

in fabrication being an important issue, the following materials were excluded from 

further testing: 

Disperse Blue 3: absorption was at the wrong range of wavelengths (500-700 nm); this 

is where the PL emission would ideally be to match P3HT:PC61BM. It also had no 

measurable PL (a low excitation wavelength was tried in order to see if there could be 

any useful downshifting effect). 

Alizarin: this had very low absorption across most of the AM1.5G spectrum and very 

low PL. The majority of the PL that was observed appeared to be re-emission at similar 

wavelengths to the excitation wavelength, along with some re-emission at very long 

wavelengths. 

Rhodamine B: although this had a usable PL peak (550-600 nm) the absorption levels 

were relatively high across the entire spectrum. Microscopy showed that the material 

had not dissolved in the anisole. 

 

Figure 7.6: Optical characterisation results (absorption and photo-
luminescence) for Disperse Blue 3 (DB3), Alizarin and Rhodamine B (RhodB) 
(all at 8mg/ml). The EQE curve is for P3HT:PC61BM. 
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7.3.2 Comparison of LDS Materials using Figures of Merit 

In order to analyse and compare the different LDS materials a number of figures 

of merit have been used (Section 3.3.6): radiative overlap (RO); UV coverage (UVC); 

photoluminescent quantum yield (PLQY); absorption spectral matching (ASM); parasitic 

absorption (PA); and emission spectral matching (ESM). To improve upon the 

usefulness of these figures of merit the author has derived a weighted sum, WS, which 

was used to quickly assess and compare the relative figures of merit for a range of LDS 

materials:  

     
                          

                          
    7.1 

The weighting parameters used were: WRO=1, WUV=3, WPLQY=2, WASM=2, WPA=3, 

WESM=1. The most important factors were considered to be UV coverage and parasitic 

absorption, and the least important were radiative overlap and emission spectral 

matching. Tests are expected to use LDS films with fairly high absorption (in order to 

provide the UV filtering that is required) and it is important to allow the solar cell to 

make the best use of the incident irradiation. These weighting parameters are subjective 

and the weighted sum should be seen as qualitative rather than quantitative. 

Table 7.5 shows the figures of merit and Figure 7.7 and Figure 7.8 have the 

optical characterisation results for the following discrete LDS dyes. 

Coumarin Dyes: These both show good results with Coumarin 7 having the 

better PLQY and Coumarin 153 having the better values for UV coverage and parasitic 

absorption. Coumarin 153 had the highest weighted sum of all the dyes (95.7%). 

Coumarin 153 has an absorption profile that better matches P3HT:PC61BM. 

Kremer Dyes: These three dyes naturally split into two groups: the blue dye 

(naphthalimide) has high UV coverage and a PL emission in the 400-500nm region, 

whereas the orange and green dyes (perylenes) both have similar absorption profiles 

over the 400-500 nm range and very similar PL emissions (500-700 nm, peaking at 

about 560 nm). However Kremer Green has absorption across the whole spectrum and 

this gives it poor radiative overlap and parasitic absorption levels, whereas Kremer 

Orange has higher absorption than Kremer Green over the 400-500 nm range but lower 

absorption at higher wavelengths. Kremer Orange has the best PLQY (it has the highest 

PLQY of all the samples). Of these three dyes Kremer Blue has the highest weighted sum. 
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Lumogen Dyes: Neither of these dyes shows very good results for use as UV 

filters for OPVs. Both of the dyes have high parasitic absorption and the orange dye has 

very high radiative overlap. The red dye has very low UV coverage and low emission 

spectral matching. They had the two lowest weighted sums of all the dyes. 

AlQ3: Although AlQ3 has low absorption, it has moderate PLQY and very good 

emission spectral matching, along with very low parasitic absorption. 

Europium Complex: This dye has very good UV coverage and no radiative 

overlap or parasitic absorption. Although it has relatively low emission spectral 

matching, its sharply defined emission peak is at wavelengths which match the EQE of 

P3HT:PC61BM. 

DCM: Although DCM has very good UV coverage it has very poor figures for 

parasitic absorption, emission spectral matching and PLQY, which lead to a low 

weighted sum. 

 

Table 7.5: Figures of Merit for discrete LDS materials with reference to 
P3HT:PC61BM as the OPV active material8. 

LDS Material RO UVC PLQY ASM PA ESM 
Weighted 

Sum 
Coumarin 7 3.4% 15.7% 16.0% 8.6% 14.0% 88.0% 89.8% 

Coumarin 153 2.6% 27.5% 8.4% 6.1% 6.9% 86.4% 95.7% 
Kremer blue 5.4% 33.0% 5.7% 5.5% 5.4% 68.9% 94.8% 

Kremer green 16.9% 30.2% 11.3% 20.0% 24.3% 72.0% 89.2% 
Kremer orange 4.9% 13.5% 22.3% 9.7% 19.8% 73.7% 85.7% 
Lumogen red 8.6% 9.9% 5.8% 10.4% 28.3% 39.8% 68.1% 

Lumogen orange 29.7% 27.0% 8.7% 22.0% 34.3% 63.8% 78.9% 
AlQ3 0.1% 7.4% 12.5% 0.9% 0.7% 84.1% 88.5% 

Europium 
Complex 

0.1% 30.5% 6.3% 2.5% 0.8% 59.9% 94.4% 

DCM 1.4% 54.8% 1.6% 22.0% 47.2% 37.9% 84.4% 

 

                                                        
8 Figures of Merit: RO=Radiative Overlap; UVC=UV Coverage; PLQY=Photoluminescent Quantum Yield; 
ASM=Absorption Spectral Matching; PA=Parasitic Absorption; ESM=Emission Spectral Matching. 
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a) 

 

b) 

 

c) 

 

Figure 7.7: Optical characterisation results (absorption and photo-
luminescence): a) Coumarin7 and Coumarin153; b) Kremer orange, blue and 
green dyes; and c) Lumogen red and orange dyes. All at a concentration of 
8mg/ml. All of these are organic dyes. EQE curve is for P3HT:PC61BM. 
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Figure 7.8: Optical characterisation results (absorption and photo-
luminescence) for AlQ3, DCM and Europium complex. AlQ3 and Europium 
complex are organo-metallic dyes and DCM is an organic dye. All at a 
concentration of 8mg/ml. EQE curve is for P3HT:PC61BM. 

7.3.3 Effect of LDS Concentration. 

To compliment the PLQY measurements shown in Table 7.5, different 

concentrations of selected dyes were examined to see the effect of LDS concentration on 

PLQY (see Table D.1 in Appendix D.1). These showed that PLQY decreases as the LDS 

concentration increases. Therefore a set of blends of Kremer Orange in MicroChem A8 

were prepared at different LDS concentrations (from 0.3 to 15 mg/ml). These were spin 

coated onto quartz substrates and optically characterised in order to see the effect that 

LDS concentration has on absorption, photoluminescence and PLQY. The results are 

shown in Figure 7.9. 

Figure 7.9a shows how absorbance increases linearly relative to the LDS 

concentration. The PL measurements in Figure 7.9b all show a similar shaped curve but 

the peak emission is red-shifted as the concentration increases. The peak PL at the lower 

concentrations is at wavelengths approaching maximum EQE (for P3HT:PC61BM), so 

increasing the concentration leads to a shift away from the EQE peak. Figure 7.9c shows 

how PLQY responds to changes in LDS concentration, with an exponential increase in 

PLQY as concentration reduces. The inset graph shows PLQY vs. [LDS concentration]-1 

plotted on a log scale and shows a linear dependence. These results show that lower 

concentrations exhibit better properties; the PL peak overlaps the EQE maximum for 

P3HT:PC61BM and PLQY is at its highest. However these benefits must be balanced by 

the reduction in absorption as the concentration reduces which leads to fewer photons 
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being absorbed, leading to less UV filtering. As concentration increases it leads to lower 

PLQY caused by quenching, and a red-shift in the PL peak caused by radiative 

reabsorption (which only occurs where there is an overlap between absorption and 

emission spectra) [315]. 

a) 

 

b) 

 

c) 

 

Figure 7.9: Effect of changes in LDS concentration for Kremer Orange in PMMA 
(MicroChem A8): a) shows the effect on absorption (measured relative to air); b) 
shows the effect on photoluminescence (λEXCITATION = 450 nm), alongside the EQE 
curve for P3HT:PC61BM; and c) shows the effect on PLQY (inset is PLQY vs. 
concentration-1 plotted on a log scale, which has a linear trend). 
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7.4 Multiple-Dye LDS Blends for OPVs 

Based on the results of the discrete LDS material analysis multiple-dye blends 

were considered for UV filters for OPVs. The dyes were split into two groups based on 

their principal absorption ranges: 

 300-400 nm – Europium, Kremer Blue, Coumarin 153 

 400-500 nm – Kremer Orange, AlQ3 

Kremer Green, Coumarin 7 and both Lumogen dyes were rejected based on 

their optical characterisation results. Although DCM blended with AlQ3 has been 

reported on before [246], it was rejected from this study, as its optical characteristics 

did not suit the EQE spectrum of P3HT:PC61BM. 

The blend solutions were prepared by weighing out the two LDS materials into 

a small vial, adding the requisite volume of MicroChem A8 (8% PMMA in anisole) and 

leaving them on a hotplate stirrer at 60°C for 24 hours. Application was by spin coating 

as described in Section 4.6.1. Each film was subjected to optical characterisation. Finally 

the blends were spin coated onto OPV test cells and tested under AM1.5G for 

performance and lifetime assessment. 

The following blends were prepared: Kremer Orange & Coumarin 153 (KO:Co), 

Kremer Orange & Europium Complex (KO:Eu), Kremer Orange & Kremer Blue (KO:KB), 

Kremer Blue & AlQ3 (KB:AlQ3), Kremer Blue & Europium Complex (KB:Eu), and 

Europium Complex & AlQ3 (Eu:AlQ3). 

7.4.1 Optical Characterisation of Multiple-Dye LDS Layers 

The absorption results are shown in Figure 7.10 and Figure 7.11, and the 

photoluminescence results are shown in Figure 7.12 and Figure 7.13. 

In the majority of cases the absorption of the multiple-dye is closely related to 

that of both discrete dyes with the effects of each discrete dye combining additively 

(relative to their respective concentration). This is to be expected from the Beer 

Lambert law and has been observed previously [194], [316], [317]. The multiple-dye 

blends which contain Europium Complex combined with a purely organic dye (i.e. KO:Eu 

and KB:Eu) have absorption spectra which do not appear to show much influence from 

the Europium Complex, whereas Eu:AlQ3 has distinct peaks matching both constituents. 

Some studies have suggested that when two different dyes are mixed they can form 
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complexes that have different absorption spectra due to static or contact 

quenching [318]. 

Considering the PL spectra, the multiple-dye blends where both discrete dyes 

are purely organic (i.e. KO:Co and KO:KB) all show a PL peak which closely matches the 

PL peak of the lower energy dye. For example for the KO:Co blend the PL peak closely 

matches that for Kremer Orange. In this instance the emission from the Coumarin 153 

has transferred to the Kremer Orange, due to Förster resonant energy transfer (FRET), 

where the energy is transferred directly from a donor molecule to a lower energy 

acceptor molecule [317]. It is unlikely to be from radiative recombination, where 

photons emitted by one dye are absorbed by the other dye before being re-emitted at a 

lower energy, as the emission peak from Coumarin153 occurs at 500 nm which is at the 

tail end of the absorption curve for Kremer Orange and there is no emission 

corresponding to Coumarin 153 at all. The PL spectra for the multiple-dye blends 

containing organo-metallic dyes (i.e. KB:AlQ3, KB:Eu and Eu:AlQ3) show different 

characteristics. KB:AlQ3 and KB:Eu both show PL spectra corresponding to both discrete 

dyes. Eu:AlQ3 shows a peak at 400-450 nm, which does not correspond to the AlQ3 

emission peak (500-550 nm) and a sharply defined peak at 620 nm, which corresponds 

to the Europium Complex. It should be noted that this last blend had a very low PLQY 

(2.7%). It is thought that FRET is not possible from the organo-metallic dyes, as internal 

transfer from the organic ligands to the metallic core dominates. 

The PLQY results (see Table D.2 in Appendix D.1) had a range from 30.9% for 

KO:Eu, all the way down to 2.7% for Eu:AlQ3. Apart from Eu:AlQ3, all of the dyes with a 

concentration of 1mg:1mg /ml have PLQYs of 13.5% and higher. 
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a) 

 

b) 

 

c) 

 

Figure 7.10: Absorption spectra for multiple-dye LDS blends and their discrete 
component dyes: a) Kremer Orange and Coumarin 153; b) Kremer Orange and 
Europium complex; and c) Kremer Orange and Kremer Blue. 
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a) 

 

b) 

 

c) 

 

Figure 7.11: Absorption spectra for multiple-dye LDS blends and their discrete 
component dyes: a) Kremer Blue and Europium complex; b) AlQ3 and Europium 
complex; and c) Kremer Blue and AlQ3. 
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a) 

 

b) 

 

c) 

 

Figure 7.12: Photoluminescent spectra for multiple-dye LDS blends and their 
discrete component dyes: a) Kremer Orange and Coumarin 153; b) Kremer 
Orange and Europium complex; and c) Kremer Orange and Kremer Blue. The 
blends have been excited at two different wavelengths. 
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a) 

 

b) 

 

c) 

 

Figure 7.13: Photoluminescent spectra for multiple-dye LDS blends and their 
discrete component dyes: a) Kremer Blue and Europium complex; b) AlQ3 and 
Europium complex; and c) Kremer Blue and AlQ3. 
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7.4.2 Effect of LDS Concentration with Multiple-Dye LDS Layers 

In Section 0 it was shown that varying the LDS concentration effected 

absorption, PL and PLQY and this was also studied for multiple-dye LDS layers, 

specifically Kremer Orange & Coumarin 153. Two blends of Kremer Orange & Coumarin 

153 were prepared in MicroChem A8, one at 2mg:2mg /ml and the other at 

4mg:4mg /ml. The absorption spectrum of the combined blend corresponds to the two 

discrete dyes although at a slightly lower level than the sum of the individual spectra 

(Figure 7.10a). The absorption of the 2mg:2mg /ml dye is about half that of the 

4mg:4mg /ml dye. In Figure 7.14 PL spectra for the combined dyes and the discrete dyes 

are plotted, showing relative intensities (measurements were taken under the same 

excitation power and slit width). The PLQY of the 2mg:2mg /ml blend is 20.2% 

(measured when excited at both 410 nm and 450 nm) compared to 6.3% for the 

4mg:4mg /ml blend. The lower concentration (2mg:2mg /ml) gave the better overall 

results. This corroborates the previous finding that as the LDS concentration reduces it 

leads to a blue-shift in the PL peak, an increase in PLQY and a decrease in absorbance.  

 

 

Figure 7.14: Relative photoluminescence for Kremer Orange and Coumarin 153, 
both as discrete and multi-dye blends. 
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7.4.3 Comparison of Multiple-Dye LDS Blends using Figures of Merit 

Table 7.6 shows the figures of merit and weighted sums for the multiple-dye 

LDS blends, based on P3HT:PC61BM as the OPV active layer. 

 

Table 7.6: Figures of Merit for Multi Dye LDS Layers (based on EQE for 
P3HT:PC61BM)9. 

LDS Material RO UV PLQY ASM PA ESM 
Weighted 

Sum 

Kr. Orange/Coumarin 153 
(KO:Co) (2mg:2mg /1ml) 

5.4% 15.8% 20.3% 7.5% 11.5% 78.8% 90.3% 

Kr. Orange/Europium 
(KO:Eu) (1mg:1mg /1ml) 

5.0% 6.2% 30.9% 5.3% 8.1% 81.8% 90.6% 

Kr. Orange/Kr. Blue 
(KO:KB) (1mg:1mg /1ml) 

6.8% 16.0% 13.5% 8.1% 12.2% 77.7% 87.6% 

Kremer Blue/AlQ3 
(KB:AlQ3) (1mg:1mg /1ml) 

15.6% 23.4% 15.9% 13.2% 15.7% 80.7% 91.0% 

Kremer Blue/Europium 
(KB:Eu) (1mg:1mg /1ml) 

6.8% 15.5% 25.3% 5.8% 6.6% 69.2% 91.9% 

Europium/AlQ3 
(Eu:AlQ3) (1mg:1mg /1ml) 

3.4% 11.6% 2.7% 3.1% 3.2% 75.7% 84.9% 

 

Kremer Orange & Coumarin 153 (KO:Co): This blend has reasonable UV 

coverage, low radiative overlap and good PLQY. However it has significant parasitic 

absorption and fairly low absorption spectral matching. 

Kremer Orange & Europium Complex (KO:Eu): This blend has low radiative 

overlap, but low UV coverage. However it has the highest figures for PLQY and emission 

spectral matching. 

Kremer Orange & Kremer Blue (KO:KB): This blend has good UV coverage 

and radiative overlap, but relatively poor PLQY, parasitic absorption and emission 

spectral matching. 

Kremer Blue & AlQ3 (KB:AlQ3): This blend has the worst radiative overlap and 

a low PLQY. However it has the highest UV coverage and absorption spectral matching. 

Kremer Blue & Europium Complex (KB:Eu): This blend has a reasonable UV 

coverage, radiative overlap and parasitic absorption. However it has the worst 

absorption spectral matching and emission spectral matching. It has the highest 

weighted sum. 

                                                        
9 Figures of Merit: RO=Radiative Overlap; UVC=UV Coverage; PLQY=Photoluminescent Quantum Yield; 
ASM=Absorption Spectral Matching; PA=Parasitic Absorption; and ESM=Emission Spectral Matching. 
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Europium Complex & AlQ3 (Eu:AlQ3): This blend had the best figures for 

radiative overlap and parasitic absorption, but the worst PLQY and absorption spectral 

matching. It has the lowest weighted sum. 

Apart from the KB:AlQ3 blend all the other blends had low radiative overlap. 

This blend also produced the best UV coverage. The highest PLQY was for KO:Eu. 

KB:AlQ3 had the best absorption spectral matching and Eu:AlQ3 had the worst. There 

was not much spread across all the dyes for emission spectral matching (69%-82 %). 

Overall this implies that for a particular optical property a specific dye combination can 

be selected. For instance, to obtain a high initial PCE a blend with a high PLQY is needed 

(e.g. Kremer Orange & Europium). However for better stability a blend with a high UV 

coverage should be selected (e.g. Kremer Blue & AlQ3). 

Based on this data the Kremer Orange & Kremer Blue (KO:KB) and Europium 

Complex & AlQ3 (Eu:AlQ3) blends were omitted from further tests. They scored the 

lowest in the weighted sum, mainly due to their low PLQY figures. 

7.4.4 OPV Performance with Multiple-Dye LDS Layers 

Performance tests were conducted using inverted geometry cells based on 

P3HT:PC61BM with no encapsulation. IV measurements were taken of the fresh cells and 

then various treatments were applied to separate cells before they were retested. Three 

configurations were tested: 1) control device with no UV filter; 2) LDS blends (KB:AlQ3, 

KB:Eu, KO:Eu and KO:Co) were spin coated onto the light facing surface; 3) an adhesive 

UV filter (Solaronix #49132) was applied to the top surface.  

Each cell was measured under AM1.5G before and after the LDS coating was 

applied. Table 7.7 shows the changes in performance parameters when the LDS coatings 

were applied to the OPV devices. 
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Table 7.7: Performance parameters for the devices used for stability testing. 
Values are averaged across all 6 pixels. Values in brackets are relative changes 
(Δs) and are based on each individual device’s measurements before and after 
coating with LDS. 

Sample 
PCE 
(%) 

JSC 
(mA/cm2) 

VOC 

(V) 
FF 

Reference (control) 3.5±0.1 9.8±0.3 0.57 0.63 

Kremer Blue / AlQ3 
3.3±0.1 

(Δ= 7.4%) 
8.9±0.2 

(Δ= -3.7%) 
0.57 

(Δ= 2.2%) 
0.65 

(Δ= 9.5%) 

Kremer Blue / Europium 
3.2±0.2 

(Δ= -1.7%) 
9.4±0.7 

(Δ= -2.2%) 
0.57 

(Δ= 0.9%) 
0.60 

(Δ= -0.6%) 
Kremer Orange / 
Europium 

2.9±0.2 
(Δ= -5.0%) 

8.1±0.4 
(Δ= -6.8%) 

0.59 
(Δ= 2.9%) 

0.61 
(Δ= -1.0%) 

Kremer Orange / 
Coumarin153 

2.8±0.2 
(Δ=-12.5%) 

7.2±0.1 
(Δ=-13.7%) 

0.61 
(Δ= -0.4%) 

0.65 
(Δ= 1.2%) 

UV Filter 
(Solaronix SA #49132) 

3.0±0.3 
(Δ= -5.6%) 

8.9±0.6 
(Δ= -6.0%) 

0.57 
(Δ= 0.8%) 

0.59 
(Δ= -0.5%) 

 

The device with Kremer Blue & AlQ3 (KB:AlQ3) showed a relative improvement 

in PCE of 7.4%, despite a drop in JSC of -3.7%, due to a large improvement of nearly 10% 

in FF. All of the other devices showed a drop in both PCE and JSC after application of the 

LDS layers, with the worst device being Kremer Orange & Coumarin 153 (KO:Co) which 

showed a relative drop of -12.5% for PCE and -13.7% for JSC. The device with the UV 

filter showed a drop of nearly -6%, which is actually quite good; other works have 

shown relative losses of over 15% when UV filters are applied, caused by increased 

absorption and internal reflection [213]. 

7.4.5 Lifetime Stability Tests for OPVs with Multiple-Dye LDS Layers 

For the lifetime testing, the devices were mounted under the solar simulator 

(AM1.5G) and IV testing was conducted at regular intervals from which PCE, ISC, VOC and 

FF were extracted (ISOS-L-1 protocol [119]). Figure 7.15 shows the evolution of the 

performance parameters over the course of the lifetime testing under AM1.5G. 
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a) b) 

  
c) d) 

  

Figure 7.15: Indoor stability testing under AM1.5G on inverted geometry 
P3HT:PC61BM non-encapsulated OPVs: a) PCE (normalised); b) JSC (normalised); 
c) VOC; and d) FF. 
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HOMO level in the polymer [314]. Both the reference and UV filter devices showed a 

steady decline in FF from the start of the test, whereas the other devices showed a 

slower decline in FF. Reduction in FF is indicative of degradation in the PAL/electrode 

interfaces, usually by oxygen and water [92], [93]. 
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Table 7.8 shows the degradation factors (T80 & T50) from the stability tests. All 

of the devices showed a rapid initial degradation, which is reflected in the T80 figures of 

between 1.6 and 4.7 hours. However the values for T50 show how the KB:AlQ3 device has 

outperformed all the other devices with an average value of 70 hours, whereas the other 

devices range from 12 to 38 hours. The poor performance by the KO:Co device shows 

that it is the UV filtering effect that is of most importance: this LDS blend has low 

absorption over the UV region. 

 

Table 7.8: Degradation factors (T80 and T50) derived from the stability tests. 

Sample T80 (hours) T50 (hours) 

Reference 1.6 11.6 
Kremer Blue / AlQ3 4.7 69.2 
Kremer Blue / Europium 2.1 37.6 
Kremer Orange / Europium 2.5 25.4 
Kremer Orange / Coumarin153 1.5 12.4 
UV filter (Solaronix) 2.6 19.9 

 

These results confirm that incidence of UV light in the presence of atmospheric 

oxygen leads to the photo-oxidation of the active layer, which may lead to the formation 

of traps and recombination centres for photo-generated excitons [319]. Over time the 

concentration of these defects increase, leading to deterioration of the device 

performance parameters. The application of UV barrier layers is able to slow this 

degradation. The use of commercial UV filters usually leads to a significant drop in 

efficiency, due to the increased absorption by the filter, whereas the use of LDS coatings 

can reduce this loss and in some cases can actually increase the efficiency of the device 

as well as providing the UV protection required for long term device stability. 

7.5 Conclusion 

Initial experiments were conducted on single LDS layers and showed that these 

layers could provide significant improvements to OPVs, both in terms of performance 

(over 8% gain in PCE) and stability indoors (x6 for T50). Outdoor stability studies in 

Bangor showed that modules with a Kremer Blue coating outperformed control 

modules. Similar studies in Israel showed that modules with a Europium Complex 

coating had similar degradation rates as those with a commercial UV filter and both 

outperformed control modules without a UV filter. When considering PCE, application of 

the Europium Complex led to no change whereas application of the UV filter reduced 
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PCE by 18% providing clear evidence that LDS layers can operate as an alternative to 

commercial UV filters, but without the drop in performance. 

More in depth investigation of a larger number of LDS dyes was then conducted, 

which were sourced from previous papers in the field. Optical characterisations were 

performed and the dyes were compared using calculated figures of merit. Optical 

characterisation showed that as the LDS concentration was reduced it led to an 

exponential increase in PLQY and a linear decrease in the absorbance. The 

photoluminescent emission peak was also observed to blue shift as the LDS 

concentration reduced. 

A number of two dye blends were investigated with the component dyes 

selected based on their figures of merit and optical properties. Optical characterisations 

of the blends were performed which showed that absorption of the blend was a little 

below the sum of the spectra of the discrete dyes. The photoluminescent emission peaks 

of purely organic dye blends were seen to shift to the lower energy dye by FRET but the 

organo-metallic dyes behaved differently with emissions corresponding to both dyes 

being present. Examination of the effect of concentration for blended dyes showed 

similar results to that of the discrete dyes. 

Electrical characterisation of OPV devices coated with different dyes, both 

discrete and blended, showed that a gain in PCE was only possible with low LDS 

concentrations with a gain of over 7% for the Kremer Blue & AlQ3 blend. Indoor stability 

tests showed that this blend worked well giving an improvement at T50 of six times the 

lifetime of an untreated cell. This dye blend consists of discrete dyes which both have 

good absorption in the UV region, but little absorption over regions where the cell had a 

high EQE. 
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Chapter 8. Conclusions and Suggestions for Further 
Research 

A review of the most important findings of this thesis, including: - 

 Benchmarking of OPV modules against other PV technologies at the same test site. 

 Demonstration of improved yield using three-dimensional structured OPV modules. 

 Demonstration of improved yield and stability of OPVs using LDS coatings consisting of 

both single and multiple-dye blends. 

This thesis focused on the outdoor monitoring of OPVs with the aim of improving 

the stability and performance of OPV cells and modules under real world conditions. This is 

important as in order for OPVs to become commercially viable they must make the 

transition from small laboratory cells to larger modules that can be of real use. 

Suggestions for further research are also given. 

8.1 Outdoor Monitoring of OPVs 

An in-depth literature review of OPVs used outdoors highlighted that one of the 

main problems facing OPVs when they are used outdoors is degradation caused by the 

ingress of oxygen and water and subsequent photo-oxidation. Although good quality 

barrier layers are being used, failure at the edges and where connecting wires exit were 

identified as the primary routes for oxygen and water to gain access. The important role 

that UV radiation plays in photo-oxidation was highlighted. 

Before the research could start an outdoor monitoring system was setup, 

conforming to the ISOS-O-2 protocol. This allowed many different monitoring campaigns 

to be performed, looking at various aspects of OPV performance. The first campaign was 

on untreated R2R modules which were monitored during the summer. These were 

found to degrade quite quickly and close examination of the modules showed that the 

encapsulation had failed at the edges. 

Detailed module temperature analysis was performed on both OPV and 

polycrystalline silicon modules, showing that both have a linear relationship between 



Conclusions and Suggestions for Further Research  160 

 

   

irradiance and module temperature above ambient temperature. Further analysis was 

performed on the relationship between module temperature and PCE, ISC, VOC and FF for 

OPV modules. It was shown that VOC has a negative temperature coefficient, but that ISC, 

PCE and FF have positive temperature coefficients. 

A second outdoor campaign was performed, this time over winter, using 

untreated modules, apart from one module with a UV filter. In comparison with the 

summer results all of these modules were shown to degrade much more slowly due to 

the lower levels of irradiance and UV experienced. The module with the UV filter was 

shown to be particularly stable and outperformed the best control module by 62% 

(based on normalised yields). 

A different type of OPV module, DTU(AgNW), with a composite AgNW/ZnO 

front electrode was monitored outdoors and found to degrade much more slowly than 

the DTU(AgGrid) modules used in the earlier outdoor tests. This is attributed to the UV 

filtering effect of the ZnO in the front electrode. 

Several different PV technologies have been compared to examine the effect of 

irradiance on PCE, ISC, VOC and FF. These included poly-Si, CIS, DSSC and two different 

types of R2R fabricated OPV modules. It was shown that R2R OPV modules, when 

compared to traditional PV (poly-Si and CIS), have similar JSC performance, but that VOC 

and FF performance was much worse. 

Overall these outdoor results show that OPV modules perform well under high 

levels of irradiance, aided by positive temperature coefficients. It was shown that 

degradation was driven by photo-oxidation and physical ingress of water and oxygen, 

and that UV filtering slowed these degradation rates. 

8.2 Improvement of Yield using 3D Structured Modules 

To improve the yield of OPVs outdoors, the use of 3D structuring for modules 

was investigated. The literature review revealed that very little research had been 

undertaken on macroscopic structured PV. This is partly due to the rigidity of traditional 

PV and this is one area where OPV and other flexible thin film technologies have a great 

advantage. 

Indoor characterisation and outdoor monitoring (during winter and summer) 

was performed on OPV modules laminated onto corrugated roofing in various designs. It 

was shown that corrugated 3D modules provide three distinct advantages over flat OPV 
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modules. 1) The effective area of the module is reduced, due to the curvature of the 

module, which leads to an improved power output per unit area of roofing. 2) There is 

substantial enhancement at high angles of incidence during the summer, leading to 

increased output during early morning and evening. Indoor characterisation showed 

enhancements of up to x15 for the corrugated module when compared against a flat 

module. 3) There is improved performance under diffuse conditions, with the 

performance improvement (relative to the flat reference module) increasing from 11% 

under sunny conditions to 25% under cloudy conditions. Outdoor measurements on 

larger module strips showed that the corrugated strips outperformed the flat strips by 

7.5% with a 14.8% enhancement under diffuse conditions. 

These results highlight the contribution OPVs could make in BIPV, especially in 

countries with high penetrations of PV on the electricity network, so that the PV 

generation correlates better with electricity consumption and reduces the need for 

storage. 

8.3 Improvement of Lifetime using LDS Coatings 

The last phase of research looked at the use of LDS coatings to improve 

performance and stability of OPVs. The literature review highlighted the performance 

improvements that were possible using LDS coatings and the wide range of different 

LDS materials that are available. 

Results from the initial experiments on single dye LDS coatings showed that 

application of LDS coatings can provide significant improvements to OPVs, both in terms 

of performance (over 8% gain in PCE) and stability indoors (x6 for T50). Outdoor 

stability studies in Bangor and Israel showed that modules with an LDS coating 

outperformed control modules and had a similar lifetime to modules with a commercial 

UV filter, but without the 18% drop in performance. 

Detailed optical characterisations of a larger number of discrete dyes were 

performed. The dyes were selected based on previous studies and on their compatibility 

with the EQE of P3HT:PC61BM. A figure of merit based on a weighted sum was devised in 

order to allow the comparison of LDS materials. A number of two-dye blends were 

investigated with the component dyes being selected based on these figures of merit and 

their optical properties. Optical characterisations of these dye blends were performed. 

The photoluminescent emission peaks of purely organic dye blends were seen to shift to 
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the lower energy dye by FRET, but the organo-metallic dyes behaved differently with 

emissions corresponding to both dyes being present. Examination of the effect of 

concentration for blended dyes showed similar results to that of the discrete dyes. 

The results of electrical characterisations of OPV cells coated with these LDS 

blends showed that a relative gain in PCE of 7% could be achieved using a blend of 

Kremer Blue & AlQ3. Indoor stability tests showed that this blend gave an improvement 

at T50 of six times the lifetime of an untreated cell. 

These results show that LDS coatings can provide suitable UV filtering to 

improve the stability of OPV devices without any significant drop in performance. The 

use of different dyes allows the tuning of a blend to match the performance of OPV 

devices with different EQE characteristics. 

8.4 Future Work 

OPVs are close to becoming a viable commercial technology, as the obstacles of 

efficiency, stability and cost are being overcome. As active layer materials become more 

stable and achieve higher efficiencies, the importance of preventing the ingress of water 

and oxygen by the use of effective encapsulation and the utilisation of UV filters to 

reduce photo-oxidation come to the fore. Although this project was not directly focused 

on encapsulation it was an issue that had to be addressed in order to carry out the 

experiments and is an important area of research. 

Given further time, an analysis of outdoor spectral performance of OPVs would 

have been attempted, to examine if there are ideal conditions for OPVs to operate under. 

The next phase of research on the 3D structured modules would be to build 

larger structures, similar to the larger modules described in Section 6.4, and monitor 

them for longer periods of time. An analysis of corrugated modules by ray tracing would 

complement the work in Section 6.3 and enable better designs to be made. 

The LDS work showed that blended dyes can provide improvements. The work 

on blended dyes is at an early stage and would merit further work, including outdoor 

monitoring. It was shown that reducing LDS concentration led to increased PLQY, but at 

the cost of reduced absorption. The effect of varying the thickness of the coating should 

be investigated in order to optimise the concentration and thickness. Further work is 

required to fine-tune the weighted figures of merit and improve accuracy. 
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Appendix A Collaborations and Authorship 

This appendix details the research which was performed in collaboration with 

other universities and explains the circumstances which led to these collaborations. Clear 

guidance is given of the demarcation between the author’s and others’ contributions. 

A.1 Outdoor Monitoring of OPV Modules 

In summer 2013, the OPV research group at Bangor University were involved in 

a global round robin that was organised by Professor Frederik Krebs and his group at 

Technology University of Denmark (DTU), to study the reproducibility of outdoor 

measurements and to test the rigor of the ISOS protocols1. As a result of this, Bangor was 

one of the first laboratories to receive OPV modules sourced from the freeOPV 

programme at DTU2. Part of the agreement under which DTU supplied these modules 

was that users should keep them informed of any significant results and papers that 

arose from the use of the modules. The author was also invited to be a trial participant 

on a new online OPV course run by Prof. Krebs and to provide feedback and corrections; 

the subsequent first live course had over 8500 participants 3. 

Following publication of the author’s first paper on outdoor monitoring of 

OPVs4 and having shown them the results from the first two batches of 3D structured 

modules, Prof. Krebs was keen to collaborate on the 3D structured project. DTU supplied 

a fresh batch of OPV modules and performed LBIC and IV characterisation, both before 

and after lamination onto the corrugated substrates. All other testing and analysis was 

performed by the author. Having twice presented a workshop and seminar on “Outdoor 

Performance Monitoring” for the MSc course at Cardiff School of Engineering run by 

Professor Nick Jenkins, the author was given access to their Lucas Nuelle solar simulator 

for the indoor angular characterisation measurements. A paper was published based on 

this collaboration on 3D structured OPV modules5. 

                                                        
1 M. V. Madsen et al., “Worldwide outdoor round robin study of organic photovoltaic devices and 
modules,” Sol. Energy Mater. Sol. Cells, vol. 130, pp. 281–290, Nov. 2014. 
2 F. C. Krebs et al., “Freely available OPV - The fast way to progress,” Energy Technology, vol. 1, no. 7, pp. 
378–381, 2013. 
3 https://www.coursera.org/learn/solar-cell 
4 Noel Bristow, Jeff Kettle. "Outdoor performance of organic photovoltaics: Diurnal analysis, dependence 
on temperature, irradiance, and degradation." J. Renew. Sustain. Energy, 7.1 (2015): 013111. 
5 Jeff Kettle, Noel Bristow, Tracy Sweet, Nick Jenkins, Gisele A. dos Reis Benatto, Mikkel Jørgensen, 
Frederik C. Krebs. “Three dimension corrugated Organic Photovoltaics for building integration; improving 
the efficiency, oblique angle and diffuse performance of solar cells”, Energy Environ. Sci. 8.11 (2015). 

https://www.coursera.org/learn/solar-cell
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A.2 Outdoor Stability Testing of LDS Coatings on OPV Modules 

The last phase of research in this thesis involved the use of LDS coatings to 

improve the stability and yield of OPV modules. The early work on this was performed 

in collaboration with Dr. Omar Moudam, who has a strong background in LDS. 

After the early indoor testing on discrete dyes, the research moved on to test 

these dyes on OPV modules outdoors. From this point on the author assumed full control 

of the research. For the outdoor testing the LDS dyes were printed onto PET by the 

Welsh Centre for Printing and Coating (WCPC) in Swansea, under the direction of the 

author. WCPC were partners with Bangor University and Waterford Institute of 

Technology in the Wales Ireland Network for Innovative Photovoltaic Technologies 

(WINIPT) which funded all of the research for this thesis. 

After the success of the outdoor stability tests on LDS dyes at Bangor, 

collaboration was again sought with DTU to provide a larger number of modules and 

with Professor Eugene Katz of Ben Gurion University, Israel (BGU). BGU were able to 

provide testing facilities in the Negev Desert, allowing the LDS coated OPV modules to be 

tested under conditions of very high irradiance and UV. As with the previous 

collaboration DTU were able to provide a large number of fresh OPV modules. The 

modules were tested by DTU under their solar simulator, sent to Bangor for preparation 

with LDS by the author, returned to DTU for post lamination tests and then sent to Israel 

for outdoor testing at BGU. All the data analysis on these results was performed by the 

author. A paper was published based on this collaboration6. 

The author would like to thank all of these collaborators, especially Professors 

Krebs, Katz and Jenkins, for giving him the opportunity to work with leaders in the field 

of OPV and PV research. It is the author’s belief that it is through collaborations such as 

these that research can progress at a faster rate and new ideas can be brought to the 

fore. 

 

 

                                                        
6 J. Kettle, N. Bristow, D.T. Gethin, Z. Tehrani, O. Moudam, B. Li, E.A. Katz, G.A. dos Reis Benatto, F.C. Krebs. 
“Luminescent down shifter for enhancing efficiency and stability of organic photovoltaics.” Solar Energy 
Materials and Solar Cells, 144 (2016): 481-487. 
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Appendix B Outdoor Monitoring of OPVs – Extra 
Results 

B.1 Meteorological Measurements at Bangor. 

Table B.1 shows the weather statistics measured on the roof of the School of 

Electronics during the course of this research (2013-2015). The data is aggregated by 

season (Winter: December, January & February; Spring: March, April & May; Summer: 

June, July & August; Autumn: September, October & November). 

Table B.1: Climate statistics for Bangor during the course of this research (2013-
2015). Data measured by weather station on Dean Street roof. Average minimum 
and maximum values are averages of daily maximum and minimum figures. 

Year Season Temperature 
(°C) 

Humidity 
(%) 

Wind 
(m/s) 

Irradiance 
(W/m2) 

UV 
Index 

Rain 
(mm) 

Mean Avg. 
Min 

Avg. 
Max 

Mean Avg. 
Min 

Mean Mean Avg. 
Max 

Mean Avg. 
Max 

Total 

2013 

Spring 7.6 4.7 10.9 74.7 59.1 1.7 141 1167 0.75 3.97 148 

Summer 16.5 13.0 20.4 76.9 58.7 1.2 200 1229 1.30 6.26 135 

Autumn 12.1 9.7 14.6 81.6 68.8 1.2 62 954 0.32 2.19 247 

Winter † 7.9 5.4 10.3 75.5 64.0 1.6 35 654 0.12 0.84 189 

2014 

Spring 10.7 7.6 14.2 78.9 62.3 1.3 136 1359 0.74 3.90 194 

Summer 16.3 12.9 20.0 76.9 59.1 1.0 204 1338 1.30 6.26 158 

Autumn 13.0 9.8 16.0 80.7 66.6 1.0 77 1018 0.34 2.06 211 

Winter 7.3 5.1 9.3 82.2 72.4 1.8 26 519 0.08 0.71 332 

2015 

Spring 9.0 5.9 12.3 78.2 61.5 1.4 142 1419 0.68 3.62 164 

Summer 15.2 11.8 18.9 77.3 60.2 1.3 193 1294 1.07 5.49 122 

Autumn 12.0 8.7 15.2 81.6 68.1 1.1 74 1013 0.31 1.92 224 

Winter 7.6 5.2 9.8 82.3 71.9 1.9 24 526 0.07 0.65 325 

†  The weather station was not operational until the end of January 2013, so rainfall 
total is lower than expected – other figures are averages and are therefore not 
affected so much. 
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Appendix C Development of OPVs onto Structured 
Corrugated Substrates – Extra Results 

C.1 LBIC Imaging Results – Full Data 

LBIC testing was performed at DTU on all the flat modules before they were 

laminated, followed by retesting after lamination, initially with the modules positioned 

normal to the laser beam and then at various angles of tilt to simulate changes in pitch 

and yaw (Figure 6.1 & Figure C.1). 

 
Before 

lamination 
After 

lamination 
20° Yaw 45° Yaw 20° Pitch 45° Pitch 

a) 

 

b) 

 

c) 

 

d) 

 

e) 

 

Figure C.1: LBIC images of 3D structured modules: a) type A; b) type B; c) type C; 
d) type D; and e) flat reference module. The first column shows the modules 
before lamination. The second column shows the modules after lamination. The 
third column shows the modules tilted at 20° and in the fourth column at 45° (in 
both cases the left edge is tilted up, simulating variations in yaw). The fifth 
column shows the modules tilted at 20° and in the sixth column at 45° (in both 
cases the top edge is tilted up, simulating variations in pitch). 
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C.2 Repeat LBIC Imaging for Failure Analysis 

The LBIC measurements at normal incidence were repeated on two extra sets of 

laminated modules in order to confirm the reliability of the results (Figure C.2). These 

images confirm the main findings: reflective in-coupling effect from steep sides of type A 

and type D modules leads to increased photocurrent; delamination defects on smaller 

corrugated profiles (types C & D). These LBIC measurements were taken immediately 

after fabrication of the 3D modules and this is why fewer defects are found on the 

smaller corrugations, as delamination is exacerbated by prolonged static stress7. 

 
a) 

 

b) 

 

c) 

 

d) 

 

Figure C.2: Repeat LBIC measurements on 3D structured modules (laser beam 
normal to the module): a) type A (single concave); b) type B (single convex); c) 
type C (small inline); and d) type D (small transverse). 

 

C.3 Angular Characterisation. 

Angular characterisation measurements were performed on three sets of 

modules using the Lucas Nuelle equipment at Cardiff University. The last set is 

presented and discussed in detail in the main body of the thesis (see Section 6.2.2) and 

the results from measurements made on the first set of modules are presented here for 

completeness. 

These modules were measured immediately before lamination and then again 

once they had been laminated onto the corrugated substrates. Their effective PCEs at 

normal incidence are shown in Table C.1. The type A module shows the largest relative 

                                                        

7 M. Hösel, D. Angmo, R. R. Søndergaard, G. A. dos Reis Benatto, J. E. Carlé, M. Jørgensen, and F. C. Krebs, 
“High-Volume Processed, ITO-Free Superstrates and Substrates for Roll-to-Roll Development of Organic 
Electronics,” Adv. Sci., vol. 1, no. 1, 2014. 
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improvement in performance (15.2%) and the type D module shows a relative drop in 

performance of -12.9%. The other two modules show only a slight relative improvement 

of 5.6% (type B) and 7.7% (type C). The better results for the modules on the smaller 

corrugated profiles are possibly because they were measured immediately after 

lamination and before delamination defects had set in. This would confirm the 

hypothesis that delamination defects get worse over time (as suggested by the repeat 

LBIC measurements in Appendix C.2). 

 

Table C.1: Module PCEs measured before and after lamination on Lucas Nuelle 
equipment for each structured module. Measurements shown are for normal 
incidence (yaw=90° and pitch=0°). 

Module Type 
PCE before 

lamination (flat) 
Effective PCE after 

lamination 
Relative change in 

PCE 

A 1.88% 2.16% 15.2% 
B 2.12% 2.24% 5.6% 
C 1.40% 1.50% 7.7% 
D 1.39% 1.21% -12.9% 

 
 
The results in Figure C.3 show the normalised PCE and relative enhancement in 

PCE experienced by all of the modules at various angles of pitch and across all angles of 

yaw. At low angles of incidence (yaw≈10°) the PCE of the type B module exceeds its 

value when the light is normal to the module (yaw=90°), leading to relative 

enhancements compared to the flat module of up to nearly thirty-fold (at pitch=52°). 

The type A module also experiences relative enhancements at low angles of yaw of up to 

nearly ten-fold, again at pitch=52°. Comparing the modules on the smaller corrugated 

profiles it can be seen that the type D module always outperforms the type C module. 

The type D module performs similarly to the flat reference module, except for a very 

slight enhancement at low angles of incidence. The type C module performs worse than 

the flat module at all angles of incidence except at yaw=10° and pitch=68°. 
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a) 

 

b) 

 

c) 

 

d) 

 

e) 

 

f) 

 

g) 

 

h) 

 

i) 

 

j) 

 

Figure C.3: Angular characterisation results at various angles of pitch: a) & b) 0°; 
c) & d) 18°; e) & f) 35°; g) & h) 52°; and i) & j) 68°. The left column shows 
effective PCE (normalised at yaw = 90°). The right column shows relative 
enhancement in effective PCE compared to the flat reference module. 

0 

0.5 

1 

1.5 

0° 30° 60° 90° 

P
C

E
 (

n
o
rm

a
lis

e
d
) 

Yaw 

Normalised PCE (@Pitch=0°) 

type A type B 

type C type D 

Flat Irradiance 

-4 

0 

4 

8 

12 

0° 30° 60° 90° R
e
la

ti
v
e
 C

h
a
n
g
e
 

in
 P

C
E

 (
c
f 
F

la
t)

 

Yaw 

Delta PCE (cf Flat) (@Pitch=0°) 

type A type B 

type C type D 

0.00 

0.50 

1.00 

1.50 

0° 30° 60° 90° P
C

E
 (

n
o
rm

a
lis

e
d
) 

Yaw 

Normalised PCE (@Pitch=18°) 

-4 

0 

4 

8 

12 

0° 30° 60° 90° R
e
la

ti
v
e
 C

h
a
n
g
e
 

in
 P

C
E

 (
c
f 
F

la
t)

 

Yaw 

Delta PCE (cf Flat) (@Pitch=18°) 

0.00 

0.50 

1.00 

1.50 

0° 30° 60° 90° P
C

E
 (

n
o
rm

a
lis

e
d
) 

Yaw 

Normalised PCE (@Pitch=35°) 

-5 

0 

5 

10 

15 

20 

0° 30° 60° 90° R
e
la

ti
v
e
 C

h
a
n
g
e
 

in
 P

C
E

 (
c
f 
F

la
t)

 

Yaw 

Delta PCE (cf Flat) (@Pitch=35°) 

0.00 

0.50 

1.00 

1.50 

0° 30° 60° 90° 

P
C

E
 (

n
o
rm

a
lis

e
d
) 

Yaw 

Normalised PCE (@Pitch=52°) 

-10 

0 

10 

20 

30 

0° 30° 60° 90° R
e
la

ti
v
e
 C

h
a
n
g
e
 

in
 P

C
E

 (
c
f 
F

la
t)

 

Yaw 

Delta PCE (cf Flat) (@Pitch=52°) 

0.00 

0.50 

1.00 

1.50 

0° 30° 60° 90° 

P
C

E
 (

n
o
rm

a
lis

e
d
) 

Yaw 

Normalised PCE (@Pitch=68°) 

-10 

0 

10 

20 

0° 30° 60° 90° 

R
e
la

ti
v
e
 C

h
a
n
g
e
 

in
 P

C
E

 (
c
f 
F

la
t)

 

Yaw 

Delta PCE (cf Flat) (@Pitch=68°) 



Development of OPVs onto Structured Corrugated Substrates – Extra Results  VIII 

 

 

C.4 Outdoor Measurements – Summer 2015 

These results are further analysis of the data presented in the thesis (Section 

6.2.4). Figure C.4 shows diurnal measurements for ISC, VOC and fill factor over the course 

of a sunny day (10/06/2015) and a cloudy day (22/05/2015). ISC closely follows 

irradiance on both days, whereas VOC is steady for the majority of the day when it is 

sunny, but is much more dependent on irradiance on the cloudy day. On the cloudy day 

VOC never reaches the peak levels seen on the sunny day. Fill factor is less dependent on 

irradiance and is fairly steady during the course of both days, although the effect of 

varying irradiance can be seen on the cloudy day. 

Figure C.5 shows the main performance indicators (PCE, ISC, VOC and FF) plotted 

against irradiance for the two days, one sunny (solid lines) and the other cloudy (dashed 

lines). The trends for the cloudy and sunny days closely match for each module type, 

apart from PCE and ISC for the type B module, which show non-linear behaviour at low 

irradiances on the sunny day. This is due to the enhancement seen in early morning and 

late evening on the sunny day. The type A module also shows lower fill factor on the 

sunny day, leading to lower PCE. VOC trends for the modules on the smaller corrugated 

profiles (types C & D) are noticeable lower than for the other module types, due to 

delamination defects causing faults at the electrode interfaces. 
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Sunny – 10/06/2015 Cloudy – 22/05/2015 
a) b) 

  
c) d) 

  
e) f) 

  
g) h) 

  

Figure C.4: Outdoor monitoring: summer 2015. The left column shows results 
from 10/06/2015 (sunny day), the right column shows results from 22/05/15 
(cloudy day): a) & b) Irradiance; c) & d) ISC; e) & f) VOC; and g) & h) Fill Factor. 
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a) 

 

b) 

 

c) 

 

d) 

 

Figure C.5: Outdoor monitoring during summer 2015. Analysis of performance 
parameters against irradiance on sunny (10/06/2015) and cloudy 
(22/05/2015) days: a) ISC vs. Irradiance; b) VOC vs. Irradiance; c) Fill Factor vs. 
Irradiance; and d) Effective PCE vs. Irradiance. 
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Figure C.6 shows the diurnal pitch and yaw experienced by the modules on a 

day during the summer monitoring (22/05/2015). The sun is behind the modules for a 

period during the morning and evening (AOI > 90°), area shaded red on the graph. The 

enhancements in effective PCE in the early morning and evening are seen when the 

horizontal angle of incidence exceeds 70° (yaw < 20°), i.e. before 08:30 and after 15:30. 

This corresponds with the results seen in the angular characterisation in Section 6.2.2. 

 

 

Figure C.6: Outdoor monitoring: summer 2015. Diurnal pitch and yaw 
experienced on 22/05/2015. Green shaded area: sun below the horizon 
(pitch < -35°). Red shaded area: sun behind the modules. 

 

C.5 Outdoor Measurements – Summer 2014 

Figure C.7 shows results from the outdoor monitoring that took place between 

23/06/2014 and 30/06/2014. Data from two contrasting days are presented, allowing a 

comparison between the performance on a sunny day (with high levels of direct normal 

irradiation) and a cloudy day (with predominantly diffuse irradiation). The sunny day 

shows that the modules on the larger corrugated profiles (types A & B) both 

outperformed the flat reference modules. In the early morning and late afternoon the 

efficiencies peak, with the type B module reaching 3x its midday level. The type D 

module performs better than the flat modules, as its efficiency does not drop off over the 

course of the day. The type C module performs far worse than the flat modules. The 

results for the cloudy day show that all of the modules have outperformed the flat 

reference modules, with the type A having the highest gains, followed closely by the type 

B and type D, and the type C the lowest. The cumulative daily yield data shows that all of 

the 3D modules apart from the type C outperform the flat modules. 
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a) b) 

  

c) 

 

d) 

 
e) f) 

  

Figure C.7: Outdoor monitoring during summer 2014. Diurnal irradiance: a) 
Sunny day (29/06/14); b) Cloudy day (28/06/14). Diurnal Efficiency: c) Sunny 
day; d) Cloudy day. e) Diurnal pitch and yaw (28/06/14). Green shaded area: 
sun below the horizon (sunrise: 03:50, sunset: 20:50). Red shaded area: sun 
behind the modules. f) Cumulative yield over the period. 
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Table C.2 shows analysis of the daily yield data under various irradiance 

conditions. Comparing the overall performance of the 3D modules against the flat 

reference modules shows that type A outperformed them by 75%, type B outperformed 

them by 56% and type D by 41%. Only type C underperformed the flat modules (-9%). 

Comparisons of the yields under different climatic conditions show that for all of the 3D 

modules the most improvement is seen on diffuse days (type A: +101%), with lower 

gains on intermediate days and the lowest gains on sunny days (type A: +57% and type 

C: -30%). 

 

Table C.2: Analysis of daily yields for the 3D modules during summer 2014 under 
different irradiance conditions8. Gain is the percentage improvement shown by 
the 3D modules when compared to the flat reference module. 

Foil Type 

Sunny Intermediate Cloudy Total 

Average 
Daily Yield 
(mWh/cm2) 

Gain 
(cf. Flat) 

Average 
Daily Yield 
(mWh/cm2) 

Gain 
(cf. 

Flat) 

Average 
Daily Yield 
(mWh/cm2) 

Gain 
(cf. Flat) 

Average 
Daily Yield 
(mWh/cm2) 

Gain 
(cf. Flat) 

Flat 2.38 - 1.83 - 1.00 - 1.72 - 

A 3.72 57% 3.44 88% 2.00 101% 3.01 75% 

B 3.52 48% 3.00 64% 1.66 66% 2.69 56% 

C 1.67 -30% 1.94 6% 1.20 21% 1.56 -9% 

D 2.92 23% 2.88 57% 1.64 65% 2.43 41% 

 

C.6 Outdoor Measurements – Winter 2013 

These tests were performed between 26/11/2013 and 04/12/2013 on five 

modules: one of each 3D type plus a flat reference. Figure C.8 shows diurnal efficiencies 

for a sunny day (04/12/2013) and a cloudy day (27/11/2013) during winter 2013. The 

sunny day had a total insolation of 0.8kWh/m2, maximum irradiance of 670W/m2, and 

ambient temperatures with a maximum of 9.9°C and an average of 7.0°C. The cloudy day 

had a total insolation of 0.175kWh/m2, maximum irradiance of 50W/m2, and ambient 

temperatures with a maximum of 10.7°C and an average of 9.8°C. On both days the best 

performing module is the type A, followed by the type D and the type C. All three 

outperformed the flat reference module at midday. On the cloudy day there is no 

                                                        

8 Irradiance ratings are based on daily insolation figures by comparing measured insolation against 
theoretical maximum (based on Bird model): Sunny: >80% of maximum insolation, Diffuse: <40% of 
maximum insolation, otherwise Intermediate. 

Bird model: R. E. Bird and R. L. Hulstrom, “A simplified clear sky model for direct and diffuse insolation on 
horizontal surfaces,” Tech. Rep. SERI/TR-642-761. Solar Energy Research Inst., Golden, CO(USA), 1981. 
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crossover between the performance of the 3D module types and the difference in 

performance is more spread out, whereas on the sunny day the performances are less 

separated and the type C module’s efficiency drops below that of the flat reference cell 

for the majority of the afternoon. It can be seen that the 3D modules have a better 

performance under diffuse conditions when compared to the flat module. 

 
a) b) 

  

c) 

 

d) 

 

Figure C.8: Outdoor monitoring – winter 2013. Diurnal irradiance: A: Sunny 
(4/12/13), B: Cloudy (27/11/13). Diurnal efficiency: C: Sunny afternoon, D: 
Cloudy day. The greyed out areas are when the modules are subject to shading 
from the adjacent racks and roof structures. [sunrise: 08:10, sunset: 16:05] 

 

The type B module has performed very badly in comparison to all of the other 

modules. Examination of the ISC and VOC vs. irradiance plots (Figure C.9) would suggest 

that this module is defective, probably due to delamination. The 3D modules are 
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expected to have different light collection capacities and this should show through 

differences in ISC rather than VOC. The type B module has a very different VOC 

performance to all the other modules; VOC rises much more slowly and does not reach a 

steady value. Its ISC performance however is broadly similar to the other modules and 

has a linear relation to irradiance. These defects were not seen during the 3D angular 

characterisation measurements (see Appendix C.3), which were performed when these 

3D modules were first laminated. During these tests the type B module had the best 

performance. This backs up the likelihood that these are delamination defects, as these 

types of defect appear to get worse over time. The delamination is likely to be at the 

interface between the photoactive layer and electrode, as this causes degradation of VOC, 

but does not significantly affect ISC 9. Therefore it is reasonable to ignore the type B 

module in this set of outdoor measurements. 

 
a) b) 

  

Figure C.9: VOC vs. Irradiance (a) and ISC vs. Irradiance (b) for the winter outdoor 
monitoring. It can be seen that the type B module has very different VOC 
characteristics from the other modules. 

 

Table C.3 shows the average daily yields for the different module types during 

the course of the monitoring. This shows a 55% enhancement for type A in comparison 

with the flat reference. The type B module shows a drop of 38%, type D a gain of 20% 

and type C has the same yield as the flat module. Breaking these results down by 

irradiance level shows that type A had the greatest enhancement during sunny 

conditions (sunny: 57%, cloudy: 48%), whereas all the other module types had their 

highest enhancement during cloudy conditions. Comparing the two module types based 

on smaller corrugated profiles shows that type D outperforms type C. 

                                                        

9 N. Grossiord, J. M. Kroon, R. Andriessen, and P. W. M. Blom, “Degradation mechanisms in organic 
photovoltaic devices,” Org. Electron., vol. 13, no. 3, pp. 432–456, Mar. 2012. 
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Table C.3: Analysis of daily yields for the 3D modules during winter 2013 under 
different climatic conditions. Gain is the percentage improvement shown by the 
3D modules when compared to the flat modules. 

Module 
Type 

Sunny Intermediate Cloudy Total 

Average 
Daily Yield 
(mWh/cm2) 

Gain 
(cf. Flat) 

Average 
Daily Yield 
(mWh/cm2) 

Gain 
(cf. 

Flat) 

Average 
Daily Yield 
(mWh/cm2) 

Gain 
(cf. 

Flat) 

Average 
Daily Yield 
(mWh/cm2) 

Gain 
(cf. Flat) 

Flat 1.61 - 0.34 - 0.14 - 0.59 - 

A 2.53 57% 0.52 54% 0.21 48% 0.92 55% 

B 1.03 -36% 0.21 -38% 0.07 
-

49% 
0.37 -38% 

C 1.53 -5% 0.41 22% 0.16 15% 0.59 0% 

D 1.89 17% 0.45 33% 0.18 29% 0.71 20% 

 

Figure C.10 shows the diurnal pitch and yaw experienced by the modules over 

the course of a day during the winter monitoring (29/11/2013). It can be seen that the 

maximum yaw (at sunrise and sunset) is about 40°, corresponding to a horizontal angle 

of incidence of 50°. This is much less than the 70° required for the oblique angle 

enhancements seen during the summer monitoring and explains why these are absent 

during the winter months. 

 

 

Figure C.10: Outdoor monitoring during winter 2013. Diurnal pitch and yaw 
experienced on 29/11/2013. Green shaded area: sun below the horizon 
(pitch < -35°). 

0° 

30° 

60° 

90° 

-45° 

-30° 

-15° 

0° 

06:00 08:00 10:00 12:00 14:00 16:00 18:00 

Y
a

w
 

P
it
c
h

 

Time of Day 



Increasing Stability and Performance of OPVs Using LDS layers – Extra Results  XVII 

 

 

Appendix D Increasing Stability and Performance of 
OPVs Using LDS layers – Extra Results 

D.1 PLQY Results. 

Table D.1: PLQY results for discrete LDS materials. 

LDS Material 
Concentration 

(wt in MicroChem A8) 
Excitation 

Wavelength 
PLQY 

Coumarin 7 8 mg/ml 405 nm 16.0% 
Coumarin 153 8 mg/ml 411 nm 8.4% 
Kremer 94736 - blue 8 mg/ml 375 nm 5.7% 
Kremer 94736 - blue 16 mg/ml 375 nm 1.9% 
Kremer 94737 - green 8 mg/ml 447 nm 11.3% 
Kremer 94700 - orange 8 mg/ml 450 nm 22.3% 
Lumogen F red 300 8 mg/ml 445 nm 5.8% 
Lumogen F red 300 16 mg/ml 445 nm 3.6% 
Lumogen F orange 240 8 mg/ml 492 nm 8.7% 
AlQ3 8 mg/ml 385 nm 12.5% 
Europium complex 8 mg/ml 350 nm 6.3% 
DCM 8 mg/ml 462 nm 1.6% 

 

Table D.2: PLQY results for multiple-dye LDS materials. 

LDS Material 
Concentration 

(dry weight in MicroChem A8) 
PLQY 

Kremer Orange & Coumarin 153 2mg:2mg/ml 20.3% 
Kremer Orange & Coumarin 153 4mg:2mg/ml 6.3% 
Kremer Orange & Europium complex 1mg:1mg/ml 30.9% 
Kremer Orange & Europium complex 2mg:2mg/ml 23.7% 
Kremer Orange & Kremer Blue 1mg:1mg/ml 13.5% 
Kremer Orange & Kremer Blue 2mg:2mg/ml 5.5% 
Kremer Blue & AlQ3 1mg:1mg/ml 15.9% 
Kremer Blue & Europium complex 1mg:1mg/ml 25.3% 
AlQ3 & Europium complex 1mg:1mg/ml 2.7% 

 

D.2 Figures of Merit – Weighted Sums for Various Active Layers. 

In the main thesis the weighted sum is given for P3HT:PC61BM. For 

completeness weighted sums are provided for other OPV active layers which we have 

fabricated at Bangor (see Figure D.1, Table D.3 and Table D.4). 
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Table D.3: Weighted sums for discrete dyes with various OPV active layers. 

LDS Material 
Weighted Sums 

P3HT:PC61BM PTB7:PC61BM PCPDTBT:PC61BM PCPDTBT:PC71BM 

Coumarin 7 89.8% 83.3% 79.3% 79.9% 
Coumarin 153 95.7% 87.0% 84.3% 84.8% 
Kremer Blue 94.8% 86.4% 87.1% 86.6% 
Kremer Green 89.2% 82.6% 80.9% 81.2% 
Kremer Orange 85.7% 83.7% 80.6% 79.7% 
Lumogen Red 68.1% 74.4% 73.9% 70.2% 
Lumogen Orange 78.9% 77.7% 76.8% 74.8% 
AlQ3 88.5% 78.1% 77.0% 77.5% 
Europium 
complex 

94.4% 89.9% 87.7% 87.1% 

DCM 84.4% 99.0% 94.4% 89.7% 

Table D.4: Weighted sums for blended dyes with various OPV active layers. 

LDS Material 
Weighted Sums 

P3HT:PC61BM PTB7:PC61BM PCPDTBT:PC61BM PCPDTBT:PC71BM 

Kremer Orange/ 
Coumarin153 
(2mg:2mg:1ml) 

90.3% 84.0% 81.6% 81.5% 

Kremer Orange/ 
Europium 
(1mg:1mg:1ml) 

90.6% 82.4% 80.6% 80.8% 

Kremer Orange/ 
Kremer Blue 
(1mg:1mg:1ml) 

87.6% 81.2% 79.1% 78.9% 

Kremer Blue/ 
AlQ3 
(1mg:1mg:1ml) 

91.0% 81.0% 81.2% 81.1% 

Kremer Blue/ 
Europium 
(1mg:1mg:1ml) 

91.9% 83.2% 83.9% 83.5% 

AlQ3/Europium 
(1mg:1mg:1ml) 

84.9% 75.3% 75.3% 75.3% 

 

 

Figure D.1: Normalised EQE curves for various OPV active layers. 
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