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The organic photovoltaic (OPV) research field has made a remarkable advance in the past 

decades, evident by an impressive amount of work being published. Even though OPV 

research has come a long way since its beginning there is however still some way to go before 

commercialisation becomes a possibility. There are three main challenges in OPV research, 

efficiency, processability, and stability. These challenges have to be addressed both 

individually and, more importantly, in unification before commercialisation of OPVs can be 

realised. 

 

This thesis primarily focuses on the challenge area of stability, more specifically the 

characterization of chemical degradation of both OPV devices and OPV materials. The 

secondary focus was on characterization in general of OPV devices and OPV materials. The 

characterization was conducted using time-of-flight secondary ion microscopy (TOF-SIMS) 

and atomic force microscopy (AFM). 

 

A large inter-laboratory study, involving six distinct sets of OPV devices, was conducted. The 

devices were degraded under identical conditions. The devices were thereafter analysed at 

different laboratories using different analysis techniques, herein the results from TOF-SIMS 

analysis are reported and discussed. 

Degradation analysis of an active layer polymer and polymer blend was also 

conducted. The samples were degraded as a function of exposed light dose and afterwards 

analysed by TOF-SIMS and x-ray photoelectron spectroscopy (XPS). Some of the results were 

analysed using multivariate analysis to get further insight into the chemistry of the active 

layer degradation. 

The last part of the thesis are smaller TOF-SIMS and AFM studies, characterization 

studies of both OPV devices and OPV materials conducted in the duration of the PhD. 

 





 

 
 

 

Forskning inden for organiske solceller (OSC) har is de seneste årtier haft en imponerende 

fremgang som tydeligt ses af en imponerende mængde studier der er blevet udgivet. Selvom 

OSC forskning er kommet langt siden dens begyndelse, er der dog stadig et stykke vej før en 

mulig kommercialisering. Der er tre udfordringer i OSC feltet, effektivitet, bearbejdelighed, 

og stabilitet. Disse udfordringer skal både behandles individuelt og, endnu vigtigere, i 

forening før en kommercialisering af OSC kan realiseres. 

 

Denne afhandling fokuserer primært på stabilitet udfordringen, mere specifikt 

karakterisering af kemisk nedbrydning af både OSC enheder og OSC materialer. Det 

sekundære fokus har været på karakterisering generelt af OSC enheder og OSC materialer. 

Karakteriseringen blev gennemført af time-of -flight sekundær ion mikroskopi ( TOF - SIMS ) 

og atomic force mikroskopi ( AFM) . 

 

En stor inter- laboratorium undersøgelse, med seks forskellige sæt af OSC enheder, blev 

udført. Enhederne blev nedbrudt under identiske forhold hvorefter de blev analyseret på 

forskellige laboratorier af forskellige analyseteknikker. Denne afhandling indeholder 

nedbrydnings resultaterne fra TOF-SIMS analysen. 

Nedbrydnings analyse af det aktive OSC lag bestående af polymer og 

polymerblanding blev også udført. Prøverne blev nedbrudt som en funktion af eksponeret 

lysdosis og bagefter analyseret ved TOF - SIMS og røntgen fotoelektron spektroskopi (XPS). 

Nogle af resultaterne blev analyseret ved anvendelse af multivariat analyse for at få yderligere 

indblik i kemien af nedbrydningen af det aktive lag. 

I den sidste del af afhandlingen er mindre TOF - SIMS og AFM undersøgelser opsamlet, 

bestående af analyse studier af både OSC enheder og OSC, gennemført i ph.d. perioden. 
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Energy consumption is a significant part of everyone’s lives in today’s world, one might not 

think of it as such or it might not be as apparent to people. Electricity, lighting, transportation, 

clothing etc. in fact almost everything around you has consumed energy in some form at some 

point in order to have taken the shape it has and to be just there, right next to you.  

The world energy consumption has increased over the last decades and predictions 

reported in the International Energy Outlook 2013 by The U.S. Energy Information 

Administration state that the world energy consumption will grow by 56% between 2010 and 

2040 reaching a staggering 27.4TW by 2014.a This and environmental factors have lead to an 

increased interest in renewable energy and green energy, both in research, the private sector, 

and the public sector with policies written for a greener future. 

There are many types of renewable energy sources such as wind, hydro, geothermal, 

sun etc. these energy sources can be harvested and converted in different ways into 

consumable energy. Out of the renewable energy sources it is hard to argue with the fact that 

the sun is by far the largest energy source we have. 96000 TW of solar energy hits the earth in 

a year, of this a feasible solar energy supply is 67 TW based on solar cells covering 2% of land 

area and an average power conversion efficiency (PCE) of 12%.1 In theory this means that 

solar cells could substitute the global primary energy demand. However, the favourable and 

perhaps more realistic approach would be a mix of renewable energy sources because of the 

intermittent nature and lack of adequate energy storage of solar energy.1 

 

Today, there are different types of solar cell technologies, as the research and development 

has changed through the years going through so called generations of photovoltaic (PV) 

technologies.  

1st generation (1G) solar cells are single junction devices, which are mainly based on 

crystalline silicon based, and consist of today’s majority installed PV and most wide spread. 

Commercial modules typically have an efficiency of about 20%. Even though the 1G solar cells 

have a high efficiency there are some significant drawbacks that have to be considered, such 

as the cost of every energy unit produced is still higher than the same energy unit produced 

using fossil fuels. This high cost is among others due to the expensive material use (silicon 

wafers) and high production cost (high temperature, slow production). The cost per produced 

energy unit of 1G solar cells is decreasing, however, it will be difficult to compete with the 

already established fossil fuels energy market. 

2nd generation (2G) solar cells are trying to address some of these issues by using 

cheaper materials (e.g. amorphous silicon and CuIn(Ga)Se2 (CIGS)), and by producing thin 

film solar cells the production cost is further reduced. Although 2G collar cells have an 

efficiency of up to 16%, the cost per produced energy unit is still higher than the same energy 

unit produced by conventional fossil fuel energy sources.2 

3rd generation (3G) solar cells address the cost and processability issues by making 

use of cheap unconventional materials such as plastic – or polymer solar cells, however, at the 

same time 3G which can be broadly divided into dye-sensitized and organic solar cells 

                                                        
a http://www.eia.gov/forecasts/ieo/pdf/0484(2013).pdf (20-Jan-2015)  



(organic solar cells can be further divided into small molecule - , polymer - , and hybrid – solar 

cells) also covers expensive experimental and high efficient multi-junction solar cells. This 

thesis will focus on the 3G organic solar cells, in particular those based on polymers. The active 

material in polymer solar cells is based on soluble conjugate polymers that offer many 

advantages, such as simple solution processing, fast and cheap large scale production, which 

can be achieved by printing the solar cells using already existing roll-to-roll (R2R) 

technologies and temperature <140 °C. Even though the efficiency and stability of polymer 

solar cells still is inferior when compared to the inorganic 1G and 2G solar cells at 10.7% for 

record lab scale devices and 2% for large scale modules, they house great potential.3 This 

potential is evident by the increased research interests and the high expectations that organic 

solar cell technology will be a competitive, sustainable, and environmentally friendly energy 

source of the future. 

 

The basic principle behind both the organic and the other types of solar cells is the same, 

namely the conversion of electromagnetic radiation (sunlight) into electric energy, a 

phenomenon called the photovoltaic (PV) effect. The PV effect is made possible by the special 

properties that so-called semiconductors hold. Semiconductors are defined by their unique 

electric conductive behaviour which lies between that of a conductor and an insulator.  

 

The device architecture of an organic solar cell or organic photovoltaic (OPV) can in the 

simplest form be described as a 3 layered sandwich sitting on a substrate in which a 

photoactive layer or simply active layer (where the light is absorbed) sits between two 

electrodes (where the charges are collected), see Figure 1.1. This layered structure can then be 

optimized by introducing more layers, so-called buffer layers with positive effects on the OPV 

performance. 

 

 

 

 

Two main device geometries exist: the normal (or traditional) and the inverted. The normal 

geometry layers are usually built on top of a semi-transparent indium tin oxide (ITO) 

electrode followed by a hole transport layer (HTL) poly(3,4-

 

Figure 1.1 The simplest device architecture of an OPV. 



ethylenedioxythiophene):poly(styrene sulfonate) (PEDOT:PSS), the active layer, an electron 

transport layer (ETL) (e.g., LiF) and finally a low work function metal electrode (the cathode), 

see Figure 1.2a. In the inverted type geometry the order of the layers is reversed with the top 

metal electrode now being the hole collecting anode, see Figure 1.2b. The different order of 

the layers in the two geometries creates interfaces with different chemistries which may affect 

the stability. It is also very important that different types of metal electrodes can be used in 

the two cases. Low work function metals such as aluminium and/or calcium are typically 

used as back electrodes in the normal geometry while higher work function metals such as 

silver are used in the inverted geometry. As a consequence the inverted geometry devices 

tend to be much more stable, while the normal geometry devices may still have an edge in 

PCE.4 

 

 
 

Today, almost all organic photovoltaic (OPV) active layers are based on the concept of a so-

called bulk-heterojunction (BHJ), see Figure 1.2c, whereby an electron donor and electron 

acceptor component are intimately mixed and processed simultaneously into the active layer. 

There are many different types of donor and acceptor materials used e.g. small molecule, 

conjugated polymers, and fullerenes. The most common and most studied BHJ is the 

polymer:fullerene more specifically poly(3-hexylthiophene):phenyl-C61-butyric acid methyl 

ester (P3HT:PCBM). 

 

 

 

Figure 1.2 The normal and inverted device geometries are depicted in (a) and (b) respectively, with light 
entering from the bottom. (c) depicts the BHJ of the donor and acceptor materials of the active layer which in 
this case is P3HT and PCBM respectively. 



 

The principles behind the working mechanisms of an OPV device, in which light is converted 

into electric energy, are as follows (Figure 1.3): 

 Light absorption in the active layer 

 Exciton diffusion towards the interface 

 Exciton dissociation and charge separation 

 Charge transport towards the electrodes 

 

 

Light passes through the transparent electrodes and can be absorbed in the active layer. The 

band gap between the HOMO and LUMO levels of the absorbing material determines the 

minimum wavelength of the absorbed light. Therefore, a good overlap between the spectrum 

of the absorbing material (the donor or the acceptor material) and the solar emission spectrum 

is necessary to achieve optimal absorption. When a photon is absorbed in the active layer an 

electron (e-) is excited from the HOMO to the LUMO level leaving a hole (h+) in its place in 

the HOMO level. This Coulombically bound electron-hole pair is called an exciton. 

Because excitons in organic material are characterized by a relative high binding energy, 

exciton dissociation and thus the formation of charge carriers does not occur spontaneously 

in the pure materials, but rather takes place at the interface between the donor and acceptor 

materials. Hence, the excitons created by the absorption of photons have to diffuse towards 

the donor-acceptor interface to contribute to the electrical power of the cell. If the exciton 

diffusion does not occur, the electron-hole pair will recombine and the photon energy is lost. 

Due to the excitons short lifetime and low diffusion constant the resulting diffusion length is 

typically 4-20 nm. Hence, excitons created further away than their diffusion length from a 

donor-acceptor interface are lost to recombination. Therefore there is a demand for an 

 

Figure 1.3 Diagram of the working principles of a BHJ solar cell: (1) absorption of light and exciton generation, 
(2) exciton diffusion towards the donor-acceptor interface, (3) exciton dissociation and separation, and (4) 
charge transport towards the electrodes. 



intimate, nanoscale mixing of the donor and acceptor materials and hence the morphology of 

the before mentioned BHJ plays a central role in the active layer performance.5 

When the exciton has reached the donor-acceptor interface the generation of free electron and 

hole charge carriers can occur as long as it is energetically favourable. A prerequisite for an 

energetic driving force for exciton dissociation is given by the LUMO-LUMO and HOMO-

HOMO energy level difference of the donor and acceptor materials. A minimum energy 

difference of 0.3 − 0.4 eV is generally considered sufficient for charge formation, e.g. when 

energetically favourable the electron of the exciton is transferred from the LUMO of the donor 

to the LUMO of the acceptor material and thus generating a free electron and a free hole. 

After exciton dissociation the free electron and hole are transported towards the electrodes to 

contribute to the device photocurrent. The charge transport is driven by two phenomena: 

firstly, charge-carrier gradient through the device created as soon as excitons are generated, 

and secondly, the internal electric field which is the energy gradient due to the difference in 

work functions of the two electrodes. After charge separation the main loss in the OPV device 

is by bimolecular recombination. To prevent charge recombination electrons and holes have 

to be extracted at the electrode at sufficiently high rates. Which means that a high charge 

mobility and also a phase-separated morphology that provides uninterrupted pathways to 

the electrodes are needed in order to reduce the probability of recombination. 

So these internal gradients coupled with the presence of free electrons and holes are the 

underlying reasons for the production of current in OPV devices. 

 

The performance of OPVs is evaluated by electrical characterization. The measurement is 

conducted as a voltage sweep across the OPV while the current is measured, JV curve 

measurements. This means that all the components of an OPV, layers, interfaces etc. are 

probed to provide an overall device performance. 

 The JV curve can be measured in the dark (dark curve) when the device acts as a 

simple diode, see Figure 1.4. JV curve measured during illumination (light curve) are 

approximately parallel shifted with respect to the dark curve due to the current generation in 

the OPV. However, as the light curve in Figure 1.4 shows, this parallel-shift is not at all perfect 

and is this due to different types of losses within the device which are modelled as the series 

resistance (rs) e.g. contacting to the electrodes, introduction of barrier layers etc. and shunt the 

resistances (rsh) e.g. leakage of current through shunts due to defects in the layers. The current 

density at zero applied bias is referred to as the short circuit current density (JSC). The Jsc 

critically depends on the charge separation and transport towards the electrodes in the active 

layer.5 The maximum voltage generated in the device, corresponding to the voltage for which 

the photocurrent is zero, is referred to as the open circuit voltage (VOC). The VOC depends on 

the difference between the electrode work functions and the difference between the HOMO 

and LUMO levels of the donor and acceptor materials, respectively. 



 

The power of an OPV under operation is described by equation (5). 

 𝑃 = 𝐽 × 𝑉 (1) 
 

where the P, J and V are power, current and voltage respectively. 

 

The OPV thus has a maximum power output at some point on the JV curve, this point is 

referred to as the maximum power point (MPP) and is defined by equation (2). 

 

 𝑀𝑃𝑃 = 𝐽𝑚𝑎𝑥 × 𝑉𝑚𝑎𝑥 (2) 
 

where the Jmax and the Vmax are the current and voltage respectively at the MPP. 

 

The fill factor (FF) is used to quantify the ratio between the MPP power output and the 

maximum theoretical power output and can be expressed in equation 3. 

 

 
𝐹𝐹 =

𝑀𝑃𝑃

𝐽𝑆𝐶 × 𝑉𝑂𝐶
=

𝐽𝑚𝑎𝑥 × 𝑉𝑚𝑎𝑥

𝐽𝑆𝐶 × 𝑉𝑂𝐶
 (3) 

 

The FF thus describes the losses relative to an ideal diode and is affected by the before 

mentioned rs and rsh. 

 

The power conversion efficiency (PCE or η) relates the power output (Pout) to the power input 

(Pin – the incident light power) and can be described by equation 4. 

 
𝜂 =

𝑃𝑜𝑢𝑡

𝑃𝑖𝑛
=

𝐽𝑚𝑎𝑥 × 𝑉𝑚𝑎𝑥

𝑃𝑖𝑛
=

𝐽𝑆𝐶 × 𝑉𝑂𝐶 × 𝐹𝐹

𝑃𝑖𝑛
 (4) 

 

 

 

Figure 1.4 Schematic plot of the JV characterization curves of an OPV measured during illumination and in 
the dark, key cell parameters are indicated in the plot. 



 

There has been an increased research interest in the general OPV field, covering a large 

number of focus areas such as efficiency, processing techniques, new materials and material 

optimization, device configuration, and lifetime and stability. Impressive progress has been 

made in many of the focus areas.6 

Although OPVs can offer many advantages as already mentioned, with cheaper 

materials, faster processing and so on there are some severe drawbacks in the existing OPV 

technology that inhibits the commercialisation of the technology. For OPVs to reach 

commercialisation there are three factors that need to be unified, efficiency, stability and 

processing, together this is called the unification challenge.7 This means that that an OPV 

needs to combine a high performance in all three areas to be a viable alternative to already 

existing energy conversion technologies. The focus should therefore be on the development 

of OPV devices that fulfil all three criteria. 

The PCE for OPV is generally significantly lower than that of inorganic PVs.2,3 That is one of 

the reasons for why PCE optimization still receives the largest research interest in the field of 

OPV, the current record is 10.7% small scale laboratory devices and around 3.5% for large-

scale R2R devices. The PCE optimization of small scale laboratory devices has no direct 

practical applicability when transferred to large-scale processing; the PCE optimization is 

often lost and has to be started again. 

The transfer from small scale laboratory devices to large scale processed devices is necessary 

in order obtain a lower unit cost and for the commercialisation realization of OPVs. The 

progress in processing of OPV has been rapid in the last years with the use of already existing 

R2R printing technologies which allows fast large area production with minimum manual 

handling. However, as this is still a relatively new field there is still a lot of research and 

development needed to fully realize satisfactory properties of the printed OPVs. 

The area of stability and lifetime has perhaps received the least research interest; however, 

this is changing now with more and more research papers addressing polymer and OPV 

device stabilities. Also here, there has been impressive progress made with device lifetime 

optimization where the lifetime has increased from minutes to a few years in outdoor 

conditions.4,8 

 The focus of the thesis has been to characterize the stability and lifetime and thus the 

degradation of OPVs, therefore this area has been introduced in more detail below. 

 

Ideally a solar cell technology should have a constant performance over time when subjected 

to illumination and should also show little dependence on inevitable operational 



environmental changes such as temperature, humidity and light intensity. This is however 

not the case. Out of the before mentioned generations of PV technology, it is the OPVs that 

present the greatest and most complex collection of degradation phenomena, one of the 

reasons is simply that the architecture has become more elaborate with a large choice of layer 

components and in turn the pathway for failure has significantly increased.  

 Lifetime and stability are determined by the magnitude and multitude of 

degradation mechanisms that occur throughout the whole device not only under operation 

but also during storage. A detailed understanding of the degradation mechanisms is of utmost 

importance if acceptable lifetimes are to be achieved, which is a prerequisite for large- scale 

application and thus commercialization. OPV degradation is highly complex and constitutes 

an analytical challenge due to the multitude of materials, interfaces, and device architectures 

that are constantly being modified and optimized. 

 

 

 
 

Some of the degradation mechanism at play can be seen Figure 1.5. Photo-oxidation, thermal 

oxidation, indium migration, diffusion of water and oxygen into the cell, hole and electron 

transport degradation, morphology and phase changes if the active layer, indium migration, 

and the list could go on and on. As mentioned, there are a multitude of degradation pathways 

possible in an OPV device, influenced both by internal and external factors. To get a better 

overview of the stability of OPVs the reader is referred to a review that was co-authored 

during the PhD, attached in Appendix B.4 Other reviews include.7,9–11 

 

 

 

Figure 1.5 cross section view of a typical BHJ OPV device illustrating some of the many degradation pathways 
that can occur within an OPV device. Adapted with permission form Elsevier7 



 

There are many different techniques that can be used and some are already established in the 

OPV research field such as, electrical characterization, infrared spectroscopy (IR), UV-visible 

spectroscopy (UV-vis), optical microscopy, fluorescence microscopy, atomic force microscopy 

(AFM), scanning electron microscopy (SEM), transmission electron microscopy (TEM), light-

beam-induced-current microscopy (LBIC), X-ray techniques, time-of-flight secondary ion 

mass spectrometry (TOF-SIMS) only to mention a few. There are different ways that OPVs 

can be characterized from the individual materials or building block e.g. the polymer in the 

active layer to individual layers e.g. the electrodes, the active layer etc. and finally as multi-

layered completed OPV devices.12  

 The thesis will focus on the use of TOF-SIMS and AFM as characterization 

techniques of OPV materials, individual layers and whole devices. Herein, TOF-SIMS has 

been the main technique used for chemical OPV degradation pathway characterization. 

 

 

 

Figure 1.6. Schematic of the basic working principles of TOF-SIMS, (1) an ion gun is used for sputtering 
(removing of materials) (2) ion analysis gun is used for analysis, these ions are often called primary ions (3) 
when the primary ions hit the surface a collision cascade occurs repelling secondary species (molecules, 
fragments, atoms) from the top surface, less than 1% of the secondary species are ionized and can be further 
analysed (4) the secondary ions generated (m+ and m−) are extracted from the surface and mass analysed in a 
TOF mass analyser (5) the secondary ions’ flight time are then detected at the detector and thus a mass 
spectrum of the analysed area can be generated. 



 

The main analytical technique used during this PhD has been time-of-flight secondary ion 

mass spectrometry (TOF- SIMS), a technique producing direct chemical information. TOF-

SIMS is a widely used technique for surface chemical analysis for biological, organic and 

inorganic samples.13 TOF-SIMS is useful for identification of trace elements, organic molecules 

and polymers on surfaces, with better than 1 ppm sensitivity for some molecules and down 

to ppb sensitivity for some elements. 

 

A simplified schematic of the working principles of TOF-SIMS can be found in Figure 1.6. 

The sample surface is bombarded by a high energy (usually 5 – 40 keV) primary ion beam in 

an ultra-high-vacuum (UHV) environment. The high-energy impact results in cascades of 

collisions between atoms and molecules in the solid, some of which return to the surface 

region resulting in sputtering (removal from the surface) of molecules, molecular fragments 

and atoms. While the technique is apparently destructive, the essence of the static mode is to 

use an extremely low dose of primary ions (never more than 1013 ions cm-2) so that within the 

time frame of the experiment less than 1% of the top surface layer receive an ion impact. This 

ensures that no point on the surface receives more than one hit and that the ions detected are 

from the virgin surface. 

A small portion (<0.1 %) of the sputtered species are ionized as they leave the surface and it 

is these secondary ions that can be analysed by mass spectrometry. In TOF-SIMS the 

secondary ion species are extracted from the surface by a time-of-flight mass analyser and 

convert their flight time from the surface to the detector into m/z (mass over charge) to 

provide the mass spectrum which thus reflects the surface chemistry of a given sample. 

The mass spectral data, i.e. the mass spectrum, constitutes the raw data of a TOF-SIMS 

analysis. The spectrum contains information on the molecular structure (in particular for 

organic molecules and polymers). Element identification is straight forward. Some structural 

information is stored in the systematic series of peaks; other information can be extracted from 

single peaks. Peak identification is based mainly on a combination of accurate mass (from 

calibration) and isotope distribution. 

 

Data is acquired from comparatively large areas directly at the surface. Element identification 

and structural molecular information can be obtained (mass). 



Data is acquired as a function of the position of a localized analysis bean at the surface. 

Information on the lateral distribution of the surface chemistry is obtained (x, y, mass). 

Data is acquired as a function of depth. The deeper layers are normally accessed by sputter 

erosion. Information on the lateral and vertical distribution of chemistry in the material is 

obtained (x, y, z, mass).  

 A schematic cross-section of an OPV at various stages of depth profiling along with 

the resulting depth profile are shown in Figure 1.7a and b, respectively. It is to be noted that 

the depth profile shown in Figure 1.7b is an ideal case, in reality it is often the case that 

interfaces and depth resolution are not so defined as they are effected by numerous 

parameters such as sputter rate and sample thickness to only mention a few. Figure 1.7c shows 

the sputter erosion through the top layers of an OPV device at various sputter times of a depth 

profile experiment. 

 

 

Figure 1.7 a) schematic cross-section of an OPV device at various stages of depth profiling, b) schematic depth 
profile showing the intensity of the various materials as a function of sputter time (i.e. depth). c) optical 
images of a sample surface at different sputter times as indicated. 

 

 

Although TOF-SIMS is a fairly specialized and not so wide spread technique there are some 

examples where TOF-SIMS has been used as a characterization tool of OPV materials and 

OPV devices. Most of the examples are of characterization in general often focusing on the 

active layer material BHJ.14–21  Whereas publications on specifically OPV degradation 

characterization the majority originates from the research group led by Frederik C. Krebs at 

DTU Risø campus, which is the group that I have been conducting my PhD research for the 

past since October 2010.8,22–26 

 

  



 

Multivariate analysis (MVA) involves the use of simultaneous statistical procedure of two or 

more variables in a data set. An essential aspect of MVA is the statistical study of the 

dependence (covariance) between variables. Using a small number of statistical variables to 

summarise the data, the interpretation of complex data sets including a large number of 

dependant variables can quickly be simplified.27  

 A typical TOF-SIMS spectrum can contain hundreds of peaks, the intensity of which 

can vary due to the composition, structure, order, and orientation of the surface species. TOF-

SIMS data are inherately multivariate since the relative intensities of many of the peaks within 

a given spectrum are related, due to the fact that they often originate from the same surface 

species.28 The use of MVA on TOF-SIMS data has increased in recent years, as is seen by an 

increase in publications.27,28 There are many different MVA methods that are applicable to 

TOF-SIMS data, however herein only a brief introduction to principle component analysis 

(PCA) and multivariate curve resolution (MCR) are given. For further details on these 

methods and other, see references.27–30 

 

PCA is a MVA technique for reducing matrices of data to their lowest dimensionality by 

describing them using a small number of orthogonal components. The aim of the PCA is to 

extract principal components (PCs), that capture the largest amount of variance within the 

multi-dimensional data set.27 

 

MCR is designed for recovery of pure components from multi-component mixtures, when 

little or no prior information is available. MCR uses and iterative least-squares algotihm to 

extract solutions to the component analysis, while applying suitable constraints.27 MCR is 

often used for TOF-SIMS ion image analysis.31–35 

 

Atomic Force microscopy (AFM) is a well–established imaging technique most commonly 

used to visualize surface topography. AFM provides Ångstrøm range resolution in both the 

lateral and vertical planes under ideal conditions. A clear disadvantage is the limited analysis 

area and a very slow acquisition time. 

 

In contact mode the tip is in contact with the surface while acquisitioning an image, surface 

damage by the tip can be very common as the two are in constant contact. Contact mode is 

preferred on hard sample surfaces 

 

In tapping mode (sometimes referred to as intermittent contact mode) the tip resonates over 

the surface at its own resonance frequency. This means that the tip only comes close to the 



surface a fraction of the time, therefore intermittent contact mode is a much "softer" image 

acquisition, which often results in a higher resolution and, more importantly, less surface 

damage by the tip 

 

The primary aim of the PhD project was to characterize possible degradation occurring in 

OPV devices and OPV materials. The ultimate goal was thus to increase the stability and life 

time of OPVs. The secondary aim was to generally characterize OPV devices and OPV 

materials. The characterization was conducted using TOF-SIMS and AFM as analysis 

techniques. 

 

The research section of the thesis has been divided into 3 chapters. 

Is based on a large inter-laboratory study where different types of OPV devices were 

systematically degraded and analysed 

Looks at the active layer degradation pathways, degraded by concentrated light and analysed 

by TOF-SIMS and XPS. The mass spectra were then analysed by multivariate methods. 

The last research chapter is a collection of smaller TOF-SIMS and AFM 

analysis/characterization work conducted during the PhD period that have been published. 

This chapter then provides different OPV analysis examples. 

 

 

During the PhD study a long list of publications has been produced, whereby this thesis 

focuses on a selection of these that have been highlighted in blue. 
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2 This chapter is based in its entirety on the 4th and final published article of the article series which were the 
outcome of the ISOS-3 collaboration.26 



 

The presented work was part of a large inter-laboratory study that resulted from the 3rd 

International Summit on Organic Stability (ISOS-3) held at the DTU Risø campus in Roskilde, 

Denmark in October of 2010.36 The collaboration involved six laboratories (Table 2.1) capable 

of manufacturing OPV devices, which produced seven distinct sets of OPV devices. The 

devices were all shipped to DTU Risø where they were degraded under identical well-defined 

conditions. Three different degradation conditions were used in accordance with the ISOS-3 

protocols: accelerated full sun simulation; low level indoor fluorescent lighting; dark storage 

with daily monitoring of the photovoltaic parameters.36 These conditions will be referred to 

as ‘‘full sun’’, ‘‘fluorescent’’ and ‘‘dark’’, respectively. The devices were analysed and 

characterized at different points of their lifetime by a large number of non-destructive and 

destructive techniques at different laboratories in the ISOS-3 collaborations. The terminology 

used for a lifetime of a device extracted from the degradation experiment is ‘‘TXX’’, where XX 

denotes the percentage which the PCE has declined to from the initially measured PCE, i.e. 

T100 is the initial measurement, T80 is when PCE has declined to 80% of its initial value etc. 

The original goal was to extract the devices from the degradation experiment at T100, T80, 

T50, and T10, which more or less was achieved (some devices never reached T10 within the 

timeframe of the project). Once a device was extracted it was not reused, and since some of 

the characterization methods are destructive, it was necessary to manufacture a large number 

of devices. The degradation experiments lasted up to 1830 hours and involved more than 100 

devices with more than 300 cells (a device can contain several cells). 

 The extent of the laboratories involved in the ISOS-3 collaboration can be seen on the 

map in Figure 2.1 where the OPV manufacturing labs and analysis labs are highlighted. The 

different OPV devices investigated in the collaboration are illustrated in Figure 2.1a-f. 

 

 

 

Figure 2.1 A map of all the participating laboratories is depicted on the right hand side showing different 
colour dots for manufacture, degradation and characterization laboratories. The left hand side (a – f) 
illustrates the seven different OPV devices that were part of the ISOS-3 study. 



The ISOS-3 inter-laboratory study has produced a vast amount of results, resulting in four 

articles, hereafter termed ISOS-3 reports.37–39 The different device manufacturing methods 

along with the degradation procedures and electrical characterization have been presented in 

the first ISOS-3 report.37 The second ISOS-3 report describes work using a suite of imaging 

techniques to map specific degradation mechanisms.38 The following imaging techniques 

were employed: laser-beam induced current (LBIC), photo- luminescence imaging (PLI), 

electroluminescence imaging (ELI) and lock-in thermography (LIT). In addition to analysing 

the ISOS-3 devices at specified T-values (in this case corresponding to different devices and 

thus cells), selected devices were cycled in order to monitor the evolution of spatial defects on 

the same cell. In the ISOS-3third report incident photon-to-electron conversion efficiency 

(IPCE) and in situ IPCE were employed to describe various degradation mechanisms.39 The 

fourth ISOS-3 report is the basis of this chapter. The most important conclusions regarding 

degradation mechanisms based on the previous ISOS-3 reports are summarized in the 

following. 

 

The combination of the imaging techniques LBIC, PLI, ELI and LIT suggested that the main 

degradation mechanisms were the following:38 

 

 Formation of aluminium oxide (at the aluminium electrode). 

 Formation of blocking contacts due to silver oxide formation or ZnO dedoping. 

 Electro-migration of silver (especially at the edges due to enhanced electric fields). 

 Water and oxygen ingress through pinholes and from the edges of the cells. 

 Water release from highly conductive PEDOT:PSS. 

 

The overall conclusion based on the imaging results is that OPV device stability is mostly 

controlled by the instability of the charge collecting electrodes. It should be emphasized that 

these imaging analyses alone do not directly reveal degradation mechanisms, complementary 

information is often necessary to come to plausible conclusions. Ideally, it would make sense 

to combine the analyses with techniques that produce direct chemical information. Because 

the IPCE and in situ IPCE analyses were conducted in both ambient and N2 atmospheres it 

was possible to identify the materials more susceptible to degradation caused by molecular 

oxygen and water. The result of the IPCE and in situ IPCE analyses resulted in the following 

major conclusions/ comments regarding degradation:39 

 

 For some of the encapsulated devices the degradation could possibly be initiated at 

the Ag or Au/PEDOT:PSS interface by the formation of a chemical bond between the 

Ag (or Au) and the PEDOT:PSS, which can occur in the absence of oxygen and water. 

 The devices without encapsulation were highly dependent on atmospheric conditions 

and water uptake was a major problem attributed to the hygroscopic nature of 

PEDOT:PSS and semiconductor oxides. 

 For the devices without encapsulation the water uptake was observed to be random 

and reversible. 

 For the devices without encapsulation water will primarily degrade the electrodes of 

the cell. 



 The cells within a device (a device can contain several cells) degraded differently 

depending on the position of the cell in the device. 

 

The present work constitutes the fourth and final report in the series of reports that resulted 

from the ISOS-3 inter- laboratory study. The main analytical technique used in this work is 

time-of-flight secondary ion mass spectrometry (TOF- SIMS), a technique producing direct 

chemical information. The secondary technique is X-ray photoelectron spectroscopy (XPS), 

which also produces direct (but complementary) chemical information. The basic information 

of TOF-SIMS is mass spectral information, i.e. chemical information. TOF- SIMS imaging has 

an exceptional low probe depth of 1–2 nm and is able to obtain surface images based on the 

mass spectral information. Furthermore, material can be sputtered away from the surface 

during the TOF-SIMS imaging analysis, i.e. a microscopic hole can be made that when 

combined with the imaging capability produces a depth profile, i.e. mass spectral- based 

images as a function of depth. The principle of TOF- SIMS depth profiling was discussed in 

Chapter 1 see Figure 1.7 for further details. The fact that TOF-SIMS produces direct chemical 

information from any given point in the cell makes it, in principle, an ideal technique to either 

directly identify a degradation mechanism, or complement the analysis results described in 

the previous ISOS-3 reports.37–39 However, there are certain limitations such as a poor depth 

resolution, which makes it challenging to detect interface phenomena. Furthermore, the depth 

profiling properties used are such that all molecular information is destroyed leaving only 

atomic ions and small fragment ions to be monitored. Finally, the data interpretation can be 

very challenging due to the enormous amount of mass spectral peaks generated during a TOF-

SIMS analysis, which is problematic if one does not know specifically what one is looking for, 

i.e. ‘‘looking for a needle in a haystack situation’’. 

 

The main focus of the work presented herein is to study the degradation of the active bulk 

material monitored by the oxygen incorporation that will be correlated with loss in 

performance for the various ISOS-3 devices. Furthermore, the oxygen incorporation will be 

quantified by correlating the TOF-SIMS results with results obtained by the quantitative XPS 

technique. Furthermore, degradation mechanisms suggested in the previous ISOS-3 reports 

will be correlated with information extracted from the TOF-SIMS depth profiling analyses. 

Finally, trends between loss in cell performance and information extracted from the TOF-SIMS 

depth profiling data will be described and discussed. 

 

Experimental details concerning the manufacture of the ISOS-3 devices, the degradation 

experiments, and characterization of the photovoltaic parameters can be found in the first 

ISOS-3 report.37 Relevant information regarding the present work is that seven distinct device 

types (Table 2.1) were degraded under three different conditions: full sun, fluorescent, and 

dark (as mentioned previously in the text). The devices were extracted from the degradation 

tests at different lifetimes corresponding to (more or less) T100, T80, T50 and T10, and 

subsequently shipped to the participating laboratories around the world for analysis. The 

destructive analyses were obviously performed last and when Risø DTU (that initially 



performed the degradation experiments) received the devices for the destructive TOF-SIMS 

analysis, they were placed in a glove box in a dry nitrogen atmosphere. Devices that were 

encapsulated had the encapsulation removed. A TOF-SIMS depth profiling analysis cannot 

penetrate the thick encapsulation. The Risø DTU cells were laminated and when delaminated 

the layers detached at the PEDOT:PSS/P3HT:PCBM interface, which turned out to be 

fortunate (will be evident later in the text). The devices and partial devices were placed on a 

TOF-SIMS sample holder in the glove box that was then placed in a specially designed transfer 

vessel that can sustain a controlled atmosphere long enough for the transfer vessel to be 

inserted into the vacuum chamber of the TOF-SIMS instrument. The encapsulated devices 

were thus never exposed to ambient air between the degradation experiments and the TOF-

SIMS analysis. After the TOF-SIMS analysis the devices were transferred back to the glove 

box and stored until possible reanalysis. 

 

Table 2.1 Device configurations used in the ISOS-3 study 

Laboratory Device configurations 
Encapsulation and/or 
substrate (back – 
front) 

IAPP 
Al/BPhen/C60/ZnPc:C60/BF-DPB:C60F36/ 
C60F36/ITOa 

Glass – glass 

ISE Au/PEDOT:PSS/P3HT:PCBM/Cr/Al/Crb Glass – glass 
Holst Al/LiF/P3HT:PCBM/PEDOT:PSS/SiN, Ag Stainless steel – glass 

Risø DTU S Ag/PEDOT:PSS/P3HT:PCBM/ZnO/ITO 
UV filter barrier – 
PET, UV filter barrierc 

Risø DTU P 
Ag/PEDOT:PSS/P3HT-co-
P3AcET:PCBM/ZnO/ITOd 

UV filter barrier – 
PET, UV filter barrier 

IMEC Al/Ag/MoO3/P3HT:PCBM/ZnO/ITO None – glass 
NREL Al/Ag/PEDOT:PSS/P3HT:PCBM/ZnO/ITO None – glass 
a BPhen is 4,7-diphenyl-1,10-phenanthroline, C60 is Buckminsterfullerene, ZnPc ia zinc-phtalocyanine, BF-
DPB is N,N’-((diphenyl-N,N’-bis)9,9,-dimethyl-fluorene-2-yl)-benzidine. b PEDOT is poly(3,4-
ethylenedioxythiophene), PSS is poly(styrenesulfonate), P3HT is poly(3-hexylthiophene), PCBM is 
phenyl-C61-butyric acid methyl ester. c UV filter barrier is a 90 μm thick multi-laminate with a UV-filter 
with a pressure sensitive adhesive, PET is a 130 μm thick poly(ethylene terephthalate) substrate. d P3HT-
co-P3AcET is poly(3-hexylthiophene-co-3-(2-acetoxyethyl)thiophene). 

 

TOF-SIMS analyses were performed on six out of the seven distinct devices. The IAPP device 

was omitted since the main objective in this study was to compare the oxygen incorporation 

in the active material as a function of loss in performance. 

 

The IAPP device is the only device not using P3HT:PCBM as the active material. The intensity 

of a mass spectral marker can only be compared for the same material when different cells are 

compared due to the response factors that are material dependent in a TOF-SIMS analysis. 

Another problem with the IAPP device was the long lifetime that by far exceeded the 1830 

hours that the degradation experiments lasted. However, the IAPP device has previously been 

extensively studied at Risø DTU.24 In that particular study the device was exposed to 

controlled atmospheres without encapsulation and illuminated (AM1.5G, 330 W m–2, 49 °C). 

T50 was found to be ~2700 hours in a N2 atmosphere, 74 hours in an O2 : N2 atmosphere, and 

11 hours in a H2O : N2 atmosphere. It was found that water significantly causes the device to 



degrade. The two most significant water-induced degradation mechanisms were found to be: 

(i) diffusion of water through the aluminium electrode in between the grains, resulting in 

formation of aluminium oxide at the BPhen/Al interface, and (ii) diffusion of water into the 

active layer (ZnPc : C60), where ZnPc, but not C60, becomes oxidized. Figure 2.2 shows 

schematics of the devices that were studied in this work, and associated layer thicknesses. 

 

 

 

The TOF-SIMS analyses were performed using a TOF-SIMS IV (ION-TOF GmbH, Munster, 

Germany). 25 ns pulses of 25 keV Bi+ (primary ions) were bunched to form ion packets with a 

nominal temporal extent of o0.9 ns at a repetition rate of 10 kHz, yielding a target current of 

0.7 pA. These primary ion conditions were used to obtain mass spectra, ion images, and depth 

profiles. Depth profiling was performed using an analysis area of 200 x 200 mm2 centred in a 

sputter area of 300 x 300 mm2. 30 nA of 3 keV Xe+ was used as sputter ions. 

An encapsulated IMEC device was analysed in a slightly different way: the encapsulation was 

removed and the Al–Ag–MoO3 stack was partly removed. 11 x 8 mm2 surface areas were then 

imaged, each covering four cells on the device. These images were cropped to sizes 

corresponding to the individual cells (5.2 x 2.7 mm2). Depth profiling was performed on the 

encapsulated IMEC device at various surface locations using an analysis area of 500 x 500 mm2 

centred in a sputter area of 750 x 750 mm2. For all analyses electron bombardment (20 eV) was 

used to minimize charge built-up at the surface. Desorbed secondary ions were accelerated to 

2 keV, mass analysed in the flight tube, and post-accelerated to 10 keV before detection. The 

 

Figure 2.2 (a–e) illustrate the different device layer structures (materials and thicknesses) investigated 
in this work. The tilted sections on devices (a–c) indicate where the devices were opened/delaminated, 
thus making the TOF-SIMS analysis possible. The active layers of all the devices consisted of 
P3HT:PCBM except the Risø DTU S device that had the slightly modified P3HT polymer P3HT-co-
P3AcET. The molecular structures of P3HT and P3HT-co-P3AcET are shown in (f). 



relative degree of oxygen incorporation (i.e. degradation) in the bulk active material is 

extracted from the depth profiling data by evaluating the depth profiles in order to pinpoint 

the sputter time window that corresponds only to the bulk P3HT:PCBM material. This is 

exemplified by the NREL device that exhibits illustrative depth profiles (Figure 2.3) that 

demonstrate the principle. 

 

 
Careful selection of more or less specific mass spectral markers enables distinction between 

the individual layers. Within the sputter time window for the P3HT:PCBM material the goal 

was to pinpoint where all the signal intensities are constant/parallel, i.e. without interference 

from other species. The oxygen depth profile (O–) in Figure 2.3 shows that in that particular 

case there is only a limited sputter time window available due to interference from ZnO and 

ITO that contributes to the oxygen depth profile (O–). In this case the interference is probably 

caused by a small degree of interlayer mixing, which is not caused by the sputter process that 

acts in the opposite direction. Furthermore, a depth profile only makes physical sense if the 

lateral plane of the probed volume is homogeneous, so to ensure lateral homogeneity the ion 

images were carefully analysed and any abnormalities such as spatially localized 

contaminants (e.g. particles) were bypassed in the dataset, which ensured that only the photo-

oxidation was probed. The depth profiles in Figure 2.3 also demonstrate the unfortunate poor 

depth resolution that worsens for longer sputter times. It should be emphasized that different 

materials have different sputter rates, so there is no correlation between relative sputter time 

windows and relative layer thicknesses. To ensure that the extracted information could be 

compared within and across the different devices some simple measures had to be taken 

during the data interpretation. It is not a problem to maintain the experimental analysis 

conditions over short periods of time, however, due to the large amount of devices that were 

analysed over a very long time it was impossible to reproduce the experimental conditions 

accurately. The signal intensity is sensitive towards some instrumental parameters, so in order 

 

Figure 2.3 TOF-SIMS depth profiles of a T100 NREL device (the layer structure is indicated at the top of the 
figure). Various carefully selected mass spectral markers identify the different layers (grey lines). The oxygen 
profile (dashed blue line) and the indicated sputter time window corresponding to the bulk of the 
P3HT:PCBM material show from where the information is extracted. The thin PEDOT:PSS layer is defined by 
the Na+ profile (not shown) and does not overlap with the 5 minute sputter time window in question. 



to eliminate the instrument effects and maintain the comparability the following procedure 

was adapted: in each case equally sized sputter time windows corresponding to 30 scans were 

chosen. More importantly, the oxygen signal intensity was normalized against the sum of 

most of the abundant signals within the same sputter time window, which constituted (for 

the sputter conditions in question) the following signals: Cn (n = 2–4; 6–10). The peak C5– was 

omitted due to significant peak overlap and C1– was omitted because it, for unknown reasons, 

worsened the reproducibility. It was thus Int(O–)/Int(Cn , n = 2–4; 6–10) that was extracted 

from each depth profile (the ratio was multiplied by a factor of 1000 for practical reasons), 

which provides a semi-quantitative measure of the relative oxygen incorporation in the active 

layer for various devices at different lifetimes (T100, T80, T50, T10). 

 

XPS was employed to convert the semi-quantitative TOF-SIMS information into quantitative 

XPS information by correlating XPS data with TOF-SIMS data, i.e. creating a calibration curve. 

The XPS analyses were performed on a K-alpha (Thermo Electron Limited, Winsford, UK) 

using a monochromatic Al-Ka X-ray source and a take-off angle of 901 from the surface plane. 

Atomic concentrations were determined from surface spectra (100–600 eV, 200 eV detector 

pass energy, 5 scans) and were calculated by determining the relevant integral peak intensities 

using a Shirley type back- ground. All XPS analyses were repeated at least three times on 

different surface locations. 

 

 

When studying oxygen incorporation/uptake in P3HT:PCBM (i.e. degradation) it is obviously 

interesting to attempt to quantify how much oxygen is incorporated. This turned out to be far 

from simple. The first approach was to create a series of calibration samples from which a 

calibration curve could be obtained. P3HT:PCBM was spin-coated onto ITO-coated glass 

substrates (ITO improved the quality of the mass spectral peak shapes) and illuminated for 

varying amounts of time. The idea was then to perform non-quantitative TOF-SIMS depth 

profiling on these calibration samples, extract the normalized oxygen intensities and then 

perform quantitative XPS depth profiling on the same samples, and subsequently correlate 

the data. This was, however, not possible because during the XPS depth profiling analysis the 

oxygen becomes underestimated due to a sputter phenomenon. The same phenomenon 

applies for the TOF-SIMS depth profiling but that is of less importance since TOF-SIMS is not 

quantitative to start out with, the only effect is a decrease in sensitivity towards oxygen during 

TOF-SIMS depth profiling. This problem was solved by performing XPS spectroscopy directly 

on the surfaces (i.e. not depth profiling) of the calibration samples and correlating these results 

with the TOF-SIMS depth pro- filing data. This is only justified because the surface chemistry 

appears to be equivalent with the bulk chemistry (often not the case), which is documented in 

Figure 2.4 for a spin-coated P3HT:PCBM sample. As is evident from Figure 2.4 all the profiles 

have a constant intensity from the first scan, which suggests that the surface chemistry in this 



case is equivalent to the bulk chemistry. It is therefore justified to correlate surface obtained 

XPS data with bulk obtained TOF-SIMS data. 

 
The second problem was caused by a well-described phenomenon. P3HT has the ability to 

interact with molecular oxygen resulting in the formation of a charge transfer complex 

(equation (5)).40–4219–21 The process is reversible and is thus sometimes referred to as 

reversible degradation, see equation (5): 

 

 𝑃3𝐻𝑇 + 𝑂2 ⇋ [𝑃3𝐻𝑇𝛿+ ⋯ 𝛿−𝑂2] (5) 

 

Abdou et al.40 described the phenomenon for poly(3-alkylthiophenes) and found that ~1% of 

the p-conjugated segments and ~30% of the dissolved molecular oxygen form a charge 

transfer complex, which corresponds to a charge transfer complex concentration of ~1.3 x 10–

3 M. They found that the complex is weakly bound (DHo = -10.6 kJ mol–1) and possesses a 

distinct absorption band in the visible region. The electronic properties of the material are 

affected by the complex depending on the oxygen pressure. The authors found that the 

complex causes the carrier concentration to increase, the conductivity to increase, and the 

charge carrier mobility to be lowered, and the complex is a fluorescence quencher of mobile 

polaronic excitons. 

In a recent publication Guerrero et al.41 studied the phenomenon in OPV devices 

with the configuration Ag–Ca–P3HT:PCBM–PEDOT:PSS–ITO. The authors showed that the 

complex is present in complete cells and that it is responsible for photocurrent reduction and 

loss in photo-voltage. Furthermore, it was found that irreversible degradation induced by 

molecular oxygen is attributed to calcium oxide formation. 

Aguirre et al.42 demonstrated that illuminating P3HT in the presence of air induces 

persistent radical cations on the P3HT chains. They found that the photo-induced charges are 

stable at room temperature for several hours, but recombine quickly if the air is removed from 

the atmosphere. The authors postulate, that the persistency of the photo-induced charges is 

possible due to the existence of an energy barrier separating the excited charge transfer state 

 

Figure 2.4 TOF-SIMS depth profiles of a spin-coated P3HT:PCBM sample. The sample was spun from 
dichlorobenzene (20 : 20 mg ml–1) at 800 rpm for one minute producing a 208 ± 3 nm film thickness (measured 
by AFM profilometry). The sputter process is in increments of 10 s using 3 keV Xe+ (30 nA) over a 300 x 300 
mm2 surface area and the analysis covers the central 200 x 200 mm2 part using 0.7 pA Bi+. The sputter time 
scale was converted to a depth scale from a measured sputter rate of 5.26 ± 0.08 nm min–1 (only valid for 
P3HT:PCBM). 



from the ground state charge transfer complex. The barrier is proposed to be a result of 

stabilization of the excited charge transfer state and possibly a result of chemical interaction 

between P3HT and molecular oxygen, resulting in a so-called relaxed charge transfer state. 

Finally, it was found that lowering the pressure of air in the chamber was sufficient to break 

up the charge pair. 

In the present work the afore-mentioned calibration samples were spin-coated in 

ambient air and stored for ~20 hours in darkness in ambient air before being transferred to 

the vacuum chambers of the TOF-SIMS and XPS instrument. It became evident that the charge 

transfer complex had to be considered. 

When extracting the normalized oxygen intensities from the calibration samples an 

effect of time was observed. This is demonstrated in Figure 2.5 for various spin-coated 

P3HT:PCBM samples exposed to various experimental conditions. All samples exhibit the 

same behaviour, which is a decrease in normalized oxygen intensity (oxygen content in the 

material, i.e. not in the gas phase) as a function of time. This phenomenon is not related to 

simple diffusion of solubilized molecular oxygen out of the material, which is a process that 

takes place within a few minutes at the most. It is presumably an effect of the reversible 

formation of the charge transfer complex (equation (5)). Once the samples are placed in a 

vacuum the equilibrium follows Le Chatelier’s principle and shifts towards removal of 

molecular oxygen from the complex, i.e. depletion of the charge transfer complex. 

 

 

 

Figure 2.5 Normalized oxygen intensity of the film as a function of time in vacuum for spin-coated 
P3HT:PCBM films. The probe depth was ~25 nm. The samples were spun from dichlorobenzene (20 : 20 mg 
ml-1) at 800 rpm for one minute. All illuminated samples were not annealed prior to illumination. The 
normalized oxygen intensity was extracted from TOF-SIMS depth profiles as described earlier in the text. All 
samples were introduced into the vacuum chamber approximately 20 hours after spin coating. It took 3 
minutes to pump down and an additional 3 minutes to set up the analysis before data could be collected. The 
red dashed line indicates the sample that is illuminated for 5 hours and then reanalysed after storing in 
darkness in ambient air. 



The plots in Figure 2.5 contain a lot of interesting information. If the result obtained for the 

non-annealed non-illuminated sample (black line) is compared with the annealed non-

illuminated sample (light blue line), it is clear that a significant drop is observed in the 

normalized oxygen intensity. This has been confirmed by XPS that shows a 30% drop in 

oxygen content. Furthermore, it is consistent with the findings by Mattis et al. that concluded 

that an annealing temperature above 120 °C is required to promote oxygen desorption. The 

sample that was heated for five hours (dark blue line) was put under the simulated sun 

wrapped in aluminium foil so that it would receive the heat (~35 °C) but not the light. Five 

hours at ~35 °C must be considered as a very gentle annealing compared to five minutes at 

140 °C (light blue line), which is consistent with the relative result observed in Figure 2.5. For 

the illuminated samples (red and orange lines) a significant increase in normalized oxygen 

intensity is observed. The illumination promotes the generation of the persistent radicals 

enabling the charge transfer complex to be formed, which partly explains the elevated 

normalized oxygen intensities. In addition, the harsh conditions will inevitably photo-oxidize 

the material forming covalently bound degradation products, i.e. an irreversible process. It 

appears that the more the photo-oxidation present the shorter the time to level out, i.e. faster 

depletion of the charge transfer complex. This is intuitively what one would expect based on 

the fact that photo-oxidation reduces the number of molecular sites available for charge 

transfer complex formation. The sample that had undergone the following procedure: stored 

in darkness for ~20 hours, illuminated for five hours, stored in darkness for ~20 hours, 

analysed, stored in darkness for ~20 hours, reanalysed, correspond to the solid red and dashed 

red lines, respectively (Figure 2.5). The reanalysed sample has an initial value that is 

significantly lower compared to the first time it was analysed, but levels out to the photo-

oxidation level that was also observed during the first analysis. This observation suggests that 

once the material has been depleted for the charge transfer complex it requires light to restore 

it to the original charge transfer complex concentration. Assuming that the plots in Figure 2.5 

were correctly interpreted, it means that the charge transfer complex is formed to some degree 

without illumination or, alternatively, because the samples unavoidably received some degree 

of low level illumination during handling. The findings presented in Figure 2.5 agree fairly 

well with what has been described in regard to the charge transfer complex using alternative 

techniques.40–42 However, the time-scale for depletion of the charge transfer complex in a 

vacuum is somewhat surprising and unpractical. 

A calibration curve could now be constructed based on samples that were stored in 

the XPS and TOF-SIMS vacuum chambers for at least 20 hours prior to analysis in order to 

remove/minimize the charge transfer complex to an acceptable degree (not shown). At this 

point the third problem revealed itself. The calibration curve (not shown) produced unrealistic 

results when applied to the ISOS-3 depth profiling results. After numerous systematic 

experiments it became clear that annealing had a crucial effect on the calibration curve, more 

precisely on the normalized oxygen intensities obtained by TOF-SIMS, which is presumably 

a matrix effect caused by the annealing that presumably changes the crystallinity. All the 

ISOS-3 devices were annealed during fabrication, which there- fore requires calibration 

samples that are annealed under the same conditions. The TOF-SIMS depth profiling results 

are clearly very sensitive to experimental conditions, which raised some concern about 

whether the fact that the calibration samples were exposed to ambient air during illumination 



could have an effect, i.e. the P3HT:PCBM material in the ISOS-3 devices was sandwiched 

between various barrier layers and electrodes. Due to the clearly complex nature of these 

calibration experiments an alternative (more safe) approach was chosen that was simpler but 

rougher. It was decided to use some of the ISOS-3 cells that were stored in darkness in a glove 

box after the degradation experiments and analyses. Since XPS depth profiling was not an 

option (discussed earlier in the text) the choice of cells was limited to those that were 

delaminated, i.e. with the P3HT:PCBM exposed (Figure 2.2). The ISE and the Risø DTU cells 

fulfilled this criterion. 

 

 
The ISE was encapsulated with glass during the degradation experiments, so it is expected to 

have experienced a minimum of oxygen incorporation or none at all. The Risø DTU cells were 

encapsulated with a semi-impermeable organic barrier film, which previously was shown not 

to be 100% efficient.43 Risø DTU T100 and T10 cells (full sun) were used for the calibration 

curve. The cells were stored at least 20 hours in the vacuum chambers of the TOF-SIMS and 

XPS instruments prior to analysis. The calibration curve is shown in Figure 2.6. 

It is very fortunate that a modified version of P3HT (P3HT-co-P3AcET:PCBM) is 

used in the Risø DTU S device as it contains native oxygen in the form of an ester group 

(Figure 2.2f) that will help spread the points in the calibration curve. The lowest point is 

obviously (0.0) and the highest point is (2.2,5.3) that originates from the Risø DTU S T10 cell, 

so any measurements acquired above this value will be based on extrapolation. 

The need for storing the samples for at least 20 hours in the TOF-SIMS vacuum 

chambers prior to analysis was realized after all the ISOS-3 devices were analysed, which 

obviously raised some concern. However, upon further reflection it turned out not to be a 

problem. All the glass/metal encapsulated cells were never exposed to ambient air at any 

point, so there is no concern about oxygen uptake. The Risø DTU cells were exposed to oxygen 

and water to some extent due to inferior encapsulation, and the non-encapsulated were 

obviously directly exposed to ambient air during the degradation experiments and during the 

non-destructive analysis in the various laboratories. After testing they were all sent back to 

Risø DTU and placed in a glove box. The devices were then prepared for analysis (removal of 

 

Figure 2.6 Calibration curve between TOF-SIMS depth profiling data and XPS data. The TOF-SIMS 
data were normalized from Int(O–)/ Int(Cn , n = 2–4; 6–10) and multiplied by a factor of 1000 for practical 
reasons. Each point is an average of at least three points on different surface locations. All samples were 
placed in the vacuum chamber at least 20 hours prior to analysis in order to remove the weakly bound charge 
transfer complex between molecular oxygen and P3HT. The probe depth was ~25 nm. 



encapsulation) and 13–18 samples were placed on the TOF-SIMS sample holder, a procedure 

that took most of a day. The sample holder was then typically transferred via a transfer vessel 

containing an inert atmosphere to the TOF-SIMS analysis chamber late in the day so that it 

would be ready for analysis the next morning. So by tracing back the working procedures it 

could be concluded that all the ISOS-3 devices were exposed to the nitrogen atmosphere in 

the glove box and the vacuum in the TOF-SIMS instrument for such a long time that it is safe 

to assume that the charge transfer complex had been depleted. 

 ff

It should be clear by now that oxygen incorporation in P3HT:PCBM is described by two 

processes: (i) formation of a charge transfer complex (reversible degradation), and (ii) photo- 

oxidation (irreversible degradation). Both processes are well-described in the literature and 

constitute an analytical challenge when present at the same time. However, due to the 

fortunate timescale of the analyses of the ISOS-3 devices we can assume that only irreversible 

photo-oxidation is probed. P3HT and P3HT:PCBM are well-described in terms of photo- 

oxidation both as materials but also as components in photo- voltaic devices. In this study 

photo-oxidation of the active materials in the ISOS-3 devices was quantified using XPS 

calibrated TOF-SIMS depth profiling data, which has never been attempted before. 

Photo-oxidation of the active material (P3HT:PCBM) was then compared to loss of 

photovoltaic performance, which is not necessarily an easy comparison since other 

degradation mechanisms are in play. The ultimate challenge in studying degradation 

phenomena in OPV devices is to quantify the contribution from each degradation mechanism 

to the overall degradation of the photovoltaic performance. 

In terms of photo-oxidation it makes sense to group the six different devices (Table 

2.1 and Figure 2.2) according to the encapsulation, well-knowing that we thereby do not 

consider possible internal photo-oxidation caused by metal oxides. The encapsulation used 

can be split up into three groups: (i) glass/ metal encapsulation (ISE and Holst), (ii) UV filter 

(flexible) encapsulation (Risø DTU S and P), and (iii) non-encapsulated (IMEC and NREL). 

The groups are listed here according to permeability with respect to molecular oxygen and 

water. 

As described in the first ISOS-3 report devices were extracted from the degradation 

experiments at various degrees of performance, more or less corresponding to T100, T80, T50, 

and T10.15 Because some of the analyses were destructive it was not possible to follow loss of 

performance from the beginning to the end for one particular device, it had to be four devices 

that each represented T100, T80, T50, and T10, respectively. However, this will consequently 

result in strict requirements in terms of reproducibility when manufacturing the devices, 

which seems challenging considering the delicate device architectures requiring multiple 

processes to finally become a device. This was clearly seen in the third report that focused on 

IPCE analyses revealing significant differences in IPCE between equivalent devices and 

between cells in a device/module.39 

Oxygen incorporation in the active material is expected to be zero or close to zero in 

the impermeable encapsulated devices and modest in the others according to previous 



experience.44 Furthermore, the sputter process reduces the sensitivity profoundly, so 

detecting small changes with inferior sensitivity requires a good reproducibility with respect 

to device manufacturing since aberrations will result in chemical inhomogeneities that will 

consequently affect the relative results and thus the quality of the work. 

 

 
In order to assess the reproducibility associated with the ISOS-3 cells a test was performed on 

four IMEC devices (full sun) corresponding to T100, T60, T44, and T28, respectively (Figure 

2.7a). Multiple analyses were performed on one single cell, and multiple cells were analysed 

within the same device in order to measure the point-to-point variation within the same cell 

as well as the cell-to-cell variation. The result is shown in Figure 2.7. 

Several interesting observations can be extracted from Figure 2.7. The 

reproducibility is observed to significantly deteriorate for lower T-values, which suggests that 

the oxygen incorporation becomes more inhomogeneous for increasing degree of photo-

oxidation. In addition, the highest T44 and T28 values originate from the central parts of the 

devices (not obvious from Figure 2.7a), which, however, could be a coincidence considering 

the limited data. Finally, the result suggests that the cell-to-cell variation is significantly larger 

than the point-to- point variation on the same cell, which is surprising. No explanation was 

found for this observation. The magnitude of the relative (reverse) result of the T28 and T44 

devices suggested that one of the devices was erroneous somehow. A comparison of the IV 

degradation characteristics revealed that the T28 IMEC device showed a clear inconsistency 

and was consequently omitted. 

It is obvious from the reproducibility test that a certain degree of noise in the data is 

expected for especially the low T-value devices due to the fact that an apparent inhomogeneity 

 

Figure 2.7 (a) Photographs of pieces of IMEC devices (full sun) showing the TOF-SIMS depth profiling holes. 
The devices were cut in pieces so that they could be analysed using various destructive methods. The 
coloured squares indicate which analyses were associated with this test. (b) Normalized oxygen incorporation 
corresponding to cell surface locations shown in (a) as a function of performance loss. The TOF-SIMS data 
were normalized from Int(O-)/Int(Cn , n = 2–4;6–10) and multiplied by a factor of 1000 for practical reasons. 



is introduced for an increased degree of degradation in the active material. Inhomogeneous 

degradation patterns were observed in the work described in the second ISOS-3 report.38 

 

After the TOF-SIMS depth profiling analyses were complete the effects in terms of oxygen 

incorporation were observed to be very subtle for the devices degraded under a full sun, i.e. 

the harshest condition compared to fluorescent and dark conditions. The results for the 

fluorescent and dark conditions were therefore, as expected, even more subtle, to a degree 

where the point-to-point variation caused by the material inhomogeneity is far greater. The 

following discussion will thus focus on devices degraded under full sun conditions. 

The ISE and Holst devices were encapsulated by glass–glass and glass–metal, respectively, 

and sealed with epoxy. These two devices thus had so-called impermeable encapsulation, 

which is expected to reflect in the analysis results. Figure 2.8a and b presents the measured 

oxygen contents as a function of loss of performance and illumination time for the ISE and 

Holst devices. 

Because of the impermeable encapsulation no oxygen incorporation was expected 

during the degradation experiments, which is consistent with the fact that no detectable trend 

is observed in Figure 2.8a and b. However, the results are very scattered, which makes it 

impossible to detect possible subtle trends. The scattered nature of the points in the graphs 

suggests that the oxygen content to some extent is inhomogeneously distributed in the active 

material. How is this at all possible? The native oxygen comes exclusively from PCBM. A 

possible phase separation between P3HT and PCBM seems unlikely and would have to occur 

on a macroscopic scale, which is unlikely. An alternative explanation could be varying degree 

of internal oxidation caused by materials already present in the cells, e.g. water residues in 

the hygroscopic PEDOT:PSS, which then diffuses into the active material and causes 

oxidation. It is also possible that the excess PSS (always present in PEDOT:PSS) diffuses into 

the active material and contributes to the oxygen content (PSS contains –SO3H groups). The 

two suggested explanations could possibly explain why the measured average oxygen 

contents (~4 atom%) are elevated compared to the calculated values of 2.2 atom% (ISE) and 

2.4 atom% (Holst). The calculated values are based on the theoretical element compositions 

and the P3HT:PCBM compositions, which are 1 : 0.7 for the ISE device and 1 : 1 for the Holst 

device. Since the T100 cells also have ~4 atom% oxygen, the phenomena (if the assumption is 

correct) must have happened in the time window between fabrication and analysis, which 

corresponded to months. 

 



 
Figure 2.8c shows loss of performance as a function of time (logarithmic timescale). The ISE 

device exhibits an exponential decay (or close to within the accuracy) in performance with 

time, i.e. straight line behaviour on a logarithmic time-scale (Figure 2.8c). The Holst device 

has a non-linear behaviour that suddenly drops significantly after 21 hours, resulting in a 

relatively low lifetime (T8 after 122 hours). For comparison the ISE device reaches T13 after 

1822 hours. It was suggested in one of the earlier ISOS-3 reports that the rapid degradation of 

the Holst device under full sun simulation is caused by a thermal instability at 75 °C, which 

correlates well with the fact that under full sun conditions the temperature is 85 ± 5 °C 

(AM1.5G, 1000 W m2).37 Furthermore, under dark conditions the temperature corresponds to 

room temperature, and under fluorescent conditions the temperature is ~45 °C (100 W m2), 

which further correlates well with the fact that the performance of these particular ISE and 

Holst devices did not deteriorate to any significant degree during more than 1830 hours of 

testing. The relative temporal behaviour in performance and the significant difference in 

lifetimes suggest a significant difference in degradation behaviour, which is not surprising, 

considering the different architectures (Figure 2.2a and b). 

The degradation mechanisms that are in play in the ISE and Holst devices are not 

related to oxygen incorporation (i.e. photo-oxidation) in the active material, or at least not to 

any detectable degree. It should be emphasized that the interpretation is complicated by the 

scatter in the results. If photo-oxidation was not an important factor for the overall 

degradation, then other factors must have been in play for the ISE and Holst devices such as 

those suggested in the second and third ISOS-3 reports.38,39 

In the second ISOS-3 report it was suggested that for the Holst device elevated 

temperatures (85 ± 5 °C) caused by the sun simulator and additional heating of the cell due to 

current collection within the PEDOT:PSS could result in water being released from the highly 

conductive PEDOT:PSS, which consequently would react with the Al electrode, forming 

aluminium oxide.38 Furthermore, in the third ISOS-3 report an additional degradation 

mechanism was proposed for the Holst device. It was suggested that during the degradation 

experiment Ag reacts/interacts almost spontaneously with PEDOT:PSS, leading to 

 

Figure 2.8 (a–b) Oxygen contents in the bulk of the active material extracted from the TOF-SIMS depth 
profiling analysis of the ISE and Holst devices under full sun degradation conditions. The dashed line is a 
straight guide line through all points in the graph. Each point is an average of three measurements on different 
surface locations. The T100 Holst sample was lost. (a) Oxygen contents as a function of loss in performance. 
(b) Oxygen contents as a function of illumination time (AM 1.5G, 1000 W m–2, 85 ± 5 °C, metal halide lamp, 
KHS Solar Constant 1200). Zero was substituted with one on the logarithmic axis for practical purposes. (c) 
Loss of performance as a function of illumination time. 



degradation of the device performance. In addition, it was suggested that Ag possibly also (or 

alternatively) reacts with P3HT, which induces a slow but steady degradation by migration 

of Ag into PEDOT:PSS and oxidation of the Ag electrode. It was furthermore proposed that 

oxidation of the LiF/Al electrode could be a possible degradation mechanism.39 Additional 

TOF-SIMS analyses from this work (described later in the text) on the Holst and ISE devices 

did not reveal any chemical changes during the degradation experiments. However, that does 

not necessarily mean that the degradation phenomena in question are not occurring 

(discussed later in the chapter). 

With respect to the ISE device the conclusion from the second ISOS-3 report states 

that one possible degradation mechanism is water being homogeneously released from 

PEDOT:PSS that consequently reacts with Cr–Al–Cr forming chromium and aluminium 

oxide.38 The third ISOS-3 report has the same conclusion including possible degradation of 

the Au electrodes.39 Lira-Cantu et al. propose these degradation mechanisms based on the fact 

that metals like Ag, Cu, and Au are known to interact with the S-atom of polymers like P3HT 

and PEDOT, and suggests that it is thus possible that the Cr/P3HT:PCBM interface reacts in 

a similar way as well as the Au/PEDOT:PSS interface.39 

In summary, due to the impermeable encapsulation no trends were expected. 

However, it was not possible to detect possible subtle trends due to significant point-to-point 

variation for both devices. The erratic nature of the measured oxygen contents suggests that 

oxygen to some extent is inhomogeneously distributed in the active material, which could be 

the result of (i) internal oxidation caused by water originating from PEDOT:PSS or (ii) 

diffusion of excess PSS from PEDOT:PSS. Both of these explanations could possibly explain 

the elevated (on average) oxygen content compared to the calculated contents. Water release 

from PEDOT:PSS was suggested in the previous ISOS-3 reports.38,39 The relative performance 

over time suggests significantly different degradation behaviour for the two devices, which is 

further supported by significantly different lifetimes. Photo-oxidation was most likely not an 

important factor for the overall device degradation, so other factors must have been in play 

for the ISE and Holst devices such as for example the degradation mechanisms proposed in 

the second and third ISOS-3 reports.38,39 

The flexible UV filter encapsulation used is to some extent permeable with respect to 

molecular oxygen and water (i.e. so-called semi-impermeable encapsulation), so some degree 

of photo-oxidation is expected. Figure 2.9 displays the measured oxygen contents as a function 

of loss of performance and illumination time for the Risø DTU P and Risø DTU S devices. The 

only difference between the Risø DTU P and Risø DTU S devices is that the Risø DTU S device 

uses a modified version of P3HT in the active material, i.e. P3HT-co-P3AcET instead of P3HT 

(see Figure 2.2f for the molecular structures). The results in Figure 2.9 are the most convincing, 

manifested in a relatively low degree of scatter. 

Oxygen incorporation is observed for both devices for an increase in illumination 

time or for decreasing performance. The apparent linear relationship suggests that photo-

oxidation could be the dominant degradation mechanism for these devices in particular. The 

increased level of oxygen contents in the Risø DTU S device compared to the Risø DTU P 

devices is due to fact that P3HT-co-P3AcET contains an ester group (Figure 2.2f). Figure 2.9c 



reveals an exponential decay in performance over time, which was also observed for the ISE 

device. However, this relationship does not necessarily suggest equivalent degradation 

mechanisms. 

The two Risø DTU devices seem to have similar degradation behaviour, but there 

are notable differences. The slope of the Risø DTU P device in terms of oxygen incorporation 

is steeper than for the Risø DTU S device, which is manifested in an oxygen increase of 3.0 

atom% compared to 1.8 atom% during the degradation experiments. Furthermore, the Risø 

DTU S device exhibited a slightly better stability as it took more than 200 hours longer to 

degrade, which is consistent with a lower degree of oxygen incorporation (1.8 compared to 

3.0 atom%) during testing. The results indicate that the use of P3HT-co-P3AcET instead of 

P3HT induces stability. The increased stability could in principle be because P3HT-co-P3AcET 

has a higher resistance towards molecular oxygen and/or water, but that seems unlikely since 

the molecular difference is only on the side chain, i.e. not the active part of the molecule. 

However, the side chain affects the morphology, so it is more likely that P3HT-co-P3AcET 

induces a morphological stability compared to P3HT. 

 

 
In the work described in the second ISOS-3 report the population of shunts was observed to 

increase over time during the degradation experiments, which were suggested to be driven 

by electro-migration of Ag at places where the electric field was enhanced.38 It was 

furthermore proposed that oxidation of Ag or ZnO de-doping results in subtle blocking 

contact features. In addition, during the degradation experiments an increase in the series 

resistance of the devices was observed that was assigned to morphological changes/ 

degradation, whereas a current decrease was assigned to photo-oxidation of the active 

material. One notable difference was observed between the Risø DTU P and the Risø DTU S 

device. The latter exhibited practically no increase in series resistance, which was assigned to 

a more stable morphology in the active material. In the work described in the third ISOS-3 

report it was found that under dark conditions both devices are susceptible to moisture.39 

However, consistent with the findings in the present work it was found that the Risø DTU S 

device has a higher resistance against moisture. The moisture effect was not observed under 

 

Figure 2.9 (a–b) Oxygen contents in the bulk of the active material extracted from the TOF-SIMS depth 
profiling analysis of the Risø DTU P and Risø DTU S devices under full sun degradation conditions. Each 
point is an average of three measurements on different surface locations. (a) Oxygen contents as a function of 
loss in performance. (b) Oxygen contents as a function of illumination time (AM 1.5G, 1000 W m–2, 85 ± 5 °C, 
metal halide lamp, KHS Solar Constant 1200). Zero was substituted with one on the logarithmic axis for 
practical purposes. (c) Loss of performance as a function of illumination time. 



full sun or fluorescent testing conditions, i.e. where light and heat are present. This is however 

inconsistent with the findings in the present work, where oxygen incorporation was detected 

under full sun conditions only, which suggests that the moisture under dark conditions is 

involved in degradation mechanisms other than photo-oxidation of the active material. This 

is consistent with the proposed mechanisms in the third ISOS-3 report that include oxidation 

of the Ag electrode and migration of Ag provoked by PEDOT due to well-documented Ag–S 

interactions.39 It was proposed that the higher stability of the Risø DTU S device is caused by 

an impeding effect of having used P3HT- co-P3AcET in the reaction with Ag, which will 

inhibit degradation of the electrodes. Finally, it was suggested that it is the degradation of the 

electrodes that initially is responsible for the overall degradation of performance and not 

degradation of the active materials. 

 

In summary, because a so-called semi-impermeable encapsulation was used some degree of 

photo-oxidation was expected for the Risø DTU P and Risø DTU S devices, which was indeed 

also observed. An apparent linear relationship is observed for oxygen incorporation as a 

function of loss in performance and an exponential increase of oxygen incorporation as a 

function of time, suggesting that photo-oxidation could be the dominant degradation 

mechanism. Using P3HT-co-P3AcET instead of P3HT induces stability, which is most likely 

morphological stability causing less oxygen to be incorporated resulting in a longer lifetime. 

Conclusions on the relative stability are supported by the findings in the previous ISOS-3 

reports.38,39 

The NREL and IMEC devices have no encapsulation and are thus expected to be significantly 

photo-oxidised during full sun testing conditions. The device architectures (Figure 2.2d and 

e) are very similar, the only significant difference is the hole transport layer that consists of 

PEDOT:PSS (NREL device) or MoO3 (IMEC device). Any observed differences in degradation 

behaviour should therefore be directly related to the difference in the hole transport layer 

used. 

 



 
Figure 2.10 displays the measured oxygen contents as a function of loss of performance and 

illumination time for the NREL and IMEC devices. The oxygen incorporation is observed as 

expected to increase for a decrease in performance or increase in illumination time (Figure 

2.10a and b). The T28 IMEC sample was erroneous, which was documented from a 

comparison of the IV degradation characteristics that showed a clear inconsistency for the T28 

IMEC sample that consequently was omitted. 

Considering that these devices had no encapsulation during the full sun illumination 

it is surprising that such a small amount of oxygen was incorporated. The oxygen content 

increased by 1.3 atom% for the NREL device and by 3.0 atom% for the IMEC device, the latter 

being equivalent to the Risø DTU P device that had a so-called semi-impermeable 

encapsulation. Both devices start out with a slow oxygen incorporation that later on 

accelerates, which is a completely different situation compared to the Risø DTU devices that 

exhibited a linear increase. 

Figure 2.10c shows an exponential decay in performance over time for the NREL 

device, which was also observed for the ISE and Risø DTU devices. The NREL device reaches 

T7 within 122 hours, which is relatively fast and equivalent to the Holst device. However, in 

terms of performance loss over time the Holst device (Figure 2.10c) has a significantly different 

behaviour, suggesting that different degradation mechanisms are in play. The performance 

loss over time for the IMEC device (Figure 2.10c) is interesting since the behaviour is the 

opposite compared to the Holst device. Initially the performance for the IMEC device 

drastically decreases but levels out and stabilizes and surprisingly (since no encapsulation is 

used) ends up having a long lifetime (reaches T28 after 1751 hours). The IMEC device is the 

fastest to incorporate oxygen in the active material, but has a lifetime comparable with the 

encapsulated devices (except for the Holst device). It is tempting to assign the significantly 

different degradation behaviour of the IMEC device compared to the NREL device to the 

different hole transport layer (MoO3 instead of PEDOT:PSS). However, another difference is 

the 200 nm thick Al electrode on the IMEC device compared to only 100 nm on the NREL 

device, which must be significant in terms of the barrier properties. Having said that, the MoO3 

layer must also have different barrier properties than PEDOT:PSS. MoO3 is well-known to 

 

Figure 2.10 (a–b) Oxygen contents in the bulk of the active material extracted from the TOF-SIMS depth 
profiling analysis of the NREL and IMEC devices under full sun degradation conditions. Each point is an 
average of three measurements on different surface locations. (a) Oxygen contents as a function of loss in 
performance. (b) Oxygen contents as a function of illumination time (AM 1.5G, 1000 W m–2, 85 ± 5 °C, metal 
halide lamp, KHS Solar Constant 1200). Zero was substituted with one on the logarithmic axis for practical 
purposes. (c) Loss of performance as a function of illumination time. 



induce better stability towards ambient atmosphere compared to PEDOT:PSS.45 One thing is 

clear, the IMEC device has a complex degradation behaviour that calls for complementary 

analysis results. 

The second ISOS-3 report offers a lot of discussion on possible degradation 

mechanisms in the IMEC device.38 The degradation mechanisms are described as initially 

being two competing processes involving Ag penetration into MoO3 and oxidation of Ag. The 

acting work function in direct vicinity to active layer becomes reduced at the place where Ag 

penetration is occurring. Later on blocking contact features start to occur. It was suggested 

that diffusion of molecular oxygen and/or water into the device could result in increasing 

barriers for charge injection and extraction by formation of Ag2O or by dedoping at the ZnO 

layer. 

The degradation behaviour of the NREL device is also described in the second ISOS-

3 report.38 It was found that a massive degree of shunting developed over large parts of the 

NREL device mainly at the places where injection remained possible after oxidation of Ag, i.e. 

around pinholes and at the edges of the metal electrode. It was concluded that electro- 

migration of Ag resulted in penetration of the PEDOT:PSS layer, which was proposed to be 

significantly less dense than the MoO3 layer.45 

The third ISOS-3 report describes significant problems in characterizing the NREL 

device using IPCE.38 It was not possible to detect possible trends due to an erratic response 

from the IPCE analysis. The erratic response was believed to be caused by a reversible uptake 

of water in the hygroscopic PEDOT:PSS that highly depended on the relative humidity at the 

time and place of analysis. It was nevertheless possible to detect an interaction between Ag 

and the sulphur in PEDOT:PSS, which together with the water uptake was taken as an 

indication that degradation takes place at the electrodes consequently reducing the flux of 

current throughout the cell over time. The combined degradation phenomenon affected the 

cells inhomogeneously, which was manifested in a significant variation in the IPCE results 

within the same cell on the device/substrate and between different cells on the same device/ 

substrate. The erratic response was also observed in the present work for the NREL device 

(large error bars in Figure 2.10a and b), but that is not necessarily the same phenomenon since 

the erratic response is also observed for the impermeable encapsulated devices (Figure 2.8a 

and b) in the present work. 

In an in situ IPCE analysis on the NREL device the charge transfer complex was 

identified and it was possible to monitor the release of molecular oxygen over time. The 

reversible formation of the charge transfer complex will unavoidably contribute to the erratic 

response when analysing devices without encapsulation. As described earlier in the text this 

phenomenon was not significant in the present work. From the in situ IPCE analysis it was 

furthermore possible to monitor release of oxygen from the ZnO crystalline structure. Finally, 

The IPCE analyses supported the findings from the second ISOS-3 report that electro-

migration of Ag into the PEDOT:PSS layer occurs.38 

A lot of the features found in the NREL device were also found in the IMEC device 

including the charge transfer complex. However, one important observation was a 

significantly smaller degree of erratic response in the IMEC device that supported the 

conclusion that PEDOT:PSS was a significant contributor to the erratic response. However, at 

longer times in the degradation experiment a non-uniform effect of the cell position on the 



device/substrate started to emerge. By comparing the IPCE results from an encapsulated 

IMEC device and one without encapsulation it was concluded that the ambient atmosphere is 

modifying the properties of MoO3 and ZnO. When the IPCE analysis was performed in a 

nitrogen atmosphere on the IMEC and NREL devices, oxygen was observed to release from 

MoO3 and ZnO, which is a well- known phenomenon for semiconductor oxides. The oxygen 

release from MoO3 and ZnO will change the properties of the materials (including the 

photovoltaic properties) and provide a source of oxygen that can react with the organic 

materials such as the active layer (i.e. internal oxidation). 

In summary, without encapsulation the NREL and IMEC devices were expected to 

be significantly photo-oxidated during full sun testing conditions, but surprisingly the level 

of photo-oxidation in the active material corresponded to the semi-encapsulated devices. A 

slow oxygen incorporation is observed initially that accelerates at longer times. The IMEC 

device has a surprisingly long lifetime compared to the NREL device, which is attributed to 

the only significant difference between the devices, which is the hole transport layer that 

consisted of PEDOT:PSS (NREL) and MoO3 (IMEC). MoO3 is well-known to induce better 

stability compared to PEDOT:PSS towards ambient atmosphere.45 

 

LBIC visualizes the relative light-beam induced current typically over the entire solar cell area, 

which is useful for pinpointing where the current is low or zero in the lateral plane of the cell. 

However, the LBIC analysis contains no in-depth information that would otherwise reveal in 

which layer or interface the phenomenon causing the loss of current is located. In the second 

ISOS-3 report LBIC was employed and correlated with related techniques such as 

photoluminescence imaging (PLI), electroluminescence imaging (ELI), and lock-in 

thermography (LIT) that each provides useful complementary in-plane information based on 

different sensing characteristics.38 The strength of this approach lies in the multitude of 

techniques (i.e. sensing characteristics) used to conclude on specific degradation mechanisms, 

which compensates for the indirect nature of the information (i.e. lack of in-depth 

information). 

In this work an attempt was made to correlate LBIC data with TOF-SIMS data. TOF-

SIMS provides three-dimensional chemical information, i.e. direct chemical information in-

plane as well as in-depth. However, this comparison is not necessarily straightforward since 

the LBIC detected cell degradation could be caused by a missing contact, i.e. not a chemical 

phenomenon. Furthermore, if the degradation is caused by an interface phenomenon (often 

the case) the limited depth resolution of the in-depth analysis could be an issue. Diffusion of 

water and molecular oxygen into the device resulting in photo-oxidation is a degradation 

mechanism that has been described thoroughly in the past and is the focus of this present 

work.8,23–25,44,46,47 An available glass-encapsulated IMEC device was therefore chosen for the 

comparison, which should exclude this specific well- described degradation mechanism. 

The grey images in Figure 2.11 represent the LBIC images for the IMEC device in 

question (see Fig. 2e for cell configuration). The device consists of 12 cells of which cells 1–3 

were defective and 7 and 8 were apparently interconnected (equivalent LBIC images). After 

the LBIC analysis the device was transferred to a glove box where the glass encapsulation was 

removed. An attempt was made to peel off the Al–Ag–MoO3 stack of the cells in order to 



access the MoO3/P3HT:PCBM interface. It is usually very easy to peel off the upper electrode 

on pristine cells, but illuminated/heated cells typically either do not peel off or only partly 

peel off depending on the cell configuration and the degree of illumination/heating. It is thus 

interesting that the peel off process was almost complete for the defective cells (1–3). The 

partially delaminated cells (4–12) were then transferred in an inert atmosphere to the TOF- 

SIMS instrument. A TOF-SIMS imaging analysis was per- formed on cells 4–12. 

 

 
 

The coloured images in Figure 2.11 represent the total ion images of the cell surfaces. The high 

intensity areas (yellow/ white) correspond to the Al surface and the dark red areas 

correspond to the exposed P3HT:PCBM surface (i.e. MoO3/ P3HT:PCBM interface). The total 

ion signal is a convenient way to screen for chemical contrast on the surface. As is evident 

from Figure 2.11 there are no correlations between the LBIC images and the TOF-SIMS total 

ion images. The TOF- SIMS images are actually extremely homogeneous. The dark spots are 

instrument effects caused by flakes of upward- bended Al–Ag–MoO3 causing loss of signal. It 

can now be concluded that localized loss of current in the cells (black spots in the LBIC images) 

is not related to a chemical phenomenon at the MoO3/P3HT:PCBM interface. However, it is 

 

Figure 2.11 (a) Analytical results of cells 4–12 (1–3 were defective) from an encapsulated IMEC device. The 
grayscale images are LBIC images and the color images are the corresponding TOF-SIMS total ion images (5.2 
x 2.7 mm2). The squares indicate areas (500 x 500 mm2) that were analyzed with TOF-SIMS depth profiling. 
The Al–Ag–MoO3 layers were partly removed prior to TOF-SIMS analysis (the yellow/ white areas 
correspond to the Al surface). 
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not possible to conclude anything about a possible missing contact between MoO3 and 

P3HT:PCBM from the TOF-SIMS ion images in Figure 2.11. 

The next step was to study the remaining layers and inter- faces in the cells. TOF-

SIMS depth profiling was performed on surface locations indicated by the squares in Figure 

2.11. In a TOF-SIMS depth profiling analysis ion images are acquired as a function of depth. 

Ion images from 100 of the most abundant mass spectral markers were monitored as a 

function of depth in order to find a possible correlation between the LBIC image and the TOF-

SIMS ion images. The depth profiling analyses were started at surface locations that partly 

covered (to get chemical contrast) the dark spots in the corresponding LBIC images with one 

exception (cell 11, reference location). All ion images were monitored through all layers and 

interfaces, i.e. from the Al surface to the bulk of the ITO. Unfortunately all ion images were 

extremely homogenous in all depths, which means that the degradation mechanism in 

question was not detectable by TOF-SIMS depth profiling. 

 

The primary objective of the TOF-SIMS investigation of the ISOS-devices was to correlate the 

photo-oxidation of the active layer with loss of cell performance. However, as documented in 

the previous ISOS-3 reports, photo-oxidation of the active material is not the only degradation 

mechanism in play during operation of the organic solar cells.38,39 The different cell 

architectures enable a variety of degradation mechanisms to contribute to the overall 

degradation of the cell. When the TOF-SIMS depth profiling analyses were performed 

relevant information was extracted from the raw data so that the photo-oxidation could be 

adequately described. The raw data consist of mass spectral data, which contain an 

overwhelming amount of information. This is one of the reasons that the TOF-SIMS technique 

is so attractive, but it is also the reason why it is often very complicated to interpret the results. 

It is tremendously less complicated if one knows what to look for. However, it should be 

emphasized that it is not possible to detect all degradation mechanisms. The raw data consist 

of mass spectral information, and mass spectral markers are typically chosen to represent a 

species that somehow is involved in the degradation mechanism or to support conclusions 

made on other mass spectral markers. The problem is that not all mass spectral markers are 

unique. One good example of a situation where it was not possible to extract direct 

information is the proposed mechanism involving migration of water from the PEDOT:PSS. 

Water produces mass spectral markers that are the same for all species containing oxygen, i.e. 

no unique markers. It is possible to detect the resulting oxidation, i.e. indirect information that 

requires assumption to be made. It is not impossible to study migration of water out of 

PEDOT:PSS, however, that would require a specially designed experiment where isotopically 

labelled water is used (H218O), which produces unique mass spectral markers. It has 

previously been shown that H218O is easily tracked in OPV devices from its 

reaction/degradation products.46 

The secondary goal of this study was to carefully study the raw data in detail in order 

to ascertain whether trends related to loss of performance could be extracted and possibly 

related to specific degradation mechanisms such as those suggested in the previous ISOS-3 

reports.38,39 This was partially achieved and the result is presented and discussed in the 

following. 



The IMEC device is by far the most complex system to analyse in terms of degradation 

mechanisms. The cell configuration is Al–Ag–MoO3–P3HT:PCBM–ZnO–ITO and mass 

spectral information is obtained throughout the entire device starting from the outer 

aluminium surface and ending somewhere in the bulk of the ITO layer. Due to the poor depth 

resolution that gets worse for longer sputter times it is difficult to extract certain types of 

information from deeper layers, e.g. interface phenomena occurring at P3HT:PCBM/ZnO and 

ZnO/ITO that produces weak possible generic mass spectral markers. Since the active layer 

was thoroughly investigated in the primary work described herein, it made sense to focus on 

the upper layers (Al–Ag–MoO3). 

Upon close inspection of the raw data from the upper layers one surprising 

observation was made, which is presented in Figure 2.12. A layer of Al2O3 is present at the 

Ag/MoO3 interface. Figure 2.12 shows a narrow sputter time window around that interface. 

The dashed line representing Al2O3 is located exactly between the Ag and MoO3 layers and is 

presumably very thin. The reason that the MoO3 layer (10 nm) appears so thick compared to 

the Ag layer (100 nm) is the poor depth resolution and a large detector response from MoO3. 

This is a more plausible explanation rather than possible differences in sputter rates. The 

profiles in Figure 2.12 are extracted from a T100 device, so the phenomenon must have 

occurred during fabrication or in the time between fabrication and analysis. The Al2O3 at the 

Ag/MoO3 interface could be the result of aluminium migration from the Al electrode through 

the Ag layer and subsequent oxidation somehow. Alternatively, it could be Al2O3 migration 

from MoO3 that (like ZnO) contains trace amounts of various metal oxides. Al2O3 is not 

observed at the MoO3/P3HT:PCBM interface, so if the latter explanation is correct the 

phenomenon must be catalyzed by the adjacent Ag layer. 

 

 
Figure 2.13 displays the profiles for the mass spectral marker AlO– representing Al2O3 over a 

sputter time window covering Al–Ag–MoO3. As is evident Figure 2.13 Al2O3 is present in the 

T100 cell through the entire Al electrode and is accumulated at the air/Al interface and at the 

 

Figure 2.12 TOF-SIMS depth profiles for a T100 IMEC cell that was exposed to full sun conditions without 
encapsulation. The sputter time window is chosen to emphasize the existence of a thin Al2O3 layer at the 
Ag/MoO3 interface, which is present in all the IMEC devices. The indicated ions are mass spectral markers 
chosen to represent the individual layers. The schematic on top of the plot illustrates the part of the layer 
stack the data were extracted from. 



Al/Ag interface (and in the unintentional Al2O3 layer). The intensity of AlO– clearly increases 

for decreasing cell performance consistent with Al2O3 formation as a result of molecular 

oxygen and water diffusing into the cell (i.e. no encapsulation) that consequently reacts with 

Al. This is one of the proposed degradation mechanisms presented in the second and third 

ISOS-3 reports.38,39 

It should be noted that one other phenomenon can affect the intensity of a mass 

spectral marker. If the physical properties of the material change it could affect the detector 

response, e.g. crystallinity, electric conductivity, etc. However, these possible effects are small 

compared to the intense signal boost you get for an increase in Al2O3 concentration. 

 

 
The clear correlation between accumulation of Al2O3 and loss of cell performance suggests 

that this phenomenon is at least partly responsible for the degradation of the photovoltaic 

response. Unfortunately it is not possible to quantify how much this degradation mechanism 

is contributing to the over- all degradation of the photovoltaic response. Furthermore, it is not 

possible to determine how much the Al2O3 at the Ag/MoO3 interface contributes compared 

to the Al2O3 at the Al/Ag interface, but it is possible to conclude that Al2O3 accumulation at 

the Ag/MoO3 interface is faster than at the Al/Ag interface. 

The comparison between LBIC images and TOF-SIMS data involved an 

encapsulated IMEC device. The availability of an encapsulated IMEC device makes it obvious 

to compare the TOF-SIMS depth profiling data with and without encapsulation. Figure 2.14 

sums the results of that comparison. The T44 device without encapsulation was illuminated 

in ambient air for 21 hours, and the T50 device with encapsulation (glass) was illuminated for 

2600 hours, which demonstrates the strength of glass encapsulation. 

The first interesting observation is the lack of Al2O3 at the Al/Ag interface for the 

device with encapsulation. Half way through the Al electrode the AlO– profiles are practically 

the same, but then the concentration of Al2O3 decreases to zero. Unfortunately it was not 

possible to obtain a T100 device with encapsulation, which would have been an interesting 

 

Figure 2.13 TOF-SIMS depth profiles for IMEC cells exposed to full sun conditions without encapsulation. 
The profiles show a massive build-up of aluminum oxide in the Al–Ag–MoO3 region of the cells for decreasing 
cell performance. AlO– is the mass spectral marker chosen to represent aluminum oxide. The schematic on 
top of the plot illustrates the part of the layer stack the data were extracted from. 



comparison. It appears that the encapsulated device was fabricated with no Al2O3 at all at the 

Al/Ag interface, which is impressive from a technical point of view. 

The second interesting observation is the intensity of the Al2O3 at the Ag/MoO3 

interface, which is significantly elevated for the encapsulated device compared to the device 

without encapsulation. This is somewhat difficult to speculate on considering the lack of 

ambient air for the encapsulated device. It is still possible that Al2O3 originates from migration 

from the MoO3 layer (as an impurity). A more farfetched explanation could be that Al2O3 

migrates from the Al/Ag interface, which could explain why no Al2O3 is present at the Al/Ag 

interface (i.e. depletion). Since the encapsulated device has only reached T50 after 2600 hours 

it would seem that the presence of Al2O3 at the Ag/MoO3 interface is not deteriorating the 

photovoltaic performance, which is surprising. The Al2+ profile (T100 device without 

encapsulation) was included in Figure 2.14 to define the exact sputter time window for the Al 

electrode. The shape of the Al2+ profile did not change as a function of loss of cell performance. 

 

 
The encapsulated IMEC device revealed another difference when compared to the 

corresponding device without encapsulation (Figure 2.15). The mass spectral marker OH– is 

typically formed (during the ionization part of the analysis) in metal oxides with limited 

intensity compared to O–. However, on metal oxide surfaces exposed to an atmosphere the 

M–OH groups will typically be abundant resulting in a very intense OH– signal intensity. The 

mass spectral marker OH– is detected at the Ag/MoO3 interface (Figure 2.15) for both devices, 

which is not as interesting as the fact that it is also detected at the Al2O3/Ag interface, but only 

for the encapsulated device. The OH– profile for the encapsulated device appears to be wider 

than the corresponding profiles for the device without encapsulation, which could be due to 

the fact that other sputter properties were used for the encapsulated device (the sputter time 

axis was corrected to allow comparison). It is difficult to speculate on what type of chemistry 

 

Figure 2.14 TOF-SIMS depth profiles for IMEC cells exposed to full sun conditions with and without 
encapsulation (glass). The device without encapsulation was illuminated for 21 hours (T44), and the 
encapsulated device was illuminated for 2600 hours (T50). The profiles show the relative build-up of 
aluminium oxide in the Al–Ag–MoO3 region of the cells. AlO– is the mass spectral marker chosen to represent 
aluminium oxide. The Al2+ profile (T100 device without encapsulation) was included to define the exact 
sputter time window for the Al electrode. Different sputter properties were used for the encapsulated device, 
so the sputter time was corrected such that the AlO– peak at the Ag/MoO3 interface was aligned. The 
schematic on top of the plot illustrates the part of the layer stack the data were extracted from. 



would explain the additional OH– signal (arrow in Figure 2.15) at the Al2O3/Ag interface. 

Since the phenomenon is observed on the stable device (T50 after 2600 hours) it is unlikely 

that it is related to degradation of the photovoltaic performance. 

 

 
In the second and third ISOS-3 reports silver migration and silver oxidation were suggested 

to be involved in degradation mechanisms.38,39 The mass spectral marker AgO– representing 

silver oxide was detected on all the IMEC devices at the Ag/Al2O3 interface (Figure 2.16). As 

is evident from Figure 2.16 the AgO– intensity is observed to increase for decreasing cell 

performance. However, it should be noted that the intensity is extremely weak (barely 

detectable). The apparent trace amount of Ag2O is observed starting from all surface locations. 

It was not possible to detect silver migration. However, it should be emphasized that the TOF-

SIMS depth profiling analyses are performed on random surface locations, i.e. not necessarily 

at lateral surface positions where degradation is more pronounced as described in the second 

ISOS-3 report where various imaging techniques were employed to visualize the lateral 

degradation patterns.38 

 

Figure 2.15 TOF-SIMS depth profiles for IMEC cells exposed to full sun conditions with (green) and without 
(blue) encapsulation (glass). The device without encapsulation was illuminated for 21 hours (T44), and the 
encapsulated device was illuminated for 2600 hours (T50). The intensity of the mass spectral marker OH– 
increases (like AlO– and O–) in the unintentional aluminum oxide layer for decreasing cell performance. An 
additional OH– peak indicated by the arrow is observed for the device without encapsulation at the Al2O3/Ag 
inter- face. The dashed line is drawn to clarify that the additional OH– profile peak (arrow) for the 
encapsulated device overlaps with the other OH– profile peak and takes the form of a ‘‘shoulder’’. Different 
sputter properties were used for the encapsulated device, so the sputter time was corrected such that the AlO– 
peak at the Ag/MoO3 interface was aligned. The schematic on top of the plot illustrates the part of the layer 
stack the data were extracted from. 



 

The NREL device has the architecture Al–Ag–PEDOT:PSS–P3HT:PCBM–ZnO–ITO. As 

mentioned earlier in the text, the device differs only by the hole transport layer compared to 

the IMEC device, i.e. PEDOT:PSS instead of MoO3. At first one would thus expect the 

degradation mechanisms to be similar. It turns out that besides similarities there are also 

surprising differences. 

 

The first observation is the same as that for the IMEC device (with no encapsulation), that 

Al2O3 is observed to accumulate for decreasing cell performance (not shown), which was 

expected based on the fact that no encapsulation was employed. Formation of Al2O3 is 

consistent with conclusions drawn in the previous ISOS-3 reports.38,39 The second observation 

is the lack of the additional (unintentional) Al2O3 layer (see Figure 2.12), which suggests that 

its existence in the IMEC device is related to MoO3 one way or the other. 

Figure 2.17 reveals another interesting phenomenon not observed in the IMEC 

device. The profiles representing the Ag, Al2O3, and PEDOT:PSS layers are observed to 

systematically widen for decreasing cell performance. In addition, Al2O3 and Ag have exactly 

the same sputter times (not shown), so it looks like the Al2O3 from the Al/Ag interface is 

dissolving in the Ag layer that consequently thickens the Ag layer (Figure 2.17a). When Al2O3 

expands into the Ag layer the result will be a widening of the AlO– profile as shown in Figure 

2.17b. 

 

The Al2+ T100 profile shown Figure 2.17d is consistent with the IMEC device, i.e. the expected 

depth profile for a normal Al electrode. However, unlike the IMEC device, this profile changes 

drastically for decreasing cell performance. The Al2+ signal is systematically lost at the Al/Ag 

interface for decreasing cell performance. This supports the proposed phenomenon of Al2O3 

and apparently also Al dissolving in the Ag layer. This is not observed for the IMEC device, 

 

Figure 2.16 TOF-SIMS depth profiles for IMEC cells exposed to full sun conditions. The profiles show a very 
subtle increase in the intensity of the mass spectral marker AgO- for decreasing cell performance, which most 
likely corresponds to a small degree of silver oxide formation. The schematic on top of the plot illustrates the 
part of the layer stack the data were extracted from. 



suggesting that PEDOT:PSS is involved in the phenomenon, possibly from migration of water 

or acid from PEDOT:PSS to the Al/Ag interface. 

 

 
Figure 2.17c displays the Na+ profiles that also widen for decreasing cell performance. Na+ is 

a native component in PEDOT:PSS and is thus representative for PEDOT:PSS. The same trend 

is observed for the SOx– profiles, which are also representative of PEDOT:PSS (less 

pronounced trend though, not shown). The Na+ profile is not just widening but also shifting 

to higher sputter times, suggesting that PEDOT:PSS is partly dissolving in P3HT:PCBM, a 

phenomenon that was not observed for MoO3 in the IMEC device. 

The layer composition of the Risø DTU P device is Ag–PEDOT:PSS–P3HT:PCBM–ZnO–ITO 

and the Risø DTU S device differs only by using P3HT-co- P3AcET instead of P3HT. Due to 

the thick plastic encapsulation it was necessary to delaminate the device prior to analysis. The 

device delaminated at the PEDOT:PSS/P3HT:PCBM interface, which left the device without 

 

Figure 2.17 (a)–(d) TOF-SIMS depth profiles for NREL cells exposed to full sun conditions. (a)–(c) The profiles 
of the mass spectral markers Ag+, AlO+, Na+ exhibit a widening in the sputter time window for decreasing 
cell performance. (b) The AlO+ intensities increase (not shown) for decreasing cell performance, i.e. 
accumulation of aluminium oxide. (c) Na+ is a native component in PEDOT:PSS, and is thus used as a marker 
for PEDOT:PSS. (d) Al2+ defines the non-oxide form of the aluminium electrode, which is observed to become 
oxidised and to dissolve in the silver layer for decreasing cell performance. The schematics on top of the plots 
illustrate the part of the layer stack the data were extracted from. 

+



the upper electrode. It was not possible to analyse the peeled off encapsulation–Ag–

PEDOT:PSS layer stack because of the thickness of the Ag layer (5 μm) and the PEDOT:PSS 

layer (10 μm), which is too thick to be analysed with the sputter properties in question. That 

leaves the P3HT:PCBM(P3HT-co-P3AcET)–ZnO–ITO layer stack to be analysed. No trends 

were observed for any of the mass spectral markers with respect to cell performance for the 

Risø DTU P device. However, for the Risø DTU S device one trend was observed, which is 

shown in Figure 2.18 for a sputter time window corresponding to the P3HT-co-P3AcET–ZnO 

layer stack. 

 

 
The mass spectral marker SO2– for the Risø DTU S device is observed to increase 

systematically with decreasing cell performance. The shape of the profiles suggests that the 

phenomenon originates from within the ZnO layer. The species responsible for the mass 

spectral marker SO2– must be a R–SOx species (R = H, organic, or metal). The ZnO layer 

contains trace amounts of a variety of inorganic and organic impurities. 

However, it makes little sense that migration of that species into the active material 

should be affected by whether P3HT- co-P3AcET or P3HT is used in the active material. A less 

likely explanation could be oxidation of the thiophene sulphur by something very reactive 

originating from within the ZnO layer (e.g. O2H–), but it makes little sense that P3HT is not 

equally affected by it. The Risø DTU S device turned out to be more stable than Risø DTU P, 

i.e. it took 200 hours longer to degrade. It is difficult to conclude on how much the 

phenomenon described in Figure 2.18 affects the cell performance, or whether it affects it at 

all. 

The cell configuration of the Holst cell is Al–LiF–P3HT:PCBM–PEDOT:PSS–SiN, Ag and the 

ISE cell configuration is Au–PEDOT:PSS–P3HT:PCBM–Cr–Al–Cr. The ISE device was 

unavoidably delaminated leaving the P3HT:PCBM–Cr–Al–Cr part of the layer stack for 

analysis. The raw depth profiling data were carefully investigated for both devices in order to 

 

Figure 2.18 TOF-SIMS depth profiles for Risø DTU S cells exposed to full sun conditions. SO2– is a mass 
spectral marker for an unknown R–SOx species that is increasing in intensity and evolving at the P3HT-co-
P3AcET:PCBM/ZnO interface. ZnO– is a mass spectral marker for ZnO and is included to define the ZnO 
layer for clarity. The schematic on top of the plot illustrates the part of the layer stack the data were extracted 
from. 



extract possible trends between mass spectral marker intensities and cell performance. No 

trends were found in any of the layers and interfaces. 

As stated earlier in the text no oxygen incorporation could be detected in the active 

materials, and no other chemical changes are observed in the devices for decreasing cell 

performance. No electrode oxidation was observed, no layer thickening was observed, and no 

interlayer mixing was observed. Apparently it is not possible to detect the cause of 

degradation, suggesting that the phenomenon or phenomena are not chemical in nature (e.g. 

delamination at interfaces) or simply too subtle to detect using this analytical technique. 

 

The work presented in this article is part of a large inter- laboratory study that resulted from 

the 3rd International Summit on Organic Photovoltaic Stability (ISOS-3). The collaboration 

involved six laboratories that produced seven distinct sets of OPV devices that were degraded 

under identical conditions in accordance with the ISOS protocols. The degradation 

experiments lasted 1830 hours and involved more than 300 cells on more than 100 devices. 

The devices were analysed and characterized at different points of their lifetime by a large 

number of non-destructive and destructive techniques in order to describe specific 

degradation mechanisms responsible for the deterioration of the photovoltaic activity that 

lead to insufficient lifetimes. 

The present work is a systematic study of the ISOS-3 devices using TOF-SIMS in 

order to identify specific degradation mechanisms responsible for the deterioration of the 

photovoltaic activity. It was only possible to detect degradation in cells that were exposed to 

the harshest conditions (AM1.5G, 1000 W m–2, 85 ± 5 °C). Two devices had impermeable 

encapsulations and it was not even possible under the harshest conditions to detect any form 

of chemical degradation as a function of cell performance, which suggests that degradation is 

not chemical in nature or too subtle to detect using the technique in question. 

Photo-oxidation of the active layer (P3HT:PCBM) used in six of the seven devices 

was quantitatively monitored as a function of cell performance by correlating surface obtained 

XPS data with bulk obtained TOF-SIMS data. This calibration was complicated by various 

factors such as being sensitive towards experimental conditions, and the occurrence of a 

charge transfer complex between molecular oxygen and P3HT. No photo-oxidation could be 

detected in the two devices with impermeable encapsulations consistent with expectations. 

Two devices had so-called semi-impermeable encapsulations and both exhibited an apparent 

linear relationship in oxygen incorporation for decreasing cell performance, which suggests 

that photo- oxidation of the active material could be the dominant degradation mechanism. 

Using P3HT-co-P3AcET instead of P3HT in the devices with semi-permeable encapsulation 

induces stability, which is believed to be morphological stability causing less oxygen to be 

incorporated resulting in a longer lifetime. Two devices had no encapsulation and exhibited, 

at first, slow photo-oxidation of the active material that accelerated later in the degradation 

tests. Photo-oxidation behaviour with respect to the active layer was different for the two 

types of encapsulation, but the degree of photo-oxidation was surprisingly on the same order 

of magnitude. 

 



Attempts were made to correlate degradation patterns in LBIC images and TOF-SIMS total 

ion images for an encapsulated IMEC device with the architecture Al–Ag–MoO3– 

P3HT:PCBM–ZnO–ITO. It was concluded that localized loss of current in the cells as 

described by the LBIC images is not related to a chemical phenomenon at the 

MoO3/P3HT:PCBM interface. No correlations could be found in any of the other layers and 

interfaces, which suggests that the degradation mechanism in question is not detectable by 

the technique used.  

The raw depth profiling data were screened in order to extract possible correlations 

between the mass spectral data and loss in cell performance that could assist in identifying 

specific degradation mechanisms and possibly support conclusions drawn in the first three 

ISOS-3 reports. Several trends were discovered that could be contributing to the overall 

degradation of the photovoltaic performance. 

 

The trends for the IMEC device were observed to be: 

 Increased migration of Al2O3 from either the Al/Ag interface or from the bulk MoO3 

layer to the Ag/MoO3 interface for decreasing cell performance. 

 The additional Al2O3 layer and the Al2O3 from the Al interfaces accumulate for 

increasing illumination time and thus for decreasing cell performance. 

 When the IMEC device is encapsulated no Al2O3 is found at the Al/Ag interface, but 

the additional Al2O3 layer is still present. 

 Trace amounts of Al2O were detected that exhibited a very weak increase for 

decreasing cell performance. 

 

The trends for the NREL device were found to be: 

 Accumulation of Al2O3 for decreasing cell performance. 

 Dissolution of Al and Al2O3 in the Ag electrode for decreasing cell performance 

possibly catalyzed by water or acid from PEDOT:PSS. 

 Thickening of the Ag electrode for decreasing cell performance due to the addition of 

Al2O3. 

 Partly dissolution of PEDOT:PSS in the active layer (P3HT:PCBM) for decreasing cell 

performance. 

 

One trend was found for the Risø DTU S device: 

 The concentration of an unknown R–SOx species migrating out from within the ZnO 

layer increases for decreasing cell performance, but it is uncertain whether it 

contributes to the overall degradation. 

 

The present study and the previous studies in this inter- laboratory collaboration clearly 

demonstrate the strength of combining complementary analysis techniques on systematically 

prepared OPV devices in order to gain improved knowledge of the dominant degradation 

mechanisms responsible for loss of photovoltaic response. The extensive investigation on OPV 

stability presented in the series of ISOS-3 reports has significantly improved the 

understanding of degradation behaviour in OPV devices, which is a vital step towards large 

scale application of organic solar cells. 
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In contrast to Chapter 2 that focused on degradation of functioning OPV devices as a whole, 

this chapter will only describe degradation of the active layer, the polymer and the polymer 

blend P3HT and P3HT:PCBM. As previously mentioned, degradation of OPVs and the active 

layer therein is not exactly straight forward, there are many different degradation processes 

simultaneously at play and the effect these have on the active layer depends of course on the 

environment that it resides in. There have been several studies published that focus on 

degradation P3HT and P3HT blends.23,48–55 Photochemical stability is usually studied by 

monitoring the UV/Vis photo bleaching as a function of degradation time. The photochemical 

stability of the active layer is known to be dependent on different parameter, e.g. atmosphere 

composition, humidity, temperature, light intensity, UV content, polymer molecular weight, 

film thickness etc.55 The study of active layer degradation as a function of exposed light is a 

time consuming process that usually require illumination times in the excess of several hours, 

and when the monitored property cannot be measured in situ, the sample has to be moved 

back and forth between the degradation setup and the analysis chamber, this while keeping 

all of the aforementioned external parameters constant. This is further complicated if the 

analysis technique used is destructive, making the sample less ideal for continuous 

degradation. This can of course be solved by using several samples at the starting point and 

then extracting them intermittently as a function of time with subsequent transfer to the 

analysis chamber. This is not an ideal situation as new external parameters can affect the 

samples e.g. from the sample preparations method, as the preparation of absolutely uniform 

samples can be challenging.  

 

In this study the degradation of P3HT and P3HT:PCBM was monitored chemically by TOF-

SIMS (surface analysis and depth profiling) and XPS analysis as a function of exposed light 

dose. As TOF-SIMS depth profiling is a destructive technique the multiple samples 

conundrum was solved by using a set up that utilised concentrated light and a moving sample 

stage, which meant that only one sample was necessary for each film studied. The 

concentrated light meant that the illumination time could be accelerated, and the automated 

movement of the stage meant that a gradient of light dose could be created across the film. 

Effectively this created a degradation data bank on one single sample substrate. 

As mentioned in the Chapter 1 the TOF-SIMS data interpretation can be very 

challenging due to the enormous amount of mass spectral peaks generated, which is 

especially problematic when one does not know exactly what one is looking for thus 

generating the “looking for a needle in the haystack situation”. Even though there are 

suggested mechanism for the degradation of P3HT published.48 It is difficult to predict which 

ions will be detected in TOF-SIMS and which ions carry the relevant information. In an 

attempt to simplify the mass spectral data analysis MVA was utilised. 

 

 

 

 



 

 

Regio-regular P3HT was purchased from Rieke Metals and PCBM was purchased from 

Solenne. Chlorobenzene solutions (20 mg mL–1) of P3HT and a 1:1 blend of P3HT:PCBM were 

spin-coated (700 rpm) onto 2.5×5.0 cm2 microscopy glass slides obtained from Menzel. 

Attempts to spin coat PCBM was unsuccessful. The two samples (P3HT and P3HT:PCBM) 

were used without annealing, see Figure 3.1 for further details. 

 

For the accelerated ageing experiments a setup was used that utilizes an Osram 1200 W metal 

halide arc lamp powered by a Schiederwerk 12-12 AC SL power supply providing an 

approximate AM1.5G spectrum with an intensity of 1000 W m–2. The light was concentrated 

by a rhodium coated elliptical reflector made by Optiforms (focal length 509 mm, diameter 

260 mm, height 206 mm) that focuses the light from the light bulb into at the second focal 

point of the ellipse. At this focal point a fused silica kaleidoscope (10×10×75 mm3) obtained 

from Quartz Plus is positioned, homogenizing the spatial light distribution of the outgoing 

light, providing an 1×1 cm2 illuminated area. A shielding plate was used to avoid direct light 

from the bulb to reach the kaleidoscope and induce poor light distribution. Light intensity is 

controllable by a custom-made, thermally resistant automated two blade iris, optimized to 

provide a high spatial conservation of the light intensity distribution on the illumination area 

at different light intensities. The light intensity was calibrated with a S314C thermopile from 

Thorlabs. The two samples were placed under the square light spot and moved such that the 

light spot is scanned along the sample surfaces with a systematically decreased velocity such 

that a gradient of light dose is created along the sample surfaces. The setup is further 

documented in references. 55,56 

 
 

 

 

Figure 3.1 Schematic of a spin-coated (P3HT or P3HT:PCBM) 2.5×5.0 cm2 glass slide showing from where to 
where (yellow arrow) the samples were exposed to concentrated light (100 suns, 10 W cm–2) in ambient air 
with a 1×1 cm2 light spot (yellow open squares). The analysed range (between the dashed lines) represents 
the well-defined illuminated surface area. The symbols show on which surface locations the samples P3HT 
and P3HT:PCBM were analysed on the exposed (dark blue/black) and non-exposed (light blue) areas. Cross: 
XPS analysis, Circle: TOF-SIMS analysis, and Triangle: AFM profilometry analysis. 



 

Prior to the XPS and TOF-SIMS analyses the samples were stored in the vacuum chamber of 

the instrument in question for approximately 24 hours. This was done to ensure removal of 

the charge transfer complex that is known to exist between molecular oxygen and P3HT as 

previously reported in Chapter 2.40,42,57 

A scratch was applied exposing the substrate in each film along the sample, which was 

subsequently analysed with AFM profilometry that was performed on an N8 Neos (Bruker 

Nano GmbH, Herzogenrath, Germany) operating in an intermittent contact mode using PPP-

NCLR cantilevers (NANOSENSORS, Neuchatel, Switzerland). The obtained profiles were 

based on images that were recorded at a scan speed of 27 µm s–1. Profiles revealing the film 

thicknesses were acquired along the samples every 2.5 mm such that the film thickness could 

be plotted as a function of the dose of light. 

TOF-SIMS analyses were performed using a TOF-SIMS IV (ION-TOF GmbH, Münster, 

Germany). 25-ns pulses of 25 keV Bi+ (and Bi3+ in the case of macro-imaging) primary ions 

were bunched to form ion packets with a nominal temporal extent of <0.9 ns at a repetition 

rate of 10 kHz, yielding a target current of 0.7 pA. These primary ion conditions were used to 

obtain mass spectra, ion images, and depth profiles. 30 nA of 3 keV Xe+ was used as sputter 

ions. For all analyses electron bombardment (20 eV) was used to minimize charge built-up at 

the surface. Desorbed secondary ions were accelerated to 2 keV, mass analysed in the flight 

tube, and post-accelerated to 10 keV before detection. 

  

Surface images were acquired in negative ion mode over a period of 10 scans on a 200×200 

µm2 area, from which the data was subsequently added together. 

 

Macro-imaging (>500x500 µm2) was conducted using both Bi+ and Bi3+ as primary ions and 

only consist of one full scan. 

 

Depth profiling was performed in negative mode using an analysis area of 200×200 µm2 

centred in a sputter area of 300×300 µm2. 

 

Surface images and depth profiles were acquired from 3 different positions of the non-

exposed sample i.e. the reference points, and 6 different positions along the illuminated 

sample. This was done for both the P3HT and the P3HT:PCBM samples, see Figure 3.1 for 

further details. Macro images were acquired of both sample slides using Bi+ and Bi3+ as 

primary ions resulting in 4 images onwards identified as P3HT Bi+, P3HT Bi3+, P3HT:PCBM 

Bi+, and P3HT:PCBM Bi3+. 



The XPS analyses were performed on a K-alpha (Thermo Electron Limited, Winsford, UK) 

using a monochromatic Al-Kα X-ray source and a take-off angle of 90° from the surface plane. 

Atomic concentrations were determined from surface spectra (100–600 eV, 200 eV detector 

pass energy, 5 scans) and were calculated by determining the relevant integral peak intensities 

using a Smart type background. High-resolution S2p and C1s XPS spectra were obtained using 

50 eV detector pass energy and 10 scans. The C1s peak deconvolution (Figure 3.2) was based 

on binding energies acquired from Reference R1. The peak positions used were relative to the 

main peak, which is assumed to be the C-H peak (285.0 eV). Peak fitting was based on the 

following peak positions: C=C (284.5 eV), C-H (285.0 eV), C-OR (286.4 eV), C=O (287.8 eV), 

COOR (289.4 eV). The following constraints were used in the peak deconvolution: full width 

at half maximum (FWHM) was fixed at 1.50 eV, and the relative peak positions were fixed 

relative to the C-H peak (285.0 eV).58 

 

 

The raw mass spectral data was first analysed using the IonSpec 4.1 and IonImage 3.1 software 

(Ion-Tof GmbH, Münster, Germany). All mass spectra were mass calibrated. Peak selection 

was done by first using the software automated peak selection option with a signal threshold 

of 100 counts at mass unit interval of 10–800 u. Thereafter the generated peak list was 

manually adjusted to fit the data series in question, adding and deleting peaks and making 

sure, the overlapping peaks were binned together for image analysis (image-peaklist) and 

carefully separated for surface analysis and depth profiling (mass spect-peaklist). Mass 

spectra where batch processed in Ion Spec (Ion-Tof GmbH) using the generated “mass spec-

peaklist” and saved as txt files with samples in rows and ions in columns making sure that 

the total ion count of each sample was included. The macro images were analysed one by one 

using the “image-peaklist” to generate ion images in IonImage (Ion-Tof GmbH), all of the ion 

 

Figure 3.2 Peak deconvolution of a high resolution C1s peak obtained from the P3HT sample after exposure 
to a 7.0 kJ cm–2 dose of light in ambient air. 



images including the total ion and the sum of rest images were then exported as one binary 

image file (BIF) file. 

The generated txt and BIF files were imported into Matlab R2012a (The MathWorks, 

Inc., Natwick, MA, USA) using the Cameca Ion-Tof BIF/BIF6 Image importer routine 

provided by the MIA toolbox v2.8.5 (Eigenvector Research, Inc., Wnatchee, WA, USA). The 

PCA and MCR analysis was conducted using the PLS Toolbox v7.5.2 (Eigenvector Research) 

with the MIA Toolbox add-on for multivariate image analysis. 

 

The macro images of each sample (P3HT Bi+, P3HT Bi3+, P3HT:PCBM Bi+, and P3HT:PCBM 

Bi3+) were cropped to 245×66 pixels from the original 256×256 pixels prior to MVA analysis. 

This was done to focus the analysis on the illuminated portion of the sample and as far as 

possible to exclude instrumental artefact as the PCA and MCR models often try to model these 

as significant chemical components. Data pre-processing consisted of Poisson scaling.59,60,34,61 

To estimate the number of components to use in the MCR models, PCA models were 

calculated and their scree plots (eigenvalue plots) were evaluated albeit this was not used to 

determine the final number of components to use for the MCR model but rather as a good 

starting point or range. The number of components to use in the MCR model is further 

complicated by the fact that the study is a degradation study in which the degradation 

products are somewhat unknown or in how many components they can be grouped is 

unknown. 

 

The surface images were analysed as spectra, the spectra were all normalized to a range of Cn– 

(n=1-4,6-9) peaks (n=5 was left out due to significant peak overlap) so that comparison across 

spectra was possible without intensity differences caused by instrumental effects.26 As 

mentioned above, there were 9 data points (spectra) analysed for each sample, 3 reference 

spectra and 6 spectra along the exposed sample (Figure 3.1). The spectra where each set as a 

sample and the ion peaks were set as variables for the PCA analysis. The dataset for both 

samples (P3HT and P3HT:PCBM) where augmented so that the final dataset contained 18 

samples (spectra) and 535 variables (ions). Prior to PCA analysis the data was mean centred 

and Poisson scaled.59,60,34,61 

 

In each of the depth profiles, the profiles in a specific sputter time window were extracted 

such that a level profile could be obtained, thus eliminating ions from the glass substrate that 

can obscure the results. All the profiles in the selected sputter window were then normalized 

to the Cn– (n=1-4, 6-9) peaks. There after an average of each profile was calculated along with 

the standard deviation. These averages were then further examined using PCA analysis. The 

data was mean centred and Poisson scaled.59,60,34,61 

 

 

The measure film thicknesses of samples P3HT and P3HT:PCBM are plotted as a function of 

exposed light dose, see Figure 3.3. The film thickness decreases as the light dose increases. 



This is due to loss of material and is in the case the P3HT sample supported by the presence 

of Si– in the TOF-SIMS surface spectra (not shown here).51  

 

 

 

The scree plots from the PCA calculated models, of the 4 macro ion sample images are 

depicted in Figure 3.4a.The cropped total ion images of all the samples are shown in Figure 

3.4b, the samples exposure time was increased from left to right which is also indicated in the 

total ion images by the increase in measured ion intensity from left to right. The ion intensity 

is increased to the right due to the fact that degradation has occurred revealing different 

 

Figure 3.3 Film thickness measured by AFM profilometry as a function of exposed light dose. Each point is 
an average of three line profiles. The error bars are omitted for clarity. The error bar range is 1–3 nm for P3HT 
and 2–8 nm for P3HT:PCBM. The slopes are –8.2 nm cm2 kJ–1 (P3HT) and –1.2 nm cm2 kJ–1 (P3HT:PCBM). 

 

Figure 3.4 (a) The scree plots of the eigenvalues of the first 20 components from PCA calculations of the P3HT 
and P3HT:PCBM macro images analysed using Bi+ and Bi3+ primary ions as indicated on the different graphs. 
The total ion images cropped to 66×245 pixels on which the MVA calculations were conducted are depicted 
in (b). 
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molecular fragments and the incorporation of oxygen which can yield intense oxygen 

incorporated ion fragments, this will be discussed in further detail later in this section.  

 

The scree plots in Figure 3.4a suggest that the number of components to use is between 2 and 

7 for all the images. MCR models were then calculated using components 2 through to 7 and 

the belonging loadings and score plots where then evaluated and compared, the calculated 

score plots for each of the MCR models of sample P3HT Bi+ are illustrated in Figure 3.5 along 

with the sores overlay for each model.  

 

 
From Figure 3.5 the MCR model using 6 components was selected for the onwards analysis 

of sample P3HT Bi+, as this model contains well separated components with not too much 

overlap, with the exception of comp. 1 and comp. 2, however, the loadings spectrum (not 

shown here) on comp. 1 in the MCR 5 model  and the loadings spectra on comp. 1 and comp. 

2 in the chosen MCR 6 model (Figure 3.6a) suggests that the spectra has been separated in 

regards to the intense peaks, however some of the less intense peaks do appear in both 

components. In fact this is the case for most of the components, which suggest that these are 

not pure component spectra but rather mixtures which was to be expected. These sort of 

evaluations are made when selecting the number of significant components to include in a 

model, and this does sometimes mean that less significant components are included in order 

to include a more significant component appearing in a higher order MCR model.30 This 

process was then repeated on the other three sample and are attached in Appendix A (Figure 

A. 1, Figure A. 2 and Figure A. 3) 

 

The MCR 6 model information and variance captured on sample P3HT Bi+ can be seen in 

Table 3.1. The MCR 6 model thus explains 91% of the data, which is relatively good for an 

MCR model of TOF-SIMS image data. The MCR model information of the other three samples 

are attached in Appendix A (Table A. 1, Table A. 2, and Table A. 3). 

 

 

 

 

Figure 3.5 The calculated scores plots from the different compound no. MCR models are illustrated for sample 
P3HT Bi+. The no. of components used for each model is indicated in the left hand side MCR column. The 
scores overlay is an overlay of each of the component score plots for that particular model (the overlays are 
falsely coloured). The comp no. columns are the score plots for that particular component in that particular 
MCR model (the colour bar used is the same as in Figure 3.4b). The black box indicates what component no. 
was chosen in the onwards analysis. 



Table 3.1 Percent variance captured by the MCR 6 component model calculated using the P3HT Bi+ stripe. 

MCR component # Fit (% Model) Fit (% X) Cumulative Fit (% X) 

1 9.25 8.42 8.42 
2 1.27 1.15 9.57 
3 27.42 24.95 34.52 
4 51.16 46.56 81.08 
5 2.88 2.62 83.70 
6 8.02 7.30 91.00 

 

 
 

The loadings on the different components in the MCR 6 model of P3HT Bi+ are illustrated in 

Figure 3.6a along with the scores plots in Figure 3.6b. The loadings spectra can be read a bit 

like mass spectra with the intense peaks carrying the most weight in that particular 

component. The most intense peaks in each of the loadings spectra have been highlighted, 

note that the numbers have been rounded for visual convenience. It can be seen that some of 

the peaks appear in several of the loading spectra, e.g. the peaks at 16 and 17, O and OH 

respectively appear in comp. 1, 5 and 6 which means that the compounds aren’t purely 

separated as previously mentioned. 

 

The most intense peaks from Figure 3.6a are highlighted in blue, these are listed in Table 3.2 

column 1. The specificity of the peaks will be discussed below. The scores plots in Figure 3.6b 

 

Figure 3.6 The loadings plots (a) and scores plots (b) on the indicated component of the MCR 6 model of 
sample P3HT Bi+. The percentages listed next to the component no. in (b) are the % fit of the data to that 
particular component. 



can be ordered such that the intensity moves from left to right comp. 3 → comp. 5 → comp. 6 

→ comp. 4 → comp. 1 → comp. 2, which corresponds to the total ion image. Further 

investigation of the loadings plot should give an indication if this is also true for the level of 

degradation of the polymer. 

 

 

 
The loadings and scores plots on the different components from the MCR 6 model data of the 

P3HT Bi3+ sample are illustrated in Figure 3.7a and b respectively. The only difference 

between samples P3HT Bi+ and P3HT Bi3+ is the primary ion used. When using Bi3+ primary 

ions opposed to Bi+ primary ions the secondary ion yield is higher meaning more ion species 

are detected.62,63 This is also the case here and can be seen in the loadings plots Figure 3.7a 

compared to the loadings plots in Figure 3.6a, however, the question is, if this will reveal 

useful information. 

 

The MCR 3 models loadings and scores plots on samples P3HT:PCBM Bi+ and P3HT:PCBM 

Bi3+ are illustrated in Figure 3.8 and Figure 3.9 respectively. In both cases is vas estimated that 

3 components can be used to explain the data sets, as a higher number of components did not 

separate the scores plots very well and did not produce any new information on specific ion 

peaks, the data might have started to become over fitted, see Figure A. 2 and Figure A. 3. 

 

 

Figure 3.7 The loadings plots (a) and scores plots (b) on the indicated component of the MCR 6 model of 
sample P3HT Bi3+. The percentages listed next to the component no. in (b) are the % fit of the data to that 
particular component. 



 

 
 

The most intense peaks in all of the MCR model calculated loadings plots from the 4 macro 

images have been listed in Table 3.2 along with the possible ion identification and comments 

on that particular ion peak. 

 

Table 3.2 The most intense peaks from the MCR models on the macro images of the four samples, P3HT Bi+, 
P3HT Bi3+, P3HT:PCBM Bi+ and P3HT:PCBM Bi3+, are listed in the four first columns. The Ion column contains 
the possible ion identification and comments on that particular peak are given in the last column   

P3HT Bi+ 

m/z 

P3HT Bi3
+ 

m/z 

P3HT:PCBM Bi+ 

m/z 

P3HT:PCBM Bi3
+ 

m/z 

Possible 

ion 
Comment 

11.97 11.97 11.97  C–  

12.98 12.98 12.98 12.98 CH–  

  13.99  CH2
–  

15.97 15.97 15.97 15.97 O–  

16.98  16.98  OH–  

 23.95 23.95  C2
–  

 

Figure 3.8 The scores (a) and loading plots (b) on the indicated component of the MCR 3 model of sample 
P3HT:PCBM Bi+. The percentages listed next to the component no. in (a) are the % fit of the data to that 
particular component 

 

Figure 3.9 The scores (a) and loading plots (b) on the indicated component of the MCR 3 model of sample 
P3HT:PCBM Bi3+. The percentages listed next to the component no. in (a) are the % fit of the data to that 
particular component 



24.98 24.98 24.98 24.98 C2H–  
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SOH–, 
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56.91 56.91 56.91 56.91 
C2HO2

– 

C2HS– 
P3HT peak 

58.94 58.94   C2H3O2
–  

 59.92   
CSO–, 

SiO2
–, C5
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Peak overlap 

63.89 63.89   SO2
– 

Complete 

oxidation of 

sulphur atom in 

thiophene ring 

 64.91 64.91 64.91 C4HO– Peak overlap 

 65.90   
H2S2

–, 

C4H2O– 
Peak overlap 
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C2HSO, 

C6H– 
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C4SH–  

P3HT peak 

Thiophene ring 

   82.92   
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 102.87     

 104.87   C6HS–  

 118.84  118.84   

 126.89   C5H3SO2
– 

P3HT peak 

Oxidation of the 

thiophene 

sidechain 



 140.89    Peak overlap 

   144.89   

 154.88     

156.92 156.92 156.92 156.92   

 160.90    Peak overlap 

  162.89    

194.83 194.83    P3HT peak 

 199.80    P3HT peak 

 216.81 216.81 216.81  Peak overlap 

 222.80    P3HT peak 

 238.76    P3HT peak 

 244.74    P3HT peak 

 254.77    P3HT peak 

 260.75    P3HT peak 

   647.15 C54
– PCBM peak 

   719.05 C60
– PCBM peak 

 

From Table 3.2 it is evident that more variance is captured at high masses when using Bi3+ as 

a primary ion as opposed to Bi+, this is in particular true for in the case of the P3HT sample. 

The interpretation of the overwhelming amount of peaks detected is entirely a different 

matter. 

By looking at the calculated scores plots on all the components from all the samples 

categorically with the intensity moving from left to right, then perhaps a degradation process 

could be highlighted.  

 

 Starting at the left, comp.3, comp. 2, comp. 1 and comp. 2 of samples P3HT Bi+, P3HT 

Bi3+, P3HT:PCBM Bi+, and P3HT:PCBM Bi3+ respectively. These are dominated by low 

mass carbon peaks (C–, CH–, C2–, C2H– etc.) and sulfur S–. In the cases where Bi3+ was 

used as the primary ion, peaks at 57 and 97 (C2HO2– and C4HSO– respectively) are also 

present the latter being a step in the in oxidation mechanism of the thiophene sulfur 

atom.48 

 

 Mowing to the right of the sample, i.e. the light dose increases, comp. 5 and 6, comp. 

1 and 6, comp. 2, and comp. 1 of samples P3HT Bi+, P3HT Bi3+, P3HT:PCBM Bi+, and 

P3HT:PCBM Bi3+ respectively. Here O– and OH– have high loadings in the samples 

where Bi+ was used as primary ion. The ions C4S– and C4SH– (80 and 81 respectively) 

are present in all the samples, these ions are from the thiophene ring, if these are just 

fragments originating from the ion bombardment or a product of the degradation is 

questionable; however, since the concentration of these ions is on the illuminated area 

and not on the reference these ions are most likely present due to degradation of 

P3HT. As before the presence of C2HO2– and C4HSO– is detected. A peak at 157 is also 

detected, but the ion hasn’t been identified. 

 



 Then from about the middle and onwards to the right, comp. 4, comp. 3 and 5, comp. 

3 and comp. 3 of samples P3HT Bi+, P3HT Bi3+, P3HT:PCBM Bi+, and P3HT:PCBM Bi3+ 

respectively. Most of the variance in each model is captured in these components, 

which is not odd since this is where most of the detected secondary ion originate. The 

C4HSO– is detected again this time only in Bi+ analysed samples. Peaks 64 and 65 (SO2– 

and C4HO– respectively), SO2– could be the fully oxidised sulfur atom in the thiophene 

ring and C4HO– a product of the side chain oxidation. Some carbon oxygen peaks are 

also present C2H2O–, C2H3O–, and C2H3O2– (42,43, and 59 respectively). Some 

unknown ions at higher masses are also present e.g. 99, 103, 126, 200 are only present 

in the P3HT Bi3+ sample while the ion at 217 is present in the P3HT Bi3+ and both the 

P3HT:PCBM samples. 

 

 In the P3HT sample using both Bi+ and Bi3+ primary ions the right hand side is 

separated further into comp. 1 and 2, and comp. 4 for P3HT Bi+ and P3HT Bi3+ 

respectively. The ions at mass 40, 45, 48, 59, 64, 66, 80 and 96 (C2O–, CHO2–, SO–, C2O–

, C2H3O2–, SO2–, C4H2O–, C4H2O– and C4SO–) all oxygen species from either the side 

chain oxidation or the thiophene sulfur atom oxidation. There were also unknown 

ions at higher masses present 223, 239, 245, 225, and 261, these were only present in 

the P3HT Bi3+ sample which makes it likely that the presence of these ions is due to 

the degradation of P3HT. This was further established by investigating these ions in 

the surface spectra (which are discussed later in this chapter) of the two samples and 

they did indeed increase in intensity ratio as a function of exposed light (the data is 

not shown). 

 

 

 

The elemental compositions of the P3HT and P3HT:PCBM samples measured on the reference 

locations i.e. the non-exposed surface by XPS, are given in Table 3.3, with the calculated 

theoretical atom-% listed in the brackets. It shows that the measured atom-% of oxygen on the 

reference points is elevated compared to the theoretical atom-% in all the samples. This 

phenomenon has been observed before and it was suggested that some oxygen is already 

incorporated in the sample during processing, 23,26 in Chapter 2 this oxygen elevation was seen 

even in the encapsulated OPV samples. The sulphur contents on the P3HT:PCBM surface is 

6.5 atom-% higher than the theoretical value and could this suggest that there is an 

accumulation of P3HT on the surface of the P3HT:PCBM sample, this P3HT enrichment of a 

vertical gradient has been previously documented where the P3HT enrichment occurred 

either at the top or the bottom of the P3HT:PCBM layer,23,64–66 suggesting that there is a strong 

dependence on deposition and processing methods. 

 

 



Table 3.3 Element compositions of the P3HT and the P3HT:PCBM samples, from surface locations that were 
not exposed to light (yellow and red symbols in Figure 3.1). Each value is an average of three different surface 
locations. Values in brackets are calculated theoretical values. 

Films measured on reference locations 
Oxygen 

(atom-%) 
Sulfur 

(atom-%) 
Carbon 

(atom-%) 

P3HT 3.8 ±0.4 (0) 9.8 ±0.1 (9.1) 86.4 ±0.4 (90.9) 
PCBM 8.1 ±1.6 (2.7) 0 (0) 91.9 ±1.6 (97.3) 

P3HT:PCBM 6.0 ±0.1 (2.4) 7.7 ±0.1 (1.2) 86.3 ±0.1 (96.5) 

 

 
 

The XPS results are seen in Figure 3.10 and Figure 3.11 where the elemental composition and 

the deconvoluted peak ratios are plotted, respectively. There are a few thing that are notable 

for all of the XPS results, in the case of the P3HT:PCBM sample the gradient is small at lower 

light doses, then there is a sudden increase until about 15 kJ cm-2 when there is a plateau until 

the end of the measurements (these observations are inversed for the elemental compositions 

of S and C (Figure 3.10b,c). ). This last feature of a plateau at higher light doses has been 

previously observed by Tournebize et.al in the study of the photodegradation/stabilization 

of poly(3-hexyl-d13-thiophene (P3HdT):PCBM.54 Where it was attributed to a morphological 

reorganization/optimization after x amount of hours of illumination due to increased 

temperature exposure from the illumination, which stabilized the P3HdT:PCBM with regards 

to photo-oxidation. However the initial small gradient observed herein was not seen in the 

photo degradation of P3HdT:PCBM.. 

 

Figure 3.10 (a–e) XPS measured element compositions for P3HT and P3HT:PCBM as a function of exposed 
light dose. The quantifications are based on the following peaks: O1s, S2p, C1s, NaKL1, and N1s. Each point is a 
single measurement. (e) The inset shows the N1s peak positions for P3HT (400 eV) and P3HT:PCBM (402 eV). 



 

 

The PCA model based on two components is represented in Figure 3.12 with scores and 

loadings appearing in (a-b) and (c-d) respectively. The scores and loadings plots in PCA can 

in simple turns be interpreted as such: a sample that has high scores on e.g. PC1 implies that 

it has a lot of the phenomenon represented in loadings 1, i.e. it has variation where the positive 

variables in loadings 1 are high and the negative variables in loadings 1 are low at the same 

time (relatively). Furthermore, the variables that have low loadings close to zero do not follow 

this trend. Hence the loadings tells us about what the trend is and which variables are part of 

that trend and which variables are not part of that trend.30 So, the scores on PC1 in Figure 

3.12a are low for the lower doses and high for the higher doses in each of the samples P3HT 

and P3HT:PCBM. As peaks 25, 32 and 33 (C2H–, S–, and SH– respectively) decrease and peaks 

16, 17, 80 and 81 (O–, OH–, SO3– or C4S–, and SO3H– or C4SH– respectively) increase, the higher 

the scores become. Thus and increase in exposure time i.e. higher dose implies and increase 

in O– and OH– ions and a decrease in S– and SH– at the surface, this is what is expected when 

the light dose increases so should the photo oxidation of the polymer. The scores on PC2 

effectively separates P3HT from P3HT:PCBM at higher light doses with the exception of one 

point in P3HT at 3 kJ cm–2 (this is most likely do to an error in that particular mass spectrum, 

which was also evident from the Q residuals vs T2 hoteling plot (not shown here), however 

only the addition of more spectra at that specific exposure time could conclude this). The 

loadings on PC2 (Figure 3.12e) indicate that P3HT has variations when 80 and 81 peaks are 

 

Figure 3.11 (a–c) Deconvoluted C1s peaks (Figure 3.2) relative to the sum of the deconvoluted C-H and C=C 
peaks as a function of exposed light dose. (d) The ratio between the SOX (x = 2–4) peak and the (S+SO) peak 
(S2p) as a function of exposed light dose. Each point is a single measurement. 



high combined with low 16, 19 and 26 peaks, the opposite is true for P3HT:PCBM added by 

the negative loadings on peaks with m/z above 340 of which many can be ascribed to PCBM. 

Furthermore, in the P3HT:PCBM sample there seems to be a small gradient at smaller light 

doses and then there is an increase from ~10–14 kJ cm–2 where the variation levels off. This 

was also observed in the XPS results (Figure 3.10 and Figure 3.11).   

 

 
From the PCA analysis of the surface spectra it is possible to go back and look at the raw data, 

now with some indication of where to look for the needle in the haystack so to speak. The ions 

from the surface spectra with the highest loadings from the PCA analysis (16, 19, 25, 26, 32 

and 80) were plotted as a function of exposed light dose, see Figure 3.13a–f. As expected, the 

variation in ion intensities of O–, C2H– and S– measured by TOF-SIMS (Figure 3.13a–c) is 

comparable to the elemental composition measured of O, C and S measure by XPS (Figure 

3.11a–c). PC2 from the PCA analysis also suggested peak 26 to be of significance in describing 

variance across the samples. At 26 u the ion is usually considered to be C2H2–; however, in this 

case the peak seemed to be broadened and shifted slightly thus could also be the CN– ion, or 

more likely an overlap between the two. This combined with the fact that the XPS analysis 

that revealed an increase in N atom–% in the P3HT:PCBM sample, strongly indicated that the 

peak indeed was dominated by CN–. The trend in the NH– peak (Figure 3.14) further 

supported this observation that there is an increase in the nitrogen contents of the 

P3HT:PCBM sample as a function of exposed light dose. One explanation for the presence of 

nitrogen on the surface is because of the harsh illumination condition of the experiment, 

atmospheric nitrogen can react with the surface via a radical mechanism.67–70 

 

Figure 3.12 The PCA 2 component model scores (a - b) and loading plots (d-e) of the surface spectra on the 
P3HT an P3HT:PCBM samples. The percentages listed next scores plots (a and b) are the % fit of the data to 
that particular component 



 
 

 
 

 

The depth profiles were examined to explore the bulk of the samples, as appose to the surface 

spectra and imaging that effectively only has a probe depth of 1–2 nm, and XPS that has a 

probe depth of 5–10 nm.  

From the P3HT and P3HT:PCBM extracted depth profiles, A 3 component PCA model was 

calculated, the resulting scores and loadings are depicted in Figure 3.15a–c and d–f 

respectively. The variation in the three scores are quite similar to the variation explained by 

 

Figure 3.13 (a-f) Selected ions from the surface spectra of P3HT and P3HT:PCBM are plotted as a function of 
exposed light dose. The m/z of the ions plotted is given in the upper right hand corner of each plot. The 
intensity of each spectra was normalized against the sum of carbons (Cn-, n = 1-4, 6-9). 

O- C2H-

CN-

S-

F- SO3
- or C4S-

 

Figure 3.14 The NH- ion from the surface spectra as a function of exposed light dose. The intensity of each 
spectra was normalized against the sum of carbons (Cn-, n = 1-4, 6-9)  

NH-



the PCA analysis of the surface spectra, which suggest there are similarities between the 

surface and the bulk of the samples. Closer inspection of the three loadings plots Figure 3.13a–

c, indicates that the variance is captured by almost the same ions 16, 17, 25, 26, 32 (O–, OH–, 

C2H–, CN–, and S– respectively) with the addition of 60, 76, 104, and 136 (CSO–, CSO2–, 

unknown, and unknown respectively). The loadings of the CN– ion on PC2 in particular 

(Figure 3.13e) are higher than that observed in the surface spectra. It should also be noted that 

the P3HT depth profile at the highest light dose behaves oddly in the modelled PC2 and PC3, 

this could be because this point is in fact that much different from the other data points on the 

sample or due to an actual error in the depth profile measurement, it is most likely that it is a 

combination of the two, as the thickness of the P3HT film decreases as a function of exposed 

light dose (Figure 3.3). Thus rendering the extracted shallow profiles more susceptible to 

erroneous measurements possibly aided by unwanted detection of ions from the glass 

substrate.  

 

 
The ions O–, CN–, S–, and 104 from the extracted depth profiles are plotted in Figure 3.16. The 

oxygen incorporation into the bulk of the two samples (Figure 3.16a) follows the same trend 

as the oxygen incorporation at the surface. The bulk oxygen incorporation into the P3HT 

sample is a bit smaller than the oxygen incorporation on to the P3HT surface; however, P3HT 

bulk oxygen incorporation is 3 orders of magnitude larger than the incorporation into the 

P3HT:PCBM sample bulk. This indicates that in the P3HT:PCBM blend the PCBM stabilises 

the P3HT with regards to photo-oxidation as previously mentioned, one of the reasons for the 

higher oxygen incorporation at the P3HT:PCBM surface compared to the bulk is the P3HT 

enrichment at the surface,54 meaning the surface will be more like P3HT and thus more prone 

to photo-oxidation. 

 

Figure 3.15 The PCA 3 component model scores (a-c) and loading plots (d-f) of the depth profiles on the P3HT 
and P3HT:PCBM samples. The percentages listed next scores plots (a and b) are the % fit of the data to that 
particular component 



The S– ion intensity ratio in the bulk increases as a function of exposed light dose, 

which is the opposite to that observed at the surface of the samples. One explanation for this 

could be the harsh sputtering conditions that fragments the molecules further thus detecting 

S– at artificial high levels. Another explanation is that in the bulk of the material sulphur isn’t 

oxidised to the same extent as it is at the surface and rather the source of oxygen in the bulk 

is from photo-oxidation at a different site, e.g. the hexyl side chain.  

The CN– ion which had a high loading in component PC2 in particular (Figure 3.15b) 

also increases as a function of exposed light dose and is present at a higher content in the bulk 

compared to the surface especially in the P3HT sample.  

 

 

 

The fact that all this data came from on sample substrate for each material is quite something. 

The MVA analysis of the TOF-SIMS macro images revealed that photo oxidation had 

occurred, this was seen by the detected oxygen containing ions, however it was difficult to 

conclude much else as both carbon oxygen species and sulfur oxygen species started to appear 

at the same time when moving from left to right on the sample, so that it was not possible to 

say which photo oxidation process occurred first, side chain oxidation or thiophene sulfur 

atom oxidation. One conclusion from the macro images is that more information on higher 

mass ions is gained by using Bi3+ as the primary ion. 

 Surface spectra and depth profiles revealed small difference between the surface and 

the bulk of the material, although there were some significant differences detected. The 

oxygen content in P3HT:PCBM is significantly less in the bulk than at the surface, this could 

 

Figure 3.16 Selected ions from the extracted depth profiles of the P3HT and P3HT:PCBM samples are plotted 
as a function of exposed light dose. Note that the samples are plotted on different intensity ratios axis with 
the scale stated in the axis title. Each point is the average of that particular ion for the sputter time window 
extracted depth profile and the error bars are the standard deviations for that ion in the sputter time window.  
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?

CN-
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be due to the P3HT enrichment at the surface or that the PCBM stabilizes the P3HT because 

the fullerene to act as a radical scavenger. 

 The presence of nitrogen was detected both on the surface and in the bulk, and could 

be explained by reaction with atmospheric nitrogen via a radical mechanism which is only 

possible due to the harsh illumination conditions that the samples were subjected to. The 

nitrogen contents increases as a function of increased light dose indicating that it presence is 

affected by the light dose. 

 

For future work it is necessary to address the difference in film thickness of the samples to 

begin with and due to the loss of material, i.e. the film thickness decreased, this problem 

should be addressed as it is known that the film thickness of a polymer or polymer blend 

highly effects the photochemical stability. There is also a necessity for more replica data 

points, which will improve PCA the model and make it easier to detect real outliers. This 

experiment setup is easily repeated, making it trivial to investigate the degradation behaviour 

of other materials. 

 





 

 

 

 

 

  

                                                        
4 This chapter is based on a selection of puplications  



 

This chapter contains an assortment of the already published TOF-SIMS and AFM 

characterization work conducted during the PhD. Each example gives a short introduction to 

the article using their abstract, however, the focus will only be on the TOF-SIMS and/or the 

AFM characterization work conducted by me. For further details such as material synthesis, 

device manufacture, J-C characterization etc. the reader is referred to Appendix B which 

includes the full copies of the articles discussed herein. 

 

From the publication: 

Aqueous Processing of Low-Band-Gap Polymer Solar Cells Using Roll-to-Roll Methods71 

 

Aqueous nanoparticle dispersions of a series of three low-band-gap polymers (P1, P2, and P3) 

were prepared using ultrasonic treatment of a chloroform solution of the polymer and PCBM 

mixed with an aqueous solution of sodiumdodecylsulphate (SDS). 

 

P1: poly[4,8-bis(2-ethylhexyloxy)benzo(1,2-b:4,5-b’)dithiophene-alt-5,6-bis(octyloxy)-

4,7-di(thiophen-2-yl)(2,1,3-benzothiadiazole)-5,50-diyl] 

P2: poly[(4,4’-bis(2-ethylhexyl)dithieno[3,2-b:2’,3’-d]sil-ole)-2,6-diyl-alt-(2,1,3-

benzothiadiazole)-4,7-diyl] 

P3: poly[2,3-bis-(3-octyloxyphenyl)qui-noxaline-5,8-diyl-alt-thiophene-2,5-diyl] 

 

The size of the nanoparticles was established using small-angle X-ray scattering (SAXS) of the 

aqueous dispersions and by both AFM and grazing incidence SAXS (GISAXS) in the solid 

state as coated films. The aqueous dispersions were dialyzed to remove excess detergent and 

concentrated to a solid content of approximately 60 mg mL−1. The formation of films for solar 

cells using the aqueous dispersion required the addition of the nonionic detergent FSO-100 at 

a concentration of 5 mg mL−1.This enabled slot-die coating of high quality films with a dry 

thickness of 126 ± 19, 500 ± 25, and 612 ± 22 nm P1, P2, and P3, respectively for polymer solar 

cells. Large area inverted polymer solar cells were thus prepared based on the aqueous inks. 

The PCE reached for each of the materials was 0.07, 0.55, and 0.15% for P1, P2, and P3, 

respectively. The devices were prepared using coating and printing of all layers including the 

metal back electrodes. All steps were carried out using R2R slot-die and screen printing 

methods on flexible substrates. All five layers were processed using environmentally friendly 

methods and solvents. Two of the layers were processed entirely from water (the electron 

transport layer and the active layer). 

 

AFM imaging was performed on an N8 NEOS (Bruker Nano GmbH, Herzogenrath, Germany) 

operating in an intermittent contact mode using PPP-NCLR cantilevers (NANOSENSORS, 

Neuchatel, Switzerland). Images were recorded at a scan speed of 0.8 lines s−1. The images 



were analysed using the image processing software package SPIP 5.1.5 (Image Metrology 

A/S, Hørsholm, Denmark). 

The polymers were spin-coated on glass substrates in order to measure the particle size. It is 

wellknown that AFM can at times overestimate particle sizes in the lateral plane and therefore 

the height z is often used as a measure for the diameter of spherical particles.72–74 However, 

since the particles in the samples at hand are closely packed the height measurements of 

individual particles would be too time-consuming and inaccurate.75 Therefore the best 

estimate to determine the particle size was to employ the Particle & Pore Analysis module 

included in the SPIP 5.1.5 software. The size was analysed on at least two different positions 

of the sample analysing a minimum of 2000 particles on each sample. The measured polymer 

particle sizes and distributions can be seen in Figure 4.1 and Table 4.1. 

 

 

Table 4.1 The average particle diameter of P1, P2, and P3 as determined by SAXS and AFM. The standard 
deviation is given in the brackets. 

Polymer 
SAXS (dispersion) 

nm 
AFM (films) 

nm 
GISAXS (films) 

nm 

P1 130(38) a a 

P2 32(10) 69(47) 32(22) 
P3 87(21) 120(82)nm 107(72) 
a not possible to determine due to aggregation in the sample 

 

The polymer solar cells were first delaminated by ripping the plastic laminate off in a swift 

motion the open cell was thereafter placed on a glass slide using double sided tape. The 

thicknesses of the dry films were measured by AFM profilometry, see Figure 4.2. The 

thickness was measured at a minimum of three different positions on each film, with each 

position consisting of at least three individual measurements. The measured dry active layer 

film thickness was 126 ± 19, 500 ± 25, and 612 ± 22 nm for P1, P2, and P3 respectively. 

 

 

Figure 4.1 The size distributions of the particles P1 (a), P2 (b), and P3 (c) measured by AFM and SAX. The 
SAX measurements were performed with the particles in a water suspension, and AFM was measured from 
spin-coated films. The distribution for P1 could not be determined by AFM due to aggregation of the particles, 
see Figure 4.3a. 
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The morphology differences between spin-coated and R2R prepared samples and between 

the different sample materials can clearly be observed in the AFM images in Figure 4.3. On 

the spin-coated samples the individual nanoparticle shapes can be observed (with exception 

of P1, which looks like agglomerates made up of smaller particles). In the R2R samples the 

nanoparticles can no longer be clearly distinguished; instead it looks like the nanoparticles 

have merged in places. The different morphologies observed across the R2R samples could be 

caused by the “harsh” process conditions, where annealing at high temperatures is involved, 

 

Figure 4.2 (a) 30×30 μm2 AFM topography, the dashed blue line indicates where the thickness was measured. 
(b) the extracted line profile from the AFM image. 

 

Figure 4.3 AFM topography images of the spin-coated samples (a – c) and R2R (d – f) prepared samples of 
P1, P2, and P3. All the images are 5×5 μm2. 



and due to the different thermal properties of the polymers. When the R2R coated samples in 

Figure 6 panels d, e, and f are compared, it looks like the particles are increasingly merged (d 

< f < e). This could be because these samples were prepared at slightly different conditions 

with the annealing time increasing (d < f < e). Each roll-to-roll experiment (a roll of foil) 

comprises six coated stripes as described earlier.76 The first coated stripe will thus pass the 

oven a total of eight times, whereas that last coated stripe will pass the oven a total of three 

times (including the two passages when coating PEDOT:PSS and printing the silver back 

electrode). 

 

The aqueous nanoparticle dispersions were successfully prepared of three low-band-gap 

polymers and formulated inks for roll-to-roll processing into polymer solar cells on a flexible 

substrate which resulted in PCEs of 0.55, 0.15, and 0.07% for P2, P3, and P1 respectively. The 

nanoparticles were analysed in aqueous dispersion using SAXS and in solid film using 

GISAXS, GIWAXS, and AFM. The ink formulation and roll-to-roll processing was found to be 

challenging, however a reproducible method giving homogeneous films that adhered well to 

the surface of the zinc oxide based electron transport layer was obtained. The relatively poor 

device performance is ascribed to shunting and non-optimum morphology. Further work 

should be directed at improving coating condition and ink formulation as this has been 

successful in the case of organic solvent systems. 

 

 

From the publication: 

Comparative studies of photochemical cross-linking methods for stabilizing the bulk hetero-junction 

morphology in polymer solar cells.77 

 

A comparative study between four different types of functionalities for cross-linking were 

presented. With relatively simple means bromine, azide, vinyl and oxetane could be 

incorporated into the side chains of the low band-gap polymer TQ1. Cross-linking of the 

polymers was achieved by UV-light illumination to give solvent resistant films and reduced 

phase separation and growth of PCBM crystallites in polymer:PCBM films. The stability of 

solar cells based on the cross-linked polymers was tested under various conditions. This study 

showed that cross-linking can improve morphological stability but that it has little influence 

on the photochemical stability which is also decisive for stable device operation under 

constant illumination conditions. 

 

AFM imaging was performed on an N8 NEOS (Bruker Nano GmbH, Herzogenrath, Germany) 

operating in an intermittent contact mode using PPP-NCLR cantilevers (NANOSENSORS, 

Neuchatel, Switzerland). Images were recorded at a scan speed of 1 lines s−1. The images were 



analysed using the image processing software package SPIP 6.0.2 (Image Metrology A/S, 

Hørsholm, Denmark). 

 
The active layer blends (1 : 1 by weight) of the polymers and PCBM in chlorobenzene (20 mg 

ml−1) were spin-coated on glass slides at 700 rpm. The samples were then treated with UV-

irradiation (254 nm) for 10 minutes in a glove box using a hand held lamp. The samples were 

then annealed in ambient air for 13 hours at 150 °C. Optical images along with AFM 

topography images of the samples were acquired before and after the annealing procedure, 

see Figure 4.3. As expected, large PCBM crystallites formed in the TQ1:PCBM film similar to 

what has been observed for annealing of P3HT:PCBM.78,79 Blends containing TQ-Vinyl, TQ-

N3 and TQ- Oxetane showed either none or only very little phase segregation while the blend 

containing TQ-Br showed some phase segregation but not to the extent seen for TQ1:PCBM. 

 

Figure 4.4 Optical images and AFM topography images (5×5 μm2) of the five polymer:PCBM blends (1:1 wt) 
before (0 hours) and after (13 hours) annealing at 150 °C. All the samples were exposed to UV ligt at 254 nm 
for 10 minutes prior to the image were recorded. 



This confirms that the cross-linking has taken place for all the polymers with incorporated 

functional groups and that the cross-linking stabilizes the morphology of the BHJ layer 

towards thermal annealing as has been reported earlier.78–85 

 

This study has shown that different types of cross-linking moieties can be incorporated into 

the side chains of the low band gap TQ1 type polymer by relatively simple means. The cross- 

linking reaction could be achieved by UV-irradiation of the pure polymer films to give 

insoluble products. When PCBM was included the cross-linking was less efficient presumably 

due to the optical absorption band of PCBM. Some solvent resistance was however observed 

in this case indicating some degree of cross-linking. 

Cross-linking was shown to inhibit excessive phase separation and growth of PCBM 

crystallites in polymer:PCBM films during dark thermal annealing as shown by optical 

microscopy. This resulted in improved solar cell device stability under the conditions in 

question. It did; however, not improve the device stability under constant illumination in an 

ambient atmosphere, which is probably dominated by photochemical degradation rather than 

by thermal mechanisms. When oxygen–water was excluded by employing an inert 

atmosphere the stability increased somewhat and more importantly, some differences in 

stability became apparent between the polymers with TQ-Br and TQ-N3 giving the most 

stable devices. At present no explanation is provided for this observed difference, but it could 

be ascribed to different cross-linking mechanisms and also to different reaction rates. 

This study thus showed that cross-linking can improve morphological stability, but 

that other factors such as photochemical degradation might be more important for device 

stability under constant illumination conditions. 

 

From the publication: 

Simultaneous multilayer formation of the polymer solar cell stack using roll-to-roll double slot-die 

coating from water.18  

 

Double slot-die coating using aqueous inks was employed for the simultaneous coating of the 

active layer and the HTL in fully R2R processed polymer solar cells. The double layer film 

was coated directly onto an ETL comprising doped zinc oxide that was processed by single 

slot-die coating from water. The active layer comprisedP3HT:PCBM as a dispersion of 

nanoparticles with a radius of 46 nm in water characterized using SAXS, transmission electron 

microscopy (TEM), and AFM. The HTL was a dispersion of PEDOT:PSS in water. The films 

were analysed using TOF-SIMS as a chemical probe and X-ray reflectometry as physical 

probe, confirming the identity of the layered structure. The devices were completed with a 

back electrode of either Cu tape or evaporated Ag. Under standard solar spectrum irradiation 

(AM1.5G), current–voltage characterization (J–V) yielded a VOC, JSC, FF, and PCE of 0.24 V, 0.5 



mA cm−2, 25%, and 0.03%, respectively, for the best double slot-die coated cell. A single slot-

die coated cell using the same aqueous inks and device architecture yielded a VOC, JSC, FF, and 

PCE of 0.45 V, 1.95 mA cm−2, 33.1%, and 0.29%, respectively. 

 

TOF-SIMS Depth profiling analysis was performed using a TOF-SIMS IV (ION-TOF GmbH, 

Münster, Germany). 25-ns pulses of 25-keV Bi+ (primary ions) were bunched to form ion 

packets with a nominal temporal extent of 0.9 ns at a repetition rate of 10 kHz yielding a target 

current of 1 pA. Depth profiling was performed using an analysis area of 100×100 mm2 and a 

sputter area of 300×300 mm2. 30 nA of 3-keV Xe+ was used as sputter ions. Electron 

bombardment (20 eV) was used to minimize charge build-up at the surface. Desorbed 

secondary ions were accelerated to 2 keV, mass analysed in the flight tube, and post- 

accelerated to 10 keV before detection. 

 

The obvious concern when performing double slot-die coating is whether the expected bilayer 

is formed, or whether complete mixing of the layers had occurred. An experiment was 

designed to resolve this issue. A piece of double slot-die coated sample was submerged in a 

sodium hydroxide solution in order to facilitate delamination (Figure 4.5a). After a while a 

discrete PEDOT:PSS film simply floated off the top of the surface leaving a P3HT:PCBM film 

on the substrate surface (Figure 4.5a). This is clear visual evidence that the double slot-die 

coating experiment yields a discrete bilayer film. The observations were confirmed by 

chemical analysis using TOF-SIMS. TOF-SIMS depth profiling was in addition employed to 

support the observation and to further document that a bilayer had indeed formed during the 

double slot-die coating process. Figure 4.5a–b shows the surface location where the depth 

profiling analysis was carried out. Several factors complicate the depth profiling analysis: (i) 

the sputter depth resolution (under the conditions in question) in soft materials is very poor 

(compared to hard materials, e.g. metals), and (ii) depth profiles are typically based on unique 

mass spectral markers that consist of molecular fragment ions or atomic ions, but no unique 

mass spectral markers are formed under the given experimental conditions. However, due to 

the fact that equivalent mass spectral markers originating from different molecular 

environments will produce a different signal response, the different materials may still be 

uniquely resolved. It turns out that the signal intensities for the S− and SOx− fragment ions 

(formed in both layers) are extremely dependent on their origin. S− is intense in PEDOT:PSS 

and relatively weak in P3HT:PCBM whereas SOx− exhibits the opposite behaviour. Figure 

4.5(1) shows the depth profiles using S− and SOx− as mass spectral markers. In spite of the 

complicated experimental conditions it was still possible to confirm that a bilayer was formed 

during the double slot-die coating process. In addition, a depth profile was acquired at a 

surface location where delamination (removal of PEDOT:PSS) had occurred, i.e. one layer 

(excluding ZnO/ITO/PET). In spite of noisy data it is evident that the S– and the SOx− profiles 

have the same shape, which confirms the presence of a single layer (excluding 

ZnO/ITO/PET). The elevated signal intensities at ~40 minutes sputter time for S− and SOx− 

are matrix effects caused by the close vicinity of metal oxides (ZnO and ITO). The extent of 

the matrix effect varies with experimental conditions (see Figure 4.5(2)).  



Due to the aforementioned factors affecting the analysis it is not possible to conclude 

anything about the extent of interlayer mixing that was a consequence of the coating process. 

From the delamination experiment shown in Fig. 4 we however assume that the interface is 

discrete when viewed on the scale of the film thickness and probably resembles the roughness 

that an individual film of the P3HT:PCBM nanoparticles would. 

 

 

Double slot-die coated polymer solar cells processed roll-to-roll were successfully 

demonstrated, using two aqueous inks for the simultaneous formation of both the active layer 

(P3HT:PCBM) and hole transporting layer (PEDOT:PSS). The devices performed relatively 

poor compared to similar devices processed by single slot-die coating. This is ascribed to far 

from perfect layer separation due to the complex nature of the bilayer formation process; 

resulting in shunts and low current extraction efficiencies. This convincingly demonstrates a 

possible route for lowering the energy payback time of polymer solar cells, which is an 

important factor in a possible future scenario of large scale energy production. 

 

From the publication: 

Roll-to-roll processed polymer tandem solar cells partially processed from water.19 

 

Large area polymer tandem solar cells completely processed using R2R coating and printing 

techniques are demonstrated. A stable tandem structure was achieved by the use of 

orthogonal ink solvents for the coating of all layers, including both active layers. Processing 

 

Figure 4.5 (a) Photography showing a section of the device where a section of the film has delaminated from 
the double slot-die coated film in NaOH (aq.). (b) Schematic of the sample shown in (a) including the surface 
locations (orange arrows) where the TOF-SIMS depth profiling analysis was conducted. TOF-SIMS depth 
profiles in negative mode confirmed that the double slot-die coated film has formed a bilayer (1) and further 
it was confirmed that at the surface location where the film delamination had occurred (2) only a single layer 
was present (beyond ZnO/ITO/PET). The ZnO layer was very thin resulting in a noisy profile and due to the 
thin nature of the film the ZnO− profile is superimposed on the InO− profile and was thus left out for clarity. 



solvents included water, alcohols and chlorobenzene. Open-circuit voltages close to the 

expected sum of sub cell voltages were achieved, while the overall efficiency of the tandem 

cells was found to be limited by the low yielding back cell, which was processed from water 

based ink. Many of the challenges associated with upscaling the multilayer tandem cells were 

identified giving valuable information for future experiments and development. 

 

TOF-SIMS depth profiling analysis Time-of-flight secondary ion mass spectrometry (TOF-

SIMS) was employed to perform a depth profiling analysis. The experiments were conducted 

using a TOF-SIMS IV (ION-TOF GmbH, Münster, Germany). 25-ns pulses of 25-keV Bi+ 

(primary ions) were bunched to form ion packets with a nominal temporal extent of 0.9 ns at 

a repetition rate of 10 kHz yielding a target current of 1 pA. These primary ion conditions 

were used to obtain depth profiles in both negative and positive ion mode. Depth profiling 

was performed using an analysis area of 100×100 mm2 and a sputter area of 300×300 mm2. 30 

nA of 3-keV Xe+ were used as sputter ions. Electron bombardment (20 eV) was used to 

minimize charge build-up at the surface. Desorbed secondary ions were accelerated to 2 keV, 

mass analysed in the flight tube, and post-accelerated to 10 keV before detection. 

 

 

 

 
 

 

Figure 4.6 TOF-SIMS depth profiles through the delaminated tandem solar cell. C3N− is a marker for the back 
BHJ obtained from a depth profile run in negative mode, Zn+ is a marker for the ZnO, V+ is a marker V2O5, 
S+ is a marker for both front and back BHJ, and ZnIn+ (formed during the ionization step of the analysis) is a 
marker for the front ZnO and In+ is a marker for ITO. 



 

TOF-SIMS depth profiling analysis was employed in both negative and positive ion mode in 

order to document the layer stack order. The encapsulation film is too thick for a depth 

profiling analysis, so it was necessary to delaminate the tandem solar cell. TOF-SIMS mass 

spectra of the exposed surfaces revealed that delamination took place at the PEDOT:PSS/back 

BHJ interface. 

 

Figure 4.6 shows the results of the depth profile analysis. Various factors complicated the 

analysis, such as interface roughness, which is well known phenomenon in R2R processing 

(e.g. compared to spin coating). Furthermore, depth profiling in soft materials is associated 

with an inferior depth resolution (under the given sputter conditions), compared to hard 

materials (e.g. metals). These conditions constitute a challenge especially when it comes to 

performing depth profiling on very thin layers such as the ZnO (~25 nm) and V2O5 (~15 nm) 

layers present in this device. However, as is evident from Figure 4.6 it was quite possible, in 

spite of the conditions, to document the multilayer stack composition in the tandem solar cell 

device. Residual PEDOT:PSS was present in the PEDOT:PSS/back BHJ interface after the 

delamination process presumably due to a small degree of interlayer mixing that resulted in 

presumably a matrix effect, which is observed as initially elevated signals from the back BHJ 

material (i.e. at the beginning of the sputter time window). During the ionization process the 

Zn+ signal is discriminated due to the formation of the ZnIn+ cluster ion caused by the close 

vicinity of the ITO (i.e. an ionization phenomenon). Finally, a significantly long sputter time 

window is observed for the back BHJ compared to the front BHJ, which suggests that the back 

BHJ is significantly thicker (assuming similar sputter rates) than the front BHJ consistent with 

an expected layer thickness of ~600 nm for the back BHJ as compared to the thickness of the 

front BHJ ~200 nm.71 

 

Large area flexible polymer tandem solar cells with all layers processed entirely from solution, 

and partially from water, were successfully demonstrated. The multilayer stack on flexible 

PET substrate comprised a cathode of ITO/ZnO, a recombination layer of V2O5/ZnO, and a 

PEDOT:PSS/Ag (printed) anode. The two serially connected BHJs was comprised of a 

P3HT:PCBM front cell processed from chlorobenzene and a back cell processed from an 

aqueous dispersion of poly[2,3-bis-(3-octyloxyphenyl)-qui-noxaline-5,8-diyl-alt-thiophene-

2,5-diyl]:PCBM nanoparticles. The composition and integrity of the multilayer stack was con- 

firmed by TOF-SIMS depth profiling. The VOC of the best tandem device was 0.9 V, while both 

the corresponding single junction reference devices had a VOC around 0.5 V. This confirms a 

serial connection of the sub cells while the observed voltage losses are ascribed to visible 

defects in the recombination layer and a non-ohmic connection of the two sub cells. 

 

 

 

 



 

Chapter 4 has demonstrated 4 examples where TOF-SIMS and/or AFM was successfully 

utilised in the characterization of OPV devices and OPV materials. These two characterization 

techniques proved to be useful on many occasion, both as primary investigative techniques 

and as techniques to confirm what was already established. As previously mention the 

examples mentioned here are only a selection of the published characterization work that was 

conducted during the PhD, more examples can be found in the publications list in Chapter 1. 

It is also worth to mentioned, that not every characterization study conducted during the PhD 

resulted in a publication, there were of course instances where some exploratory study did in 

deed not bear fruit. 

 



 

 

 
 

  



The focus of this PhD was on OPV material and OPV device characterisation and degradation 

characterisation using TOF-SIMS and AFM as primary techniques which was reflected in the 

thesis as well. 

 

A large inter-laboratory study in which seven distinct OPV devices were studied by TOF-

SIMS as a function lifetime (degradation) in order to identify specific degradation mechanisms 

responsible for the decline of the photovoltaic effect. The degradation experiment lasted over 

1830 hours and included more than 300 cells and over 100 devices. Large amounts of data 

were generated and analysed which lead to many different observation. One of which was 

the photo-oxidation of the active layer (P3HT:PCBM) which was quantitatively monitored as 

a function of cell performance by correlating the bulk obtained TOF-SIMS data with surface 

obtained XPS data. No photo-oxidation was observed in the encapsulated devices, an 

apparent linear relationship in oxygen incorporation for decreasing cell performance was seen 

for the so-called semi-impermeable encapsulated devices. The non-encapsulated devices had 

a slow initial oxygen incorporation that accelerated later in the degradation tests. Although 

the non-encapsulated and semi-impermeable encapsulated devises had different photo-

oxidation behaviours they did surprisingly exhibit a degree of photo-oxidation in the same 

order of magnitude. 

In hindsight MVA analysis could have been very beneficial for the TOF-SIMS data 

analysis from the ISOS-3 collaboration data, not necessarily revealing more information but 

at least it would have sped up the analysis work. 

 

The degradation study of P3HT and P3HT:PCBM that utilised concentrated light and a 

mechanical sample stage effectively generated a data bank of degradation data on a single 

substrate. Although not much substantial could be deduced about the degradation 

mechanisms of the material, there were however small differences found between the surface 

degradation and the degradation of the bulk e.g. the level of oxygen incorporation was much 

larger on the P3HT:PCBM surface than it was in its bulk. The use of MCR on the macro images 

reviled much more information and was much faster compared to manual analysis. PCA 

analysis of the surface and depth profile mass spectral data proved to be useful as an 

explorative tool. 

 Future work should include repeated measurements at each data point, which will 

improve PCA the model and make it easier to detect real outliers. The experimental setup can 

be easily repeated, making it trivial to investigate the degradation behaviour of other 

materials. 

 

The smaller characterization work by TOF-SIMS and AFM of OPV materials and OPV devices 

demonstrated the usefulness of these two techniques in this field. 

 

The many degradation behaviours observed through the characterisation of functioning OPV 

devices and the building block materials have significantly improved the understanding of 

the degradation behaviours in OPVs. These observation can ultimately assist in the pursuit of 

OPVs with higher stability which is a vital step towards large scale commercial application of 

OPVs. 
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Table A. 1 Percent variance captured by the MCR 6 component model calculated using the P3HT Bi3+ stripe. 

MCR component # Fit (% Model) Fit (% X) Cumulative Fit (% X) 

1 6.77 6.51 6.51 
2 7.83 7.53 14.03 
3 41.55 39.94 53.97 
4 3.41 3.28 57.25 
5 31.94 30.71 87.96 
6 8.50 8.17 96.13 

 

Table A. 2 Percent variance captures by the MCR 3 component model calculates using the P3HT:PCBM Bi+ 
stripe. 

MCR component # Fit (% Model) Fit (% X) Cumulative Fit (% X) 

1 28.30 25.09 25.09 
2 10.32 9.15 34.24 
3 61.38 54.43 88.67 

 

Table A. 3 Percent variance captures by the MCR 3 component model calculates using the P3HT:PCBM Bi3+ 
stripe. 

MCR component # Fit (% Model) Fit (% X) Cumulative Fit (% X) 

1 9.66 9.21 9.21 
2 11.58 11.04 20.25 
3 78.76 75.08 95.33 
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Stability of Polymer Solar Cells
Organic photovoltaics (OPVs) evolve in an exponential manner in the two key 
areas of efficiency and stability. The power conversion efficiency (PCE) has in 
the last decade been increased by almost a factor of ten approaching 10%. A 
main concern has been the stability that was previously measured in minutes, 
but can now, in favorable circumstances, exceed many thousands of hours. 
This astonishing achievement is the subject of this article, which reviews 
the developments in stability/degradation of OPVs in the last five years. This 
progress has been gained by several developments, such as inverted device 
structures of the bulk heterojunction geometry device, which allows for more 
stable metal electrodes, the choice of more photostable active materials, the 
introduction of interfacial layers, and roll-to-roll fabrication, which promises 
fast and cheap production methods while creating its own challenges in 
terms of stability.
1. Introduction

1.1. The Solar Cells and Their Instabilities

The ideal photovoltaic device or solar cell should present con-
stant performance over time when illuminated and also show 
little dependence on being subject to cyclic changes in the envi-
ronment light/dark, hot/cold, dry/humid. Historically this is 
observed to have become increasingly incorrect as new solar 
cell technologies have evolved. The very first solar cell that 
qualifies as a technology is the monocrystalline silicon solar cell 
developed at Bell Laboratories in the 1950s by Chapin, Fuller, 
and Pearson.[1] The monocrystalline silicon exhibited little 
degradation in performance that could be linked to a failure 
in the internal components and mechanism of operation but 
presented a reversible loss in performance with increasing 
temperature that was well explained by semiconductor theory. 
From the birth of the solar cell as a technology it was thus 
not an integral part of the understanding that such a device 
could exhibit instability, unpredictable or dynamic perform-
ance. One drawback of the monocrystalline silicon solar cell 
© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinhewileyonlinelibrary.com
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was the significant loss in material when 
sawing the ingots into wafers (known as 
kerf loss) and also the appreciable thick-
ness of the wafers (∼0.25–1 mm). In an 
effort to decrease the manufacturing cost 
of the technology massive research efforts 
were dedicated towards realizing the thin 
film solar cell with the idea of lowering the 
thermal budget and the materials usage. 
This quickly bore fruit and impressively 
early the amorphous silicon solar cell was 
described by Carlson and Wronski in 1976 
as a thin film solar cell prepared using 
vacuum techniques at relatively lower tem-
peratures.[2] The immediate reaction from 
the community was that the costly crystal-
line technology had come to an end. How-
ever, this rapidly changed when Staebler 
and Wronski reported a phenomenon that 
was unprecedented within the established field of solar cells. 
This phenomenon became known as the Staebler–Wronski 
effect[3] and is the observation of a rapid decrease in perform-
ance when the solar cell is illuminated. Clearly an unpleasant 
surprise at the time and while Staebler and Wronski reported 
that the effect was reversible when subjected to a high tempera-
ture treatment it was a show stopper. At this point one of two 
things could happen; the invention could be left as a scientific 
curiosity with no practical implications (and perhaps forgotten) 
or scientists could pick up the challenge and figure out what 
the reasons were and from there perhaps find a cure for the 
problem. Fortunately the latter happened and while this meant 
that it took a relatively long time before the amorphous silicon 
solar cell became commercially available for electrical energy 
production, it also meant that the scientific and technological 
community became accustomed to the fact that a solar cell may 
present a degradative behavior and while best avoided that this 
might not be a complete show stopper or a challenge for which 
no solution exists even if it is not a complete cure. Since amor-
phous silicon was described several thin film technologies have 
evolved each with their Achilles heel and each with a solution 
to the problems. At the very end of this relatively long list of 
technologies we find the polymer and organic solar cells that 
present the greatest potential in terms of cost, scalability and 
environmental impact. They however also present the most 
complex selection of degradation phenomena. When viewed 
from above one could say that the first reincarnations of “the 
solar cell” had a simple constitution/process and therefore  
the possibilities for failure were limited. The more elaborate the  
solar cell has become the larger the choice of constitution and 
im Adv. Mater. 2012, 24, 580–612
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process and in turn the room for unforeseen failure modes 
increases. The polymer solar cell is currently the ultimate in 
terms of complexity and presents enormous variability in all 
aspects. It is therefore not unexpected that the polymer solar 
cell (and to some extent the small molecule organic solar cell) 
presents the most uncontrollable situation in terms of stability. 
This is also supported by the observation of the number of sci-
entific reports on stability/degradation of solar cells by category. 
For the crystalline silicon solar cells this is a very limited body 
of information where the focus has been on extrinsic failure 
paths such as yellowing of the encapsulation materials or corro-
sion of the electrical connections.[4–10] For the thin film devices 
such as amorphous silicon (a-Si), cadmium telluride (CdTe) 
or copper indium gallium diseleneide (CIGS) there is more 
literature dedicated to degradation phenomena. Both detailed 
mechanistic studies, modeling and technological solutions have 
been reported for a-Si[11–21] and more phenomenological studies 
and elucidation of degradation mechanisms for CdTe[22–28] and 
CIGS[29–41] linked to back electrode diffusion and water ingress. 
For the polymer and organic solar cells the existing body of 
literature on degradation far exceed all the other technologies 
taken as a whole and this significant point has to be considered 
while remembering that the polymer and organic solar cells are 
only about to enter the market.

1.2. When Organic Matter is Illuminated

The heart of the matter is that organic materials subjected to 
illumination (i.e., by sunlight) react via photolytic and photo-
chemical reactions. This is an undisputable fact that has many 
implications when one wishes to apply organic materials either 
as a structural or a functional element with some degree of 
illumination. The list of possible photolytic and photochemical 
reactions is large and while some of them may be benign in 
a particular context some of those reactions inevitably lead to 
degradation of the performance when taking any given param-
eter as a metric (i.e., photovoltaic performance). It should at this 
point be added that the yield and rate of photochemical reac-
tions span an enormous range with quantum yields ranging 
from the exceptionally low to nearly unity and rates that range 
from exceptionally low to very high. To complicate matters these 
photolytic and photochemical reactions are not only limited to 
the absorption of light but also to the presence of components 
from the atmosphere such as water and oxygen and the inter-
faces and components that constitute the device.

1.3. An Overview of the Field

An overview of the degradation of polymer and organic solar 
cells was presented by us in 2008[42] and from the point of 
view of categorizing degradation phenomena in polymer and 
organic solar cells this earlier review still fully accounts for the 
understanding available today. There have however, been many 
developments since then in terms of processing, device struc-
ture, materials and scale that present new examples of degra-
dation phenomena which warrant the detailed review that we 
present here. The earlier review covered the state-of-the-art 
© 2012 WILEY-VCH Verlag GmAdv. Mater. 2012, 24, 580–612
from the first descriptions of polymer and organic solar cells 
until the end of 2007 where the next generation of materials 
started to appear with lower band gap and a larger degree 
of intrinsic stability. There has also been an increased gen-
eral interest in device stability and degradation as a conse-
quence of the increased interest from industry. Among the 
first questions a technological representative from industry 
asks is: how efficient is it, how stable is it, what is the cost 
and what is the required investment in infrastructure. The 
attempt to answer these questions has thus transcended into 
the research laboratories active within the field of OPV and 
has resulted in reports on stability with this industrial view 
in mind. We will in this review focus on the new additions to 
the field that have brought new understanding of degradation 
phenomena. When looking broadly at the field of OPV there 
have been numerous reviews and an exhaustive list would 
constitute a review in itself. To give the reader an overview; 
the field has been reviewed initially in attempts to encompass 
the entire field and later by specific reviews of the field with 
a view to a particular topic such as stability, materials, low 
band gap materials, device structures, physics, processing 
581wileyonlinelibrary.combH & Co. KGaA, Weinheim
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 and analysis methods. The most recent developments that 

have had a direct impact on the performance of polymer 
solar cells with respect to stability and degradation are listed  
in Figure 1:

General reviews;[43–55] low band gap materials;[56–59] 
materials;[60–63] morphology;[64–66] tandem structures;[67–70] 
processing;[71–73] hybrid materials,[74–76] interfaces;[77–79] 
physics;[80–82] inverted and oxides materials.[83–85]
2 wileyonlinelibrary.com © 2012 WILEY-VCH Verlag

Figure 1. A schematic view of the timeline for polymer solar cell stability. Some 
on the use of materials, processes and methods are shown below. The lines w
future. Reproduced with permission: 1 year outdoor study,[248] first round robin
When searching Thompson Reuters ISI web of knowledge 
for polymer/organic solar cells one finds that more than 12000 
peer reviewed scientific articles in the form of original research 
articles, proceedings, and reviews. There are several hundred 
reviews, which is clearly too much to survey here. What it does 
show is that the field has grown exponentially from being a 
small research field to now being a relatively large research field 
 GmbH & Co. KGaA, Weinheim Adv. Mater. 2012, 24, 580–612

important events have been highlighted above the timeline and some projections 
ith arrow heads indicate timelines that the authors believe will continue into the 
,[221] ISOS consensus.[223] Copyright 2008, 2009, and 2011, respectively, Elsevier.
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Figure 2. The number of peer reviewed scientific reports (on the y-axis) 
as a function of the year (on the x-axis) within the field of OPV covering 
broadly organic/polymer/plastic solar cells/photovoltaics. The time of 
search was September 2011 and for this reason not all of the scientific 
production in 2011 is accounted for. The number of publications from the 
same set that is related to degradation is also shown and accounts for 
less than 5% of the published work.

Figure 3. The three major organic solar cell research fields.
as shown in Figure 2. The field as a whole has received around 
250.000 citations. When analyzing the field with respect to sta-
bility and degradation it is difficult to search the massive body 
using the search term “stability” as this descriptor has been 
used in many contexts not directly related to the operational 
stability of the solar cell (i.e., morphological stability, thermal 
stability, structural stability).

The use of the search term “degradation” has a more unique 
meaning and around 500 articles can be identified. As shown in 
Figure 2 it is only recently that this area has attracted interest. It 
should at this point be stressed that there are several views that 
one can have on what stability or degradation means in the con-
text of polymer or organic solar cells. The view we take here is 
with respect to the solar cell in operation albeit extended to the 
reasons for particularly stable operation or the causes of failure 
and mechanisms of degradation.
Figure 4. The normal (left) and inverted (right) device geometries with light entering from the 
bottom. ETL: electron transport layer; AL: active layer; HTL: hole transport layer; ITO: indium 
tin oxide electrode.
1.4. The Research

The research field of organic solar cells has 
diversified into at least three overlapping frac-
tions, see Figure 3. The main topic is still on 
improving the power conversion efficiency 
(PCE) were the ever changing record value is 
>10% presented by Mitsubishi on their web 
page (www.mitsubishi.com). This represents 
an order of magnitude improvement since the 
first small organic molecule two-layer device 
described by C. W. Tang in 1986.[86] Early 
reports on stability began to appear around 
1990 with the advent of polymer (PPV) based 
solar cells[87] and has slowly gained accept-
ance as an important branch of research in 
© 2012 WILEY-VCH Verlag GmAdv. Mater. 2012, 24, 580–612
itself and has yielded impressive results. While the first poly mer 
devices may have lasted only a few minutes when exposed to 
ambient conditions and full sun (AM1.5G) lifetimes of the order 
of many thousands of hours are now possible. The last topic that 
has appeared is research on roll-to-roll (R2R) fabricated devices 
and the appearance of several companies with products based 
on this technology. The R2R fabricated devices are as yet quite 
different from those prepared with the aim of obtaining a high 
PCE and do therefore present their own stability issues.

Two main device geometries exist: the normal (or traditional) 
and the inverted[88,89] schematically represented in Figure 4. In 
the normal geometry the layer stack is usually built on top of a 
semitransparent indium tin oxide (ITO) electrode followed by a 
hole transport layer poly(3,4-ethylenedioxythiophene):poly(styre
ne sulfonate) (PEDOT:PSS), the active layer, an electron trans-
port layer (e.g., LiF) and finally a low workfunction metal elec-
trode (the cathode). In the inverted type geometry the order of 
the layers are reversed with the top metal electrode now being the  
hole collecting anode. The different order of the layers in  
the two geometries creates interfaces with different chemis-
tries which may affect the stability. It is also very important 
583wileyonlinelibrary.combH & Co. KGaA, Weinheim
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Scheme 1. Photo-oxidation mechanism according to Manceau et al. Reproduced with permis-
sion.[94] Copyright 2010, Elsevier.
that different types of metal electrodes can 
be used in the two cases. Low workfunction 
metals such as aluminum and/or calcium 
are typically used as back electrodes in the 
normal geometry while higher work function 
metals such as silver are used in the inverted 
geo metry. As a consequence the inverted 
geometry devices tend to be much more 
stable, while the normal geometry devices 
4

may still have an edge in power conversion efficiency.
The organization of this review reflects the developments 

in organic solar cell research. Great strides have been taken 
mainly in the area of materials stability that has enabled taking 
the devices out of the inert atmosphere glovebox environ-
ment. This has resulted in sharing devices between research 
groups validating results and contemplating their future use in 
actual products. The materials stability have been subdivided 
according to each of the typical layers that usually constitutes 
an OPV-device: active layer, electrodes, electron transport layer 
and hole transport layer, each contributing their own degrada-
tion mechanisms. The physical stability is also touched upon 
although less improvement seems to have been gained, pre-
sumably because this is an even more complex issue. Most 
devices rely on the bulk heterojunction concept although 
knowledge on what actually constitutes the optimal structure is 
still not clear and progress is gained by empirical trial-and-error 
methods. Enough workers have studied stability issues so that 
more rigorous standards on how to test organic solar cells have 
appeared, presently in the form of the ISOS-3 recommenda-
tions described later. Finally, R2R fabricated devices have been 
granted their own section.

2. Materials Stability

2.1. The Active Layer

The active layer component in the organic solar cell is the 
part of the device that is very prone to degradation and since 
it is integral to the device functionality this translates directly 
into a degradation of the power conversion efficiency. One 
of the most important reactions is photo-degradation with or 
without oxygen. It is also a research area where some large 
gains in terms of stability have been obtained so that device 
operation can now be measured in years rather than minutes. 
Many organic molecules and polymers are by nature set up to 
undergo photo oxidation and this was very evident with the 
poly-phenylenevinylene (PPV) type polymers used in the early 
Scheme 2. Proposed general degradation mechanism for fluorene containing polymers. Repro-
duced with permission.[106] Copyright 2011, American Chemical Society.
days of OPV research. The photochemical 
decomposition of the PPV type polymer 
has been shown to involve both side chain 
degradation, but also attack at the vinylene 
moieties.[90] Previously, the reactive species 
singlet oxygen was thought to be involved, 
but at recent investigation concluded that 
photoinduced electronic transfer leads to for-
mation of the superoxide oxygen anion.[91–93] 
Fortuitously, the next “work horse” material; 
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag G
poly(3-hexyl-thiophene) (P3HT) was found to be orders of mag-
nitude more stable[94,95] allowing the development of e.g. R2R 
processing. Previously it was believed that the chemical reac-
tion responsible for its degradation was direct attack on the thi-
ophene ring by singlet oxygen, but instead it has been shown to 
be a side chain oxidation starting with a hydroperoxide forma-
tion at the benzylic position as shown in Scheme 1.[96,97]

Films of P3HT are photo-oxidized fairly rapidly with com-
plete bleaching after 700 hours depending on thickness. Adding 
PCBM slows this process considerably, presumably by sub 
nanosecond quenching the reactive excited state on P3HT[98] 
forming a lower energy charge transfer complex. A study by 
Reese et al.[99] concluded that oxidation of PCBM, creating spe-
cies with up to eight oxygen atoms, formed traps for the elec-
tron transport decreasing the electron mobility. Schafferhans 
et al.[100] similarly investigated the effect of oxygen doping of 
P3HT:PCBM blends and concluded that exposure to O2 in the 
dark resulted in a loss of Jsc while all solar cell parameters were 
affected in light, all due to increased number of oxygen gener-
ated trap states. This is also in line with a previous study by 
Seemann et al. on the influence of oxygen on organic solar cells 
with gas permeable electrodes.[101] The reaction between P3HT 
and oxygen may be initiated with an initial reversible formation 
of one or more meta-stable charge transfer states.[102,103] ESR 
studies showed that charges were formed when P3HT:PCBM 
were illuminated and exposed to oxygen. This charge build-up 
could be reversed in vacuum indicating a weak P3HT+-O2

− com-
plex. Recent studies carried out with the analogous polymer 
poly-(3-octyl-thiophene) (P3OT) by Abad et al. concludes that 
the degradation mechanism involves UV-initiated ozone forma-
tion and that ozone is the reactive species responsible for the 
P3OT degradation.[104,105]

Since then a large number of new polymers have been synthe-
sized with the aim of covering more of the solar spectrum and 
hence improve the power conversion efficiency. In the majority 
of the publications on these new polymers has been focused 
solely on high efficiency while neglecting stability. The result is 
that although interesting many of the active materials based on 
these compounds may not be useful for real world applications. 
One example (Scheme 2) is the polyfluorenes that are used 
mbH & Co. KGaA, Weinheim Adv. Mater. 2012, 24, 580–612
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Figure 5. Rule-of-thumb photostability ranking of donor and acceptor monomers for OPV poly-
mers. Adapted with permission.[107] Copyright 2011, Royal Society of Chemistry.
as blue emitters in OLEDs, they have been 
shown to be prone to oxidation giving rise to 
an unwanted green emission (the so-called 
g-band). It has long been known that the end-
product of the oxidation at the 9-position of 
fluorene is to produce fluorenone units. The 
mechanism has now been studied in more 
detail by Grisorio et al.[106] who proposed a 
stepwise process starting with the side chain 
oxidation adjacent to the 9-position in the sub-
stituted fluorene. It seems that the fluorenone 
formation is so energetically favored that no 
matter what kind of substitution is chosen 
this degradation route will predominate for 
fluorene containing polymers, their conclu-
sion was thus to seek other alternatives.

The photo stability of a large number of 
polymers has been investigated, most notably 
by Manceau et al.[107] In their method the 
accumulated number of absorbed photons is 
calculated by taking UV–vis spectra at inter-
vals during a time study where samples are 
exposed to light (1000 W m−2, AM1.5G). The 
normalized number of absorbed photons are 
plotted versus time and compared for dif-
ferent polymers with a limited number of 
monomers. With this set of data the relative 
effect on the rate of photo degradation from 
each type of monomer could be established. 
With these results Manceau et al. created a 
ranking of some of the most commonly used 
monomers for creating polymers for OPV 
which could be set up as a crude guide for 
predicting photostability, see Figure 5.

Several inferences can be learned from these 
studies. Donor groups with side chains are the 
most susceptible to degradation; especially the 
Figure 6. PININE-DTBT polymer with similar photo stability as 
P3HT.[109]
fluorene and cyclopentadithiophene units impart low stability. 
The most stable donor monomers are clearly those without side 
chains. Though only one example is shown, it is interesting to 
note that substituting a carbon for silicon as the atom for attach-
ment of the side groups increase the stability significantly.

This methology clearly has a potential for rapid evaluation of 
a significant stability parameter and has already been used for 
selecting low band gap polymers for R2R coating.[108] A smaller 
study by Kim et al. on three different polymers where actual 
devices were fabricated and the device efficiencies were followed 
as a function of time for a low band gap polymer (PININE-
DTBT) with similar stability to P3HT was identified,[109] see 
Figure 6. Another set of donor-acceptor polymers similar to the 
PININE-DTBT, but with different thieno[3,4-b]pyrazine accep-
tors were compared by the relative photo-chemical stability by 
Xia et al.[110] who found that aryl side chains imparted higher 
stability relative to alkyl side chains. Finally, a study by Carlé 
et al. investigated the photostability of a series of three low 
band gap polymers with a common 2,3-bis(3-octyloxy)phenyl)
quinoxaline acceptor group and either thiophene, benzo-dithi-
ophene or dithieno-thiophene donors.[111] All showed superior 
stability compared to P3HT.
© 2012 WILEY-VCH Verlag GAdv. Mater. 2012, 24, 580–612
The side chains are obviously the Achilles heel of these poly-
mers in terms of photochemical stability and a possible solu-
tion is to remove them after film formation. One option is to 
incorporate heat labile groups that allow thermo-cleavage of 
the side groups. In a separate study Manceau et al. substituted 
simple alkyl side chains for tertiary alkyl ester groups that have 
previously been shown to cleave off completely at temperatures 
above 240 °C leaving the native backbone polymer.[112] Exam-
ples of polymers where these thermo-cleavable groups were 
placed on either the donor or the acceptor moieties were inves-
tigated and shown to have much improved photo stability after 
the thermo-cleavage step.
585wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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Figure 7. Bromo alkyl derivatives of P3HT for UV cross-linking (a) and the proposed stabilization route of the morphology (b). Reproduced with 
permission.[134]
Another important problem with the bulk hetero-junc-
tion active layer is that it is a meta-stable structure that will 
evolve further with time even at ambient temperature. This 
effects the function of the delicate nano-structure that should 
be optimized for minimum exciton diffusion length and a 
maximum inner surface between the polymer hole transport 
and small molecule acceptor domains. The usual acceptors 
like PCBM forms nano crystalline domains that tend to grow 
in size.[113,114] It has been studied by non-invasive methods 
such as energy dispersive X-ray reflectivity (EDXR) by Paci  
et al.[115] The crystallization process is limited by the high vis-
cosity of the polymer/acceptor mixture. Unfortunately, the side 
chains giving solubility to the polymer also lowers the Tg so that 
physical mobility of the polymer chains increases. When the 
solar cell devices are illuminated they heat up and may reach 
80 °C in full sun (1000 W m−2) exacerbating the process. The 
activation energy for the phase segregation of MDMO-PPV and 
PCBM blends have been modeled from the short circuit cur-
rent decay of devices based on this active material and found 
to be rather low (0.85 eV) corresponding to the rapid degra-
dation observed.[116] Ray and Alam developed a mathematical 
model for the short circuit current degradation as a function 
of how the domain sizes evolve with time at different tempera-
tures.[117] The influence of different processing parameters 
on the morphological stability have been studied by Kumar et 
al. who found that P3HT:PCBM films spin-coated with added 
1,8-octanedithiol degraded much faster than films made from 
other solvents.[118] The temperature used to dry the active layer 
film may also affect both efficiency and stability as shown by 
Lin et al.[119] If the active layer film is dried at –5 °C compared 
to RT the efficiency increased from 3.23 to 4.70% and a storage 
half-life increased from 143 h to 1250 h. Also the regio-regu-
larity of the P3HT seems to have a large effect. In a study with 
two regio-regularities of 94% and 98% Ebadian et al. showed 
that the devices based on the high regio-regular P3HT lost effi-
ciency much faster than those based on the low regio-regular 
material.[120] Most studies focus on the polymer part of the 
active material, but Johnson et al. have shown that variations 
in the acceptor material may also have a marked influence on 
86 wileyonlinelibrary.com © 2012 WILEY-VCH Verlag 
stability.[121] Comparing the standard C61-butyric acid methyl 
ester (PCBM) with the longer chain analogue C61 butyric acid 
octadecyl ester (PCBOD) they found a slower initial decay of the 
efficiency with the latter acceptor compound.

One of the first solutions to be suggested was to chemically 
engineer a stable morphology by connecting the donor and 
acceptor parts by bonds to create block copolymers that would 
form stable bicontinous networks for the hole and electron 
charge carriers by supra-molecular forces.[122–125] For recent 
reviews see Topham el al.[126] and Sommer et al.[127] This strategy 
has not succeeded widely, perhaps due to overwhelming syn-
thetic obstacles.

A few examples of devices with block copolymer mate-
rials exceeding 1% PCE have been reported.[128,129] Instead 
alternating donor acceptor copolymers have become a main 
research theme in the form of low-band-gap polymers.[56–59] A 
second strategy is to freeze the optimal nano-structure once 
it has been established in the film. Several options exist. Ryu  
et al.[130] added a photocurable cross linking agent in the 
amount of 1–5% and obtained a slight increase in the power 
conversion efficiency, but no information about the effect on the 
stability was given. Sahu et al. explored polymers incorporating 
hydrogen a donor and acceptor group to form the cross links.[131] 
A number of studies have incorporated cross-linkable groups in 
the side-chains. Farinhas et al. used the polymer F8T2Ox1 with 
reactive oxetane groups.[132] Drees et al. introduced cross-link-
able fullerenes with glycidol esters of PCBM.[133] Kim et al.[134] 
and Griffini et al.[135] used UV cross-linkable bromo-alkyl side 
chains (Figure 7) and showed an increased thermal stability in 
the power conversion efficiency ascribed to stabilization of the 
morphology.

A somewhat similar approach has been studied by Gholam-
khass and Holdcroft with an azide-functionalized graft 
copoly mer of P3HT and polystyrene (Figure 8).[136] After com-
pleting the polymer:PCBM devices they were heat treated at 
140 °C with the intent of chemically linking the two components 
via the intermediate nitrene. Although the efficiency of the 
devices prepared were lower (1.73% PCE) they degraded sub-
stantially slower than similar standard P3HT:PCBM devices.
GmbH & Co. KGaA, Weinheim Adv. Mater. 2012, 24, 580–612
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Figure 8. Cross-linking polymer and PCBM domain chemically. Reproduced with permis-
sion.[136] Copyright 2010, American Chemical Society.

Scheme 3. Thermo-cleavage reaction of P3MHOCT to P3CT and PT.
The last and perhaps most successful option have been to 
remove the side chains altogether leaving the electro-optically 
active main chain polymer. Thermo-cleavable side groups in 
poly thiophene type polymers intended for OPV were intro-
duced by Liu et al. in 2004.[137] To every second thiophene 
moiety a carboxylic ester of 2-methyl-2-hexanol was attached 
at the 3-position. Heating a film of this material to 200 °C for 
60 minutes cleaved the ester function leaving the carboxylic 
acid function. The original purpose with this polymer was to 
create an interface layer between P3HT and a titanium oxide 
(TiOx) layer improving the PCE. It was later realized that the 
thermo-cleavage reaction presented an opportunity for creating 
a rigid and thermally stable nano-morphology in the bulk het-
erojunction.[138] The tertiary ester derivative of Liu et al., now 
called P3MHOCT (for poly-(3-(2-methylhexan-2-yl)-oxy-carbon-
yldithiophene) was found to cleave of the side chains in two dis-
tinct chemical steps (see Scheme 3). At about 200 °C the alkyl 
group is shed as a volatile alkene leaving the insoluble poly-3-
carboxydithiophene (P3CT) and above 300 °C even the carbox-
ylic acid group is lost leaving the native poly-thiophene (PT). 
Thermogravimetric analysis and solid state NMR were used to 
corroborate this sequence of reactions.[139]

Solar cells based of P3MHOCT:PCBM were shown to decay 
rapidly, but when thermo-cleaved to P3CT:PCBM the power 
conversion efficiency remained stable for at least 4000 h of full 
sun (AM1.5, 1000 W m−2) albeit with low current density.[140] 
© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, WeinAdv. Mater. 2012, 24, 580–612
A detailed analysis of the failure mecha-
nisms for this type of device during 10 000 h  
full sun concluded that oxidation of the 
metal electrode (Al) rather than of the active 
layer materials caused the slow degradation 
observed.[141] In a later study, solar cells heat 
treated at different temperature between 
RT and 310 °C representing all three stages 
(P3MHOCT, P3CT and PT) with either [60]
PCBM or [70]PCBM were prepared.[138] The 
thermo-cleaved devices (P3CT and PT) were 
significantly more stable, but it was also 
observed that the power conversion effi-
ciency went through a minimum for devices 
annealed at about 200 °C representing the 
P3CT. The best performing devices with 
an efficiency of 1.5% were those heated to  
310 °C containing native polythiophene (PT), 
see Figure 9.

These studies were extended to R2R fabri-
cated devices on heat stable Kapton substrates 
using a powerful light source to thermo-cleave 
the polymer.[142] Thermo-cleavable side groups 
were also extended to a series of low band 
gap polymers based on diphenyldithienylth-
ienopyrazine (Figure 10).[143] This paper 
contains a careful analysis of different types 
of thermo-cleavable side groups and their 
synthesis. Solar cell devices based on these 
polymers were shown to possess remark-
able stability towards oxygen, but show fairly 
rapid degradation in a humid environment. 
The work was extended to solar cells based 
on other types of low band gap polymers.[144,145]

Thermo-cleavable polymers change from soluble to insoluble 
upon heat treatment and this can be exploited during device 
preparation. Tandem cell devices of polymer solar cells have 
been difficult to prepare because this would usually involve 
printing several organic soluble layers on top of each other. 
The solvent from the later layers will then tend to dissolve the 
underlying materials destroying the ordered geometry. With 
thermo-cleavable materials this can be avoided by including a 
heat treatment step between each layer deposition.[146,147] Fur-
ther modifications have yielded thermo-cleavable polymers 
with water soluble/miscible side chains[148] and water based 
emulsion for processing the back cell in roll-to-roll coated 
tandem solar cells with significant differences in the lifetime 
performance of the two subcells.[149]

2.2. The Metal Electrode

Aluminum and calcium metal films are highly reactive, but as 
long as they are kept in an oxygen and water free atmosphere 
in a glovebox environment or encased rigidly, this does not 
present a problem. In a real world application water and oxygen 
will always be present and will eventually lead to degradation. 
The rate of influx or transmission can to a certain extent be 
controlled by encapsulating the device as will be discussed later. 
587wileyonlinelibrary.comheim
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Figure 9. Thermo-cleavage study of P3MHOCT:PCBM devices showing a distinct minimum for
the efficiency versus heat treatment temperature. Reproduced with permission.[138] Copyright
2009, American Chemical Society.
Because of the low work function these metals can act as potent 
reducing agents especially if hydrogen donating reagents like 
water or alcohols are present. This mode of degradation has not 
been described yet and the dominant reaction seems instead 
to be diffusion of water through pores in the metal and reac-
tion to form metal oxides at the interface between the metal 
and the rest of the device. This metal oxide layer is electrically 
insulating and creates a transport barrier eventually degrading 
the performance of the device as seen in the diode characteris-
tics. Glatthaar et al. showed in a series of papers that this layer 
of Al2O3 gives rise to a capacitance that can be estimated from 
the layer thickness and that the IV curve changes shape from 
a standard exponential diode curve to one with an inflection 
point. This may erode the fill factor to a point where the device 
no longer produces power creating an S-shaped IV-curve.[150,151] 
8 wileyonlinelibrary.com © 2012 WILEY-VCH Verlag GmbH & Co. KGaA, W

Figure 10. Examples of diphenyldithienylthienopyrazine with various 
thermocleavable side groups.
A very similar S-shaped IV-curve also occurs 
for inverted structure devices with a photo-
activated ZnO layer (vide supra). Many of the 
problems with the low work function metal 
electrodes have been described in an earlier 
review[42] and will also be dealt with in a later 
section on oxygen/water degradation in this 
review.

The metal electrode in inverted devices 
can be selected from a wider range and is 
typically made of silver. Due to its less reac-
tive nature it is not prone to degradation by 
oxygen or water. It is also attractive because 
it does not need to be evaporated onto the 
device in vacuum. Instead it is possible to 
print/coat emulsions with a high content of 
silver particles using industrially relevant 
techniques such as screen printing. This is 
one of the enabling technologies for roll-to-
roll printing of organic solar cells. A number 
of commercial silver emulsions/pastes exist 
and they were of course not invented for 
use in organic solar cells and are therefore 
not equally suited for the task. Most have an 
organic binder that may be heat curable and 
some are even photo curable. An investiga-
tion of ten different silver emulsions showed 
a great variation in efficiency.[152] Later a 

 
 

more detailed analysis showed that the organic binder used 
may partly destroy the underlying layers.[153]

2.3. The Transparent Electrode

The ITO/organic interface has been implicated in the degra-
dation of mainly small molecule organic solar cells. Sullivan 
and Jones[154] have shown that devices with the structure: ITO/
pentacene/C60/BCP/Al deteriorates rapidly over a 70 min study 
in air. A kink in the J–V-characteristic increased progressively 
and eroded the PCE. They ascribed this to photo-oxidation of 
the pentacene at the ITO interface that could be retarded by 
an UV-filter. Another study by Schäfer et al.[155] concluded that 
the work function of ozone treated ITO changed upon UV 
irradiation and caused a drop in the open-circuit voltage (Voc) 
responsible for the observed degradation. Kanai et al.[156] also 
studying small molecule organic solar cells observed a similar 
degradation and found that it could be prevented by inserting a 
20 nm thick molybdenum oxide (MoO3) layer between the ITO 
electrode and the organic part of the device. Cesium carbonate 
(Cs2CO3) has been used as an interfacial layer to lower the work 
function of the ITO.[157,158]

2.4. The Electron Transport Layer

Several n-type materials have been explored as electron trans-
port layer (ETL) in organic solar cells. One of the first was 
lithium fluoride (LiF)[159,160] used for energy alignment and sta-
bility of the cathode interface. Recently, a mixture of C60 and 
einheim Adv. Mater. 2012, 24, 580–612
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LiF has been explored for this purpose in bulk heterojunction 
solar cells.[161,162] In addition to the enhanced current density 
the effect of this composite layer was to increase the device 
lifetime. A number of other types of buffer layers have been 
introduced for increasing the lifetime of devices with low work 
function metal electrodes. Sol-gel processed titanium suboxide 
(TiOx)[163,164] can be used, but is a relatively poor conductor in 
its amorphous form.[165] A recent study by Li et al. concluded 
that TiOx acts as a photochemically activated oxygen scavenger 
significantly enhancing the stability of P3HT:PCBM towards 
both UV exposure and oxygen.[166] M. Wang et al. have applied 
thermally evaporated chromium oxide (CrOx) between the 
active layer and the aluminum cathode to enhance stability.[167] 
Later, M. Wang et al. showed a similar effect for copper oxide 
(CuOx) as interface layer either alone or together with lithium 
fluoride.[168] Y. Wang et al. found that a 1 nm thick layer of 
lithium benzoate improved both performance and stability.[169] 
Similarly, the phosphine oxide 2,7-bis(diphenylphosphoryl)-
9,9’-spirobi[fluorene] has been used to improve the thermo-
stability.[170] An early example of using cesium carbonate as 
a cathode buffer layer was reported by Chen et al.[171] A later 
comparative study between LiF and Cs2CO3 concluded that the 
latter is superior for enhancing both performance and stability 
of the devices.[172] Jin et al. have shown that a thin (5 nm) cad-
mium selenide (CdSe) interface layer retards degradation.[173] 
Zinc oxide (ZnO) has a high electron mobility and is therefore 
better suited as an ETL.[174] It is used as an electron transport 
layer in inverted type devices e.g. ProcessOne roll-to-roll coated 
devices. It can be coated in the form of a precursor solution of 
zinc acetate or nanoparticles from water or alcohol solutions. 
The conductance of ZnO is variable and can be modulated by 
dopants, oxygen vacancies and Zn interstitial atoms.[175,176] In 
addition it can be changed by exposure to UV-irradiation in the 
presence of oxygen. This has been exploited in diode devices 
with memory effects.[177] In solar cell devices this variable con-
ductance can have a dramatic effect where the device has to be 
pre-treated with exposure to UV-irradiation before full power 
© 2012 WILEY-VCH Verlag GmAdv. Mater. 2012, 24, 580–612

Figure 11. Left: Proposed mechanism and interaction of ZnO with oxygen a
with permission.[152] Copyright 2010, Royal Society of Chemistry. Right: The
slow UV photoactivation of the ZnO layer. Reproduced with permission.[178]
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conversion efficiency is obtained. In such cases the IV-curve in 
the beginning exhibits a distinct S-shaped appearance that grad-
ually changes into a normal IV-characteristic as ZnO is photo-
oxidized. In the dark the process may revert with increased 
resistance. A chemical mechanism have been proposed by 
Verbakel et al.[177] and further elaborated by Krebs et al.[152] In 
the natural state the surface layer of the ZnO film is doped 
with bound oxygen radicals that can be removed either by UV-
irradiation or electrochemically creating persistent charge car-
rier states. In the dark a reuptake of oxygen slowly occurs, see 
Figure 11.

A more detailed investigation of the effect of photo annealing 
of the ZnO layer was carried out by Lilliedal et al.[178] The R2R 
fabricated devices with the structure: ITO/ZnO/P3HT:PCBM/
PEDOT:PSS/Ag were encapsulated by lamination with a bar-
rier foil. When illuminated in an ambient atmosphere the 
IV-characteristics changed drastically over ca. 10 min from zero 
current generation to maximum. A slow partial reversion was 
seen when the device was kept in the dark. They concluded 
that the photo-annealing process is accelerated by illumination 
intensity and temperature. A mechanism was proposed based 
on the redistribution of the oxygen in the device during the 
light/dark cycles. The ZnO nanoparticle layer absorbs light in 
the range of 360 to 395 nm[179] giving rise to a photo chemical 
reaction as described earlier. The effect of ZnO electron trans-
port layer in normal geometry devices on the shelf-life have 
been investigated by Ferreira et al.[180] The lifetime of devices 
without any ETL stored in the dark (shelf-lifetime) was very 
short as opposed to devices with a ZnO nanoparticle HTL or 
mixed ZnO nanoparticle/ZnO sol-gel studied over 78 days. 
The mixed ETL device proved to be best and retained about 
60% efficiency after this period. Transmission electron micro-
scopy cross-sections of the devices showed that voids appeared 
at the aluminum/P3HT:PCBM interface when no ZnO layer 
was present. A modification in the form of indium doped zinc 
oxide nanoparticles (IZO) have been explored by Puetz et al. in 
both normal and inverted geometry devices.[181] Sarenpää et al. 
589wileyonlinelibrary.combH & Co. KGaA, Weinheim
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Figure 12. Light beam induced current (LBIC) image of an aged device 
with inverted geometry using a PEDOT:PSS HTL. Point defects have 
spread and begun to coalesce leading to catastrophic failure. Reproduced 
with permission.[196] Copyright 2011, Elsevier.
investigated aluminum doped zinc oxide (AZO) prepared by 
atomic layer deposition using diethyl zinc and trimethyl alu-
minum with water as oxygen source. Small molecule devices 
based on this material showed increased stability with no deg-
radation observed after 40 days.[182] In inverted type devices a 
thin evaporated layer of aluminum later oxidized to aluminum 
oxide between the ITO cathode and the PEDOT:PSS layer have 
been used to enhance electron extraction and in conjunction 
with a MoO3 anode interface layer to increase stability.[183] Zim-
mermann et al. investigated the use of thin evaporated chro-
mium and titanium metal interfaces between the active layer 
and an aluminum anode.[184] With the chromium interlayer 
superior long-term stability was achieved compared to devices 
with titanium. For small molecule organic solar cells the influ-
ence of various exciton blocking layers on the stability have 
been investigated.[185] It was found that Alq3 was superior to 
In2S3, (Z)-5-(4-chlorobenzylidene)-3-(2-ethoxyphenyl)-2-thiox-
othiazolidin-4-one (CBBTZ) or bathocuproine (BCP). Lo et al. 
found that doping the Alq3 buffer layer with metallic magne-
sium enhanced the stability even better than for Alq3 alone.[186]

2.5. The Hole Transport Layer

PEDOT:PSS is the most widely used hole transport layer (HTL) 
with several commercial varieties available. This ionic polymer is 
mostly sold as a water solution/suspension that is applied as a 
layer in solar cell devices by either spin coating or slot die coating 
in an R2R process.[187] Some formulations of PEDOT:PSS are 
highly acidic with a pH of 1-3 and together with residual water 
or moisture from the air this is a possible source of corrosion 
especially in conjunction with low work function metals such as 
aluminum or calcium used in normal type geometry devices, but 
may also be implicated in degradation of the ITO electrode.[188] 
The pH of the PEDOT:PSS solution can be adjusted by addition 
of base as described by Kim et al. leading to a 25% improved 
lifetime at 0.2 molar ratio of NaOH.[189] The PEDOT:PSS may 
degrade thermally as shown by Vitoratos et al. with an exponen-
tial degradation of the conductance with time. A half life of some 
55 hrs at 120 °C was observed.[190] Voroshazi et al. recently inves-
tigated the role of PEDOT:PSS in cathode oxidation for polymer 
solar cells with normal geometry[191,192] and found that it greatly 
accelerates oxidation due to its hygroscopic nature. Substituting 
PEDOT:PSS with vacuum deposited MoO3 as the hole conducting 
layer enhanced the stability. In a latter more comprehensive study 
it was found that even in a dry inert atmosphere PEDOT:PSS 
accelerates degradation presumably due to residual humidity that 
can diffuse through the device to the cathode interface where it 
will react.[192] Sputtered nickel oxide (NiO) can also be used as an 
alternative to PEDOT:PSS with a marked increase in stability.[193] 
Hancox et al. have found a similar enhanced lifetime of small 
molecule solar cells with a MoOx hole-extraction layer.[194] Chro-
mium oxide–chromium nitride films prepared by sputtering have 
been used by Qin et al. as another alternative to PEDOT:PSS.[195] 
Lloyd et al. studied inverted geometry devices with and without 
a PEDOT:PSS hole transport layer and found a great difference 
in degradation was seen in the solar cell parameters (Voc, Isc, FF 
and PCE). Both devices degraded slowly in the beginning, but at 
approximately 600 hours the point defects suddenly increased in 
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag G
size and ultimately coalesced in contrast to a uniform degradation 
in the non-PEDOT device.[196] Figure 12 shows the LBIC image 
for the PEDOT:PSS device.

Hains et al. studied the effect of various interface layers 
on solar cell performance.[197] In a test for thermal sta-
bility PEDOT:PSS was evaluated as HTL versus 4,4’-bis[(p-
t r i ch lo ros i l y lp ropy lpheny l ) -pheny lamino ]b ipheny l 
(TPDSi2):poly[9,9-dioctylfluorene-co-N-[4-(3-methylpropyl)]-
diphenylamine (TFB). Standard type devices (MDMO-
PPV:PCBM) with either of the two different HTLs were 
heated on a hot-plate to 60 °C for 1 hour and then subjected 
to IV testing. The PEDOT:PSS devices no longer exhibited 
photovoltaic response while those containing TPDSi2:TFB 
were unaltered. Norrman et al.[198] studied the degradation 
of inverted geometry devices in different atmospheres using 
chemical surface analysis techniques (XPS and TOF-SIMS) and 
found a very dynamic chemical behavior at the PEDOT:PSS/
active layer interface. They ascribe the major failure mecha-
nisms for inverted devices to be related to PEDOT:PSS phase 
separation and to changes at the interface to the active layer. 
In small-molecule solar cells stability has been enhanced by 
using a polymerized fluorocarbon anode buffer layer between 
the ITO and the copper phthalocyanine/C60 active layer.[199] 
Gholamkhass and Holdcroft replaced part of the PEDOT:PSS 
with gold nano-dots to improve device stability in acceler-
ated aging tests.[200] While UV irradiation generally degrades 
polymer photovoltaic devices through photo oxidation reac-
tions of the active layer it has been argued that UV treatment of 
the PEDOT:PSS layer actually increases the lifetime.[201] Mixed 
oxides (WO3–V2O5) have been used by Huang et al. to replace 
PEDOT:PSS creating air stable inverted devices.[202]

2.6. Effect of the Atmosphere

There are numerous degradation mechanisms in play during 
operation of the organic solar cell and each contributes to the 
mbH & Co. KGaA, Weinheim Adv. Mater. 2012, 24, 580–612
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Figure 13. A) schematic organic solar cell with the configuration ITO/MeO-TPD:C60F36/
ZnPc:C60/C60/BPhen/Al showing the BPhen/Al interface. B) The corresponding TOF-SIMS 
oxygen depth profiles for various experimental conditions. C) The chemical structure of 
4,7-diphenyl-1,10-phenanthroline (BPhen). Reproduced with permission.[203] Copyright 2011, 
Elsevier.
overall deterioration of photovoltaic perform-
ance that consequently shortens the device 
lifetime. The most significant contributor is 
believed to be diffusion of atmosphere into 
the device of which molecular oxygen and 
water are known to cause photo-oxidation of 
the organic layers and interfaces (i.e., chemical 
degradation), which consequently will disrupt 
the delicate electrochemical processes that are 
vital for the photo voltaic performance. Water 
and molecular oxygen induced photo-oxidation 
is influenced by various factors that are not 
necessarily equivalent for both types of atmos-
pheres. Important factors involve: i) whether or 
not encapsulation is employed, and if it is, the 
type/quality of the encapsulation (described 
in detail in a subsequent paragraph), ii) the 
barrier effect of the individual layers towards 
molecular oxygen and water, which, among 
other things, is linked to the individual layer 
thickness, iii) and finally the layer stack con-
figuration is important since it will define the 
accumulated barrier effect at a given location 
in the device, which could be at an interface 

or in the bulk of an organic layer. The numerous parameters of 
which many are interrelated will determine how significant a 
degradation mechanism is at a specific location in the device.

2.6.1. Organic/Metal Electrode Interface

The organic/metal electrode interface is vulnerable towards 
molecular oxygen and water. Three photo-oxidative degradation 
mechanisms can take place: i) as mentioned earlier low work 
function electrodes such as aluminum and calcium can form 
metal oxides in the interface that consequently will act as a 
transport barrier causing deterioration of the photovoltaic per-
formance, ii) photo-oxidation of the organic material that will 
degrade the electron/hole transport properties and thus the 
photovoltaic performance, and iii) the metal can form an adduct 
Figure 14. Schematic representation of the outer aluminum electrode showing the two dif-
ferent entrance channels for water and molecular oxygen. The molecular oxygen mainly diffuses 
through microscopic pinholes and water mainly diffuses in between the aluminum grains.
with the organic material (e.g., via vinylene 
bonds) that will react efficiently with mole-
cular oxygen and water. However, the latter 
mechanism has so far not been documented. 
There are several examples in the literature 
that demonstrate how powerful it is to com-
bine time-of-flight secondary ion mass spec-
trometry (TOF-SIMS) with isotopic labeling 
in order to study water and molecular oxygen 
induced photo-oxidation of organic solar 
cells.[203–208] Hermenau et al.[203] employed 
TOF-SIMS in combination with isotopically 
labeled atmospheres such as H2

18O and 18O2 
to study photo-oxidation in specific device 
locations in a non-encapsulated small-mole-
cule organic solar cell with the configuration 
ITO/MeO-TPD:C60F36/ZnPc:C60/C60/BPhen/
Al. The authors performed TOF-SIMS depth 
profiling through the BPhen/Al interface 
and were able to semi-quantify the formation 
© 2012 WILEY-VCH Verlag GAdv. Mater. 2012, 24, 580–612
of aluminum oxide in the interface for various experimental 
conditions during the device lifetime (Figure 13). Hermenau  
et al.[203] observed that water is significantly worse than molec-
ular oxygen. However, the authors furthermore observed that 
illumination impedes the aluminum oxide formation at the 
BPhen/Al interface for both atmospheres, which was ascribed 
to a temperature effect, i.e., illumination heats up the outer alu-
minum surface resulting in a lower concentration of molecules 
from the atmosphere.

Photo-oxidation of the organic material in the organic/metal 
electrode interface has been described for different types of 
organic solar cells.[203–208] For evaporated aluminum electrodes 
a distinct difference in diffusion dynamics is observed for 
water and molecular oxygen. The phenomenon is schematically 
described in Figure 14.
591wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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Figure 15. TOF-SIMS composite ion images (500 μm × 500 μm) showing the relative distri-
bution of 18O and BPhen in the BPhen/Al interface for (A) an 18O2 exposed device and (B) a 
H2

18O exposed device with the configuration ITO/MeO-TPD:C60F36/ZnPc:C60/C60/BPhen/Al. 
Reproduced with permission.[203] Copyright 2011, Elsevier.
Water reaches the organic/metal electrode interface by prefer-
entially diffusing in between the aluminum grains, and molecular 
oxygen preferentially diffuses through microscopic pinholes.[205] 
Water will thus result in homogeneous photo-oxidation of the 
organic material in the interface and molecular oxygen will result 
in inhomogeneous photo-oxidation in the lateral plane, i.e. photo-
oxidation will be centered on the microscopic pinholes causing 
circular degradation in the lateral plane. As a consequence of the 
photo-oxidation the organic material will expand in all directions, 
which for molecular oxygen is manifested as electrode surface 
protrusions centered on the pinholes. Such protrusions have been 
measured using interference microscopy and AFM.[204] In the 
study by Hermenau et al.[203] TOF-SIMS imaging was utilized to 
visualize this phenomenon for the BPhen/Al interface (Figure 15).

The authors found the corresponding CN18O image for the 
18O2 exposed device to be equivalent with the 18O image, which 
they took as evidence that it was (at least) the nitrogen part of the 
molecule (Figure 13) that was photo-oxidized. The phenomenon 
shown in Figure 15 has been mentioned by Norrman et al.[203–206] 
in several of publications where TOF-SIMS was used in combina-
tion with isotopically labeled atmospheres. The circular oriented 
degradation pattern caused by molecular oxygen has (besides 
from TOF-SIMS imaging) been observed using techniques such 
as fluorescence microscopy,[204] electroluminescence imaging 
(ELI),[209] photoluminescence Imaging (PLI),[209] and light beam 
induced current microscopy (LBIC).[196] The obvious way to avoid 
or diminish this phenomenon is to use thicker electrodes and/or 
encapsulation. This phenomenon is not significant for R2R proc-
essed devices where the top electrode (e.g. Ag) usually is printed 
from solution that typically results in electrode thicknesses of 
10–20 μm as opposed to ∼100 nm for evaporated electrodes.

2.6.2. The Active Layer

The active layer in organic solar cells is by definition organic as 
opposed to certain barrier layers that can be inorganic (e.g., LiF, 
2 wileyonlinelibrary.com © 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Wei
ZnO, V2O5, MoO3, etc.). The active layer is thus 
susceptible to photo-oxidation. However, the 
active layer is, regardless of the configuration, 
always somewhat protected by the other layers 
in the device, i.e. each material possesses bar-
rier properties with respect to water and molec-
ular oxygen, so photo-oxidation will always be 
impeded in the active layer compared to being 
directly exposed to the atmosphere. A recent 
study on photo-oxidation of a non-encap-
sulated device with the configuration ITO/
ZnO/P3HT:PCBM/PEDOT/Ag revealed that 
P3HT:PCBM (measured at the P3HT:PCBM/
PEDOT:PSS interface) is especially vulnerable 
towards molecular oxygen but only when 
illuminated.[198] The authors quantified the 
oxygen uptake and found that during the life-
time of the device that was exposed to mole-
cular oxygen, the oxygen increase was only 
0.2 atom-%, which constituted an extremely 
small fraction of the oxygen uptake observed 
in a series of experiments with the active layer 
exposed directly to the atmosphere. The relative 
degree of photo-oxidation of the active material for the two atmos-
pheres was observed to be consistent with the relative lifetime of 
the devices (O2, 0.2 atom-%, T0 = 68 h versus H2O, 0.01 atom-%, 
T0 = 480 h), which suggests a direct relationship between photo-
oxidation of the active material and the lifetime of the device.

In the study by Hermenau et al.[203] the relative photo-oxidation 
was measured as relative oxygen uptake in the various bulk layers 
in their small-molecule organic solar cell ITO/MeO-TPD:C60F36/
ZnPc:C60/C60/BPhen/Al. It was found that the largest degree of 
photo-oxidation occurs in the active layer ZnPc during illumination 
in a water atmosphere. Also in this case there was a good correla-
tion between the device lifetime and the degree of photo-oxidation 
in the active layer (O2, 10%, T50 = 74 h versus H2O, 100%, T50 = 
11 h) (normalized to the oxygen uptake for the water atmosphere), 
which is indicative of a direct relationship between photo-oxidation 
of the active material and the lifetime of the device.

Figure 16 presents the result of a study involving a R2R proc-
essed polymer solar cell with the composition encapsulation/
PET/ITO/ZnO/P3HT:PCBM/PEDOT:PSS/Ag/encapsulation 
that was illuminated (AM1.5G, 1000 W m−2) in ambient air. 
The goal was to measure the relative photo-oxidation (via the 
relative oxygen uptake) of the active material (P3HT:PCBM) as 
a function of performance loss.

As is evident a linear correlation was observed between TOF-
SIMS obtained oxygen intensities and loss of photovoltaic per-
formance, which suggests that loss of performance is directly 
related to photo-oxidation of the active material, and that this 
degradation mechanism is possibly the dominant one. Finally, 
the result unfortunately supports the fact that organic barrier 
films (i.e., encapsulation) are not 100% efficient with respect 
to preventing diffusion of water and molecular oxygen through 
the barrier (discussed in a subsequent section).

2.6.3. The Barrier Effect

As mentioned previously the likelihood of water or molecular 
oxygen reaching a particular location in the device is influenced 
nheim Adv. Mater. 2012, 24, 580–612
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Figure 16. A) Schematic R2R fabricated polymer solar cell with an UV filter encapsulation. B) TOF-SIMS obtained oxygen intensities from the bulk 
active material (P3HT:PCBM) as a function of loss of photovoltaic performance.
by various factors. From the previous examples it is clear that 
different types of organic solar cells have different vulnerabili-
ties towards water and molecular oxygen. One recent systematic 
study by Madsen et al.[208] describes accumulated barrier effects 
with respect to water and molecular oxygen for a polymer solar 
cell (Figure 17).

The authors used TOF-SIMS in combination with iso-
topically labeled water and molecular oxygen on a device with  
the configuration glass/ITO/ZnO/P3HT:PCBM/PEDOT:PSS/Ag/
encapsulation together with partial devices as shown in Figure 17.  
The authors were able to semi-quantify the incorporation of 18O 
© 2012 WILEY-VCH Verlag GmAdv. Mater. 2012, 24, 580–612

Figure 17. Schematic partial polymer solar cells (A–C) and a complete po
incorporation on the ZnO surface. The vertical arrows indicate where TOF-
or 18O2 with subsequent layer removal.
on the ZnO surface after layer removal, which they used as a 
measure for the accumulated barrier effect of the layers situated 
on top of the ZnO layer. For a molecular oxygen atmosphere they 
observed a steady decrease in oxygen uptake on the ZnO surface 
for an increased number of layers (Figure 17). However, for the 
water atmosphere Madsen et al.[208] observed a drastic decrease 
for just one layer (P3HT:PCBM) and an equally low level for the 
subsequent layers, which they ascribed to a bottleneck effect of 
the P3HT:PCBM layer, which thus must be a relatively good bar-
rier for water. A slightly elevated increase of 18O incorporation 
was observed for the complete device illuminated in an H2

18O 
593wileyonlinelibrary.combH & Co. KGaA, Weinheim
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Figure 18. A rigid encapsulation using a glass front and a metal back. The metal backplate 
is shown from the inside (left) and the thermosetting glass fiber re-enforced epoxy is shown 
before being sandwiched between the metal back plate and the glass front carrying the solar cell 
stack (middle). The completed and functional device is shown driving a small electrical motor 
(right). Reproduced with permission.[210] Copright 2006, Elsevier.
atmosphere, which they suggested could be 
due to the binder being hygroscopic.

2.6.4. Inert Atmospheres

As is evident from the previous discussion 
there are several examples from the literature 
that demonstrate how water and molecular 
oxygen affect organic solar cells.[203–208] How-
ever, in the absence of water and molecular 
oxygen the organic solar cell will still degrade 
during illumination, i.e. via other processes. 
If an inert atmosphere is used the typical out-
come will be a significant increase in stability 
and thus device lifetime. Degradation will in 
this case be in the form of pure photo-chem-

ical processes, and lifetime studies will reflect the photochemical 
stability. The most inert atmosphere one can utilize is not to 
have any atmosphere, i.e. a vacuum. In the study by Krebs and 
Norrman[141] where a polymer solar cell with the composition 
ITO/P3CT/C60/Al was illuminated (AM1.5G, 1000 W m−2) in a 
vacuum lasted for a bit more than 10 000 hours before the per-
formance had reached zero. The previously mentioned study 
by Hermenau et al.[203] included an experiment involving a 
nitrogen atmosphere, which provided a good comparison to the 
equivalent devices that were illuminated in water or in molecular 
oxygen: In a water atmosphere the lifetime (T50) was 11 hours, in 
a molecular oxygen atmosphere the lifetime was 74 hours, but 
in the nitrogen atmosphere the lifetime was 2700 hours. This 
clearly demonstrates the devastating effect of water and mole-
cular oxygen and the excellent photo-chemical stability.

3. Physical Stability

3.1. Encapsulation

Due to the organic solar cell sensitivity towards oxygen and 
water it has been natural to encapsulate them in various ways. 
This also increases the mechanical stability and scratch resist-
ance. Finally, encapsulation can act as an UV filter removing 
the most harmful part of the solar spectrum. The most drastic 
(and impractical) example is perhaps devices sealed totally in 
glass with an inert atmosphere. Another more popular type of 
glass encapsulation involves encasing the device between a top 
sheet of glass and a substrate or other fixed base using a glue to 
seal the edges as shown in Figure 18.[210] These methods sacri-
fice the possibility of having a flexible solar cell, but they ensure 
an almost zero transmission rate of oxygen and water.

The earliest encapsulation schemes simply involved PET foil 
as barrier but this was not enough.[211] More practical solutions 
involve plastic barrier films that can be laminated on top of the 
devices. This approach is also much more suited towards R2R 
fabrication where lamination has been used for a long time. A 
drawback is that these barrier films still allow some oxygen and 
water to penetrate into the device albeit at a much reduced rate. An 
example is an undisclosed “ultrahigh gas barrier material” used by 
Konarka to encapsulate MDMO-PPV/PCBM devices.[212] In a later 
publication the authors disclose the use of an encapsulation film 
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag
on a PEN (poly(ethylenenaphthalene)) substrate with an ultra-high 
barrier deposited by plasma enhanced chemical vapor deposition 
(PECVD).[213] Madakasira et al. investigated the use of multiple 
layers of parylene and aluminum oxide and concluded that they 
might hold promise for solar cells.[214] Sarkar et al.[215] investigated 
to use of atomic layer deposition (ALD) of ultrathin barrier layers 
of Al2O3 generated from trimethyl aluminum and ozone.

Cros et al.[216] used identical conditions for barrier measure-
ments of water uptake and for lifetime measurements of elec-
trical parameters of both normal and inverted type organic solar 
cells. This allowed them to link the amount of water in contact 
with the devices and the decrease in performance. This could 
be used to assess different types of barrier materials such as 
simple PET or multi layer combinations PE/EVOH/PE or PP/
PVA/In/PE. A main conclusion was that to obtain device life-
times of several years a water transmission rate of 10−3 g m−2 
day−1 was required which is favorable compared to the require-
ments for OLEDs (10−6 g m−2 day−1). The effect of encapsulation 
on degradation of PEDOT:PSS and poly(aniline):poly(styrense 
sulfonate) PANI:PSS was studied by Ecker et al.[217] and showed 
that it reduced the amount of degradation.

R2R fabricated solar cells require an easily applicable bar-
rier material of which several are offered as commercial bar-
rier films for food packaging. Such a barrier film can be applied 
to the roll of solar cell devices in a separate R2R step with a 
barrier film carrying a pressure sensitive adhesive as shown in 
Figure 19. In one study with ProcessOne type devices fabricated 
at Risø DTU barrier films from either Fasson Roll Materials 
(25 μm PET) or Amcor Flexibles (100 μm PET) were used.[218] A 
separate study looked at different barriers in the context of the 
OE-A demonstrator in 2011.[219] The seal around the edges of 
the devices has also been explored and was found to impart sig-
nificant stability even though the adaptability to product integra-
tion is lost.[220] Larger series/parallel connected modules were 
constructed from these laminated panels and laminated for 
outdoor use in an industrial process used for silicon solar cell 
panels. The devices were laminated in a sandwich consisting 
of glass/EVA/encapsulated device/EVA/Tedlar/glass and baked 
in an oven at 130 °C, 0.1 mBar to melt the EVA.[218] In other 
studies the barrier foil was obtained from Alcan Foil Products 
to demonstrate upscaling of polymer solar cell fabrication[152] 
and to enable the first large round robin study between several 
different laboratories (Figure 20).[221]
 GmbH & Co. KGaA, Weinheim Adv. Mater. 2012, 24, 580–612
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Figure 19. A simple roll-to-roll laminator using pressure sensitive adhe-
sive. The unencapsulated solar cells are unwound on the left and rewound 
on the right. The barrier material (top right) carrying the adhesive and the 
liner is laminated onto the solar cell material. The liner is removed before 
lamination and is seen as the clear foil passing out of the right side of 
the photograph.
4. Measuring and Reporting Device Lifetime

There has been recorded a significant increase of lifetime 
reports for OPV devices in recent years. This has automatically 
generated a competitive environment among the groups for 
reporting the best lifetime. A competition however, requires 
fair rules for comparison of data or in other words, certain 
© 2012 WILEY-VCH Verlag GAdv. Mater. 2012, 24, 580–612

Figure 20. Rigid encapsulation of larger modules with glass/EVA/Tedlar f
Society of America.
guidelines on how to measure and report device lifetime in a 
comparative manner. As has been discussed in the previous 
review in 2008,[42] OPVs lack certain standard procedures for 
device lifetime measurements, which can lead to incomparable 
results, as has been well shown in recent inter-laboratory sta-
bility studies.[222]

This section of the review is devoted to recent developments 
in measuring and reporting device lifetimes. In particular, new 
designs of atmosphere chambers for measurements in controlled 
environments reported in recent years are discussed as well as a 
new approach of accelerated studies via concentrated light is pre-
sented. Additionally, inter-laboratory studies (ILS) carried out for 
the first time for OPV devices are presented together with the 
detailed discussion of the results, which have helped in estab-
lishing standard guidelines for OPV device lifetime measure-
ments.[223] The final part discusses the aforementioned protocols, 
which have been developed via discussions and consensus at 
international summits on OPV stability (ISOS 1,2 & 3).[224–226]

4.1. Atmosphere Controlled Testing

Recently, the testing of OPV device stability in weathering or 
atmosphere chambers has become a rather common proce-
dure. The reason is that such a controlled testing allows distin-
guishing the effects of different environmental factors, such as 
oxygen, humidity, temperature and light on the performance 
of devices, as well as providing accuracy and reproducibility 
of testing conditions. Examples of atmosphere chambers have 
already been discussed in the previous stability review from 
2008,[42] where the possibility of the control of atmosphere 
595wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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Figure 21. Images of components of the KF50 based atmosphere cham-
bers in varying levels of assembly: retaining ring (far left), inside view of 
chamber top with o-ring seal and sample inset visible (top left), inside 
view of chamber top with retaining ring (top middle), fully assembled 
chamber with lit OLEDs (top right), inside view of chamber bottom with 
getter pockets visible (bottom left), outside view of chamber bottom with 
electrical feedthroughs only (bottom middle), outside view of chamber 
bottom with gas feedthrough (bottom right). Reproduced with permis-
sion.[227] Copyright 2010, Elsevier.

Figure 22. Home-made glass reactor with a cooling jacket used for solar 
cell testing under controlled atmosphere. Water cooling, thermo-hygrom-
eter and UV-filter included: a) side view, b) top view, c), and d) different 
configurations mounted under the sun simulator. Reproduced with per-
mission.[228] Copyright 2011, Elsevier.
during regular and accelerated lifetime testing of devices via 
custom made chamber was discussed.

Recently there have been a number of reports of new atmos-
phere chambers particularly designed for characterization of 
organic solar cell devices. In particular, Reese et al.[227] reported 
a miniature chamber designed in a way suitable for optical and 
electrical characterization of 1 inch square size devices in con-
trolled environment. The chamber was constructed on a KF50 
flange as presented in Figure 21. Two versions of chambers were 
presented with one having a quartz window serving as a lid for 
the chamber for device illumination, while in the other version 
the sample substrate itself was used as the window sealed to the 
chamber cover via an o-ring. The second case eliminated any 
additional reflection effects from the window. For the electrical 
measurements the device terminals could be accessed through 
electrode pins mounted on the backside of the chamber. Addi-
tional gas port integrated in the chamber through the bottom 
allowed controlling atmosphere in the chamber. This allowed 
carrying out optical and electrical characterization of devices 
under controlled levels of oxygen.

Lira-Cantu et al.[228] presented a similar custom-made 
chamber used for studying the influence of transparent con-
ducting oxide layer and the polymer layer on stability of hybrid 
and organic solar cells in controlled environment. The chamber 
was based on a two-piece glass reactor equipped with a tem-
perature and humidity sensors and a quartz window for irra-
diation of the samples. The setup is shown in Figure 22. The 
reactor had a cooling jacket for water cooling and inlet/outlet 
for flushing it with desired gases. The temperature and the 
humidity inside the chamber were measured using a digital 
thermo-hygrometer. Gevorgyan et al.[229,230] presented a different 
design of atmosphere chamber, which consisted of four sectors 
with individual control of environment in each. Figure 23 shows 
the images of the general setup (left) and the enlarged view of 
the chamber interior (right). Each chamber was equipped with 
thermocouple, gas inlet and outlet and a small fan for providing 
6 wileyonlinelibrary.com © 2012 WILEY-VCH Verlag G
uniform distribution of the gases throughout the chamber. 
Electrode pins were integrated through the bottom for con-
tacting the device terminals. Device substrate was used as a top 
window for illumination. The entire system was equipped with 
water cooling channels for controlling the setup temperature. 
Such a design allowed both easy transport of the chamber into 
a glove-box through a typical size load lock and usage of the 
chamber as a stage for various optical and electrical characteri-
zations. Additionally, it was possible to perform simultaneous 
measurements of four samples in four different environments 
illuminated by one solar simulator. As an example the group 
demonstrated comparison of device degradation in four condi-
tions, such as: nitrogen, humid nitrogen, dry oxygen and room 
atmosphere, presented elsewhere.[230]

A more standard approach of controlled device stability 
testing is however based on utilizing commercially avail-
able so called aging or weather chambers. Such chambers 
are designed particularly for testing commercial products 
including polymer based products in a standardized manner. 
They can provide an accurate control of temperature and 
relative humidity level, as well as programmed periodic tem-
perature and light cycling in accordance with ASTM and IEC 
standards. There are different types of aging chambers, such 
as: i) Weather chambers–provide a static control of tempera-
ture and relative humidity with simultaneous illumination of 
the samples (with light spectrum typically close to daylight). 
Light cycling can be programmed as well for day and night 
simulations. Additionally, the system has an option of peri-
odic water spraying of the samples for simulation of natural 
precipitations. Typically there are two types of weather cham-
bers: chambers with static flat stage for sample exposure and 
mbH & Co. KGaA, Weinheim Adv. Mater. 2012, 24, 580–612
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Figure 23. General view of the chamber with two sectors opened (left) and enlarged photo of the chamber interior (right). Reproduced with permis-
sion.[230] Copyright 2011, Elsevier.
chambers with rotating racks onto which the tested samples 
are mounted. In the second case the rotation offers a better 
uniformity of sample irradiation and temperature. The fist 
type is more suited for large size devices, while in the second 
case a larger number of device but with limited sizes (typically 
7 cm × 13 cm) can be fitted. ii) Thermal cycling chambers–
provide a static control of relative humidity and programmed 
periodic cycling of temperature in a wide range (for example, 
–65 °C to +18 0 °C). Such a cycling is used for simulation of 
seasonal variation of outdoor conditions.

Figure 24 shows an example of thermal cycling chambers 
(a) and weathering chambers (b). The insets in Figure 24 dem-
onstrate the controlled aging of R2R printed OPV modules 
© 2012 WILEY-VCH Verlag GAdv. Mater. 2012, 24, 580–612

Figure 24. a) Thermal cycling chamber with temperature cycling range of –65 
ules mounted on the stage. b) Weather chamber with Xe light source and flat st
produced in Risø DTU. Although such setups do not have a 
function of controlling the oxygen level as the previously dis-
cussed atmosphere chambers, the important advantage of using 
such standardized chambers lies in the accuracy of testing con-
ditions, which can drastically improve the reproducibility and 
comparability of device testing results among different groups. 
The disadvantage is that such equipments are rather expensive 
and unaffordable for many scientific groups.

4.2. Accelerated Testing Conditions

The extended lifetime of organic solar cells have necessitated 
some form of accelerated testing in order to obtain data in a 
597wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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 meaningful timeframe. This was already recognized when we 

wrote our last review in 2008, but was restricted to mean tests 
done at elevated temperature. A more general review of the 
concept of accelerated testing of organic solar cells has been 
described by Haillant including increased irradiation, tempera-
ture, increased humidity and time compression.[231] In a later 
paper mathematical expressions were formulated to deal with 
acceleration due to a combination of both temperature and irra-
diation.[232] In the simplest case the degradation only depends 
on the temperature and the rate of the reaction follows the 
Arrhenius equation:

k = A exp

−Ea

RT



Where Ea is the activation energy for the process and R the gas 
constant. The expression for the acceleration factor AF at two 
different temperatures (T1 and T2) is then given by:

AF = exp


Ea

R


1

T1
−

1

T2



When illumination is also considered this equation was 
expanded to include two different irradiances (I1 and I2):

AF =


I1

I2


· exp


Ea

R


1

T1
−

1

T2



The authors list a number of assumptions and approxima-
tions to this simplistic model and describe the calculation of 
acceleration factors of an indoor artificial laboratory weathering 
test relative to two natural outdoor environments.

4.2.1. Temperature

Based on the assumption that the degradation processes studied 
followed an Arrhenius type model with a simple exponential 
rate equation an acceleration factor could then be obtained 
as the ratio between the rates of degradation at the two tem-
peratures. In one case an acceleration factor of 4.5 was found 
going from 25 °C to 60 °C.[233] Using the acceleration factor it is 
possible to estimate the lifetime at other temperatures. Usually 
there are many competing degradation processes for organic 
solar cells each with their own relationship between rate and 
temperature invalidating the exact prediction of a lifetime.
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag G

Figure 25. a) Degradation of MEH-PPV expressed as a decrease of the tot
solar intensities. Reproduced with permission.[235] Copyright 2011, Elsevier.
4.2.2. Illumination

The application of concentrated sunlight to OPV is a relatively 
novel approach, which has demonstrated a large potential in 
terms of both stability testing as well as to general solar cell 
characterization. Originally being developed for inorganic 
photovoltaics, sunlight concentration setups have primarily 
been developed for high performance multi junction solar cells 
on which sun light has been focused to increase the output 
power.[234] By this the active area of the costly solar cell is 
effectively increased by a relatively cheap concentrator system. 
Conventional stability assessments of organic solar cells are 
performed by studying the decrease of PCE as a function of 
degradation time under 1 sun. However, a multitude of para-
meters different from the polymer affect the observed stability, 
e.g. the electron and hole transport layers, the electrodes, and 
the interfaces. As a result the interplay between many different 
parameters is probed while the stability of the polymer itself 
remains rather inconclusive. To focus on the actual stability of 
the polymer, degradations of the polymer deposited on glass 
substrates under 1 sun illumination have more clearly dem-
onstrated the intrinsic stability of polymers. By monitoring the 
UV-visible absorption decrease as a function of ageing time in 
the ambient, stabilities of different polymers have been estab-
lished.[107] A novel approach to the assessment of polymer sta-
bility is concentrated sunlight. By exposing pure polymers to 
concentrated light the photonic flux as well as the temperature 
are increased significantly accelerating the material degrada-
tion. Tromholt et al. performed such accelerated degradations of 
MEH-PPV and P3HT by using a lens based solar concentrator 
to obtain solar intensities in the range of 1 to 200 suns (1 sun = 
0.1 W cm−2).[235] By UV–visible spectroscopy, the total absorp-
tion of the polymer within the UV visible range was recorded 
at different ageing times. By increasing the solar intensity 
from 1 to 200 suns a clear increase of the degradation rate was 
observed (Figure 25a). From the ratio between the degrada-
tion rate at high solar intensities and the rate at 1 sun standard 
degradation, acceleration factors for each solar intensity could 
be deduced. For both MEH-PPV and P3HT the acceleration 
factors were found to increase linearly with solar intensity 
(Figure 25b). At 200 suns a complete degradation of MEH-PPV 
took place within 80 seconds, which clearly demonstrates the 
highly decreased time frame of the stability assessment and the 
mbH & Co. KGaA, Weinheim Adv. Mater. 2012, 24, 580–612
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Figure 26. PCE as a function of solar intensity for a pristine inverted 
P3HT:PCBM cell, after 30 min illumination at 5 suns and after 30 min 
in the dark. Reproduced with permission.[238] Copyright 2011, IOP 
Publishing.

Figure 27. Accelerated testing as a function of humidity for normal geom-
etry devices with either PEDOT:PSS or MoO3 as HTL. Reproduced with 
permission.[192] Copyright 2011, Elsevier.
potential of using concentrated light as an acceleration param-
eter for stability studies.

The response of complete solar cells to concentrated sunlight is 
more complex than that of a single polymer layer due to the several 
different materials and interfaces in the solar cell stack. Inverted 
P3HT:PCBM solar cells have been studied in terms of their key 
cell parameters from 1 to 20 suns.[236–238] This demonstrated that 
unlike the case for inorganic PV, organic solar cells suffer from low 
mobilities in the layers impeding the exciton generation and charge 
extraction. The Voc was found to increase logarithmically with the 
solar intensity, while the FF dropped strongly at high solar intensi-
ties due to resistive losses induced by the high current density. The 
overall effect is that the PCE increases until a peak position around 
1 sun after which it steadily decreases (Figure 26 - black curve).

Normally, IV characterization is performed with flash illumina-
tions of the cells to avoid excessive heating and thermally induced 
degradation. However, by exposing inverted P3HT:PCBM cells to 
30 min exposure of 5 suns irradiation the cell performance was 
significantly changed.[238] The PCE was found to decrease signifi-
cantly right after degradation by which only 6% of the initial per-
formance was conserved at 1 sun (Figure 26 - red curve). How-
ever, after 30 min in the dark the cells demonstrated an almost 
complete recovery of the performance (blue curve). This revers-
ible effect was found to be introduced by the nanoparticulate 
ZnO electron transport layer, which by UV illumination became 
highly conductive by desorption of oxygen from the particle sur-
faces. The overall effect of this was a loss of the diode behavior 
severely decreasing the Voc and therefore also the PCE. After 
UV illumination, oxygen re-adsorbs on the ZnO particles thus 
decreasing the shunting, which explains the reversibility of the 
effect. The proposed model for the oxygen doping of the ZnO 
suggested that a negative reverse bias could introduce the same 
shunting of the ZnO. This was indeed demonstrated recently 
where the shunting effects could quickly be turned on and off 
by high voltage forward and reverse biases, which confirms the 
validity of the proposed model.[237]

Hermenau et al. used an LED based setup to study the effect 
of accelerated degradation of small molecule devices in air with 
© 2012 WILEY-VCH Verlag GmAdv. Mater. 2012, 24, 580–612
either a red LED (617 nm) or a blue LED (470 nm) and found 
that devices aged much faster under blue light irradiation.[239]

4.2.3. Humidity

Voroshazi et al.[191,192] studied the degradation of normal 
geometry devices with either PEDOT:PSS or MoO3 as HTL at 
a range of humidity values and found that the devices based 
on PEDOT:PSS degraded faster (Figure 27) and had a higher 
dependence on humidity than devices based on MoO3 (vide 
supra).

A larger number of flexible devices were studied by Hauch 
et al. at 65% RH representing accelerated conditions.[240] They 
found a limited influence of these damp heat conditions and 
inferred that humidity would not be a significant limiting factor 
on the lifetime of these devices.

4.3. Inter-Laboratory Studies of Device Lifetime

Round robin (RR) and inter-laboratory studies (ILS) have com-
monly been employed in the photovoltaic community as tools 
for calibration of testing equipments and reference specimens. 
The principle of these studies is based on sharing samples 
among a number of groups/laboratories and comparing the 
results of measurements. In the case of RR the same sample 
goes around among all the participating parties and returns to 
the original party, while in the case of ILS studies the sample 
can be shared in a number of ways. The second case often 
involves sending a number of identical samples to a few parties 
at the same time. There have been many reports of such studies 
in inorganic photovoltaics (see for example, some previous 
reports[241–246]). The typical devices used for RR and ILS must be 
stable and durable during the entire testing process, since any 
intrinsic instabilities in the devices can largely affect the accu-
racy of the measurement process. Due to insufficient stability 
properties of OPVs RR and ILS have not been commonly used 
in the OPV field. The only type of sharing of organic solar cells 
599wileyonlinelibrary.combH & Co. KGaA, Weinheim
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 among labs is often reported when device efficiency is being 

certified by an accredited laboratory.
The first example of an ILS for OPV devices among a large 

number of groups was reported in 2009. Krebs et al.[221] pre-
sented inter-laboratory measurements of roll-to-roll coated flex-
ible organic solar cell devices preformed among 18 different 
laboratories across three continents. The studies involved pro-
duction and J–V-characterization of a large number of identical 
modules at the hosting site (Risø DTU) and distribution of the 
modules to other participating parties for the second J–V-meas-
urement followed by transportation of the modules back to 
the original site for the final measurement. The module archi-
tecture was based on typical P3HT:PCBM inverted structure 
with ITO/ZnO as the front electrode and printed silver paste 
as back electrode. The modules were encapsulated using com-
mercially available standard barrier foil (detailed description of 
the device production has been published previously[222]). The 
main purpose of the studies was to demonstrate that OPVs can 
provide sufficient stability and durability for such tests. Table 1 
shows the average of the photovoltaic parameters of the mod-
ules measured at all sites together with the standard deviations. 
The entire experiment lasted approximately 4 months and the 
modules did not show signs of degradation during this period 
(as can be seen from the average values in Table 1) proving the 
possibility of such studies. On the other hand, the experiment 
revealed a number of setbacks, such as: the handling of flexible 
substrates during transport and testing introduced mechanical 
stresses in the modules, the periodic contacting of the mod-
ules by applying alligator clips on the back (printed silver) elec-
trode gradually damaged the terminals of the module, the light 
sources used by groups for measurements differed in terms of 
spectral distribution, intensity and homogeneity of illumination 
over the module area. All these factors resulted in significant 
fluctuations of the reported data especially pronounced in the 
short circuit current values at recipient labs (see Table 1).

In 2011, the same group reported a new set of ILS, which this 
time included testing of OPV device stability in different condi-
tions.[222] The process of these studies again involved a distribu-
tion of identical modules to a large number of groups for lifetime 
measurements both in indoor and outdoor conditions. The main 
purpose was to investigate the capabilities of different groups 
in accurately measuring and reporting OPV device lifetimes 
and to study the effect of different geographic locations on the 
device stability. The new studies additionally addressed some of 
the setbacks of the previous ILS. The structure of the samples 
was the same as in the previous ILS, yet the sizes of the mod-
ules were somewhat smaller in this case (12 cm × 8.5 cm) to ease 
the uniform illumination during measurements. Additionally, 
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag

Table 1. Average values of the module parameters. The data is pre-
sented as average values ± standard deviation. Numbers are taken from 
a previously published article.[221]

Parameter At Risø DTU At Recipient Back at Risø DTU

PCE (%) 1.09 ± 0.24 1.08 ± 0.29 1.16 ± 0.23

Isc (mA) 99.97 ± 8.6 96.52 ± 27 97.51 ± 15

Voc (V) 3.35 ± 0.3 3.56 ± 0.33 3.47 ± 0.28

FF (%) 38.5 ± 3.9 38.0 ± 3.7 40.0 ± 2.6
punch-buttons were applied on the module terminals to avoid 
fluctuations seen in previous studies. Despite the fact that the 
flexibility of the modules was a source of additional fluctuations, 
this property was kept in this study as well in order to further 
study the effect of mechanical stressing on the lifetime of the 
modules. Short basic guidelines for different procedures were 
distributed to the groups. The tests involved: i) Shelf life studies 
performed by leaving modules in the dark in either ambient con-
ditions or in controlled temperature/humidity chambers. ii) Light 
soaking in indoor conditions performed by placing the modules 
under simulated sun light in laboratory conditions. The modules 
were either stored under illuminated conditions and measured 
continuously or were periodically taken out and measured under 
calibrated sun simulators. iii) Outdoor studies under real sun 
were performed either by storing and measuring modules under 
natural sun light, or by bringing the modules indoors (daily or 
weekly) and testing them under a calibrated light source. Due 
to a rather large amount of results obtained from these studies, 
we choose to present only the key points here, while the detailed 
description of all the results can be found in literature.[222]

The shelf life studies, which were carried out by simply storing 
the modules in a dark room environment and periodically meas-
uring the IV curves, showed some spread in the results with 
standard deviations of measured PCE reaching 13% after 1000 
h of dark storage. Figure 28 shows the plot of PCE decay of all 
the modules measured at different sites together with the error 
bars showing the standard deviations. The spread of the data 
could however, come from intrinsic fluctuations of performance 
of modules and therefore, it was hard to judge the reproducibility 
of the measurements at different sites. Additionally, some groups 
reported de-lamination or cracking in the layers induced by the 
periodic handling/mechanical stressing of the flexible modules, 
which could be another source of inconsistencies in the results.

As another procedure the groups were asked to store some of 
the modules in dark, but in an environment with controlled tem-
perature and relative humidity. The purpose was to investigate 
the potential of the groups in performing controlled aging tests 
as well as the effect of environmental factors on device perform-
ance. Figure 29 shows the plot of the degradation rates of PCE 
vs. temperature and relative humidity for modules measured by 
 GmbH & Co. KGaA, Weinheim Adv. Mater. 2012, 24, 580–612

Figure 28. PCE vs. time for 29 modules (orange rectangles) for shelf life 
test. The dashed line intersects the average values for guiding the eye and 
the error bars represent standard deviations. Reproduced with permis-
sion.[222] Copyright 2011, Elsevier.
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Figure 29. Degradation rate of the modules versus temperature and 
humidity (RH) for dark tests in controlled environments. Reproduced 
with permission.[222] Copyright 2011, Elsevier.

Figure 30. Decay of PV parameters for 14 modules measured in different 
labs. Red circles correspond to sulfur plasma lamps, green triangles 
to metal halide and xenon lamps and blue rhombs to halogen lamps, 
black solid line corresponds to outdoor measurement under real sun. 
The measured points are connected by dashed lines for guiding the eye. 
Reproduced with permission.[222] Copyright 2011, Elsevier.
different groups. From the plot it is obvious that the elevated 
levels of both temperature and relative humidity significantly 
accelerate the decay process. More importantly, the reports 
showed that the groups used completely random temperature 
and relative humidity combinations varying in the ranges of 
ambient temperature to 85 °C and 0 to 85% humidity, which 
made the comparison of data among the groups impractical. 
This stressed the need for certain standard guideline protocols 
for performing aging tests of OPV in a comparable manner.

Further sophistications were recorded during the indoor 
light soaking test under solar simulators. The modules in this 
case were exposed to simulated light in a room environment 
and IV curves were periodically recorded. The lamp types used 
by the groups were falling into different categories, such as: 
incandescent lamps (halogen lamps), high-intensity discharge 
lamps (metal halide lamps, Xe arc lamps) and sulfur plasma 
lamps. Figure 30 shows the reported PCE curves with the 
colors distinguishing the different lamps used for measure-
ments. Obviously, the light type significantly affects the decay 
rate, for example the typical sulfur plasma lamps with low UV 
caused a slower decay (red circles in Figure 30). Therefore, it 
was concluded that in order to be able to compare indoor sta-
bility testing among different groups, a special requirement on 
the lamp type (light spectrum) has to be applied. The results 
also showed a diversity of reported device temperature during 
the tests, which is another source of data scattering and points 
to the need of device temperature control during aging.

Outdoor testing of the modules under real sun irradiation 
included two types of procedures. In one test the modules were 
placed on outdoor platforms and continuously measured under 
real sun irradiation, while in the second test the modules were 
periodically taken inside and measured under calibrated sun 
simulators. Figure 31 shows the PCE decay for firsts (a) and 
the second (b) cases measured by many groups. Obviously, in 
the case of measurements in outdoor conditions the deviations 
of degradation rates are significantly smaller compared to the 
other one. The reason was mostly ascribed to the fact that in 
the second case a periodic handling of the flexible modules was 
involved as well as different setups and procedures were used by 
different groups for periodic IV measurements, which seemed 
© 2012 WILEY-VCH Verlag GmAdv. Mater. 2012, 24, 580–612
to be the main reason for fluctuations. In the mean time the 
disadvantage of the first experiment was that it requires instru-
mentation for IV testing of devices in outdoor conditions, 
which might be unaffordable for many groups. This was also 
seen by the ratio of the participating laboratories in the first and 
the second outdoor testing, which was 1:3 correspondingly.

The tests also revealed a number of setbacks in reporting 
insufficient data. Obviously, three measurements within 
1000 hours of test cannot represent the complete dynamics of 
degradation, as is demonstrated in Figure 32, where the decay 
of two identical modules is presented with different frequency 
of measurements. Another example is too short measurements, 
which might record the initial (often fast) stage of the decay, but 
not the change of the decay rate at a later stage.

Thus, it is crucial that the frequency and duration of the 
measurements is always adjusted to accommodate the dynamics 
of the device behavior in order to accurately determine the life-
time of the tested sample.

4.4. ISOS Standard Procedures for Lifetime Measurements  
and Reporting

As already mentioned a number of times in this review, 
OPVs are in urgent need of standard procedures for lifetime 
measurements. One of the objectives of the ISOS 1,2 & 3 sum-
mits held in the past three years was to establish some proto-
cols for lifetime testing of OPV.[224–226] The first two summits 
established some guidelines using the experience gained mostly 
from the inorganic field. However, the complex architecture and 
dynamics of OPV required a slightly different approach. Thus, 
based on the lessons learned from the inter-laboratory studies 
and the discussions of the ISOS-3 summit a new set of ISOS 
standard procedures were established,[223] which give detailed 
descriptions of how to perform lifetime measurements of OPVs 
both in indoor and outdoor conditions as well as how to report 
601wileyonlinelibrary.combH & Co. KGaA, Weinheim
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Figure 32. Decay curves of two identical modules aged under indoor conditions. Markers show 
the frequency of the measurements and the dashed lines are for guiding the eye.

Figure 31. Variation of PCE (orange rectangles) versus energy dose for outdoor testing 1 (modules measured under real sun) (a) and outdoor testing 
2 (modules measured under simulated light sources) (b). The dashed line intersects the average values for guiding the eye and the error bars represent 
the standard deviations. Reproduced with permission.[222] Copyright 2011, Elsevier.
the results of the measurements. The procedures include dark 
testing, outdoor testing, indoor simulations testing, thermal 
cycling tests, as well as low light testing. Each category has 
been split up in three different levels to meet the capabilities of 
a wider range of laboratories/groups: level 1 (basic) requires a 
basic set of tools and can provide limited, but useful informa-
tion about tested specimens, level 2 (intermediate) targets most 
of the scientific laboratories/groups with slightly more advanced 
equipment for testing, while level 3 (advanced) is aimed for the 
advanced laboratories including the accredited certifying labo-
ratories. Table 2 presents the summary of all the procedures.

Shelf life measurements involve storing the specimen in the 
dark and periodically measuring the performance under calibrated 
sun simulators or real sun. The storage equipment can vary from 
simple shelf (basic–shelf life) to ovens (intermediate–high tem-
perature storage) to weather chambers (advanced–damp heat). 
Obviously, the most reproducible results can be obtained by using 
02 wileyonlinelibrary.com © 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Wein
weather chambers for aging with an accurate 
control of temperature and humidity levels. In 
order to be able to compare the results among 
various groups, the recommended combina-
tions of temperature–humidity were limited to 
only two: 65 °C–85% and 85 °C–85%.

The outdoor testing was split to two 
approaches. In the first one the specimen is 
stored on an outdoor platform for aging and 
periodically removed from the platform and 
measured under calibrated solar simulator in 
indoor conditions (basic level). In the second 
one the specimen is continuously stored and 
measured under sun irradiation in outdoor 
conditions (intermediate level). The advanced 
level requires storage and characterization in 
outdoor conditions, but also from time to time 
retesting of specimen under calibrated solar 
simulators in indoor conditions. The testing 
performed only in outdoor conditions mini-
mizes the periodic handling of the modules, which as was shown 
earlier to be problematic for device stability measurements. 
While outdoor monitoring is the most convenient and per-
haps scalable, it can however raise several issues, including the 
effects due to temperature coefficients, cloud cover, non-linearity 
between performance and irradiance, wind, seasonal variation of 
energy dosage received by the specimen. Furthermore, the vari-
ations associated with different climates, latitudes, and altitudes 
should all be presented to allow ready comparison between dif-
ferent geographic locations. This often requires sophisticated 
instrumentation for outdoor characterization of solar cells as well 
as “weathering station” for recording outdoor conditions, such as 
sun irradiation, wind speed, temperature etc.

The indoor weathering testing employs solar simulators for 
aging of the specimen under irradiation in indoor conditions. As 
was discussed earlier the light spectrum of the irradiation signif-
icantly affects the rate of decay of OPV devices[222] and UV light 
heim Adv. Mater. 2012, 24, 580–612
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Table 2. Overview of different types of test protocols.

Three levels

Basic (Level 1): “Hand held” measurements using the simplest equipment and few conditions.

Intermediate (Level 2): Fixed conditions and protocols suited for most labs.

Advanced (Level 3): Standardized tests applied in certified labs. Extended range of parameters to monitor etc.

Test Type Dark Outdoor

Test ID ISOS-D-1 Shelf ISOS-D-2 High temp. 

storage

ISOS-D-3 Damp heat ISOS-O-1 Outdoor ISOS-O-2 Outdoor ISOS-O-3 Outdoor

Light Source None None None Sunlight Sunlight Sunlight

Temperaturea) Ambient 65 °C/85 °C 65 °C/85 °C Ambient Ambient Ambient

Relative Humidity 

(R.H.)a)

Ambient Ambient (low) 85% Ambient Ambient Ambient

Environmenta) Ambient Oven Env. chamber Outdoor Outdoor Outdoor

Characterization light 

source

Solar simulator or 

sunlight

Solar simulator Solar simulator Solar simulator Sunlight Sunlight & solar 

simulator

Loadb) Open Circuit Open Circuit Open Circuit MPP or Open Circuit MPP or Open Circuit MPP

Test Type Laboratory Weathering Testing Thermal Cycling

Test ID ISOS-L-1 Laboratory 

weathering

ISOS-L-2 Laboratory 

weathering

ISOS-L-3 Laboratory 

weathering

ISOS-T-1 Thermal Cycling ISOS-T-2 Thermal 

Cycling

ISOS- T-3 Thermal 

Cycling

Light Source Simulator Simulator Simulator None None None

Temperaturea) Ambient 65 °C/85 °C 65 °C/85 °C Between room temp. and  

65 °C/85 °C

Between room temp. 

and 65 °C/85 °C
–40 °C to +85 °C

Relative Humidity 

(R.H.)a)

Ambient Ambient Near 50% Ambient Ambient Near 55%

Environment/setup Light only Light & Temp. Light, Temp., R.H. Hot plate/Oven Oven/Env. Chamb. Env. Chamb.

Characterization light 

source

Solar simulator Solar simulator Solar simulator Solar simulator or sunlight Solar simulator Solar simulator

Loadb) MPP or Open 

Circuit

MPP or Open Circuit MPP Open Circuit Open Circuit Open Circuit

Test Type Solar-Thermal-Humidity Cycling

Test ID ISOS-LT-1 Solar-Thermal Cycling ISOS-LT-2 Solar-Thermal-Humidity 

Cycling

ISOS-LT-3 Solar-Thermal-Humidity-Freeze 

Cycling

Light Source Simulator Simulator Simulator

Temperature Linear or step ramping between  

room temp. and 65 °C

Linear ramping between  

5 °C and 65 °C

Linear ramping  

between –25 °C and 65 °C

Relative Humidity 

(R.H.)

Monitored, uncontrolled Monitored, controlled at 50% 

beyond 40 °C

Monitored, controlled  

at 50% beyond 40 °C

Environment/setup W0eathering chamber Env. Chamb. with sun simulation Env. Chamb. with sun simulation  

and freezing

Characterization light 

source

Solar simulator Solar simulator Solar simulator

Loadb) MPP or Open Circuit MPP or Open Circuit MPP or Open Circuit

a)The ambient conditions are defines as 23 °C/50% RH in general, and 27 °C/65% RH accepted in tropical countries according to ISO 291(2008): Plastics - Standard 
atmospheres for conditioning and testing; b)Open circuit refers to a simply disconnected device or device connected to a sourcemeter set to 0 current
especially is detrimental for device degradation. Therefore, a 
light source with close match to AM1.5G is required for accurate 
measurements. However, such a requirement can make the 
testing rather expensive and therefore, the basic level of indoor 
weathering test allows a freedom of choice of lamp type provided 
that the lamp spectrum is reported, while a close matching of 
the lamp spectrum to AM1.5G is required for the intermediate 
and advanced levels of measurements. Such a requirement can 
© 2012 WILEY-VCH Verlag GAdv. Mater. 2012, 24, 580–612
be fulfilled by simulators based for example on Xe arc lamps, 
metal halide lamps, sulfur plasma lamps with broad spectrum 
(class A). Figure 33 shows a plot of the spectra of these lamps 
together with the IEC specified AM1.5G spectrum.

Thermal cycling test is aimed for simulating the seasonal 
changes of the outdoor conditions. Basic category is an ini-
tial test in which a sample is cycled from a high temperature 
(65/85 °C) to room temperature using a hot plate set to the high 
603wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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Figure 33. Typical spectral power distributions of xenon arc, metal halide lamps with day-
light filters and A class sulfur plasma lamp. AM1.5G defined in IEC 60904-3 is also shown for 
comparison.
temperature and a clock-actuated switch to turn the hot plate on/
off. Intermediate (ISOS-T-2) cycling is similar except that more 
advanced equipment such as an environmental chamber or a 
hot plate with the ability to automatically vary temperature over 
time is used to precisely cycle the temperature gradually over 
the course of the cycle period. Advanced (ISOS-T-3) category 
requires the most advanced equipment where the temperature 
can be cycled from 85 to–45 °C and controlled during the course 
of the cycle. Typical thermal cycling is carried out in dark, but a 
light test can be performed as well with solar thermal humidity 
cycling protocol presented in Table 2. The detailed graphical 
representations of the cycles can be found in literature.
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Wei

Table 3. Recommended test procedures for low light level or fluorescent lamp stability and IV t

Basic (Level 1)

Testing Protocol Light source Fluorescent lamp

Illuminance Measured (1000 lx sugges

Spectrum Light color 830 recommended. Rep

and manufacturer.

IV measurement Periodic measuremen

Temperature Measure

Output Measurement light source Report type and irradiance

Performance parameters Report Isc and Voc (FF & PCE and M

density) and/or full J–Vs if po

Temperature Report

IPCE Optional

Description of measurement protocol and setup Report

Required Equipment Light source Fluorescent lamp (light color 830

Luxmeter Required

Calibrated Spectrometer Optional

J–V Measuring Setup Required
Since the OPVs have a unique property of 
performing rather well in low light illumi-
nation conditions, such as room lighting, it 
opens up an opportunity for wide range of 
applications of OPVs in indoor conditions. 
Thus, a low light testing method is also nec-
essary for testing the OPVs for such appli-
cations. Table 3 presents the recommended 
procedures for low light testing. Since the 
common light sources used for room illumi-
nation considerably differs from the real sun 
spectrum, the type of light sources used for 
testing for indoor applications, should differ 
from the ones used for outdoor application 
tests. For indoor applications, e.g., the use 
of solar cells inside buildings, artificial light 
sources like fluorescent lamps, incandescent 
lamps and LEDs are used. In these protocols 
a fluorescent lamp was chosen as recom-
mended setup for low light measurements. 
Figure 34 shows the spectrum of a typical flu-
orescent lamp together with the IEC AM1.5G 
sun irradiance spectrum.
The reporting of device lifetime is another important issue 

that was addressed in the protocols. The parameter that has 
commonly used for reporting device lifetime in the photovoltaic 
community is T80 – the time when the device performance has 
degraded to 80% of its initial performance. Due to the very 
dynamic behavior of OPV devices, the shapes of stability curves 
can take various forms, an example is presented in Figure 35. 
This makes it hard to correctly define T80 for different curves. 
Additionally, reporting only T80 does not give full information 
about device degradation kinetics, for example burn-in period, 
decay nature, possible catastrophic failures etc.
nheim Adv. Mater. 2012, 24, 580–612

esting.

Advanced (Level 3)

Fluorescent lamp

ted) Measured (1000 lx, 500 lx, and 200 lx).  

Illuminance can be adjusted by distance lamp 

to solar cell.

ort light color Light color 830 recommended. Report light 

color and manufacturer. Measure spectrum.

t Periodic measurement

Measure

 level Report type and irradiance level

PP (power 

ssible)

Report Isc, Voc, FF, PCE and MPP (power den-

sity); (full IVs optional)

Report

Report

Report

 suggested) Fluorescent lamp (light color 830 suggested)

Required

Required

Required
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Figure 34. Comparison of the spectrum of a fluorescent lamp with the 
light color 830 and the AM1.5 spectrum of the sun. Reproduced with 
permission.[223] Copyright 2011, Elsevier.

Figure 35. Example of various decay curves that have been commonly 
reported and the T80 and T50 values for the linear decay. Reproduced 
with permission.[223] Copyright 2011, Elsevier.

Figure 36. Representative figure defining the parameters to be included in 
the reporting of OPV stability data. The time evolution of a given param-
eter of an OPV device, illustrating the four pairs of necessary parameters to 
describe the decay pattern, including E0 and T0, ES and TS, E80 and T80, and 
ES80 and TS80. Reproduced with permission.[223] Copyright 2011, Elsevier.

Table 4. Four pairs of parameters needed to define OPV device stability.

E0, T0 E0 is the initial testing measurement of an OPV device immediately 

after final fabrication of the device, at time = 0, T0.

ES, TS ES is a second testing measurement of an OPV device, defined arbi-

trarily by the user as some time, TS, after the fabrication of a device.

E80, T80 E80 is the testing measurement of an OPV device after the device has 

decayed 20% from the initial testing measurement, E0. T80 is the time 

it took to decay to E80.

ES80, TS80 ES80 is the testing measurement of an OPV device after the device 

has decayed 20% from the second testing measurement, ES. TS80 is 

the time it took to decay to ES80.
This led to the creation of a new set of parameters for 
description of device lifetime, see Table 4. Figure 36 shows the 
representation of these parameters on a decay curve for the 
device PCE. There are four pairs describing the decay pattern. 
The first measurement point E0 is the initial testing measure-
ment of an OPV device immediately after final fabrication of 
the device, at time t = 0, T0 (E can stand for any PV parameter, 
such as Isc, Voc, FF etc.). This measurement should represent 
the pristine device most accurately. The second parameter, Es, 
is the second testing measurement of the OPV device, defined 
arbitrarily by the user at some time, Ts, after the fabrication of 
a device. Defining the second parameter, Es, allows the repre-
sentation of cases where an OPV device is not immediately 
subjected to the stability testing conditions, or if a device is 
first ‘stabilized’ before subjecting it to further aging conditions. 
The third and fourth parameters, E80 and Es80 represent the 
performance of an OPV device after it has decayed 20% from 
© 2012 WILEY-VCH Verlag GmAdv. Mater. 2012, 24, 580–612
its initial or second testing measurement, after some time,  
T80 or Ts80 respectively. While the time evolution of a given 
parameter will capture the decay behavior of an OPV device, it 
is also necessary to report the IV curve for each of the four time 
points highlighted in the decay curve.

As far as catastrophic failures are concerned, when the device 
fails at some point accompanied by a fast decay of the perform-
ance (broken degradation curve), the experimenter is advised 
to study and report the reproducibility of such a failure.

While reporting device stability it is also recommended to report 
so called “device protection and handling history” to improve the 
comparability of the results. This includes parameters, such as: 
device encapsulation, layer thicknesses of device electrodes and 
substrates, device layout and geometric sizes, technique for con-
tacting device terminals, handling history of the device. The list 
can be more exhaustive and therefore, it is recommended that the  
experimenter determines and reports all the additional para-
meters that can possibly influence the device lifetime.

4.5. Raising the Stakes

The ISOS initiative is quite possibly the most powerful instru-
ment developed within the field of OPV. The strength lies in 
605wileyonlinelibrary.combH & Co. KGaA, Weinheim
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 bringing many different groups together with specific competen-

cies thus ensuring a breadth of capacity and the combination of 
this with the consensus. i.e. the agreement by a large group on 
numbers and methods. If OPV is to survive the entire field will 
have to learn that the voice of one ambitious research group or 
company does not inspire credibility whereas the voice of many 
or ideally the entire field as a unit does just that. Within the ISOS 
community it was decided to instigate a large ILS experiment on 
device stability (possibly the largest in any PV field). The purpose 
was to prepare devices in many different laboratories, each labo-
ratory thus contributed with a series of (ideally identical) devices 
that were then degraded in parallel under the same conditions 
according to the ISOS protocol. The multifold purpose being to 
validate the ISOS procedures, to provide the first true comparison 
Figure 37. R2R processing of the active layer for credit card sized polymer solar cell modules 
for the OE-A demonstrator in year 2011 (above). The operational stability under accelerated 
conditions is shown below along with LBIC images. Reproduced with permission.[220] Copyright 
2011, Royal Society of Chemistry.
between many of the different device types that 
are reported, and finally to compare the degra-
dative phenomena as a function of time using 
many different techniques. The study was 
initiated in 2010 and completed in 2011. The 
first part of the study that simply charts the 
seven different device types spanning normal/
inverted device geometries, small molecule/
poly mer devices, encapsulated/unencapsulated, 
ITO based/ITO free, rigid/flexible, evaporated 
electrodes/printed electrodes. All these devices 
were then subjected to dark, indoor light and 
AM1.5G accelerated studies. The study lasted 
for around ∼1700 hours and was followed by 
many different imaging techniques, chemical 
and physical techniques. The first report has 
been published and remaining results from 
the study are due to appear shortly.[247]

5. Stability Studies on R2R 
Fabricated Devices

One of the most exciting developments 
during the last 5 years has been the advent of 
roll-to-roll (R2R) fabricated solar cell devices. 
The first of these were the devices produced 
and sold by Konarka, later came devices pro-
duced at universities such as Risø DTU that 
have been disseminated widely. The nature 
of R2R devices are quite different from other 
organic solar cells reported in several distinct 
ways. First of all they usually have a much 
larger active area. Many devices with record 
PCE values (lab devices) are only on the order 
of 10−2 cm2 while R2R devices are typically 
101–103 cm2 or even larger. Another point 
is the production methods that are also very 
different. The production methods used by 
Konarka[248] have not been disclosed in any 
detail, but if we look to those presented by 
Risø DTU they require dedicated printing/
coating machinery operating in an ambient 
atmosphere. This means that these devices 
are subjected to light, oxygen and humidity 
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag G
during fabrication, which is in total contrast to standard lab 
devices that are usually produced in glove box environments 
with exclusion of strong light, oxygen and humidity. Yet another 
difference is that R2R devices usually pass through several oven 
stages to remove solvents for each layer put down exposing 
them to temperatures of about 140 °C in ambient atmosphere 
several times. These process conditions clearly limit the avail-
able materials greatly and may also affect the bulk hetero-
junction morphology. Vacuum deposition of electrodes such as 
aluminum may in theory be possible, but have been replaced 
by printable silver powder emulsions. All these factors taken 
together imply that the knowledge on degradation/stability we 
have gained from lab devices may not be directly applicable to 
R2R fabricated devices.
mbH & Co. KGaA, Weinheim Adv. Mater. 2012, 24, 580–612
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Figure 38. Fracture energy for roll-to-roll processed OPV as a function of fullerene content (top 
left) along with a significant improvement using a V2O5 interlayer (top right). A schematic of 
the process of delamination is shown below. Reproduced with permission.[253] Copyright 2011, 
Elsevier.
Most of the information available on the 
stability of R2R fabricated devices comes from 
a number of Risø DTU investigations. A first 
example was circular solar cell modules with 
five individual cells serially connected based 
on the thermo-cleavable P3MHOCT polymer. 
These devices (+2000) were produced using 
all screen printing at a company Mekoprint 
Electronics A/S and intended for use in hats 
worn at a music festival and powering a min-
iature radio.[249] Some of these devices were 
unencapsulated and degraded relatively fast 
over a few tens of hours at AM1.5G condi-
tions while others encapsulated with a 25 μm 
thick PET film and adhesive lasted an order 
of magnitude longer. The lifetime study also 
showed a burn-in time due to activation of 
the ZnO ELT layer. Since then a number of 
papers have dealt with the manufacturing 
and stability issues of R2R fabricated devices 
(Figure 37). In 2009 Krebs et al. compared 
R2R fabrication of both normal and inverted 
type devices.[187] Stability studies in dry 
nitrogen, humid nitrogen, dry oxygen and 
ambient atmosphere showed that the main 
difference was that normal devices were 
mostly sensitive to water, while the inverted 
devices were sensitive to oxygen. The special 
problems associated with the ZnO electron 
transport layer used in the inverted devices 
have been thoroughly investigated by Lilliedal 
et al.[178] that have already been discussed in 

section 2.4. Devices of this type have been the subject of a large 
inter-laboratory study on stability.[222] Both indoor and outdoor 
measurements were carried out according to ISOS-3 protocols 
at 22 locations over the world.

Later a series of demonstrator projects from Risø-DTU 
have included solar power lamps for the “Lighting Africa” ini-
tiative[250] and recently 10,000 credit-card sized solar cell–LED 
lamps for an OE-A conference.[219] The solar cells in these 
devices were based on the ProcessOne technology[187] which has 
an inverted geometry (PET/ITO/ZnO/P3HT:PCBM/PEDOT/
Ag) and several have been used in inter-laboratory studies of 
degradation.

The devices operated quite well over around 1000 hours 
under accelerated conditions without edge sealing which is a 
requirement for the processing and integration of many units. 
This demonstrated that operational stability is not always a 
question of getting the ultimate stability but rather to find the 
best compromise between operational stability, process and 
integration. We can expect to see many more examples of these 
compromises in the future which present an extra layer of com-
plexity with respect to reporting data and reporting stability. A 
separate issue that can be expected to receive increased atten-
tion in the years to come is a direct consequence of the flexible 
nature of OPV which is of course a requirement for roll-to-roll 
manufacture but that is rarely researched on rigid laboratory 
glass based devices. The thermo-mechanical properties of the 
multilayer structure is not necessarily optimal for stability when 
© 2012 WILEY-VCH Verlag GAdv. Mater. 2012, 24, 580–612
bending the devices or over time. When working with flexible 
devices delamination[251,252] may for instance be a result of low 
adhesion energy at a particular interface. For the lamps prepared 
for the “Lighting Africa” project[249] the operation of the device 
implied that the devices was flexed and subjected to significant 
bending forces and this did result in device failure long before 
the operation of the solar cell ceased. The weak interface in that 
case was found to be the P3HT:PCBM-PEDOT:PSS interface. 
This led to a careful analysis of the fracture energy (Figure 38)  
as a function fullerene content by careful variation in incre-
ments of 1%[253] using a fast roll-to-roll coating technique.[254]

6. Conclusions and Outlook

The polymer and organic solar cells started out as the “enfant 
terrible” with respect to operational stability when compared to 
the established photovoltaic technologies but has improved tre-
mendously with respect to stability but also in terms of power 
conversion efficiency and scalable processing. In this review 
we have covered the ground since the field was firstly reviewed 
and operational stability has improved pending severe efforts 
in encapsulation to today’s significantly more stable materials 
and device structures. We have also described how large col-
laborative efforts have lifted the field in terms of credibility 
and the unifying force that lies in obtaining a consensus. The 
main reasons for the dramatic improvement in stability gained 
607wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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 in the recent years may be summarized as follows: i)Improved 

photo-stability of the active polymer materials; ii) the advent of 
the inverted device structure; iii) use of more stable metal elec-
trodes (e.g., Al -> Ag); iv) improved understanding of how each 
layer may contribute degradation mechanisms; v) improved 
morphology control; vi) the advent of R2R produced solar cells 
and their specific stability issues; vii) definition of good meas-
urement practice (ISOS recommendations); viii) interlaboratory 
studies.

When looking at the imminent challenges with a bearing on 
stability that will need efficient solutions we highlight develop-
ment of fast and efficient encapsulation using scalable meth-
odologies such as roll-to-roll methods. The employment of 
device structures based on only printed layers and no involve-
ment of heat intensive, expensive or scarce materials (e.g. no 
indium) are likely to present new stability challenges (e.g. con-
sequences of multilayer solution processing). Since the future 
polymer solar cell is anticipated to enjoy some mechanical flex-
ibility when processed using roll-to-roll methods new failure 
mechanisms are likely to emerge (e.g. delamination due to 
poor matching of the thermomechanical properties). One can 
safely conclude that there is a lot more work to be done but also 
that the promise of OPV as being a future energy technology is 
greater than ever.
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1. Introduction

Organic photovoltaics (OPV) constitute an attractive alterna-

tive to silicon-based solar cells, manifested in fast processing

and extremely low cost.1–3 The OPV research field has vastly

increased in the past decade, covering a large number of focus

areas such as photoelectric conversion efficiency (PCE), pro-

cessing techniques, new materials, device configuration, and

lifetime and stability. Exceptional progress has been made

within PCE optimization and lifetime and stability. The PCE

isB10% for small laboratory cells4,5 andB2% for roll-to-roll

(R2R) cells.6 The lifetime has been optimized from minutes to

a few years under outdoor conditions. Lifetime and stability

are determined by the magnitude and multitude of degrada-

tion mechanisms occurring throughout the OPV device during

operation and storage.7–9 A detailed understanding of the

degradation mechanisms is of utmost importance if acceptable

lifetimes are to be achieved, which is a prerequisite for large-

scale application and thus commercialization.3 OPV degradation

is highly complex and constitutes an analytical challenge due to

the multitude of materials, interfaces, and device architectures

that are constantly being modified and optimized.10–13

The work presented in this article is part of a large inter-

laboratory study that resulted from the 3rd International

Summit on Organic Photovoltaic Stability (ISOS-3).14 The

collaboration involved six laboratories (Table 1) capable of

manufacturing OPV devices, which produced seven distinct

sets of OPV devices. The devices were all shipped to Risø DTU

where they were degraded under identical well-defined condi-

tions. Three different degradation conditions were used in

accordance with the ISOS-3 protocols: accelerated full sun

simulation; low level indoor fluorescent lighting; and dark

storage with daily monitoring of the photovoltaic parameters.14

These conditions will be referred to as ‘‘full sun’’, ‘‘fluorescent’’

and ‘‘dark’’, respectively. The devices were analyzed and

characterized at different points of their lifetime by a large

number of non-destructive and destructive techniques. The

terminology used for a lifetime of a device extracted from

the degradation experiment is ‘‘TXX’’, where XX denotes the

percentage which the PCE has declined to from the initially

measured PCE, i.e. T100 is the initial measurement, T80 is

when PCE has declined to 80% of its initial value etc. The

original goal was to extract the devices from the degradation

experiment at T100, T80, T50, and T10, which more or less

was achieved (some devices never reached T10 within the

timeframe of the project). Once a device was extracted it was

not reused, and since some of the characterization methods are

destructive, it was necessary to manufacture a large number of

devices. The degradation experiments lasted up to 1830 hours

and involved more than 100 devices with more than 300 cells

(a device can contain several cells).

The ISOS-3 inter-laboratory study has produced a vast

amount of results, which so far has resulted in three articles,

hereafter termed ISOS-3 reports.15–17 The different device

manufacturing methods along with the degradation proce-

dures and electrical characterization have been presented in

the first ISOS-3 report.15 The second ISOS-3 report describes

work using a suite of imaging techniques to map specific

degradation mechanisms.16 The following imaging techniques

were employed: laser-beam induced current (LBIC), photo-

luminescence imaging (PLI), electroluminescence imaging

(ELI) and lock-in thermography (LIT). In addition to analyzing

the ISOS-3 devices at specified T-values (in this case corre-

sponding to different devices and thus cells), selected devices

were cycled in order to monitor the evolution of spatial defects

on the same cell. In the third article incident photon-to-electron

conversion efficiency (IPCE) and in situ IPCE were employed to

describe various degradation mechanisms.17 The most impor-

tant conclusions regarding degradation mechanisms based on

the previous ISOS-3 reports are summarized in the following.

The combination of the imaging techniques LBIC, PLI, ELI

and LIT suggested that the main degradation mechanisms

were the following:16

� Formation of aluminium oxide (at the aluminium

electrode).

� Formation of blocking contacts due to silver oxide for-

mation or ZnO dedoping.

� Electro-migration of silver (especially at the edges due to

enhanced electric fields).

� Water and oxygen ingress through pinholes and from the

edges of the cells.

� Water release from highly conductive PEDOT:PSS.

The overall conclusion based on the imaging results is that

OPV device stability is mostly controlled by the instability of

the charge collecting electrodes. It should be emphasized that

these imaging analyses alone do not directly reveal degrada-

tion mechanisms, complementary information is often neces-

sary to come to plausible conclusions. Ideally it would make

Table 1 Cell configurations used in the ISOS-3 inter-laboratory study

Laboratorya Cell configuration Encapsulation and/or substrate (back–front)

IAPP Al–BPhen–C60–ZnPc:C60–MeO–TPD:C60F36–ITO
b Glass–glass

Holst Al–LiF–P3HT:PCBM–PEDOT:PSS–SiN, Agc Stainless steel–glass
ISE Au–PEDOT:PSS–P3HT:PCBM–Cr–Al–Cr Glass–glass
NREL Al–Ag–PEDOT:PSS–P3HT:PCBM–ZnO–ITO None–glass
IMEC Al–Ag–MoO3–P3HT:PCBM–ZnO–ITO None–glass
Risø DTU Ag–PEDOT:PSS–P3HT:PCBM–ZnO–ITO UV filter barrier–PET, UV filter barriere

Risø DTU Ag–PEDOT:PSS–P3HT-co-P3AcET:PCBM–ZnO–ITOd UV filter barrier–PET, UV filter barrier

a See author addresses for details on the laboratories. b C60 is Buckminsterfullerene, ZnPc is zinc-phthalocyanine, BPhen is 4,7-diphenyl-1,10-

phenanthroline, MeO-TPD is N,N0-diphenyl-N,N0-bis(3-methylphenyl)-[1,10-biphenyl]-4,40-diamine. c P3HT is poly(3-hexylthiophene), PCBM is

phenyl-C61-butyric acid methyl ester, PEDOT is poly(3,4-ethylenedioxythiophene), PSS is poly(styrenesulfonate). d P3HT-co-P3AcET is

poly(3-hexylthiophene-co-3-(2-acetoxyethyl)thiophene). e PET is a 130 mm thick poly(ethylene terephthalate), the UV filter barrier is a 90 mm
thick multi-laminate with a UV-filter (Alcan) with a pressure sensitive adhesive (467MPF, 3 M).
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sense to combine the analyses with techniques that produce

direct chemical information.

Because the IPCE and in situ IPCE analyses were conducted

in both ambient and N2 atmospheres it was possible to identify

the materials more susceptible to degradation caused by

molecular oxygen and water. The result of the IPCE and in situ

IPCE analyses resulted in the following major conclusions/

comments regarding degradation:17

� For some of the encapsulated devices the degradation

could possibly be initiated at the Ag or Au/PEDOT:PSS

interface by the formation of a chemical bond between the

Ag (or Au) and the PEDOT:PSS, which can occur in the

absence of oxygen and water.

� The devices without encapsulation were highly dependent

on atmospheric conditions and water uptake was a major

problem attributed to the hygroscopic nature of PEDOT:PSS

and semiconductor oxides.

� For the devices without encapsulation the water uptake

was observed to be random and reversible.

� For the devices without encapsulation water will primarily

degrade the electrodes of the cell.

� The cells within a device (a device can contain several

cells) degraded differently depending on the position of the cell

in the device.

The present work constitutes the fourth and final report in

the series of reports that resulted from the ISOS-3 inter-

laboratory study. The main analytical technique used in this

work is time-of-flight secondary ion mass spectrometry (TOF-

SIMS), a technique producing direct chemical information.

The secondary technique is X-ray photoelectron spectroscopy

(XPS), which also produces direct (but complementary)

chemical information. The basic information of TOF-SIMS

is mass spectral information, i.e. chemical information. TOF-

SIMS imaging has an exceptional low probe depth of 1–2 nm,

and is able to obtain surface images based on the mass spectral

information. Furthermore, material can be sputtered away

from the surface during the TOF-SIMS imaging analysis, i.e. a

microscopic hole can be made that when combined with the

imaging capability produces a depth profile, i.e. mass spectral-

based images as a function of depth. The principle of TOF-

SIMS depth profiling is schematically shown in Fig. 1. The fact

that TOF-SIMS produces direct chemical information from

any given point in the cell makes it, in principle, an ideal

technique to either directly identify a degradation mechanism,

or complement the analysis results described in the previous

ISOS-3 reports.15–17 However, there are certain limitations

such as a poor depth resolution, which makes it challenging to

detect interface phenomena. Furthermore, the depth profiling

properties used are such that all molecular information is

destroyed leaving only atomic ions and small fragment ions

to be monitored. Finally, the data interpretation can be very

challenging due to the enormous amount of mass spectral

peaks generated during a TOF-SIMS analysis, which is pro-

blematic if one does not know specifically what one is looking

for, i.e. ‘‘looking for a needle in a haystack situation’’.

The main focus of the work presented herein is to study the

degradation of the active bulk material monitored by the

oxygen incorporation that will be correlated with loss in

performance for the various ISOS-3 devices. Furthermore,

the oxygen incorporation will be quantified by correlating

the TOF-SIMS results with results obtained by the quanti-

tative XPS technique. Furthermore, degradation mechanisms

suggested in the previous ISOS-3 reports will be correlated

with information extracted from the TOF-SIMS depth profiling

analyses. Finally, trends between loss in cell performance and

information extracted from the TOF-SIMS depth profiling data

will be described and discussed.

2. Experimental

Experimental details pertaining to manufacture of the ISOS-3

devices, the degradation experiments, and characterization of

the photovoltaic parameters can be found in the first ISOS-3

report.15 Relevant information regarding the present work is

that seven distinct device types (Table 1) were degraded under

three different conditions: full sun, fluorescent, and dark (as

mentioned previously in the text). The devices were extracted

from the degradation tests at different lifetimes corresponding

to (more or less) T100, T80, T50 and T10, and subsequently

shipped to the participating laboratories around the world for

analysis. The destructive analyses were obviously performed

last and when Risø DTU (that initially performed the degra-

dation experiments) received the devices for the destructive

TOF-SIMS analysis, they were placed in a glove box in a dry

nitrogen atmosphere. Devices that were encapsulated had the

encapsulation removed. A TOF-SIMS depth profiling analysis

cannot penetrate the thick encapsulation. The Risø DTU cells

were laminated and when delaminated the layers detached at

the PEDOT:PSS/P3HT:PCBM interface, which turned out to

be fortunate (will be evident later in the text). The devices and

partial devices were placed on a TOF-SIMS sample holder in

the glove box that was then placed in a specially designed

transfer vessel that can sustain a controlled atmosphere long

enough for the transfer vessel to be inserted into the vacuum

chamber of the TOF-SIMS instrument. The encapsulated

devices were thus never exposed to ambient air between the

degradation experiments and the TOF-SIMS analysis. After

the TOF-SIMS analysis the devices were transferred back to

the glove box and stored until possible reanalysis.

TOF-SIMS analyses were performed on six out of the seven

distinct devices. The IAPP device was omitted since the main

objective in this study was to compare the oxygen incorpora-

tion in the active material as a function of loss in performance.

Fig. 1 (a) Schematic cross-section of an OPV device at various stages

of depth profiling. (b) Schematic depth profile showing the intensity of

various materials as a function of sputter time (i.e. depth).
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The IAPP device is the only device not using P3HT:PCBM as the

active material. The intensity of a mass spectral marker can only

be compared for the same material when different cells are

compared due to the response factors that are material dependent

in a TOF-SIMS analysis. Another problem with the IAPP device

was the long lifetime that by far exceeded the 1830 hours that the

degradation experiments lasted. However, the IAPP device has

previously been extensively studied at Risø DTU.18 In that

particular study the device was exposed to controlled atmospheres

without encapsulation and illuminated (AM1.5G, 330 W m�2,

49 1C). T50 was found to be B2700 hours in a N2 atmosphere,

74 hours in an O2 : N2 atmosphere, and 11 hours in a H2O : N2

atmosphere. It was found that water significantly causes the device

to degrade. The two most significant water-induced degradation

mechanisms were found to be: (i) diffusion of water through the

aluminium electrode in between the grains, resulting in formation

of aluminium oxide at the BPhen/Al interface, and (ii) diffusion of

water into the active layer (ZnPc : C60), where ZnPc, but not C60,

becomes oxidized. Fig. 2 shows schematics of the devices that were

studied in this work, and associated layer thicknesses.

2.1 TOF-SIMS analysis

The TOF-SIMS analyses were performed using a TOF-SIMS

IV (ION-TOF GmbH, Münster, Germany). 25 ns pulses of

25 keV Bi+ (primary ions) were bunched to form ion packets

with a nominal temporal extent of o0.9 ns at a repetition rate

of 10 kHz, yielding a target current of 0.7 pA. These primary

ion conditions were used to obtain mass spectra, ion images,

and depth profiles. Depth profiling was performed using an

analysis area of 200 � 200 mm2 centred in a sputter area of

300 � 300 mm2. 30 nA of 3 keV Xe+ was used as sputter ions.

An encapsulated IMEC device was analyzed in a slightly different

way: the encapsulation was removed and the Al–Ag–MoO3

stack was partly removed. 11 � 8 mm2 surface areas were then

imaged, each covering four cells on the device. These images

were cropped to sizes corresponding to the individual cells

(5.2 � 2.7 mm2). Depth profiling was performed on the

encapsulated IMEC device at various surface locations using

an analysis area of 500 � 500 mm2 centred in a sputter area of

750� 750 mm2. For all analyses electron bombardment (20 eV)

was used to minimize charge built-up at the surface. Desorbed

secondary ions were accelerated to 2 keV, mass analyzed in the

flight tube, and post-accelerated to 10 keV before detection.

The relative degree of oxygen incorporation (i.e. degradation) in

the bulk active material is extracted from the depth profiling data

by evaluating the depth profiles in order to pinpoint the sputter

time window that corresponds only to the bulk P3HT:PCBM

material. This is exemplified by the NREL device that exhibits

illustrative depth profiles (Fig. 3) that demonstrate the principle.

Careful selection of more or less specific mass spectral

markers enables distinction between the individual layers.

Within the sputter time window for the P3HT:PCBM material

the goal was to pinpoint where all the signal intensities are

constant/parallel, i.e. without interference from other species.

The oxygen depth profile (O�) in Fig. 3 shows that in that

particular case there is only a limited sputter time window

available due to interference from ZnO and ITO that con-

tributes to the oxygen depth profile (O�). In this case the

interference is probably caused by a small degree of interlayer

mixing, which is not caused by the sputter process that acts in

the opposite direction. Furthermore, a depth profile only

makes physical sense if the lateral plane of the probed volume

is homogeneous, so to ensure lateral homogeneity the ion

Fig. 2 (a)–(e) illustrate the different device layer structures (materials and thicknesses) investigated in this work. The tilted sections on devices

(a)–(c) indicate where the devices were opened/delaminated, thus making the TOF-SIMS analysis possible. The active layers of all the devices

consisted of P3HT:PCBM except the Risø DTU S device that had the slightly modified P3HT polymer P3HT-co-P3AcET. The molecular

structures of P3HT and P3HT-co-P3AcET are shown in (f).
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images were carefully analyzed and any abnormalities such as

spatially localized contaminants (e.g. particles) were bypassed

in the dataset, which ensured that only the photo-oxidation

was probed. The depth profiles in Fig. 3 also demonstrate the

unfortunate poor depth resolution that worsens for longer

sputter times. It should be emphasized that different materials

have different sputter rates, so there is no correlation between

relative sputter time windows and relative layer thicknesses.

To ensure that the extracted information could be compared

within and across the different devices some simple measures

had to be taken during the data interpretation. It is not a

problem to maintain the experimental analysis conditions over

short periods of time, however, due to the large amount of

devices that were analyzed over a very long time it was

impossible to reproduce the experimental conditions accu-

rately. The signal intensity is sensitive towards some instru-

mental parameters, so in order to eliminate the instrument

effects and maintain the comparability the following proce-

dure was adapted: in each case equally sized sputter time

windows corresponding to 30 scans were chosen. More

importantly, the oxygen signal intensity was normalized

against the sum of most of the abundant signals within the

same sputter time window, which constituted (for the sputter

conditions in question) the following signals: Cn
� (n=2–4;6–10).

The peak C5
� was omitted due to significant peak overlap and

C1
� was omitted because it, for unknown reasons, worsened

the reproducibility. It was thus Int(O�)/Int(Cn
�, n = 2–4;6–10)

that was extracted from each depth profile (the ratio was

multiplied by a factor of 1000 for practical reasons), which

provides a semi-quantitative measure of the relative oxygen

incorporation in the active layer for various devices at different

lifetimes (T100, T80, T50, T10).

2.2 XPS analysis

XPS was employed to convert the semi-quantitative TOF-

SIMS information into quantitative XPS information by

correlating XPS data with TOF-SIMS data, i.e. creating a

calibration curve. The XPS analyses were performed on

a K-alpha (Thermo Electron Limited, Winsford, UK) using

a monochromatic Al-Ka X-ray source and a take-off angle of

901 from the surface plane. Atomic concentrations were

determined from surface spectra (100–600 eV, 200 eV detector

pass energy, 5 scans) and were calculated by determining the

relevant integral peak intensities using a Shirley type back-

ground. All XPS analyses were repeated at least three times on

different surface locations.

3. Results and discussion

3.1 Quantification of TOF-SIMS depth profiling data

When studying oxygen incorporation/uptake in P3HT:PCBM

(i.e. degradation) it is obviously interesting to attempt to

quantify how much oxygen is incorporated. This turned out

to be far from simple. The first approach was to create a series

of calibration samples from which a calibration curve could be

obtained. P3HT:PCBM was spin-coated onto ITO-coated

glass substrates (ITO improved the quality of the mass spectral

peak shapes) and illuminated for varying amounts of time.

The idea was then to perform non-quantitative TOF-SIMS

depth profiling on these calibration samples, extract the

normalized oxygen intensities and then perform quantitative

XPS depth profiling on the same samples, and subsequently

correlate the data. This was, however, not possible because

during the XPS depth profiling analysis the oxygen becomes

underestimated due to a sputter phenomenon. The same

phenomenon applies for the TOF-SIMS depth profiling but

that is of less importance since TOF-SIMS is not quantitative

to start out with, the only effect is a decrease in sensitivity

towards oxygen during TOF-SIMS depth profiling. This pro-

blem was solved by performing XPS spectroscopy directly on

the surfaces (i.e. not depth profiling) of the calibration samples

and correlating these results with the TOF-SIMS depth pro-

filing data. This is only justified because the surface chemistry

appears to be equivalent with the bulk chemistry (often not the

case), which is documented in Fig. 4 for a spin-coated

P3HT:PCBM sample. As is evident from Fig. 4 all the profiles

Fig. 3 TOF-SIMS depth profiles of a T100 NREL device (the layer

structure is indicated at the top of the figure). Various carefully

selected mass spectral markers identify the different layers (grey lines).

The oxygen profile (dashed red line) and the indicated sputter time

window corresponding to the bulk of the P3HT:PCBM material show

from where the information is extracted. The thin PEDOT:PSS layer is

defined by the Na+ profile (not shown) and does not overlap with the

5 minute sputter time window in question.

Fig. 4 TOF-SIMS depth profiles of a spin-coated P3HT:PCBM sample.

The sample was spun from dichlorobenzene (20 : 20 mg ml�1) at 800 rpm

for one minute producing a 208� 3 nm film thickness (measured by AFM

profilometry). The sputter process is in increments of 10 s using 3 keV

Xe+ (30 nA) over a 300� 300 mm2 surface area and the analysis covers

the central 200 � 200 mm2 part using 0.7 pA Bi+. The sputter time

scale was converted to a depth scale from a measured sputter rate of

5.26 � 0.08 nm min�1 (only valid for P3HT:PCBM).

D
ow

nl
oa

de
d 

by
 D

T
U

 L
ib

ra
ry

 o
n 

11
 D

ec
em

be
r 

20
12

Pu
bl

is
he

d 
on

 2
5 

Ju
ly

 2
01

2 
on

 h
ttp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/C

2C
P4

17
87

A

View Article Online

http://dx.doi.org/10.1039/c2cp41787a


This journal is c the Owner Societies 2012 Phys. Chem. Chem. Phys., 2012, 14, 11780–11799 11785

have a constant intensity from the first scan, which suggests

that the surface chemistry in this case is equivalent to the bulk

chemistry. It is therefore justified to correlate surface obtained

XPS data with bulk obtained TOF-SIMS data.

The second problem was caused by a well-described phe-

nomenon. P3HT has the ability to interact with molecular

oxygen resulting in the formation of a charge transfer complex

(eqn (1)).19–21 The process is reversible and is thus sometimes

referred to as reversible degradation:

P3HT + O2 $ [P3HTd+� � �d�O2] (1)

Abdou et al.19 described the phenomenon for poly(3-alkylthio-

phenes) and found that B1% of the p-conjugated segments

and B30% of the dissolved molecular oxygen form a charge

transfer complex, which corresponds to a charge transfer

complex concentration of B1.3 � 10�3 M. They found that

the complex is weakly bound (DHo = �10.6 kJ mol�1) and

possesses a distinct absorption band in the visible region. The

electronic properties of the material are affected by the

complex depending on the oxygen pressure. The authors

found that the complex causes the carrier concentration to

increase, the conductivity to increase, and the charge carrier

mobility to be lowered, and the complex is a fluorescence

quencher of mobile polaronic excitons.

In a recent publication Guerrero et al.20 studied the

phenomenon in OPV devices with the configuration Ag–Ca–

P3HT:PCBM–PEDOT:PSS–ITO. The authors showed that

the complex is present in complete cells and that it is respon-

sible for photocurrent reduction and loss in photo-voltage.

Furthermore, it was found that irreversible degradation

induced by molecular oxygen is attributed to calcium oxide

formation.

Aguirre et al.21 demonstrated that illuminating P3HT in the

presence of air induces persistent radical cations on the P3HT

chains. They found that the photo-induced charges are stable

at room temperature for several hours, but recombine quickly

if the air is removed from the atmosphere. The authors

postulate, that the persistency of the photo-induced charges

is possible due to the existence of an energy barrier separating

the excited charge transfer state from the ground state charge

transfer complex. The barrier is proposed to be a result of

stabilization of the excited charge transfer state and possibly a

result of chemical interaction between P3HT and molecular

oxygen, resulting in a so-called relaxed charge transfer state.

Finally, it was found that lowering the pressure of air in the

chamber was sufficient to break up the charge pair.

In the present work the afore-mentioned calibration samples

were spin-coated in ambient air and stored for B20 hours in

darkness in ambient air before being transferred to the vacuum

chambers of the TOF-SIMS and XPS instrument. It became

evident that the charge transfer complex had to be considered.

When extracting the normalized oxygen intensities from the

calibration samples an effect of time was observed. This is

demonstrated in Fig. 5 for various spin-coated P3HT:PCBM

samples exposed to various experimental conditions. All samples

exhibit the same behaviour, which is a decrease in normalized

oxygen intensity (oxygen content in the material, i.e. not in the

gas phase) as a function of time. This phenomenon is not

related to simple diffusion of solubilized molecular oxygen out

of the material, which is a process that takes place within a few

minutes at the most. It is presumably an effect of the reversible

formation of the charge transfer complex (eqn (1)). Once

the samples are placed in a vacuum the equilibrium follows

Le Chatelier’s principle and shifts towards removal of molecular

oxygen from the complex, i.e. depletion of the charge transfer

complex.

The plots in Fig. 5 contain a lot of interesting information.

If the result obtained for the non-annealed non-illuminated

sample (black line) is compared with the annealed non-illuminated

sample (purple line), it is clear that a significant drop is

observed in the normalized oxygen intensity. This has been

confirmed by XPS that shows a 30% drop in oxygen content.

Furthermore, it is consistent with the findings by Mattis

et al.22 that concluded that an annealing temperature above

120 1C is required to promote oxygen desorption. The sample

that was heated for five hours (blue line) was put under the

simulated sun wrapped in aluminium foil so that it would

receive the heat (B35 1C) but not the light. Five hours atB35 1C

must be considered as a very gentle annealing compared to five

minutes at 140 1C (purple line), which is consistent with the

relative result observed in Fig. 5. For the illuminated samples

(green and red lines) a significant increase in normalized

oxygen intensity is observed. The illumination promotes

the generation of the persistent radicals enabling the charge

Fig. 5 Normalized oxygen intensity of the film as a function of

time in vacuum for spin-coated P3HT:PCBM films. The probe

depth was B25 nm. The samples were spun from dichlorobenzene

(20 : 20 mg ml�1) at 800 rpm for one minute. All illuminated samples

were not annealed prior to illumination. The normalized oxygen

intensity was extracted from TOF-SIMS depth profiles as described

earlier in the text. All samples were introduced into the vacuum

chamber approximately 20 hours after spin coating. It took 3 minutes

to pump down and an additional 3 minutes to set up the analysis

before data could be collected. The green dashed line indicates the

sample that is illuminated for 5 hours and then reanalyzed after storing

in darkness in ambient air.
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transfer complex to be formed, which partly explains the

elevated normalized oxygen intensities. In addition, the harsh

conditions will inevitably photo-oxidize the material forming

covalently bound degradation products, i.e. an irreversible

process. It appears that the more the photo-oxidation present

the shorter the time to level out, i.e. faster depletion of the

charge transfer complex. This is intuitively what one would

expect based on the fact that photo-oxidation reduces the

number of molecular sites available for charge transfer

complex formation. The sample that had undergone the

following procedure: stored in darkness for B20 hours, illu-

minated for five hours, stored in darkness for B20 hours,

analyzed, stored in darkness for B20 hours, reanalyzed,

correspond to the solid green and dashed green lines, respec-

tively (Fig. 5). The reanalyzed sample has an initial value that

is significantly lower compared to the first time it was

analyzed, but levels out to the photo-oxidation level that

was also observed during the first analysis. This observation

suggests that once the material has been depleted for the

charge transfer complex it requires light to restore it to the

original charge transfer complex concentration. Assuming that

the plots in Fig. 5 were correctly interpreted, it means that the

charge transfer complex is formed to some degree without

illumination or, alternatively, because the samples unavoid-

ably received some degree of low level illumination during

handling. The findings presented in Fig. 5 agree fairly well with

what has been described in regard to the charge transfer

complex using alternative techniques.19–21 However, the time-

scale for depletion of the charge transfer complex in a vacuum

is somewhat surprising and unpractical.

A calibration curve could now be constructed based on

samples that were stored in the XPS and TOF-SIMS vacuum

chambers for at least 20 hours prior to analysis in order to

remove/minimize the charge transfer complex to an acceptable

degree (not shown). At this point the third problem revealed

itself. The calibration curve (not shown) produced unrealistic

results when applied to the ISOS-3 depth profiling results.

After numerous systematic experiments it became clear that

annealing had a crucial effect on the calibration curve, more

precisely on the normalized oxygen intensities obtained by

TOF-SIMS, which is presumably a matrix effect caused by the

annealing that presumably changes the crystallinity. All the

ISOS-3 devices were annealed during fabrication, which there-

fore requires calibration samples that are annealed under the

same conditions. The TOF-SIMS depth profiling results are

clearly very sensitive to experimental conditions, which raised

some concern about whether the fact that the calibration

samples were exposed to ambient air during illumination could

have an effect, i.e. the P3HT:PCBM material in the ISOS-3

devices was sandwiched between various barrier layers and

electrodes. Due to the clearly complex nature of these calibra-

tion experiments an alternative (more safe) approach was

chosen that was simpler but rougher. It was decided to use

some of the ISOS-3 cells that were stored in darkness in a glove

box after the degradation experiments and analyses. Since

XPS depth profiling was not an option (discussed earlier in the

text) the choice of cells was limited to those that were

delaminated, i.e. with the P3HT:PCBM exposed (Fig. 2).

The ISE and the Risø DTU cells fulfilled this criterion.

The ISE was encapsulated with glass during the degradation

experiments, so it is expected to have experienced a minimum

of oxygen incorporation or none at all. The Risø DTU cells

were encapsulated with a semi-impermeable organic barrier

film, which previously was shown not to be 100% efficient.30

Risø DTU T100 and T10 cells (full sun) were used for the

calibration curve. The cells were stored at least 20 hours in the

vacuum chambers of the TOF-SIMS and XPS instruments

prior to analysis. The calibration curve is shown in Fig. 6.

It is very fortunate that a modified version of P3HT (P3HT-

co-P3AcET:PCBM) is used in the Risø DTU S device as it

contains native oxygen in the form of an ester group (Fig. 2f)

that will help spread the points in the calibration curve. The

lowest point is obviously (0.0) and the highest point is (2.2,5.3)

that originates from the Risø DTU S T10 cell, so any measure-

ments acquired above this value will be based on extrapolation.

The need for storing the samples for at least 20 hours in the

TOF-SIMS vacuum chambers prior to analysis was realized

after all the ISOS-3 devices were analyzed, which obviously

raised some concern. However, upon further reflection it

turned out not to be a problem. All the glass/metal encapsu-

lated cells were never exposed to ambient air at any point, so

there is no concern about oxygen uptake. The Risø DTU cells

were exposed to oxygen and water to some extent due to

inferior encapsulation, and the non-encapsulated were obviously

directly exposed to ambient air during the degradation experi-

ments and during the non-destructive analysis in the various

laboratories. After testing they were all sent back to Risø DTU

and placed in a glove box. The devices were then prepared for

analysis (removal of encapsulation) and 13–18 samples were

placed on the TOF-SIMS sample holder, a procedure that

took most of a day. The sample holder was then typically

transferred via a transfer vessel containing an inert atmosphere

to the TOF-SIMS analysis chamber late in the day so that it

would be ready for analysis the next morning. So by tracing

back the working procedures it could be concluded that all the

ISOS-3 devices were exposed to the nitrogen atmosphere in the

Fig. 6 Calibration curve between TOF-SIMS depth profiling data

and XPS data. The TOF-SIMS data were normalized from Int(O�)/

Int(Cn
�, n = 2–4; 6–10) and multiplied by a factor of 1000 for

practical reasons. Each point is an average of at least three points

on different surface locations. All samples were placed in the vacuum

chamber at least 20 hours prior to analysis in order to remove the

weakly bound charge transfer complex between molecular oxygen and

P3HT. The probe depth was B25 nm.

D
ow

nl
oa

de
d 

by
 D

T
U

 L
ib

ra
ry

 o
n 

11
 D

ec
em

be
r 

20
12

Pu
bl

is
he

d 
on

 2
5 

Ju
ly

 2
01

2 
on

 h
ttp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/C

2C
P4

17
87

A

View Article Online

http://dx.doi.org/10.1039/c2cp41787a


This journal is c the Owner Societies 2012 Phys. Chem. Chem. Phys., 2012, 14, 11780–11799 11787

glove box and the vacuum in the TOF-SIMS instrument for

such a long time that it is safe to assume that the charge

transfer complex had been depleted.

3.2 Oxygen incorporation and its effect on device degradation

It should be clear by now that oxygen incorporation in

P3HT:PCBM is described by two processes: (i) formation of a

charge transfer complex (reversible degradation), and (ii) photo-

oxidation (irreversible degradation). Both processes are

well-described in the literature and constitute an analytical

challenge when present at the same time. However, due to the

fortunate timescale of the analyses of the ISOS-3 devices we

can assume that only irreversible photo-oxidation is probed.

P3HT and P3HT:PCBM are well-described in terms of photo-

oxidation both as materials but also as components in photo-

voltaic devices. In this study photo-oxidation of the active

materials in the ISOS-3 devices was quantified using XPS

calibrated TOF-SIMS depth profiling data, which has never

been attempted before.

Photo-oxidation of the active material (P3HT:PCBM) was

then compared to loss of photovoltaic performance, which is

not necessarily an easy comparison since other degradation

mechanisms are in play. The ultimate challenge in studying

degradation phenomena in OPV devices is to quantify the

contribution from each degradation mechanism to the overall

degradation of the photovoltaic performance.

In terms of photo-oxidation it makes sense to group the

six different devices (Table 1 and Fig. 2) according to the

encapsulation, well-knowing that we thereby do not consider

possible internal photo-oxidation caused by metal oxides. The

encapsulation used can be split up into three groups: (i) glass/

metal encapsulation (ISE and Holst), (ii) UV filter (flexible)

encapsulation (Risø DTU S and P), and (iii) non-encapsulated

(IMEC and NREL). The groups are listed here according to

permeability with respect to molecular oxygen and water.

3.2.1 Comments on reproducibility for devices and TOF-

SIMS analyses. As described in the first ISOS-3 report devices

were extracted from the degradation experiments at various

degrees of performance, more or less corresponding to T100,

T80, T50, and T10.15 Because some of the analyses were

destructive it was not possible to follow loss of performance

from the beginning to the end for one particular device, it had

to be four devices that each represented T100, T80, T50, and

T10, respectively. However, this will consequently result in

strict requirements in terms of reproducibility when manufac-

turing the devices, which seems challenging considering the

delicate device architectures requiring multiple processes to

finally become a device. This was clearly seen in the third

report that focused on IPCE analyses revealing significant

differences in IPCE between equivalent devices and between

cells in a device/module.17

Oxygen incorporation in the active material is expected to

be zero or close to zero in the impermeable encapsulated

devices and modest in the others according to previous

experience.29 Furthermore, the sputter process reduces the

sensitivity profoundly, so detecting small changes with inferior

sensitivity requires a good reproducibility with respect to

device manufacturing since aberrations will result in chemical

inhomogeneities that will consequently affect the relative

results and thus the quality of the work.

In order to assess the reproducibility associated with the

ISOS-3 cells a test was performed on four IMEC devices

(full sun) corresponding to T100, T60, T44, and T28, respec-

tively (Fig. 7a). Multiple analyses were performed on one

single cell, and multiple cells were analyzed within the same

device in order to measure the point-to-point variation within

the same cell as well as the cell-to-cell variation. The result is

shown in Fig. 7.

Several interesting observations can be extracted from

Fig. 7. The reproducibility is observed to significantly deteriorate

for lower T-values, which suggests that the oxygen incorpora-

tion becomes more inhomogeneous for increasing degree of

photo-oxidation. In addition, the highest T44 and T28 values

originate from the central parts of the devices (not obvious

from Fig. 7a), which, however, could be a coincidence con-

sidering the limited data. Finally, the result suggests that the

cell-to-cell variation is significantly larger than the point-to-

point variation on the same cell, which is surprising. No

explanation was found for this observation. The magnitude

of the relative (reverse) result of the T28 and T44 devices

suggested that one of the devices was erroneous somehow.

A comparison of the IV degradation characteristics revealed

that the T28 IMEC device showed a clear inconsistency and

was consequently omitted.

It is obvious from the reproducibility test that a certain

degree of noise in the data is expected for especially the

low T-value devices due to the fact that an apparent inhomo-

geneity is introduced for an increased degree of degradation in

Fig. 7 (a) Photographs of pieces of IMEC devices (full sun) showing

the TOF-SIMS depth profiling holes. The devices were cut in pieces so

that they could be analyzed using various destructive methods. The

colored squares indicate which analyses were associated with this test.

(b) Normalized oxygen incorporation corresponding to cell surface

locations shown in (a) as a function of performance loss. The TOF-

SIMS data were normalized from Int(O�)/Int(Cn
�, n= 2–4;6–10) and

multiplied by a factor of 1000 for practical reasons.
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the active material. Inhomogeneous degradation patterns were

observed in the work described in the second ISOS-3 report.16

3.2.2 Full sun, fluorescent, and dark degradation conditions.

After the TOF-SIMS depth profiling analyses were complete

the effects in terms of oxygen incorporation were observed to

be very subtle for the devices degraded under a full sun, i.e. the

harshest condition compared to fluorescent and dark condi-

tions. The results for the fluorescent and dark conditions were

therefore, as expected, even more subtle, to a degree where the

point-to-point variation caused by the material inhomogeneity

is far greater. The following discussion will thus focus on

devices degraded under full sun conditions.

3.2.3 Glass/metal encapsulation – ISE and Holst devices.

The ISE and Holst devices were encapsulated by glass–glass

and glass–metal, respectively, and sealed with epoxy. These

two devices thus had so-called impermeable encapsulation,

which is expected to reflect in the analysis results. Fig. 8a and b

presents the measured oxygen contents as a function of loss of

performance and illumination time for the ISE and Holst

devices.

Because of the impermeable encapsulation no oxygen

incorporation was expected during the degradation experi-

ments, which is consistent with the fact that no detectable

trend is observed in Fig. 8a and b. However, the results are

very scattered, which makes it impossible to detect possible

subtle trends. The scattered nature of the points in the graphs

suggests that the oxygen content to some extent is inhomo-

geneously distributed in the active material. How is this at all

possible? The native oxygen comes exclusively from PCBM.

A possible phase separation between P3HT and PCBM seems

unlikely and would have to occur on a macroscopic scale,

which is unlikely. An alternative explanation could be varying

degree of internal oxidation caused by materials already

present in the cells, e.g. water residues in the hygroscopic

PEDOT:PSS, which then diffuses into the active material and

causes oxidation. It is also possible that the excess PSS (always

present in PEDOT:PSS) diffuses into the active material

and contributes to the oxygen content (PSS contains –SO3H

groups). The two suggested explanations could possibly

explain why the measured average oxygen contents (B4 atom%)

are elevated compared to the calculated values of 2.2 atom%

(ISE) and 2.4 atom% (Holst). The calculated values are based

on the theoretical element compositions and the P3HT:PCBM

compositions, which are 1 : 0.7 for the ISE device and 1 : 1 for

the Holst device. Since the T100 cells also have B4 atom%

oxygen, the phenomena (if the assumption is correct) must

have happened in the time window between fabrication and

analysis, which corresponded to months.

Fig. 8c shows loss of performance as a function of time

(logarithmic time-scale). The ISE device exhibits an exponen-

tial decay (or close to within the accuracy) in performance with

time, i.e. straight line behaviour on a logarithmic time-scale

(Fig. 8c). The Holst device has a non-linear behaviour that

suddenly drops significantly after 21 hours, resulting in a

relatively low lifetime (T8 after 122 hours). For comparison

the ISE device reaches T13 after 1822 hours. It was suggested

in one of the earlier ISOS-3 reports that the rapid degradation of

the Holst device under full sum simulation is caused by a

thermal instability at 75 1C, which correlates well with the fact

Fig. 8 (a)–(b) Oxygen contents in the bulk of the active material

extracted from the TOF-SIMS depth profiling analysis of the ISE and

Holst devices under full sun degradation conditions. The dashed line is a

straight guide line through all points in the graph. Each point is an average

of three measurements on different surface locations. The T100 Holst

sample was lost. (a) Oxygen contents as a function of loss in performance.

(b) Oxygen contents as a function of illumination time (AM 1.5G,

1000 W m�2, 85 � 5 1C, metal halide lamp, KHS Solar Constant 1200).

Zero was substituted with one on the logarithmic axis for practical

purposes. (c) Loss of performance as a function of illumination time.
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that under full sun conditions the temperature is 85 � 5 1C

(AM1.5G, 1000 W m�2).15 Furthermore, under dark condi-

tions the temperature corresponds to room temperature, and

under fluorescent conditions the temperature is B45 1C

(100 W m�2), which further correlates well with the fact that

the performance of these particular ISE and Holst devices

did not deteriorate to any significant degree during more

than 1830 hours of testing. The relative temporal behaviour

in performance and the significant difference in lifetimes

suggest a significant difference in degradation behaviour,

which is not surprising, considering the different architectures

(Fig. 2a and b).

The degradation mechanisms that are in play in the ISE

and Holst devices are not related to oxygen incorporation

(i.e. photo-oxidation) in the active material, or at least not to

any detectable degree. It should be emphasized that the

interpretation is complicated by the scatter in the results.

If photo-oxidation was not an important factor for the overall

degradation, then other factors must have been in play for the

ISE and Holst devices such as those suggested in the second

and third ISOS-3 reports.16,17

In the second ISOS-3 report it was suggested that for the

Holst device elevated temperatures (85 � 5 1C) caused by the

sun simulator and additional heating of the cell due to current

collection within the PEDOT:PSS could result in water being

released from the highly conductive PEDOT:PSS, which

consequently would react with the Al electrode, forming

aluminium oxide.16 Furthermore, in the third ISOS-3 report

an additional degradation mechanism was proposed for the

Holst device. It was suggested that during the degradation

experiment Ag reacts/interacts almost spontaneously with

PEDOT:PSS, leading to degradation of the device perfor-

mance. In addition, it was suggested that Ag possibly also

(or alternatively) reacts with P3HT, which induces a slow but

steady degradation by migration of Ag into PEDOT:PSS and

oxidation of the Ag electrode. It was furthermore proposed

that oxidation of the LiF/Al electrode could be a possible

degradation mechanism.17 Additional TOF-SIMS analyses

from this work (described later in the text) on the Holst and

ISE devices did not reveal any chemical changes during the

degradation experiments. However, that does not necessarily

mean that the degradation phenomena in question are not

occurring (discussed later in the text).

With respect to the ISE device the conclusion from the

second ISOS-3 report states that one possible degradation

mechanism is water being homogeneously released from

PEDOT:PSS that consequently reacts with Cr–Al–Cr forming

chromium and aluminium oxide.16 The third ISOS-3 report

has the same conclusion including possible degradation of the

Au electrodes.17 Lira-Cantu et al. propose these degradation

mechanisms based on the fact that metals like Ag, Cu, and Au

are known to interact with the S-atom of polymers like P3HT

and PEDOT, and suggests that it is thus possible that the

Cr/P3HT:PCBM interface reacts in a similar way as well as the

Au/PEDOT:PSS interface.17

In summary, due to the impermeable encapsulation no

trends were expected. However, it was not possible to detect

possible subtle trends due to significant point-to-point varia-

tion for both devices. The erratic nature of the measured

oxygen contents suggests that oxygen to some extent is

inhomogeneously distributed in the active material, which

could be the result of (i) internal oxidation caused by water

originating from PEDOT:PSS or (ii) diffusion of excess PSS

from PEDOT:PSS. Both of these explanations could possibly

explain the elevated (on average) oxygen content compared to

the calculated contents. Water release from PEDOT:PSS was

suggested in the previous ISOS-3 reports.16,17 The relative

performance over time suggests significantly different degrada-

tion behaviour for the two devices, which is further supported

by significantly different lifetimes. Photo-oxidation was most

likely not an important factor for the overall device degrada-

tion, so other factors must have been in play for the ISE and

Holst devices such as for example the degradation mechanisms

proposed in the second and third ISOS-3 reports.16,17

3.2.4 UV-filter encapsulation – Risø DTU P and Risø DTU

S devices. The flexible UV filter encapsulation used is to some

extent permeable with respect to molecular oxygen and water

(i.e. so-called semi-impermeable encapsulation), so some

degree of photo-oxidation is expected. Fig. 9 displays the

measured oxygen contents as a function of loss of performance

and illumination time for the Risø DTU P and Risø DTU S

devices. The only difference between the Risø DTU P and Risø

DTU S devices is that the Risø DTU S device uses a modified

version of P3HT in the active material, i.e. P3HT-co-P3AcET

instead of P3HT (see Fig. 2f for the molecular structures). The

results in Fig. 9 are the most convincing, manifested in a

relatively low degree of scatter.

Oxygen incorporation is observed for both devices for an

increase in illumination time or for decreasing performance.

The apparent linear relationship suggests that photo-oxidation

could be the dominant degradation mechanism for these

devices in particular. The increased level of oxygen contents

in the Risø DTU S device compared to the Risø DTU P

devices is due to fact that P3HT-co-P3AcET contains an ester

group (Fig. 2f). Fig. 9c reveals an exponential decay in

performance over time, which was also observed for the ISE

device. However, this relationship does not necessarily suggest

equivalent degradation mechanisms.

The two Risø DTU devices seem to have similar degrada-

tion behaviour, but there are notable differences. The slope of

the Risø DTU P device in terms of oxygen incorporation is

steeper than for the Risø DTU S device, which is manifested in

an oxygen increase of 3.0 atom% compared to 1.8 atom%

during the degradation experiments. Furthermore, the Risø

DTU S device exhibited a slightly better stability as it took

more than 200 hours longer to degrade, which is consistent

with a lower degree of oxygen incorporation (1.8 compared to

3.0 atom%) during testing.

The results indicate that the use of P3HT-co-P3AcET

instead of P3HT induces stability. The increased stability

could in principle be because P3HT-co-P3AcET has a higher

resistance towards molecular oxygen and/or water, but that

seems unlikely since the molecular difference is only on the side

chain, i.e. not the active part of the molecule. However, the

side chain affects the morphology, so it is more likely that

P3HT-co-P3AcET induces a morphological stability com-

pared to P3HT.
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In the work described in the second ISOS-3 report the

population of shunts was observed to increase over time

during the degradation experiments, which were suggested to

be driven by electro-migration of Ag at places where the

electric field was enhanced.16 It was furthermore proposed

that oxidation of Ag or ZnO de-doping results in subtle

blocking contact features. In addition, during the degradation

experiments an increase in the series resistance of the devices

was observed that was assigned to morphological changes/

degradation, whereas a current decrease was assigned to

photo-oxidation of the active material. One notable difference

was observed between the Risø DTU P and the Risø DTU S

device. The latter exhibited practically no increase in series

resistance, which was assigned to a more stable morphology in

the active material.

In the work described in the third ISOS-3 report it was

found that under dark conditions both devices are susceptible

to moisture.17 However, consistent with the findings in the

present work it was found that the Risø DTU S device has a

higher resistance against moisture. The moisture effect was

not observed under full sun or fluorescent testing conditions,

i.e. where light and heat are present. This is however incon-

sistent with the findings in the present work, where oxygen

incorporation was detected under full sun conditions only,

which suggests that the moisture under dark conditions is

involved in degradation mechanisms other than photo-

oxidation of the active material. This is consistent with the

proposed mechanisms in the third ISOS-3 report that include

oxidation of the Ag electrode and migration of Ag provoked

by PEDOT due to well-documented Ag–S interactions.17

It was proposed that the higher stability of the Risø DTU S

device is caused by an impeding effect of having used P3HT-

co-P3AcET in the reaction with Ag, which will inhibit degra-

dation of the electrodes. Finally, it was suggested that it is the

degradation of the electrodes that initially is responsible for

the overall degradation of performance and not degradation

of the active materials.

In summary, because a so-called semi-impermeable encap-

sulation was used some degree of photo-oxidation was expected

for the Risø DTU P and Risø DTU S devices, which was indeed

also observed. An apparent linear relationship is observed for

oxygen incorporation as a function of loss in performance and

an exponential increase of oxygen incorporation as a function

of time, suggesting that photo-oxidation could be the dominant

degradation mechanism. Using P3HT-co-P3AcET instead of

P3HT induces stability, which is most likely morphological

stability causing less oxygen to be incorporated resulting in a

longer lifetime. Conclusions on the relative stability are sup-

ported by the findings in the previous ISOS-3 reports.16,17

3.2.5 No encapsulation – NREL and IMEC devices. The

NREL and IMEC devices have no encapsulation and are thus

expected to be significantly photo-oxidated during full sun

testing conditions. The device architectures (Fig. 2d and e) are

very similar, the only significant difference is the hole transport

layer that consists of PEDOT:PSS (NREL device) or MoO3

(IMEC device). Any observed differences in degradation

behaviour should therefore be directly related to the difference

in the hole transport layer used.

Fig. 10 displays the measured oxygen contents as a function

of loss of performance and illumination time for the NREL

Fig. 9 (a)–(b) Oxygen contents in the bulk of the active material

extracted from the TOF-SIMS depth profiling analysis of the Risø DTU

P and Risø DTU S devices under full sun degradation conditions. Each

point is an average of three measurements on different surface locations.

(a) Oxygen contents as a function of loss in performance. (b) Oxygen

contents as a function of illumination time (AM 1.5G, 1000 W m�2,

85 � 5 1C, metal halide lamp, KHS Solar Constant 1200). Zero was

substituted with one on the logarithmic axis for practical purposes.

(c) Loss of performance as a function of illumination time.
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and IMEC devices. The oxygen incorporation is observed as

expected to increase for a decrease in performance or increase

in illumination time (Fig. 10a and b). The T28 IMEC sample

was erroneous, which was documented from a comparison

of the IV degradation characteristics that showed a clear

inconsistency for the T28 IMEC sample that consequently

was omitted.

Considering that these devices had no encapsulation during

the full sun illumination it is surprising that such a small amount

of oxygen was incorporated. The oxygen content increased by

1.3 atom% for the NREL device and by 3.0 atom% for the

IMEC device, the latter being equivalent to the Risø DTU P

device that had a so-called semi-impermeable encapsulation.

Both devices start out with a slow oxygen incorporation that

later on accelerates, which is a completely different situation

compared to the Risø DTU devices that exhibited a linear

increase.

Fig. 10c shows an exponential decay in performance over

time for the NREL device, which was also observed for the

ISE and Risø DTU devices. The NREL device reaches T7

within 122 hours, which is relatively fast and equivalent to the

Holst device. However, in terms of performance loss over time

the Holst device (Fig. 8c) has a significantly different beha-

viour, suggesting that different degradation mechanisms are in

play. The performance loss over time for the IMEC device

(Fig. 10c) is interesting since the behaviour is the opposite

compared to the Holst device. Initially the performance for the

IMEC device drastically decreases but levels out and stabilizes

and surprisingly (since no encapsulation is used) ends up

having a long lifetime (reaches T28 after 1751 hours). The

IMEC device is the fastest to incorporate oxygen in the active

material, but has a lifetime comparable with the encapsulated

devices (except for the Holst device). It is tempting to assign

the significantly different degradation behaviour of the IMEC

device compared to the NREL device to the different hole

transport layer (MoO3 instead of PEDOT:PSS). However,

another difference is the 200 nm thick Al electrode on the

IMEC device compared to only 100 nm on the NREL device,

which must be significant in terms of the barrier properties.

Having said that, the MoO3 layer must also have different

barrier properties than PEDOT:PSS. MoO3 is well-known to

induce better stability towards ambient atmosphere compared

to PEDOT:PSS.23 One thing is clear, the IMEC device has a

complex degradation behaviour that calls for complementary

analysis results.

The second ISOS-3 report offers a lot of discussion on

possible degradation mechanisms in the IMEC device.16 The

degradation mechanisms are described as initially being two

competing processes involving Ag penetration into MoO3 and

oxidation of Ag. The acting work function in direct vicinity to

active layer becomes reduced at the place where Ag penetra-

tion is occurring. Later on blocking contact features start to

occur. It was suggested that diffusion of molecular oxygen

and/or water into the device could result in increasing barriers

for charge injection and extraction by formation of Ag2O or

by dedoping at the ZnO layer.

The degradation behaviour of the NREL device is also

described in the second ISOS-3 report.16 It was found that a

massive degree of shunting developed over large parts of the

NREL device mainly at the places where injection remained

possible after oxidation of Ag, i.e. around pinholes and at the

Fig. 10 (a)–(b) Oxygen contents in the bulk of the active material

extracted from the TOF-SIMS depth profiling analysis of the NREL

and IMEC devices under full sun degradation conditions. Each point

is an average of three measurements on different surface locations.

(a) Oxygen contents as a function of loss in performance. (b) Oxygen

contents as a function of illumination time (AM 1.5G, 1000 W m�2,

85 � 5 1C, metal halide lamp, KHS Solar Constant 1200). Zero was

substituted with one on the logarithmic axis for practical purposes.

(c) Loss of performance as a function of illumination time.
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edges of the metal electrode. It was concluded that electro-

migration of Ag resulted in penetration of the PEDOT:PSS

layer, which was proposed to be significantly less dense than

the MoO3 layer.
23

The third ISOS-3 report describes significant problems in

characterizing the NREL device using IPCE.17 It was not

possible to detect possible trends due to an erratic response

from the IPCE analysis. The erratic response was believed to

be caused by a reversible uptake of water in the hygroscopic

PEDOT:PSS that highly depended on the relative humidity

at the time and place of analysis. It was nevertheless possible

to detect an interaction between Ag and the sulphur in

PEDOT:PSS, which together with the water uptake was taken

as an indication that degradation takes place at the electrodes

consequently reducing the flux of current throughout the cell

over time. The combined degradation phenomenon affected

the cells inhomogeneously, which was manifested in a signifi-

cant variation in the IPCE results within the same cell on the

device/substrate and between different cells on the same device/

substrate. The erratic response was also observed in the present

work for the NREL device (large error bars in Fig. 10a and b),

but that is not necessarily the same phenomenon since the

erratic response is also observed for the impermeable encapsu-

lated devices (Fig. 8a and b) in the present work.

In an in situ IPCE analysis on the NREL device the charge

transfer complex was identified and it was possible to monitor

the release of molecular oxygen over time. The reversible

formation of the charge transfer complex will unavoidably

contribute to the erratic response when analyzing devices

without encapsulation. As described earlier in the text this

phenomenon was not significant in the present work. From the

in situ IPCE analysis it was furthermore possible to monitor

release of oxygen from the ZnO crystalline structure. Finally,

The IPCE analyses supported the findings from the second

ISOS-3 report that electro-migration of Ag into the PEDOT:PSS

layer occurs.16

A lot of the features found in the NREL device were also

found in the IMEC device including the charge transfer

complex. However, one important observation was a signifi-

cantly smaller degree of erratic response in the IMEC device

that supported the conclusion that PEDOT:PSS was a signi-

ficant contributor to the erratic response. However, at longer

times in the degradation experiment a non-uniform effect of

the cell position on the device/substrate started to emerge. By

comparing the IPCE results from an encapsulated IMEC

device and one without encapsulation it was concluded that

the ambient atmosphere is modifying the properties of MoO3

and ZnO. When the IPCE analysis was performed in a

nitrogen atmosphere on the IMEC and NREL devices, oxygen

was observed to release from MoO3 and ZnO, which is a well-

known phenomenon for semiconductor oxides. The oxygen

release from MoO3 and ZnO will change the properties of the

materials (including the photovoltaic properties) and provide a

source of oxygen that can react with the organic materials such

as the active layer (i.e. internal oxidation).

In summary, without encapsulation the NREL and IMEC

devices were expected to be significantly photo-oxidated

during full sun testing conditions, but surprisingly the level

of photo-oxidation in the active material corresponded to the

semi-encapsulated devices. A slow oxygen incorporation is

observed initially that accelerates at longer times. The IMEC

device has a surprisingly long lifetime compared to the NREL

device, which is attributed to the only significant difference

between the devices, which is the hole transport layer that

consisted of PEDOT:PSS (NREL) andMoO3 (IMEC). MoO3 is

well-known to induce better stability compared to PEDOT:PSS

towards ambient atmosphere.23

3.3 Correlating LBIC and TOF-SIMS data

LBIC visualizes the relative light-beam induced current

typically over the entire solar cell area, which is useful for

pinpointing where the current is low or zero in the lateral plane

of the cell. However, the LBIC analysis contains no in-depth

information that would otherwise reveal in which layer or

interface the phenomenon causing the loss of current is

located. In the second ISOS-3 report LBIC was employed

and correlated with related techniques such as photolumines-

cence imaging (PLI), electroluminescence imaging (ELI), and

lock-in thermography (LIT) that each provides useful com-

plementary in-plane information based on different sensing

characteristics.16 The strength of this approach lies in the

multitude of techniques (i.e. sensing characteristics) used to

conclude on specific degradation mechanisms, which compen-

sates for the indirect nature of the information (i.e. lack of

in-depth information).

In this work an attempt was made to correlate LBIC data

with TOF-SIMS data. TOF-SIMS provides three-dimensional

chemical information, i.e. direct chemical information in-plane

as well as in-depth. However, this comparison is not necessarily

straightforward since the LBIC detected cell degradation could

be caused by a missing contact, i.e. not a chemical phenomenon.

Furthermore, if the degradation is caused by an interface

phenomenon (often the case) the limited depth resolution of

the in-depth analysis could be an issue. Diffusion of water and

molecular oxygen into the device resulting in photo-oxidation is

a degradation mechanism that has been described thoroughly in

the past and is the focus of this present work.18,24–30 An

available glass-encapsulated IMEC device was therefore chosen

for the comparison, which should exclude this specific well-

described degradation mechanism.

The grey images in Fig. 11 represent the LBIC images for

the IMEC device in question (see Fig. 2e for cell configu-

ration). The device consists of 12 cells of which cells 1–3 were

defective and 7 and 8 were apparently interconnected (equiva-

lent LBIC images). After the LBIC analysis the device was

transferred to a glove box where the glass encapsulation was

removed. An attempt was made to peel off the Al–Ag–MoO3

stack of the cells in order to access the MoO3/P3HT:PCBM

interface. It is usually very easy to peel off the upper electrode

on pristine cells, but illuminated/heated cells typically either

do not peel off or only partly peel off depending on the cell

configuration and the degree of illumination/heating. It is thus

interesting that the peel off process was almost complete for

the defective cells (1–3). The partially delaminated cells (4–12)

were then transferred in an inert atmosphere to the TOF-

SIMS instrument. A TOF-SIMS imaging analysis was per-

formed on cells 4–12.
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The coloured images in Fig. 11 represent the total ion

images of the cell surfaces. The high intensity areas (yellow/

white) correspond to the Al surface and the dark red areas

correspond to the exposed P3HT:PCBM surface (i.e. MoO3/

P3HT:PCBM interface). The total ion signal is a convenient

way to screen for chemical contrast on the surface. As is

evident from Fig. 11 there are no correlations between the

LBIC images and the TOF-SIMS total ion images. The TOF-

SIMS images are actually extremely homogeneous. The dark

spots are instrument effects caused by flakes of upward-

bended Al–Ag–MoO3 causing loss of signal. It can now be

concluded that localized loss of current in the cells (black spots

in the LBIC images) is not related to a chemical phenomenon

at the MoO3/P3HT:PCBM interface. However, it is not

possible to conclude anything about a possible missing contact

between MoO3 and P3HT:PCBM from the TOF-SIMS ion

images in Fig. 11.

The next step was to study the remaining layers and inter-

faces in the cells. TOF-SIMS depth profiling was performed on

surface locations indicated by the squares in Fig. 11. In a

TOF-SIMS depth profiling analysis ion images are acquired as

a function of depth. Ion images from 100 of the most abundant

mass spectral markers were monitored as a function of depth

in order to find a possible correlation between the LBIC image

and the TOF-SIMS ion images. The depth profiling analyses

were started at surface locations that partly covered (to get

chemical contrast) the dark spots in the corresponding

LBIC images with one exception (cell 11, reference location).

All ion images were monitored through all layers and interfaces,

i.e. from the Al surface to the bulk of the ITO. Unfortunately

all ion images were extremely homogenous in all depths, which

means that the degradation mechanism in question was not

detectable by TOF-SIMS depth profiling.

3.4 Correlating loss of performance with various TOF-SIMS

information

The primary objective of the TOF-SIMS investigation of the

ISOS-devices was to correlate the photo-oxidation of the

active layer with loss of cell performance. However, as docu-

mented in the previous ISOS-3 reports, photo-oxidation of the

active material is not the only degradation mechanism in play

during operation of the organic solar cells.16,17 The different

cell architectures enable a variety of degradation mechanisms

to contribute to the overall degradation of the cell. When the

TOF-SIMS depth profiling analyses were performed relevant

information was extracted from the raw data so that the

photo-oxidation could be adequately described. The raw data

consist of mass spectral data, which contain an overwhelming

amount of information. This is one of the reasons that the

TOF-SIMS technique is so attractive, but it is also the reason

why it is often very complicated to interpret the results. It is

tremendously less complicated if one knows what to look for.

However, it should be emphasized that it is not possible to

detect all degradation mechanisms. The raw data consist of

mass spectral information, and mass spectral markers are

typically chosen to represent a species that somehow is involved

in the degradation mechanism or to support conclusions made

on other mass spectral markers. The problem is that not all

mass spectral markers are unique. One good example of a

situation where it was not possible to extract direct information

is the proposed mechanism involving migration of water from

the PEDOT:PSS. Water produces mass spectral markers that

are the same for all species containing oxygen, i.e. no unique

markers. It is possible to detect the resulting oxidation, i.e.

indirect information that requires assumption to be made. It is

not impossible to study migration of water out of PEDOT:PSS,

however, that would require a specially designed experiment

where isotopically labelled water is used (H2
18O), which pro-

duces unique mass spectral markers. It has previously been

shown that H2
18O is easily tracked in OPV devices from its

reaction/degradation products.25

The secondary goal of this study was to carefully study the

raw data in detail in order to ascertain whether trends related

to loss of performance could be extracted and possibly related

to specific degradation mechanisms such as those suggested in

the previous ISOS-3 reports.16,17 This was partially achieved

and the result is presented and discussed in the following.

3.4.1 The IMEC device. The IMEC device is by far the

most complex system to analyze in terms of degradation

mechanisms. The cell configuration is Al–Ag–MoO3–

P3HT:PCBM–ZnO–ITO and mass spectral information is

obtained throughout the entire device starting from the outer

aluminium surface and ending somewhere in the bulk of the

ITO layer. Due to the poor depth resolution that gets worse

for longer sputter times it is difficult to extract certain types of

information from deeper layers, e.g. interface phenomena

Fig. 11 Analytical results of cells 4–12 (1–3 were defective) from an

encapsulated IMEC device. The grayscale images are LBIC images

and the color images are the corresponding TOF-SIMS total ion

images (5.2 � 2.7 mm2). The squares indicate areas (500 � 500 mm2)

that were analyzed with TOF-SIMS depth profiling. The Al–Ag–MoO3

layers were partly removed prior to TOF-SIMS analysis (the yellow/

white areas correspond to the Al surface).
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occurring at P3HT:PCBM/ZnO and ZnO/ITO that produces

weak possible generic mass spectral markers. Since the active

layer was thoroughly investigated in the primary work described

herein, it made sense to focus on the upper layers (Al–Ag–MoO3).

Upon close inspection of the raw data from the upper layers

one surprising observation was made, which is presented in

Fig. 12. A layer of Al2O3 is present at the Ag/MoO3 interface.

Fig. 12 shows a narrow sputter time window around that

interface. The dashed line representing Al2O3 is located exactly

between the Ag and MoO3 layers and is presumably very thin.

The reason that the MoO3 layer (10 nm) appears so thick

compared to the Ag layer (100 nm) is the poor depth resolu-

tion and a large detector response from MoO3. This is a more

plausible explanation rather than possible differences in

sputter rates. The profiles in Fig. 12 are extracted from a

T100 device, so the phenomenon must have occurred during

fabrication or in the time between fabrication and analysis.

The Al2O3 at the Ag/MoO3 interface could be the result of

aluminium migration from the Al electrode through the

Ag layer and subsequent oxidation somehow. Alternatively,

it could be Al2O3 migration from MoO3 that (like ZnO)

contains trace amounts of various metal oxides. Al2O3 is not

observed at the MoO3/P3HT:PCBM interface, so if the latter

explanation is correct the phenomenon must be catalyzed by

the adjacent Ag layer.

Fig. 13 displays the profiles for the mass spectral marker

AlO� representing Al2O3 over a sputter time window covering

Al–Ag–MoO3. As is evident from Fig. 13 Al2O3 is present in

the T100 cell through the entire Al electrode and is accumu-

lated at the air/Al interface and at the Al/Ag interface (and in

the unintentional Al2O3 layer). The intensity of AlO� clearly

increases for decreasing cell performance consistent with

Al2O3 formation as a result of molecular oxygen and water

diffusing into the cell (i.e. no encapsulation) that consequently

reacts with Al. This is one of the proposed degradation mecha-

nisms presented in the second and third ISOS-3 reports.16,17

It should be noted that one other phenomenon can affect the

intensity of a mass spectral marker. If the physical properties

of the material change it could affect the detector response, e.g.

crystallinity, electric conductivity, etc.However, these possible

effects are small compared to the intense signal boost you get

for an increase in Al2O3 concentration.

The clear correlation between accumulation of Al2O3 and

loss of cell performance suggests that this phenomenon is at

least partly responsible for the degradation of the photovoltaic

response. Unfortunately it is not possible to quantify how

much this degradation mechanism is contributing to the over-

all degradation of the photovoltaic response. Furthermore,

it is not possible to determine how much the Al2O3 at the

Ag/MoO3 interface contributes compared to the Al2O3 at the

Al/Ag interface, but it is possible to conclude that Al2O3

accumulation at the Ag/MoO3 interface is faster than at the

Al/Ag interface.

The comparison between LBIC images and TOF-SIMS data

involved an encapsulated IMEC device. The availability of an

encapsulated IMEC device makes it obvious to compare the

TOF-SIMS depth profiling data with and without encapsula-

tion. Fig. 14 sums the results of that comparison. The T44

device without encapsulation was illuminated in ambient air

for 21 hours, and the T50 device with encapsulation (glass)

was illuminated for 2600 hours, which demonstrates the

strength of glass encapsulation.

The first interesting observation is the lack of Al2O3 at the

Al/Ag interface for the device with encapsulation. Half way

through the Al electrode the AlO profiles are practically the

same, but then the concentration of Al2O3 decreases to zero.

Unfortunately it was not possible to obtain a T100 device with

encapsulation, which would have been an interesting compari-

son. It appears that the encapsulated device was fabricated

with no Al2O3 at all at the Al/Ag interface, which is impressive

from a technical point of view.

The second interesting observation is the intensity of the

Al2O3 at the Ag/MoO3 interface, which is significantly elevated

Fig. 12 TOF-SIMS depth profiles for a T100 IMEC cell that was

exposed to full sun conditions without encapsulation. The sputter time

window is chosen to emphasize the existence of a thin Al2O3 layer at

the Ag/MoO3 interface, which is present in all the IMEC devices. The

indicated ions are mass spectral markers chosen to represent the

individual layers. The schematic on top of the plot illustrates the part

of the layer stack the data were extracted from.

Fig. 13 TOF-SIMS depth profiles for IMEC cells exposed to full sun

conditions without encapsulation. The profiles show a massive build-up

of aluminum oxide in the Al–Ag–MoO3 region of the cells for decreasing

cell performance. AlO� is the mass spectral marker chosen to represent

aluminum oxide. The schematic on top of the plot illustrates the part of

the layer stack the data were extracted from.
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for the encapsulated device compared to the device without

encapsulation. This is somewhat difficult to speculate on

considering the lack of ambient air for the encapsulated

device. It is still possible that Al2O3 originates from migration

from the MoO3 layer (as an impurity). A more farfetched

explanation could be that Al2O3 migrates from the Al/Ag

interface, which could explain why no Al2O3 is present at the

Al/Ag interface (i.e. depletion). Since the encapsulated device

has only reached T50 after 2600 hours it would seem that the

presence of Al2O3 at the Ag/MoO3 interface is not deteriorating

the photovoltaic performance, which is surprising. The Al2+

profile (T100 device without encapsulation) was included in

Fig. 14 to define the exact sputter time window for the Al

electrode. The shape of the Al2+ profile did not change as a

function of loss of cell performance.

The encapsulated IMEC device revealed another difference

when compared to the corresponding device without encapsu-

lation (Fig. 15). The mass spectral marker OH� is typically

formed (during the ionization part of the analysis) in metal

oxides with limited intensity compared to O�. However, on

metal oxide surfaces exposed to an atmosphere the M–OH

groups will typically be abundant resulting in a very intense

OH� signal intensity. The mass spectral marker OH� is

detected at the Ag/MoO3 interface (Fig. 15) for both devices,

which is not as interesting as the fact that it is also detected at

the Al2O3/Ag interface, but only for the encapsulated device.

The OH� profile for the encapsulated device appears to be

wider than the corresponding profiles for the device without

encapsulation, which could be due to the fact that other

sputter properties were used for the encapsulated device (the

sputter time axis was corrected to allow comparison). It is

difficult to speculate on what type of chemistry would explain

the additional OH� signal (arrow in Fig. 15) at the Al2O3/Ag

interface. Since the phenomenon is observed on the stable

device (T50 after 2600 hours) it is unlikely that it is related to

degradation of the photovoltaic performance.

In the second and third ISOS-3 reports silver migration and

silver oxidation were suggested to be involved in degradation

mechanisms.16,17 The mass spectral marker AgO� representing

silver oxide was detected on all the IMEC devices at the

Ag/Al2O3 interface (Fig. 16). As is evident from Fig. 16 the

AgO� intensity is observed to increase for decreasing cell

performance. However, it should be noted that the intensity

is extremely weak (barely detectable). The apparent trace

amount of Ag2O is observed starting from all surface loca-

tions. It was not possible to detect silver migration. However,

it should be emphasized that the TOF-SIMS depth profiling

analyses are performed on random surface locations, i.e. not

necessarily at lateral surface positions where degradation is

more pronounced as described in the second ISOS-3 report

where various imaging techniques were employed to visualize

the lateral degradation patterns.16

3.4.2 The NREL device.TheNREL device has the architecture

Al–Ag–PEDOT:PSS–P3HT:PCBM–ZnO–ITO. As mentioned

earlier in the text, the device differs only by the hole transport

layer compared to the IMEC device, i.e. PEDOT:PSS instead

of MoO3. At first one would thus expect the degradation

Fig. 14 TOF-SIMS depth profiles for IMEC cells exposed to full sun

conditions with and without encapsulation (glass). The device without

encapsulation was illuminated for 21 hours (T44), and the encapsu-

lated device was illuminated for 2600 hours (T50). The profiles show

the relative build-up of aluminium oxide in the Al–Ag–MoO3 region

of the cells. AlO� is the mass spectral marker chosen to represent

aluminium oxide. The Al2+ profile (T100 device without encapsula-

tion) was included to define the exact sputter time window for the

Al electrode. Different sputter properties were used for the encapsu-

lated device, so the sputter time was corrected such that the AlO�

peak at the Ag/MoO3 interface was aligned. The schematic on top

of the plot illustrates the part of the layer stack the data were

extracted from.

Fig. 15 TOF-SIMS depth profiles for IMEC cells exposed to full sun

conditions with (green) and without (red) encapsulation (glass). The

device without encapsulation was illuminated for 21 hours (T44), and

the encapsulated device was illuminated for 2600 hours (T50). The

intensity of the mass spectral marker OH� increases (like AlO� and

O�) in the unintentional aluminum oxide layer for decreasing cell

performance. An additional OH� peak indicated by the arrow is

observed for the device without encapsulation at the Al2O3/Ag inter-

face. The dashed line is drawn to clarify that the additional OH�

profile peak (arrow) for the encapsulated device overlaps with the

other OH� profile peak and takes the form of a ‘‘shoulder’’. Different

sputter properties were used for the encapsulated device, so the sputter

time was corrected such that the AlO� peak at the Ag/MoO3 interface

was aligned. The schematic on top of the plot illustrates the part of the

layer stack the data were extracted from.
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mechanisms to be similar. It turns out that besides similarities

there are also surprising differences.

The first observation is the same as that for the IMEC

device (with no encapsulation), that Al2O3 is observed to

accumulate for decreasing cell performance (not shown),

which was expected based on the fact that no encapsulation

was employed. Formation of Al2O3 is consistent with conclu-

sions drawn in the previous ISOS-3 reports.16,17 The second

observation is the lack of the additional (unintentional) Al2O3

layer (see Fig. 12), which suggests that its existence in the

IMEC device is related to MoO3 one way or the other.

Fig. 17 reveals another interesting phenomenon not observed

in the IMEC device. The profiles representing the Ag, Al2O3,

and PEDOT:PSS layers are observed to systematically widen

for decreasing cell performance. In addition, Al2O3 and Ag

have exactly the same sputter times (not shown), so it looks like

the Al2O3 from the Al/Ag interface is dissolving in the Ag layer

that consequently thickens the Ag layer (Fig. 17a). When Al2O3

expands into the Ag layer the result will be a widening of the

AlO� profile as shown in Fig. 17b.

The Al2+ T100 profile shown Fig. 17d is consistent with

the IMEC device, i.e. the expected depth profile for a normal

Al electrode. However, unlike the IMEC device, this profile

changes drastically for decreasing cell performance. The Al2+

signal is systematically lost at the Al/Ag interface for decreasing

cell performance. This supports the proposed phenomenon

of Al2O3 and apparently also Al dissolving in the Ag layer.

This is not observed for the IMEC device, suggesting that

PEDOT:PSS is involved in the phenomenon, possibly from

migration of water or acid from PEDOT:PSS to the Al/Ag

interface.

Fig. 17c displays the Na+ profiles that also widen for

decreasing cell performance. Na+ is a native component in

PEDOT:PSS and is thus representative for PEDOT:PSS. The

same trend is observed for the SOx
� profiles, which are also

representative of PEDOT:PSS (less pronounced trend though,

not shown). The Na+ profile is not just widening but also

shifting to higher sputter times, suggesting that PEDOT:PSS is

partly dissolving in P3HT:PCBM, a phenomenon that was not

observed for MoO3 in the IMEC device.

3.4.3 The Risø DTU devices. The layer composition of the

Risø DTU P device is Ag–PEDOT:PSS–P3HT:PCBM–ZnO–ITO

Fig. 16 TOF-SIMS depth profiles for IMEC cells exposed to full sun conditions. The profiles show a very subtle increase in the intensity of the

mass spectral marker AgO� for decreasing cell performance, which most likely corresponds to a small degree of silver oxide formation. The

schematic on top of the plot illustrates the part of the layer stack the data were extracted from.

Fig. 17 (a)–(d) TOF-SIMS depth profiles for NREL cells exposed to

full sun conditions. (a)–(c) The profiles of the mass spectral markers

Ag+, AlO+, Na+ exhibit a widening in the sputter time window for

decreasing cell performance. (b) The AlO+ intensities increase

(not shown) for decreasing cell performance, i.e. accumulation of

aluminum oxide. (c) Na+ is a native component in PEDOT:PSS,

and is thus used as a marker for PEDOT:PSS. (d) Al2+ defines the

non-oxide form of the aluminum electrode, which is observed to

become oxidated and to dissolve in the silver layer for decreasing cell

performance. The schematics on top of the plots illustrate the part of

the layer stack the data were extracted from.
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and the Risø DTU S device differs only by using P3HT-co-

P3AcET instead of P3HT. Due to the thick plastic encapsula-

tion it was necessary to delaminate the device prior to analysis.

The device delaminated at the PEDOT:PSS/P3HT:PCBM

interface, which left the device without the upper electrode.

It was not possible to analyze the peeled off encapsulation–

Ag–PEDOT:PSS layer stack because of the thickness of the

Ag layer (5 mm) and the PEDOT:PSS layer (10 mm), which is

too thick to be analyzed with the sputter properties in question.

That leaves the P3HT:PCBM(P3HT-co-P3AcET)–ZnO–ITO

layer stack to be analyzed. No trends were observed for any

of the mass spectral markers with respect to cell performance for

the Risø DTU P device. However, for the Risø DTU S device

one trend was observed, which is shown in Fig. 18 for a sputter

time window corresponding to the P3HT-co-P3AcET–ZnO

layer stack.

The mass spectral marker SO2
� for the Risø DTU S device

is observed to increase systematically with decreasing cell

performance. The shape of the profiles suggests that the phenom-

enon originates from within the ZnO layer. The species respon-

sible for the mass spectral marker SO2
� must be a R–SOx species

(R = H, organic, or metal). The ZnO layer contains trace

amounts of a variety of inorganic and organic impurities.

However, it makes little sense that migration of that species

into the active material should be affected by whether P3HT-

co-P3AcET or P3HT is used in the active material. A less likely

explanation could be oxidation of the thiophene sulphur by

something very reactive originating from within the ZnO layer

(e.g. O2H
�), but it makes little sense that P3HT is not equally

affected by it. The Risø DTU S device turned out to be more

stable than Risø DTU P, i.e. it took 200 hours longer to

degrade. It is difficult to conclude on how much the phenom-

enon described in Fig. 18. affects the cell performance, or

whether it affects it at all.

3.4.4 The Holst and ISE devices. The cell configuration of

the Holst cell is Al–LiF–P3HT:PCBM–PEDOT:PSS–SiN,Ag

and the ISE cell configuration is Au–PEDOT:PSS–

P3HT:PCBM–Cr–Al–Cr. The ISE device was unavoidably

delaminated leaving the P3HT:PCBM–Cr–Al–Cr part of the layer

stack for analysis. The raw depth profiling data were carefully

investigated for both devices in order to extract possible trends

between mass spectral marker intensities and cell performance.

No trends were found in any of the layers and interfaces.

As stated earlier in the text no oxygen incorporation could

be detected in the active materials, and no other chemical

changes are observed in the devices for decreasing cell perfor-

mance. No electrode oxidation was observed, no layer thick-

ening was observed, and no interlayer mixing was observed.

Apparently it is not possible to detect the cause of degrada-

tion, suggesting that the phenomenon or phenomena are not

chemical in nature (e.g. delamination at interfaces) or simply

too subtle to detect using this analytical technique.

4. Conclusions

The work presented in this article is part of a large inter-

laboratory study that resulted from the 3rd International

Summit on Organic Photovoltaic Stability (ISOS-3). The

collaboration involved six laboratories that produced seven

distinct sets of OPV devices that were degraded under identical

conditions in accordance with the ISOS protocols. The

degradation experiments lasted 1830 hours and involved more

than 300 cells on more than 100 devices. The devices were

analyzed and characterized at different points of their lifetime

by a large number of non-destructive and destructive techni-

ques in order to describe specific degradation mechanisms

responsible for the deterioration of the photovoltaic activity

that lead to insufficient lifetimes.

The present work is a systematic study of the ISOS-3 devices

using TOF-SIMS in order to identify specific degradation

mechanisms responsible for the deterioration of the photo-

voltaic activity. It was only possible to detect degradation in

cells that were exposed to the harshest conditions (AM1.5G,

1000 W m�2, 85 � 5 1C). Two devices had impermeable

encapsulations and it was not even possible under the harshest

conditions to detect any form of chemical degradation as a

function of cell performance, which suggests that degradation

is not chemical in nature or too subtle to detect using the

technique in question.

Photo-oxidation of the active layer (P3HT:PCBM) used in

six of the seven devices was quantitatively monitored as a

function of cell performance by correlating surface obtained

XPS data with bulk obtained TOF-SIMS data. This calibra-

tion was complicated by various factors such as being sensitive

towards experimental conditions, and the occurrence of a charge

transfer complex between molecular oxygen and P3HT. No

photo-oxidation could be detected in the two devices with

impermeable encapsulations consistent with expectations. Two

devices had so-called semi-impermeable encapsulations and both

exhibited an apparent linear relationship in oxygen incorporation

for decreasing cell performance, which suggests that photo-

oxidation of the active material could be the dominant degrada-

tion mechanism. Using P3HT-co-P3AcET instead of P3HT in

the devices with semi-permeable encapsulation induces stability,

which is believed to be morphological stability causing less

Fig. 18 TOF-SIMS depth profiles for Risø DTU S cells exposed to

full sun conditions. SO2
� is a mass spectral marker for an unknown

R–SOx species that is increasing in intensity and evolving at the P3HT-

co-P3AcET:PCBM/ZnO interface. ZnO� is a mass spectral marker for

ZnO and is included to define the ZnO layer for clarity. The schematic

on top of the plot illustrates the part of the layer stack the data were

extracted from.
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oxygen to be incorporated resulting in a longer lifetime. Two

devices had no encapsulation and exhibited, at first, slow

photo-oxidation of the active material that accelerated later

in the degradation tests. Photo-oxidation behaviour with

respect to the active layer was different for the two types of

encapsulation, but the degree of photo-oxidation was surpris-

ingly on the same order of magnitude.

Attempts were made to correlate degradation patterns in

LBIC images and TOF-SIMS total ion images for an encap-

sulated IMEC device with the architecture Al–Ag–MoO3–

P3HT:PCBM–ZnO–ITO. It was concluded that localized loss

of current in the cells as described by the LBIC images is not

related to a chemical phenomenon at the MoO3/P3HT:PCBM

interface. No correlations could be found in any of the other

layers and interfaces, which suggests that the degradation

mechanism in question is not detectable by the technique used.

The raw depth profiling data were screened in order to

extract possible correlations between the mass spectral data

and loss in cell performance that could assist in identifying

specific degradation mechanisms and possibly support conclu-

sions drawn in the first three ISOS-3 reports. Several trends

were discovered that could be contributing to the overall

degradation of the photovoltaic performance.

The trends for the IMEC device were observed to be:

� Increased migration of Al2O3 from either the Al/Ag

interface or from the bulk MoO3 layer to the Ag/MoO3

interface for decreasing cell performance.

� The additional Al2O3 layer and the Al2O3 from the Al

interfaces accumulate for increasing illumination time and

thus for decreasing cell performance.

� When the IMEC device is encapsulated no Al2O3 is found

at the Al/Ag interface, but the additional Al2O3 layer is still

present.

� Trace amounts of Ag2O were detected that exhibited a

very weak increase for decreasing cell performance.

The trends for the NREL device were found to be:

� Accumulation of Al2O3 for decreasing cell performance.

� Dissolution of Al and Al2O3 in the Ag electrode for

decreasing cell performance possibly catalyzed by water or

acid from PEDOT:PSS.

� Thickening of the Ag electrode for decreasing cell perfor-

mance due to the addition of Al2O3.

� Partly dissolution of PEDOT:PSS in the active layer

(P3HT:PCBM) for decreasing cell performance.

One trend was found for the Risø DTU S device:

� The concentration of an unknown R–SOx species migrating

out from within the ZnO layer increases for decreasing cell

performance, but it is uncertain whether it contributes to the

overall degradation.

The present study and the previous studies in this inter-

laboratory collaboration clearly demonstrate the strength of

combining complementary analysis techniques on systemati-

cally prepared OPV devices in order to gain improved knowledge

of the dominant degradation mechanisms responsible for loss

of photovoltaic response. The extensive investigation on OPV

stability presented in the series of ISOS-3 reports has signifi-

cantly improved the understanding of degradation behaviour

in OPV devices, which is a vital step towards large scale

application of organic solar cells.
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16 R. Rösch, D. M. Tanenbaum, M. Jørgensen, M. Seeland,
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A
queous processing of polymer solar
cells presents the ultimate challenge
in terms of environmental friendli-

ness and has only been reported in a few
instances. The approaches to solubilization
of the conjugated and active material in
water fall in three categories: solubilization
through (1) ionic side chains such as sulfonic
acid, carboxylic acid, or ammonium, (2)
nanoparticle dispersions of hydrophobic
polymers in water, or (3) nonionic alcohol
and glycol side chains. The latter approach
is the most recent and most successful in
terms of performance where PCEs of up to
0.7% have been reached on indium tin
oxide (ITO) substrates with aqueous proces-
sing of the four subsequent layers in the
solar cell stack (including the printed metal
back electrode).1 The approach employing
ionic side chains is perhaps conceptually
the most appealing as it opens up for
layer-by-layer assembly of the films or inter-
face layers2 but has so far not been em-
ployed successfully for the active layer itself.
The nanoparticle dispersion approach de-
veloped by Landfester et al.3�7 is particu-
larly appealing as it allows for control of the
nanoparticle size and for processing using
pure water as solvent for common hydro-
phobic conjugated polymers. In terms of
development of the polymer and organic
photovoltaic (OPV) technology, the latter
point is of some significance since the large
body of polymers available today has been
developed for processing in organic sol-
vents such as chlorobenzene, 1,2-dichloro-
benzene, etc. One could envisage a com-
plete redesign of the chemistry as described
above1 (method 3) but it will require a
complete rediscovery of the solvent�
material interaction and morphology rela-
tionships. While this may be necessary, in

the end it is of interest to simply adapt the
large body of materials at hand to an aque-
ous process. It is also of critical importance
to replace the organic solvents if one has
the ambition to manufacture polymer solar
cells on a gigawatt scale.
There are several concerns associated

with the use of chlorinated and aromatic
solvents on a very large scale. Concern for
the people working at the manufacturing
machine is crucial both in terms of toxi-
city and, in the case of aromatic solvents,
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ABSTRACT Aqueous nanoparticle dispersions of a series of three low-band-gap polymers

poly[4,8-bis(2-ethylhexyloxy)benzo(1,2-b:4,5-b0)dithiophene-alt-5,6-bis(octyloxy)-4,7-di(thiophen-

2-yl)(2,1,3-benzothiadiazole)-5,50-diyl] (P1), poly[(4,40-bis(2-ethylhexyl)dithieno[3,2-b:20,30-d]sil-

ole)-2,6-diyl-alt-(2,1,3-benzothiadiazole)-4,7-diyl] (P2), and poly[2,3-bis-(3-octyloxyphenyl)qui-

noxaline-5,8-diyl-alt-thiophene-2,5-diyl] (P3) were prepared using ultrasonic treatment of a

chloroform solution of the polymer and [6,6]-phenyl-C61-butyric acid methyl ester ([60]PCBM)

mixed with an aqueous solution of sodium dodecylsulphate (SDS). The size of the nanoparticles was

established using small-angle X-ray scattering (SAXS) of the aqueous dispersions and by both

atomic force microscopy (AFM) and using both grazing incidence SAXS (GISAXS) and grazing

incidence wide-angle X-ray scattering (GIWAXS) in the solid state as coated films. The aqueous

dispersions were dialyzed to remove excess detergent and concentrated to a solid content of

approximately 60 mg mL�1. The formation of films for solar cells using the aqueous dispersion

required the addition of the nonionic detergent FSO-100 at a concentration of 5 mg mL�1. This

enabled slot-die coating of high quality films with a dry thickness of 126 ( 19, 500 ( 25, and

612( 22 nm P1, P2, and P3, respectively for polymer solar cells. Large area inverted polymer solar

cells were thus prepared based on the aqueous inks. The power conversion efficiency (PCE) reached

for each of the materials was 0.07, 0.55, and 0.15% for P1, P2, and P3, respectively. The devices

were prepared using coating and printing of all layers including the metal back electrodes. All steps

were carried out using roll-to-roll (R2R) slot-die and screen printing methods on flexible substrates.

All five layers were processed using environmentally friendly methods and solvents. Two of the

layers were processed entirely from water (the electron transport layer and the active layer).

KEYWORDS: roll-to-roll coating polymer solar cells . organic solar cells . slot-die
coating . aqueous inks . nanoparticle dispersions
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flammability. In the case of the chlorinated solvents the
environmental concern is large, and it is unlikely that
large scale manufacturing using such solvents is pos-
sible in a European setting. As an example, the current
state of the art based on ProcessOne8 would involve
approximately 16 million liters of chlorobenzene for
the production of 1 GWp of polymer solar cell. An
additional concern is the cumulative energy needed
for raw materials production, where a poor choice of
processing method and processing materials can se-
verely affect the energy payback time (EPBT) of the
solar cell. Life cycle analysis has confirmed that water is
the solvent that ismost beneficial to use, requiring only
a small electrical energy input for production.9 The
cumulative thermal energy in materials production of
chlorobenzene alone, as given in the example above,
would be 880 TJ, adding 10 days to the EPBT. In
contrast the use of water as the solvent would require
only 17 TJ, adding only 4 h to the EPBT.
In terms of active materials the most successful

approach so far has been the use of low-band-gap
materials based on the donor�acceptor approach as
shown in Figure 1. The UV�vis spectra of the three
polymers P1, P2, and P3 were recorded, and the
optical band gaps were determined to be 1.8, 1.5,
and 1.8 eV, respectively (Figure 2).
In this work we prepared aqueous nanoparticle

dispersions of the known low-band-gap polymers
poly[4,8-bis(2-ethylhexyloxy)benzo(1,2-b:4,5-b0)dithio-
phene-alt-5,6-bis(octyloxy)-4,7-di(thiophen-2-yl)(2,1,3-
benzothiadiazole)-5,50-diyl] (P1),10 poly[(4,40-bis(2-ethyl-
hexyl)-dithieno[3,2-b:20,30-d]silole)-2,6-diyl-alt-(2,1,
3-benzothiadiazole)-4,7-diyl] (P2),11 and poly[2,3-bis-
(3-octyloxyphenyl)-quinoxaline-5,8-diyl-alt-thiophene-2,
5-diyl] (P3)12 (Figure 1) in mixtures with [60]PCBM. We
developed an aqueous R2R manufacturing process for
flexible polymer solar cells through careful ink formu-
lation and processing.

RESULTS AND DISCUSSION

Overview. The polymer solar cell has grown from a
laboratory experiment to an emerging technology

with great potential to significantly contribute to future
energy production. Currently, polymer solar cells can
be prepared using industrial roll-to-roll methods8 and
are sufficiently stable for demonstration products.
They have for instance been employed as a low cost
lighting solution for developing countries.13 While
upscaling has been described successfully their current
potential should be viewed critically14,15 and com-
pared to existing thin film solar cell technologies such
as CdTe and amorphous silicon. The polymer solar cell
is currently the poorest performing PV technology (in
existence) in terms of power conversion efficiency,
while it has distinct advantages of high speed produc-
tion, adaptability, and an abundance of raw materials.
Recent work on the life cycle analysis from several
groups9 have highlighted the potential of the technol-
ogy and in one case, where the source of data was fully
public, revealed EPBTs in the range of 1.35�2.02 years.9
As outlined in the introduction there is an urgent need
for processes and processing materials that lower the
embedded energy and the process energy, as this is a
necessarymethod for lowering the EPBT. This should of
course go in hand with an increase in efficiency. In this
work where we aim at replacing the organic solvent for
processing of the active areawithwater there is a direct
gain at the site of manufacture but it should be
emphasized that solvents and large amounts of

Figure 1. The structure for the three polymers used, P1, P2, and P3 (see text for the systematic names).

Figure 2. The UV�vis spectra of P1, P2, and P3. The optical
band gap was determined to 1.8, 1.5, and 1.8 eV for P1, P2,
and P3, respectively.
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detergent are required for the manufacture of the
nanoparticle dispersions. It is assumed that those can
be recycled to fully benefit from the aqueous proces-
sing of hydrophobic materials that has already been
developed. If this is not the case then there might not
be any gain in the cumulative energy for raw materials
production but there will still be a large gain in terms of
human safety and lower emission of chlorinated or
aromatic solvent into the environment because the
preparation of the nanoparticle dispersions inherently
allows for containment and reuse of solvents. A de-
tailed life cycle analysis of the inks is thus warranted
and until this has been carried out a complete compar-
ison is not possible. At this point however the benefits
of an aqueous ink are large enough to justify research
in this direction.

Formation of Nanoparticle Dispersions. The generic
method developed by Landfester et al. in a series of
original research papers during the period from 1999
to 2004 was followed and found to be directly applic-
able with minor modifications.3�7 A significantly larger
amount of SDS was found to be needed than reported
previously for a given nanoparticle size. The correlation
between the size of the nanoparticles and the amounts
of solvent, water, and SDS seem to be depending on
the properties of the individual polymers. We found
that a 100 mM SDS solution and a solid content in the
organic phase of ∼40 mg mL�1 reproducibly gave
nanoparticles with a size below 150 nm as established
with SAXS measurements. We also found that the
nanoparticles were conserved in the coated films
(vide supra). The observed discrepancy in particle size
as a function of SDS content could also be linked to the

method of particle size determination where light
scattering was employed previously. The reported
method for the removal of the excess detergent
comprises dialysis and centrifugal dialysis. Thesemeth-
ods however allow for the preparation of only small
quantities of ink. In our case large volumes (>100 mL)
of inks with a high solid content was needed, and we
initially attempted using a large basket centrifuge
allowing for the continuous addition of water but
finally settled on aMillipore filter systemwith a proces-
sing volume of 500mL. Using thismethod, ink volumes
of 100 mL with a solid content of 60 mgmL�1 could be
prepared in a few hours. The inks were diluted 625
times corresponding to a final SDS concentration in the
ink of 0.16 mM.

Particle Size and Crystalline Order. SAXS was employed
on both the aqueous dispersions and on the solid films
to determine particle sizes. AFM images of the films
were analyzed to determine particle size distributions
and gave similar results.

GIWAXS data showed poorly developed crystalline
order of polymers P2 and P3, with only weak first order
reflections corresponding to lamellar spacings of 18.2
and 24.0 Å, respectively, and a broad peak at∼1.34 Å�1

thatwe ascribe to packing of disordered side chains.P1
showed very weak scattering, with no features that
may be attributed to crystalline order of the polymer
(the wide peak at high q values is the background
signal from the glass substrate). All three films show a
weak peak at∼0.69 Å�1 that we ascribe to nanocrystal-
line [60]PCBM (Table 1 and Figures 3 and 4).

Inks and Roll-to-Roll Coating. The spin coating of thin
films was possible, whereas large area films with the
thickness/coverage required for making functional
OPV devices was not possible. It was further found
impossible to successfully coat these inks even with
very fast web speeds and fast drying on a heated roller
and a short distance (18 cm) between the coating head
and the oven. Web speeds as high as 8 m min�1 were
employed with a roller temperature of 80 �C. By
heating the foil just after coating, quick drying was
possible (within seconds), but significant dewetting
was still observed (see Supporting Information).

TABLE 1. The Average Particle Diameter in P1, P2, and P3

As Determined by SAXS and AFM. The Standard

Deviation Is Given in the Brackets

polymer SAXS (dispersions) AFM (films) GISAXS (films)

P1 130(38) nm a a
P2 32(10) nm 69(47) nm 32(22) nm
P3 87(21) nm 120(82) nm 107(72) nm

a Not possible to establish due to aggregation in the sample.

Figure 3. Size distributions of the particles P1 (left), P2 (middle), P3 (right) measured by AFM and SAXS. The SAXS
measurements were performed with the particles in a water suspension, and the AFMwas measured from spin-coated films.
The distribution of P1 could not be determined by AFM due to aggregation of the particles.
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Careful inspection of the wetting behavior revealed
that the ink initially wets the surface and then dewets
leaving a thin film (possibly comprising a single layer of
nanoparticles). We ascribe this to the initial wetting
and drying followed by lowering of the surface energy
of the first layer and subsequent dewetting of the
higher surface tension solution.

This phenomenon is quite well-known in the area of
coating technology and is in essence a result of poison-
ing the otherwise wetable surface by the surface active
properties of the ink itself. To solve this problem, the
addition of a nonionic fluorosurfactant (FSO-100) was
found to be necessary. The amount added was critical,
andwith too little material dewettingwas still observed,

whereas too much led to films with extremely poor
adhesion. A concentration of 5 mg mL�1 was found to
be the best compromise between coatability and
adhesion. Films prepared in this manner passed the
tape test.16 The age of themeniscus was found to be of
critical importance for efficient wetting and good
adhesion of the dried film. This phenomenon is well-
known in the area of coating technology, where shear
induced in the ink as a result of the coating process
itself leads to depletion of surfactant at the surface of
the ink. In the case of water based inks this implies that
the surface tension of the ink in the region of coating
increases to a level where dewetting occurs. In such
cases the speed of the coating process must be
decreased to a level where the surfactant has time to
diffuse to the surface and maintain the lower surface
tension. Web speeds of 1 m min�1 were found to
present the best conditions even though web speeds
as high as 1.6 mmin�1 could also be employed. A web
speed of 0.6 m min�1 was used in all experiments to
fabricate the devices presented in this work. Examples of
dewetting during coating can be seen in the Supporting
Information, and correct wettings are shown in Figure 5.
The thickness of the dry active layers of P1, P2, and P3
were measured by AFM profilometry and were found to
be 126 ( 19, 500 ( 25, and 612 ( 22 nm, respectively.

The deviceswere completedby slot-die coating poly-
(3,4-ethylenedioxythiophene) poly(styrenesulfonate)
(PEDOT:PSS) on top of the active layer and interestingly

Figure 4. GIWAXS patterns of the three polymers, spin-
coated on glass. No texture was observed, and the 2D
patterns were thus azimuthally averaged as a function
of q. The patterns are scaled for clarity.

Figure 5. (a) Slot-die coating of the active layer using the aqueous nanoparticle dispersions and (b) an enlargement of the
coating head, coating bead and wet film, and (c) showing a complete device with six individual solar cells.
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no prewetting of the active layer with isopropyl alcohol
was needed. We ascribe this to a fortuitous interaction
between the fluorosurfactants in the PEDOT:PSS formula-
tion and in the coated active layer. The devices were
completed by screen printing a silver ink onto
the PEDOT:PSS electrode. The devices were finally en-
capsulated using a simple barrier foil as described earlier
and tested using an automated roll-to-roll IV-tester.8,14,15

Morphology. The morphology differences between
spin-coated and R2R prepared samples and between
the different sample materials can clearly be observed
in the AFM images in Figure 6. On the spin-coated
samples the individual nanoparticle shapes can be
observed (with exception of P1, which looks like
agglomerates made up of smaller particles). In the
R2R samples the nanoparticles can no longer be clearly

distinguished; instead it looks like the nanoparticles
have merged in places. The different morphologies
observed across the R2R samples could be caused by
the “harsh” process conditions, where annealing at
high temperatures is involved, and due to the different
thermal properties of the polymers.

When the R2R coated samples in Figure 6 panels d,
e, and f are compared, it looks like the particles are
increasingly merged (d < f < e). This could be because
these samples were prepared at slightly different con-
ditions with the annealing time increasing (d < f < e).
Each roll-to-roll experiment (a roll of foil) comprises six
coated stripes as described earlier.15 The first coated
stripe will thus pass the oven a total of eight times,
whereas that last coated stripewill pass the oven a total
of three times (including the two passages when

Figure 6. AFM topography images of spin-coated (a�c) andR2R (d�f) prepared samples of P1, P2, andP3. All the imageswere
taken at 5 � 5 μm2.

Figure 7. (a) IV-curves for the devices basedon the three different polymers, at peakperformance (AM1.5G, 1000Wm�2, 85(
5 �C). (b) The development of the solar cell PCE during the initial 10 h of the exposure to 1 sun is shown for the three different
polymers. Values are normalized to the corresponding peak value for each polymer (see Table 2).
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coating PEDOT:PSS and printing the silver back
electrode).

Device Performance. The freshly prepared devices
were put under a calibrated solar simulator (AM1.5G,
1000 W m�2) and IV-scans were recorded every 1 min,
for up to 36 h (according to the ISOS-L-1 procedure26

using a temperature of 85 ( 5 �C). For all devices an
initial steady increase in PCE during exposure to sun-
light was generally observed.

However the optimumperiod of light exposure was
significantly different for the three photoactive poly-
mers, as can be seen in Figure 7. The PCE increase was
caused by improvement of both the short circuit
current and open circuit voltage, while the fill-factor
was relatively constant. This behavior is not unique for
these cells prepared from water-dispersed nanoparti-
cles, but is readily observed for other polymer solar
cells, having the same layer structure but an active
layer processed from organic solvents such as
chlorobenzene.15 It is ascribed to a combination of
effects such as photodoping of the zinc oxide layer by
UV-light, accompanied by beneficial morphological
changes in the active layer due to the relatively high
temperature (85 ( 5 �C).14

The devices prepared from the aqueous dispersions
show poorer performance compared to earlier re-
ported efficiencies for devices based on P1, P2, and
P3, prepared using chlorobenzene as solvent
(Figure 7).10�12 The source of this most likely shunts
across the active layer. Because of the particle nature of
the active layers (Figure 6), the film will be somewhat
porous and thus susceptible to shunting by the sub-
sequent processing of PEDOT:PSS. It is thus likely that
the amount of shunts should be dependent on the
layer thickness relative to the particle diameters. When
the obtained PCEs for the different polymers are

compared, it is observed that thicker layers and smaller
particle size seem to give a higher performance. Apart
from these suspected microscopic shunts, there are
some larger shunts for somedevices due to incomplete
coverage evident from optical inspection of the film
and evenmore so from the light beam induced current
(LBIC) scan shown in Figure 8 where (blue) dots within
the (red/green) active area reveal such shunts. Further-
more, effects from the significant amount of fluorosur-
factant present in the ink along with the residual SDS
bound to the surface of the nanoparticles have not
been determined. This does however show that it is
possible to prepare devices from water with a non-
negligible performance, and worth noting that a large
part of the relatively low performance of these devices
prepared from water could be due to coating techni-
calities that are bound to become less pronounced as
further experience is gained.

Directions for Future Work. The possibility of achieving
aqueous processing and operator safety and avoiding
the emission of environmentally harmful solvents to
the environment was demonstrated, and while this is a
great step forward it was achieved at the expense of
using a fluorinated surfactant. There is a well-docu-
mented concern over release of fluorinated surfactants
to the environment where extremely harmful effects
have been documented.17 In our case the surfactant is
not released directly to the environment but will follow
the solar cell until the end of its life cycle, where it
should be properly disposed. The identification of
existing environmentally friendly surface active mate-
rials or the development of new ones for coating
should be researched actively to avoid the use of
fluorinated detergents while maintaining the advan-
tages of aqueous processing of OPV.

The relationship between the chemical disposition
of the polymer materials and nanoparticle size in the
final ink will have to be established along with the
relationship between the size of the nanoparticles and
the performance of the solar cell printed from them.
Since this requires quite large quantities of conjugated
polymer material, the type of materials that perform
best should be identified followed by replacement of
the fluorinated surfactant. Once the truly environmen-
tally friendly ink with the best performance has been
identified the ink can be finally optimized with respect
to nanoparticle size, solid content, drying time, etc.

TABLE 2. The Photovoltaic Properties Obtained for the

Devices When Processed from Watera

polymer Voc (V) Jsc (mA cm
-2) FF (%) PCE (%)

P1 0.24 1.10 27.5 0.07
P2 0.47 3.99 29.3 0.55
P3 0.54 0.92 30.8 0.15

a The device geometry was PET/ITO/ZnO/polymer-[60]PCBM/PEDOT:PSS/Ag-
(printed), and the active area of the devices was 4 cm2. The testing conditions
were AM1.5G, 1000 W m�2, 85 ( 5 �C.

Figure 8. The LBIC image for a mapping of a P2 cell. The intensity scale is going from blue with no intensity over green to red
with high intensity.
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In our case P2 proved to work best and further optimiza-
tion using this class of materials should be pursued.

CONCLUSIONS

We have successfully prepared aqueous nanoparti-
cle dispersions of three low-band-gap polymers and
formulated inks for roll-to-roll processing into poly-
mer solar cells on a flexible substrate which resulted
in PCEs of 0.55, 0.15, and 0.07% for poly[(4,40-bis
(2-ethylhexyl)dithieno[3,2-b:20,30-d]silole)-2,6-diyl-alt-
(2,1,3-benzothiadiazole)-4,7-diyl], poly[2,3-bis-(3-octyl
oxyphenyl)-quinoxaline-5,8-diyl-alt-thiophene-2,5-diyl],
and poly[4,8-bis(2-ethylhexyloxy)benzo(1,2-b:4,5-b0)

dithiophene-alt-5,6-bis(octyloxy)-4,7-di(thiophen-2-yl)
(2,1,3-benzothiadiazole)-5,50-diyl], respectively. We anal-
yzed the nanoparticles in aqueous dispersion using
SAXS and in solid film using GISAXS, GIWAXS, and
AFM. The ink formulation and roll-to-roll processing
was found to be challenging, however a reproducible
method giving homogeneous films that adheredwell to
the surface of the zinc oxide based electron transport
layer was obtained. The relatively poor device perfor-
mance is ascribed to shunting and non-optimum mor-
phology. Further work should be directed at improving
coating condition and ink formulation as this has been
successful in the case of organic solvent systems.

METHODS
Materials. The polymers were prepared as described in

the literature.10�12 They had values for Mn, Mw, and poly-
dispersities of, respectively, 11.0 kDa, 28.7 kDa, and 2.6 for
P1, 6.0 kDa, 10.9 kDa and 1.8 for P2, and 21.0 kDa, 89.0 kDa,
and 4.2 for P3. [60]PCBM, SDS and chloroform were pur-
chased in standard grade. An aqueous precursor solution for
the zinc oxide was prepared as described in the literature.1

PEDOT:PSS was based on EL-P 5010 from Agfa that was
diluted with isopropyl alcohol to a viscosity of 200 mPa 3 s.
The printable silver back electrode was PV410 from
Dupont.

Nanoparticle Preparation. The typical recipe for small scale
production, the polymer material (0.3 g) was together with
[60]PCBM (0.3 g) dissolved in chloroform (15.5 mL) and mixed
with an aqueous 100mM SDS solution (50mL) in a large beaker.
Themixture was stirred vigorously for 1 h and then subjected to
ultrasound (1 kW) for 5 min using an UIP 1000hd transducer
from Hielscher ultrasound technology fitted with a booster
head. The mixture was then stirred on a hot plate at 65 �C for
3 h until all the chloroform had evaporated. For small scale
preparations, the aqueous dispersion was then dialyzed in
dialysis tubing against 2 � 10 L pure water. In the final step
the suspensions were concentrated to have a solid content of
approximately 60 mg mL�1.

For large scale preparations, the aqueous dispersion
was dialyzed using a Millipore system with a capacity of
500 mL. The mixture was concentrated by dialysis from a
volume of 500 mL to a volume of 100 mL with a forward
pressure of 1.4 bar and a pressure gradient across the filter
of 0.7 bar. Pure water (400 mL) was then added and the
procedure was repeated 4 times corresponding to a dilu-
tion of the solution by a factor of 625. In the final step the
suspensions were concentrated to have a solid content of
60 mg mL�1.

X-ray Scattering. The SAXS and grazing incidence SAXS (GISAXS)
experiments were performed at a laboratory setup using a
rotating Cu-anode operating at 46 kV and 46 mA as X-ray
source. The SAXS instrument was configured for a fully eva-
cuated sample to detector distance of 4579 mm covering a
q-range of 2.5 � 10�3 < q < 0.12 Å�1, where the length of the
scattering vector q = 4π sin(θ)/λ, with θ equal to half the
scattering angle, and λ being the X-ray wavelength for Cu KR
(1.5418 Å). The X-rays are monochromated and collimated
by two-dimensional multilayer optics and detected by a 2D
“Gabriel”-type gas-proportional delay line detector.18 The nano-
particle dispersions were measured in 1 mm borosilicate
capillaries, sealed with epoxy glue for the SAXS experiments,
and GISAXS of films spin-coated on glass were measured by
orienting the substrate at an X-ray incidence angle of 0.5�. The
2D scattering images of the randomly oriented particles in
dispersion were reduced to 1D cross sections by azimuthal

averaging, whereas the GISAXS scattering were reduced to 1D
curves by taking projections through the Yoneda peak18 at
constant qz. The reduced 1D data were analyzed by using the
Bayesian inverse Fourier transform (BIFT).19

GIWAXS of spin-coated films on glass were acquired by
orienting the substrate surface just below the critical angle
for total reflection with respect to the incoming X-ray beam
(0.18�), maximizing scattering from the deposited film with
respect to scattering from the substrate. In the wide scatter-
ing angle range (>5�), the X-ray scattering is sensitive to
crystalline structure. For the experiment we used a camera
comprising an evacuated sample chamber with an X-ray
photosensitive image plate as detector and a rotating Cu-
anode operating at 50 kV/200 mA as X-ray source, focused
and monochromatized (Cu KR, λ = 1.5418 Å) by a 1D
multilayer.19 The samples were mounted 120 mm from the
detector. The GIWAXS data were analyzed by reducing the
acquired 2D data by azimuthal averaging of intensity as a
function of scattering vector length, q, to determine the
characteristic d-spacings of the polymers, using the software
SimDiffraction.20

Atomic Force Microscopy. AFM imaging was performed on an
N8 NEOS (Bruker Nano GmbH, Herzogenrath, Germany) operat-
ing in an intermittent contact mode using PPP-NCLR cantilevers
(NANOSENSORS, Neuchatel, Switzerland). Images were re-
corded at a scan speed of 0.8 lines min�1. The images were
analyzed using the image processing software package SPIP
5.1.5 (Image Metrology A/S, Hørsholm, Denmark).

The samples were first delaminated by ripping the plastic
laminate off in a swift motion and thereafter placed on a glass
slide using double sided tape.

It is well-known that AFM can at times overestimate particle
sizes in the lateral plane and therefore the height z is often used
as a measure for the diameter of spherical particles.21�23 How-
ever, since the particles in the samples at hand are closely
packed the height measurements of individual particles would
be too time-consuming and inaccurate.24 Therefore the best
estimate to determine the particle size was to employ the
Particle & Pore Analysis module included in the SPIP 5.1.5
software. The size was analyzed on at least two different
positions of the sample analyzing a minimum of 2000 particles
on each sample.

The thicknesses of the dry films were measured by AFM
profilometry, see Figure 9. The thickness was measured at a
minimum of three different positions on each film, with each
position consisting of at least three individual measurements.

Light Beam Induced Current (LBIC) Mapping. The LBIC experiments
were carried out using a custom-made setup with 410 nm laser
diode (5 mW output power, 100 μm spot size (≈ 65 W/cm�2),
ThorLabs) mounted on a computer controlled XY-stage and
focused to a spot size of <100 μm. The short circuit current from
the device under study was measured using a computer
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controlled source measure unit (Keithley 2400), andmapped by
raster scanning across the device. Further details are available
elsewhere.25

Ink Formulation. The nonionic fluorosurfactant (FSO-100) was
added to the dialyzed aqueous suspension of the poly-
mer/[60]PCBM nanoparticles. The concentration of fluorosur-
factant was 5 mg mL�1 and the polymer/[60]PCBM concent-
ration was 60 mgmL�1. This solution was employed directly for
slot-die coating

Roll-to-Roll Coating. A PET substrate with an ITO pattern was
prepared and cleaned as described earlier.13�15 The zinc oxide
precursor solution was prepared as described earlier1

and comprised Zn(OAc)2 3 2H2O (100 mg mL�1), Al(OH)(OAc)2
(2 mg mL�1), and FSO-100 (2 mg mL�1) in water. This solution
was microfiltered immediately prior to use (0.45 μm) and then
slot-die coated at a speed of 2 m min�1 with a wet thickness of
4.9 μm. After the initial drying of the precursor film it was
converted into an insoluble film by passage through an oven at
a temperature of 140 �C with a speed of 0.2 m min�1 (oven
length = 4m). This gave an insoluble doped zinc oxide film with
a thickness of 25 ( 5 nm. The aqueous polymer/[60]PCBM
nanoparticle dispersion was then slot-die coated at a speed of
1mmin�1 with a wet thickness of 30.4, 17.6, and 20.8 μm for P1,
P2, and P3, respectively. The coating speed and the time
between application of the wet film and the drying were critical
for successful formation of a homogeneous film without dewet-
ting. The slot-die coating head had a temperature of 60 �C, the
coating roller had a temperature of 80 �C, and the temperature
of the foil was kept at 80 �C until it reached the oven at 140 �C.
The distance from the point of coating to the oven entry was
18 cm. PEDOT:PSS was then applied by slot-die coating at a
speed of 0.2 mmin�1 and dried at 140 �C (oven length = 2m). It
was found unnecessary to wet the film surface prior to coating
the PEDOT:PSS and this might be due to the beneficial interac-
tion between the fluorosurfactants in the active layer film and in
the PEDOT:PSS. Finally the device was completed by roll-to-roll
screen printing a silver grid electrode and drying at 140 �C. The
devices were encapsulated using roll-to-roll lamination of a
simple food packaging barrier with a pressure sensitive adhe-
sive onto both sides of the foil.13�15

IV-Characterization. In each coated stripe that represents one
set of experiments a total of 150 solar cells were prepared (900
cells for each roll). The devices were light soaked with contin-
uous sweeping of the IV-curve until a constant performancewas
reached. Typically the performance dropped rapidly during the
first 10 min of light soaking followed by a slow improvement in
performance over 4�6 h where a stable level of performance
was reached. The data reported is for the stable regime. The
devices were initially tested using a roll-to-roll tester and the
functional deviceswere the recovered for further testing using a
calibrated solar simulator (AM1.5G, 1000Wm�2, 85( 5 �C). The
prolonged testing was made according to the ISOS-L-1
procedure.26
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We are here presenting a comparative study between four different types of functionalities for cross-

linking. With relatively simple means bromine, azide, vinyl and oxetane could be incorporated into the

side chains of the low band-gap polymer TQ1. Cross-linking of the polymers was achieved by UV-light

illumination to give solvent resistant films and reduced phase separation and growth of PCBM

crystallites in polymer:PCBM films. The stability of solar cells based on the cross-linked polymers was

tested under various conditions. This study showed that cross-linking can improve morphological

stability but that it has little influence on the photochemical stability which is also decisive for stable

device operation under constant illumination conditions.
Introduction

Research on polymer solar cells (PSC) has reportedly delivered an

increase in the power conversion efficiency to some 10% by opti-

mization of each component and especially in the case of the active

layer composed of a light harvesting polymer and a molecular

acceptor.1,2 Another aspect that needs to be addressed is the

stability of these devices, which has also improved by several

orders of magnitude during the last decade.3 Modern PSC rely on

a so-called bulk hetero-junction where the polymer–acceptor

mixture in the active layer is micro-phase segregated to form a bi-

continuous structure with channels for both electron and hole

transport. A key issue is that the excitons formed upon irradiation

with light have a limited diffusion length in these materials of

10–20 nm, which means that this is also the optimal physical

dimension of the domains in the hetero-junction. Unfortunately,

this is not usually the thermodynamic equilibrium (i.e. the mate-

rial is metastable), which is manifested in a growth of PCBM

acceptor crystallites that erodes the optimal morphology.4,5

Several strategies have been developed to mitigate this

problem. One of the first proposed was to combine the donor

polymer with the acceptor part to create block-copolymers that

form stable bi-continuous networks by supra-molecular

forces.6–8 This approach has not been so successful, presumably

due to the formidable synthetic challenges. Another strategy is to

cross-link the active layer after it has been deposited by a cross-

linking reaction. One possibility that has been explored is to use

side chains that are attached to the polymer with tertiary ester
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groups that can be cleaved off by a thermal treatment of the

processed films. The residual carboxylic acid groups then form

hydrogen bonds resulting in a very stiff matrix that also immo-

bilizes the acceptor part.9 Yet another approach that is also

explored in this work is to incorporate cross-linkable groups in

some of the polymer side chains. Several different photo-curable

groups have been used for this purpose such as oxetane groups,10

alkyl-bromide,11,12 azide13–15 and vinyl.16,17 The idea is once again

that the cross-linking immobilizes the structure inhibiting further

growth of domains.

Previous studies have each focused on one specific cross-linking

reaction only. This study compares four different types of func-

tionalities for cross-linking attached to a low band-gap polymer

TQ1.18,19 Furthermore, experiments have been carried out in an

inert atmosphere and with hot dark storage between measure-

ments to enhance the thermally induced morphological insta-

bility. Finally, different experimental conditions aimed for

degradationwere compared in order to investigate the importance

of morphological stability compared to photochemical stability.
Experimental

Synthesis

2,5-Bis-(trimethylstannyl)-thiophene,20 3,30-(5,8-dibromoqui-

noxaline-2,3-diyl)diphenol (1) and TQ1 were synthesized

according to the procedures described in the literature.18

5,8-Dibromo-2,3-bis(3-(8-bromooctyloxy)phenyl)quinoxaline (2b).

Compound 1 (1 g, 2.118 mmol), 1,8-dibromooctane (5.76 g, 21.18

mmol) and potassium carbonate (1.464 g, 10.59 mmol) were dis-

solved in DMSO (20 ml). The mixture was stirred at 50 �C under

argon overnight. Water was added and the organic phase was
J. Mater. Chem., 2012, 22, 24417–24423 | 24417
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extracted with ethyl acetate. The organic phase was washed three

times with water and dried over MgSO4. The crude product was

added to a silica column and eluted with heptane–ethyl acetate to

give the product as a solid. Yield 32.1% (580 mg, 0.679 mmol). 1H

NMR (500MHz, CDCl3) d 7.92 (s, 2H), 7.30–7.20 (m, 4H), 7.16 (m,

2H), 6.99–6.85 (m, 2H), 3.87 (t, J¼ 6.5 Hz, 4H), 3.42 (t, J¼ 6.8 Hz,

4H), 1.93–1.79 (m, 4H), 1.79–1.64 (m, 4H), 1.50–1.27 (m, 16H). 13C

NMR (126 MHz, CDCl3) d 159.05, 154.00, 139.32, 139.17, 133.11,

129.32, 123.72, 122.60, 116.54, 115.77, 77.27, 77.02, 76.77, 68.02,

33.95, 32.80, 29.17, 29.08, 28.72, 28.12, 25.94.

5,8-Dibromo-2,3-bis(3-(undec-10-enyloxy)phenyl)quinoxaline (2c).

Prepared as for 2b: compound 1 (500 mg, 1.059 mmol), 11-bro-

moundec-1-ene (617 mg, 2.65 mmol) and potassium carbonate

(1464mg, 10.59mmol) were dissolved in DMSO (10ml). Yield 87%

(715 mg, 0.921 mmol). 1H NMR (500 MHz, CDCl3) d 7.93 (s, 2H),

7.29–7.23 (m, 4H), 7.23–7.17 (m, 2H), 6.96 (m, 2H), 5.84 (dd, J ¼
17.0, 10.3 Hz, 2H), 5.06–4.90 (m, 4H), 3.88 (t, J¼ 6.6 Hz, 4H), 2.07

(dd, J ¼ 14.5, 6.8 Hz, 4H), 1.83–1.68 (m, 4H), 1.50–1.21 (m, 26H).
13C NMR (126 MHz, CDCl3) d 159.09, 154.03, 139.33, 139.18,

133.06, 129.30, 123.74, 122.56, 116.61, 115.82, 114.13, 68.15, 33.79,

29.54, 29.44, 29.35, 29.13, 28.95, 26.02.

5,8-Dibromo-2,3-bis(3-(6-((3-ethyloxetan-3-yl)methoxy)hex-

yloxy)phenyl)quinoxaline (2d). Prepared as for 2b: compound 1

(500 mg, 1059 mmol), 3-((6-bromohexyloxy)methyl)-3-ethyl-

oxetane (739 mg, 2.65 mmol) and potassium carbonate (1464 mg,

10.59 mmol) were dissolved in DMSO (10 ml). Yield 80% (740

mg, 0.852 mmol). 1H NMR (500 MHz, CDCl3) d 7.91 (s, 2H),

7.24 (m, 4H), 7.19–7.11 (m, 2H), 7.00–6.84 (m, 2H), 4.45 (d, J ¼
5.8 Hz, 4H), 4.37 (d, J ¼ 5.8 Hz, 4H), 3.88 (t, J ¼ 6.5 Hz, 4H),

3.53 (s, 4H), 3.47 (t, J ¼ 6.6 Hz, 4H), 1.74 (q, J ¼ 7.4 Hz, 8H),

1.66–1.58 (m, 4H), 1.50–1.35 (m, 8H), 0.89 (t, J ¼ 7.5 Hz, 6H).
13C NMR (126 MHz, CDCl3) d 159.09, 153.98, 139.30, 139.20,

133.08, 129.28, 123.73, 122.61, 116.53, 115.82, 78.57, 73.55,

71.51, 68.02, 43.50, 29.54, 29.12, 26.80, 25.97, 25.89, 8.15.
General procedure for the Stille cross-coupling polymerization

Monomer 2a and one of the monomers 2b, 2c or 2d (9 : 1 molar

ratio) and 2,5-bis(trimethylstannyl)thiophene were mixed in

degassed toluene to give a 0.04 M solution. To this was added a

catalyst mix of 2 mol% tris(dibenzylideneacetone)dipalladium(0)

and 8 mol% tri-o-tolylphosphine. The solution was stirred at

100 �C for at least 48 hours to complete the polymerization. The

crude polymer was then precipitated by adding the reaction

mixture to a large volume of methanol. The polymers were

purified by Soxhlet extraction, first with methanol, then with

hexane and finally with chloroform. The chloroform fraction was

then precipitated by pouring it into 10 times the volume of

methanol. The precipitate was filtered off and dried in vacuum to

give the purified polymer.

Polymer TQ-Br. Monomers 2b (100 mg, 0.117 mmol), 2a

(734 mg, 1.053 mmol) and 2,5-bis(trimethylstannyl)thiophene

(480 mg, 1.170 mmol). Yield 620 mg (83%).
24418 | J. Mater. Chem., 2012, 22, 24417–24423
Polymer TQ-Vinyl. Monomers 2c (50 mg, 0.064 mmol), 2a

(404 mg, 0.579 mmol) and 2,5-bis(trimethylstannyl)thiophene

(264 mg, 0.644 mmol). Yield 370 mg (91%).

Polymer TQ-Oxetane. Monomers 2d (50 mg, 0.058 mmol), 2a

(361 mg, 0.518 mmol) and 2,5-bis(trimethylstannyl)thiophene

(236 mg, 0.576 mmol). Yield 330 mg (90%).

Polymer TQ-N3. TQ-Br (300 mg, 0.483 mmol) was dissolved in

toluene (100 ml) at 100 �C and sodium azide (314 mg, 4.83 mmol)

in DMF (100 ml) was added slowly. The mixture was stirred at

100 �C under argon for 48 hours. The solvents were removed

under reduced pressure and the polymer redissolved in chloro-

form and precipitated in methanol. The polymer was purified by

Soxhlet extraction first with methanol then with chloroform and

finally precipitated in methanol. Yield: 290 mg (95%).

Device fabrication

The polymers TQ1, TQ-Br, TQ-Vinyl, TQ-Oxetane or TQ-N3

and [60]PCBM (Solenne b.v., The Netherlands) were dissolved

separately in chlorobenzene (20 mg ml�1) and stirred overnight

at 50 �C. The polymer and PCBM solutions were mixed and

further stirred at 50 �C and then filtered (1 mm pore size). To the

TQ-Oxetane blend was added 5% (by weight) of the photoacid

generator (bis(4-tert-butylphenyl)iodonium p-toluenesulfonate)

(Sigma-Aldrich). The prefabricated ITO coated glass substrates

were first ultrasonically cleaned in water and then in 2-propanol.

Zinc oxide nanoparticles (ZnO), prepared according to the

literature,21 were spin-coated from water onto the ITO covered

substrate at 1000 rpm and annealed at 140 �C for 10 minutes. The

active layer, composed of the polymer:PCBM solution, was spin-

coated at 700 rpm onto the ZnO layer followed by UV-irradia-

tion at 254 nm with a laboratory lamp (commonly employed for

thin layer chromatography) for 10 minutes in a glove box to

cross-link the polymer. A PEDOT:PSS (Agfa EL-P 5010) solu-

tion was then spin-coated on top at 2800 rpm followed by

annealing at 110 �C for 2 minutes. The devices were transferred

to a vacuum chamber where silver electrodes were applied by

thermal evaporation at a pressure below 10�6 mbar. The active

area of the devices was 0.25 cm2.

Optical microscopy

Blends (1 : 1 by weight) of the polymers and [60]PCBM in

chlorobenzene (20 mg ml�1) were spin-coated on glass slides at

700 rpm. The samples were then treated with UV-irradiation

(254 nm) for 10 minutes in a glove box using a hand held lamp.

The samples were then annealed in ambient air for 13 hours at

150 �C. Optical micrographs of the samples were acquired before

and after the annealing procedure.

Photochemical degradation studies

Photochemical stabilities were evaluated using a fully automated,

high capacity degradation setup with an AM1.5G spectrum in

the ambient atmosphere at 1000 W m�2 described elsewhere.22

Each polymer was spin-coated on glass substrates from a chlo-

robenzene solution. The spin coating parameters were adjusted

in order to obtain a film thickness of around 60 nm.
This journal is ª The Royal Society of Chemistry 2012
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Quantification of the degradation rate was based on the evolu-

tion of the gradual decrease of UV-visible absorbance, which was

recorded at 20 min intervals.

Results and discussion

Synthesis of cross-linkable versions of TQ1

We selected the low band gap polymer TQ1 for creating cross-

linkable versions. The typical octyloxy side chains on the

diphenyl-quinoxaline monomer can easily be substituted with

alkyl groups adorned with azide, bromine, vinyl or oxetane

functionalities that can be used for photocross-linking reactions.

These types of cross-linking functionalities have previously been

investigated with the purpose of stabilizing the morphology in

other types of PSC.10–16

The syntheses of the monomers and the polymerization of the

five polymers studied in this work are outlined in Scheme 1.

One of the reasons for choosing the TQ1 system for this work

was the relatively straightforward preparation of the functional-

ized monomers. The key was the synthesis of the starting material

quinoxaline 3,30-(5,8-dibromoquinoxaline-2,3-diyl)diphenol (1)

that is common to all the monomers, which is prepared from the

known 5,8-dibromo-2,3-bis(3-methoxyphenyl)quinoxaline18 by

cleaving of the methyl groups with concentrated hydrobromic

acid. The different quinoxaline monomers were then prepared by

alkylation at the phenolate functions with either 1-bromooctane

or a substituted alkyl bromide as shown in Scheme 1. Polymeri-

zation reactions to give either TQ1 or the co-polymers TQ-Br,
Scheme 1 Synthesis of the monomers 2a–d and subsequent polymerization wi

functionalities in the side chains. TQ1, TQ-Br, TQ-N3, TQ-Vinyl and TQ-O

DMF.

This journal is ª The Royal Society of Chemistry 2012
TQ-Vinyl and TQ-Oxetane were performed through a Stille

coupling either between pure 2a and 2,5-bis(trimethylstannyl)-

thiophene or using amixture of 2a and one of themonomers 2b–d.

A monomer feed ratio of 2b–d to 2a was chosen to be 1 : 9 which

should secure several cross-linkable groups per polymer chain.

The synthesis of TQ-N3 was carried out by treating TQ-Br with

sodium azide in hot toluene–DMF, replacing bromine with an

azide group. This transformation is clearly observed by 1HNMR

of the polymers. The polymers were characterized by size exclu-

sion chromatography (SEC) with THF as the eluent, using poly-

styrene as the standard (see Table 1), and also by 1H NMR (see

ESI Fig. S1–5†).
Cross-linking experiments

The four different photoactive groups used in this study are

expected to cross-link via different chemical reaction mechanisms

when initiated by UV exposure (254 nm). The bromo-alkyl group

is presumably cleaved homolytically to give an alkyl radical and

a bromine atom23 while the alkyl azide group splits off molecular

nitrogen (N2) leaving an alkyl nitrene.24,25 The highly reactive

nitrene can then react with either the polymer or the fullerene in

the bulk through an addition reaction to double bonds.26 The

reactions of the vinyl and the oxetane groups are slightly more

speculative. The oxetane ring undergoes cross-linking initiated

by a photoacid generator (PAG). The propagation probably

involves ring-opening of the oxetane through an attack of

another oxetane group, as shown in Scheme 2.27
th 2,5-bis-(trimethylstannyl)-thiophene to give the polymers with different

xetane. i: K2CO3, DMSO; ii: Pd(PPh3)4, toluene; and iii: NaN3, toluene,

J. Mater. Chem., 2012, 22, 24417–24423 | 24419
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Table 1 Molecular weight and optical data for the five polymers

Polymer Mn (kDa) Mw (kDa) PD lmax (nm) Eopt
g (eV)

lmax (nm)
cross-linked

Eopt
g (eV)

cross-linked

TQ1 37.7 174.8 4.6 364/623 1.7 364/622 1.7
TQ-Br 20.7 67.0 3.23 364/624 1.7 363/618 1.7
TQ-N3 22.7 92.2 4.1 360/621 1.7 363/620 1.7
TQ-Vinyl 23.7 86.8 3.66 361/623 1.7 364/620 1.7
TQ-Oxetane 22.1 90.1 4.1 361/623 1.7 364/622 1.7

Scheme 2 A possible mechanism for cross-linking of oxetane through a

ring opening polymerization. Et ¼ ethyl, R ¼ polymer and PAG ¼
photoacid generator.
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In all cases reactive intermediates are formed that can react

fast with neighboring groups in the film. These may be on other

polymer strands giving rise to cross-linking of the polymer

matrix and/or with PCBM cross-linking the donor–acceptor

domains.

Each of the five polymers was spin-coated onto glass

substrates from chloroform solution and dried to give thin films.

The films were then irradiated at 254 nm using a mercury lamp

UV-lamp for 10 minutes to induce photochemical cross-linking,

which was then investigated by a solvent resistance test. The glass

substrates with the polymer films were immersed in hot 1,2-

dichlorobenzene where only the TQ1 film could be dissolved

proving that cross-linking had taken place for the TQ-Br, TQ-

N3, TQ-Vinyl and TQ-Oxetane films. Thin films prepared from

blends of the polymers with PCBM in a 1 : 1 ratio (by weight)

were tested in the same way. The TQ1:PCBM film was fully

soluble while the thin films with TQ-Br, TQ-N3, TQ-Vinyl and
Fig. 1 UV-vis spectra of TQ1, TQ-Br, TQ-N3, TQ-Vinyl and TQ-Oxetane fil

at 254 nm.

24420 | J. Mater. Chem., 2012, 22, 24417–24423
TQ-Oxetane showed partial solvent resistance. PCBM has a

strong absorption in the 254 nm range and therefore absorbs part

of the UV light used for cross-linking. This could be a reason for

the lower solvent resistance.

Absorption spectra of each polymer were acquired as thin

films before and after cross-linking by illumination of the films

with UV light. Incorporation of the functional groups does not

change the absorption spectra of the polymers when compared to

TQ1 (Fig. 1). The spectra of the polymers all have similar

features with a p / p* transition at ca. 360 nm and a charge

transfer transition at �620 nm (band gap at 1.7 eV). The

absorption spectra of the polymers were essentially unchanged

after photocross-linking, showing the same transitions and band

gaps as before UV-illumination, which suggests that none of the

four different cross-linking reactions damaged the conjugated

polymer backbone.
Stability investigations

Photochemical stability. The photochemical stability of

conjugated polymers is dependent on several different parame-

ters such as oxygen concentration, temperature, and the molec-

ular structure.28 Incorporation of different functionalities into

the polymer could change its stability. Photochemical stabilities

of the five polymers were therefore evaluated using a fully

automated, high capacity degradation setup with an AM1.5G

spectrum in the ambient atmosphere at 1000 W m�2 at ambient

temperature.22 The gradual decrease of UV-vis absorption of the

�60 nm polymer thin films was spectroscopically monitored

during ageing. The normalized absorption versus irradiation time
ms before (A) and after (B) cross-linking by UV irradiation for 10 minutes

This journal is ª The Royal Society of Chemistry 2012
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Fig. 2 Photochemical stability of the five polymers as thin films.

Normalized absorption versus time under constant illumination

(AM1.5G, 1000 W m�2).

Fig. 3 Efficiencies of devices containing TQ1, TQ-Br, TQ-N3, TQ-Vinyl

or TQ-Oxetane during thermal annealing at 100 �C in the dark in an

ambient atmosphere (normalized).
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for the five polymers is shown in Fig. 2. The degradation rates of

the five polymers are almost identical and total bleaching of the

films is reached after about 70 hours of illumination. This

suggests that incorporation of the functionalities does not affect

the photochemical stability of these polymers.
Fig. 4 Optical micrographs (195 � 260 mm2) of spin-coated thin films of the

annealing at 150 �C for 13 hours. All the thin films have been irradiated with U

correspond to PCBM rich domains.

This journal is ª The Royal Society of Chemistry 2012
Dark thermal degradation in an ambient atmosphere.One of the

tests that has been used to prove the increased stability of devices

with cross-linked active layers is thermal annealing with inter-

mittent testing under illumination. This test brings out the

degradation due to thermally induced morphology changes such

as growth of PCBM domains. Devices with an inverted type

geometry (ITO/ZnO/active layer/PEDOT/Ag) were prepared for

each of the five polymers and subjected to thermal annealing at

100 �C for 50 hours. At intervals the IV curves of the devices were

measured under illumination (AM1.5G, 1000Wm�2). As seen in

Fig. 3 the devices with TQ-N3 and TQ-Oxetane degraded to a

lesser degree and stabilized at a higher power conversion level

than TQ1, TQ-Vinyl and TQ-Br.

The active layer of these devices was further investigated by

optical microscopy and atomic force microscopy (AFM) (the

AFM images are available in the ESI†). Each blend was imaged

before and after annealing at 150 �C for 13 hours (see Fig. 4). As

expected, large PCBM crystallites formed in the TQ1:PCBM film

similar to what has been observed for annealing of

P3HT:PCBM.4,5 Blends containing TQ-Vinyl, TQ-N3 and TQ-

Oxetane showed either none or only very little phase segregation

while the blend containing TQ-Br showed some phase segrega-

tion but not to the extent seen for TQ1:PCBM. This confirms

that the cross-linking has taken place for all the polymers with

incorporated functional groups and that the cross-linking

stabilizes the morphology of the BHJ layer towards thermal

annealing as has been reported earlier.11–16

Constant illumination in ambient atmosphere versus inert

atmosphere. Dark thermal degradation reduces the effect of

illumination so it is also obvious to investigate device degrada-

tion under constant illumination. The results from a study

carried out in the ambient atmosphere are shown in Fig. 5a where

a similar exponential decay over 17 hours from a maximum to

almost no residual efficiency is observed. The cross-linking does

not seem to infer any added stability in this case indicating that

the dominant degradation mode in this test is photochemical.

This observation is consistent with the outcome of the photo-

chemical degradation experiments performed on the pure poly-

mer films that were also unaffected by the cross-linking.

When this study was repeated under inert atmosphere

(Fig. 5b), however, the overall rate of degradation was retarded

and some differences between the polymers became apparent. A

fast initial decay in the performance was once again observed,
five polymers blended with PCBM (1 : 1 wt) before (0 hours) and after

V light at 254 nm for 10 minutes before recording images. The dark areas

J. Mater. Chem., 2012, 22, 24417–24423 | 24421
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Fig. 5 Deterioration of the power conversion efficiencies of the devices under constant illumination in (A) ambient atmosphere, and in (B) inert

atmosphere (normalized).
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which could be due to the fact that the devices were fabricated

under ambient conditions, which means that they contained a

residual amount of oxygen–water. After about 5 hours the decay

rate slowed and clear differences in the performance between the

different polymers were observed in the order: TQ-Br > TQ-N3 >

TQ1 > TQ-Vinyl.
Conclusions

This study has shown that different types of cross-linking

moieties can be incorporated into the side chains of the low band

gap TQ1 type polymer by relatively simple means. The cross-

linking reaction could be achieved by UV-irradiation of the pure

polymer films to give insoluble products. When PCBM was

included the cross-linking was less efficient presumably due to

the optical absorption band of PCBM. Some solvent resistance

was however observed in this case indicating some degree of

cross-linking.

The UV-vis spectra of the polymer films were not affected

proving that the cross-linking reaction did not damage the

conjugated backbone of the polymers even though widely

different reaction types are expected for the four different types

of side chain functionalities: bromide, azide, vinyl and oxetane.

Cross-linking was shown to inhibit excessive phase separation

and growth of PCBM crystallites in polymer:PCBM films during

dark thermal annealing as shown by optical microscopy. This

resulted in improved solar cell device stability under the condi-

tions in question. It did, however, not improve the device

stability under constant illumination in an ambient atmosphere,

which is probably dominated by photochemical degradation

rather than by thermal mechanisms. When oxygen–water was

excluded by employing an inert atmosphere the stability

increased somewhat and more importantly, some differences in

stability became apparent between the polymers with TQ-Br and

TQ-N3 giving the most stable devices. At present no explanation

is provided for this observed difference, but it could be ascribed

to different cross-linking mechanisms and also to different

reaction rates.

This study shows that cross-linking can improve morpholog-

ical stability, but that other factors such as photochemical

degradation might be more important for device stability under

constant illumination conditions.
24422 | J. Mater. Chem., 2012, 22, 24417–24423
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a b s t r a c t

Double slot-die coating using aqueous inks was employed for the simultaneous coating of the active

layer and the hole transport layer (HTL) in fully roll-to-roll (R2R) processed polymer solar cells. The

double layer film was coated directly onto an electron transport layer (ETL) comprising doped zinc

oxide that was processed by single slot-die coating from water. The active layer comprised poly-3-

hexylthiophene:Phenyl-C61-butyric acid methyl ester (P3HT:PCBM) as a dispersion of nanoparticles

with a radius of 46 nm in water characterized using small-angle X-ray scattering (SAXS), transmission

electron microscopy (TEM), and atomic force microscopy (AFM). The HTL was a dispersion of poly(3,4-

ethylenedioxythiophene) poly(styrenesulfonate) (PEDOT:PSS) in water. The films were analyzed using

time-of-flight secondary ion mass spectrometry (TOF-SIMS) as chemical probe and X-ray reflectometry

as physical probe, confirming the identity of the layered structure. The devices were completed with a

back electrode of either Cu tape or evaporated Ag. Under standard solar spectrum irradiation (AM1.5G),

current–voltage characterization (J–V) yielded an open-circuit voltage (Voc), short-circuit current (Jsc),

fill factor (FF), and power conversion efficiency (PCE) of 0.24 V, 0.5 mA cm�2, 25%, and 0.03%,

respectively, for the best double slot-die coated cell. A single slot-die coated cell using the same

aqueous inks and device architecture yielded a Voc, Jsc, FF, and PCE of 0.45 V, 1.95 mA cm�2, 33.1%, and

0.29%, respectively.

& 2011 Elsevier B.V. All rights reserved.
1. Introduction

Flexible polymer solar cells can be manufactured by roll-to-
roll (R2R) processes, which are inherently faster than batch
processing of solar cells [1]. The manufacture of polymer solar
cells using R2R processing has been reported demonstrating high
speed of manufacture even on a small scale [2–4]. Thus, polymer
solar cell modules with the size of an A4 sheet of paper have total
processing times in the range of one minute (45–90 s) [3]. This
period of time is from the moment the fresh carrier substrate
enters the process until the completed, encapsulated, and tested
polymer solar cell module exits the process as a finished product.
It is impossible to envisage such throughput speeds with any
process that handles the solar cell as a discrete unit. The above
example employed relatively simple R2R processing equipment
and low web speeds in the range of 0.3–2 m min�1 processing
one layer at a time by subsequent single passes through the
machinery. In order to improve throughput speed there are a few
ll rights reserved.
routes, which can be followed. One obvious route is to increase
the processing speed, which puts significant requirements on the
drying equipment. The faster the web speed, the larger and more
complex the ovens and driers become. Another option is to make
an inline printing and coating machine where the same web
passes through several printing stations with each station repre-
senting each layer in the solar cell stack. This method has the
advantage of minimizing handling damage of the web. The
method does put some constraints on the chosen printing and
coating methods as they all have to operate in the same window
of web speed and the final web speed will be determined by the
slowest process. A final route is the simultaneous formation of
several layers of the solar cells stack. This method is in many
ways ideal as it lowers the number of passages through the
processing equipment thus lowering the handling damage,
increases the processing speed significantly without increasing
the web speed and thus does not necessarily require more
complex drying technology. In addition, there are advantages in
the context of life cycle analysis and the method provides a path
to a reduction of the energy payback time (EPBT) by significantly
reducing the direct process energy involved in the manufac-
ture [5]. The approach also introduces a massive challenge in

www.elsevier.com/locate/solmat
www.elsevier.com/locate/solmat
dx.doi.org/10.1016/j.solmat.2011.08.026
mailto:frkr@risoe.dtu.dk
dx.doi.org/10.1016/j.solmat.2011.08.026


Fig. 1. Illustration of the double slot-die coating of the active layer (red) and the

HTL (blue) in a R2R process, compared to the equivalent process using single slot-

die coating. (For interpretation of the references to color in this figure legend, the

reader is referred to the web version of this article).
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the ink formulation for the layers that are coated simultaneously
as the formation and drying of a wet multilayer film is highly
complex. The successful application of the technique is however
rewarding in terms of processing speed and simplicity, see Fig. 1.

In this work we demonstrate the simultaneous formation of
two of the layers in the polymer solar cell stack by double slot-die
coating of the active layer and the hole transporting layer (HTL)
from aqueous dispersions. We describe the ink formulation and
the required steps to efficiently design inks that give stable
bilayer structures in the wet film and during drying.
2. Experimental

2.1. Materials

P3HT (Sepiolid P-200 from BASF) was employed as the donor
polymer and technical grade PCBM was employed as the acceptor
material (Solenne BV). An aqueous precursor solution for the
ZnO was prepared as described earlier [6] and comprised
Zn(OAc)2.2H2O (100 mg mL–1), Al(OH)(OAc)2 (2 mg mL�1), and
the non- ionic fluorosurfactant (FSO-100) (2 mg mL–1) in water.
PEDOT:PSS was based on an aqueous dispersion (2:1 w/w) of
Orgacon EL-P 5010 from Agfa that was used directly as received.
The electrode material was either Cu tape or evaporated silver.
The substrate was a 130 mm poly(ethylene terephthalate) (PET)
substrate with a patterned ITO layer (nominally 60 O square�1)
(acquired from IST).

2.2. Nanoparticle preparation and ink

P3HT (4 g, Sepiolid P200, BASF) and PCBM (4 g, 99%, Solenne
B.V.) were dissolved in chloroform (268 g, Spectrophotometric
grade, Sigma-Aldrich) and mixed with an aqueous 100 mM
sodium dodecyl sulfate (SDS) solution (480 mL) (99%, Sigma-
Aldrich) in a large beaker. The mixture was stirred vigorously
for one hour and then subjected to ultrasound (0.9 kW) for
6.5 min using an UIP 1000 hd transducer from Hielscher ultra-
sound technology fitted with a booster head. The mixture was
then stirred on a hot plate at 65 1C for three hours until all
the chloroform had evaporated. The aqueous dispersion
was dialyzed to remove SDS using a Millipore system with a
capacity of 500 mL. The mixture was concentrated by dialysis
from a volume of 500 mL to a volume of 100 mL with a forward
pressure of 1.4 bar and a pressure gradient across the filter of
0.7 bar. Pure water (400 mL) was then added and the procedure
was repeated 4 times corresponding to a dilution of the solution
by a factor of 625. In the final step the suspension were
concentrated to have a solid content of 60 mg mL�1. FSO-100
was added to the dialyzed aqueous suspension of the P3HT:PCBM
nanoparticles. The concentration of fluorosurfactant was
5 mg mL�1 and the P3HT:PCBM concentration was 60 mg mL�1.
This solution was employed directly for slot-die coating.
2.3. TOF-SIMS

Depth profiling analysis was performed using a TOF-SIMS IV
(ION-TOF GmbH, Münster, Germany). 25-ns pulses of 25-keV Biþ

(primary ions) were bunched to form ion packets with a nominal
temporal extent of o0.9 ns at a repetition rate of 10 kHz yielding
a target current of 1 pA. Depth profiling was performed using an
analysis area of 100�100 mm2 and a sputter area of
300�300 mm2. 30 nA of 3-keV Xeþ was used as sputter ions.
Electron bombardment (20 eV) was used to minimize charge
build-up at the surface. Desorbed secondary ions were acceler-
ated to 2 keV, mass analyzed in the flight tube, and post-
accelerated to 10 keV before detection.

2.4. SAXS

The X-ray source for the SAXS measurements was a Cu
rotating anode (Rigaku H3R), collimated and monochromatized
by 2D multilayer optics (Ka radiation, l¼1.5418 Å). The anode
was operated in fine focus mode at 46 kV/46 mA and the beam
diameter was collimated by 3 pinholes to 1.0 mm diameter at the
sample position. An 18�18 cm2 2D position sensitive gas detec-
tor was used for collecting the scattering data, and a 4 mm
beamstop was placed in front of the gas detector, situated
4579 mm from the sample.

2.5. Reflectrometry

The reflectrometry measurement was made on setup with a
rotating Cu-anode (Rigaku RU-200) operated at 50 kV/200 mA as
X-ray source, focused and monochromatized by a 1D multilayer
optic (Ka radiation, l¼1.5418 Å).

2.6. AFM

The P3HT:PCBM nanoparticle dispersion was spin-coated on a
glass substrate. The AFM imaging was performed on an N8 Neos
(Bruker Nano GmbH, Herzogenrath, Germany) operating in an
intermittent contact mode using PPP-NCLR cantilevers (NANO-
SENSORS, Neuchatel, Switzerland). The images were recorded at a
scan speed of 0.8 lines s�1.

2.7. Substrate preparation

A PET substrate with an ITO pattern was prepared and cleaned
as described earlier [2]. The ZnO solution was microfiltered
immediately prior to use (filter pore size of 0.45 mm) and then
slot-die coated at a speed of 2 m min�1 with a wet thickness of
4.9 mm. After the initial drying of the precursor film it was
converted into an insoluble film by passage through an oven at
a temperature of 140 1C with a speed of 0.2 m min�1 (oven
length¼4 m). This gave an insoluble doped zinc oxide film with
a thickness of 2575 nm.

2.8. Double slot-die coating

The web was forwarded at a speed of 1 m min�1 when the
aqueous P3HT:PCBM nanoparticle dispersion was pumped into
the first chamber of a double slot-die coating head. The aqueous
PEDOT:PSS dispersion was pumped into the second chamber of
the double slot-die coating head. The double film was then slot-
die coated at a nominal wet thickness of 23 mm for both the
P3HT:PCBM film and the PEDOT:PSS dispersion. The slot-die
coating head and the coating roller had temperatures of 60 1C
and 80 1C, respectively. The temperature of the foil was kept at
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80 1C until it reached the oven at 140 1C. The distance from the
point of coating to the oven entry was 18 cm.

2.9. Device characterization

The devices were placed under simulated sunlight in a solar
simulator with the following specifications: 1000 W m–2, AM1.5G,
8572 1C, and 4575% relative humidity. The J–V curves were
measured here were carried out at 85 1C by scanning both
forwards and backwards in steps of 20 mV ensuring that no
hysteresis was present. The scanning speed was 0.1 V s�1.
Fig. 2. Double slot-die coating experiment at an instance where the film changes

appearance going from a single layer of PEDOT:PSS (blue) to a simultaneous

coating of P3HT:PCBM (red) and PEDOT:PSS. The transition is marked by the

arrows going from (a) a schematic of the experimental situation, to (b) a

photograph of the experiment, and to (c) a close-up photograph of the same foil

piece, taken after the coating experiment. (For interpretation of the references to

color in this figure legend, the reader is referred to the web version of this article.)
3. Results and discussion

The simultaneous multilayer formation by roll coating meth-
ods has been achieved with only a few techniques such as curtain
coating, slide coating, and slot-die coating [1]. The two former are
only operational in the very high speed regime (typically
44 m s�1) and require relatively viscous solutions. In return,
they offer the simultaneous formation of many layers. Slot-die
coating has been explored for multilayer film formation with up
to three layers (in triple slot-die coating) or in combination with
the slide coating technique in slot-slide coating. In the context of
polymer solar cells the simultaneous multilayer formation has not
been reported so far.

There are many good reasons for double slot-die coating not
having been employed for polymer solar cells. Firstly, the multi-
layer formation requires that the same solvent is used for the
coated layers and that the layer coated first has the highest
surface tension. Secondly, the drying has to be sufficiently fast to
minimize diffusion of solutes between the layers. For a bilayer
film with a total wet thickness of 100 mm, diffusion of solutes
such as small molecules and ions are exceptionally fast unless the
viscosity is high. In our case we employ water and the viscosity of
the solutions are low (o25 mPa s) implying that it would be
difficult to prevent interlayer diffusion. The mean displacement
for a molecule such as phenyl-C61-butyric acid methyl ester
(PCBM) is on the order of 30 mm s�1 and with wet thicknesses
on the order of 5 100 mm this would imply that drying should be
completed on timescales much faster than a second to avoid
complete interlayer mixing by diffusion. We estimated the diffu-
sion lengths using the Einstein equation [7] where we have the
diffusion constant and mean displacement, as follows:

D¼
kBT

6pZr
, l1d ¼

ffiffiffiffiffiffiffiffi
2Dt
p

:

here kB is boltzman’s constant, T is absolute temperature, Z is the
viscosity (of the ink), r is the particle radius, and t is time.
Eliminating D, we get the following mean displacement, during
1 s diffusion, for a C60 molecule (taken to be similar to PCBM) at
80 1C:

lC60
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
kB

3p
�

1s� 353K

1mPas� 0:5nm

r
¼ 3:22� 10�5 m:

For r¼50 nm particle

lnp ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
kB

3p
�

1s� 353K

1mPas� 50nm

r
¼ 3:22� 10�6 m:

here we have assumed a constant viscosity of 1 mPa s, which
should be considered a conservative estimate, as it is likely to be
higher and will increase as the drying proceeds. In our case, the
inks P3HT:PCBM, and poly(3,4-ethylenedioxythiophene):poly
(styrenesulfonate) (P3HT:PCBM and PEDOT:PSS) are both aqueous
dispersions of large aggregates with average sizes 50–100 times
larger than the PCBM molecule, hence interlayer mixing due to
diffusion of the particles between the two layers would be 1–2
orders of magnitude slower, thus enabling drying without detri-
mental interlayer mixing. At the same time a limited amount of
interdiffusion should be advantageous as it gives a diffusive inter-
face between the coated layers with much higher adhesion, possibly
lowering device degradation due to layer delamination. Experience
gained from the actual coating experiments suggests that the
process is very parameter sensitive. However, a stable operation
regime was found and a very illustrative example of the simulta-
neous bilayer formation from the coating experiment is shown in
Fig. 2, where it was possible to turn on and off the flow of one of the
inks, thus revealing a sharp transition from single- to bilayer.

3.1. Nanoparticle characterization

3.1.1. X-ray scattering

The aqueous ink was studied by small angle X-ray scattering
(SAXS) in order to determine the size of the particles. The ink was
placed in 1 mm capillaries and sealed with epoxy glue, and the
data were analyzed using the Bayesian Indirect Fourier Trans-
form [8]. The average particle radius was found to be 46 nm, see
Fig. 3.

3.1.2. Microscopy

The drop-cast and spin-coated samples of the nanoparticles
were imaged using transmission electron microscopy (TEM)
(Fig. 3b) and atomic force microscopy (AFM) (Fig. 3c), respec-
tively. The image documented that spherical nanoparticles had
formed.

3.2. Bilayer characterization

3.2.1. Time-of-flight secondary ion mass spectrometry (TOF-SIMS)

depth profiling analysis

The obvious concern when performing double slot-die coating
is whether the expected bilayer is formed, or whether complete
mixing of the layers had occurred. An experiment was designed to
resolve this issue. A piece of double slot-die coated sample was
submerged in a sodium hydroxide solution in order to facilitate
delamination (Fig. 4b). After a while a discrete PEDOT:PSS film
simply floated off the top of the surface leaving a P3HT:PCBM film



Fig. 4. (a) Photography showing a 18�7 mm2 film section delaminated from the double slot-die coated film in NaOH (aq). (b) Schematic of the submerged sample

showing the surface location (purple arrow) for the TOF-SIMS depth profiling analysis. (c) TOF-SIMS depth profiles in negative ion mode confirming that the double slot-die

coated film has formed a bilayer. The ZnO layer was so thin that the resulting profile was too noisy, so it was left out for clarity. The noisy ZnO profile is superimposed (due

to the thin nature of the film) on the InO– profile.

Fig. 3. (a) Volume weighted size distribution of the nanoparticles calculated from the SAXS measurement. (b) TEM image (5�5 mm2) of a drop-cast sample. (c) AFM image

(5�5 mm2) of a spin-coated sample.
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on the substrate surface (Fig. 4a). This is clear visual evidence that
the double slot-die coating experiment yields a discrete bilayer
film. The observations were confirmed by chemical analysis using
TOF-SIMS.

TOF-SIMS depth profiling was in addition employed to support
the observation and to further document that a bilayer had indeed
formed during the double slot-die coating process. Fig. 4a–b shows
the surface location where the depth profiling analysis was carried
out. Several factors complicate the depth profiling analysis: (i) the
sputter depth resolution (under the conditions in question) in soft
materials is very poor (compared to hard materials, e.g. metals), and
(ii) depth profiles are typically based on unique mass spectral
markers that consist of molecular fragment ions or atomic ions,
but no unique mass spectral markers are formed under the given
experimental conditions. However, due to the fact that equivalent
mass spectral markers originating from different molecular environ-
ments will produce a different signal response, the different materi-
als may still be uniquely resolved. It turns out that the signal
intensities for the S� and SOx

� fragment ions (formed in both layers)
are extremely dependent on their origin. S� is intense in PEDOT:PSS
and relatively weak in P3HT:PCBM whereas SOx

� exhibits the
opposite behavior. Fig. 4c shows the depth profiles using S� and
SOx
� as mass spectral markers. In spite of the complicated experi-

mental conditions it was still possible to confirm that a bilayer was
formed during the double slot-die coating process. In addition, a
depth profile was acquired at a surface location where delamination
had occurred that showed the presence of the expected one layer
(see Fig. S1 in supporting information). Due to the aforementioned
factors affecting the analysis it is not possible to conclude anything
about the extent of interlayer mixing that was a consequence of the
coating process. From the delamination experiment shown in Fig. 4
we however assume that the interface is discrete when viewed on
the scale of the film thickness and probably resembles the roughness
that an individual film of the P3HT:PCBM nanoparticles would.

3.2.2. Reflectrometry

The coated films were studied with reflectrometry in order to
determine whether the two double slot-die coated liquids had
mixed. Two samples were measured, a double slot-die coated
PEDOT:PSS/P3HT:PCBM bilayer and a single slot-die coated PED-
OT:PSS layer, both on a ZnO/ITO/PET substrate. The top layer of
the two samples showed the critical angle for total reflection at
the same position corresponding to the same electron density for
the top layer in both preparations, see Fig. 5.

3.3. Device performance

The J–V characteristics of the freshly prepared solar cells are
shown in Fig. 6 together with a reference device, also processed
using the aqueous P3HT:PCBM nanoparticle ink as active layer



Fig. 5. Reflected intensity for two coated samples. One with PEDOT:PSS and one

double slot-die coated PEDOT:PSS/P3HT:PCBM bilayer. The critical angle (yc) for

total reflection is at 0.1761 for both films corresponding to a scattering vector Qc of

0.025 Å�1 (Q¼4 p siny/l, l¼1.5418 Å).

Fig. 6. J–V curves of the double slot-die coated devices shown in comparison with

a device of similar layer structure processed by standard single slot-die coating.

Table 1
Summary of the J-V characterization.

Cell ID PCE (%) Jsc (mA cm–2) Voc (V) FF (%)

Double slot-die (Cu tape) 0.03 0.5 0.24 25.0

(Ag evaporated) 0.02 0.61 0.14 25.6

Single slot-die 0.29 1.95 0.45 33.1
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and PEDOT:PSS as HTL, but prepared by two sequential single
slot-die coating steps (i.e. one layer at the time). The use of this
nanoparticle ink constitutes a unique route for aqueous proces-
sing of large area low band gap polymer solar cells recently
demonstrated by our group [9]. The extracted photovoltaic para-
meters are summarized in Table 1. As is evident the photovoltaic
response is significantly lower for the double slot-die coated
devices compared to the reference device with respect to all
photovoltaic parameters. One notable feature is the linearity of
the J–V curves within the active quadrant (FF of 25%), which
suggests that the operation of the cells is dominated by the
internal resistances in the devices, i.e. a low shunt resistance and
a high series resistance. A low shunt resistance can be ascribed to
two possible effects: (1) from the complex dynamic nature of the
simultaneous bilayer formation, as it is likely that PEDOT:PSS
forms percolation paths through the active layer during forma-
tion, which, in turn, will short the device. (2) It could also be
linked to the known photoinduced defects in ZnO as reported
recently [10].

Furthermore, the devices having the evaporated Ag electrode
display the lowest shunt resistances and consequently lowest Voc,
probably due to shunts being formed during evaporation, while
the Cu-tape avoids shunts by preferentially contacting the top-
most part of the bilayer film, suggesting a somewhat inhomoge-
neous film. However, the higher series resistance for the devices
utilizing a Cu-tape electrode hints to a large contact resistance at
the PEDOT:PSS/Cu interface.

We also constructed the reference (blank) devices comprising
ITO/ZnO/P3HT:PCBM/Cu-tape, and ITO/ZnO/PEDOT:PSS/Cu-tape,
where ITO is indium tin oxide. The corresponding J–V curves
under standard illumination conditions revealed no photovoltaic
response thus documenting the photovoltaic properties of double
slot-die coated films. The relatively poor performance of the
double slot-die coated devices possibly also has its roots in the
large areas we explore (several cm2) compared to relative film
inhomogeneity for the double slot-die coated films. Also the
shunts might be located at the edges as is evident from the
photograph in Fig. 4a where the PEDOT:PSS has the possibility to
overspill the undercoat of P3HT:PCBM and thus short circuit the
device. By further tuning the coating conditions, surface tensions
for the inks and substrate surface energies it should be possible to
minimize these effects.
4. Conclusions

We have successfully demonstrated double slot-die coated poly-
mer solar cells processed roll-to-roll, using two aqueous inks for the
simultaneous formation of both the active layer (P3HT:PCBM) and
hole transporting layer (PEDOT:PSS). The devices performed rela-
tively poor compared to similar devices processed by single slot-die
coating. This is ascribed to far from perfect layer separation due to
the complex nature of the bilayer formation process; resulting in
shunts and low current extraction efficiencies. This convincingly
demonstrates a possible route for lowering the energy payback time
of polymer solar cells, which is an important factor in a possible
future scenario of large scale energy production.
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Large area polymer tandem solar cells completely processed using roll-to-roll (R2R) coating and

printing techniques are demonstrated. A stable tandem structure was achieved by the use of orthogonal

ink solvents for the coating of all layers, including both active layers. Processing solvents included

water, alcohols and chlorobenzene. Open-circuit voltages close to the expected sum of sub cell voltages

were achieved, while the overall efficiency of the tandem cells was found to be limited by the low

yielding back cell, which was processed from water based ink. Many of the challenges associated with

upscaling the multilayer tandem cells were identified giving valuable information for future experi-

ments and development.
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1. Introduction

The ultimate efficiency of polymer solar cells is inherently
limited by the narrow absorption bands of the chromophores that
constitute the photoactive layer of the solar cells. One obvious
route to circumvent this is to stack several junctions having
complementary absorption bands, thus increasing the spectral
overlap of the solar cell and the terrestrial solar spectrum. The
benefits of the tandem architecture over single junction cells have
been thoroughly studied and reviewed [1–4], and within reason-
able assumptions it has been found that a tandem architecture
can increase the ultimate efficiency of polymer solar cells with
20–50%, where the highest increase is seen in the case where the
single junction cells perform under their ultimate potential [1,2].

The most advantageous approach to polymer solar cell fabrica-
tion, with respect to application as an energy technology, is to
allow for fast processing of all layers relying on as few coating/
printing methods as possible using roll-to-roll (R2R) processing.
With regards to tandem polymer solar cells the most obvious
device is an all solution processed monolithic tandem cell where
the sub cells are connected in series rather than parallel. This
naturally presents some challenges in multilayer coating where the
typical number of layers required in a tandem cell is around 6–8.
All these layers (some of them very thin) have to be coated on top
of each other without having subsequent coating steps adversely
affecting already coated layers. The traditional laboratory approach
to building up the stack is thus not expected to be easily scalable
ll rights reserved.
since it often employs vacuum deposition of many of the layers
and a rational choice in the order of application. With the boundary
condition that all layers have to be processed in air without
vacuum, using only solution based printing and coating techniques,
it becomes very challenging to realize functional tandem struc-
tures. So far only one report has documented vacuum free solution
processing of all layers, including the printed metal back electrode
[5], while large stacks by solution processing (and vacuum depos-
ited back electrodes) have been reported [6]. Most tandem solar
cell reports today employ one or more vacuum coating steps.

In this report we demonstrate R2R processing of tandem
polymer solar cells on flexible substrates and show that there
are many challenges associated not only with solution processing
of entire tandem solar cell stacks, but also with the transfer from
laboratory scale batch processing on rigid substrates to a full R2R
only process on flexible films.
2. Experimental section

2.1. Materials

Poly-3-hexylthiophene (P3HT) was commercially available
and had an Mn of �20000 Da and an Mw �40000 Da. Phenyl-
C61-butyric acid methyl ester (PC[60]BM) had a purity of 99%.
Poly-[thiophene-2,5-diyl-alt-(2,3-bis(3-octyloxyphenyl)quinoxa-
line-5,8-diyl] (TQ-1) was synthesized according to the method
described in the literature [7] and had an Mn of �29000 Da and
an Mw �89000 Da.

The ink used for the front bulk heterojunction (BHJ) active layer
comprised PC[60]BM as the acceptor material (18 mg mL�1) and

www.elsevier.com/locate/solmat
www.elsevier.com/locate/solmat
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P3HT as the donor polymer (22 mg mL�1) dissolved in chloroben-
zene. For the back BHJ active layer an aqueous ink [8] comprising an
aqueous dispersion of nanoparticles consisting of the low band gap
polymer TQ-1 (Fig. 1) and PC[60]BM prepared as described earlier [8].
An aqueous precursor solution for the zinc oxide (ZnO) used as
electron transporting layer (ETL) was prepared as described earlier [9]
and comprised Zn(OAc)2 2H2O (100 mg mL�1), Al(OH)(OAc)2

(2 mg mL�1) and FSO-100 (2 mg mL�1) in water. Vanadium(V)oxide
(V2O5) employed as hole transporting layer (HTL) was prepared by
diluting a base solution of vanadium(V)-oxiisopropoxide with iso-
propanol to a concentration of 25 mg mL�1, following recommenda-
tions of earlier studies [10,11]. Poly(3,4-ethylenedioxythiophene)
poly(styrenesulfonate) (PEDOT:PSS) was based on Orgacon EL-P
5010 from Agfa diluted 2:1 (w:w) with isopropanol. The printable
silver back electrode was PV410 from Dupont. The substrate was a
130 micron PET substrate with a patterned ITO layer (nominally
60 O square�1).

2.2. Slot-die coating

The bottom electron contact was prepared directly on the PET/
ITO substrate, prepared and cleaned as described earlier [12]. The
zinc oxide precursor solution was microfiltered immediately prior
Fig. 1. Structure of poly-[thiophene-2,5-diyl-alt-(2,3-bis(3-octyloxyphenyl)qui-

noxaline-5,8-diyl] (TQ-1), poly-3-hexylthiophene (P3HT), and phenyl-C61-butyric

acid methyl ester (PC[60]BM).

Fig. 2. Photographs of the actual R2R coating experiment in progress. (a) Coating of the

BHJ material.
to use (filter pore size of 0.45 mm) and then slot-die coated at
a speed of 2 m min�1 with a wet thickness of 4.9 mm. After the
initial drying of the precursor film it was converted into an
insoluble film by passage through an oven at a temperature of
140 1C with a speed of 0.2 m min�1 (oven length¼4 m). This gave
an insoluble doped zinc oxide film with a thickness of 2575 nm.
The P3HT:PC[60]BM ink described above was microfiltered and
slot die-coated with at a web speed of 1.6 m min�1 and a wet
thickness of 11.2 mm. The film was dried by passage through an
oven (2 m) at 140 1C. The recombination layer comprised a V2O5/
ZnO stack that was slot-die coated in two steps. The V2O5 layer
was slot-die coated directly on top of the dried P3HT:PC[60]BM
layer, with a web speed of 2 ml min�1 and a wet thickness of
8 mm. The film was dried by passage through an oven (2 m) at
140 1C. The second zinc oxide layer was prepared exactly as the
first (anode) layer, directly on the V2O5 layer. The back cell was
prepared by slot-die coating an aqueous TQ-1:PC[60]BM nano-
particle dispersion (Fig. 2) at a web speed of 0.2 m min�1 and a
wet thickness of 30 mm. The wet film was dried at 140 1C (oven
length¼2 m) as described earlier [8]. The back electrode was
prepared by applying PEDOT:PSS by slot-die coating at a speed of
0.2 m min�1 with drying at 140 1C (oven length¼2 m). It was
found unnecessary to wet the film surface prior to coating the
PEDOT:PSS and this might be due to the beneficial interaction
between the fluorosurfactants in the aqueous nanoparticle dis-
persion and in the PEDOT:PSS. Finally, the device was completed
by R2R screen printing a silver grid electrode and drying at 140 1C.
The devices were encapsulated using R2R lamination of a simple
food packaging barrier with a pressure sensitive adhesive onto
both sides of the foil [12b].
2.3. TOF-SIMS depth profiling analysis

Time-of-flight secondary ion mass spectrometry (TOF-SIMS)
was employed to perform a depth profiling analysis. The experi-
ments were conducted using a TOF-SIMS IV (ION-TOF GmbH,
Münster, Germany). 25-ns pulses of 25-keV Biþ (primary ions)
were bunched to form ion packets with a nominal temporal
extent of o0.9 ns at a repetition rate of 10 kHz yielding a target
current of 1 pA. These primary ion conditions were used to obtain
depth profiles in both negative and positive ion mode. Depth
profiling was performed using an analysis area of 100�100 mm2
front BHJ material (the drying process of the film is visible). (b) Coating of the back
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and a sputter area of 300�300 mm2. 30 nA of 3-keV Xeþ were
used as sputter ions. Electron bombardment (20 eV) was used to
minimize charge build-up at the surface. Desorbed secondary ions
were accelerated to 2 keV, mass analyzed in the flight tube, and
post-accelerated to 10 keV before detection.

2.4. J–V characterization

The final devices were put under simulated sunlight at
1000 W m�2, 8575 1C, 40710% relative humidity (rh)
(AM1.5G). J–V curves were recorded by sweeping from �1 V to
þ1 V in steps of 20 mV and a rate of 0.1 V s�1 to ensure that no
dynamic effects resulted in over/under estimation of Jsc and Voc.
The time evolution of the photovoltaic performance was recorded
by continuously illuminating the device under the above condi-
tions while recording complete IV data every one minute accord-
ing to ISOS-L-1 [13].
Fig. 4. Schematics of the tandem solar cell under study and photomicrographs

(230�150 mm2) obtained at the indicated positions (black arrows), which

illustrates the proposed consequence of the observed cracks in the recombination

layer when using (a) a non-orthogonal solvent (chloroform) and (b) an orthogonal

solvent (water), for the processing of the back BHJ.
3. Results and discussion

3.1. The tandem cell

This study describes the transfer of a laboratory scale tandem
solar cell process on rigid glass substrates to a R2R process on
flexible plastic substrates. The laboratory process was described
previously [11] and was developed with an aim of being compatible
with R2R processing. The tandem solar cell structure comprised a
multilayer stack with the composition PET/ITO/ZnO/front-BHJ/V2O5/
ZnO/back-BHJ/PEDOT:PSS/Ag, where PET is poly(ethylene ter-
ephthalate) (substrate), ITO is indium tin oxide (transparent front
electrode), ZnO is the electron transport layer, front-BHJ is the front
bulk heterojunction consisting of P3HT:PC[60]BM (active layer 1),
V2O5/ZnO is the recombination layer, back-BHJ consists of TQ-
1:PC[60]BM (active layer 2), PEDOT:PSS is the hole transport layer,
and Ag is the back electrode. Illustrative photographs of the coating
process are shown in Fig. 2.

The first attempts resulted in very poorly performing devices
typically showing open-circuit voltages around what is expected for
single junction devices. Optical inspection of the completed devices
revealed the possible origin of this malfunction to be cracks in the
V2O5 part of the recombination layer (Fig. 3). It was found that these
cracks form at some point during the processing of the V2O5 layer,
possibly due to the heat treatment and/or bending of the substrate
as it passes through the R2R equipment. As is also hinted in Fig. 3
these cracks persist after processing of the ZnO layer thus rendering
the recombination layer penetrable to the solute of the back BHJ
Fig. 3. Schematic of the tandem solar cell under study and photomicrographs (260�1
as this is coated. This would most likely solubilize the front BHJ and
thus seriously compromise the integrity of the serial connection of
the two sub cells. This situation is schematically described in Fig. 4a.
Such a short-circuiting of the recombination layer would make the
two active layers effectively function as one poorly performing
active layer, in turn, explaining the single junction-like low open-
circuit voltage observed for these devices.

However, it was possible to work around this issue by utilizing
an aqueous ink for the processing of the back BHJ using a method
recently described by Andersen et al. [8]. This presented a unique
opportunity for orthogonal processing since water cannot solubi-
lize the front BHJ. From the photomicrographs shown in Fig. 4 it is
evident that the back cell looks less affected by the cracks in the
recombination layer when water based processing is employed
(Fig. 4b compared to Fig. 4a).
3.2. TOF-SIMS depth profiling analysis

TOF-SIMS depth profiling analysis was employed in both
negative and positive ion mode in order to document the layer
stack order. The encapsulation film is too thick for a depth profiling
analysis, so it was necessary to delaminate the tandem solar cell.
TOF-SIMS mass spectra of the exposed surfaces revealed that
delamination took place at the PEDOT:PSS/back BHJ interface.
95 mm2) revealing cracks in the V2O5 layer, which persist through the ZnO layer.



Fig. 5. TOF-SIMS depth profiles through the delaminated tandem solar cell. C3N�

is a marker for the back BHJ obtained from a depth profile run in negative mode,

Znþ is a marker for the ZnO, Vþ is a marker V2O5, Sþ is a marker for both front

and back BHJ, and ZnInþ (formed during the ionization step of the analysis) is a

marker for the front ZnO and Inþ is a marker for ITO.

Fig. 6. J–V characteristics (AM1.5G 1000 W m�2) for the best performing tandem

cells. Also shown is a more average cell, before (initial) and after (800 min) photo-

annealing.

Table 1
Summary of the J–V characterization.

Cell PCE (%) Jsc (mA cm–2) Voc (V) FF (%)

Tandem (a)
(Initial) 0.09 �0.42 0.71 28.8

(800 min) 0.07 �0.35 0.76 27.5

(Best) 0.10 �0.37 0.91 28.2

Back cell (a)
(Initial) 0.11 �0.65 0.55 30.2

(800 min) 0.04 �0.33 0.46 27.7

Front cell (Ref. [11]) 1.32 �7.17 0.50 36.9

a Cell active area of 4 cm2.
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Fig. 5 shows the results of the depth profile analysis. Various
factors complicated the analysis, such as interface roughness,
which is well known phenomenon in R2R processing (e.g. com-
pared to spin coating). Furthermore, depth profiling in soft
materials is associated with an inferior depth resolution (under
the given sputter conditions), compared to hard materials (e.g.
metals). These conditions constitute a challenge especially when
it comes to performing depth profiling on very thin layers such as
the ZnO (�25 nm) and V2O5 (�15 nm) layers present in this
device. However, as is evident from Fig. 5 it was quite possible, in
spite of the conditions, to document the multilayer stack compo-
sition in the tandem solar cell device. Residual PEDOT:PSS was
present in the PEDOT:PSS/back BHJ interface after the delamina-
tion process presumably due to a small degree of interlayer
mixing that resulted in presumably a matrix effect, which is
observed as initially elevated signals from the back BHJ material
(i.e. at the beginning of the sputter time window). During the
ionization process the Znþ signal is discriminated due to the
formation of the ZnInþ cluster ion caused by the close vicinity of
the ITO (i.e. an ionization phenomenon). Finally, a significantly
long sputter time window is observed for the back BHJ compared
to the front BHJ, which suggests that the back BHJ is significantly
thicker (assuming similar sputter rates) than the front BHJ
consistent with an expected layer thickness of �600 nm [8] for
the back BHJ as compared to the thickness of the front BHJ
�200 nm.

3.3. Electrical characterization

J–V characteristics for the best performing tandem device are
shown in Fig. 6, (blue triangles) together with representative J–V

curves for both tandem and back cell reference devices with and
without photo-annealing (800 min). The key photovoltaic para-
meters are summarized in Table 1, while the dynamic evolutions
of the short circuit current (Isc) and open-circuit voltage (Voc) are
shown in Fig. 7. By summing the Voc values from the sub cell
reference devices (Table 1) it is possible to estimate that the
perfect tandem device would have an open-circuit voltage close
to 1 V. As is clear from the presented data in Table 1, the actual
tandem devices gave, at best, a Voc around 0.9 V while Voc values
around 0.75 V were readily measured, hence between 0.1 and
0.25 V less than the expected ideal value.

Various loss mechanisms can influence the tandem voltage, of
which most are related to the nature of the sub cell interconnec-
tion, i.e. the recombination layer. In this case it is highly probable
that the before mentioned observed defects (Fig. 3) are likely to
have a negative influence on Voc if the mechanism schematically
shown in Fig. 4b is considered, i.e. shunts across the recombina-
tion layer would lower the tandem Voc. Furthermore, the results
show that the front and back reference cells both exhibit a
decreasing Voc during the dynamic evolution J–V experiment as
observed in Fig. 7 and S7 (see e-component). For the tandem
devices the trend is opposite, i.e. increasing Voc over time. Both
reference cells display saturation at around 0.45 V, which fits well
with the peak value of the best tandem cell.

It appears that the sub cell interconnection improves over
time, possibly due to burning of shunts across the recombination
layer, originally formed as a consequence of the defects. With
respect to the Isc it is noticeable that the tandem device and the
back cell reference device have rather similar Isc values. This
should be compared to the front cell Isc, which is a factor of 10 to
20 times larger. Thus the tandem device is severely current
limited by the poor performing back cell.

This significant current mismatch is likely to influence the
current–voltage characteristics of the tandem cell. Hadipour et al.
[14] found that the excess current will cause the surplus of free
holes to pile up at the middle electrode (recombination layer),
which will result in a lowering of the effective internal field in the



Fig. 7. Time evolution of the open-circuit voltage and short-circuit current during the 800 min of photo-annealing (AM1.5G 1000 W m�2) of the tandem cell, and a

corresponding single junction reference cell mimicking the current-limiting back cell.

Fig. 8. Transmittance of the front cell and the recombination layer relative to the absorbance of the back cell active layer.
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front sub cell, while for the back sub cell the opposite will be the
case and the internal field will increase.

Hence the sub cell currents will equilibrate at some inter-
mediate value, resulting in a higher Isc value for the tandem
device compared to the expected current of the limiting sub cell
reference device. How the tandem current equilibrates is very
much dependent on the slope of the J–V curves of the sub cells
around short-circuit as well as the degree of current mismatch, as
recently pointed out by Braun et al. [15] for the case of an
inorganic tandem cell. This can be easily understood, e.g. in the
case of the current limiting sub cell; as the reverse biasing caused
by the current mismatch will only result in a significant increase
in current if the J–V curve of the sub cell has a non zero slope in
reverse bias, which is the case for the cells under study here.
Furthermore, according to Fig. 8 the tandem back cell will suffer
from an obvious poor spectral matching with the front cell
transmission spectrum, and thus receive a significantly lower
photon flux than the reference cell. From this, a significant
lowering of the back cell current would be expected. However,
as the J–V data shows that the Isc of the tandem is not lower but
rather comparable to that of the current limiting back cell
reference device this would in fact imply a combination of the
spectral mismatch and the increased quantum efficiency of the
tandem back cell due to current mismatch (the effect described in
Refs. [14 and 15]). To support this, we construct the ideal tandem
curve from the two reference sub cells by summing voltages at
equal currents, as described in Ref. [14]. We take into account the
spectral mismatch by a mismatch factor S, which is simply
multiplied with the current of the back cell reference. These can
be seen in Fig. 9, for the case of S¼1 and S¼0.5, together with the



Fig. 9. Constructed tandem J–V characteristics with spectral mismatching (S¼0.5)

and without (S¼1), compared with the best measured tandem device.
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best tandem curve. As can be seen, it is likely that severe spectral
mismatching is the cause of the low short-circuit current of the
tandem cell, while the discrepancy between the model and the
measurement can be explained by the somewhat crude model,
such as negligence of Voc dependence on light intensity [16], and
the assumption of a perfect ohmic connection between the sub
cells, e.g. a perfect recombination layer.

3.4. Future developments

The tandem approach within polymer photovoltaics has so far
been utilized in an attempt to maximize efficiency, i.e. without
constraints on materials and fabrication methods. The present
work, however, demonstrates the fragility of the tandem device
approach from a solution processing point of view, and in doing
so, stresses the importance of having certain constraints in mind
when assessing a given set of materials and processing methods.
In this regard especially the recombination layer presents an all-
determining weak-point of the tandem cell; a perfect recombina-
tion layer would be insoluble and solvent impenetrable, being
either a pn-junction preferably a highly doped tunnel junction or
alternatively having metal like characteristics. This has so far
been achieved only for small area devices using rigid substrates
[6,11,17–21]. Lee et al. [22] successfully demonstrated a small
area tandem device on a flexible substrate but using vacuum
deposition. However, as for upscaling of the fabrication, it is the
view of the authors that a stable and highly reliable solution
process for polymer tandem solar cells can only be ensured by a
completely orthogonalized process in which none of the proces-
sing steps can seriously harm any of the previously processed
layers. This has to do with the inherently rough nature of a high
throughput R2R process, during which cracks and small coating
imperfections would act as solvent paths leading to partial
dissolution of underlying layers. The aqueous emulsion approach
utilized in this work is one possible solution presenting both a
stable and possibly environmentally friendly fabrication process.
At the same time it allows for the use of the large amount of
existing polymers. However, the success of this technique of
course depends on whether significantly better device perfor-
mance can be achieved. Another foreseeable solution would be a
process where the layers by some in-line post process are
rendered insoluble, for instance using thermal- or light-induced
thermocleavage of the solubilizing groups as demonstrated earlier
[5,23,24]. This would be very desirable as it ensures free choice of
solvent for the subsequent layers, and also removes constraints
on the recombination layer in terms of materials and layer
thicknesses, thus opening for a wider range of tweakable
parameters.
4. Conclusions

We have successfully demonstrated large area flexible polymer
tandem solar cells with all layers processed entirely from solution,
and partially from water. The multilayer stack on flexible PET
substrate comprised a cathode of ITO/ZnO, a recombination layer
of V2O5/ZnO, and a PEDOT:PSS/Ag (printed) anode. The two
serially connected BHJs was comprised of a P3HT:PC[60]BM front
cell processed from chlorobenzene and a back cell processed from
an aqueous dispersion of poly[2,3-bis-(3-octyl oxyphenyl)-qui-
noxaline-5,8-diyl-alt-thiophene-2,5-diyl]:PC[60]BM nanoparticles.
The composition and integrity of the multilayer stack was con-
firmed by TOF-SIMS depth profiling. The Voc of the best tandem
device was 0.9 V, while both the corresponding single junction
reference devices had a Voc around 0.5 V. This confirms a serial
connection of the sub cells while the observed voltage losses are
ascribed to visible defects in the recombination layer and a non-
ohmic connection of the two sub cells.
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