
 
 
General rights 
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright 
owners and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights. 
 

 Users may download and print one copy of any publication from the public portal for the purpose of private study or research. 

 You may not further distribute the material or use it for any profit-making activity or commercial gain 

 You may freely distribute the URL identifying the publication in the public portal 
 
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately 
and investigate your claim. 
  
 

   

 

 

Downloaded from orbit.dtu.dk on: May 26, 2023

Operational stability of large scale OPV modules: interfaces, materials selection and
stack design

Roth, Bérenger

Publication date:
2016

Document Version
Publisher's PDF, also known as Version of record

Link back to DTU Orbit

Citation (APA):
Roth, B. (2016). Operational stability of large scale OPV modules: interfaces, materials selection and stack
design. Department of Energy Conversion and Storage, Technical University of Denmark.

https://orbit.dtu.dk/en/publications/6c823575-d84a-4bd2-a0a5-51bb75e98765


 

 

 
 
Technical University of Denmark 
 

 
 
 
 

Operational stability of large scale OPV modules:  
interfaces, materials selection and stack design 

 
 
 
 

Ph.D. thesis - Bérenger Roth 
 
 
 
 
 
 
 
 
 
 
 
March 2016 



 

 

Author     Bérenger Roth 
 
 
Title      Operational stability of large scale OPV modules: 
     Interfaces, materials selection and stack design 
 
 
Academic advisors   Prof. Frederik C. Krebs  

Dr. Roar R. Søndergaard 
 

 
Institution    SOL 
     Department of Energy Conversion and Storage 
     Technical University of Denmark 
     Frederiksborgvej 399 
     DK-4000 Roskilde, Denmark 
 
 
Assessment committee Senior Advisor Hanne Lauritzen (Chairman) 
     Senior Lecturer Jeffey Paul Kettle 
     Associate Professor Wouter Maes 
 
 
Date of Defense   May 30th 2016 
 
 
Funding    Eurotech Universities alliance project:  

Interface Science for Photovoltaics (ISPV) 
 
ISBN     978-87-92986-49-8  
  



 

 

2 

Preface 
This Ph.D. thesis is the compilation of three years of work at the Technical University of 
Denmark (DTU) from April 2013 to March 2016.  My scientific endeavors were supervised by 

Prof. Frederik C. Krebs and by Dr. Roar R. Søndergaard and funded by the Eurotech 
Universities alliance project: Interface Science for Photovoltaics (ISPV). Most of my work was 

carried out at the Solar Energy Section of the Department of Energy Conversion and Storage 

(DTU) in Roskilde, Denmark. As part of my Ph.D. study, I also did a 6 months stay abroad in 
The Lipomi Research Group at University of California, San Diego, USA. During my time at 
DTU, I had also the opportunity to collaborate with multiple other institutions in Europe and in 

the United States. 
Through my work, I contributed to 13 peer reviewed publications. To keep the core of this 
thesis consistent, only 10 among these publications were used for the redaction of this 
manuscript. 
	
Denne Ph.d. er resultatet af tre års arbejde ved Danmarks Tekniske Universitet (DTU) fra april 
2013 til marts 2016. Mit videnskabelige arbejde har været superviseret af Prof. Frederik C. 
Krebs samt af seniorforsker Roar R. Søndergaard og er støttet af ”The Eurotech Universities 
Alliance Project:  Interface Science for Photovoltaics (ISPV)”Det meste af mit arbejde blev 
udført ved sektionen for Solenergi under Institut for Energikonvertering og –lagring (DTU) i 
Roskilde, Danmark. Som del af mit Ph.D. studie tilbragte jeg 6 måneder ved Darren Lipomis 
forskningsgruppe ved University of California, San Diego, USA. Derudover havde jeg i min tid 
på DTU muligheden for at samarbejde med flere forskningsinstitutioner i Europa og i USA.  

Gennem mit arbejde har jeg bidraget til 13 peer-reviewed publikationer. For at bibeholde en 

tematisk konsistens er kun 10 af disse brugt til udarbejdelsen af denne afhandling.  
	  



 

 

3 

Acknowledgments 
First and foremost, I would like to express my special appreciation and thanks to my principal 
supervisor Prof. Frederik C. Krebs for his support and for sharing his expertise with me. I also 

would like to thank my co-supervisor Dr. Roar R. Søndergaard for his help and for always be 
available for discussions. None of the work presented in this thesis would have been possible 

without their contagious passion and energy. Thank you both for encouraging me in my 

research and leaving me the freedom to grow as a scientist. 
I would like to express my gratitude to Dr. Suren Gevorgyan for his help and guidance during 
all my lifetime studies. 

I wish to thank the entire SOL group at DTU for their help and contributions. Working 

together has been great. 
My sincere thanks to Prof. Darren J. Lipomi for inviting me to stay 6 months in his research 
group at UCSD. To the all group, thanks for the warm welcome, the help and the fun times. 
A Special thanks to my friend Michael Corazza for his countless help at work and the fun 
times outside! And a big thank you to my office mate Francesco Livi even though he 
disappeared along the way! 
Finally, I want to thank my family and friends from here in Denmark or elsewhere around the 
world, for their support and understanding during these three years of my life. 
	  



 

 

4 

Abstract 
The work presented in this thesis centers on the third generation of photovoltaics technology: 
Organic Photovoltaics (OPV). So far the efficiency has been the main focus of OPV research 

and small lab scale devices have now reached performances above 10%. One major caveat 
on the road to commercialization is the intrinsic low stability of OPV cells. This dissertation will 

focus on some aspects of OPV stability from materials to large scale modules.  

This thesis starts with an introduction of the energy challenges the world faces and on how 
solar energy can help fix them. Followed by a quick introduction to the OPV field. The roll-to-
roll techniques available for OPV manufacturing are introduced. Many of these techniques 

were used for sample preparation as part of the work presented here. 

The ISOS testing standards which are at the base of most stability studies in this thesis are 
introduced. The photochemical stability and lifetime of poly(3-hexylthiophene) modified with 
cyano groups by random co-polymerization is studied. The results show that improvement in 
photochemical stability of the pristine polymer does not necessary lead to a higher stability of 
the final solar cell. An extended meta analysis of published stability data identified some key 
issues for OPV stability.  
A rational approach derived from the pharmaceutical industry to screen high efficiency 
polymers for their suitability with roll-to-roll manufacturing is then presented. During that 
study, only 13% of the 104 screened polymers outperformed the common P3HT based on a 
merit factor. The same library of polymers was later screened for mechanical properties to 
identify trends linking the molecular structure and the mechanical properties of the pristine 

polymer film. Another merit factor was used in order to find guidelines to co-optimize 

electronic and mechanical performances.  
Finally, multiple indoor and outdoor lifetime tests of large scale ITO-free OPV modules were 

conducted. These studies focused particularly on the impact of PEDOT:PSS for long-term 
stability. The first study looked into the effect of the PEDOT:PSS ink formulation, in particular 
the high boiling additives. The results showed that both the initial performances and the long-
term stability are affected noticeably by those additives. The lifetime outdoor of the full 

modules could potentially be extended by 2-3 times if dimethylsufoxide (DMSO) is replaced 
by ethylene glycol (EG). The next study showed that the lifetime outdoor can be further 
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extended by one order of magnitude by removing the front PEDOT:PSS using a hybrid zinc 

oxide/silver nanowires electrode. 
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Resumé 
Da verdens energiforbrug bliver ved med at stige vil mange energiressourcer, som olie og 
gas, være opbrugt ved udgangen af dette århundrede. Set i forhold til de andre alternative 

energiformer som findes, har udnyttelsen solenergi gode fremtidsmuligheder for at kunne 
erstatte disse begrænsede ressourcer. 

Arbejdet præsenteret i denne afhandling er centreret om den tredje generation af 

solcelleteknologier: organiske solceller (OS). Entusiastmen for OS kommer af deres mulighed 
for billig fremstilling ved hjælp af hurtige printe/coate-teknikker.      
Ind til videre har hovedfokus inden for OS-forskning været at øge sol-til-strøm konverterings 

effektiviteten af små laboratorieskala solceller, som nu har opnået ydeevner på over 10%. 

Tilbage står en af hovedudfordringerne på vejen mod kommercialisering af OS, deres lave 
operationelle stabilitet. 
Denne afhandling ser på flere aspekter af OS stabilitet, heriblandt stabilitet af materialer samt 
stabilitet af færdige storskala moduler. Afhandlingen giver først en introduktion til de 
energiudfordringer verden står over for, hvordan solenergi kan afhjælpe nogle af disse samt 
en hurtig introduktion til OS som forskningsfelt. Dette efterfølges af en kort introduktion til 
nogle af de rulle-til-rulle printe/coate-teknikker som kan bruges til fremstilling af OS. Mange af 
disse teknikker har været brugt til fremstillingen af de OS, som er brugt i denne afhandling. 
Også ISOS-test-standarderne som ligger til grund for de fleste af stabilitetsstudierne udført i 
denne afhandling introduceres.  
Den fotokemiske stabilitet og levetid af poly(3-hexylthiophen) modificeret med cyanogrupper 

ved tilfældig co-polymerisering studeres. Resultaterne viser, at selvom der er en fotokemisk 

stabilitetsforøgelse af den rene polymer ved at introducere cyanogrupper, så leder en sådan 
introduktion ikke nødvendigvis til en højere stabilitet i den færdige solcelle. 

En udvidet meta-analyse af publicerede stabilitetsdata identificerede nogle nøglepunkter for 
OS stabilitet. En systematisk tilgangsvinkel, analogt til hvad man bruger i medicinalindustrien, 
hvor højeffektivitets OS polymerer screenes for deres egnethed i rulle-til-rulle OS produktion 
bliver præsenteret. Baseret på en, til studiet defineret, merit-faktor viste det sig at kun 10% af 

de 104 screenede polymerer var bedre end den almindeligt anvendte polymer P3HT. Den 
samme gruppe af polymerer blev senere screenet for deres mekaniske egenskaber, for 
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derved at identificere tendenser mellem de molekylære strukturer og de mekaniske 

egenskaber i tynde film af de rene polymerer. En anden merit-faktor blev derpå defineret, for 
slutteligt at finde frem til et sæt retningslinjer til co-optimering af både den elektroniske og 
mekaniske ydelse. 
Endeligt blev flere indendørs og udendørs levetids-studier af storskala ITO-frie OS moduler 

udført. Disse studier fokuserede hovedsagligt på indvirkningen af PEDOT:PSS på den 
langsigtede stabilitet af modulerne. Resultaterne viste at ved at fjerne PEDOT:PSS kunne 

modulernes levetid udvides med flere år. 
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 Chapter 1 - Introduction 
	

 

1.1. Background: the energy challenge 
The worldwide energy demand rises continuously year after year. The global energy 

consumption increased by 38 % throughout the twenty-first century to reach 16,8 TWy* in 
2014.1 The yearly energy demand is expected to reach 27 TWy by 2050 due to the growing 

world population, the United Nation projects the world population to be above 9 billion in 2050, 
and to the continuous technological development.2,3 The increasing need for energy puts 
enormous pressure on the limited earth’s resources. Each year since 1970, we  consume more 
natural resources than Earth biocapacity (i.e.: how much natural resources the Earth can 
generate in one year).4 In 2015, the Earth Overshoot day, meaning  the day humanity’s 
resources consumption exceeds the Earth biocapacity, was August 13.4 At this rate, there are 
only 109 years of  coal, 54 years of natural gas and 53 years of crude oil left.1 Today most of 
the energy consumed comes from fossil fuels which are not renewable at the human lifetime 
scale (see Fig 1.1). To sustain the current technological development of the human society new 
sustainable energy sources are needed. In 2014, according to the US Energy Information 
Agency (IEA), the share of renewable energy sources in the total electricity installed capacity 
was 26,2%.5 However, this is mostly based on hydroelectricity and biomass, wind and solar 
energy are still under exploited. Another effect of the current unsustainable human 

development is the global warming due to the extreme emissions of greenhouse gases 
particularly CO2. The CO2 emissions have dramatically risen since the beginning of the twentieth 
century (Fig 1.2). One impact is the increase of the global earth’s surface temperature, 

especially since the 1950s which menaces the fragile ecological balance of our planet. To keep 
the current technological and economic development and ensure a sustainable future it is 

required to substitute finite fossil fuels resources with renewable energy sources. 

																																																								

*Terawatt-year (TWy) is unit of power but is here used as energy unit. 1 TWy = 8766 TWh		
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Fig 1.1 – Worldwide energy consumption in 2014 (left).1 Electr icity production capacity in 
2012 (r ight).6 

 

 

 

 

 

 

 

 

 

 

Fig 1.2 – Worldwide CO2 emissions since 1900 and Annual temperature anomaly compared 
to the average temperature between 1951 and 1980.7,8 

 

1.2. Why solar energy? 
As mentioned in the previous section the scarcity of fossil fuels which today dominate our 

energy mix, challenges us to find alternative energy sources. Currently most renewable installed 

capacity is biomass (burned for heating) or hydropower based. 5 However a quick look at the 

available energy sources in Fig 1.3 is sufficient to determine that one source outshine all the 

others with respect to potential: Solar Power. Electromagnetic radiations emanate constantly 

from the Sun toward the Earth. The actual irradiance at the Earth’s surface varies depending 

on location, season and time of the day. Nevertheless, it amounts to about 23000 TWy  of 
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energy that could potentially be harvested over a year.2 It is also important to notice that most 

dynamic processes on Earth are driven by solar radiation and consequently all renewable 
energy sources except geothermal also are. Temperatures fluctuations induce wind, wave and 
precipitations, which are harvested for hydropower, wind power and wave power. As for 
biomass and biofuels, they originate from photosynthesis induced by solar radiations.  Among 

all these energy sources only solar power is a one-step conversion of solar radiation into energy 
without CO2 emissions. Others sources are inefficient multi-steps processes which means that 

the amount of energy available for harvesting is a few orders of magnitude lower than for solar 

power (Fig 1.3). The result is that solar power is the only energy source that can cover the 
world’s demand by itself. It is important to note that the 23000 TWy is the potential energy 
received by the entire land mass on earth. However estimations based on 2% land used for 

PV deployment and 12% efficiency show that about 67 TWy can be harvested every year.9 
This amount is well above the predicted 27 TWy energy consumption for 2050.2 
 

Fig 1.3 – Earth available resources in 2015.2 

	

There are two types of solar power: solar heating and photovoltaics. Solar heating transforms 

the solar energy into thermal energy by heating water or air for residential or commercial used 
as well as in some cases for electrical power generation. Photovoltaics convert the solar energy 
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directly into electric power. Since the beginning of the twenty-first century the photovoltaic 

cumulative capacity has increased exponentially. The installed photovoltaic capacity was 177 
GW in 2014 and is projected to be about 233 GW by end of 2015.10 One main advantage of 
solar power is that it can be scaled to answer the local needs, for example small off-grid 
installations in remote areas are possible. The main disadvantage of solar power is that it is a 

fluctuating energy source because it depends on the sun irradiance. It requires therefore low 
cost and efficient storage technologies. Consequently, a solar dominated mix of renewable 

energies is the favored approach to answer energy demand sustainably in the future. 
	

1.3. Photovoltaic technologies 
 All the photovoltaic technologies are based on a phenomenon called: the photovoltaic effect. 
This phenomenon was first introduced by A.E. Becquerel in 1839 in “Comptes rendu de 
l’Académie des sciences” (i.e.: Proceedings of the Academy of Sciences). Becquerel generated 
voltage and current by illuminating an acidic solution of silver chloride connected to platinum 
electrodes. Briefly explained, the photovoltaic effect is the creation of voltage and electric 
current that occurs when some semiconductor materials are exposed to light. The first silicon 
solar cell was presented in 1954 by the Bell Laboratories. Today the market is still dominated 

by crystalline silicon cells which accounted for 92 % of the solar cell production in 2014.11  
	

1.3.1. The three photovoltaic generations 

 The first generation solar cells 

First introduced in the 1950s, this solar cells use bulk mono or poly crystalline silicon doped 

with boron or phosphorus as semiconducting material. In the lab, the record efficiencies are 
25,6 % for mono-crystalline silicon cells and 20,8% for poly-crystalline cells.11 However, the 

average efficiency for commercial modules is about 16 % with a lifetime of roughly 20 years. 
The main drawback is that these cells require high grade silicon wafers which are produced 
with costly high energy processes. The high energy uses for manufacturing also means that 
the energy payback time (EPBT) for a first generation photovoltaic system ranges from 1.5 to 

a few years depending on the type of module and on geographical location.11,12 This means 
that the energy return on energy invested (EROI) is only about 10. 



1.3. Photovoltaic technologies   

Operational stability of large scale OPV modules: interfaces, materials selection and stack design 

19 

 The second generation solar cells 

Thin film solar cells were developed to answer the high manufacturing cost of the first 
generation photovoltaics. In 2014 they represented only 9 % of produced photovoltaic 

modules.11 The cost reduction is obtained mainly because of the reduction of material use. The 
active layer is about 100 times thinner in thin film solar cells (a few µm or below) than for 

crystalline silicon cells that employ a silicon wafer ~ 200 µm thick. In most cases, the 

manufacturing of thin film solar cells is done with low temperatures processes such as chemical 
vapor deposition (CVD), which also lowers the embodied energy. However, in order not to 
compromise the efficiency, the active materials need to be stronger absorbers. Thin film solar 
cells are typically made with amorphous silicon (a-Si), copper indium gallium selenide (CIGS), 

cadmium telluride (Cd-Te) or gallium arsenide (GaAs). GaAs cells are expensive but hold the 
record efficiency for a single junction cells (28.8 %).13 For lab scale devices, the record for both 

CIGS and Cd-Te cells is 21 %.13 The efficiency of commercial thin film solar cells ranges from 
7 % (a-Si) to 16.3 % (CdTe).10 The lifetime of thin film solar cells is well above 20 years.12 Life 
cycle analyses show that thin fil solar cells have an EPBT between 1 and 2 years and an EROI 

of from 14.5 for a-Si up to 34.2 for Cd-Te.12,14 The drawbacks of the 2nd generation 
photovoltaics is the toxicity and the scarcity of the active materials except a-Si which presents 
lower performances. 

 

 The third generation solar cells: emerging technologies 

This last generation groups all the photovoltaic technologies still in the developing stage with 

little to no commercial applications. The development of these new technologies is still driven 
by the search for lower cost and for higher efficiencies.   
	

Copper zinc tin sulfide selenide (CZTSSe) solar cells: 

These thin film solar cells employ an inorganic material (CZTSSe) with similar absorbing 
properties than CiGS and Cd-Te. CZTSSe is only made with abundant and non-toxic materials 
a clear plus compared to the 2nd generation thin film solar cells. However, the efficiency of 

CZTSSe solar cells remains low. The maximum reported efficiency is 12.6 %.13 
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Dye-sensitized solar cells (DSSC): 

Introduced in 1991, DSSC are a novel photoelectrochemical photovoltaic system using an 

organic dye. The dye is deposited on a titanium oxide (TiO2) network of nanoparticles dipped 

in an electrolyte. When the dye absorbs photons, it is oxidized. The excited electrons are 

injected in the TiO2 network and the dye is reduced by the ion in the electrolyte. The maximum 

efficiency reported for DSSC is 11.9%.13 Many issues such as stability, toxicity of the dye and 

handling of the liquid electrolyte have slowed down commercialization of DSSC. 

 

Quantum dots solar cells: 

In these solar cell the absorbing layer is replace by quantum dots typically lead-sulfur (PbS) 

dots. The band gap of a bulk material is fixed but in the case of quantum dots it can be tuned 

by modifying the size of the dots. This characteristic is particularly attractive for multi-junction 

cells where the band gap of each sub-cell can be tuned to harvest a wider range of the sunlight. 

Efficiencies for single junction cells remain low with a record efficiency of 10.6%.13  

 

Perovskite solar cell: 

Research in the field of perovskite solar cells is recent (first report in 2009 by Kojima et al.) but 

the efficiencies have risen dramatically from 3.8 % to 21 %.13,15 At first these cells used a DSSC 

architecture where the absorber material has a perovskite crystallographic structure. The liquid 

electrolyte and the TiO2 nanoparticles have since then been replaced to improve efficiency and 

stability. Stability still remains an issue especially in humid conditions. Another major issue is 

that most active materials in perovskite solar cells are lead based, a highly toxic compound. 

Lead can be replaced by tin but the efficiency of the overall device drops significantly. 

 

Polymer/organic solar cells:  

These solar cells are the focus of this thesis and will be introduced in depth in the next 

paragraph. 
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1.4. Organic Photovoltaics (OPV) 
Organic solar cells are made with organic semiconductors as light absorber. Anthracene was 

the first organic compound reported to exhibit photoconductivity in the beginning of the 20th 

century.16,17 Later in the 1960s, the interest in such compound as photoreceptors for imaging 

system led to the discovery that many common dyes were semiconductors. 

Forwarding to today, OPV are made with either conjugated polymers or small organic 

molecules. These materials have many advantages over silicon for photovoltaic applications. 

They are cheap, non-toxic (even if the synthesis can be toxic) and require only earth abundant 

materials for synthesis.14 Furthermore organic semiconductors are strong absorbers meaning 

only a thin film is needed, which reduces the material need and so the cost of manufacturing.18 

The extreme thinness of OPV gives them superior mechanical properties compared to silicon 

based cells. For example, Kaltenbrunner et al. have reported an ultra-flexible OPV cell than can 

be rolled up around a hair.19 They can be processed from solution using low cost and low 

temperature roll-to-roll (R2R) manufacturing processes.20 Flexibility and low cost R2R 

manufacturing are the key properties driving the development of OPV.  

Even though, polymer solar cells (PSC) are the topic of this thesis, the operating principle of 

small molecules and polymer solar cells is similar and is described in the rest of this section.  

If OPV are struggling to penetrate the market, it is because they also suffer from critical issues 

such has low efficiency and poor stability. In order to compete with others photovoltaic 

technologies, OPV need to fulfill the three criteria illustrated in Fig 1.4: efficiency, cost and 

stability.21 As of today no OPV cell architecture fulfills all three criteria at the same time. An 

estimation based on current technologies and processes, is that a cell efficiency > 10 % is 

required for market penetration.22 Even though the highest reported efficiency for a single 

junction OPV cell is as high as 11%, most cells have an active area below 1 cm2 and are 

prepared on glass substrates with processing methods (spin coating, vacuum deposition) and 

scarce materials such as indium tin oxide (ITO) which are not compatible with the low cost R2R 

manufacturing approach.23,24 For the lifetime, between 3 and 5 years of operational stability are 

needed. The longest lifetime reported for large scale OPV modules under outdoor operation is 

about 2 years.25 The recent drop of crystalline silicon cells cost (0.3 $/W) is another challenge 

for OPV commercialization.26 To achieve a production cost below 1 $/W upscaling to high 

speed R2R manufacturing is needed. Recent reports show that the levelised cost of electricity 



1.4. Organic Photovoltaics (OPV)   

Operational stability of large scale OPV modules: interfaces, materials selection and stack design 

22 

for OPV would be competitive with current photovoltaic technologies for a module efficiency 

around 2 % and  a lifetime of 3 years.27 
	

	

	

	

	

	

	

Fig 1.4 – the crit ical tr iangle of OPV.  

 

1.4.1. Organic semiconductors 
Organic semiconductors (SC) are π-conjugated molecules (alternating single and multiple 

bounds). The delocalization of π-electrons across the overlapping P-orbitals creates a 

polarizable structure. The properties of organic SC are different from the ones of inorganic SC. 
The reason being that inorganic SC crystallize into a 3 dimensional crystal lattice when the 
crystallization is at best partial in organic SC. The high order of organization in inorganic SC 
results in the interaction of the discrete energy levels and into their degeneration in valence 
band (VB) and conduction band (CB). The disorder in organic semiconductors is due to the 

low inter-molecular forces and high conformational freedom, meaning that molecular orbitals 
in organic semiconductors do not interact enough to create a CB and a VB.28,29 What is referred 
as band gap (EG) in organic semiconductor is therefore not the difference between the VB and 

the CB but the difference between the highest occupied molecular orbital (HOMO) and the 
lowest unoccupied molecular orbital (LUMO). Charge transport occurs by hopping in 

conjugated materials (the charges jump from a localized state to another) so the charge mobility 
is low in organic SC. In organic SC the dielectric constant is also low (2-4).30 This is not without 
consequence for the use of organic SC for photovoltaic application. When photons are 

absorbed in organic materials free carriers (electrons and holes) are not created as in inorganic 
SC. A neutral localized excited state called frenkel exciton (strongly bonded electron hole pair 
~ 1eV) is generated.31 The exciton binding energy is well above the thermal energy at 300 K 

(kBT ~ 2.6x10-2 eV) meaning that dissociation is unlikely.  For charge dissociation to occur in 
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OPV cells a high free energy difference is required. This usually occurs when an exciton reaches 

an interface across which the chemical potential of electrons decreases.  
 

1.4.2. Principle of OPV18,29,31 
The first OPV cells developed were single layer cells using an organic dye sandwiched between 
two electrodes with dissimilar workfunctions (see Fig 1.5 left).32 In cells with that architecture, 

the primary site for exciton dissociation is the electrodes interfaces. Only the excitons 
generated close enough to reach the interfaces before recombination (~ 10 nm) contribute to 

charges generation. Therefore, the actual light harvesting thickness is only a few nm, which is 
not optically dense. This is why the efficiency of the first OPV cells was low. 
To improve the exciton separation and consequently the efficiency, a new architecture with a 
double layer was proposed (Fig 1.5 middle).33 One layer has a high electron affinity (Acceptor 
material) and the other has a high ionization energy (Donor material). The interface between the 
acceptor (A) and the donor (D) becomes the primary site for exciton dissociation because of 
the free energy difference. The D/A interface is referred as heterojunction. However, generated 
excitons still need to reach the heterojunction to dissociate. The efficiency of the cell is still low 
because the harvesting thickness is limited to a few nm around the D/A interface and most 
organic SC need a thickness of about 100 nm to absorb most of the light.29 

This issue was solved with the introduction of bulk heterojunction cells (Fig 1.5 right) in 1995 
by Yu et al..34 The idea is simple: all the excitons need to be photogenerated in the proximity 
of a D/A interface in order to be dissociated. In a bulk heterojunction cell, an interpenetrating 

nanoscale network of D/A junctions is formed through the bulk harvesting layer. This has a few 
advantages: 

- A large D/A interface area ensuring an efficient charge separation 

- Continuous path to both electrodes for efficient charge collection 
- The harvesting thickness is optically dense 

	

A bulk heterojunction is prepared by deposition of a mixed solution of a donor and an acceptor 
in an organic solvent. After solvent evaporation and in some case a thermal treatment the bulk 

heterojunction is formed.  
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Fig 1.5 – OPV cells structures: ( left) single layer cell; (middle) double layer cell; (r ight) Bulk 
heterojunction cell. 

	

Bulk heterojunctions are now used in most OPV devices with a wide range of donor and 
acceptor materials. The most common donor is Poly(3-hexylthiophene-2,5-diyl) (P3HT) and the 
most common acceptor is [6,6]-Phenyl C61 butyric acid methyl ester (PCBM) (Fig 1.6).  
 
 
 
 
 
 
Fig 1.6 – Chemical structure of P3HT (left) and PCBM (r ight). 

 
The working principle of a bulk heterojunction (BHJ) is a four step process (Fig 1.7).31 
 

 Absorption of light & exciton generation 

Under illumination of the BHJ, a photoexcited state is created by the absorption of a photon 
by the donor if the energy of the incident photon (Ephoton) is equal or superior to the optical band 

gap (Eg). An electron is transferred from the HOMO to the LUMO of the donor. The associated 
positive charge carrier (hole) remains in the HOMO of the donor. The two charge carriers are 
bound together by Coulomb forces and form an exciton. 
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Fig 1.7 – ( left) Band diagram of the heterojunction in an organic solar cel l. The electrodes 
are short circuited so their workfunction are al igned. (r ight) Schematic i l lustration of charges 
photogeneration in a bulk heterojunction. 

 

 Exciton diffusion 

The exciton diffuses through the donor phase toward a D/A interface. Excitons diffusion length 

is about 10 nm meaning that the dimension of the heterojunction network needs to be in the 

same range or smaller.31 When excitons are generated too far from a D/A interface 

recombination may occur. 

 

 Exciton dissociation 

When the exciton reaches the D/A interface the electron is attracted by the higher electron 

affinity of the acceptor. The electron is transferred to the LUMO of the acceptor and the charges 

are separated. The dissociation will only happen if the energy difference between the LUMO of 

the donor and the LUMO of the acceptor is at least equal to the bonding energy. Otherwise 

the exciton recombines and no charges are created. In such case, energy is lost as heat or 

reemitted at longer wavelength.  

 

 

Charge transport and collection 

The internal electric field created by the difference in workfunction of the electrodes, separates 

the free charges. The free charges diffuse through the donor and acceptor network and are 
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collected at the cathode for the electrons and at the anode for the holes. The generation of 

photocurrent is achieved through short circuiting or by applying an external load. 
	

1.4.3. Electrical characterization 

Typically, OPV cells are characterized by current – voltage (I-V) measurement.  Common I-V 
curves for OPV are shown in Fig 1.8 both in the dark and under illumination. The illumination is 
standardized at 1000 W/m2 with a spectral intensity distribution matching that of the sun on 
the earth’s surface at an incident angle of 48.2°.35  

 
 

 
 
 

 
 
 

 
Fig 1.8 – I-V curves of an OPV cell in dark and under i l lumination 

 
In the dark, an OPV cell acts as a simple diode (Fig 1.8) where almost no current flows until a 
forward voltage bias above the open circuit voltage (VOC) is applied.35 Under illumination the I-

V curve is shifted down. The short circuit current (ISC) is the maximum current that can flow 

through the cell under standard (1000 W/m2) illumination. For most OPV, the short circuit 
current density (JSC) is in the 0.2 – 80 mA/cm2 range.29 Another important parameter is the VOC 
which is the maximum voltage difference achievable between the two electrodes. VOC is usually 
around 0.5 – 1.5 V.29 In general, in a metal-insulator-metal (MIM) device, VOC is fixed by the 

difference between the metal electrode workfunctions. But in a D/A heterojunction, VOC is 
determined by the difference of the quasi Fermi levels of the two charge carriers (equation 

1.1).35 For OPV, VOC is directly dependent on the HOMO of the donor (p-type SC quasi Fermi 
level) and on the LUMO of the acceptor (n-type SC quasi Fermi level). This linear correlation 
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was shown by Brabec et al. for the LUMO of fullerene acceptors and by Scharber et al. for the 

HOMO of conjugated polymer donors.36,37 The actual VOC is lowered by energetic disorder.38 
 

1.1 				$%&~	1 ( (*+%,%,. − *01,%,2) 
q is the elementary charge, EHOMO,D the energy level of the donor HOMO and ELUMO,A the 
energy level of the acceptor LUMO. 

 

The I-V curve under illumination allows for determination of the maximum power point (MPP). 
The MPP is the maximum power the cell can produce under illumination. VMAX and IMAX are the 
voltage and the current at MPP.  The fill factor (FF) is defined by the ratio between the power 
at MPP and the theoretical maximum power output (ISCVOC) (equation 2). A high FF is warranted 

to be as close as possible to the theoretical maximum output. But the FF usually ranges from 
0.4 to 0.6.29 The FF is directly related to series resistance (RS) and to the shunt resistance (RSH) 

of the cell. RS depends on the layers interfaces resistances and on the conductivity of the 
semiconductors and of the electrodes. Defects due to the manufacturing processes can 
created shorts which lowers RSH. 
 

1.2 					55 = 7,28$,28
79&$%&

 

 
The last important parameter is the power conversion efficiency (PCE). The PCE is the ratio of 
the power output and the power of the incident light (PIN) (equation 1.3).19 PIN is the solar 
irradiance (IIN) received by the active area of the cell (A). 
 

1.3 					;<* = 	;,==;>?
= 	 7,28$,287>?@

= 	 79&$%&557>?@
= 	 A9&$%&557>?

 

	

	

1.5. OPV devices structures 
Even tough flexibility is the goal of OPV, the majority of the cells prepared in the laboratories 

are deposited on glass substrates.25 For flexible substrate polyethylene terephthalate (PET) is 
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the most common. OPV cells have a planar structure where the organic active layer is 

sandwiched between two electrodes with different workfunctions. At least one electrode needs 
to be transparent so the light can reach the active layer. Indium tin oxide (ITO) is widely used 
as such. However, ITO is expensive, scarce, brittle and is deposited through a vacuum step. 
ITO has therefore a high embodied energy and is not compatible with the low cost R2R 

approach and should be replaced.38 One way to do so is to use a fine metal grid such as silver 
covered with a layer of  PEDOT:PSS.39 Opaque electrodes are usually metallic: Calcium (Ca), 

Aluminum (Al), Silver (Ag), Gold (Au). For the active layer a D/A BHJ is nowadays favored. The 

most studied system is by far Poly(3-hexylthiophene-2,5-diyl) (P3HT) as a donor and [6,6]-
Phenyl C61 butyric acid methyl ester (PCBM) as acceptor (Fig 1.6). P3HT:PCBM cells have 
reached efficiencies up to 5 % which pushes the development of  new high efficiency 

polymer.25,40 Charges selective layers are inserted between the BHJ and the electrodes for 
better contact and charges extraction. The hole transport layer (HTL) between the BHJ and 
the anode can be a semiconducting polymer or an oxide (NiO, WO3, MoO3, V2O5).31 Poly(3,4-
ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT:PSS) is used as HTL in most OPV 
devices.  Finally the electron transport layer (ETL) can be ZnO, LiF, TiOx.31,41  
Shown in Fig 1.9 are the two types of organic solar cells architecture: normal and inverted. The 
normal or regular architecture was the first one used for OPV cells but is mostly limited to lab 
scale cells to test new material. The reasons being that regular cells suffer from a poor stability 
and require vacuum steps to deposit the top layers.26,41 The inverted architecture is favored for 

large scale R2R manufacturing because it allows for full solution processing.42 And also high 
workfunction metal such as silver are used for the back electrode which sensibly increases the 
stability of the cell.26  

 

 
 

 
	

  

Fig 1.9 – ( left) regular architecture OPV with substrate: glass, Anode: ITO, HTL: PEDOT:PSS, 
ETL: LiF, Cathode: Al; (r ight) Inverted architecture OPV with Cathode: ITO, ETL: ZnO, 
HTL:PEDOT:PSS, Anode: Ag. 
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1.6. Thesis Outline 
Among the three keys parameters (efficiency, lifetime and cost) to OPV development into a 

commercial technology, this thesis focuses solely on lifetime. The devices studied are all ITO-

free and prepared by roll coating/printing from solution. 

Chapter 2 introduces in details the R2R coating and printing techniques. This was deemed 

necessary even though no study was done on these already available techniques, because 

most samples in this work were prepared using these techniques.  

Chapter 3 presents stability studies of OPV cells as well as a meta-analysis of thousands of 

reports on the stability of organic solar cells. 

Chapter 4 focuses on the selection of high efficiency donor material suitable for R2R upscaling. 

The mechanical properties of these materials are also studied in function of their molecular 

structure. 

Chapter 5 is a collection of indoor and outdoor lifetime studies of large scale OPV modules 

focusing on electrode design and PEDOT:PSS as intermediate layer.   
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 Chapter 2 - Roll-to-Roll  

manufacturing of Organic Solar Cells 
 
 

2.1. Introduction 
One of the ideas spearheading the development of organic photovoltaics (OPV) is the 
potential manufacturing of these cells at low cost and at very high speeds by Roll-to-Roll 

(R2R) manufacturing. Therefore, the final goal of the development of OPV was always the full 
manufacturing of modules by R2R on flexible substrates, which is the perfect combination for 

high processing speeds and cheap substrates. After two decades of intense research the 
OPV technology is now mature at the laboratory level and upscaling is the natural next step. 
However, the upscaling from small glass substrate cells to large area R2R modules is 
extremely challenging. One reason being that many common techniques used to prepare 
OPV cells in the lab (spin-coating, metal evaporation…) are not compatible with high 
throughput R2R manufacturing. A study of all reports on OPV up to 2012 showed that 99%, 
of the OPV cells are prepared with glass and required vacuum processing such as 
evaporation of metal electrode.1 Even though R2R metal evaporation is possible and used 
many industry, it is challenging to keep the registration for multilayers structures and requires 
high capital investments. The consequence is that until now examples of true full R2R 

manufacturing of OPV are limited. The focus of this chapter is solely on R2R deposition 
techniques without vacuum and with solution processing. Most of the methods have been 
commonly used in the printing industry for many years and have just been transferred to the 

manufacturing of OPV. The following chapter is based on a non-exhaustive review of 
scientific reports and more recent reports where  R2R printing and coating techniques were 

used to deposit at least one layer in OPV devices.2 These deposition methods can be divided 
in two categories: printing techniques (contact techniques) and non-contact coating 

techniques.  
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2.2. Printing techniques 
All Roll-to-Roll printing techniques are contact methods except for inkjet printing. The ink is 

transferred through contact, from a solid printing form to a substrate to print a two 

dimensional pattern. Extensive ranges of thickness, resolution and printing speeds are 

available. Inkjet printing is not really a printing technique because it employs neither contact 

nor a solid master carrier but owes its name to the fact that it is employed in many home 

printers. 

 

2.2.1. Screen printing 
Two types of screen printing (illustrated in Fig 2.1) are compatible with R2R processing: 

Flatbed screen printing and rotary screen printing. 

 

Fig 2.1 – Schematic illustration of flat bead (left) and rotary (right) screen printing. Adapted with 
permission from reference 2. 
 

The operating principle of both techniques is similar. Only the screen’s shape changes. A 

squeegee pushes the ink through the open area of an otherwise solid mesh. The open area, 

the thickness of the screen and the ink viscosity determine the printed pattern. Typical wet 

layer thickness is high (10-500 µm). The ink’s viscosity is a key parameter because low 

viscosity inks would run through the screen by gravity. Therefore, high viscosity inks with 

thixotropic (shear thinning) properties are needed.  

Flatbed screen printing is intrinsically a stepwise process but it has been fitted to R2R. Areas 

as large as 10 m2 can be printed at once. During the first step, the screen is pressed into 

contact with the substrate. Then the pattern is transferred onto the web by sweeping the 

squeegee across the screen to force the ink through the mesh’s open area. Finally, the 
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screen is raised while the web moves forward. One drawback of flatbed screen printing is 

that the ink is standing on top of the screen in contact with the ambient atmosphere, 

meaning that external factors such as solvent evaporation can potentially impact the printing 

process. 

On the other hand, rotary screen printing is fully compatible with R2R because the screen has 

a cylinder shape. The squeegee is fixed inside the screen and pushes the ink through the 

mesh as the screen rotates resulting in a continuous printing of the pattern at each cylinder 

rotation. The screen rotates at the same rate as the web which allows for printing speeds 

over 100 m/min compared to only 0-35 m/min in the case of flatbed screen printing. Another 

advantage of rotary screen printing is that the ink is held inside the cylindrical screen and is 

consequently more protected from the ambient. Rotary screen printing has a few 

disadvantages, for example the screen is more expensive than for flatbed screen printing. 

Cleaning the screen is also an issue because of the limited access inside it. Finally, a 

multilayer screen printing process is also more difficult to set up with a rotary printer but once 

working it is more reliable. For these reasons rotary screen printing is more suitable for large 

scale processes when flatbed screen printing is the preferred technique for small scale lab 

experiments.  

For OPV, screen printing has so far mainly been used to print silver electrodes because it 

gives a high conductive thick silver layer.3–16 Reports where poly(3,4-ethylenedioxythiophene) 

polystyrene sulfonate (PEDOT:PSS) is screen printed can also be found.16–24 Ink formulation 

for the active layer is particularly challenging because it needs to meet both the criteria for 

printing (high viscosity, thixotropic) and for obtaining the right active layer morphology. 

Therefore, there are only a few reports where the active layer is screen printed.18,25–27 And only 

one report where the whole OPV stack is screen printed.18 

 

2.2.2. Flexoprinting 

The operating principle of flexoprinting is similar to the one of a stamp. The printing pattern 

stands in relief on a soft printing cylinder typically made of rubber or a photopolymer. To 

transfer the ink, the soft printing cylinder is put into contact with the substrate. The cylindrical 

shape of the printing plate makes flexoprinting fully R2R compatible.  The ink is transferred 

onto the printing cylinder with a ceramic anilox roller. The anilox cylinder is covered of micro 
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cavities filled with ink. The ink is transferred onto the printing cylinder simply by surface 

tension forces when the anilox roll and the printing cylinder are touching. Therefore, the wet 
thickness of the printed pattern is directly linked to the volume of the anilox’s micro cavities 
(mL/m2). To fill up the anilox cylinder a fountain roll is used. This fountain roll is partially dipped 
into an ink bath and a doctor blade removes any excess of ink (see Fig 2.2). It is possible to 

avoid solvent evaporation by using a chambered doctor blade system.  
So far there are only a few reports of flexography implement for OPV and most of them are 

limited to the printing of fine silver grids for electrodes as a replacement of ITO.14,28–30 

Flexoprinting was also used in some instances to print a PEDOT:PSS layer, a wetting agent 
on the active layer, Vanadium oxide as HTL or a UV curable adhesive before 
encapsulation.9,19,31,32 

 
 
 
 
 
 
 
 
Fig 2.2 – Schematic illustration of flexoprinting. Adapted with permission from reference 2. 
 
2.2.3. Gravure printing 
Gravure printing is the last true printing technique used for OPV preparation. This technique is 
quite common and widely used in the industry for high volume printing (magazines, 

catalogues, newspapers…). Gravure printing is the opposite process to flexoprinting meaning 
that the printing pattern is not in relief but rather designed by micro cavities carved into the 

printing cylinder. The printing cylinder is made of steel with a thin layer of copper that 

comprises the engraved cells forming the printing pattern. A final top layer of chromium is 
added to ensure resistance to wear. When a second soft cylinder pushes the web into 
contact with the primary printing cylinder, the ink is transferred from the micro cavities onto 

the substrate through matching surface energies of the ink and web. Similarly, to 
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flexoprinting, the printing cylinder is partially dipped in an ink bath and a doctor blade is used 

to remove any excess of ink (see Fig 2.3). Gravure printing is compatible with low viscosity ink 
and speeds up to 15 m/s can be achieved. However, the operating conditions need to be 
carefully chosen because ink viscosity, substrate speed and the pressure applied by the 
secondary printing cylinder all influence the printing.  

Gravure printing is attractive for OPV manufacturing because of the possibility to print thin 
and homogeneous layers. Several reports where PEDOT:PSS and the active layer are 

gravure printed can be found.31,33–37 For example, Kopola et al. have used a desktop gravure 

printability tester (single sheets, not R2R) to deposit PEDOT:PSS and Poly(3-hexylthiophene-
2,5-diyl) (P3HT) : Phenyl-C61-butyric acid methyl ester (PCBM) for single cells (PCE: 2.8%, 
0.19 cm2) and small modules of 5 cells in series (PCE: 1.9%, 9.6 cm2).35,36 Many other 

materials have been reported to be gravure printed such as zinc oxide (ZnO), titanium oxide 
(TiOx), silver electrodes or PTB7:PCBM.38–42 
 
 
 
 
 
 
 

 
Fig 2.3 – Illustration of gravure printing adapted with permission from reference 2. 
 

2.2.4.  Inkjet printing 
As stated at the beginning of this section, inkjet printing (IJP) does not require contact to 
transfer the printing pattern contrary to traditional printing techniques. This is actually one of 

the advantages of inkjet because it can be used to print on sensitive substrates or delicate 

three dimensional structures. IJP is also a fully digital method meaning that the two 
dimensional printing pattern is based on a pixelated drawing where each pixel is either left 
blank or receives an ink drop. This is another advantage of inkjet because it makes it very 

easy to change the printing pattern with just a computer compared to other printing method 
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where a new screen or a new printing cylinder is needed for each pattern. Ink formulation is 

the main issue for inkjet printing: density, surface tension, viscosity, boiling point are all 
factors that need to be tailored in order to fit the nozzle size, the printing surface, the material.  
There are two common types of inkjet printers: drop on demand and continuous. In 
continuous inkjet printing the jet of droplets is continuous and is then electrostatically 

deviated to print on the desired pixels. This method requires only one nozzle which makes it 
very fast, but limits the printing area. Drop on demand (DOD) inkjet printing is classified in 3 

types: Piezoelectric, thermal and electrostatic. Electrostatic inkjet is limited because the ink 

needs to be charged. An electrostatic field is applied between the nozzle and an electrode 
drawing the free charges contained in the ink to the surface. Droplets are formed when the 
electrostatic forces exceed the surface tension. Thermal inkjet is less demanding than 

electrostatic but it does require the ink to have a low boiling point compound. When the ink is 
heated, this compound vaporizes which ejects a droplet. Finally, piezoelectric inkjet printing 
(illustrated in Fig 2.4) is suitable for most materials. A piezoelectric element is placed in the 
channel on top of the nozzle and when a voltage waveform is applied to this element, it 
expands and ejects a droplet through the nozzle.  
 
 
 
 

 
 
 

 

 
Fig 2.4 – Schematic illustration of drop on demand piezoelectric inkjet printing. Adapted with permission 
from reference 2. 
 
There are many reports using inkjet to prepare OPV because of the versatility of DOD inkjet 

and the ease to change printing forms. However most of them are still limited to small glass 

substrate (0.03-1 cm2). Inkjet printing has been reported to deposit PEDOT:PSS, 
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P3HT:PCBM or other active materials, as well as ZnO.43–50 Reports where multiple layers of 

the OPV stack were inkjet printed can be found.43,51,52 Recently, Eggenhuisen et al. reported 
the fabrication of fully inkjet printed OPV cells with an industrial printer.53,54 In true R2R 
processing of OPV most examples using inkjet are limited to the deposition of silver 
electrodes.14,20,55 

 

2.3. Coating techniques 
Contrary to printing techniques, coating techniques are non-contact methods. However, they 
are in most cases one dimensional and limited to the coating of a homogeneous layer along 
the substrate length. One advantage of coating techniques is the possibility to control 

precisely the coated layer thickness from nanometers to millimeters. The ink formulation is 
also less challenging because the ink is poured on the substrate. Consequently, a wide range 
of viscosities and surface tension can be employed. 
 
2.3.1. Knife coating 

 
 
 
 
 
 
 
 
Fig 2.5 – Illustration of  knife coating adapted with permission from reference 2.  
 
 
Knife or blade coating is the R2R equivalent to the lab’s doctor-blading. A fixed knife stands 
on top of the moving substrate. A meniscus is created between the knife and the substrate 

and is fed by an ink reservoir placed in front of the knife as shown in Fig 2.5. The layer is 
coated as the substrate moves and the wet thickness is related to the gap size as well as to 
the substrate speed. An empirical estimation is that the wet thickness is roughly half of the 

gap size. Knife coating mostly allows to deposit homogeneous layers over large area at high 

speeds (> 10 m/s) on rigid or flexible substrates. 
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Blade coating is easy to set up on the lab scale and there are therefore many reports on OPV 

where one or more layers are blade coated. P3HT and other active materials have been 
extensively studied.56–60 This is also the case for PEDOT:PSS.61–64 Finally there a few example 
where ZnO and aluminum doped zinc oxide (AZO) layers are blade coated.17,62,63,65 
 
2.3.2. Slot-die coating 

In slot-die coating a meniscus is formed between the moving substrate and a stationary 

coating head. The meniscus is continuously fed with ink through a slot inside the coating 
head (see Fig 2.6). Once again it is the substrate’s movement that leads to the deposition of 
a very homogeneous layer along the web. A wide range of viscosities and speeds (1 – 600 
m/min) are compatible with slot-die coating. The wet thickness is tightly controlled by the 

pumping rate, the web speed and the width of the coating. It is also possible to deposit 
stripes by using a meniscus guide. Another advantage of slot-die coating is that the ink is 
kept in a close system and is therefore protected from the environment. slot-die coating is by 
far the most used R2R processing technique and has been used to deposit most layers:  the 
active layer, PEDOT:PSS, HTL such as vanadium oxide (V2O5), molybdenum oxide (MoOx) or 
ZnO.28,66–70 There are also many instances where multiple layers are slot-die coated.17,28,29,71–74 
 
 
 

 
 
 

 
Fig 2.6 – Schematic illustration of Slot-die coating adapted with permission from reference 2. 
 

2.4. Encapsulation 
Roll-to-roll encapsulation is needed in order to protect the final device from the surrounding 
environment during operation. After R2R deposition of the OPV stack, the last step, namely 

lamination, is done to ensure stability of the OPV modules over time.  The substrate bearing 
the modules is joined with a second protective foil with low permeability of oxygen and 
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humidity to prevent chemical degradation. In some cases, the substrate is laminated on both 

sides to further improve the stability. There are three types of lamination which are commonly 
used to encapsulate OPV modules: pressure sensitive adhesive (PSA), hot and UV 
laminations. The laminations techniques mostly differ by the type of adhesive used to join the 
foil together and are shown in Fig 2.7. 

PSA lamination is achieved through a pressure sensitive adhesive. A liner is used to put this 
pressure sensitive adhesive on the laminate and it needs to be removed right before the two 

foils meet. The substrate and the laminate are pressed together through a nip. Even though 

this process is simple and fast (> 20 m/min), it suffers from the thick adhesive (50 µm or 
more) and the tricky handling of the sticky laminate. 
Hot lamination is performed similarly to cold lamination but the adhesive is easier to use 

because it is heat activated. When the substrate and the laminate join, they are pressed 
together by two heated rolls. The heat makes the adhesive melt ensuring a tight seal upon 
cooling. 

 
Fig 2.7 – Schematic illustration of Cold/Hot lamination (left) and UV lamination (right). Reproduced with 
permission from reference 2.  
 

UV lamination is the last technique used for encapsulation of OPV. In this case the laminate 

foil does not carry the adhesive. The UV curing adhesive is added onto the laminate before it 
joins the substrate in a nib where the foils are pressed together. Finally, the adhesive is 
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activated by UV light in order to seal the foils together. The deposition of the adhesive adds 

an extra step and complexity to the process. 

 

2.5. Outlook 
Even tough implementing R2R manufacturing was not part of this thesis introducing R2R 

processing of OPV was deemed necessary because all cells and modules studied were 

prepared by Roll coating or printing. Either with a mini roll-coater described in using slot-die 

coating and flexoprinting or with a large scale R2R equipment (see Fig 2.8).6,22–24,29,75,76 

 

 
Fig 2.8 – Photograph of the R2R machine used for coating and printing of large scale OPV modules.   
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 Chapter 3 – Stability of OPV modules 
	
	
3.1. Introduction 
The commercial viability of organic photovoltaics (OPV) hinges on reducing their degradation 

during operation. Current predictions expect that a lifetime of at least 5 years outdoor is 
needed to compete against other photovoltaic technologies.1 This chapter is not a review on 
the stability of OPV but simply introduces concepts necessary to comprehend the work 
presented in this thesis. Publications focusing on stability and authored during the span of 

this PhD are also presented.  
The intense research on improving the power conversion efficiency (PCE) of OPV cells has 
led to efficiencies above 10 % which is competitive with other photovoltaic technologies.2 
However, OPV device lifetime is inherently limited by the stability of the organic materials. 
Improving the intrinsic stability of the active materials is therefore required to reach the 
stability milestone. The active materials used in OPV are organic materials which tend to 
photo-oxidized under light. This phenomena is also called photo-bleaching because the 
organic semiconductor loses its color during photo-oxidation.3 The photochemical behavior 
of organic semiconductors can be studied with a simple UV-vis setup.4  
In this work, the photochemical stability of random poly(3-hexylthiophene-co-

cyanothiophene) (CN-P3HT) copolymer both as the pure polymer and as a blend with 
Phenyl-C61-butyric acid methyl ester (PCBM) was examined with such a UV-vis system.5,6 
The stability of OPV cells with CN-P3HT was compared to cells prepared with pristine P3HT 

under various stability tests. 
Improving the photochemical stability of organic materials for OPV is critical but many other 
factors need to be controlled due to the wide diversity of degradation phenomena occurring 

in OPV.7 To identify the multiple degradation mechanisms, functional OPV devices need to 
undergo controlled and repeated studies. Such standard tests have been established by the 

International Summit on OPV Stability (ISOS).8 The standard ISOS tests allow for comparing 
stability results from laboratories all over the world.  
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Finally, the number of publications presenting stability data has increased dramatically in 

recent years.9 This large pool of data if analyzed can yield large statistics on OPV stability. In 

order to learn from others, a meta-analysis of stability reports was conducted.9 

 

3.2. Measuring and characterizing OPV stability 
The degradation of OPV devices is so complex that a yearly conference is dedicated to the 

subject: The International Summit on OPV Stability (ISOS). The first three editions were 

necessary to establish guidelines for stability testing and reporting of OPV cells and modules.8 

This consensus allows for a better comparison of stability results between laboratories as well 

as increases the reliability of the studies.   

 

3.2.1. ISOS standards 
 

 

 

 

 

 

 

 

 

 

Fig 3.1 - Typical degradation curve of an OPV device. The four data pairs (E0,T0; E80,T80; 
ES,TS;  ES80,TS80) are described in the text.  

 

To report stability data, a degradation curve is plotted. Usually, the evolution of efficiency 

throughout the stability study is reported (a typical curve is shown in Fig 3.1).  Other 

parameters such as the open circuit voltage (VOC), the short circuit current (ISC) and the fill 

factor (FF) are often reported. The degradation curve is characterized by four pairs of data 

points:  

(E0, T0): E0 is the initial measurement of an OPV device at T0: the start of the study. 
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(E80, T80): E80 is the measurement when the OPV device has reached 80 % of E0. T80 is 

the time it took the device to decay to E80. 

(ES, TS): Data point defined arbitrary, usually when the degradation stabilizes. 

(ES80, TS80): ES80 is the measurement when the OPV device has reached 80 % of ES. 

TS80 is the time it took the device to decay to ES. 

 

Many different categories of tests were defined: dark, outdoor, simulated light, temp cycling. 

For each test the main parameters are specified: temperature, light intensity, electric load, 

humidity, environment, testing equipment. Table 3.1 gives an overview of the ISOS tests 

used for the work reported in this thesis.  

 

 Dark storage  
Three dark tests were applied to OPV cells or modules. ISOS-D-1 is a simple shelf storage 

study where the cell is left in a drawer or a shelf in the lab and characterized at regular time 

intervals. ISOS-D-2 introduces temperature control and requires an oven or a hot plate. 

Finally, in ISOS-D-3 both the temperature and the humidity are controlled. In order to do so a 

weathering chamber is needed. In our case, a Damp heat chamber from Thermotron was 

used.  

 

 
 
 
 
 
 
 
 
Fig 3.2 – AM1.5G spectrum.10 
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 Light tests 
For indoor tests under continuous illumination the choice of the light source is critical.8 Each 

type of light has a different spectrum. OPV Cells are especially sensitive to the UV dose they 

receive which depends of the spectrum of the light source. For both tests used during this 

work, ISOS-L-2 and ISOS-L-3, the light source spectrum must be as close as possible to the 

real sun spectrum. The solar irradiance depends on the time of the day and the location. To 

enable comparison a standard is needed. For OPV, this reference spectrum is AM1.5G, 

which stands for Air Mass 1.5 global spectrum. This spectrum is measured at sea level, with 

1000 W/m2 irradiance and the sun shining at a 48.2o angle (1.5 atmosphere thickness) (Fig 

3.2).10 For both tests, the cells/modules are characterized continuously in situ. For ISOS-L-2, 

the modules are simply left under a sun simulator. The heat emanating from the light source 

is sufficient to raise the temperature of the modules to 65 oC. A thermoelectric component is 

taped onto the back of the cell/module and is used to monitor the temperature of the 

samples. For ISOS-L-3, both the temperature and the humidity need to be controlled. 

Therefore, a weathering chamber is needed, in our case a weathering chamber from Q-lab. 

 

Table 3.1 – Overview ISOS tests protocols8 

 ISOS-D-1 ISOS-D-2 ISOS-D-3 ISOS-L-2 ISOS-L-3 ISOS-O-1 ISOS-O-2 

Light source None None None 
Constant 

light source 
(AM1.5G) 

Constant 
light source 
(AM1.5G) 

Sunlight Sunlight 

Temperature 
(oC) Ambient 65/85 ± 2 65/85 ± 2 65/85 65/85 Ambient Ambient 

Humidity (%) Ambient 
Ambient 

(low) 85 ± 3 
Ambient 

(low) 50 Ambient Ambient 

Electrical load Open 
circuit 

Open 
circuit 

Open 
circuit 

MPP* 
tracking or 
open circuit 

MPP* 
tracking or 
open circuit 

MPP* 
tracking or 
open circuit 

MPP* 
tracking or 
open circuit 

Characterization 
light source 

Solar 
simulator 

or sunlight 

Sun 
simulator 
AM1.5G 

Sun 
simulator 
AM1.5G 

In situ In situ 
Inside - Sun 

simulator 
AM1.5G 

Outside 
under 

sunlight 
* MPP: maximum power point 
 

 Outdoor tests 
 Putting the cells/modules outdoor is a straightforward way to tests them under real 

operating conditions. Depending on the test the samples are either characterized indoor with 

a sun simulator (ISOS-O-1) or in situ outdoor (ISOS-O-2). In the case of ISOS-O-2, a 
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continuous monitoring of the irradiance is necessary in order to normalize the degradation 

data and to measure the accumulated irradiance the samples received during the tests. 
 

3.3. Photochemical stability of organic material for OPV 
In the last decades, the intense research into developing high efficiency materials for OPV 
lead numerous π-conjugated materials with  better absorption characteristics.11,12  For 

example, a strong absorbance and a smaller band gap help to better harvest the photons in 
the solar spectrum. But all these improvements in efficiency are meaningless if the solar cell is 

not stable. And the device lifetime is intrinsically limited by the stability of the organic materials 
used for light harvesting. Finding materials combining good efficiencies and good stability is 

primordial. One critical issue of organic materials is that they often are sensitive to irradiation 
especially UV radiations and short wavelengths in the visible range. Under irradiation many 
photochemical processes can occur (chains-scission, crosslinking reaction…), which cause 
losses in the original properties of the organic material (electrical, optical, mechanical…). One 
example for OPV is the polyphenylenevinylene (PPV) derivatives. This family of polymers was 
popular to prepare OPV cells at the beginning but is now totally abandoned because of poor 
photochemical stability. Under 1 sun illumination, a PPV derivative Poly[2-methoxy-5-(2-
ethylhexyloxy)-1,4-phenylenevinylene] (MEH-PPV) has a degradation rate of 0,96 %/min 
compared to 0,0082 %/min for P3HT.13 

 

3.3.1. How to measure photochemical stability 
Ultraviolet-visible spectroscopy (UV-vis) is a widely spread technique to measure the 
absorption spectrum of a conjugated material. UV-vis is a non-destructive technique that 

gives information on conjugation length, crystallinity and optical band gap. UV-vis 
spectroscopy is also a simple and easy way to monitor conjugated materials photochemical 
behavior. It is possible to characterize the relative stability of a material under light exposure 
by measuring its absorbance at regular intervals. The loss in absorption is directly correlated 

to the photo oxidation of the conjugated material. 
In this work, an automatized system was used to monitor the photochemical stability of 

polymer films through losses in absorbance.4 The polymer films were placed under a 
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Steuernagel solar simulator with an Osram 1200W metal halide arc lamp giving a AM1.5G 

spectrum of 1000 W∕m2 intensity. No UV filter was used yielding a UV-rich spectrum with a 
cut-off at 280 nm. The films were studied at room temperature (~23 oC) and ambient 
humidity (~20%). To monitor the degradation of multiple samples at the same time an 
automated sample exchanger was used. For each polymer film, the absorbance was 

monitored in multiple points at regular intervals using a UV-vis spectroscopic probe set up 
with an optical fiber-based CCD spectrometer (Avantes AvaSpec 1024) and a 

halogen/deuterium light source (Avantes AvaLight-DHc). Finally, the degradation rates were 

obtained by calculating the decrease of the number of absorbed photons over time.13  
 

3.3.2. CN-P3HT* 
The chemistry of active materials in OPV is critical for photochemical stability.4,14–16 The 
constitution and the morphology of the film impact as well as the photochemical stability in a 
OPV cell.17 Modifying the chemistry of the active material is one way to stabilize the 
morphology and thus stabilize the performances of the cells over time.18,19 However, the 
morphology of the active blends also influences the electronic properties of the cells, and 
often an improvement in morphological stability leads to lower PCE.  The challenge is 
therefore to enhance the photochemical stability while maintaining the electronic properties. 
In order to do so, the chemical modification needs to be subtle. 
Among the reported ways to do it are random and semi random co-polymerizations.5,20–22 

During such polymerization the backbone of the pristine polymer is only slightly modified. By 
adding a small amount of a carefully selected monomer (5-15% in weight), the original 
properties of the pristine polymer such as morphology and structural order can be 

maintained while the optical properties like the band gap can be significantly modified leading 

for example to better light harvesting and higher efficiency.23 

The most commonly used donor material in OPV is P3HT (Fig 3.3 center). On top of being 
widely available and easy to deposit, it also has relatively good performances stability wise. 

P3HT has a good photochemical stability compared to other common donor materials such 
as PPVs. It also yields stable blend morphologies. Studies of random and semi-random 

																																																								
*	Section	based	on	reference	6.	
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copolymerization of functional units showed that the bulk properties of P3HT are not modified 

for comonomer amounts between 5 and 15 % in weight.20 
 
 
 

 
 

 
 

Fig 3.3 – chemical structures of PCBM (left), prist ine P3HT (middle) and CN-P3HT (r ight). 
Reprinted with permission from 6. 

 
The following work sprouted from these conclusions.  A previous report by Khlyabich et al. 
showed that incorporating electron withdrawing cyano group (CN) (Fig 3.3) in the backbone 
through random copolymerization improved noticeably the VOC compared to pure P3HT spin 
coated cells.6 The aim of this study is to if the incorporation CN groups influences as well the 
photochemical stability of the polymer. The photochemical stability of the pure poly(3-
hexylthiophene-co-3-cyanothiophene) (CN-P3HT) and its blend with PCBM was measured 
and compared to the one of pristine P3HT. CN-P3HT was then incorporated in ITO-free R2R 
coated cells. These cells were finally tested according to the ISOS-L-2 protocol. 
Previous reports showed that the incorporation of 10 % cyano group only slightly affects the 
optical behavior compared to pristine P3HT.5,24 The CN-P3HT was synthesized at USC by 
Thompson and coworker.5 

 

 Photochemical Stability 

The photochemical stability of random copolymer CN-P3HT was compared to pristine P3HT 

and their blend. The following solutions were prepared in Chlorobenzene: 
- P3HT (15 mg∕mL) 

- P3HT:PCBM (15 mg∕mL�15 mg∕mL) 

- CN-P3HT (15 mg∕mL) 

- CN-P3HT:PCBM (15 mg∕mL : 15 mg∕mL) 
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- CN-P3HT:P3HT (7.5 mg∕mL�7.5 mg∕mL) 

- CN-P3HT:P3HT:PCBM(7.5 mg∕mL�7.5 mg∕mL�15 mg∕mL) 

P3HT was purchased from BASF (Sepiolid P-200), PCBM was obtained from Merck. CN-

P3HT was synthesized as previously reported (Mn: 12 kDa, dispersity: 2.4).5 The solutions 

were stirred at 70 oC overnight, filtered with a 0.45 micron Teflon filter before being spin 

coated on 25 x 50 mm2 glass slides (cut-off 315nm) at 850 rpm for 30 s. The films were then 

studied as is with the photochemical setup described above.  

As expected the optical properties are not noticeably changed by the incorporation of cyano 

groups. The initial absorbance spectra of the films are similar for P3HT, CN-P3HT and their 

blend (Fig 3.4 left). The shoulder at 680 nm in the pristine P3HT film spectra was attributed to 

contamination of the sample.  When mixed with PCBM, the spectra are also similar (Fig 3.4 

right) but there is a red shift from 480 nm for P3Ht to 520 nm for CN-P3HT. This could be 

due to the presence of cyano groups leading to a different solid state packing structure. 

 

 

 

 

 

 

 

 

 

Fig 3.4 – Init ial absorbance of the six polymers f i lms. Adapted with permission from 6. 

 

The decrease in absorbance under continuous light exposure is shown in Fig 3.5. For all the 

films the initial absorbance was comprised between 0.4 and 1 (Table 3.2). Madsen et al. have 

shown that the impact of the film thickness on the degradation rate is negligible when the 

absorbance is in this range.17  

The introduction of cyano groups in the co-polymer CN-P3HT has a clear impact on the 

photochemical stability. The degradation rate of CN-P3HT is a factor 2 lower than the 

degradation rate of pristine P3HT. Another interesting result is that CN-P3HT and the blend 
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CN-P3HT:P3HT have a similar degradation rate (Table 3.2). By simply mixing CN-P3HT to 

P3HT the stability of the latter is improved. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 3.5 – Evolution of absorbance under continuous l ight exposure of P3HT (top left), CN-
P3HT (middle left), CN-P3HT:P3HT (bottom left), P3HT:PCBM (top r ight), CN-P3HT:PCBM 
(middle r ight) and CN-P3HT:P3HT:PCBM (bottom right). Reprinted with permission from 6. 
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However, all films containing PCBM have the same degradation rate which is lower than 

without PCBM. Therefore, PCBM is the dominant stabilizer in this case.  
The conclusion of this photochemical study is that the incorporation of cyano group in the 
backbone noticeably improves the photochemical stability of pristine P3HT. The simple 
mixing of both CN-P3HT and P3HT has the same effect. However, PCBM is still a better 

stabilizer.  
 

Table 3.2 – Start ing absorbance and degradation rates of the six f i lms 

Film Starting Absorbance Degradation rate (%/h) 

P3HT 0,60 ± 0,05 2,3 ± 0,4 
CN-P3HT 0,61 ± 0,04 1,48 ± 0,04 

CN-P3HT:P3HT 0,66 ± 0,03 1,4 ± 0,2 
P3HT:PCBM 0,46 ± 0,06 0,46 ± 0,04 

CN-P3HT:PCBM 0,44 ± 0,03 0,40 ± 0,02 
CN-P3HT:P3HT:PCBM 0,47 ± 0,02 0,38 ± 0,03 

 

 Lifetime study 
Even though the impact of CN-P3HT on stability appears limited compared to PCBM, the 
next natural steps was to study its impact on full devices stability. Three type of cells were 
prepared with different active layers: P3HT:PCBM, CN-P3HT:PCBM and CN-
P3HT:P3HT:PCBM. All the cells were ITO-free and prepared by roll coating. P3HT:PCBM (15 

mg∕mL�15 mg∕mL), CN-P3HT:PCBM (15 mg∕mL�15 mg∕mL) and CN-P3HT:P3HT:PCBM 

(7.5 mg∕mL�7.5 mg∕mL�15 mg∕mL) were dissolved in a mixture of chlorobenzene (100 

parts), chloroform (10 parts) and chloronaphtalene (3 parts) and stirred at 70 oC overnight. 
The cells were then coated with a mini roll-coater.25 The active layer was slot-die coated 

using a 10 mm meniscus guide (flow rate: 0.15 mL∕  min; speed: 1 m∕  min; temperature: 70 
°C) on a 1 m stretch of Flextrode.26 Next, two type of PEDOT:PSS were slot-die coated on 
top of the active layer, PEDOT:PSS Agfa 5010 (1.2 mL∕  min; 0.8 m∕  min) or a three layer 

PEDOT:PSS structure:  

- PEDOT:PSS F10 (diluted in isopropanol (IPA) (1:4 in volume); 0.11 mL∕min; 1.3 
m∕min), 

- PEDOT:PSS Al 4083 (diluted in IPA (1:2 in volume); 0.3 mL∕min; 1.3 m∕min),  
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- PEDOT:PSS F10 (diluted in IPA (1:2 in volume); 0.5 mL∕min; 1.3 m∕min).  

The three PEDOT:PSS layers structure has been found to be useful in some cases, for 
example in tandem cells.27 In order to find which back PEDOT:PSS is optimal for CN-P3HT, 
cells with both type were measured (Table 3.3). In the case of CN-P3HT there is no clear 
difference between the two back PEDOT:PSS. The top silver grid electrode was flexoprinted 

using a silver ink (Dupont 5025). The cells were encapsulated with glass slides (15 x 15 mm2) 
and UV-curing epoxy (DELO LP655). Finally, the cells were annealed at 120°C for 2 min. The 

active area of the cells was 0.8 cm2.  
	
Table 3.3 – Init ial IV characterist ics averaged over three cells for each type.  

 P3HT:PCBM CN-P3HT:PCBM CN-P3HT:P3HT:PCBM 

PCE (%) Agfa 5010 1,23 ± 0,07 0,52 ± 0,07 0,71 ± 0,04 
3 layers 0,94 ± 0,05 0,6 ± 0,09 0,5 ± 0,01 

VOC (V) Agfa 5010 0,53 ± 0,01 0,66 ± 0,01 0,57 ± 0,01 
3 layers 0,51 ± 0,01 0,62 ± 0,04 0,57 ± 0,01 

ISC (mA) Agfa 5010 3,7 ± 0,3 2,1 ± 0,2 3,2 ± 0,3 
3 layers 3,9 ± 0,2 2,3 ± 0,2 2,2 ± 0,6 

FF (%) Agfa 5010 51 ± 2 29 ± 2 31 ± 1 
3 layers 37,8 ± 0,2 34,7 ± 0,3 29 ± 4 

	
	
 

 

 
 
 

 
 
 
 

Fig 3.6 – typical IV curves with PEDOT:PSS 5010 (left) and with 3 layers PEDOT:PSS 
structure (r ight). Reprinted with permission 6. 

	
The initial IV characteristics averaged over three cells for each type are gathered in Table 3.3. 
Even though, the introduction of cyano groups should not noticeably modify the electronic 

properties of P3HT, the cells’ architecture was optimized for P3HT not CN-P3HT. It means 
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that the processing conditions and the polymer:fullerene ratio are optimal for the P3HT but 

might not be for CN-P3HT. Differences in synthesis method and in size distribution could 
explain the apparent lower performances of CN-P3HT and the blend CN-P3HT:P3HT cells 
(Fig 3.6).  
For both back PEDOT:PSS, the P3HT cells have an efficiency about two times higher than 

the cells with CN-P3HT. As for the cells with the CN-P3HT:P3HT blend, they have 
efficiencies in between. The decrease in efficiency (in that particular cell architecture) is an 

unwanted effect of the introduction of cyano groups in the P3HT backbone. This observation 

contradict previous reports where the incorporation of cyano groups increased the PCE 
mainly through the enhancement of Voc  for solar cells spin-coated on ITO.5,28

  Even though, a 
similar improvement of the Voc  is also observed in this study (Table 3.3), the drop in 

performance for CN-P3HT roll coated cells is due to a decrease in ISC and FF. The differences 
in this study could come from the inherently different active layer morphologies or from the 
fact that the polymer:PCBM ratio was optimized for P3HT and not for CN-P3HT. 
 
 
 
 
 
 

 
 
 
Fig 3.7 – Typical decay curves of cells with PEDOT:PSS Agfa 5010 (left) and with the 
three PEDOT:PSS layers (r ight). Adapted with permission 6.  

 
The cells were tested under continuous light exposure according to the ISOS-L-2 standard 
described earlier in this chapter. For each kind of cell, a typical decay curve is plotted in Fig 

3.7. The degradation parameters are given in Table 3.4. These parameters are described in 
the ISOS section. For CN-P3HT:P3HT with the triple PEDOT:PSS back electrode, the values 

are given for a single cell because the two other cells failed during the experiment.  
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For both back PEDOT:PSS, the P3HT cells were the most stable and retained an efficiency 

stabilized around 80% of their initial value (Fig 3.7). Only one cell with P3HT degraded by 
more than 20% during the study. The cells with CN-P3HT were the least stable and decayed 
much faster (Fig 3.7). The CN-P3HT cells decayed by 20% in only a few hours (Table 3.4). 
The CN-P3HT cells with PEDOT:PSS 5010 stabilized at a lower value (ES) than the cells with 

the three PEDOT:PSS. However, they were then more stable with a TS80 of about 2 days 
compared to one day for the cells with the triple layer PEDOT:PSS. 

 
Table 3.4 – Stabil i ty Data under ISOS-L-2 testing. The data is averaged over three cells. 

 P3HT:PCBM CN-P3HT:PCBM CN-P3HT:P3HT:PCBM 

E0 (%) 
Agfa 5010 1,23 ± 0,07 0,52 ± 0,07 0,71 ± 0,04 

3 layers 0,94 ± 0,05 0,6 ± 0,09 0,56b 

ES (%) 
Agfa 5010 1,16 ± 0,04 0,24 ± 0,03 0,40 ± 0,02 

3 layers 0,89 ± 0,05 0,37 ± 0,01 0,51b 

T80 (h) 
Agfa 5010 235 ± 4 5 ± 3 53 ± 7 

3 layers 237,6a 1,88 ± 0,07 3,5b 

TS (h) 
Agfa 5010 88 ± 5 40 ± 16 150 ± 40 

3 layers 78 ± 7 3,6 ± 0,8 20,9b 

TS80 (h) 
Agfa 5010 237,6a 58 ± 10 237,6a 

3 layers 237,6a 20 ± 30 237,6a 
aThe final time (Tf) is given when the cells did not decay by 20% from E0 or ES. 
bTwo cells failed during the experiment. The values for only one cell are given. 
 

The cells prepared with the blend have a stability in between pristine P3HT and CN-P3HT. 
The cells with PEDOT:PSS 5010 were more stable than the cells with three layers. They have 

a T80 one order of magnitude higher. Even better they remained above 80% of ES for the 
whole study. For the cells with the triple PEDOT:PSS layer as back PEDOT:PSS two cells 
failed early during the study. The data is given as indication but is not statically relevant. Even 
though CN-P3HT has a better photochemical stability than pristine P3HT, this did not 
translate in a higher stability of the full devices. It actually yielded cells with poorer stability. 
	
3.3.3. Conclusion 

The CN-P3HT study showed that one can improve the photochemical stability of P3HT while 
retaining the optical properties. However, PCBM was still a better stabilizer and the higher 
stability of CN-P3HT did not lead to OPV cells with better stability. On the contrary these cells 
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decayed faster than the ones with pristine P3HT. This indicates that even if photochemical 

stability is critical for OPV devices stability others parameters need to be optimized to 
improve the lifetime. 
 

3.4. Meta-Analysis of OPV cells† 
Despite the rising number of scientific publications reporting on OPV stability, it is still difficult 

to ascertain exactly where OPV stand in term of lifetime.7,29–31 This is mainly due to the 
complex architecture of OPV cells32, and to the multiple aging mechanisms occurring in OPV 
devices at the same time.31,32 The consequence is that aging curves often have complex 
shapes for OPVs and they are therefore complex to model.33 Another issue is that up until the 

recent introduction of testing standards by the ISOS, all stability tests were conducted with 
homemade apparatus making comparison impossible between laboratories.33,34  The aim of 
the work presented in this section was to define a generic marker to be applied to any 
degradation curve. So, one would be able to determine the lifetime from aging curves of 

diverse shapes and to compare the stability of different architectures and materials. Once this 
marker was found the next step was to develop a tool to predict OPV lifetime based on 

accelerated tests and to implement more stable technologies.  
The methodology was to compile and analyze a large volume of scientific reports on OPV 
stability. This meta-analysis was done as follow. A “Sciencedirect” search conducted in 

March 2013 with the key words: polymer, plastic, organic, solar cells, photovoltaics, stability, 
lifetime; yielded 2500 articles. Other more recent and relevant publications were added 
throughout the study. The publications were then classified as either relevant, irrelevant or 

with no data. The papers of the last two categories were discarded, leaving 303 articles to be 
compiled. Device specifications and stability data were extracted and analyzed. The results 
allowed identifying the bottlenecks (configuration, packaging…) for stability of OPV cells, as 
well as the current level of OPV lifetimes reported under different aging conditions.  

This section will only present results that are relevant for this thesis: PEDOT:PSS and 
photoactive layer (PAL) studies. For more information, on the methodology, the generic 

lifetime marker, lifetime prediction refer to reference 9. 

																																																								
†	This	section	is	based	on	the	reference	9.	
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3.4.1. PEDOT:PSS studies 
The impact of PEDOT:PSS on aging in OPV device is commonly discussed.7,30,31 It is well 
known that PEDOT:PSS does play a significant role in OPV degradation but how it is unclear. 
PEDOT:PSS is still widely used because it has many advantages. PEDOT:PSS has a tunable 
work function, which make it easy to align the highest occupied molecular orbital (HOMO) of 

the donor material in the PAL with the work function of the electrode - either Indium tin oxide 
(ITO) in regular architecture cells or the top metal electrode (Ag or Au) in inverted cells. 

The aging mechanisms due to PEDOT:PSS have been linked to its hygroscopic nature.35–37 
This has consequences in a humid environment: the conductivity of PEDOT:PSS diminishes 
because of water uptake; PEDOT:PSS accelerates the corrosion of the metal electrodes even 
for high work function electrodes in inverted structures; and the acidity of the PEDOT:PSS 

layer increases, resulting in the etching of ITO. 35,36,38–40 UV light also lowers the conductivity of 
PEDOT:PSS.41 However, in some cases PEDOT:PSS was reported to not affect the aging 
rate of the devices or even to improve the stability when replacing metal oxides.42,43

 To better 
apprehend the impact of PEDOT:PSS on OPV lifetime, the data was separated and plotted 
(Fig 3.8) according to the cells’ architecture and packaging as well as test conditions. The 
position of PEDOT:PSS was classified as follow:  

- Normal geometry: PEDOT:PSS is between the transparent anode and the PAL 
(PEDOT-n). 

- Inverted geometry: PEDOT:PSS is between the back electrode and the PAL (PEDOT-i). 

- PEDOT:PSS-free (PEDOT-free). 
The data was further classified into unencapsulated (a, b) and encapsulated (c, d) cells tested 
in dark conditions (left) or under illumination (right).  

 
For the non-encapsulated devices in the dark, the cells with a normal geometry have the 

shortest lifetime. This is as expected since in a humid environment PEDOT:PSS will absorb 
water and react as explain earlier. Inverted cells, where the PEDOT:PSS is between the PAL 
and the top electrode, have a good stability in dark. It has been claimed that PEDOT:PSS by 

itself is stable under dark and ambient conditions, and is only detrimental to the device 
stability when in contact with ITO or Al.40 Under light tests, the unprotected devices with an 
inverted structure are less stable.  This is linked to the low barrier properties of the top 
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electrode against oxygen diffusion and to the fact that PEDOT:PSS is vulnerable to UV light.44 

Finally, unencapsulated PEDOT:PSS-free samples appear to be stable in the dark and under 

illumination for both normal and inverted geometry. Removing PEDOT:PSS from the OPV 

architecture could  improve dramatically the stability.  

 

Fig 3.8 – Distr ibution of l i fet imes for unencapsulated (a,b) and encapsulated (c,d) samples 
grouped into three categories: PEDOT-n (blue squares), PEDOT-i (red tr iangles) and 
PEDOT-free (green circles). Plots are grouped according to dark (a,c) and i l lumination (b,d) 
tests. Each data point corresponds to one aged sample reported in the l i terature. The 
bottom plots show the distr ibution of the data in a histogram format, where the y-axis 
represents the number of the reported data points. Reprinted with permission from 
reference 9.  

 

For the encapsulated devices, there is little difference between the three cell architectures. 

The reason could be that the encapsulation significantly lowers the diffusion of water and 

oxygen in the cell. In addition, common encapsulating material protects the cells from UV 
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radiations. Glass reduces transmission in the UV range and plastic foils are furnished with 

UV-filter. Therefore, the aging induced by PEDOT:PSS in encapsulated devices is negligible. 
However, it is likely that aging mechanisms associated with PEDOT:PSS will appear over 
longer time scales in encapsulated samples. Thus, removing PEDOT:PSS completely from 
the OPV stack is the best course of action to improve stability. 
	
3.4.2. Photoactive layer studies 

The PAL as it degrades has a direct impact on the light absorption and the charge generation 
processes. For this reason, it has a critical role in OPV devices stability. Most often the PAL is 
made of a mixture of a conjugated polymer (donor material) and of a fullerene derivative 

(acceptor material). When exposed to external factors such as oxygen, water, light, elevated 
temperature both the PAL materials degrade quickly.7,30,31 The following are common 
degradation mechanisms associated to the PAL: Exposure to UV and oxygen leads to the 
photochemical scission of the conjugated polymer chain; Generation of traps in the PAL by 
oxygen doping in presence of oxygen. 3,45 This process is speeded up by exposure to light; 
The metal electrodes diffuse into the PAL and when exposed to light react with the polymer 
in presence of humidity and oxygen.46–49 The morphology of the polymer/fullerene mixture is 
modified mostly by temperature and light, but also possibly by oxygen and humidity.50,51 
Similarly to the previous PEDOT:PSS study, the stability data gathered during the meta-
analysis was plotted in (Fig 3.9) against the PAL materials. The PAL was classified as 
following: 

- P3HT 

- High PCE (h-PCE): see Table 3.5 these materials are mostly mixed with phenyl-C71-
butyric acid ([70]PCBM). 

- Small Molecules: typically phthalocyanine-based materials (Copper phthalocyanine 
(CuPc), zinc phthalocyanine (ZnPc), subphthalocyanine (SubPc), chloroaluminum 
phthalocyanine (CIAIPc) ) or Pentacene, combined with either C60 or PCBM.48 

- Others 
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Plots a and c in Fig 3.9 correspond to the tests conducted in the dark and the b and d to 

tests under illumination. The top plots are for unencapsulated devices (Fig 3.9 a,b) and 

bottom plots for encapsulated samples ( Fig 3.9 c,d).  

 

Fig 3.9 - Distr ibution of l i fet ime for samples grouped according to the PAL: P3HT (red 
diamonds), small molecule based (blue circles), h-PCE (green squares) and others (grey 
tr iangles). a) Dark test of unencapsulated samples, b) l ight tests of unencapsulated 
samples, c) dark tests of encapsulated samples, and d) l ight tests of encapsulated 
samples. The data is presented as scatter plots with the corresponding histogram showing 
the distr ibution below. Reprinted with permission from 9. 

 

For unencapsulated devices, under illumination (Fig 3.9 b) h-PCE devices have the best 

stability. The three other categories have a poor stability, especially the small molecules. In 

dark, there is not much differences between the four categories showing that light is a key 

factor in PAL degradation. 
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Table 3.5 – High eff iciency polymers tested either in dark or l ight condit ions. Among al l 
the compounds PCDTBT is the most frequently reported polymer. Extracted with 
permission from reference 9. 

Name Description 
PCDTBT poly[N-9″-hepta-decanyl-2,7-carbazole-alt-5,5-(4′,7′-di-2-thienyl-2′,1′,3′-benzothiadiazole) 

PCPDTBT poly[(4,4-bis(2-ethylhexyl)-4H-cyclopenta[2,1-b;3,4-b]dithiophene-2,6-diyl-alt-2,1,3-
benzothiadiazole-4,7-diyl] 

BTI-BDT bithiophene imide and benzodithiophene based copolymer 

PDTSTPD poly(4,4-bis(2-ethylhexyl)-dithieno[3,2-b:2′,3′-d]silole and N-octyl-thieno[3,4-c]pyrrole-4,6-
dione) 

PBDTTPD poly({4,8-di (2-ethylhexyloxyl) benzo[1,2-b:4,5-b′] dithiophene – 2,6-diyl) – alt – ({5-
octylthieno[3,4-c] pyrrole – 4,6-dione-1,3-diyl) 

PFDCTBT-C8 poly(fluorenedicyclopentathiophene-alt-benzothiadiazole) with octyl side chains 
a-PTPTBT Poly(thiophene-phenylene-thiophene – 2,1,3-benzothia-diazole) 

 
 
In the case of encapsulated devices (Fig 3.9 c,d), there is no differences between the various 

devices both in the dark and under light. The diffusion of oxygen and water into the devices is 
slowed down by the encapsulation. The PAL degradation still happens but the difference 
between the four categories is negligible. 

When focusing on P3HT devices, the large stability range (Fig 3.9 d), from a few minutes to 
years shows that in encapsulated devices, the decay of encapsulated devices is not mainly 
determined by the PAL. This means that to extend the lifetime of OPV devices, all the other 

parts of the device need to be studied. This will allow identifying the key components for 
stability in order to develop a stable technology. 

 

3.4.3. Conclusion 

The analysis of hundreds of scientific reports on OPV stability showed how the lifetime of 
OPV progressed in recent years. At the beginning, the reported stability of OPV devices was 

of barely minutes. However, now lifetimes ranging from weeks to month are reported. This 

analysis also pointed out the critical factors in devices structure for stability. For example, the 
PAL material was showed to not matter much in encapsulated devices. However, 
PEDOT:PSS clearly lowers the stability of OPV devices and should be removed or replaced.  

 



3.5. Summary and Outlook 
   

Operational stability of large scale OPV modules: interfaces, materials selection and stack design 

68 

3.5. Summary and Outlook 
In this chapter, the ISOS standards were presented as a metric to test and report the lifetime 
of OPV devices. This chapter highlighted the relative importance of the PAL photochemical 
stability to the intrinsic stability of OPV devices and described an easy UV-vis technique to do 

it. Random and semi-random copolymerizations were introduced as an elegant way to 
modify the photochemical properties of a polymer while retaining its original optical 

properties. The study of CN-P3HT, obtained by such copolymerization showed an increased 
photochemical stability compared to pristine P3HT. However, lifetime studies pointed out for 
encapsulated devices, that an improved photochemical stability does not necessarily means 
an improved stability of the full device. Finally, the results of an analysis of hundreds of 

scientific reports on OPV stability were presented. The negligible impact of the PAL stability 
on the full encapsulated device lifetime was highlighted. The other noticeable result 
concerned the clear impact of PEDOT:PSS on OPV degradation. The need to replace 
PEDOT:PSS was emphasized by the results of the meta-analysis. 

To successfully improve the stability of OPV cells, it is necessary to find or develop new 
absorbing materials for the PAL that combine both high performance and high intrinsic 

stability and to replace PEDOT:PSS. The screening of multiple high efficiency polymers will be 
the focus of the next chapter. The issue of replacing PEDOT:PSS will be tackled in the 
chapter 5 of this thesis. 
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Chapter 4 – Evaluation of low band-gap  

polymers for roll-to-roll organic photovoltaics 
 
 
 

 
 

 
 
 
 
 
Fig 4.1 – Photon f lux from the sun spectrum AM1.5G (black). Integral curve (red) of the 
total number of photons and theoretical obtainable current density. Reprinted with 
permission from 1. 

 
The power conversion efficiency (PCE) is commonly used as a yardstick to gauge the 
advancement of the organic photovoltaics (OPV) technology. This race to increase the PCE 
has led to the synthesis of multiple absorbing materials and their use in OPV cells. The result 
is now that top reported efficiencies are above 10%.2 Many of these high efficiency materials 
are low band gap polymers. Low band gap polymers are synthesized to absorb light at 
wavelengths above 600 nm.1 This means that the band gap of the absorbing material is 
below 2 eV (which correspond to wavelength of 620 nm). Why do low band gap polymers 

yield higher efficiencies in OPV cells?  When looking at AM1.5G spectrum described in 
chapter 3, most of the intensity is below 2000 nm even though it extends to 4000 nm (Fig 
4.1). However, instead of plotting this spectrum in function of irradiance (Fig 4.1), it is more 

relevant to plot it in function of the photons flux (Fig 4.1).  The current density of an OPV cell 

is directly linked to the number of absorbed photons.3 Ideally one absorbed photon yields 
one electron. Integral of the photon flux and the theoretical current density ensuing from it are 
plotted in Fig 4.1. In reality, that current density is lowered by the fraction of charges 
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recombining before reaching the electrode.3 The maximum of the AM1.5G for photons flux is 

towards the near infra-red. Therefore, to potentially harvest more photons, the absorbing 
material needed to absorb at higher wavelengths.1 By extending absorption above 600 nm, 
low band gap polymers have a better overlap with the solar spectrum. For example, the 
common P3HT has a band gap of  1.9 eV (650nm) which means that at best only 22.4% of 

photons available can be collected.1 But if the band gap is extended to 1000 nm then over 
50 % of photons could be harvested (Fig 4.1). 

The high efficiencies reported for low band gap polymers are misleading, because most OPV 

cells still have an active area < 1 mm2 and are prepared with techniques (spin coating, 
evaporation…) and architectures (ITO, glass substrates…) not compatible with expected 
applications for OPV.1,4 A common agreement is that in order to succeed OPV need to be 

produced by roll-to-roll (R2R) on flexible substrate using cheap materials. There is therefore a 
need to identify and develop high efficiency materials which are compatible with such R2R 
approach. This chapter reports on the screening of a large library of low band gap polymers.5 
The proceedings of the first publication reported below were inspired by common practices 
in the pharmaceutical industry. A library containing a large number of low band gap polymers 
was screened using simple techniques in order to identify the best candidates for further 
development. A weighted merit factor based on the measured properties allowed finding 13 
potential candidates that outperformed P3HT for R2R application.  
The second report focuses on the analysis of the same library of material from a mechanical 

point of view. Guidelines to develop mechanical compliant absorbing materials were given. 
 

4.1. The SOLAR 100 project* 
A common approach to synthesize low band gap polymers is to use two monomers: one 
electron donating unit and one electron accepting unit.6 The following report presents the 
screening of an acceptor/donor library of low band gap polymer.5 8 donor units and 13 
acceptor units were combined to yield a total of 104 polymers (Fig 4.2).  

First, the following properties were measured for each polymer using simple and available 
techniques: molecular weight, electrochemical energy levels, band gap, photochemical 

																																																								
*	This	section	is	based	on	reference	5.	
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stability, and charges carrier mobility. Then, the photovoltaic properties were measured. The 

OPV cells were prepared by roll coating using a mini roll coater on an ITO-free flexible 
substrate (Flextrode).7,8 
 
 

 
 

 

 
 
 

 
 
 
 
 
 
 
 
 
Fig 4.2 – Chemical structures of acceptor (a) and donor (b) units. The abbreviation EH 
stands for 2-ethylhexyl, and HD stands for 2-hexyldecyl. Extracted with permission from 
reference 9. 

 
Then, using a weighted merit factor the best candidates for R2R upscaling were identified. 
The amount of work necessary for this project was enormous and required the equivalent of 

26 month of manpower. The author of this thesis was part of a 15 person team. Therefore, 

only the results related to the author’s contribution will be further highlighted. This includes 
the UV-vis measurement of polymers solutions and films, the photochemical stability of such 

films as well as the preparation and testing of OPV cells. The acceptor and donor units were 
chosen for their reported high efficiency. However, some of these units could not be 
purchased (A11) or synthesized in sufficient quantities (D4) and were dropped from the study 
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(Fig 4.3). The synthesis of some of the 104 polymers was not possible because of low 

reactivity or steric hindrance. For these reasons, there is no data for these polymers. The rest 

of the data can be found in 5. 

 

 

 

 

 

Fig 4.3 – Chemical structures of dropped units. Reproduced with permission.5  

 

4.1.1. UV-vis 
 A Schimatzu UV-3600 Spectrophotometer was used to measure two spectra per polymer: 

one for the film and one for the solution. The polymers were dissolved in chlorobenzene (CB) 

(20 mg/L) and stirred overnight at 70 oC. A5D3, A9D8, A13D3 were difficult to dissolve in CB 

so they were instead dissolved in dichlorobenzene (ODCB) (10 mg/mL). The solutions were 

then spin coated as is on glass substrates (Fig 4.4). After spin coating the films, the solutions 

were diluted to 0.02 mg/mL. A6D5, A10D1, A10D2 and A10D3 were diluted at 0.01 mg/mL 

to keep the absorption below 1.  

The band gap was then estimated from the onset of the UV-vis spectra. A tangent was fitted 

to the UV curve; the intersection gave the cut-off wavelength (λcut-off).  The band gap (EG) is 

given by the following equation. 

4.1 					%& = 	
ℎ)

*+,-./00
 

Where h is Planck’s constant and C the speed of light.10 

Fig 4.4 – Picture of some of the polymer f i lms showing the wide range of colors obtained. 
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All the band gap values are plotted in Fig 4.5 for both the solutions and the films. For the 

films, the band gaps range from 2.09 to 1.27 eV. Only four polymers have a band gap above 
2 eV for the films. This validates the acceptor/donor synthesis approach to make low band 
gap polymers. Acceptors 8 and 10 have the lowest band gaps for the polymers films. 
 

 
 

 

 
 
 

 
 
 
 
 
 
 
 
 

 
 
 

 

 
Fig 4.5 – Band gap values for the polymers solutions and f i lms.  

 

4.1.2. Photochemical stability 

The photochemical stability of the polymer was measured on the same films used to obtain 

the UV-vis spectra.  The stability measurements were performed using the setup described in 
chapter 3.11 After acquisition, the data was normalized to the P3HT degradation rate to be 
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later integrated into the merit factor. The degradation rates are plotted in Fig 4.6. The lower 

the rate the higher is the stability of the polymer. P3HT has a degradation rate of 4%/h. In 
agreement with the literature, the photochemical stability is higher for the combinations of 
benzothiadiazole-like acceptor units (A1, A2, A5, A7, A12, A13 and A14) and the thiophene 
(D5, D8), the dithienosilole (D1) and the thiophene/benzene (D3, D7) donor units.12 

 
 

 

 
 
 

 
 
 
Fig 4.6 – Photochemical degradation rates averaged over mult iple points of the f i lm. 

 

4.1.3. Roll coating and testing 

The polymer and PCBM (40 mg/mL in total) were dissolved in chloroform (CF) or in o-
dichlorobenzene (ODCB) and stirred at 50 oC overnight. The cells were prepared as reported 

earlier on a ITO-free flexible substrate (PET/Ag grid/PEDOT:PSS/ZnO).7,8 To obtain the best 

possible cell, many parameters need to be optimized: solvent, polymer:PCBM ratio, coating 
speed and temperature, annealing. Because of the large number of polymers in this study it 
was impossible to explore all these parameters. The study was limited to the following 
variations: 

• Two polymer:PCBM ratio 1.1 or 1.2 in weight. 

• Two solvents: Chloroform (CF) or ortho-dichlorobenzene (ODCB) 
• Three coated thickness: Wet thicknesses 10, 12 and 15 µm (estimated dry 

thicknesses 315, 400, and 475 nm). 
These conditions add up to 12 different cell types for each polymer.  Even with these different 

conditions, multiple polymers failed to generate working devices because of the dewetting of 
the active layer on top of the Flextrode or of the top PEDOT:PSS layer on the active layer, 
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poor dissolution in the selected solvents or burned devices during switching.13 Switching is a 

post-processing step, were a short electrical pulse is applied to the cell to render it functional.  
The OPV cells were characterized under a solar simulator (1000 W/m2

 

and AM1.5G) using a 
Keithley (2400 SMU) and a mask (0.526 cm2). For each polymer, a minimum of 5 cells were 
measured. The average data is given in table 4.1.  

 
Table 4.1 – Average PCE values of the 10 best devices for each polymer. NA indicates 
that no data could be acquired. 

 Donors 
D1 D2 D3 D5 D6 D7 D8 D9 

Ac
ce

pt
or

s 

A1 1.3 0.37 NA 0.02 NA 2.0 NA 0.03 
A2 0.44 1.02 0.5 0.07 NA 1.24 NA NA 
A3 0.21 NA 0.55 0.49 0.19 0.35 0.22 0.23 
A4 0.05 0.17 0.03 0.49 NA NA NA NA 
A5 0.29 1.37 1.09 0.18 0.1 0.57 0.06 NA 
A6 1.03 0.85 0.61 NA NA 0.3 NA 0.71 
A7 0.02 NA NA NA NA 0.03 NA NA 
A8 0.2 0.57 0.12 0.04 NA 0.04 NA 0.01 
A9 0.23 0.67 0.47 NA NA NA NA NA 

A10 NA 0.04 NA NA NA NA NA NA 
A12 1.22 0.16 NA NA NA 0.85 0.01 0.25 
A13 0.53 NA NA NA 0.01 NA NA NA 
A14 0.21 0.35 NA 0.02 NA 0.19 0.02 0.06 

 

4.1.4. Overview 
The difficulty to obtain working roll coated cells shows that when developing high efficiency 
polymers for OPV it is important to take into account all the parameters and not only the 
PCE. For this reason, we implemented a merit factor (1) to compare the polymers to P3HT 
for R2R suitability (Equation 4.2).  
 

4.2 					1 = 3)%×56789:96;×<=>×87?@	A7B
?CD8EF	G;?6ℎE69H	G6EBG  

 

The merit factor encompasses the efficiency (PCE), the photochemical degradation rate of 
the polymer normalized to P3HT degradation rate (Stability), the open circuit voltage (VOC), the 

band gap in nm and the number of synthetic steps. These factors have been selected 

because high PCE, VOC and stability values are wanted. The band gap correlates with how 
much of the solar spectrum can be harvested as well as the theoretical maximum current 
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density. VOC is already included in the PCE but a high VOC is important for successful R2R 

upscaling and is given a higher weight in the merit factor. The synthesis steps should be low 

to reduce the cost. A merit factor relative (1IJK) to P3HT was calculated for simpler 
comparison (Equation 4.3). 

4.3 			1IJK =
1

1MNOP:M>RS
 

 

The relative merit factors are given in Table 4.2. Out of the 104 polymer the study began with 

only 13 polymers have a (1IJK) better than P3HT and warrant further development (Fig 4.7). 
The low success rate (12.5%) illustrates the difficulty to find suitable high efficiency materials 

for R2R manufacturing of OPV.  
 

Table 4.2 – Relative merit factor for each polymer. NA indicates fai lure. 

 Donors 
D1 D2 D3 D5 D6 D7 D8 D9 

Ac
ce

pt
or

s 

A1 1.4 0.3 NA NA NA 2.7 NA 0.03 
A2 NA 13.1 0.6 1 NA 1.2 NA NA 
A3 NA NA 0.2 NA NA 0.1 NA NA 
A4 NA NA NA 1 NA NA NA NA 
A5 NA 2.9 0.4 0.2 NA 0.7 NA NA 
A6 0.2 0.8 0.5 NA NA 0.1 NA 0.4 
A7 0.1 NA NA NA NA 0.1 NA NA 
A8 0.1 0.5 0.2 NA NA NA NA NA 
A9 NA 1.9 0.9 NA NA NA NA NA 

A10 NA NA NA NA NA NA NA NA 
A12 1.8 2.6 NA NA NA 2.7 NA NA 
A13 0.2 NA NA NA NA NA NA NA 
A14 0.3 1.6 NA 0.1 NA 0.1 NA NA 

 
The polymers can fail at any steps from material selection to cells characterization: 

1) Material design 
2) Material synthesis 
3) Material characterization 

4) Ink formulation 

5) Ink coating  
6) Working device  

7) Low PCE 
8) Higher PCE than P3HT 

28 Polymers 

20 Polymers 

46 Polymers 

8 Polymers 

1 Polymer 
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Fig 4.7 – 13 polymers with a relat ive merit factor above 1. Reprinted with permission from 
5. 

 
Many of the issues could be fixed by using different solvents, substrates, architectures… 

However, to improve the chance of success, a linear approach similar to this one is 
encouraged to identify the best candidates for further development and optimization.  

 

4.1.5. Conclusion 

The results of this study show the extreme difficulty to identify and foster high efficiency 
materials for “real life” OPV devices. Still 13 low band gap polymers were identified as 

suitable for further development for R2R manufacturing of OPV cells. However, an important 
parameter was left out of this study: Stability of the cells under operation. As demonstrated in 

the previous chapter, stability of the performances depends not only on the material but also 
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on the cell architecture and encapsulation. Therefore, relevant studies cannot be conducted 

as long as the coating and architecture parameters have not been optimized. The next 
section will look into the thermomechanical stability of this library of low band gap polymers. 
 

4.2. Mechanical stability of solar cells† 
If the path of all R2R manufactured OPV on flexible substrate is to be followed, 
thermomechanical stability cannot be neglected. The solar cells need to handle the 
mechanical and thermal stresses endured during both manufacturing and operation outdoor. 

R2R coating and printing means bending, stretching and many other types of 
thermomechanical deformations.14 Furthermore, superior mechanical performances 

combined with high efficiencies would allow the integration of OPV in many applications 
(clothing, portable electronics, biomedical applications…) unsuitable for conventional PV.14  
Despite the potentially attractive mechanical properties of OPV, studies of these properties 
have been limited. One reason is that most OPV cells are still prepared on glass.4 Therefore, 
thermomechanical behavior does not limit the lifetime of such devices. So far most studies on 
mechanical properties of OPV focus on the poly(3-alkylthiophenes) (P3ATs) family.14,15 P3ATs 
and especially P3HT have been a good system to study and to model but their maximum 
efficiency is limited.16 State of the art high efficiency OPV cells use low band-gap D/A 
polymer. The Solar 100 study provided the opportunity to study a large number of D/A low 
band gap polymers at once.5  From this study we know that the reported efficiencies above 

10%  for laboratory scale cells on ITO coated glass substrates do not transfer easily to roll 

coated devices.17 Moreover, a rigid substrate like glass hides the mechanical properties of the 
D/A polymers and polymer:fullerene blends which are potentially determining for the 

mechanical stability of flexible devices.14  
For this reason, the mechanical data available for D/A polymers is scarce.  Still a few studies 
have shown how the chemical structure of D/A polymers influences their mechanical 
properties.18–21 A study of two structurally similar D/A polymers (PDPP-2TTT: repeating units: 

diketopyrrolopyrrole (DPP), thiophene (T) and thienothiophene (TT), and PDPP-4T: the fused 
TT unit was replaced with bithiophene, which comprises two isolated thiophene rings), 

																																																								
†	Section	based	on	reference	9.	
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showed that the polymer with the fused ring has a higher tensile modulus.18 The tensile 

modulus of a material describes its stiffness or how much force is needed to deform it. A low 
tensile modulus is considered best for mechanical stability. A material that requires a low 
energy density to deform in the elastic regime will accommodate better the interfacial 
stresses in the final device.  

 
 

 

 
 

 
 
 
 
 
 
 
 
 

Fig 4.8 – Combinations of D/A polymers measured during this study: Tensile modulus 
(red), Crack-Onset (green) or both (blue). 

 
Another study showed that the random incorporation of bithiophene units into the structure 
of PDPP-2FT (where F = furan) led to a decreased of the  tensile modulus from 2.17 ± 0.35 

GPa to 0.93 ± 0.16 GPa.19 A study by Wu et al. suggested as well that the brittleness of 
polymers is higher when they have rigid fused rings in their backbone.20 Organic thin film 
transistors prepared with a DPP-based polymer with four fused thiophene rings showed 

significant cracking at low crack-onset strains (the strain when the film start cracking). Finally, 

Kim et al. studied a D/A polymers with the same structure as A9D2, called PBDTTTPD (not 
available for this study).21 This study focused mainly on the impact of the acceptor material in 

the BHJ on the mechanical properties. The tensile modulus of the composite of PBDTTTPD 
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and a non-fullerene electron acceptor (1:1 ratio) is much lower (0.43 GPa) than when 

PBDTTTPD is combined with PCBM (1.76 GPa for a 1:1.5 ratio).21  
 
Using the large library of compounds synthesized for the Solar 100 study (Fig 4.2), we aimed 
at acquiring a deeper understanding of how structural components determine the mechanical 

properties of D/A polymers. Fig 4.8 shows the 51 D/A polymers available for this study. The 
stiffness (tensile modulus) or ductility (crack onset) or both were measured using previously 

reported methods.22–24 The driving idea behind the study was to draw up rules of molecular 

design to develop polymers for R2R application that combine high efficiency and mechanical 
robustness. The initial hypothesis was that the mechanical properties would be affected by 
two main features of the chemical structures: 

(1) fused vs. isolated rings and  
(2) branched vs. linear side chains 

The units with fused rings are the following:  A6, A10, D1, D2, D3, D6, and D9. Only the 
structures with fused rings aligned along the backbone like in diketopyrrolopyrrole (DPP) 
(A10) were classified as “with fused rings”.  Units like benzothiadiazole (BT) (A1) where the 
fused rings are not in the direction of the backbone were not classified as structures with 
fused rings. The solubilizing side chains were classified from short alkyl side chains with eight 
carbons (C8H17) to long alkyl side chains with fourteen carbons (C14H29) or as branching side 
chains of 2-ethylhexyl (EH) and 2-hexyldecyl (HD). Last, the impact of the molecular weight 

and the dispersity on the mechanical properties of the polymers were studied as well. 
 

4.2.1. Limitations of the study 

The large number of polymers tested during this study was expected to give meaningful 

trends for molecular design of low band gap polymers. However, some limitations were 
identified. For one, the mechanical properties do not only depend on the molecular structure 

but also on the solid state microstructure. The microstructure of the dried film is dependent of 
the solvent, the film-casting method, the drying, and the post-processing steps.25,26 
Optimizing all these steps and measuring the microstructure was not possible because of the 
large library of compounds. Another limitation was that for for step-growth polymerizations 

controlling the molecular weight and the dispersity (Ɖ) is difficult. Even though, the stiffness of 
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D/A polymers might prevent a highly entangled microstructure, even at high molecular 

weights.27 Lastly, the mechanical properties of a bulk heterojunction are also dependent of 
the acceptor material.14 For example, the tensile moduli of polythiophene:[60]PCBM blends 
was found to be linearly correlated to the tensile moduli of the pure polymers.28 However, this 
behavior cannot be assumed to be true for all polymers. It cannot also be presumed that 

methanofullerenes will be used in the future. For this reason, the properties of the pure 
polymers were measured.   

 

4.2.2. Mechanical studies 

 Tensile moduli 

The tensile moduli of the D/A polymers were measured with a film-on-elastomer technique 
called the “buckling instability” developed by Stafford et al..22 Later, Tahk et al. applied this 
technique to conjugated polymers.23 The buckling instability has since then been used in 
many occasion for such materials.14,18,29,30 Briefly, Polydimethylsiloxane (PDMS) substrates 

were made following the manufacturer instructions with a ratio of 10:1 (base:crosslinker) and 
then left curing in ambient condition for 48-72 h. A razor blade was used to cut PDMS strips 
(1 cm × 8 cm × 0.3 cm). Using a computer-controlled stage (Newmark model ET-100-11) the 
PDMS strips were stretched to strains of 4% and clipped onto a glass substrate with binder 
clips. For the film deposition, glass substrates (2.5 cm x 2.5 cm) were cleaned by sonication 
in four baths (Alconox solution, deionized water, acetone, and isopropanol), then dried with 
compressed air and plasma-treated (3 min, 30 W, 200 mtorr ambient air). Polymer solutions 
were prepared by dissolving in chloroform at a 20 mg mL–1 concentration. The solutions were 
then stirred on a hotplate at 50 OC with a magnetic stirrer for 2 h. Before spin-coating the 
solutions were cooled down to ambient temperature and filtered through a 1 µm glass 

microfiber filter. For each polymer, three different thicknesses were prepared by spin coating 
the solution on top of the plasma treated glass substrates at 500, 1000, and 2000 rpm for 

2.5 min. The transfer of the polymer film onto the PDMS strip was operated as follow: the 

spin coated polymer film was pressed onto the pre-stretched PDMS strip. Then the sample 
was dipped into a deionized (DI) water bath for a time ranging from 30 s up to 20 min 
depending of the polymer. Using tweezers, the sample was removed from the water bath 

and then the glass substrate bearing the polymer was stripped of the PDMS leaving the 
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polymer layer on top of the PDMS. To remove the water, the sample was put in a desiccator 

to dry under dynamic vacuum for 30 min. The final step was to release the prestrained PDMS 

to form buckles and to observe the buckles with an optical microscope. Optical micrographs 

of the buckled films were acquired and analyzed using an in-house MATLAB code. The 

tensile modulus of each batch of PDMS was measured using a conventional pull-tester. The 

thickness of each polymer film was measured using a Veeco Dektak stylus profilometer. The 

tensile modulus of the polymers (Ef) was calculated using equation (4.4). First, the buckling 

wavelength λb was plotted as a function of the film thickness df. The slope λb/df obtained by 

linear fit was then substituted in Equation (4.4) where Es is the PDMS substrate modulus, the 

Poisson ratios of the film (vf) and the PDMS substrate (vs) were assumed to be 0.35 and 0.5 

respectively.23 

 

4.4 					%0 = 3%T
1 − V0W
1 − VTW

*X
2Y@0

N
 

 

For mechanical stability, a low tensile modulus is considered better. A low modulus means 

that the polymer film needs a low energy density to elongate in the elastic regime. Therefore, 

the interfacial stresses in the solar cell will be minimized and prevent delamination.14,31 The 

calculated tensile moduli are collected in Table 4.3. The standard deviation values are based 

on the propagation of standard errors of the line fits (buckling wavelength vs. film thickness) 

and on the standard deviation of the tensile moduli of the PDMS substrates. There are two 

reasons for polymers to be marked as not applicable (NA) in Table 4.3 either the samples had 

standard errors of the line fit too high (R2 < 0.95) or the characteristic buckling wavelengths 

could not be obtained. These failures mostly come from the difficulty to handle some of the 

polymer films: 

• Strong adhesion of the polymer film to the glass substrate would lead to partial 

transfer of the film onto the PDMS substrate or to damages to the films.  

• Delamination or crackling of the films due to either the strain induced by handling the 

transferred film on PDMS or the compressive strain induced to generate buckles or 

both.32 
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Table 4.3 – Overview of the tensile moduli and crack-onset strain data obtained by f i lm-
on-elastomer techniques for al l the D/A polymers. Averaged molecular weights and the 
dispersity are extracted the Solar 100 study.5  

Polymer Mn (Da)  Ɖ Tensile Modulus (GPa) Crack-onset Strain (%) Crack Behavior 
A1D5 9 300 2.2 0.24 ± 0.08 7.3 ± 2 Ductile 
A1D9 6 900 1.4 0.44 ± 0.18 0 † Brittle 
A2D1 9 500 2.0 3.79 ± 0.80 0.5 ‡ Brittle 
A2D2 12 400 11.4 NA* 0 † Brittle 
A2D3 90 000 4.5 1.45 ± 0.47 1 ‡ Brittle 
A2D5 540 000 4.2 0.32 ± 0.02 1.5 ‡ Brittle 
A2D9 9 400 1.8 0.33 ± 0.12 2.7 ± 1.5 Brittle 
A3D1 50 000 10.8 1.23 ± 0.52 18 ± 5 Ductile 
A3D3 16 000 3.5 2.91 ± 1.30 2.75 ‡ Brittle 
A3D6 3 800 3.1 0.17 ± 0.02 NA* NA 
A3D7 24 000 2.7 0.32 ± 0.03 68 ± 14 Ductile 
A3D8 2 200 3.1 0.68 ± 0.14 NA* NA 
A3D9 19 000 2.1 NA* 5.2 ± 2 Ductile 
A4D2 22 000 9.1 1.35 ± 0.76 5.0 ± 1.3 Brittle 
A4D5 29 000 9.2 0.92 ± 0.19 2.7 ± 0.6 Brittle 
A4D9 7 000 1.5 0.34 ± 0.18 19.7 ± 1.5 Ductile 
A5D1 18 000 3.0 0.87 ± 0.11 3.5 ± 0.5 Brittle 
A5D2 100 700 3.1 0.75 ± 0.23 NA* NA 
A5D6 11 000 26.7 1.24 ± 0.29 4.2 ± 1.3 Brittle 
A5D7 34 000 3.4 0.15 ± 0.04 56.8 ± 9.9 Ductile 
A5D9 138 000 8.0 0.44 ± 0.15 10 ± 3.6 Ductile 
A6D1 9 600 2.0 0.27 ± 0.02 6.5 ± 2.0 Brittle 
A6D2 11 000 2.2 1.61 ± 0.51 0 † Brittle 
A6D9 21 600 2.7 0.17 ± 0.05 2.2 ± 0.8 Brittle 
A7D7 1 200 3.3 0.49 ± 0.18 0 † Brittle 
A8D1 16 000 2.0 3.00 ± 0.56 7.8 ± 0.8 Brittle 
A8D2 14 000 2.4 0.88 ± 0.40 10 ± 2 Ductile 
A8D3 14 000 2.2 1.58 ± 0.64 2.2 ± 0.8 Brittle 
A8D5 5 000 1.4 0.85 ± 0.21 0 † Brittle 
A8D7 6 100 2.6 0.37 ± 0.10 7.8 ± 1.6 Ductile 
A8D8 3 700 2.2 NA* 2.5 ± 1.5 Brittle 
A9D1 9 500  2.8 0.62 ± 0.20 1.2 ± 0.6 Brittle 
A9D7 7 200 1.7 0.45 ± 0.17 NA* NA 

A10D1 21 000 2.5 NA* 2.2 ± 0.8 Brittle 
A10D2 103 000 3.3 NA* 1.8 ± 0.6 Brittle 
A10D3 68 000 3.3 NA* 4 ± 1 Brittle 
A10D6 6 700 3.5 NA* 4.3 ± 1.3 Brittle 
A10D7 34 000 4.2 0.32 ± 0.06 9.3 ± 1.5 Ductile 
A10D8 1 200 2.8 0.41 ± 0.22 6.7 ± 0.8 Ductile 
A10D9 2 300  5.4 NA* 3 ± 1.7 Brittle 
A12D5 13 000 3.1 0.56 ± 0.25 5.2 ± 2.4 Brittle 
A12D7 5 600 2.1 0.54 ± 0.24 2.2 ± 0.8 Brittle 
A12D9 37 000 2.3 0.32 ± 0.05 0.8 ± 0.6 Brittle 
A13D1 12 000 7.5 0.54 ± 0.25 3.8 ± 2.4 Brittle 
A13D7 10 000 2.1 0.60 ± 0.16 4.8 ± 0.3 Brittle 
A13D9 12 000 76.7 0.48 ± 0.13 0 † Brittle 
A14D1 9 800 1.7 0.43 ± 0.26 3.3 ± 0.8 Brittle 
A14D2 4 600 4.1 0.26 ± 0.05 1.75 ‡ Brittle 
A14D3 - - 0.42 ± 0.14 2.2 ± 1.0 Brittle 
A14D7 19 000 2.6 0.55 ± 0.09 13.7 ± 1.5 Ductile 
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A14D9 1 600 1.9 0.25 ± 0.12 NA* NA 
NA: not applicable. *No data available for these polymers: (1) insufficient material available, (2) failure to obtain 

smooth films, or (3) too large of propagated error. †The polymer samples cracked upon the start of the test 

under the strain of less than the minimum step of 0.5% strain. ‡The polymer samples exhibited inconsistent 

cracking behaviors and the values of the crack-onset strains reported are the lowest measured crack-onset 

strains. 
 

The tensile modulus of the polymer films ranged from 200 MPa to 4 GPa (Table 4.3), which is 
in the same range as previous reports of other D/A conjugated polymers moduli measured 
with  the same method of measurement.14 A2D1 had the highest measured modulus (3.79 ± 
0.80 GPa). The hypothesis that fused rings increase the modulus seems to be correlated by 

the qualitative trend observed. Polymers with donor units including fused rings have a 
relatively high stiffness (larger values of tensile moduli). The polymers with D1, D2 and D3 

units had an average tensile modulus of about 1 GPa. However, polymers with D5, D7 and 
D8 units (which have isolated rings) had a lower averaged modulus (around 500 MPa). The 
results were not fully conclusive because polymers including D6 and D9 (also with fused 
rings) had a much lower averaged modulus (~ 400 MPa). The lower stiffness of these 
polymers was attributed to the side-chains. Both D6 and D9 have long and branched side 
chains. This correlate with the second hypothesis that the solubilizing side-chains have an 
effect on the modulus.24 In the case of P3ATs, an increase of the alkyl side-chains’ length 
from 4 (P3BT) to 8 (P3OT) resulted in a decrease of the tensile modulus by a factor of ten. 
The lowering of the tensile modulus was attributed to the decrease in glass transition 

temperature with longer side chains as well as the reduction of the volume fraction of the 
load-bearing main chain.24 Long and branching side-chains have also been reported to affect 
the microstructure of polymers such as  increasing the separation between main chains.25 

The reduction of the tensile modulus for polymers with D6 and D9 could be linked to the 

reduction of the intermolecular packing of the polymer chains. 
 

 Crack-Onset 
In the case of polythiophenes, low tensile modulus is also strongly correlated to high crack-

onset strain. P3ATs films with higher moduli tend to crack at lower applied strains.24,30 To test 
if such dependency of ductility on molecular structure exist for the low band gap polymers 
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library, their crack-onset strains were measured. The polymer films were transferred onto 

unstrained PDMS strips. The samples were then stretched using a computer-controlled linear 
actuator with a step size of 0.5% strain. Each step was imaged using an optical microscope. 
The level of strain at which the first crack was observed, was recorded as crack-onset strain. 
The qualitative nature of the cracks was also recorded: brittle cracks (which propagated the 

entire length of the film perpendicular to the stretched axis) or ductile cracks (whose 
propagation was limited). Examples of both types of propagation are shown in Figure 4.9. 

Both brittle and ductile fractures are detrimental to the films mechanical stability and possibly 

to the performance of the full OPV device. However, ductile cracks would have a lower 
tendency to propagate and to cause failure such as short circuits in solar cells. 
 

 
 
 
 
 
 
 
 
 

 
 
 

 

 
Fig 4.9 - Optical micrographs of the two different natures of cracking behavior: britt le 
fracture perpendicular to the starching direction (a, b) and ducti le fracture as pinholes (c, 
d). Extracted with permission from reference 9. 

 

The average crack-onset strains values are reported in Table 4.3 with their standard 
deviations from measurements of 3 or more samples. Even though the strain applied during 
preparation of the samples was minimized, some finite tensile strains were induced during the 
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preparation steps (estimated to be lower than 0.5%). Six polymers cracked during sample 

preparation and their crack-onset strains were reported as 0% (Table 4.3). The majority of 
D/A polymers has low crack-onset strains and presented cracking at tensile strains lower 
than 5% (Table 4.3). The films with a crack-onset below 5% exhibited brittle cracks.  A few 
D/A polymers were found to have higher crack-onset strains (Table 4.3). They are 

combinations of the monomer units A3, A8, D1, D5, D7, and D9. One explanation for the 
higher crack-onset strains of these polymers could be the ductile nature of the fractures in 

these films. In these films, “ductile” cracks appeared as pinholes and showed less tendency 

to propagate with increased in strain.  
 
 

 
 
 
 
 
 
 
 
 

 
Fig 4.10 - Plot of crack-onset strains vs. tensile moduli of the polymers tested in this 
study. Data points are distinguished in color by the nature of the fracture: red (britt le) and 
blue (ducti le). Extracted with permission from reference 9.  

 
Previous studies on conjugated polymers, especially on P3ATs have shown that there is a 

correlation between the tensile modulus and the ductility of the polymer films.24,30 Low 

ductility was linked to high tensile modulus. However, the same correlation was not found 
during his study of D/A polymers. The crack-onset was plotted as a function of tensile 

modulus (Fig 4.10) for the 39 polymers which were measured for both. It is true that polymers 
with a high crack-onset strain, all have a relatively low tensile modulus (≤1 GPa) and exhibited 
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a ductile crack behavior (Fig 4.10 blue). However among the “brittle” polymers (Fig 4.10 red) 

many presented a low stiffness. 
Out of the 47 D/A polymers tested for crack-onset, only 16 of them resisted to 5% strain or 
above before cracking. The brittleness of the D/A polymers correlates with previous reports 
on D/A polymers.20,21 Using the pseudo free-standing tensile test, Kim et al. measured the 

mechanical properties of composites of PBDTTTPD (A9D2) and PCBM or P(NDI2HD-T), a 
non-PCBM electron acceptor.21 The composite with PCBM cracked below 0.30% strain and 

the composite with P(NDI2HD-T) cracked around 7% strain.21 In another study, Wu et al. 

compared P3HT and PTDPPTFT4 (a DPP-based polymer with four fused thiophene rings in 
the backbone).20 The D/A polymer film could only withstand tensile strains below 5% 
compared to over 100% for P3HT.  

 

4.2.3. Design rules for mechanical deformability 

The purpose of this study was to identify the molecular structural determinants that influence 
the mechanical properties of D/A polymers so one could optimize the mechanical and 
electrical performance, and scalability for OPV R2R manufacturing. The general trends 
followed the hypotheses on the influence of side-chains length and of fused rings. However, 
several exceptions were also found. The origins of these exceptions could be multiple: the 

differences in molecular weight and dispersity, or possibly effects of certain combinations of 
donor and acceptor monomers which are difficult to predict. As stated before, both the 
molecular structure and the solid-state microstructure needed to be understood to predict 

trends in mechanical properties.14 Some combinations of acceptor and donor monomers 
could lead to drastically different solid-state packing structure which have been shown to to 
impact the mechanical properties.19,29 

 

 Fused rings 

Polymers with fused rings in the backbone structures (units D1, D2, and D3) had average 

tensile moduli of about 1 GPa (Table 4.3). The hypothesis is that the fused rings reduce the 
flexibility and increase the length of conjugation of the backbone. The polymers with donor 
units with isolated rings D5, D7, and D8, had respectively an averaged tensile modulus of 

0.58, 0.42, and 0.55 GPa, which correlates with the hypothesis. However, there were 
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exceptions to this trend. Especially for the polymers with the donor unit D9 (fused ring in the 

backbone), which had tensile moduli around 0.5 GPa. The lower tensile moduli for D9 are 
attributed to the long and branching solubilizing side chains (2-hexyldecyl), this will be 
discussed in depth in the next section. As for the acceptor units with fused rings (A6 and 
A10), the effect on the tensile modulus was small (Table 4.3). For example, A6D1 that 

contained fused ring structures in both the donor and acceptor monomers has a tensile 
modulus of only 0.27 ± 0.02 GPa.  

For ductility no obvious trend could be found regarding fused rings. Polymers with D3 had 

low crack-onset values (<5% crack-onset strain) and were brittle, which is consistent with the 
hypothesis that fused rings in the backbone produced brittle polymer films. But for the donor 
units D1 and D2 which also have fused rings, some polymer combinations yielded ductile 

films. Namely A3D1 and A8D2 had a ductile behavior and crack-onset strains above 10%. 
Once again, this deviation in the trend is believed to issue from the side chains on the 
acceptors and will be discussed in the next section. For the acceptor unit DPP (A10) with 
fused rings, the polymer combinations with donor units with fused rings (D1, D2, D3, D6, and 
D9) yielded brittle films with low crack-onset strain. However, the polymers combining A10 
and the non-fused donor monomers (D7 and D8) produced ductile films with higher crack-
onset strains. The higher ductility was attributed to a possible change in solid-state 
morphologies and packing when the DPP (A10) acceptors were combined with 
dialkoxybenzene (D7) and bithiophene (D8). 

 

 Influence of long and branching solubilizing side-chains.  

From the previous section, it is clear that long and branching solubilizing side-chains can 
dominate the mechanical properties of a polymer film. For example, the polymers with donor 

units D6, D7 and D9, which have branching side-chains, had a lower tensile modulus than for 
donor monomers with linear side chains. The same goes for monomers with either 2-

hexyldecyl or 2-ethylhexyl side-chains. 14 polymers out of the 16 with a crack-onset strain 
above 5% have either HD or EH side-chains. For example, three of the polymers with high 
crack-onset strains values are combination with D7 (HD side-chains with ether linkages): 
A3D7 (crack-onset strain of 68%), A5D7 (57%), and A14D7 (14%).  
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Acceptors A2 and A3, have similar structures: benzothiadiazole with two flanking thiophenes. 

All polymers with A3, Except A3D3, have a lower tensile modulus and a higher crack-onset 

strain than polymers with A2 (Table 4.3). The difference in mechanical behavior was 

attributed to the locations of the alkyl side chains. For the A2 monomer, the alkyl side chains 

(C12H25) are on the two flanking thiophenes. But for the acceptor A3, the alkyl side chains 

(C14H29) are connected onto the benzothiadiazole with ether linkages.  

The effect of side-chains structures on the mechanical properties could be explained by the 

solid-state molecular packing.33 Some previous reports suggested that introducing branched 

side-chains reduces the packing efficiency and lowers the crystallinity which could increase 

the deformability of the polymer.34,35 A report by Yiu et al. showed that for a DPP-based 

polymer branched side-chains led to more steric hindrance between polymer chains and to 

lower crystalline coherence length than linear side-chains.35 Ho et al. replaced the hexyl side-

chains in P3HT by 2-ethylhexyl side chains (P3EHT). P3EHT had lower melting temperature 

and crystallization kinetics.34 

 

  Notes and unresolved questions.  

The limitations of this methodology to identify molecular design rules for optimizing 

mechanical properties were discussed earlier in section 4.2.1. These limitations when 

focusing on a single aspect of the molecular structure are illustrated in Fig 4.11. The tensile 

moduli and the crack-onset strains of the D/A polymers are ranked and separated in three 

groups in Fig 4.11 a & b: (1) fused-rings in both donor and acceptor, (2) fused-rings in the 

donor or in the acceptor, and (3) all isolated rings. In Fig 4.11 c & d, the D/A polymers are 

separated according to side-chains: (1) only linear chains, (2) branching chains in either the 

donor or the acceptor, and (3) all branching side chains. 

The initial hypotheses were that the polymers with all isolated rings and with all branching 

chains would be the most mechanically robust. However, even if the general trends follow the 

hypotheses, the tensile modulus and the crack-onset strain measured for each group (Fig 

4.11 a, b, c & d) occupied a wide range of values and overlap substantially.  For example, 

polymers with isolated rings and branching side chains had poor mechanical performances 

(fig 4.11 a, b, c & d). The outliers were attributed to the unknown stiffness of the chains, film 

morphology and the solid state packing structures of the polymers.  
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Fig 4.11 - The range of tensile modulus and crack-onset strains for al l the polymer 
samples. (a, b) Ranking of the polymer samples separated by the presence of fused rings 
in both donor and acceptor (f i l led circles), either fused ring in donor or acceptor (half-f i l led 
circles), and al l isolated rings (open circles). (c, d) Plot in which the polymer samples are 
separated by the nature of the solubil iz ing side chains: al l l inear chains (f i l led diamonds), 
branched chain on either the donor or acceptor monomers (half-f i l led diamonds), and al l 
branched side chains (open diamonds). Plots of tensile moduli and crack-onset strains as 
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a function of number average molecular weight (e and f) and Ɖ (g and h); values of Mn and 
Ɖ are reproduced from Solar 100 study.5 Reproduced with permission from reference 9.  

  

Other properties need to be taken into account such as the dispersity and molecular weight 

of the D/A polymers to predict the mechanical properties. Previous reports on P3ATs showed 

the dependence of the solid state packing structure on molecular weight and 

regioregularity.36–39 In such experiments, the synthesis needs to be carefully controlled to be 

able to isolate polymers with precise molecular weight, dispersity, and regioregularity. This 

can be achieved for only a few polymers like P3ATs.40,41 Because most D/A polymer are 

synthesized by Stille polycondensation, the control over the molecular weight and the 

dispersity of the finished product is usually low.40,42 Beside in this study, the size-exclusion 

chromatography (SEC) system used to measure the values of Ɖ operates at low temperatures 

and employs chloroform as the solvent. Under these conditions, aggregation of some 

polymers could potentially lead to unrealistic Ɖ values.  

Nevertheless, tensile moduli and crack-onset strains were plotted as a function of molecular 

weight (Fig 4.11 e & f) and of dispersity (Fig 4.11 g & h). No clear trends could be identified. 

One reason could be that while it could be meaningful to compare the molecular weight and 

dispersity of a single polymer, these two factor cannot by themselves explain the difference in 

mechanical properties between multiple polymers.  

 

 Electronic-mechanical merit factor.  

The aim of this study was to establish molecular design rules to co-optimize electrical and 

mechanical properties in polymers for R2R manufacturing of OPV. The challenge to do so is 

illustrated by the fact that many D/A polymers with a low stiffness still had a brittle behavior. 

To identify promising candidates with favorable electronic and mechanical properties, we 

used a merit factor. This merit factor (Ψ) combined the power conversion efficiency (reported 

in the Solar 100 study for roll-fabricated solar cells), the tensile modulus and the crack-onset 

strain (Equation 4.5). 

4.5 					Ψ = 3)%	× 1
%\
×)]5			 

where Ef is the tensile modulus and the CoS is the crack-onset strain.  
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For easier comparison with P3HT, the most used polymer for large scale R2R OPV modules, 

a relative merit factor (Ψ_`a) was defined (Equation 4.6).  
 

4.6 					Ψ_`a = Ψ/ΨMNOP 
where dMNOP is the merit factor associate to P3HT with data from previous reports.5,24 

	
 
 

 
 
 
 
 
 
 
Fig 4.12 - The relative merit factor incorporating the power conversion eff iciency (PCE) as 
reported for the Roll coated solar cells,5 the tensile modulus, and crack-onset strains in 
relat ionship to those of P3HT. Blank cells indicate missing information where at least one 
quantity was missing. The tensile modulus of P3HT and crack-onset strain were 1.09 ± 
0.15 GPa and 9 ± 1.2%.24 Extracted with permission from reference 9.  

 
The relative merit factor (Ψ_`a) of the polymers tested during this study is given in Fig 4.12. 
When at least one quantity was missing to calculate the merit factor the cell was left blank. 

The merit factor highlighted nine potential candidates (marked in green in Fig 4.12, with 
similar performances than P3HT or higher. It is important to keep in mind that this merit factor 
is based on the mechanical properties of the donor material of a bulk heterojunction alone. 

The mechanical properties of the blend with the acceptor are expected to have a different 

mechanical behavior. For example, the addition of fullerene-based electron acceptors 
(especially [60]PCBM) has been reported to lower the mechanical robustness of the blend 
compared to the single polymer.23,24 One hope is to use non-fullerene electron acceptors to 

avoid such problems.21 Another limitation of this merit factor is its simplicity, especially the 

equal contributions of the PCE, the Ef and the CoS. A full characterization of the electronic 
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and mechanical properties goes through an in-depth analysis of the effect of the addition of 

the electron acceptor, the film thickness and deposition technique as well as the electronic 
and mechanical properties of the full device. 
 

4.2.4. Conclusion 

The tensile modulus and the crack-onset strains of a large library of D/A polymers were 

successfully measured. For most D/A polymers, the tensile modulus was of the same order 
of magnitude as P3HT or lower (ranging from 200 MPa to 1 GPa). However, most polymers 

were brittle and had low crack-onset strains (<5%). We were able to identify some trends 
linking the molecular structure and the mechanical properties as well as plausible reasons for 
the exceptions. The polymers with donor monomers having fused rings had in average a 
higher stiffness and a higher tendency to fracture. The polymers with branching solubilizing 
side chains showed higher ductility. These two trends are good guidelines to keep in mind 
when designing highly mechanically robust materials for R2R fabrication.  
Furthermore, we identified the best candidates from the D/A polymer library for R2R 
upscaling using a simple merit factor including the PCE, the tensile modulus and the crack-
onset strain. Finally, from the results of this study, it is clear that the molecular structures of 
the D/A polymers alone do not dictate the mechanical properties of the dried polymer film. A 

full investigation of the solid state packing structure by computation and microstructural 
analysis, is needed to fully understand the relationship between mechanical and electronic 
behaviors of D/A polymers. 

 

4.3. Summary and outlook 
This chapter illustrated the difficulty to find and develop high efficiency low band gap 
polymers suitable for large scale OPV modules. Only 13 polymers out of a library of 104 low 
band gap polymers were identified as suitable for upscaling to R2R manufacturing. High 
efficiencies in lab scale devices do not guarantee a successful implementation for upscaling, 

especially when prepared with materials and techniques not suitable for R2R manufacturing. 
A novel high efficiency material needs to pass many thresholds to replace P3HT in large scale 
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modules from synthesis to actual devices operation and can fail at any given step. A majority 

of the polymers tested failed to yield a working OPV cell when roll-coated.  
We also looked at the thermomechanical stability of the library of low band gap polymers. 
Mechanical stability is important for R2R manufacturing implementation as well as for 
integration of OPV in high form factor application such as clothing. The measured tensile 

moduli were of the same order of P3HT or lower (ranging from 200 MPa to 1 GPa). However, 
the majority of the D/A polymer had low crack-onset strains (below 5%) and had a brittle 

behavior. Nevertheless, we identify trends between the molecular structures and the 

mechanical properties. Fused rings in the backbone of the polymers tend to increase the 
stiffness and lower the ductility of the polymers. Oppositely, branched side-chains improve 
the ductility of the material. Using a merit factor combining efficiencies and mechanical 

properties, nine polymers were identified for further development. Among these nine 
polymers, only one (A12D7) was also identified in the best candidates of the Solar 100 study. 
The two studies reported in this chapter, have the ambition to draw a roadmap to find high 
efficiency polymers to bridge the gap with common photovoltaic technologies. The idea was 
to identify potential candidates combining all the required properties for successful up and to 
introduce a more efficient way to screen materials. Only 10% of the polymers selected made 
the cut, highlighting the tremendous task ahead.  
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 Chapter 5 – Lifetime of large scale  

OPV module: the case of PEDOT:PSS 
 

 

5.1. Introduction 
This last chapter is a compilation of indoor and outdoor lifetime tests of large scale organic 

photovoltaic (OPV) modules. All the modules are fully processed from solution by roll-to roll 

(R2R) on flexible plastic substrates. Moreover, these modules are indium tin oxide (ITO) free 

and do not require any vacuum steps. Therefore, these so called “freeOPV” modules are fully 

consistent with the low cost R2R approach to upscale OPV manufacturing.  

Starting assessments are based on studies conducted on an outdoor solar park installed here 

at DTU.1 This solar park comprises tilted wood panels upon which six 100 m stretch of OPV 

rolls are rolled out (Fig 5.1).   

 

Fig 5.1 – Picture of the solar park at DTU. Reprinted with permission from 1.  

 

The OPV rolls used for the solar park were manufactured according the infinity concept.2 The 

infinity structure is shown in Fig 5.2. One roll was left outdoor under operating conditions 

(plugged into the Danish grid) for two years.3 After two years outdoor, the roll was still 

operational and retained 60 % of its initial performance (Fig 5.3). Even tough, two years is 

among the longest reported lifetimes for OPV outdoor this not enough as five years are needed 

to make OPV marketable as a photovoltaic product.4 

The necessity to improve the lifetime of these large scale modules is clear but why is it 

necessary to do large scale studies? As one can imagine such studies are costly in resources 
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compared to lifetime testing of lab scale cells. Lifetime studies of large scale OPV modules 

require more time and more man power from the manufacturing to the actual lifetime study. 
The manufacturing demands for costly equipment and more materials. Finally, the lifetime 
studies themselves require specific chambers, sun simulators and platforms that can 
accommodate large size OPV modules. This last point appeared clearly during the first study 

presented in this chapter.5 The size of the climatic chambers and of the outdoor sun tracking 
platform limited the number of samples. Another concern was the homogeneity of the 

degradation conditions in the climatic chamber especially the temperature. 

 
 
 

 
 
 
 
 
Fig 5.2 – I l lustration of the inf inity OPV stack. From bottom to top: f lexoprinted si lver grid, 
screen printed PEDOT:PSS, slot-die coated ZnO, slot die-coated active layer 
(P3HT:PCBM), screen printed PEDOT:PSS and screen printed si lver grid. 

 
 
 
 

 
 
 

 
Fig 5.3 – Lifetime solar park: the eff iciency of one 100 m stretch is measured through 2 
years under sunlight. 

 
For all the reasons above sticking with small lab size OPV cells (< 1 cm2) would be easier. 

However, what is true for lab scale cells is not necessary true for commercial size 

1 yr 2 yr

PC
E 

no
rm

. [
%

]

0

20

40

60

80

100

120

Time [days]
0 90 180 270 360 450 540 630 720



5.2. First generation freeOPV 

Operational stability of large scale OPV modules: interfaces, materials selection and stack design 

104 

cells/modules.3 So far predicting the lifetime of a large scale OPV module based on how well a 

small cell with the same structure did under lifetime testing is challenging.6 Moreover, when 

dealing with OPV modules in real life conditions new failures modes appear (Fig 5.4).7 These 

failures come from the outdoor conditions (rain, thunderstorm, animals...), the mechanical 

stress during manufacturing, handling and installation of the modules and the high voltage 

ensuing from the series design of the modules. For OPV to be commercially viable, all these 

issues should be anticipated and resolved.  

The motivations to undertake lifetime studies of large size OPV modules are clear. But it is 

obviously impossible to work with 100 m stretch of OPV foils. Therefore, for this study, it was 

necessary to redesign the modules to accommodate our facilities. The new modules, called 

freeOPV, had the size of a postcard. These modules were manufactured in the exact same 

conditions as the infinity architecture but the electrodes pattern was modified so these modules 

could be laser cut after manufacturing.8  

 

Fig 5.4 – pictures of fai lures in the solar park. Reprinted with permission from 7.  

 

5.2. First generation freeOPV* 
At the beginning of this work, the state of the art architecture of the freeOPV modules was the 

same than the infinity concept (Fig 5.5 left).8 Many known factors of degradation for lab scale 

devices are absent from the infinity/freeOPV architecture. This lead to an already remarkable 

lifetime outdoor (2 years) for the solar park at DTU. FreeOPV modules have an inverted 

structure which is more stable than the regular one.3 There is no ITO or other highly sensitive 

metal electrodes (calcium, aluminum).9 Plus the modules are encapsulated in a flexible barrier 

foil with low diffusion rates for oxygen and water (oxygen transmission rate 1 x 10-2 cm3.m-

2.day-1 and water vapor transmission rate 4 x 10-2 g.m-2.day-1) and a UV filter.10,11 Among the 

																																																								
*	Section	based	on	reference	5.	
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remaining known factors of degradation are the photoactive layer (PAL) and PEDOT:PSS. For 

the active layer, there are many reports on improving the photochemical stability of the 

polymers for OPV.12,13 Even though this is a highly interesting line of inquiry, it was not pursued 

because it is difficult to synthesize or acquire such novel polymers in sufficient quantity for large 

scale R2R manufacturing. This chapter will focus on Poly(3,4-ethylenedioxythiophene) 

polystyrene sulfonate (PEDOT:PSS) (Fig 5.6). There are actually two layers of PEDOT:PSS in 

the freeOPV stack and it is a known decay factor.3,9,14–17 PEDOT:PSS is still widely used 

because it is easy to deposit (soluble in water) and it has a tunable work function.  

 

 

 

 

 

 

 

 

 

 

 

 

Fig 5.5 – I l lustration of the freeOPV architecture with si lver grid electrodes ( left) and with 
carbon electrodes (r ight). Reprinted with permission from references 8,11.  

 

But PEDOT:PSS is highly hygroscopic which is damaging for the stability of the OPV cell.14,15 

In humid environment its conductivity decreases, its acidity increases (which corrodes 

electrodes).14,16,18,19 In lab scale cells, the ageing mechanisms associated with PEDOT:PSS are 

negligible for encapsulated devices, but are they still negligible during long-term operation?3 

 

5.2.1. PEDOT:PSS additives 
Tens of inks are available commercially so one question is: does the PEDOT:PSS ink 

formulation impact the overall lifetime of the OPV module? Many different additives are used 
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(dimethylsulfoxide, Ethylene Glycol, polyethylene glycol, meso-erythritol , 2-nitroenthanol, 

sorbitol) to help with deposition, wetting, to tune the workfunction, conductivity.16,20–22 One 
class of additives that could potentially impact the lifetime of the OPV module is the high boiling 
additives. These additives are used to tune the conductivity of the PEDOT:PSS layer.16,21 Traces 
of these additives are expected to remain in the dried layer because of their high boiling point. 

 
 

 

 
 

Fig 5.6 – chemical structure PEDOT:PSS. 

 
Table 5.1 – Composit ion commercial PEDOT:PSS inks 

Ink PEDOT:PSS High boiling 
additive 

Solid content  (% 
w/w) 

Additive content (% 
w/w) 

P5010 Agfa 5010 Unknown (alcohol) 3 5 
PDMSO-1* PH1000 DMSO 2.2 5 
PDMSO-2* PH1000 DMSO 2.2 5 

PEG PH1000 EG 2.2 5 
*According to the supplier: PDMSO-2 has a surfactant and a crosslinker which PDMSO-1 does not have. 

 
The following study focuses on various commercially available types of PEDOT:PSS, which are 

compatible with the freeOPV manufacturing  (both PEDOT:PSS layers are rotary screen 
printed).8 Four inks from two suppliers (Agfa and Heraeus) were selected, their composition is 
shown in Table 5.1. The different high boiling additives are dimethylsulfoxide (DMSO), ethylene 
glycol (EG) and an unknown alcohol for the Agfa ink. The four inks are not all suitable to be 

used for both front and back PEDOT:PSS layer. The front layer needs to be thin and highly 
conductive so the light can pass through. The back layer needs to be thick enough to handle 
the printing of the top silver grid by avoiding shorts.  Five combinations of PEDOT:PSS were 

selected for an initial prescreening. These combinations are shown in table 5.2 with their initial 

performances. As R2R manufacturing and the testing of a large number of samples is time 
consuming, a quick prescreening stability study was done on a few samples of each 
combination to eliminate any low performing combination.  
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Table 5.2 – The different PEDOT:PSS combinations and the init ial performances of 
freeOPV  modules. Data extracted from5. 

Combination C1 C2 C3 C4 C5 
Front PEDOT:PSS PDMSO-1 PDMSO-1 PEG PDMSO-1 PEG-1 
Back PEDOT:PSS P5010 PEG PEG PDMSO-2 PDMSO-2 

Initial 
performances* 

PCE (%) 1.75 ± 0.06 1.1 ± 0.2 1.3 ± 0.1 1.14 ± 0.08 0.81 ± 0.07 
ISC (mA) 4.1 ± 0.3 3.9 ± 0.2 3.9 ± 0.2 3.9 v0.1 3.1 ± 0.3 
VOC (V) 40 ± 2 35 ± 4 39 ± 2 38 ± 2 40 ± 2 
FF (%) 60 ± 4 47 ± 3 50 ± 2 44 ± 1 37 ± 2 

* Values average over 8 modules. 

 

The C1 combination is the one used for the solar park OPV meaning that it is the benchmark 

of this study.1,8 Four indoor ISOS test were done with two freeOPV of each type per test: ISOS-

L-2; ISOS-L-3; ISOS-D-2; ISOS-D-3 (these tests are described in chapter 3). As stated above 

C1 was the state of the art freeOPV structure at the beginning of this experiment and was 

therefore thoroughly  studied.6 The results of this previous study are compared with the ones 

of the others combinations. This is possible because all the tests followed the ISOS standard.23 

 

 

 

 

 

 

 

 

Fig 5.7 – T80 in hours for each PEDOT:PSS combinations under four different ISOS tests. 
F signal when the f inal t ime was plotted instead of T80.  

 

First when looking at the initial performance of the freeOPV modules with different combinations 

(Table 5.2), the combination C5 modules had a poor initial efficiency. This combination was to 

be kept only in case of extreme stability. Fig 5.7 shows the T80 values for each combination 

modules under the four ISOS tests. When the performance of the modules did not degrade by 

20 % or more during the experiment timeframe, the final time was plotted. The modules with 

the combination C4 performed poorly in all tests except for the light test (ISOS-L-2) where they 

were in the middle of the pack. Consequently, the C4 combination was discarded for the main 
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study. All four other combinations performed well but none stand out. The combination C5 was 

also discarded because of its low initial performances.  

Combinations C1, C2 and C3 were used for the main study. Another combination referred as 

C6 (see table 5.3) was deemed necessary because of the good stability of modules with PEG 

as front PEDOT:PSS. 

 

Table 5.3 – Init ial performances of freeOPV modules with combination C6 averaged over 
35 modules.  

Combination C6 
Front PEDOT:PSS PEG 
Back PEDOT:PSS P5010 

Initial performances 

PCE (%) 1.57 ± 0.08 
ISC (mA) 8.3 ± 0.2 
VOC (V) 12.2 ± 0.8 
FF (%) 40 ± 1 

 

The long-term stability study was done with a new freeOPV design (fig 5.5 right) with carbon 

electrodes.11 The stack architecture is the same as the first generation freeOPV except that the 

front electrode is only one layer of PEDOT:PSS and the back electrode is a layer of PEDOT:PSS 

with  carbon busbars on top. Carbon freeOPV modules were manufactured with the four 

selected combinations (C1, C2, C3 and C6). In total 140 modules were tested: 

- ISOS-D-1: 10 modules of each combination 

- ISOS-D-3: 10 modules of each combination 

- ISOS-L-3: 5 modules of each combination 

- ISOS-O-1: 10 modules of each combination. 

The number of samples was limited for ISOS-L-3 because of the limited size of the weathering 

chamber (Q-sun chamber) used for the test. There were also concerns about the homogeneity 

of the degradation conditions in the chamber used for ISOS-L-3.  A non-uniform light exposure 

of the samples could lead to temperatures differences during ageing which would result into 

different ageing rates for the modules. This phenomenon was easily identified with the freeOPV 

modules subjected to ISOS-L-3 testing during this study. The encapsulating foil (Fig 5.8) is 

sensitive to temperature and degrades by forming bubbles when subjected to too much heat. 

The bubble formation impacts the stability significantly as it leads to delamination of the solar 

cell stack (Fig 5.8). The foil is a superposition of multiple 10 µm layers. By using a scanning 
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electron microscope (SEM) bubbles between these layers could be observed (Fig 5.8). After a 

few days in the chamber, some of the modules exhibited more bubbles than others. This was 

attributed to slight temperature differences within the chamber. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 5.8 – (top) Pictures of carbon freeOPV modules after 3 days in the Q-sun chamber. 
The modules have different degrees of bubbling because of sl ight temperatures 
differences. (bottom) A bubble observed by SEM of a cross section of the barr ier foi l. 
Reprinted with permission from 5.  

 

Fig 5.9 shows the degradation curve of two freeOPV modules placed on the left side (#291B1) 

and on the right side (#290B1) of the chamber.  These two modules were in adjacent motifs 

on the manufactured OPV foil and exhibited similar initial performance. The module on the right 

side of the chamber degraded twice as fast. To avoid this problem, the modules were cycled 

around after each measurement. 

The reproducibility of the manufacturing process is illustrated in Fig 5.10 (bottom right).  The 

initial performances of the modules for all four combinations are tightly grouped.  
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Fig 5.9 – Degradation curves for two carbon freeOPV modules placed on both side of the 
ISOS-L-3 chamber. Reprinted with permission from reference 5. 

 

For the dark storage at room temperature (ISOS-D-1) test, all the combinations were stable 

and remained above 80 % of their initial efficiency for the whole experiment (see Fig 5.11). After 

3 months (126 days total), the modules with the C1 and C6 combinations lost about 10 % of 

efficiency. Because the two other combinations retained their initial efficiency, we can conclude 

that in the ISOS-D-1 conditions, PEG is superior to P5010 for back PEDOT:PSS. 

For the second dark test (ISOS-D-3), where the modules were subjected to high humidity and 

high temperature. All modules degraded fast regardless of the PEDOT:PSS combination (Fig 

5.11). The combinations C1 and C2 performed better. They degraded respectively by 56 % 

and 70 % in 2 weeks. The modules with C3 and C6 combinations respectively lost 90 % and 

75 %. The same trend is observed when looking at the degradation parameters (Fig 5.10).  T80 

and TS80 are higher for modules with C1 and C2 combinations.  C1 and C2 have PDMSO-1 as 

front PEDOT:PSS. This means that in the conditions of ISOS-D-3 PDMSO-1 is better than PEG 

as front PEDOT:PSS. For the back PEDOT:PSS, C1 and C6 modules are respectively slightly 

better than C2 and C3 modules. So P5010 is somewhat better. 

The last indoor test (ISOS-L-3) combines high temperature, high humidity and light. In these 

harsh conditions, all combinations degraded by more than 80 % (Fig 5.11). This was expected 

because there was no UV filter on the modules tested. Not using UV filter was made on purpose 

to shorten the study time especially outdoor. The modules with C2 and C3 have T80 and TS80 

higher than the two other combinations. Therefore in these conditions modules with PEG as 

back PEDOT:PSS are more stable. 
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Fig 5.10 – Init ial performances carbon freeOPV modules (bottom right); Degradation 
parameters: T80 (top left), TS (top r ight), TS80 (bottom left). The f inal t ime (Tf) was plotted 
when T80 was not reached for the testing t ime (3000 h). Reprinted with permission from 
reference 5.  

 

The final test was run outdoor (ISOS-O-1) from May to September 2014. The modules were 

mounted on a sun tracking platform to maximized light exposure (Fig 5.12 left). The degradation 

curves in Fig 5.11 clearly show that modules with C3 and C6 PEDOT:PSS combination are 

more stable. C3 and C6 modules retained over 50 % of their initial performances after 50 days 

outdoor. The C1 and C2 combination degraded by 80 % in 2 weeks. The same trend is found 

in the degradation parameters (Fig 5.10). Modules with C3 and C6 PEDOT:PSS combination 

have T80 and TS80 about ten times higher. For outdoor operation PEG is superior to PDMSO-1 

for front PEDOT:PSS. This is a decisive result as outdoor use is ultimately the goal for the OPV 

technology.  

The apparent lower stability of the freeOPV modules outdoor compared to the solar park 

modules with similar architecture is due to: 
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-  The absence of UV filter on the modules used for this study. 

- The smaller edge size which lead to faster diffusion of water and oxygen. 

- The buttons used for connecting the modules 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 5.11 – Average degradation curves for each four PEDOT:PSS combination under 
different ISOS tests. Reprinted with permission from reference 5. 

 

Another observation from the ISOS-O-1 test is that the modules with the combination C1 and 

C2 degraded faster outdoor than during ISOS-D3 and ISOS-L-3 tests. But the conditions in 

these two indoor tests are harsher than outdoor so one would expect the modules to degrade 

faster during ISOS-L-3 and ISOS-D-3 than outdoor (which is the case for the two other 

combinations). This accelerated degradation of the C1 and C2 modules outdoor is attributed 

to the installation set up outdoor. The freeOPV modules are taped onto a plastic plate (Fig 5.12 

left) which allows for the condensation of the rain and of the morning dew between the plate 

and the modules. The contact buttons are snapped through the barrier foil, creating a direct 
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path for water to diffuse inside the modules. PDMSO-1 appears to be much more hydrophilic 

than PEG. The water ingress in modules with PDMSO-1 as front PEDOT:PSS (C1 and C2) was 
considerable. Actual “bubbles” of water could be seen inside the module (Fig 5.12 right).  
 

Fig 5.12 – ( left) the freeOPV mounted on the sun tracking platform are circled in blue. 
(r ight) picture of a freeOPV module with water ingress (blue circle). Reprint with permission 
from 5.  

 
The difference in hygroscopic behavior of PDMSO and PEG is attributed to the different high 
boiling additive. However, because the PEDOT:PSS inks are commercial products it is difficult 
to obtain information on the other additives used in the inks. To be sure that the different 
hydrophilic behavior is due to the high boiling additives and not to any other additive, PDMSO-
2 and PEG were compared by contact angle measurement. According to the supplier these 
two inks are identical except for the high boiling additive.   
The higher hydrophilic behavior of PDMSO-2 was confirmed by contact angle measurements 
(see fig 5.13). Water droplets were dropped on printed layer of both PEDOT:PSS. From the 
pictures in Fig 5.13, it is clear that both surfaces are hydrophilic but PEG less than PDMSO-2. 

The contact angle of water on PDMSO-2 is about 15o compared to 75o on PEG.  
DMSO is a highly polar aprotic (εr 48) solvent. On the other hand, EG is a protic slightly less 

polar (εr 41) solvent. To explain what occurs during the fast drying of the PEDOT:PSS layer in 

R2R printing, we propose that the liquid phase of the PEDOT:PSS layer is constituted in 

majority of water at the beginning of the drying process. However, towards the end of the 
drying, one would expect that mostly the high boiling additive remains. In the case of DMSO, 
we believe that exposure of the ionic parts of PEDOT:PSS gel particles are more favored, which 
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consequently leads to a more hydrophilic surface of the dry layer. Oppositely, we believe that 

for EG, the more apolar part of PEDOT:PSS are exposed. 
 

 
Fig 5.13 – contact angle measurements reprinted with permission from reference 5.  

 
The overall conclusions from this study are compiled in Table 5.4. For the front PEDOT:PSS, 

there is no apparent winner. Modules with PDMSO-1 performed better under ISOS-L-3 and 

ISOS-D-3 conditions. However, modules with PEG outperformed the others outdoors. Outdoor 
operation is of course the ultimate aim for OPV modules. For this reason, EG should be favored 
as additive compared to DMSO. For the back PEDOT:PSS, modules with PEG were more 
stable during ISOS-D-1 and ISOS-L-3 tests. For the two other tests, there is no difference. 
Here again, EG is better than DMSO for stability.  
 
Table 5.4 – Comparative stabil i ty of the different freeOPV modules under ISOS tests. 
Under the condit ions the PEDOT:PSS seems to = not impact stabil i ty;+ improve stabil i ty; - 
lower stabil i ty. 

ISOS test D-1 D-3 L-3 O-1 
Front 

PEDOT:PSS 
PDMSO-1 = + + - 

PEG = - - + 
Back 

PEDOT:PSS 
P5010 - = - = 
PEG + = + = 

 

5.2.2. Conclusion 

The impact on OPV modules stability of the high boiling additives used in PEDOT:PSS ink has 
been clearly showed. One should keep this in mind when optimizing a device architecture as 

the PEDOT:PSS ink formulation yielding the best initial efficiency might not be the best one for 
ensuring long term stability. In our case, the initial performances will suffer but replacing DMSO 
by EG will extend the lifetime of the OPV modules outdoor by two or three times, preventing 
any other new failure occurs. It is possible to work around the lower lifetime of large scale OPV 
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modules due to PEDOT:PSS with for example a good encapsulation but finding some suitable 

replacement is the best course of action.  

 

5.3. Silver Nanowire based freeOPV† 
Replacing PEDOT:PSS means modifying the electrodes to accommodate new materials while 

retaining similar efficiency. The requirement for such novel electrodes are: 

- No ITO 

- No vacuum steps 

- Compatible with R2R manufacturing 

- No PEDOT:PSS 

- Good transmittance in the absorbing range of the active material. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 5.14 – I l lustration R2R substrates and superstrates for OPV. Reprinted with permission 
from 24.  

 

																																																								
†	Section	based	on	reference	27.	
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For the front electrode, the state of the art for R2R electrodes was reported by Hösel et al. 
listing five substrates and superstrates (Fig 5.14).24  Among these potential electrodes, one 
uses ITO (Fig 5.14 a) and is eliminated. Another electrode (Fig 5.14 d), is not transparent and 
is compatible only with a regular architecture and is therefore discarded as well because the 
freeOPV modules have an inverted architecture. Among the three remaining electrode design, 

two include a PEDOT:PSS layer (Fig 5.14 b & c) and are actually used in the first generation 
and the carbon freeOPV. Only one design remains (Fig 5.14 e) with a hybrid silver nanowires 

(AgNW)/Zinc oxide (ZnO) layer.  On top of removing PEDOT:PSS this electrode requires the 

printing of only one layer compared to three for the previous generations of freeOPV. This has 
no impact on stability but lowers the manufacturing cost which is also critical for 
commercialization. The compatibility of AgNW electrodes with R2R manufacturing has been 

proven.24 AgNW electrodes also have a good conductivity/transmittance ratio.25 Last but not 
least AgNW need to be stable over time. The nanowire structure means that the ratio 
surface/volume is high for the silver particles which could potentially be detrimental for stability. 
Mayousse et al. reported on the stability of unencapsulated pristine AgNW over two years.26 
The AgNW were exposed to light, high humidity, high temperatures. The only case where the 
conductivity of the AgNW decreased was when exposed to high temperature due to the 
breaking down of some Ag wires. One interesting result was that under light the AgNW sintered 
leading to an increase in conductivity of the AgNW network. 
 

 
 
 

 

 
 

 
 
 
 
Fig 5.15 – I l lustration of the AgNw freeOPV stack. Extracted with permission from 27. 



5.3. Silver Nanowire based freeOPV 

Operational stability of large scale OPV modules: interfaces, materials selection and stack design 

117 

	
The new freeOPV architecture including the AgNw front electrode is illustred in Fig 5.15. For 

the back electrode, two designs were selected: a single PEDOT:PSS layer or a PEDOT:PSS 

layer topped by a silver grid. The AgNW freeOPV were produced in the same R2R conditions 

than for the earlier study.27 The stability of the AgNW freeOPV modules was then tested under 

different ISOS conditions. The results of this study were finally compared to the stability of 

previous freeOPV designs. Depending of the infrastructure available two to five modules were 

tested for each ISOS tests (D-2, D-3, L-2, L-3, O-1, O-2).  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 5.16 – Degradation curves AgNW modules during (a) dark tests, (b) l ight tests and (c) 
outdoor tests. Init ial performances AgNW modules (d). Data extracted from reference 27. 

	
5.3.1. Lifetime studies 
The initial efficiencies of both types of AgNW modules are given in Fig 5.16 d. The higher 

efficiency of modules with the PEDOT:PSS/Ag grid back electrode is due to the higher 

conductivity of this electrode compared to a single layer of PEDOT:PSS.24  

T80

D-2 PEDOT
D-2 PEDOT/Ag
D-3 PEDOT
D-3 PEDOT/AgN

or
m

al
iz

ed
 P

C
E

 (%
)

0

0.5

1.0

Time (days)
0 50 100 150

(a) Dark
L-2 PEDOT
L-2 PEDOT/Ag
L-3 PEDOT
L-3 PEDOT/Ag

N
or

m
al

iz
ed

 P
C

E
 (%

)

0

0.5

1.0

Time (days)
0 50 100 150 200 250

(b) Light

O-1 PEDOT
O-1 PEDOT/Ag
O-2 PEDOT
O-2 PEDOT/AgN

or
m

al
iz

ed
 P

C
E

 (%
)

0

0.5

1.0

Time (days)
0 100 200 300

(c) Outdoor

N
um

be
r M

od
ul

es

0

2

4

6

8

PCE (%)
0.5 1.0 1.5 2.0 2.5

(d) Initial Efficiency



5.3. Silver Nanowire based freeOPV 

Operational stability of large scale OPV modules: interfaces, materials selection and stack design 

118 

 Dark tests 
In ISOS-D-2, the modules are expected to remain stable for months or even years. After 80 
days of testing both module types are still above 80 % of their initial efficiency (Fig 5.16 a). T80 

is estimated by linear interpolation to be around 200 days for both module types. Under ISOS-
D-3 conditions the modules degraded fast to below 20 % of their starting efficiency in a few 

days (Fig 5.16 a). After a couple weeks both module types were inoperative. The degradation 
is linked to diffusion of humidity through the edges of the module and the button contacts.28 
Modules with only PEDOT:PSS as back electrode were slightly more stable. This is ascribed 
to the fact that in humid environment the PEDOT:PSS sees its acidity rise which would speed 

up corrosion of the Ag grid.18  
 

 Light tests  
The two tests (ISOS-L-2 and L-3) confirmed that humidity is the main cause for degradation of 
the studied OPV modules. Under ISOS-L-2 the humidity is low due to the heat diffused by the 
strong 1 sun simulator. In that test the AgNW freeOPV modules were extremely stable (Fig 5.16 
b). After 6 month under continuous light exposure the modules with a single PEDOT:PSS layer 
as back electrode retained 30% of their initial efficiency. For the other modules with 
PEDOT:PSS/Ag a back electrode, the sintering of the AgNW network yields an increase in 
performances for the first 40 days.26  These modules still performed at 60 % of their starting 
efficiency after 6 months. This is an impressive result as most cells and modules tested under 
ISOS-L-2 decay in hours.3 However, under ISOS-L-3 conditions, the modules degraded faster 
due to the high humidity (Fig 5.16 b). The back PEDOT:PSS modules degraded linearly to 0% 

in 50 days. The other modules with Ag grid decayed by only 50 % after 100 days in the ISOS-
L-3 chamber. This is a surprising result because usually modules decay as fast or faster under 
ISOS-L-3 than under ISOS-D-3 conditions.3 The improved stability is attributed to the sintering 
of the AgNW electrode and to the back Ag grid compensating for PEDOT:PSS decreased 

conductivity. 
 
 Outdoor tests  
The outdoor tests were conducted for a one year period starting July 2014. The number of 

channels available for the acquisition system was limited so only two modules of each type 
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were tested. For comparison the data from the ISOS-O-2 test was normalized to 1000 W/m2. 

The results from both tests are in agreement as expected (Fig 5.16 c). The modules were stable 

for about 5 months and then started to decay. After a year outdoor, all modules are still above 

30% of their initial efficiency.  

 

5.3.2. freeOPV generations comparison   
	
 

 

 

 

 

 

 

 

 

 

Fig 5.17 – Degradation parameters for f irst generation and AgNw freeOPV. Data from 27. 

 

The lifetime results obtained for AgNW freeOPV modules are compared with the ones of the 

first generation freeOPV.5,6 The main difference being the front electrode. The first generation 

has the following electrode: Ag grid/PEDOT:PSS/ZnO compared to just one layer (AgNW:ZnO) 

for the AgNW modules. The usual degradation parameters are T80, TS, TS80, but here many of 

the degradation curves do not stabilize. So TS80 was therefore replaced by T50, the time it takes 

to reach 50 % of the initial efficiency (Fig 5.17 b). As expected, all modules are stable under 

ISOS-D-2 conditions, so the final time (TF) was plotted instead of T80 and T50 (Fig 5.17 a&b). 

The estimated T80 values are about 200 days or more. For ISOS-D-3, there is not much 

difference between the three type of modules (Fig 5.17). The fast decay is attributed to diffusion 

from the edges and the contacts.28 The packaging is identical for all modules which explains 

the similar degradation timescale. The stabilities of both types of AgNW modules are 

significantly higher compared to the first generation freeOPV during ISOS-L-2. T80 is about one 
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day for the first generation modules but ranges from weeks for AgNW modules with back 

PEDOT:PSS electrode to months for the AgNW modules with a Ag grid back electrode (Fig 
5.17 a). Similarly, T50 is one order of magnitude higher for AgNW modules compare to first 
generation modules (Fig 5.17 b). Under ISOS-L-3 condition, the stability of AgNW modules is 
also better (Fig 5.17). Especially for the Ag grid back electrode modules which have a T50 

around 100 days (Fig 5.17 b). Finally, for the outdoor test ISOS-O-1, the same increase in 
stability for the AgNW modules is seen (Fig 5.17) for both T80 and T50. Even though all modules 

were tested outdoor following the ISOS-O-1 parameters, the first generation freeOPV modules 

were not tested at the same time than the AgNW modules. Because of the disparity in the 
weather conditions one would expect differences in the degradation factors ref. However both 
tests were started at the same time of the year (July 2013 for first generation modules and July 

2014 for AgNW modules) which limits the difference in temperatures and precipitations. Finally 
the difference in T80 and T50 (one order of magnitude) is sufficient to conclude that AgNW are 
much more stable. 
 

5.3.3. Conclusion 

The implement of the AgNW/ZnO hybrid layer for front electrode in the design of freeOPV 
modules yielded a significant improvement in stability. Especially outdoor, where the 

degradation factors indicate a lifetime increased by one order of magnitude. The longer lifetime 
is attributed to the removal of the PEDOT:PSS layer in the front electrode as well as the sintering 
of the AgNW network under light. For the back electrode, as long as the PEDOT:PSS is kept, 

a top Ag grid is necessary to maintain the conductivity of the electrode during operation. 
 

5.4. High efficiency low band gap polymer‡ 
P3HT is by far the most common donor material used to make OPV.29 It is available in large 
quantities and easy to coat/print but the maximum efficiency is limited to 4-5 % for small scale 
devices and 2-3 % for R2R devices.29,30 To be successfully commercialized OPV modules need 

higher efficiency.4 This is why all recent developments in high efficiency low band gap polymers 
are critical.31,32 From the work presented in this chapter, it is clear that PEDOT:PSS is lowering 

																																																								
‡	Section	based	on	reference	34.	
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the operational stability of OPV modules noticeably when prepared with P3HT especially 

outdoor. But does it has the same impact on modules manufactured with low band gap 
materials?  
One example of such low band gap polymer is PBDTTTz-4 (Fig 5.18). PBDTTTz-4 was recently 
reported by Carlé et al. to keep its efficiency when used in large scale roll-coated ITO-free OPV 

modules.33  
 

 

 
 
 
Fig 5.18 – chemical structure PBDTTTz-4 

 
The initial efficiency of PBDTTTz-4 modules is higher than for P3HT but their lifetime is much 
lower (Table 5.5). At the current level of stability, P3HT is still the best option for large scale 

module. To benefit fully from the higher efficiency of PBDTTTz-4, the stability of modules 
prepared with it needs to be extended. The hope is that electrode substitution will extend the 
lifetime for PBDTTTz-4 modules like it did for P3HT modules. Three type of PBDTTTz-4 
modules were manufactured (Fig 5.19) with the exact same architectures than before except 
that P3HT was swapped for PBDTTTz-4 in carbon electrodes modules (Fig 5.5 right) and in 
AgNW modules with or without Ag grid as back electrode (Fig 5.15). No first generation 
freeOPV were manufactured with PBDTTTz-4 but when first reported, mini roll coated modules 
(8 cm2) with the same architecture were studied. 33  The different architectures and their initial 
performances are given in Table 5.5. 
The comparison of the data from the previous report on PBDTTTz-4 with the data acquired 

during this study (Table 5.5), shows that there is only a small drop in performances when 
upscaling PBDTTTz-4 modules from 8 to 30 and 57 cm2.33 The apparent lower efficiency of 
AgNW modules is attributed to the challenging coating of the active layer (PBDTTTz-4:PCBM) 

on top of the hybrid AgNW/ZnO layer. Once again the AgNW modules with only PEDOT:PSS 
as back electrode underperform the ones with PEDOT:PSS/Ag grid because of the lower 
conductivity of the back electrode. The PBDTTTz-4 modules were studied under ISOS 
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conditions like for P3HT in dark (ISOS-D-2, ISOS-D-3), in light (ISOS-L-2, ISOS-L-3) and 

outdoor (ISOS-O-1 ISOS-O-2). 
 

 

 

 
 

 

 
 

 
 
 

 
Fig 5.19 – Picture of the three PBDTTTz-4 freeOPV modules: carbon electrode ( left), 
AgNW modules with PEDOT:PSS back electrode (middle) and with PEDOT:PSS back 
electrode (r ight). reprinted with permission from reference 34. 

 
 
Table 5.5 –PBDTTTz-4 modules architecture and their init ial performances. 

 
1st Generation 

FreeOPVa 
Carbon 

FreeOPV 
AgNW – back 
PEDOT:PSS 

AgNW – back 
AG grid 

Mini roll 
coater Ag 

gridb 

Front electrode Flextrode PEDOT:PSS/
ZnO AgNW/ZnO AgNW/ZnO Flextrode 

Active layer P3HT:PCBM PBDTTTz-
4:PCBM PBDTTTz-4:PCBM PBDTTTz-

4:PCBM 
PBDTTTz-
4:PCBM 

Back electrode PEDOT:PSS/Ag 
grid 

PEDOT:PSS/
carbon PEDOT:PSS PEDOT:PSS/AG 

grid 
PEDOT:PSS/Ag 

grid 
Active area (cm2) 57 30 57 57 8 
Voc (V) 4,1 ± 0,3 12,54 ± 0,08 4,89 ± 0,14 6,3 ± 0,3 3,22 ± 0,03 
Isc (mA) 40 ± 2 16,4 ± 0,5 37,8 ± 1,6 41 ± 2,2 14,4  ± 0,8 
FF (%) 60 ± 4 45 ± 1 31 ± 1,5 42 ± 3,2 50,4  ± 1,45 
PCE (%) 1,75 ± 0,06 3,07 ± 0,06 1,01 ± 0,06 1,9 ± 0,2 2,9  ± 0,2 

a data extracted with permission from 6. 
b data extracted with permission from 33. 
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5.4.1. Lifetime studies 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 5.20 – Degradation curves and parameters: (top) AgNW modules with PEDOT:PSS 
back electrode, (middle) AgNW modules with PEDOT:PSS/Ag grid back electrode, (bottom) 
Carbon modules. Reprinted with permission from 34. 
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 Dark tests 
As expected, under ISOS-D-2 all architectures are stable because of the absence of significant 
degradation factors. After 3 months, all three module types were above 80% (Fig 5.20) of their 

initial efficiency. However, the carbon modules degraded linearly to about 70 % of their initial 
efficiency after 6 months. The AgNW modules did not degrade and retained 100 % of 

performances during four months of testing. The introduction of humidity in ISOS-D-3 causes 
fast degradation like for P3HT modules. Surprisingly the carbon modules with two layers of 
PEDOT:PSS performed better than AgNW modules with a single layer of PEDOT:PSS. The 
AgNW modules have a T80 of 1 day (Fig 5.20) and were fully degraded in 2 weeks of testing.  

The carbon modules fared better at the beginning with a T80 of 3 days (Fig 5.20) but were as 
well fully degraded after 2 weeks. 

 

 Light tests 
During ISOS-L-2, the carbon modules were the least stable (Fig 5.20). They degraded by 20% 
in one week and the degradation continued with no sign of stabilization. After 10 days the 
carbon modules performances are below 20% of their initial performances. Even though, the 
AgNW degraded as fast as the carbon modules, they later stabilized around 50 % of their initial 
efficiency and remained stable for three months. Actually their performances even started going 
up for a while (Fig 5.20). This effect is attributed to the sintering of the AgNW network.26 In the 
later stages of the test, the AgNW modules with PEDOT:PSS back electrode started to slowly 
decrease but the ones with PEDOT:PSS/Ag grid  were stable until the end of the test.  
During the other light test, ISOS-L-3, there was a large difference in degradation between the 

three types of modules (Fig 5.20). The carbon modules degraded the fastest. They reached T80 
in a few hours and were fully degraded in two weeks. Next, the AgNW modules with only 
PEDOT:PSS as back electrode degraded to T80 in one day and then all the way in 6 weeks. 
Finally the AgNW modules with the PEDOT:PSS/Ag grid back electrode were the most stable 

with a T80 of 10 days. Even more, they were still above 50 % of performances after three 
months. 
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 Outdoor tests 
No carbon modules were tested under ISOS-O-2 because no channel was available for 
monitoring. For the AgNW modules, the degradation curves match for ISOS-O-1 and ISOS-O-

2 as expected (Fig 5.20). Both tests were run from July 11th 2014. During ISOS-O-1, the carbon 
modules degraded at the same rate as AgNW modules (similar T80) but never stabilized 

compared to the AgNW modules (TS80 is one order of magnitude lower for carbon modules). 
After 3 months outside, the carbon modules had degraded to 30 % of their initial performance. 
On the other hand, both AgNW module types stabilized around 60 % of their initial 
performances for six months (Fig 5.20) before degrading slowly. 

 

5.4.2. Bubble degradation 

During the light tests, the high temperature generated a new degradation mechanism 
regardless of the active material (P3HT or PBDTTTz-4). For ISOS-L-3, only the AgNW modules 
with a Ag grid in the back and the carbon modules presented this degradation. However during 
ISOS-L-2 the AgNW modules with PEDOT:PSS as back electrode presented the same 
degradation as well. After some time, bubbles appeared inside the modules (Fig 5.21 left). 
Contrary to the bubbles reported in the first study of this chapter, these bubbles do not come 
from the barrier foil but are inside the solar cell stack. The hypothesis is that these bubbles are 
due to trapped gas in the porous layers of the solar cell. For example, Dam et al. reported on 
the Ag electrode which has a 60% porosity in its volume.35 The carbon electrode is expected 
to have a similar porosity. Finally, in the case where there is neither silver nor carbon electrode, 

the bubbles are linked to trapped gas during encapsulation of the solar cells. When the trapped 

gas expands upon exposure to elevated temperature, it creates delamination of the solar cell 
stack. The LBIC picture in Fig 5.21 right shows the absence of contact where the bubbles are 

present. Preventing this phenomenon would extend the lifetime of the modules under high 
temperature tests (ISOS-L-2 and L-3). However, this degradation mechanism was not 
observed during the outdoor tests, meaning that this degradation might not matter much for 
“real life” applications. 



5.5. Summary & Outlook 

Operational stability of large scale OPV modules: interfaces, materials selection and stack design 

126 

 

 
 
 
 

 
 

 
Fig 5.21 – Picture of a AgNW module with PEDOT:PSS/Ag grid back electrode after ISOS-
L-3 testing ( left). LBIC image of the same module showing delamination where the bubbles 
appeared (r ight). Reprinted with permission from reference 34. 

 

5.4.3. Conclusion 
Similarly as for P3HT modules, the stability of the PBDTTTz-4 modules under both indoor and 
outdoor tests, was improved when the front PEDOT:PSS was removed. With the exception of 
the ISOS-D-3 test where the carbon modules with two layers of PEDOT:PSS were more stable. 
The reasons for the higher stability of carbon modules in these conditions require further study. 
Even though the stability of the PBDTTTz-4 modules is improved by removing the front 
PEDOT:PSS layer, one major issue remains: the stability of these modules is still than for P3HT 
modules. This means that there is a need to develop a module architecture optimized for 
PBDTTTz-4 to fully take advantage of the higher initial efficiency. 

 

5.5. Summary & Outlook 
The importance of conducting lifetime studies of large scale modules has been demonstrated. 

Each component of the OPV stack needs to be carefully selected and tailored to ensure long 
term stability. The use of PEDOT:PSS as charge selective layer is inhibiting lifetimes in the multi 
years range. The removal of PEDOT:PSS as electron transport layer with a hybrid AgNW/ZnO 
electrode successfully increased the stability of modules by one order of magnitude. The 

natural next step is to replace PEDOT:PSS as hole transport layer. Many alternative materials 
to PEDOT:PSS have been reported (V2O5, MoOx, WO3, NiO….).36–40 A recent study by Lima et 
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al., showed that roll coated ITO free cells with V2O5 instead of PEDOT:PSS were two times 

more stable outdoor (ISOS-O-2).40 
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Conclusion 
 
 
All along the work presented in this thesis, the complexity of OPV degradation is apparent. 

Despite the many scientific reports on the subject, the multiple factors and mechanisms of 
degradation are still not fully apprehended. The meta-analysis of hundreds of reports on OPV 

stability presented in chapter 3 had as ambition to acquire a better understanding of the field. 
This analysis yielded some meaningful trends. The stability of the photoactive layer is less 
critical when the final devices is encapsulated. This observation was confirmed during the 
study of CN-P3HT. Even thought the photochemical stability of P3HT is improved by 
incorporation of cyano group in the polymer backbone, cells with pristine P3HT are still more 
stable.   
Another observation from the meta-analysis is the detrimental effect of PEDOT:PSS on long-
term stability of OPV cells.  Lifetime studies of freeOPV modules showed that even the 
formulation of the PEDOT:PSS, in this case the high boiling additives, can have a significant 
impact on stability. Replacing DMSO by ethylene glycol could extend the lifetime outdoor of 
OPV modules by a few years. A first step to replace PEDOT:PSS was made by using a new 
transparent electrode made of a single hybrid AgNW/ZnO to manufacture freeOPV modules 
without PEDOT:PSS as electron transport layer. The lifetime of these modules outdoor was 
extended 10 fold confirming that replacing PEDOT:PSS is necessary for long-term stability.  
The next step to continue the lifetime studies presented in this thesis would be to replace the 

PEDOT:PSS as hole transport layer. Many alternative materials have already been used to 

prepare small lab scale cells (V2O5, MoOx, WO3, NiO….). 
Most of the large scale modules studied for the work presented in this thesis were prepared 
with P3HT as donor material which efficiency is limited to 3%. Replacing P3HT by the high 
efficiency polymer PBDTTTz-4 did not yield the expected results. The freeOPV modules with 

PBDTTTz-4 had an efficiency around 2% (compared to 3.4% for small scale devices) and 
were less stable than P3HT modules.  

This perfectly illustrates the extreme difficulty to find and develop high efficiency polymers 
compatible with large scale OPV modules prepared by roll-to-roll (R2R). To undertake this 
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challenge a library of 104 low band-gap polymer was screened toward their suitability for 

R2R manufacturing. Thirteen polymers were found to outperform P3HT and should be further 
developed for R2R OPV modules.   
Finally, the thermomechanical stability of the same library of low band gap polymers was 
studied. Most polymers were found to have a stiffness equivalent to P3HT but suffered from 

a brittle behavior. During the study two trends were identified. Fused rings in the backbone of 
the polymers tend to increase the stiffness and lower the ductility of the pristine polymer films. 

Long and branched side-chains in the molecular structure have the opposite effect. They 

improve the ductility and lower the stiffness of the material. A merit factor was suggested to 
identify polymers combining high electrical performances and good mechanical properties. 
The hope behind this study was to lay the ground work for a better understanding and how 

the molecular structure of one polymer determines its thermomechanical behavior and to 
generate interest in computational and microstructure studies to link molecular structure and 
mechanical performances. Future work in this field could provide a deeper understanding of 
the relationship between mechanical and electronic properties which would speed up the 
development of promising polymers for large scale R2R manufacturing. 
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7.1 Introduction

The need for electronics that can be processed at low cost and very high speeds has
created the potential for new technologies based on organic materials to emerge, as
they can be developed using solution processing. Organic photovoltaics (OPVs),
organic thin film transistors (OTFTs), organic light-emitting diodes (OLEDs) and
electrochromic devices (ECs) are all examples of such technologies. Most of them
have now reached a maturity stage at the laboratory level, where upscaling and faster
processing becomes the next development phase. In that context, roll-to-roll (R2R)
processing on flexible substrates has always been the final goal for such upscaling,
as it represents the ultimate combination of fast processing and cheap substrates.
So far, only a few examples of actual transfer to R2R processing have been carried
out, and this chapter aims at introducing some of the different R2R printing and
coating techniques that have so far been employed for the preparation of organic
electronics.

Going from small glass substrates to large-area R2R processing is not as straight-
forward as one would think. Some of the most common techniques used in the prep-
aration of organic electronics on a laboratory scale, such as spin-coating and metal
evaporation, are not compatible with high-throughput R2R production. R2R metal
evaporation can be carried out in principle, but it requires a vacuum, which is
time-consuming and comes with a high cost that does not comply with the philoso-
phy of low-cost technologies. Consequently, silver is presently the only real candi-
date for metal electrode deposition by R2R, as silver inks are uniquely available
commercially in forms that can be both coated and printed. Another issue that needs
consideration in the long term upscaling process is the environmental impact of pro-
duction of large volumes. In that respect the solvents generally used for processing of
small-scale electronics constitutes a serious problem in the transfer, as they are
generally toxic, carcinogenic or otherwise harmful. It is of course possible to perform
R2R processing from such solvents. However, when envisaging for example the
OPV technology in relation to energy production and the sheer volumes of solvents
needed for such, it is evident that only water or other benign solvents can be used.
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Doing otherwise will simply be too expensive if precautions has to be taken towards
ensuring a healthy working environment and avoiding damage to the surrounding
ecosystems.

Such changes in processing methods, materials and processing solvents evidently
have their consequences and transfer to large area basically requires re-optimization
of every parameter taken into account in preparation of a device e parameters that
took years to refine in the laboratory. Compared to small-scale devices, little focus
has been put on actual large-scale processing of organic electronics, and experience
with, and understanding of, R2R processing in this context is limited to very few
people e especially when processing at high speeds. A clear indication of the difficulty
of such a transfer is observed from the current status of large-area OPV technology,
probably the most mature of the technologies mentioned in this chapter with respect
to R2R progress: among all the high-performing low-band-gap polymers that have
proven their worth in small-scale devices, only a tiny fraction have outperformed the
old P3HT polymer when it comes to larger areas - but it is not for lack of trying.

Because organic electronics can be processed from solution, there are a number of
existing R2R methods suitable for processing them on a larger scale. Roughly two
kinds of deposition methods have proven useful in the preparation of organic elec-
tronics, noncontact coating techniques and contact printing techniques (except for
ink-jet printing). Printing allows two-dimensional patterning, whereas coating at
best allows for one-dimensional patterning and is mostly used for layer deposition
over large areas.

The following chapter is a nonexhaustive review of roll-to-roll deposition tech-
niques that are of interest for high-throughput, cheap preparation of flexible elec-
tronics. The chapter will also include references to R2R-compatible reports on
organic electronics in order to broaden the perspective.

7.2 Printing techniques

Roll-to-roll printing techniques are all contact methods, with the exception of ink-jet
printing where the name may be misleading, as it is not a ‘true’ printing technique.
Generally, printing techniques involve a pattern transfer from a solid carrier onto a sub-
strate by physical contact resulting in a two-dimensional motif.

7.2.1 Screen printing

In screen printing the ink is pushed through the open area of an otherwise solid mesh
with the help of a squeegee. high-viscosity inks with thixotropic (shear thinning) prop-
erties are required for this kind of printing, as low-viscosity inks will simply run
through the screen by gravity. The printed pattern is defined by the screen’s open
area and thickness as well as ink viscosity. The wet-layer thickness is therefore usually
high (10e500 mm). Two existing screen-printing methods are suitable for R2R: flatbed
screen printing and rotary screen printing. Illustrations of the two techniques are shown
in Figure 7.1 and Figure 7.2.
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Albeit flatbed screen printing is a stepwise process, it has been successfully adapted
to R2R. First, the mesh is pressed into contact with the web. Then a squeegee is swept
across the screen, forcing the ink through the mesh’s open area and transferring the
printing pattern on to the substrate. Finally, the screen is raised and the web is moved
forwarde and so on. This method allows the printing on large areas up to 10 m2. How-
ever, the ink is left in contact with the ambient and factors such as solvent evaporation
can affect the printing process.

In the case of rotary screen printing, the screen is bent into a cylinder shape. This
cylinder is rotating at the same rate as the web, making rotary screen printing a fully
R2R process that allows speeds over 100 m/min opposed to 0e35 m/min for flatbed
screen printing. The ink is situated inside the cylinder and is therefore less exposed
to the surroundings. The squeegee (also inside the screen) is placed in a stationary

Printed pattern

Screen

Squeegee

Flat bed screen printing

Ink

Figure 7.1 Illustration of the flatbed screen-printing principle.

Squeege

Screen

Rotary screen printing

Printed pattern

Ink

Figure 7.2 Illustration of the rotary screen-printing principle.
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position and forces the ink through the mesh as the screen rotates, resulting in a contin-
uous printing of the pattern at each cylinder rotation.

Although rotary screen printing gives better edge definition/resolution, the screen is
significantly more expensive than the flatbed analogue and more difficult to clean
because of its limited access. Setting up and starting a multilayer screen print process
is also more challenging in the rotary case, but more reliable once running, making
rotary screen printing more suitable for large-scale processes. Flatbed screen printing,
on the other hand, is the go-to technique for small-scale lab experiments.

For OPVs, screen printing has so far mainly been used to print electrodes (Amb et al.,
2012; Angmo, H€osel, & Krebs, 2012; Bundgaard, Hagemann, Manceau, Jørgensen, &
Krebs, 2010; Dam&Krebs, 2012; Galagan, Rubingh, et al., 2011; Helgesen et al., 2012;
Krebs, Fyenbo, & Jørgensen, 2010; Krebs et al., 2011; Krebs, Gevorgyan, & Alstrup,
2009; Krebs, Tromholt, & Jørgensen, 2010; Manceau, Angmo, Jørgensen, & Krebs,
2011; Yu et al., 2012) because it gives a thick silver layer ensuring high conductivity
(Figure 7.3 shows an example of flatbed-screen-printed silver back electrodes). Some
cases where PEDOT:PSS (Espinosa et al., 2013; H€osel, Søndergaard, Jørgensen, &
Krebs, 2013; Krebs, 2009; Krebs, Jørgensen, et al., 2009; Sommer-Larsen, Jørgensen,
Søndergaard, H€osel, & Krebs, 2013) (see rotary screen printing of PEDOT:PSS in
Figure 7.4) and/or the active layer (Krebs, Jørgensen, et al., 2009; Zhang, Chae, &
Cho, 2009) were printed using screen printing, have also been reported.

Screen printing has also been used to print electrodes for OLEDs and OTFTs. Ryu
et al. have prepared an active matrix organic light-emitting diode (AMOLED) using
screen printing (Ryu, Kim, Jeong, & Song, 2013). In the AMOLED, they prepared
the OTFT’s silver gate electrodes, as well as the scan bus lines of the panel, by screen
printing silver nanoparticle ink on the full surface of the device followed by photo-
lithography and etching to obtain the desired pattern.

The technology has also been used to print the emitting layer in OLEDs. Lee et al.
screen-printed a green-emitting layer (Lee, Choi, Chae, Chung, & Cho, 2008) based on

Figure 7.3 Flatbed screen-
printing of silver top electrodes:
The squeegee is sweeping
across the screen. The printed
electrodes can be observed in
the lower left part of the picture.
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Ir(ppy)3 (a widely used green emitter) mixed with poly(N-vinyl carbazole) (PVK) as
polymer host, 2-(4-biphenylyl)-5-(4-tert-butylphenyl)-1,3,4-oxadiazole (PBD) as
electron-transporting materials and N,N-Di(naphthalene-1-yl)-N,N-diphenyl-benzidine
(a-NPD) as hole-transporting material. The screen-printed layers on indium tin oxide
(ITO) glass substrate are shown in Figure 7.5.

Finally, Verilhac et al. have screen-printed a polytriarylamine as the P-channel
semiconductor of OTFTs (Verilhac et al., 2010).

7.2.2 Flexoprinting

In flexoprinting, the contact and transfer of the ink is made between a soft printing-
plate cylinder and the substrate. The cylinder is usually made of rubber or a photo-
polymer, where the printing pattern stands in relief like a stamp (an example of a

Figure 7.4 Rotary screen-
printing of PEDOT:PSS, the
printing pattern is visible on the
screen (top of the picture).

Figure 7.5 Photograph showing the
screen-printed green-emissive layer
(the bright square e colours are not
shown) on patterned ITO substrate for
OLED preparation.
Reproduced from Lee et al. (2008) with
the permission from Elsevier.
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patterned printing plate cylinder can be seen in the upper part of the picture in
Figure 7.6). The cylinder shape ensures R2R compatibility. A ceramic anilox cylinder
provides the inking of the printing cylinder through micro cavities embedded in its sur-
face. The printed-layer thickness is directly linked to the volume of the cavities in the
anilox roll in a process where ink is transferred through simple surface tension forces
when the printing plate and the anilox are touching. The anilox cylinder itself is often
supplied with ink by a fountain roller partially dipped in an ink bath. A doctor blade is
used to doff off any excess ink on the anilox roll ensuring that only the cavities are
filled with ink. It is also possible to use a chambered-doctor-blade system to avoid sol-
vent evaporation. The process is illustrated in Figure 7.7.

Flexoprinting is quite new to the field of organic electronics, and only a few exam-
ples have been reported (H€ubler et al., 2011; Krebs, Fyenbo, et al., 2010; Søndergaard,
H€osel, Jørgensen, & Krebs, 2013; Yu et al., 2012). Søndergaard et al. have made
ITO-free ECs by using flexoprinting to print a hexagonal silver grid on a flexible

Figure 7.6 The printing cylinder with the relief carrying the ink (in this case a silver paste)
during printing. The final printed pattern on the web can be observed in the bottom part of the
picture.

Flexoprinting

Printing plate cylinder
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Figure 7.7 Illustration of the flexoprinting principle.
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substrate (Søndergaard et al., 2013) and flexoprinted fine silver grids (<50 mm) has also
proven suitable for replacement of ITO in OPVs (Yu et al., 2012). For OPVs, flexo-
printing has furthermore been used to print PEDOT:PSS (H€ubler et al., 2011) as well
as to deposit a wetting agent on the active layer (Krebs, Fyenbo, et al., 2010) and for
OTFTs it has been used to print an insulator and the gates (Huebler et al., 2007).

7.2.3 Gravure printing

Gravure printing is a widely used processing method often used to print large volumes
of magazines and catalogues. Opposed to flexoprinting, the ink in gravure printing is
transferred from carved micro cavities and not from a relief. These cavities, embedded
in the printing cylinder, form the printing pattern. A second softer impression cylinder
pushes the web against the primary printing cylinder and the ink is transferred from the
cavities to the web through matching surface energies of the ink and substrate. The
printing cylinder is partially immersed in an ink bath and similar to the anilox in flexo-
printing a doctor blade is used to remove any excess ink from the printing cylinder
leaving ink only in the cavities (operating principle is shown in Figure 7.8). As for
flexoprinting it is also possible to use a chambered doctor blade. Gravure printing is
highly dependent of ink viscosity, substrate speeds as well as the pressure applied
by the impression roller and great care is therefore required in the choosing of process-
ing conditions and ink formulation. However, the process is suitable for low-viscosity
ink and high printing rates up to 15 m/s can be achieved.

Gravure printing has been used on several occasions to prepare OTFTs. Hambsch
et al. printed 50.000 transistors using only gravure printing with a yield of 75%
(Hambsch et al., 2010). Other reports include printing of the semiconductor layer of
OTFTs (Huebler et al., 2007; Verilhac et al., 2010; Voigt et al., 2010; Vornbrock,
Sung, Kang, Kitsomboonloha, & Subramanian, 2010), as well as silver gate electrodes
(Voigt et al., 2010; Vornbrock et al., 2010) and insulators (Huebler et al., 2007; Voigt
et al., 2010; Vornbrock et al., 2010). Use of gravure printing for OLEDs was also re-
ported recently by Kopola, Tuomikoski, Suhonen, and Maaninen (2009) who prepared
30 cm2 OLEDs on glass substrates using gravure to process both PEDOT:PSS and a

Gravure printing

Impression cylinder Printed pattern

Doctor blade

Gravure cylinder

Ink bath

Figure 7.8 Illustration of the gravure-printing principle.
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blue-emitting layer. In the final device (see Figure 7.9), these were sandwiched be-
tween ITO and a metallic cathode.

Until now, only a few cases employing gravure printing to prepare OPVs have been
reported. Kopola et al. have on two occasions used gravure printing to prepare regular
architecture devices. A desktop gravure printability tester (single sheets, not R2R) was
used to deposit PEDOT:PSS and P3HT:PCBM for single cells (PCE: 2.8%, 0.19 cm2)
(Kopola et al., 2010) and the same printer was used for processing small modules of
five cells in series (PCE: 1.9%, 9.6 cm2) (Kopola et al., 2011). Other noteworthy ex-
amples are the printing of an OPV on paper reported by H€ubler et al. (2011) and the use
of an industrial gravure printer for OPV preparation by Yang et al. (2013). In the latter
case, the top silver electrode was evaporated, whereas the hole-transporting layer
(PEDOT:PSS), the electron-transporting layer (ZnO) and the active layer (P3HT:
PCBM) were all printed with the gravure printer using ITO-coated polyethylene tere-
phthalate (PET) as substrate. The modules composed of five cells in series (45 cm2)
yielded a PCE in the range 0.22e0.86%.

7.2.4 Ink-jet printing

As stated previously, contrary to traditional printing techniques, ink-jet printing does
not transfer the printing pattern through contact. Ink-jet printing is a fully digital
nonimpact method. The two-dimensional pattern is based on a pixelated drawing
where each pixel is either left blank or receives an ink drop, and in special cases it
is possible to work in 3D by printing multiple layers.

Ink-jet printing is advantageous because it is easy to change the printing pattern by
computer, and no physical adjustment of the printing apparatus is required. Further-
more, as it is a noncontact technique it can be used to print on sensitive substrates
or 3D structures. The main drawback lies within the ink formulation (density, surface
tension, viscosity, boiling point, etc.), which needs to be adjusted to fit a number of
parameters including nozzle size, printing surface and materials e such parameters
make it more difficult to formulate an ink with only benign solvents. However, Lange,
Schindler, Wegener, Fostiropoulos, and Janietz (2013) used ink jets to print a blend of

Figure 7.9 Gravure-printed large-area OLED (active area 30 cm2) with two printed organic
layers (PEDOT and a blue-emitting layer e colour does not show).
Reproduced from Kopola et al. (2009) with the permission from Elsevier.
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poly[9,9-dioctylfluorenyl-2,7-dyil-co-10,12-bis(thiophen-2-y)-3,6-dioxooctyl-11-
thia-9,13-diaza-cyclopenta[b]triphenylene] (PFDTBTP) and PCBM as active layer in
a solar cell using only nonchlorinated solvents.

Two kinds of ink-jet printing are commonly used: drop-on-demand and continuous.
In continuous ink-jet printing, a continuous jet of droplets is formed and is then

electrostatically deviated to print on the desired pixels. Because only one nozzle is
required, this type of ink-jet printing is very fast. However, the printing area is limited.

Three types of drop-on-demand ink-jet printing are generally available: piezoelec-
tric, thermal and electrostatic. Piezoelectric ink-jet printing (illustrated in Figure 7.10)
is the most commonly used, as it is suitable for the printing of most materials. A piezo-
electric element is placed in the channel on top of the nozzle, and when a voltage is
applied to this element it expands and ejects a droplet through the nozzle. Thermal
ink-jet printing requires one of the ink compounds to have a low boiling point and
the ejection of a droplet is carried out by momentarily heating the ink inside the nozzle.
For electrostatic ink-jet printing, an electrostatic field is applied between the nozzle and
an electrode drawing the free charges contained in the ink to the surface. Droplets are
formed when the electrostatic forces exceed the surface tension. In order to comply
with this technology the ink needs to be charged.

Commercially available ink-jet printers allow resolutions up to 600 DPI and speeds
up to 75 m/min.

Ink-jet printing of silver gates and source/drain in OTFTs has been reported on
several occasions (Chung, Kim, Kwon, Lee, & Hong, 2011; Lee, Lim, Park, Kim, &
Kim, 2013; Tobj€ork, Kaihovirta, M€akel€a, Pettersson, & €Osterbacka, 2008;
Vornbrock et al., 2010), as has the printing of PEDOT:PSS as gate (Tobj€ork et al.,
2008). Chung et al. (2011) have shown that ink-jet printing is a promising technology

Ink-jet printing

Ink supply

Piezoelectric element

Printed pattern

Figure 7.10 Schematic illustration of piezo-based drop-on-demand ink-jet printing.
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for OTFT preparation, by making a fully ink-jet-printed inverter on a flexible polyarylate
substrate. This inverter is made of two p-type OTFTs with silver gate, source/drain elec-
trodes, poly-4-vinylphenol (PVP) as gate-dielectric layer and 6,13-bis (triisopropylsily-
lethynyl) (TIPS) pentacene as active semiconductor layer. The OTFTs yielded a mobility
of 10.02 cm2/(V$s), an on/off ratio of 104 and a threshold voltage of !1.2 V.

For OPVs, ink-jet printing has mostly been used to prepare small-scale devices on
glass (0.03e1 cm2) as well as to deposit PEDOT:PSS (Eom et al., 2009), P3HT:
PCBM (Aernouts, Aleksandrov, Girotto, Genoe, & Poortmans, 2008; Hoth, Choulis,
Schilinsky, & Brabec, 2007; Hoth, Schilinsky, Choulis, & Brabec, 2008) or both
(Eom et al., 2010; Lange et al., 2010). In true R2R processing of OPVs, ink jets have
also been used to deposit patterned silver front grid lines (Yu et al., 2012) as shown
in Figure 7.11.

For OLEDs, ink jets have also been used to print the emissive layer (Kwon et al.,
2012; Teichler et al., 2013), and recently Gorter et al. (2013) prepared small-molecule
OLEDs on ITO-coated glass substrate (30" 30 mm2) using ink jets to print the emis-
sive layer (Tris-(8-hydroxyquinoline)aluminium) (Alq3)), the hole-injection layer
(PEDOT:PSS) and the hole transport layer (a-NPD).

7.2.5 Spray coating

Similar to ink-jet printing, spray coating is also a noncontact technique where the layer
is deposited through a spurt of ink droplets. However, in this case the spray is random
and there is no digital control of the deposited pattern. Spray coating is consequently
by definition a zero-dimensional coating method. Masking can be used to deposit a
two-dimensional pattern, but the edge definition is low, and recovery of the ink depos-
ited on the mask can be tricky. Another option is to use a laser after spray coating to
etch the desired pattern.

Figure 7.11 Example of a R2R ink-jet-printed silver grid.
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In most spray coating apparatus the ink is atomized with a pressurized gas such
as nitrogen (Yu et al., 2010) (this principle is illustrated in Figure 7.12), but ultra-
sonication (Steirer et al., 2009) with a directed carried gas, or electrospraying (Kim
et al., 2012), is also possible. The droplet size is related to the ink viscosity, surface
tension, density as well as the gas pressure and the nozzle shape. The droplets
kinetic energy influence how they will spread upon impact on the substrate, and
the deposited layer quality depends on numerous factors such as the length between
the nozzle and the web’s surface, coating speed, how many layers are coated, ink
and surface energy of the ink and of the substrate.

Although spray coating is a fully R2R-compatible technique, it has not been used
much because of the risk of contamination of the equipment by the ink mist. However,
small lab-scale roll coaters have been developed (Dam & Krebs, 2012) and used suc-
cessfully to spray-coat polymeric layers in ECs (Jensen, Dam, Reynolds, Dyer, &
Krebs, 2012). Several reports using spray coating for the processing of ECs with a
large range of colours can be found (Amb, Beaujuge, & Reynolds, 2010; Beaujuge
et al., 2012; Beaujuge, Ellinger, & Reynolds, 2008; Mortimer, Graham, Grenier, &
Reynolds, 2009; Reeves et al., 2004), but all are limited to small ITO-coated glass sub-
strates (Figure 7.13). The use of spray coating to prepare small-scale OPVs has been
reported for the active layer (Chen et al., 2010; Girotto, Rand, Genoe, & Heremans,
2009; Park et al., 2011), silver back electrodes (Girotto, Rand, Steudel, Genoe, &
Heremans, 2009; Hau, Yip, Leong, & Jen, 2009), hole-transport layer and active layer
(Girotto, Moia, Rand, & Heremans, 2011; Kang et al., 2012) and electron-transport,
active and hole-transport layers (Lewis, Lafalce, Toglia, & Jiang, 2011). Some of
the prepared OPVs yield similar performances to spin-coated devices, demonstrating
the potential of this technique (Kang et al., 2012). The use of spray coating for OLED
preparation is so far limited. One noticeable application was replacement of ITO as

Pressurized gas

Nozzle

Ink

Spray coating

Figure 7.12 Illustration of spray coating.
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anode in a flexible OLEDs by a double-layer graphene/PEDOT:PSS where the
PEDOT:PSS was spray coated (Wu, Li, Wu, & Guo, 2014).

7.3 Coating techniques

Coating techniques are generally noncontact techniques and are in most cases limited to
deposition of a homogenous layer following the web length. Accordingly most coating
techniques are one-dimensional. However, compared to printing techniques the layer
thickness can in most cases be tightly controlled. Coating methods are also suitable
for a broad range of viscosities and are less sensible with respect to surface wetting,
as the ink is ‘poured’ onto the substrate compared to the surface-energy-dependent trans-
fer involved in many printing techniques. Briefly, coating is achieved through a
meniscus standing between the coating head and the substrate that is continuously fed
with ink as the web moves.

7.3.1 Knife coating

Knife coating as a R2R technique is similar to doctor-blading on a laboratory scale.
The layer is deposited at a stationary knife, in front of which an ink reservoir is
continuously supplying the meniscus standing between the web and the blade, as
shown in Figure 7.14. The web movement ensures the layer deposition as it passes
the knife. The wet thickness is related to the gap size between the knife and the sub-
strate and to some extent also to the web speed. As a rule of thumb the wet thickness
is roughly half the gap size. Knife coating is suitable for deposition of homogeneous
layers on large areas and can be carried out at high speed (>10 m/min). For OPVs,
deposition of ZnO as a hole-blocking layer (Krebs, 2009), and PEDOT:PSS as an
electron-blocking layer (Hoth et al., 2009) and active layer (Wengeler, Schmidt-
Hansberg, Peters, Scharfer, & Schabel, 2011) have been reported. Knife coating
has also been used on a small scale (4! 4 cm2) to coat organic layers (hole-transport

Figure 7.13 Thin films of blue,
red, and yellow polymers
(colours do not show) ECs
spray-cast onto ITO slides
through circular shadow masks.
Reproduced from Amb,
Kerszulis, Thompson, Dyer,
and Reynolds (2011) with
permission from The Royal
Society of Chemistry.
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layer, emissive layer, electron-transport layer) in OLEDs (Chang et al., 2012). Chen
et al. developed a multilayer blade-coating method that can be used for both poly-
mers and small-molecule OLEDs (Chen et al., 2011) (see Figure 7.15).

7.3.2 Slot-die coating

In slot-die coating, the ink is pumped through a slot inside the coating head mounted
close to the web. After formation of a meniscus, which is maintained by continuous
pumping, the moving substrate leads to the deposition of a homogeneous layer along
the web (illustrated in Figure 7.16). When fitted with a meniscus guide the coating

Knife coating

Ink holder
Blade

Substrate

Figure 7.14 Illustration of Knife coating operating principle.

Figure 7.15 Large-area OLED made by the blade-only method. The active area is 2! 3 cm2.
Reproduced from Chen et al. (2011) with permission from AIP Publishing LLC.
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head allows deposition of stripes. It is possible to regulate the wet-layer thickness pre-
cisely, as this is defined directly by the pumping rate, the web speed and the width of
the coat. Slot-die coating is a powerful technique that allows for the simultaneous
deposition of tightly grouped homogeneous stripes at speeds up to 100 m/min.

Wu, Kerk, and Wong (2013) used slot-die to coat an aqueous solution of PEDOT:
PSS and silver nanowires on PET substrates, as a substitute for ITO as a transparent elec-
trode. Within ECs, slot-die coating has also been used to deposit the active-polymer
layer and the counter-polymer layer in ITO- and vacuum-free ECs (Søndergaard
et al., 2013). As for OPVs, slot-die coating is by far the most widely used R2R process-
ing technique and it has been used on numerous occasions to deposit hole-blocking
layers, active layers and electron-blocking layers (Amb et al., 2012; Angmo et al.,
2012; Blankenburg, Schultheis, Schache, Sensfuss, & Schr€odner, 2009; Bundgaard
et al., 2010; Dam & Krebs, 2012; Galagan, Vries, et al., 2011; Helgesen et al., 2012;
Krebs, 2009; Krebs, Fyenbo, et al., 2010; Krebs et al., 2011; Krebs, Gevorgyan,
et al., 2009; Krebs, Tromholt, et al., 2010; Larsen-Olsen, Machui, et al., 2012; Manceau
et al., 2011; Søndergaard, Manceau, Jørgensen, & Krebs, 2012; Wengeler et al., 2011;
Yu et al., 2012; Zimmermann, Schleiermacher, Niggemann, &W€urfel, 2011). Similarly
to knife coating, slot-die coating has been used to prepare OLEDs mainly through depo-
sition of PEDOT:PSS, the emissive layer (see Figure 7.17) (Youn, Jeon, Shin, & Yang,
2012) and ZnO (Sandstr€om, Dam, Krebs, & Edman, 2012).

7.4 Specialist coating techniques

7.4.1 Brush painting

As a layer-forming process, brush painting is probably the oldest; it is also one of the
toughest to model, as brush painting is a blend of multiple techniques. The brush is
soaked in the ink, which is then retained in the brush hairs by surface tension.

Slot-die coating

Coating head

Substrate

Ink supply

Meniscus

Figure 7.16 Illustration of slot-die coating.
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When the brush is put in contact with the substrate a meniscus is formed, and the sub-
sequent brushing movement pulls the ink from the brush and on to the web. Depending
on the brush size, two-dimensional patterning is possible.

Only a few examples of brush painting have been published within organic elec-
tronics. For small-scale OPVs, one or more layers have been reported deposited by
this technique (Heo, Lee, Song, Ku, & Moon, 2011; Kim, Na, Jo, Tae, & Kim,
2007; Kim, Na, Kang, & Kim, 2010), and recently Lee, Shin, Noh, Na, and Kim
(2013) prepared an electrode that is an interesting alternative to ITO by brush painting
on a flexible substrate (in this case, PET). Once integrated in OPV devices, this elec-
trode made of PEDOT:PSS and silver nanowires yields efficiencies similar to devices
with ITO. The use of brush painting on a R2R scale is fully conceivable, but so far no
attempts have been reported.

7.4.2 Double slot-die coating

Double slot-die coating is a recent evolution in R2R processing of organic electronics
and so far has only been used in the preparation of OPVs. During this particular pro-
cess, two inks are deposited at the same time with a single coating head (see
Figure 7.18) reducing production time as well as cost. Ideally the technique should
allow for coating of numerous layers in one step. However, the deposition of just
two layers at the same time has proven quite challenging. Recently, Larsen-Olsen
et al. used this technique in order to coat an aqueous suspension of P3HT:PCBM
and PEDOT:PSS simultaneously at a rate of 1 m/min (Larsen-Olsen, Andreasen,
et al., 2012).

7.4.3 Differentially pumped slot-die coating

This technique was developed by Alstrup, Jørgensen, Medford, and Krebs (2010) as a
fast and easy way to investigate acceptor/donor ratio in the active layer of an organic
solar cell. The two compounds are pumped simultaneously into the coating head (where
they are mixed), but with dissimilar pumping rates (see Figure 7.19). By varying the

Figure 7.17 Slot die coating of the emissive layer ‘Super Yellow’ on a flexible ITO substrate for
OLEDs.
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relative pumping rates gradually, while maintaining a constant combined pumping rate,
a film with a gradient composition is produced. Subsequent analysis of device perfor-
mance along this gradient allows determining the optimal ratio of a specific pair of donor
and acceptor materials. This method is a powerful tool in OPV research that reduces the
time for donor/acceptor ratio screening from days/weeks to a matter of hours (Amb et al.,
2012; Bundgaard et al., 2010; Søndergaard et al., 2012). Although the method is devel-
oped for OPVs, in principle it should be directly transferrable to any other
two-component system where an optimized ratio is desired.

Coating head

Ink supply

Substrate

Double slot-die coating

Figure 7.18 Illustration of double slot-die coating.

Differientialy pumped slot die

Coating head P3HT  PCBM

0%
50% 100%PCBM

Figure 7.19 Differentially pumpedslot-die coating. ScreeningP3HT:PCBMratio from0 :1 to1 : 0.
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7.5 Encapsulation techniques

Protection of the finished device from the surrounding environment is often needed
when organic materials and especially conducting polymers are involved. Roll-to-
roll encapsulation has so far only been applied to organic solar cells and the following
section is thus exclusively about solar cell encapsulation. Though the principles
described are general, they might serve as fruitful inspiration for other organic elec-
tronic technologies.

Once a solar cell is processed onto the substrate encapsulation is required. Lamina-
tion is performed mainly to ensure device stability over time, but it also protects the
sensitive device stack from mechanical stress. The lamination principle basically con-
sists of joining a second foil, called a laminate, with the one on which the cells have
been deposited. In order to ensure chemical stability of the device, a barrier foil is nor-
mally used to ensure minimum permeability of oxygen and water. The foil carrying the
devices can be laminated on both sides to improve the stability.

7.5.1 Cold lamination

Cold lamination is carried out with a pressure sensitive adhesive. This adhesive is put
onto the laminate with the help of a liner, which is removed (Krebs, Tromholt, et al.,
2010) right before the laminate is put into contact with the substrate carrying the de-
vices. The two foils meet in a nip where they are pressed together between two rolls in
order to ensure good adhesion as shown in Figure 7.20. This lamination process is sim-
ple and fast (>20 m/min). The principal issue is that a relatively thick adhesive layer
(around 50 mm or more) is needed compared to adhesives used in different lamination
processes. Handling the sticky laminate can also prove challenging. A comparative
OPV stability study performed by H€osel et al. (2013) analysed the different lamination
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Laminate

Solar cell stack

Substrate

Nip

Figure 7.20 Illustration of Cold and Hot lamination. The laminate holds the adhesive. Nip rolls
can be heated for hot lamination.
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techniques described in this section. The study showed that for cold lamination the
active layer experiences bleaching around the edges when laminated on only one
side. Long-term stability requires lamination on both sides.

7.5.2 Hot lamination

Hot lamination is a process similar to cold lamination (see Figure 7.20). However, in
this case the adhesive can be handled on the laminate surface without a liner and
because this adhesive is heat activated handling the laminate is much easier. The lami-
nate is joined with the substrate carrying solar cells as the foils are pressed together be-
tween two heated rolls. This causes the adhesive to melt momentarily and upon cooling
it forms a tight seal. Figure 7.21 shows the hot lamination of OPV modules. Besides
being easier to handle this lamination process also allows use of thinner adhesive layers
(down to 20 mm). Stability-wise, only slight bleaching is observed around the edges of
the active layer when single laminated by hot-melt (H€osel et al., 2013).

7.5.3 UV lamination

In UV lamination the adhesive is UV sensitive. The UV curable adhesive is added to
the laminate foil and after joining with the OPV carrying substrate in a nib the com-
bined foils are exposed to UV light, ensuring the formation of a tight seal (Figure 7.22).
Stability wise no bleaching is observed making UV-curable resin the best fit for single
lamination (H€osel et al., 2013). This lamination technique is by far the more complex,
as it requires an extra step to deposit the UV adhesive onto the laminate. This deposi-
tion is usually done through flexoprinting. Although complicated the technique allows
for precise tuning of the adhesive thickness (1e100 mm).

Figure 7.21 Hot lamination of organic solar cells modules.
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7.6 Applications

The ultimate goal of preparation by R2R processing is of course to have a product that
can be integrated and commercialized.

As previously mentioned, OPV is probably the most mature technology with
respect to R2R processing, but so far the commercialisation process has not really
shown its potential. The Konarka solar bag, which allows the user to recharge small
devices such as mobile phones, is the only real product so far. Several noncommercial
demonstrations of integrating the technology have been reported though. One of the
earliest examples is the ‘solar hat’ that can be used to power a small radio. More
than 2000 130 cm2 modules were produced for this campaign using only screen print-
ing (Krebs, Jørgensen, et al., 2009). Another example was carried out as part of the
‘Lighting Africa Project’, where solar cell modules (20! 25 cm2) were used to charge
a small reading light equipped with a rechargeable battery (Krebs, Nielsen, Fyenbo,
Wadstrøm, & Pedersen, 2010). The same concept was later used to make 10,000 credit
card sized OE-A flashlight demonstrators (Krebs et al., 2011). Recently, Espinosa et al.
prepared small laser pointers similar in size to the OE-A flashlight to show the current
progresses in OPV technology. These laser pointers use ITO-free OPV modules to
charge a lithium-ion polymer battery (Espinosa et al., 2013). Although OPVs have
been greatly studied, only a few examples have been publicly available (most of
them are listed above). As a platform for researchers as well as a means to educate
the public on ‘what is an organic solar cell’, Krebs, H€osel, et al. (2013) prepared
tens of thousands of ‘freeOPV’ modules available for free to anyone who asks. These
entirely R2R-processed modules are ITO-free and yield a PCE in the range of 1.5e2%
(10.0! 14.2 cm2).

All of the examples above are good illustrations of OPV technology’s potential, but
in order to prosper as a renewable energy source, the OPV technology needs to be con-
nected to the electrical grid. By introducing the infinity concept where interconnected
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Figure 7.22 Illustration of UV lamination. The UV reactive adhesive is applied on the laminate
by flexoprinting.
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single cells are R2R processed continuously along the web Sommer-Larsen et al.
showed that in order to effectively integrate R2R processed OPV the whole solar
cell roll needs to be handled uncut (Sommer-Larsen et al., 2013), as the cutting and
wiring of small discrete units is time- and cost-consuming. Using the uncut roll of solar
cells is quite challenging because it does not allow for reconfiguration of the cells after
R2R coating. The thin film structure of OPVs makes them unable to carry high current,
meaning that all the cells along the roll must be connected in series. Such configuration
delivers much higher voltages (around 10 kV for a roll of 0.305! 100 m) than typical
silicon modules and is much less sensible to individual cell performances than the sil-
icon analogue. Pushing the use of the uncut OPV roll further, Krebs, Espinosa, H€osel,
Søndergaard, and Jørgensen (2013) constructed a 1000 m2 solar park. This solar park
is connected to the electrical grid and consists of four tilted wood platforms (100 m
long and 2.5 m high) that can be fitted with six rows of one-foot-wide foils (see
Figure 7.23). The solar cells employed are based on the infinity process described
earlier (Sommer-Larsen et al., 2013). As of now infinity stretches up to 1.5e2.2 km
long have been prepared constituting over 300,000 single cells connected in series.
To be efficiently used, these rolls are only cut once and then laid onto the platform.
Krebs et al. developed a simple process to install and remove the foil at the same
time at a rate over 100 m/min. At this rate with the current technology it is possible
to install over 200 Wpeak per minute, far beyond the rate of other solar cell
technologies.

Albeit not as mature as OPVs in R2R development, OLEDs are present in many
commercial products. Lamps were the first commercially available products to use
OLEDs and nowadays a large range of colours are available. OLEDs have also
been used for displays in MP3 players, digital cameras, smartphones and TVs. How-
ever, none of these OLEDs devices reportedly have been prepared by R2R processing.

Similarly, EC technology has yielded several interesting applications spreading
from light control, switching between clear and frosted glass, small EC displays that
can be used for postcards and even a moisture sensor that lets you know when to water
your plants e but again, none of these reports the use of R2R processing.

Figure 7.23 Solar park based
on OPV, 250-square-metre
wood panel with six solar-cell
foils and an active area of 88
square metres.
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Of the more surprising but notable applications, the printing of loudspeakers on pa-
per by H€ubler et al. should be mentioned (H€ubler et al., 2012). These speakers, shown
in Figure 7.24, were made by sandwiching the active piezoelectric layer between two
PEDOT:PSS layers that act as electrodes and yield a sound pressure up to 80 dB.

7.7 Future trends

Roll-to-roll processing certainly has a bright future for fast and low-cost large-area organic
electronics production.However, several challenges lie ahead formost of the technologies
that are at the verge of transferring from the laboratory to the larger R2R processing scale.
Many of the methodologies have to be adapted to new R2R-compatible processing
methods, which is often not a straightforward process. Other challenges, such as finding
functionally reliable substitutes for ITO as the transparent electrode on flexible substrates,
will be crucial to keeping costs down. On the technical level, the registration used to align
the multilayer structures during processing must still be improved e especially at high
speeds. Particularly, OTFT and high-resolution OLEDs require precise multilayer
structures.

In the long run environmental factors also have to be considered and development of
new materials that can be processed from benign solvents will be required. In a large-
scale production the toxic solvents currently used simply have too many complications
and hazards with respect to both the working environment and the surrounding ecosys-
tems and using such will affect the cost negatively. Life cycle and financial analyses of
R2R-processed large-area organic electronics are powerful tools to guide the research

Figure 7.24 Photograph of printed paper loudspeaker demonstrating its flexibility.
Reproduced from H€ubler et al. (2012) with permission from Elsevier.
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toward large-scale production. Such analysis have so far mostly been applied in relation
to OPVs (Azzopardi et al., 2011; Espinosa, García-Valverde, & Krebs, 2011; Espinosa,
García-Valverde, Urbina, & Krebs, 2011; Espinosa, García-Valverde, et al., 2012;
García-Valverde, Cherni, & Urbina, 2010; Kalowekamo & Baker, 2009; Nielsen,
Cruickshank, Foged, Thorsen, & Krebs, 2010; Powell, Bender, & Lawryshyn, 2009),
and recent studies on OPV production have shown that if avoiding scarce elements
and vacuum steps, and if using only solar heat and solar energy during processing, en-
ergy payback times can be brought down to a few days (Espinosa, H€osel, Angmo, &
Krebs, 2012). The use of such tools will be essential to the success of all the technologies
described in this chapter in order to navigate around the pitfalls that can negatively affect
the insurance of fast production of low-cost organic electronics.
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Abstract. The photochemical stability of the active layer blend for organic solar cells was
explored by introducing electron withdrawing cyano groups into the backbone of poly-3-hexylth-
iophene (P3HT). Random copolymerization of 2-bromo-3-hexyl-5-trimethylstannylthiophene
and 2-bromo-3-cyano-5-trimethylstannylthiophene enabled introduction of the cyanogroups
along the polythiophene backbone. The percentage of the cyano groups was 10%. The photo-
chemical stability of poly(3-hexylthiophene-co-3-cyanothiophene) (CN-P3HT) was shown to
be significantly better than pristine P3HT and the addition of CN-P3HT to P3HT also increased
the photochemical stability of the blend. The photochemical stability of bulk heterojunction mix-
tures of the polymers and their blends with the fullerene phenyl-C61-butyric acid methyl ester
([60]PCBM) were then studied and it was found that [60]PCBM had a significantly more stabi-
lizing effect on P3HT than CN-P3HTand that the stabilization of the bulk heterojunction mixture
was dominated by the fullerene. The mixture comprising both fullerene and CN-P3HT, however,
demonstrated the highest degree of photochemical stability supporting earlier observations that
the stabilizing effects are additive. Finally, the blends were explored in fully printed flexible ITO-
free roll coated inverted devices (with an active area of 0.8 cm2) using two different back PEDOT:
PSS electrode compositions and the operational stability of the deviceswas studied under ISOS-L-
2 conditions. The pure P3HT:PCBM devices were found to be the most stable in operation dem-
onstrating that photochemical stability alone is not necessarily the dominant factor for overall
device stability. © 2015 Society of Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1
.JPE.5.057205]

Keywords: organic photovoltaic; roll-to-roll; photochemical stability; active blend stabilization;
random copolymers.
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1 Introduction

The organic solar cell can, when in operation, degrade following a myriad of different paths.1

Most often one degradation mechanism is dominant but in most cases several processes are in
play simultaneously. The device failure is a macroscopic observable which is most often estab-
lished through measuring the electrical performance of the solar cell over time under a given set
of experimental conditions with certain environmental stimuli such as temperature, humidity,
UV-light, etc. The electrical data can give some information on how the device fails but because
it is limited to a measurement of an electrical current, a voltage, and a fill factor, there is generally
little that can be said about the many mechanisms that are in play and especially the extent to
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which they are present. One of the known failure modes is the photochemical reaction of the
organic constituents especially with oxygen from the atmosphere. The combination of light and
oxygen will bleach the materials and destroy the electronic properties needed for solar cell oper-
ation. For some materials, such as the polyphenylenevinylenes, this mechanism can be the dom-
inant failure path when the device is operated in dry air. The extent of degradation as a
consequence of photochemical oxidation is most often eliminated by packaging the device
or testing it under inert conditions to significantly reduce the effect of oxygen. It will, however,
still be in operation with the amount of oxygen available and, in a practical device, there is
always some oxygen present. Efforts made to counteract the failure of organic solar cells
are thus sought through reduction of all the known failure modes and in the case of photochemi-
cal stability, it has been shown that the chemistry of the conjugated materials used for the solar
cells plays a decisive role.2–6 In addition to the chemistry, the constitution of the film and its
morphology are also important.7 It is, for instance, important that photochemical stability studies
are carried out on a number of different film thicknesses before data between the materials can be
compared. Another factor that influences the performance and stability of organic solar cell devi-
ces is the morphology of the active blend.8 A number of reports have demonstrated how mor-
phology can be stabilized and used to improve device performance over time.9,10 Most
importantly, it was demonstrated that the chemistry also plays a central role not only on mor-
phological stabilization, but also on the morphology that can be achieved.11 Successful attempts
to improve photochemical stability through chemical modification thus lead to unintended
changes in the morphological behavior that most often imply lower power conversion efficiency
and perhaps even a poorer morphological stability. The same observations can be made in the
opposite case where attempts to improve the morphological stability adversely affect photo-
chemical stability. It has to be borne in mind that morphological stability and photochemical
stability are just two important factors and that there are a large number of additional parameters
that intertwine, thus making the art of improving the operational stability of the organic solar cell
highly challenging.

In this work, we study the effect of enhancing the photochemical stability of the conjugated
polymer through chemical modification with electron withdrawing groups and we further estab-
lish the effect this has on the operational stability of devices.

2 Experimental Methods

2.1 CN-Poly-3-Hexylthiophene Synthesis

Synthesis of CN-P3HT was performed according to the literature report without any modifica-
tions.12 2-Bromo-3-hexyl-5-trimethylstannylthiophene and 2-bromo-3-cyano-5-trimethylstan-
nylthiophene were dissolved in dry DMF in a 90:10 molar ratio to yield a 0.04 M (overall)
solution. This solution was degassed with nitrogen gas flow for 10 min. Then 4 mol % of
PdðPPh3Þ4 was added and the reaction mixture was degassed for 20 more minutes. The reaction
mixture was then immersed into a preheated to 95°C oil bath and stirred at that temperature under
nitrogen atmosphere for 48 h. Then the reaction mixture was cooled, precipitated into methanol,
filtered, and purified via Soxhlet extraction with methanol, hexanes and finally chloroform. The
chloroform fraction was concentrated in vacuo and precipitated into methanol. The polymer was
filtered and dried in high vacuum overnight to yield CN-poly-3-hexylthiophene (P3HT) in 50%
yield (Mn ¼ 12 kDa, polydispersity index ¼ 2.4). 1H NMR (600 MHz, C2D2Cl4): δ 7.41 to
6.95 (m, 1.00 H), 2.77 to 2.55 (m, 1.80 H), 1.68 (m, 1.81 H), 1.44 to 1.32 (m, 5.44 H),
0.88 (m, 2.51 H) ppm.

2.2 Photochemical Stability

The following six solutions were prepared: P3HT (15 mg∕mL); P3HT:PCBM (15 mg∕mL∶
15 mg∕mL); CN-P3HT (15 mg∕mL); CN-P3HT:PCBM (15 mg∕mL: 15 mg∕mL); CN-P3HT:
P3HT (7.5mg∕mL∶7.5mg∕mL); CN-P3HT:P3HT:PCBM (7.5mg∕mL∶7.5mg∕mL∶15mg∕mL).
P3HTwas obtained from BASF (Sepiolid P-200), PCBMwas obtained fromMerck and CN-P3HT
was synthesized following the procedure described above (Sec. 2.1). All the solutions were made
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with Chlorobenzene (from Aldrich) and left stirring overnight at 70°C. The solutions were then
filtered with a 0.45 micron Teflon filter before being spin coated on 25 × 50 mm2 glass slides at
850 rpm for 30 s. These films were then put in an automatized system described previously3 to
study their photochemical stability. Briefly, the film is placed under a Steuernagel solar simulator
with an Osram 1200Wmetal halide arc lamp giving a AM1.5G spectrum of 1000 W∕m2 intensity.
The absorbance of the sample is monitored in multiple points at regular intervals with a UV-vis
spectroscopic probe set up with an optical fiber-based CCD spectrometer (Avantes AvaSpec 1024)
and a halogen/deuterium light source (Avantes AvaLight-DHc). Degradation rates are obtained by
calculating the decrease of the number of absorbed photons over time.

2.3 Solar Cell Preparation

Three solutions were prepared P3HT:PCBM (15 mg∕mL∶15 mg∕mL); CN-P3HT:PCBM
(15 mg∕mL∶15 mg∕mL); CN-P3HT:P3HT:PCBM (7.5 mg∕mL∶7.5 mg∕mL∶15 mg∕mL)
with a mixture of chlorobenzene (100 parts), chloroform (10 parts) and chloronaphtalene (3
parts). All the solutions were left stirring overnight at 70°C before being filtered with a 0.45
micron Teflon filter. The organic solar cells were prepared using the roll-to-roll coater described
in Ref. 13. The process was the same for all three solutions. The solution was slot-die coated
using a 10 mm meniscus guide (flow rate: 0.15 mL∕min; speed: 1 m∕min) on a 1 m stretch of
Flextrode14 heated up to 70°C. Then also using a 10-mmwide meniscus guide two different types
of PEDOT:PSS were slot-die coated on top of the active layer. PEDOT:PSS 5010 was slot-die
coated on half of the stripes (1.2 mL∕min; 0.8 m∕min). On the other half, a three layer PEDOT:
PSS structure15 was slot-die coated. First, PEDOT:PSS F10 diluted with isopropanol (IPA) (1:4
in volume) was coated (0.11 mL∕min ∶1.3 m∕min), then PEDOT:PSS Al 4083 diluted with
IPA (1:2 in volume) (0.3 mL∕min; 1.3 m∕min), and PEDOT:PSS F10 diluted with IPA (1:2
in volume (0.5 mL∕min; 1.3 m∕min). Finally, the back silver grid and the silver contact
with the front electrode were flexoprinted using a mask and silver ink (Dupont 5025). The pre-
pared cells had an active area of 0.8 cm2 and were encapsulated with 15 × 15 mm2 glass slides
using UV-curing epoxy (DELO LP655) and annealed at 120°C for 2 min.

2.4 Lifetime Measurements

The cells were tested according to the ISOS-L-2 standard describe in Ref. 16. The cells were
mounted under a solar simulator and cooled down to about 60°C to 65°C with a fan (unregu-
lated). The IV characteristics were monitored using a Keithley 2400 SMU.

3 Results and Discussion

3.1 Photochemical Stability

One of the most successful conjugated donor materials for polymer solar cells is P3HT that
performs very well over most of the parameter space that affects the operational stability of
devices. It enables stable morphologies and presents a significant photochemical stability
compared to, for instance, the polyphenylenevinylenes. In addition, it is a mechanically
robust material which is central to the operation of, for instance, flexible devices.17,18

Several reports describe attempts to improve the performance of P3HT through chemical
modification and the general conclusion is that the modifications that can be made to the
chemical structure of a material while maintaining the properties must be slight and this
has presented some difficulty. The most elegant approaches to this are random12,19 and semi-
random copolymerization,20,21 where the backbone of the polymer is only changed slightly
such that the general properties (i.e., morphology, structural order) can be maintained while
optical properties such as the band gap can be changed very significantly such that a higher
degree of optical absorption is achieved and better light harvesting and a higher power con-
version efficiency are realized.22 In careful studies, it was shown that copolymerization by
the random or semirandom incorporation of a functional unit with the desired properties
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can take place without changing the bulk properties of i.e., P3HT, when 5% to 15% of a
comonomer is incorporated.22 In this work, we sought to improve the photochemical stability
of P3HT by incorporation of cyano groups in the backbone without changing the other
parameters of the traditional P3HT material. We incorporated 10% cyano groups (as seen
in Fig. 1) and found that it only marginally affects the optical behavior as compared to native
P3HT, which is consistent with previous literature reports.12,23

The absorbance spectra of the polymer films before degradation are shown in Fig. 2 and
the photochemical degradation curves of P3HT, CN-P3HT, and the CN-P3HT:P3HT mix-
tures as well as their blends with PCBM are shown in Fig. 3. The spectra shown in
Fig. 2 are similar for P3HT, CN-P3HT, and the blend showing that the incorporation of
cyano groups did not significantly modify the optical properties of P3HT. As explained
above, the photochemical degradation was monitored by measuring the absorbance of the
different layers at regular intervals. The decrease in absorbance under continuous light expo-
sure is shown in Fig. 3.

The effect of incorporating cyano groups into the backbone has a clear effect on the
photochemical stability of the pristine polymer and the cyanopolymer presents an improve-
ment in photochemical stability by a factor of 2. Interestingly, CN-P3HT can also be used
to improve the photochemical stability of native P3HT by simple mixing the two materials
together. As shown in Table 1, the CN-P3HT:P3HT blend degrades at the same rate as
CN-P3HT.

As shown in Table 1, all the films have a starting absorbance between 0.4 and 1 meaning that
the influence of film thickness on the observed degradation rates can be neglected.7 The deg-
radation rates that are compiled in Table 1 are averaged over all the points where the absorbance
of the film was monitored. This is achieved using an automated robotic system that enables UV-
vis measurement on a very large number of independent samples over time during the photo-
chemical degradation. All films containing PCBM have a similar degradation rate, showing that
PCBM is the dominant stabilizer in these cases. However, the PCBM-free films have different
degradation rates. This clearly shows that the inclusion of CN groups in the polymer chain
increases the photochemical stability of the pristine polymer, whereas PCBM is a significantly
better stabilizer.

Fig. 1 Chemical structures of PCBM, P3HT, and CN-P3HT.
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Fig. 2 The UV-spectra are shown for the two polymers (P3HT in black, CN-P3HT in blue) explored
and their blend (red) pure (left) or mixed with PCBM (right).
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Fig. 3 Evolution of absorbance of P3HT (top left), CN-P3HT (middle left), CN-P3HT:P3HT (bottom
left), P3HT:PCBM (top right), CN-P3HT:PCBM (middle right) and CN-P3HT:P3HT:PCBM (bottom
right) under light exposure.

Table 1 The initial film absorbances and degradation rates of the six different different materials
combinations.

Film Starting absorbance Degradation rate (%∕h)

P3HT 0.60! 0.05 2.3! 0.4

CN-P3HT 0.61! 0.04 1.48! 0.04

CN-P3HT:P3HT 0.66! 0.03 1.4! 0.2

P3HT:PCBM 0.46! 0.06 0.46! 0.04

CN-P3HT:PCBM 0.44! 0.03 0.40! 0.02

CN-P3HT:P3HT:PCBM 0.47! 0.02 0.38! 0.03
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3.2 IV Characteristics

The solar cell preparation process used in this study was optimized for regular P3HT cells and
not CN-P3HT. In some devices, a three PEDOT:PSS layers’ structure has shown to perform
better than the commonly used Agfa 5010 PEDOT:PSS. For this reason, two types of back
PEDOT:PSS were tested in order to find which one works better with CN-P3HT. IV-curves
for each type of cells are shown in Fig. 4. Just by looking at these curves, the P3HT cells appear
to perform better, which may in part be due to utilization of the solar cell processing conditions
as well as the polymer:fullerene ratio optimal for P3HT rather than CN-P3HT.

Three cells of each type were used for this study. Their characteristics are given in Table 2.
For the cells with PEDOT:PSS 5010 as back PEDOT:PSS, the P3HT cells have an efficiency

about twice higher than the cells with CN-P3HT. The cells with the mix of P3HT and CN-P3HT
as an active layer have efficiencies in between. The same pattern is observed for the cells with the
three layers back PEDOT:PSS. It shows that the addition of the CN group on the P3HT backbone
decreases the photovoltaic properties of the active layer. This result differs from previous liter-
ature reports, which demonstrate that introduction of 10% CN groups into P3HT backbone leads
to an increase of PCE mainly through the enhancement of Voc for solar cells spin-coated on
ITO.12,24 Enhancement of the Voc is also observed for the ITO-free cells prepared for this
study, but the differences may originate from inherently different active layer morphologies
as well as from the fact that the utilized polymer:PCBM ratio was optimized for P3HT rather
than CN-P3HT in the current case printed ITO-free devices.

3.3 Lifetime Measurements

Typical decay curves for each type of cells are plotted in Fig. 5. For both back PEDOT:PSS, the
P3HT cell has an efficiency stabilized around 80% of its initial value. The cells with CN-P3HT
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Fig. 4 Typical IV curves of P3HT cell (red), CN-P3HT (blue), CN-P3HT:P3HT (green) with back
PEDOT:PSS 5010 (left) or three layered PEDOT:PSS structure (right).

Table 2 IV-characteristics.

Cell type Back PEDOT:PSS PCE (%) V oc (V) Isc (mA) FF (%)

P3HT 5010 1.23! 0.07 0.53! 0.01 3.7! 0.3 51! 2

three layers 0.94! 0.05 0.51! 0.01 3.9! 0.2 37.8! 0.2

CN-P3HT 5010 0.52! 0.07 0.66! 0.01 2.1! 0.2 29! 2

three layers 0.6! 0.09 0.62! 0.04 2.3! 0.2 34.7! 0.3

CN-P3HT:P3HT 5010 0.71! 0.04 0.57! 0.01 3.2! 0.3 31! 1

three layers 0.5! 0.1 0.57! 0.01 2.2! 0.6 29! 4
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and CN-P3HT:P3HT as the active layer, decay much faster and are only stabilized after reaching
about 50% of their starting value. The cells with only CN-P3HT as the active layer, clearly decay
much faster with both back PEDOT:PSS. All the stability indicators are given in Table 3, where
T80 is the time it takes the cells to reach an efficiency of 80% of their starting value (E0), TS and
ES are the time and the efficiency when the degradation stabilizes after the initial burn-in and
TS80 is the time it takes starting from TS to reach 80% of ES. For CN-P3HT:P3HTwith the triple
PEDOT:PSS back electrode, the values are given for only one cell. Cells with only CN-P3HT
degrade by 20% in a few hours. After stabilizing, the cells with PEDOT:PSS 5010 are more
stable; it takes them about 2 days to reach 80% of ES compared to about a day for the ones
with the three-layered PEDOT:PSS structure. For the cells with the mix as the active layer,
the cells with PEDOT:PSS 5010 are more stable than the cells with only CN-P3HT and
take about 10 times longer to degrade by 20%. These cells also did not reach 80% of ES during
the length of the study. For the cells with triple PEDOT:PSS layer as back PEDOT:PSS and CN-
P3HT:P3HT as the active layer, two cells failed early during the study. The remaining cell
degrades as fast as the ones with only CN-P3HT at the beginning and has a T80 of 3.5 h.
However, once stabilized, the degradation is faint. Finally, the P3HT cells are much more stable
than all the others as illustrated by the plots in Fig. 5. Only one cell degrades by 20% during the
study, the other five are still above 80% of their starting value at the end of the test. This study
shows that even though CN-P3HT has by itself a better photochemical stability than P3HT once
used in a full device it does not perform as well and degrades much faster than devices with
regular P3HT.
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Fig. 5 The decay curves for one cell of each type is shown, (red) P3HT, (blue) CN-P3HT, (green)
CN-P3HT:P3HT.

Table 3 Stability data (in hours) for the PCE (in %) averaged over three cells for each type of cell
during ISOS-L2 testing.

Active layer Back PEDOT:PSS E0 (%) ES (%) T 80 (h) T S (h) T S80 (h)

P3HT 5010 1.23! 0.07 1.16! 0.04 235! 4 88! 5 237.6a

P3HT three layers 0.94! 0.05 0.89! 0.05 237.6a 78! 7 237.6a

CN-P3HT 5010 0.52! 0.07 0.24! 0.03 5! 3 40! 16 58! 10

CN-P3HT three layers 0.6! 0.09 0.37! 0.01 1.88! 0.07 3.6! 0.8 20! 30

CN-P3HT:P3HT 5010 0.71! 0.04 0.40! 0.02 53! 7 150! 40 237.6a

CN-P3HT:P3HT three layersb 0.56 0.51 3.5 20.9 237.6a

aT f (the duration of the experiment) is given in these cases, meaning that the cells did not reach 80% of E0 or
ES. The values for T 80 are expected to be significantly higher.

bThe values for only one cell are given because two cells failed during the experiment.
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4 Conclusion

We have demonstrated that incorporation of cyano groups into the backbone of P3HT improves
the photochemical stability by a factor of 2. Simple mixing of native P3HTwith CN-P3HT also
leads to a similar improvement in the photochemical stability of the blend. Mixtures with PCBM
were also studied to establish the effect on blends relevant to functional solar cells and PCBM
was found to present a more stabilizing effect than CN-P3HT. The studies on devices showed
that the operational stability of devices was not significantly increased by the improved photo-
chemical stability and traditional P3HT:PCBM bulk heterojunction devices presented the most
stable behavior under operation. While our efforts clearly showed that photochemical stability of
a polymer can be improved with minimum perturbation of the optical properties, we also found
that a photochemically stable material is not the only parameter that must be optimized on the
path to stable and high performing materials for polymer solar cells.
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 However, in addition to low cost OPV 
must also provide a high operational sta-
bility as this is also an essential require-
ment for commercial viability. In order 
to yield similar energy return factors, 
compared to fi rst and second generation 
photovoltaics, a few years of operational 
stability are needed with the current mate-
rials and effi ciencies. [ 2–6 ]  Because of the 
complex multilayer structure, which con-
tains not only several different materials 
but also a multitude of interfaces, OPVs 
can degrade through multiple pathways [ 2 ]  
and it can be very diffi cult to determine 
which materials combinations will pro-
vide the most stable cell. In addition to 
the materials, also the solvents used in 
the processing can have an infl uence on 
morphology and through that on the per-
formance and operational stability of a 
device. Poly(3,4-ethylenedioxythiophene):
polystyrenesulfonate (PEDOT:PSS) is an 
example of a material which is extensively 
used in OPVs as both hole-conductor and 

as a transparent conducting electrode. It comes in a multitude 
of formulations from different commercial suppliers (e.g., Agfa 
and Heraeus) with the properties (especially the conductivity) of 
PEDOT:PSS being tuned by doping or addition of high boiling 
solvents. [ 7–10 ]  It is well known that PEDOT:PSS plays a major 
role in OPV stability [ 11–14 ]  but the role of the high boiling addi-
tives on stability has not yet been examined. Because of their 
high boiling points, trace amounts of these additives are very 
likely to remain after coating/printing of the PEDOT:PSS and it 
is very plausible that such compounds could infl uence the long 
term operational lifetime of the OPV. 

 Here we present an extensive study on the stability of 
indium tin oxide-free OPV modules based on the previously 
reported freeOPV architecture ( Figure    1  ) that is manufac-
tured using full R2R processing for all steps under ambient 
conditions. [ 15,16 ]  The initial prescreening was conducted on 
fi rst generation freeOPV modules which has silver electrodes. 
The main study was then carried out with a second genera-
tion of freeOPV modules in which the silver electrodes have 
been replaced by printed carbon. The stability of these mod-
ules, where different types of PEDOT:PSS have been used at 
the front and the back of the cell, is studied in order to select 
the best PEDOT:PSS for long term stability of OPVs for large 
scale production. 

 The impact of additives mixed with poly(3,4-ethylenedioxythiophene):polysty-
renesulfonate (PEDOT:PSS) on the stability of organic photovoltaic modules 
is investigated for fully ambient roll-to-roll (R2R) processed indium tin oxide 
free modules. Four different PEDOT:PSS inks from two different suppliers 
are used. The modules are manufactured directly on barrier foil without a 
UV fi lter to accelerate degradation and enable completion of the study in a 
reasonable time span. The modules are subjected to stability testing following 
well-established protocols developed by the international summit on organic 
photovoltaic stability (ISOS). For the harsh indoor test (ISOS-L-3) only a slight 
difference in stability is observed between the different modules. During 
both ISOS-L-3 and ISOS-D-3 one new failure mode is observed as a result of 
tiny air inclusions in the barrier foil and a R2R method is developed to detect 
and quantify these. During outdoor operation (ISOS-O-1) the use of ethylene 
glycol (EG) as an additive is found to drastically increase the operational 
stability of the modules as compared to dimethylsulfoxide (DMSO) and a new 
failure mode specifi c to modules with DMSO as the additive is identifi ed. The 
data are extended in an ongoing experiment where DMSO is used as additive 
for long-term outdoor testing in a solar park. 

  1.     Introduction 

 The promise of organic solar cells being a low cost alternative 
to current photovoltaic technologies has long been supported 
by the prospect of low cost and fast roll-to-roll (R2R) manu-
facturing. This forecast ensues from the organic photovoltaics 
(OPVs) having the ability to be coated and/or printed at high 
speed and low temperature on fl exible substrates such as poly-
ethyleneterephtalate. Recently, a study demonstrated the manu-
facture and deployment of a large solar park connected to the 
grid with an energy payback time lower than any other PV 
technology. [ 1 ]  This shows that if given the possibility to cover 
very large areas at low cost the demand for very high effi ciency 
becomes less crucial. 
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    2.     Results and Discussion 

 Four types of highly conductive PEDOT:PSS inks typically used 
in R2R manufacturing of OPVs were selected for this study. The 
preparation of these is described in the Experimental Section. 
The commercial name of the PEDOT:PSS and the high boiling 
additives associated with each of these are given in  Table    1  . 

  The architecture of the fi rst generation of freeOPV (shown 
in Figure  1 ) comprises two PEDOT:PSS layers, one between the 
bottom silver grid and the zinc oxide (ZnO) layer and a second 
one on top of the active layers. These are in the following 
referred to as front PEDOT and back PEDOT, respectively. 

 The freeOPV process was developed using rotary screen 
printed PEDOT:PSS layers and this study therefore focuses 
only on the four PEDOT:PSS inks which we have found to 
be compatible with this type of screen printing process. Fur-
thermore, the four inks are not all suitable for both the front 
and back PEDOT layer. The front PEDOT needs to be thin 
and highly conducting in order to let light through while 
maintaining good conductivity whereas the back PEDOT has 
no requirement for transparency but it should generally be 
thicker in order to comply with the silver or carbon printing. 
The state of the art stack at the beginning of this study used 
PEDOT:PSS with DMSO as high boiling additive (hereafter 
called PDMSO-1) as front PEDOT:PSS and P5010 as back 

PEDOT:PSS. Devices with this architecture have previously 
been shipped all around the world through the freeOPV ini-
tiative. [ 15 ]  Five different combinations (C-1–C-5) of the four 
PEDOT types were selected for the prescreening as shown 
in  Table    2   together with their initial photovoltaic parameters: 
power conversion effi ciency (PCE), open circuit voltage ( V  oc ), 
short circuit current ( I  sc ) and fi ll factor (FF). In addition to 
using DMSO as the high boiling solvent we also employed 
PEDOT:PSS mixed with ethylene glycol (hereafter called PEG). 
A sixth combination (C-6) which was later used in the main 
study is also shown in Table  2  which differs in that it employed 
carbon electrodes instead of silver and was chosen based on 
the outcome of the prescreening study. 

  The manufacture of modules using full R2R processing is 
time consuming and ensuing stability testing of a large number 
of those is necessary to obtain good statistics. The most rational 
approach is to make a shorter initial screening to get an indi-
cation of the spread and parameters followed by the main 
stability test. The ageing experiments were carried out for the 
most stable combinations under different conditions defi ned by 
the international summit on OPV stability (ISOS) [ 19 ]  shown in 
 Table    3  . The initial test involved ten modules of each type for 
each condition. 

   2.1.     Initial Screening 

 During this primary screening, modules of each combination 
underwent lifetime studies according to ISOS-L-2, ISOS-L-3, 
ISOS-D-3, and ISOS-D-2. As stated above, C-1 was the fi rst one 
used in freeOPV and was therefore extensively studied at the 
time of its release. [ 17 ]  The results from that study are compared 
with the four other combinations studied here. Comparing the 
results of both studies is only possible because both are following 
the ISOS standards and a suffi cient number of modules were 
lifetime tested to ensure that data were representative and not 
dominated by singular defects from the manufacturing process. 

Adv. Energy Mater. 2015, 1401912

www.MaterialsViews.com
www.advenergymat.de

 Figure 1.    Illustration of the multilayer stack of the silver freeOPV (left) and of the carbon freeOPV (right). The left illustration is reproduced with 
permission. [ 15 ] 

  Table 1.    Composition of the commercially available PEDOT:PSS 
formulations. 

P5010 PDMSO-1 a) PEG-1 PDMSO-2 a) 

PEDOT:PSS Agfa 5010 PH1000 PH1000 PH1000

High boiling additive Unknown DMSO EG DMSO

Solid content [% w/w] 3% 2.2 2.2 2.2

Additive content [% w/w] Unknown 5 5 5

    a) According to the manufacturer PDMSO-2 contains a surfactant and a cross-
linking agent which do not enter in the composition of PDMSO-1.   
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  Figure    2   shows the radar plot of the lifetime performance 
for the modules with different combinations expressed via  T  80  
values (the time it takes for the module to reach the 80% of 
the initial performance). In the case where the effi ciency had 
not decreased by 20% at the end of the study the fi nal time ( T  f ) 
was used instead of  T  80 . In addition to  T  80  the other relevant 
degradation parameters are the performance value when the 
degradation pattern switches into a more stabilized mode ( E  S ) 
and the time it takes to reach 80% of the value calculated from 
that point ( T  S80 ). 

  The results shown in Figure  2  show that C-4 underperforms 
in all the ISOS tests compared to the four other combinations. 
Therefore C-4 was discarded for the main study. All the other 
combinations perform relatively well in most tests especially 
C-2, C-3, and C-5. However modules manufactured with C-5 
have a poor initial effi ciency, and adding that the poor stability 
of C-4 seems to indicate that PDMSO-2 used as back PEDOT 
can lower the stability of the module, we chose to discard C-5 as 
well for the main study. Finally, the good stability of C-3 based 
modules indicates that PEG-1 is a promising candidate as front 
PEDOT. So in addition to the three that performed well in the 
prescreening we decided to add a new combination C-6 with 
PEG-1 as front PEDOT and P5010 as back PEDOT to the main 
study.  

  2.2.     Main Stability Study 

 By the time the main stability study was started the design of 
the freeOPV had evolved [ 16 ]  to a completely silver free archi-
tecture. The front electrode here consists solely of the high 
conducting front PEDOT:PSS and the back electrode of a com-
bination of PEDOT:PSS and carbon layers. An illustration of 

the structure of such a module is shown in Figure  1 . The mod-
ules with the combinations C-1, C-2, C-3, and C-6 used in the 
main stability study were manufactured using this architecture. 

 A total of 35 modules were tested for each combination: fi ve 
modules for ISOS-L-3 and ten for the other tests. For a given 
combination all the modules had a similar initial effi ciency. The 
grouping of the initial effi ciencies is illustrated on the lower 
right in  Figure    3  . This illustrates the high reproducibility of 
the manufacturing process. The results of the collected stability 
studies are compiled in Figures  3  and   4  . 

  For ISOS-D-1, all the modules were kept in dark storage at 
room temperature. Under these conditions all the combina-
tions were extremely stable and remained above 80% of their 
initial effi ciency after 126 days as expected. At the end of the test 
C-1 and C-6 had degraded by roughly 10% while C-2 and C-3 
retained effi ciencies close to their initial values. The main con-
clusion from this study is that, when stored in the dark, PEG-1 
gives a slightly better stability than P5010 as back PEDOT. 

 Under high humidity/high temperature conditions in the 
main stability test (ISOS-D-3 conditions) all the combinations 
degrade fast and almost no stabilization is seen for either com-
bination ( Figure    4  ). A small difference can be observed between 
those that have PDMSO-1 as front PEDOT (C-1 and C-2) and 
those that have PEG-1 (C-3 and C-6). After 14 days under the 
ISOS-D-3 conditions the C-1 modules have degraded by 56% 
and the C-2’s by 70% whereas the degradation for C-3 and C-6 
is 90% and 75%, respectively. The same trend is observed when 
looking at the degradation parameters (Figure  3 ). C-1 and C-2 
have higher  T  80  and  T  S80  than C-3 and C-6. Therefore under 
ISOS-D-3 conditions modules with PDMSO-1 as front PEDOT 
perform more stable than modules with PEG-1. In addition 
under the hot and humid conditions P5010 seems to be slightly 
more stable as back PEDOT compared to PEG-1. 
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  Table 2.    Initial performances of the PEDOT:PSS combinations on freeOPV modules comprising eight serially connected cells and silver grid elec-
trodes. No UV-fi lter was employed in the barrier stack that accelerates degradation. The last column shows data for the C-6 PEDOT:PSS combination 
that was not a part of the initial screening study. C-6 was chosen as an additional PEDOT:PSS combination based on the outcome of the screening 
study (C-1–C-5). 

Combination C-1 a) C-2 C-3 C-4 C-5 C-6

Front PEDOT:PSS PDMSO-1 PDMSO-1 PEG-1 PDMSO-1 PEG-1 PEG-1

Back PEDOT P5010 PEG-1 PEG-1 PDMSO-2 PDMSO-2 P5010

Initial 
performancesb)

PCE [%] 1.75 ± 0.06 1.1 ± 0.2 1.3 ± 0.1 1.14 ± 0.08 0.81 ± 0.07 1.57 ± 0.08

 V  OC  [V] 4.1 ± 0.3 3.9 ± 0.2 3.9 ± 0.2 3.9 ± 0.1 3.1± 0.3 8.3 ± 0.2

 I  SC  [mA] 40 ± 2 35 ± 4 39 ± 2 38 ± 2 40 ± 2 12.2 ± 0.8

FF [%] 60 ± 4 47 ± 3 50 ± 2 44 ± 1 37 ± 2 47 ± 1

    a) Data extracted from ref.  [ 17 , 18 ] ;  b) Mean values of eight modules for C-1–C-5 and 35 modules for C-6.   

   Table 3.   ISOS conditions [ 19 ]  employed in this study.  

Test ISOS-D-1 ISOS-D-2 ISOS-D-3 ISOS-L-2 ISOS-L-3 ISOS-O-1

Type Dark Dark Dark Light Light Outdoor

Temperature [°C] Ambient 65 65 65 85 Ambient

Relative humidity [%] Ambient Ambient 85 Ambient ≈50% Ambient
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  Under ISOS-L-3 conditions, the last indoor test, all the com-
binations degraded by more than 80% during the fi rst 7 days. 
This can be expected due to the absence of a UV-protective fi lter 

in the modules. The hard UV from the Q-sun rapidly degrades 
the performance in addition to the high humidity/tempera-
ture. The degradation curves in Figure  4  show that C-1, C-2, 
and C-3 behaved very similarly under these conditions with the 
C-6 modules degrading slightly faster. It is very diffi cult to draw 
any fi nal conclusions from those results although the  T  80  values 
indicate that PEG-1 as back PEDOT (C-2 and C-3) yields slightly 
more stable modules than P5010. 

 The fi nal test was conducted outdoor on a tracking platform 
which ensures that the plane of the modules is always perpen-
dicular to the sun (maximum light exposure) when the sky is 
clear (see  Figure    5  ). The study was performed in the period 
from May to September 2014. The degradation curves clearly 
show that C-3 and C-6 are much more stable outdoor than C-1 
and C-2. C-3 and C-6 retained more than 50% of their starting 
effi ciency after 50 days while C-1 and C-2 had degraded by more 
than 80% in 15 days. Similarly C-3 and C-6 had about ten times 
higher  T  80  and  T  S80 . These results show that outdoor modules 
with PEG-1 as front PEDOT are more stable. 

  The conditions of ISOS-L-3 and ISOS-D-3 are much harsher 
than the outdoor testing (ISOS-O-1). Therefore one would 
expect OPV modules to degrade much faster under these two 
tests than outdoor, which was the case for C-3 and C-6. How-
ever C-1 and C-2 modules degraded faster outdoor than during 
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 Figure 3.    Degradation statistics  T  80  (top left),  T  S  (top right),  T  S80  (bottom left), and initial performances (bottom right) of the carbon freeOPV modules. 
The experiment was run for 3000 h.

 Figure 2.     T  80  in hours for each combination under different ISOS stand-
ards averaged over two samples for each structure. The colored star indi-
cates when  T  f  was used.
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ISOS-D-3 testing and about as fast as the modules kept in 
the ISOS-L-3 chamber. The reason for this faster degradation 
should probably be ascribed to the fact that the modules were 
taped onto a plastic plate as shown in  Figure    6  . Such a setup 
allows for water to condensate between the module and the 
plastic plate when it rains or simply from the morning dew. 
The snap buttons used for contacting the module are punched 
through the barrier and are thus in direct contact with the 
PEDOT:PSS|carbon electrode. This creates a path for the water 
diffusion into the device where it is absorbed by PDMSO-1 
which appears to be much more hydrophilic than its PEG-1 

counterpart. This was confi rmed by contact angle experiments 
with liquid water droplets on the surface of PEG-1, PDMSO-1, 
and PDMSO-2. This clearly shows that the printed PEDOT:PSS 
with DMSO as additive is much more hydrophilic than printed 
PEDOT:PSS with ethylene glycol (EG) as additive (Figure  6 ). 
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 Figure 4.    Degradation curves for each ISOS condition for the four chosen PEDOT:PSS combinations.

 Figure 5.    Carbon freeOPV modules mounted outside on a sun-tracking 
platform during ISOS-O-1 testing (the modules circled in blue are fi xed 
in groups with red tape).

 Figure 6.    C-1 module carbon based freeOPV mounted outdoor. The 
water ingress is circled in blue (top). Below water droplets on surfaces of 
PEG-1 (left) and PDMSO-1 (right) show a much lower contact angle for 
PEDOT:PSS surfaces printed when using DMSO as high boiling additives.
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While both types of surfaces are hydrophilic, printed surfaces 
of PEDOT:PSS with DMSO have a much lower contact angle 
(≈15°) compared to the surfaces of PEDOT:PSS printed with EG 
(75°). Little detail is available on commercial PEDOT:PSS for-
mulations beyond the nature of the high boiling additives that 
we explore here. But we have tested the effect of the unknown 
additives indirectly through the PEG-1 and PDMSO-2 that are 
identical in formulation (except for the high boiling additive) 
and both contain the same cross linking agent and surfactant 
so we rule out that the effect is due to the presence/absence 
of those materials. In order to try and explain a mechanism 
that could account for this when considering the R2R based 
drying method which is fast (compared to, i.e., spin coating) we 
can view DMSO as being a highly polar ( ε  r  = 48) aprotic high 
boiling solvent and EG as a protic and less polar ( ε  r  = 41) high 
boiling solvent. During the drying process we propose that the 
liquid phase of the (initially) water based PEDOT:PSS disper-
sion to a large extent comprises only the high boiling solvent 
towards the end of the drying process. In the case of DMSO 
we believe that exposure of the ionic parts of the PEDOT:PSS 
gel particles are more favored thus yielding a more hydrophilic 
surface whereas in the case of EG the more apolar parts of the 
PEDOT:PSS gel particles are exposed. This is then refl ected in 
the interaction between liquid water and the fi nally dried sur-
face. The increased hydrophilicity of PEDOT:PSS fi lms dried 
with DMSO as high boiling solvent is thus also a likely cause 
for the observed decrease in operational stability for these 
devices even in the absence of liquid water when used as a back 
electrode where electronic contact at the interface is critical for 
proper function. This is observed as rapid failure in C-4 devices 
and poor performance of C-5 devices. The use of DMSO as a 
high boiling additive for PEDOT:PSS back electrodes is thus 
not meaningful. When used as front electrode only the bulk 
electrical properties and optical transparency is needed and the 
critical interface with the active layer is buffered by ZnO thus 
rendering the device operation less reliant on the water con-
tent in PEDOT:PSS during operation and this makes the use of 
DMSO as high boiling additive for PEDOT:PSS front electrodes 
possible even though the operational stability is increased when 
using ethyleneglycol as high boiling additive. 

  The water ingress in the modules with PDMSO-1 was so sig-
nifi cant that liquid water was accumulated inside the module 
in some cases (the black areas circled in blue in Figure  6 ). This 
failure mode of course resulted in signifi cant acceleration of the 
ageing under outdoor conditions making the ageing rate of the 
modules comparable to the indoor harsh tests (ISOS-L-3 and 
ISOS-D-3). The failure mechanism is however not the same 
since liquid water was not observed under either ISOS-D-3 or 
ISOS-L-3. This underlines the fact that there is only so much, 
one can conclude from a degradation curve and comparison 
is only valid when the mode of degradation is confi rmed to be 
the same. In the case of ISOS-O-1 the new failure mode with 
ingress of liquid water made the direct comparison with failure 
modes operating in ISOS-D-3 and ISOS-L-3 impossible (or at 
least very diffi cult). It is likely that the degradation of C-1 and 
C-2 devices would have exhibited similar degradation behavior 
to C-3 and C-6 devices in the case where liquid water was pre-
vented from entering the device. It would of course be imprac-
tical to carry out extra sealing and the experiments simply show 

that the C-3 and C-6 devices are better technologies when oper-
ating under ISOS-O-1 conditions. 

 The overall conclusions from the different stability tests 
are compiled in  Table    4  . For the back PEDOT experiments 
PEG-1 performs better than P5010 in ISOS-D-1 and ISOS-L-3. 
For the two other tests (ISOS-L-3 and ISOS-O-1) there are no 
signifi cant differences. This shows that EG is better suited as 
high boiling additive for PEDOT:PSS printed on the anode side. 
For the front PEDOT there is no clear winner. PDMSO-1 per-
forms better under the harsh indoor tests (ISOS-L-3 and ISOS-
D-3) but PEG-1 is by far more stable when the modules are put 
outside. Assuming that outdoor operation is the ultimate goal 
for most photovoltaic technologies EG should in such cases 
also be favored as the conductivity inducing high boiling sol-
vent in PEDOT:PSS for the cathode side of the device. 

    2.3.     Upscaling Lifetime Testing 

 Recent developments of OPV manufacturing [ 1,20 ]  have dem-
onstrated the fast coating/printing of thousands of large area 
modules with a high yield (100% yield over 700 m of foil). The 
high reproducibility of such manufacturing allows for the prep-
aration of a large number of similar OPV modules which when 
used for lifetime testing gives a high number of statistics. For 
example, for the study described in this work 180 modules were 
selected. 

 Ideally all the samples should be tested at the same time 
under the same conditions even though the implementation 
of ISOS standards does allow for comparing modules tested 
at different times. Obviously most research laboratories have a 
limited testing capacity (size of the climatic chambers or of the 
available “one sun” simulators) which will therefore limit the 
number of large area samples that can be tested (see  Figure    7  ). 
For this reason there is a need to develop an optimal routine to 
allow obtaining good statistics with limited equipment. 

  Another concern is the homogeneity of the degradation 
conditions. For example during our tests we have encountered 
issues related to temperatures of the samples that were exposed 
to illuminated tests. Often the light exposure may not be 100% 
uniform, resulting in temperature differences among the sam-
ples, which may then create differences in the ageing rates (this 
can be the case even for the commercial weathering chambers). 
An example is shown in  Figure    8  . The foil used to encapsulate 
the carbon freeOPV is sensitive to temperature cycling and 
degrades by formation of bubbles or blisters when heated too 
much. Those lead to local delamination in the solar cell stack 
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  Table 4.    Stability comparison of the different PEDOT:PSS combinations 
under different ISOS testing conditions. 

ISOS-D-1 a) ISOS-D-3 ISOS-L-3 ISOS-O-1

Front PEDOT:PSS PDMSO-1 = + + −

PEG-1 = − − +

Back PEDOT:PSS P5010 − = − =

PEG-1 + = + =

    a)  +, Under the given ISOS condition the PEDOT:PSS seems to relatively improve 
stability; –, seems to relatively lower stability; =, no apparent difference in stability.   
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directly under the bubble defect. Through visual examination 
it was diffi cult to establish whether the bubbles derived from 
the solar cell stack itself or from the barrier and we subjected 
it to further analysis using electron microscopy (as shown in 
Figure  8 ). The scanning electron microscopy (SEM) image 
shows that the encapsulation foil is composed of barrier layers 

with a layer repeat of ≈10 µm. The image shows in particular 
the formation of a bubble between these barrier layers. 

  In addition we found that high temperature cycling leads to 
growth of these bubbles (both in number and size) depending on 
the source and batch of the barrier foil. As this has severe impli-
cations because of the delamination and eventually failure of the 

Adv. Energy Mater. 2015, 1401912

www.MaterialsViews.com
www.advenergymat.de

 Figure 7.    A photograph of the carbon-based freeOPV modules in the Thermotron chamber for ISOS-D-3 testing.

 Figure 8.    Photographs of carbon based freeOPV after 3 days in the ISOS-L-3 chamber exhibiting different degrees of bubbling due to slight differences 
in temperature (above). A SEM cross section of an area identifi ed as a bubble was found between some of the layers in the barrier stack (below).
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device we had an interest in developing an effi cient R2R based 
method to detect these microbubbles prior to use of the barrier 
foil and found an enormous range of bubbles present depending 
on the source and batch of the foil as shown in  Figure    9  . 

  The degradation of the foil also impacts the performances of 
the module by delamination and by allowing water and oxygen 
to penetrate faster. This was proven by comparing the degra-
dation of two C-1 modules placed on each side of the weath-
ering chamber for ISOS-L-3 test. The ageing curves of the two 
modules are compared in  Figure    10  . The module (#290B1) 
placed on the extreme right of the chamber degraded two times 
faster than the module (#291B1) placed on the other side of the 
chamber. To minimize effects stemming from such inhomo-
geneity, it is highly recommended both to check the tempera-
ture of all samples under test but also to periodically swap the 
sample positions to assure a more uniform ageing condition 
for all the samples. Ideally the sample stage should be rotating 
mechanically to ensure that all samples experience the same 
conditions during the test. 

     3.     Future and Outlook 

 In terms of testing, the ISOS standards and methods 
have undoubtedly been established as a very important tool for 
developing stable OPV. However, one issue that arises is the 
dealing with the large amounts of samples and testing over long 
periods of time and the handling of the large amount of data 
generated by each study. For example during the full study pre-
sented here more than 1500 data points were taken ( IV  curves). 
And for each of them effi ciency,  V  OC ,  I  SC , and FF were extracted 
and analyzed. Ideally the data extraction and its analysis should 
be automated. [ 17 ]  In this study the data were extracted and ana-
lyzed with a Microsoft Excel macro previously developed [ 17 ]  but 
was then manually analyzed. Now, that fast R2R manufacturing 
of OPV has been demonstrated, [ 21 ]  ISOS testing platforms and 
analysis tools having a throughput compatible with R2R manu-
facture need to be developed. A secondary aspect is of course 
how to project operational lifetime from the data, established 
using an approach as described here where a number of ISOS 

 Figure 9.    A photograph (above) of the Solar Inspect system with the R2R based line scanning cameras (in the red square). To the right of the photo-
graph the operating system is shown where the defects are characterized. In the table (below) small images from the line scanning camera are shown 
highlighting the bubble count for different barrier foils.
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test conditions are employed to chart the degradation behavior. 
In the case of OPV prepared using the C-1 PEDOT:PSS combi-
nations an ongoing test on a large scale under ISOS-O-1 condi-
tions have shown operational stabilities well in excess of 1 year 
(see  Figure    11  ). The stability increase that is potentially offered 
by using PEDOT:PSS combinations of the C-2 or C-3 type is 
thus signifi cant and a conservative estimate is that the increase 
is a factor of 3 but it could be signifi cantly higher when consid-
ering the decay curves in Figure  4 . 

    4.     Conclusion 

 We have successfully demonstrated that the choice of the 
high boiling point additive used to prepare highly conductive 
PEDOT:PSS can signifi cantly impact the stability of R2R pro-
cessed OPV modules. The freeOPV modules prepared with 
a PEDOT:PSS mixed with EG are more stable outdoor than 
their counterpart manufactured with a PEDOT:PSS mixed 
with DMSO. However, it was found that for some indoor tests 
(ISOS-D-3 and ISOS-L-3) modules with PEDOT:PSS mixed 
with DMSO were slightly more stable. The undeniable impact 
of additives in PEDOT:PSS on the long term stability should 
always be kept in mind when optimizing an OPV device, since 

the PEDOT:PSS composition giving the best effi ciency might 
include additives that reduce signifi cantly the stability over 
extended periods of time. We observed a signifi cant improve-
ment in operational stability for devices where EG was used 
as a high boiling additive for PEDOT:PSS and ascribe this to 
a higher degree of hydrophilicity observed for PEDOT:PSS 
formulations where DMSO is used as a high boiling additive. 
This is most critical for the PEDOT:PSS used in the back where 
there is intimate contact with the active layer. While the use of 
DMSO in the PEDOT:PSS for the front electrode was found 
more tolerable since there is no direct contact between the 
PEDOT:PSS. A higher hydrophilicity for the PEDOT:PSS layers 
was found to be undesired. We fi nally also observed additional 
failure modes linked to the ISOS testing of the modules. The 
competing causes of death were linked both to the packaging 
method and to the packaging material and we developed a R2R 
method to quality check barrier foil before use.  

  5.     Experimental Section 
  Materials and Inks : PEDOT:PSS P5010 was purchased from Agfa 

(Orgacon EL-P-5010) and diluted with isopropanol 10:5 w/w and a had 
a viscosity of 270 mPa s. PEDOT:PSS PDMSO-1 had a solid content 
of 2.2% containing 5% w/w DMSO and a viscosity of 250 mPa s was 
purchased from Heraeus (Clevios FE T DK which is a PH1000 without 
cross linker and surfactant) and diluted with isopropanol 10:3 w/w. 
PDMSO-2 had a solid content of 2.2% containing 5% w/w DMSO and 
a viscosity of 230 mPa s was purchased from Heraeus (as PH1000) 
and diluted with isopropanol 10:3 w/w. PEG-1 having a solid content of 
2.2% containing 5% w/w ethyleneglycol and a viscosity of 290 mPa s 
was purchased from Heraeus (Clevios F HC Solar 2) and diluted with 
isopropanol 10:3 w/w. All PEDOT:PSS from Heraeus are formulated 
using the same PH1000 base PEDOT:PSS material and only differ in the 
high boiling additive and in the case of PDMSO-1 also the absence of 
cross linker and surfactant. The barrier material employed was a 40 µm 
thick four-ply material from Amcor without UV-fi lter. 

  R2R Processing : The OPVs modules were manufactured as described 
in ref. [ 15 ]  for the ones with silver electrodes and in ref. [ 16 ]  for the ones with 
carbon electrodes. Briefl y, the OPVs modules were manufactured with an 
inline coating/printing machine on a web of 305 mm width. This R2R is 
equipped in order with an unwinder, an edge guide, a corona unit, a fl exo 
printing unit, a fi rst slot-die coating unit, a hot air oven (2 m length), 
a rotary screen printer, a second slot-die unit, three 1.5 kW IR driers, 
a second hot air oven (2 m length), an ink jet printer (for barcodes), 

 Figure 10.    Evolution of the effi ciency with time (left) and degradation parameters (right) for modules 290B1 and 291B1 that were adjacent in manu-
facture and near identical in performance at the start of the experiment.

 Figure 11.    Operational stability over 1.5 years of large scale modules 
prepared using the C-1 PEDOT:PSS combination with UV-fi ltering. The 
module was prepared according to the Infi nity concept [ 1 ]  and had a nom-
inal output of 215 W (100%). The effi ciency has not been corrected for 
irradiance and the lower performance at 180 days and 570 days was lower 
due to the season (late autumn 2013 and 2014, respectively).
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barcode readers and fi nally, a rewinder. All the PEDOT:PSS formulations 
were rotary screen printed at a web speed of 8 m min −1  with a nominal 
wet thickness of 20 µm. The oven had a temperature of 140 °C and 
3 × 1.5 kW infrared heaters were used. The lamination employed a R2R 
machine as described in the literature with DELO LP655 as adhesive. [ 22 ]  
Finally, the foil was cut into discrete OPV modules with a R2R laser-
cutter (90 W CO 2 ) before snap buttons were added for contacts. 

  Testing : The modules were tested according to the ISOS standards 
described in the literature. [ 19 ]  For outdoor testing, the modules were 
attached to the solar tracking platform. A damp heat chamber (from 
Thermotron) was used for ISOS-D-3 and a xenon lamp based weathering 
chamber (from Q-Lab) was used for ISOS-L-3. The IV characteristics 
were measured under a solar simulator with an AM1.5G spectrum of 
1000 W m −2  in conjunction with a Keithley 2400 SMU. For ISOS-L-2 the 
modules were put under a sun simulator and IV characteristics were 
continuously monitored with a Keithley 2400 source measure unit. 

  SEM : A freeOPV module was cut and embedded in epoxy, in order 
to allow imaging of a cross section. The sample was then mechanically 
polished in order to achieve a fl at specimen, followed by a thin carbon 
coating to limit charging effects. Details on the sample preparation 
can be found in the literature. [ 23 ]  The image was fi nally acquired with 
a SEM model Zeiss Cross Beam XB1540 using a secondary electron 
detector.  
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Improving the Operational Stability of PBDTTTz-4 Polymer
Solar Cells Modules by Electrode Modification**
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PBDTTTz-4 is employed in the ambient manufacturing of fully Roll-to-Roll organic solar cell modules.
Modules are manufactured using a novel silver nanowire electrode or a previously reported carbon
electrode. The average PCE of carbon modules (3.07%) and AgNW modules (1.46%) shows that
PBDTTTz-4 is a good candidate for upscaling. Stability measurements following the ISOS standards
are used to compare the lifetime of the different modules. In all tests but one, the carbon modules are less
stable. The higher stability of AgNW is attributed to the removal of the PEDOT:PSS in the front
electrode. Finally during indoor light tests, a new degradation phenomenon is observed where bubbles
are formed inside the modules contrary to previous reports of bubble formation by thermal expansion of
trapped gas inside the barrier.

1. Introduction

Among the sustainable sources of energy, polymer solar
cells (PSCs) have attracted a large interest, because they can be
processed from solution which allows for high throughput
R2R manufacturing.[1–4] Meaning that their manufacturing
can be scaled up under ambient conditions at high speed.
Consequently large-area organic photovoltaics (OPVs) would
become an energy source with a high power to weight ratio
and a short energy payback time.[5–9]

In order to competewith current photovoltaic technologies,
however, low cost by itself is not enough and therefore the
efficiency as well as the lifetime of PSCs need to be
improved.[10,11] Through extensive research, the efficiency
has steadily increased for both single and tandem devices and
has now been reported to exceed a power conversion
efficiency (PCE) of 10% for laboratory size cells (!mm2).[12]

Such PSCs are prepared with materials (glass, indium tin
oxide. . .) and processing techniques (spin-coating, evapo-
ration. . .), which are incompatible with the intended fast R2R
processing and low cost manufacturing philosophy. Bridging

the gap from lab-to-fab is technologically extremely challeng-
ing and real large-scale fully R2R processed PSCs have at best
efficiencies in the range of 2–3%.[13–16]

Recently, high-performance polymers compatible with
upscaling have been developed;[17–20] some of which show
great potential. Particularly PBDTTTz-4 (Figure 1) has been
reported by Carl!e et al. to retain its efficiency,[17] when
upscaled in ITO-free and fully R2R processed PSCs, at about
3% for both single cells (1 cm2) and modules (8 and 29 cm2).
Initial efficiencies of PBDTTTz-4 cells are higher than typical
large-area PSCs prepared with P3HT. However, their
operational stability (another critical parameter) is much
lower than the P3HT PSCs.[17] This probably relates to the fact
that the current design of ITO-free, R2R processed PSCs has
been optimized for P3HT and therefore needs to be modified
to better fit PBDTTTz-4.

In this work, we present three different architectures of
freeOPV modules with PBDTTTz-4:PCBM as the active layer
(Figure 2) and various previously reported front and back
electrodes.[21–23] The lifetimes of these modules are tested
according to the standards defined by the International
Summit on OPV stability (ISOS).

2. Results and Discussion

2.1. Modules Manufacturing and Characterization
In order to study PBDTTTz-4 as the absorber material in

R2R processed large-area PSCs, the blend PBDTTTz-4:PCBM
was integrated in three different freeOPV designs with similar
stack architecture but with different front and back electrodes.
A graphical representation of the architecture of these
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modules is given in Figure 3 along with a “classical freeOPV”
with P3HT:PCBM (Figure 3 left). The silver-free architecture
(Figure 3 center) referred to as Carbon freeOPVhas previously
been extensively described and studied with P3HT:PCBM
as the active layer.[22,24] The two final architectures, both
included in the illustration to the right in Figure 2, represent
the use of a novel front electrode made of silver nanowires
(AgNW) and ZnO previously reported by H€osel et al.[23] and

later integrated in R2R manufactured PSCs with P3HT:PCBM
as active layer and subjected to stability studies as a function
of PEDOT:PSS electrodes.[24] The two AgNW architectures
differ in their back electrodes made with either a PEDOT:PSS
layer in combination with a silver grid (similar to the first
freeOPV generation) or only with a PEDOT:PSS layer. At the
time of this study, the first generation of freeOPV[21] (Figure 2
left) was not manufactured anymore and therefore no
modules with this architecture were made with PBDTTTz-
4. However, when first reported, PBDTTTz-4 was extensively
studied in PSC modules, prepared with a mini-roll coater,[17]

having a stack architecture identical to the first-generation
freeOPV with the exception of the active layer. The detailed
compositions of each architecture are given in Table 1 along
with their initial photovoltaic performance parameters: the
power conversion efficiency (PCE), the open circuit voltage
(Voc), the short circuit current (Isc), and the fill factor (FF).

Fig. 1. Chemical structure of PBDTTTz-4.

Fig. 2. Front photographs of the freeOPV PBDTTTz-4 devices manufactured respectively with a carbon back electrode (left), a silver back grid (center), and without a silver grid
(right).

Fig. 3. The different freeOPV architectures: first generation (left), carbon (center), and AgNW (right).
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The upscaling from the smaller modules (8 cm2) to the
freeOPVmodules (30 or 57 cm2) only results in a small drop in
PCE for PBDTTTz-4 where most common polymers used
in OPVs drastically lose performance when upscaled.[2] This
illustrates that PBDTTTz-4 is a promising candidate for
manufacture of large-scale R2R processed PSCs. However,
the AgNWmodules do have a lower starting efficiency which
is attributed to a more challenging coating of the active
layer on top of the AgNW/ZnO layer. Finally, the difference
in performance between the two AgNW architectures is
attributed to the lower conductivity of the back electrode
when there is no Ag grid.

2.2. Polymer Solar Cell Stability Study
The different modules previously described underwent

both indoor and outdoor stability tests which are described in
the experimental part. The conditions of these tests followed
the standards established by the “International Summit on
OPV Stability” known as ISOS and are given in Table 2.[25]

Following these guidelines, allows us to accurately compare
the present results between the different architectures as well
as with previous studies that used the same standards.
A recent study by Corazza et al.[26] tackled the issue of
comparing different PSCs architectures giving guidelines to
compare PSCs uncoupled from processing methods and
locations. From that study, it was observed that freeOPV
modules are about twice as stable as the cells prepared with a
mini roll-coater (for the same stack architecture). This allows

comparison of results obtained from PSCs prepared by mini
roll coating with the freeOPV modules used in this study.[17]

During this study, the PBDTTTz-4 modules underwent
four indoor tests as well as two outdoor tests. For the indoor
test, ISOS-D-2 and ISOS-D-3 are dark tests and the modules
are only exposed to light when measured. During ISOS-L-2
and ISOS-L-3, the modules are continuously exposed to light
from a solar simulator. While the ISOS-L-2 is carried out in the
ambient atmosphere (resulting in a relatively low humidity
because of the elevated temperature), the ISOS-L-3 is carried
out in a humidity-controlled chamber. The three indoor tests
ISOS-D-3, ISOS-L-2, and ISOS-L-3 are referred to as accelerat-
ed because of their harsh testing conditions, which result in
faster degradation of the modules. For the two outdoor tests,
the only difference is the light source used to characterize the
modules. For the ISOS-O-1 test, the modules are dismounted
from the sun tracking platform and measured under a sun
simulator as described in the experimental section. In the case
of ISOS-O-2, the photovoltaic performances are measured
outdoor using natural sunlight which can yield day-to-day
variation depending on theweather conditions. In order to get
reliable statistics, four modules were used for each test except
for ISOS-D-2 where only three modules were used, because of
the general high stability of PSCsmodules in this test (no light
and low humidity) which rarely leads to extreme failure.[2] As
for ISOS-O-2, only the two AgNW architectures were tested
(two modules each). The reason here is purely technical;
there were not enough free channels available to connect to

Table 1. FreeOPV architectures and initial photovoltaic performances averaged over 19 modules for each architecture.

1st Generation
freeOPV[a]

Carbon
freeOPV

AgNW–back
PEDOT:PSS

AgNW–back
Ag grid

Mini roll coated
Ag grid[b]

Front electrode Flextrode[34] PEDOT:PSS/ZnO AgNW/ZnO AgNW/ZnO Flextrode
Active layer P3HT:PCBM PBDTTTz-4:PCBM PBDTTTz-4:PCBM PBDTTTz-4:PCBM PBDTTTz-4:PCBM
Back electrode PEDOT:PSS/Ag grid PEDOT:PSS/carbon PEDOT:PSS PEDOT:PSS/AG grid PEDOT:PSS/Ag grid
Active area [cm2] 57 30 57 57 8
Voc [V] 4.1! 0,3 12.54! 0.08 4.89! 0.14 6.3! 0.3 3.22! 0.03
Isc [mA] 40! 2 16.4! 0.5 37. 8! 1.6 41! 2.2 14.4! 0.8
FF [%] 60! 4 45! 1 31! 1.5 42! 3.2 50.4! 1.45
PCE [%] 1.75! 0.06 3.07! 0.06 1.01! 0.06 1.9! 0.2 2.9! 0.2

[a] Data extracted with permission from ref.[26]

[b] Data extracted with permission from ref.[17]

Table 2. ISOS tests conditions.

ISOS-D-2 ISOS-D-3 ISOS-L-2 ISOS-L-3 ISOS-O-1 ISOS-O-2

Light source None None Simulator
AM1.5G

Simulator
AM1.5G

The sun,
outdoor

The sun,
outdoor

Temperature 65 "C (oven) 65 "C 65 "C 85 "C Ambient
outdoor

Ambient
outdoor

Relative humidity Ambient 85% (Environment
chamber)

Ambient Controlled
(50%)

Ambient
outdoor

Ambient
outdoor

Characterization light
source

Solar
simulator

Solar simulator Solar simulator Solar simulator Solar simulator Sunlight
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the keithley 2400 SMU used to monitor the outdoor PSCs
modules. Because of limited space availability for the different
stability tests not all of these were started at the same time
leading to variation in the testing times for ISOS-D-2, ISOS-L-
2, and ISOS-O-1. All the stability data obtained from these
tests have been grouped in Figure 4. For the three freeOPV
module architectures, the evolution of the efficiency over time
is plotted for all the ISOS tests. The main degradation
parameters are also given: T80 (the time it takes for the module
to reach the 80% of its initial performance), and TS80 the time it
takes to degrade by 20% after stabilization.

2.3. Analysis
In the ISOS-D-2 test, the absence of two major factors that

significantly accelerate the ageing mechanisms, the light, and
the humidity (the latter is due to the elevated temperatures
that create a dry environment around the sample) produce
very moderate test condition for the samples.[27] Thus, as

expected all the freeOPV modules tested under ISOS-D-2 in
this study, regardless of their architecture, are stable and
remained above 80% of their initial performances for the
3 months of testing. The carbon module efficiencies show an
almost linear decrease during the whole study reaching 80%
after approximately 3 months, whereas both types of AgNW
modules still performed above 80% of their initial perform-
ances at the time this work was submitted. The tests of the
modules are still ongoing and are expected to be stable for
many more months.

The second dark test ISOS-D-3 introduces a high level of
humidity. Water is a well-known degradation source for
PSCs[4] and as expected all the freeOPVmodules tested under
the ISOS-D-3 conditions degraded extremely quickly. Both
types of AgNWmodules reached T80 in about a day andwere
fully degraded in about 2 weeks. Under ISOS-D-3, the carbon
modules performed slightly better and only reached 80% of
their initial efficiency after 3 days. However, the degradation

Fig. 4. Degradation curves and lifetime factors for PBDTTTz-4 freeOPV modules with silver grid back electrode (top), PEDOT:PSS back electrode (middle), and carbon electrodes
(bottom). For ISOS-D-2, the final time (TF) is plotted instead of T80 and TS80 for both type of AgNW architectures as all modules retained more than 80% of their starting efficiency.
For ISOS-L-2, in the case of the modules with AgNW front electrode (top and middle) TF is plotted instead of TS80 as the modules are stable after the burn in phase.
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never slowed down on the carbon modules that were
completely degraded after 2 weeks.

The first indoor test with light (ISOS-L-2) has an
intrinsically low humidity level because of the higher ambient
temperature generated by the sun simulator. Under these
conditions, the carbon modules proved to be the least stable
and their performances dropped by 80% in aweek. In contrast
both types ofAgNWmodules stabilized at around half of their
starting efficiency after a few days and remained stable for
3 months. However, the modules with only PEDOT:PSS in the
back started slowly to degrade again toward the last weeks of
the study while the modules with PEDOT:PSS/Ag grid as
back electrode remained stable.

During the last indoor test (ISOS-L-3), which combines
both light and humidity, the three different architectures
showed drastic differences in degradation. The carbon
modules reached T80 in a few hours and were fully degraded
in 2 weeks. The modules with AgNW in the front and only
PEDOT:PSS in the back degraded much slower than the
carbon modules. These modules reached T80 in about a day
andwere fully degraded after 6 weeks. The last set of modules
with AgNW as front electrode and PEDOT:PSS/Ag grid
as back electrode degraded even slower with a T80 of 10 days.
And after almost 2 months, their efficiency stabilized around
50% of their initial value.

Finally, for the outdoor tests, as mentioned earlier, no
carbon modules underwent ISOS-O-2 due to lack of space.
Only two AgNW modules of each architecture were tested. It
is noticeable that as expected, the modules under ISOS-O-2
appear to degrade according to the same pattern as the
modules under ISOS-O-1. The lower performance is due to
the fact that the modules were measured outside in Denmark
where the light intensity tends to be low especially during the
winter. The study started on July 11th, 2014 so the dip in the
degradation curve (Figure 4 top and middle) corresponds to
the winter season.

Although the carbon modules do not degrade faster than
the other two sets of modules with AgNW under ISOS-O-1
conditions, they do not stabilize and have lost 70% in
efficiency after 4months. The behavior of both types of AgNW
modules is similar; they degraded to about 40–50% of their
starting efficiency in a little over a month and after that their
efficiency is stable for roughly 6 months before starting to
slowly diminish again.

An overview of the results is given below in Table 3 with
a ranking of the tested architectures in the different tests. All
the ISOS tests except ISOS-D-3 show that the modules with

AgNW as front electrode are more stable than the modules
with carbon electrodes. This effect is attributed to the removal
of PEDOT:PSS in the front electrode of the AgNWmodules. In
fact, PEDOT:PSS is known to impact OPV stability negatively
because it is hygroscopic.[28–30] Increase of thewater content in
the PEDOT:PSS layer leads to a decrease in the conductivity
of PEDOT:PSS[29,30] and corrosion of metal layers in contact
with PEDOT:PSS can be observed[31] as well as an increase in
the acidity of PSS.[32]

Between the two type of AgNWmodules, the superiority of
the ones with a silver grid on the back electrodes is also linked
to PEDOT:PSS. As stated above, the absorption of water by
PEDOT:PSS reduces its conductivity. The resulting higher
sheet resistance has a less pronounced effect in the presence of
Ag grid and the back electrode retains a good conductivity[23]

compared to the modules with only PEDOT:PSS as the back
electrode.

2.4. Elevated Temperature Degradation
During ISOS-L-2 and ISOS-L-3, a new type of degradation

mechanism was observed. Bubbles appeared inside the
module (Figure 5 left) contrary to a previously reported
degradation mechanism where the bubbles formed inside the
barrier laminate used for encapsulation.[24] In the case of
ISOS-L-3, only the carbon modules and the AgNW modules
with a silver grid exhibited this phenomena. However, during
ISOS-L-2 all three types of freeOPV modules displayed
bubbles. The initiations of the bubbles are probably due to
trapped gas and/or solvents in the porous layers of the
modules. Such trapped substances would be expected to
expand under the high temperatures of both tests which could
explain the bubbles. The porosity of the printed silver grid
electrode has previously been identified by Dam et al.[33] to be
above 60% of its volume and a similar porosity could
be expected to be present in the carbon electrode. The
phenomena is also observed during ISOS-L-2 for the modules
with only PEDOT:PSS as back electrodes (without any porous
layer). In that case, the hypothesis is that during encapsulation
of the modules a small amount of gas is trapped. By light
beam-induced current (LBIC), it is observed that the modules
have delaminated at the locations of the bubbles (see Figure 5
right) and they are thus an additional source of degradation of
the modules.

2.5. Conclusion
The study described in this work successfully identifies

factors impacting the long-term stability of large-area R2R

Table 3. Ranking of the device architectures in the different lifetime studies.

Module type ISOS-D-2 ISOS-D-3 ISOS-L-2 ISOS-L-3 ISOS-O-1

Carbon – þ – – –

AgNW/PEDOT:PSS þ – þ þ þ
AgNW/PEDOT:PSS þ Ag grid þ – þþ þþ þþ
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processed PSC modules prepared with the high-efficiency
polymer PBDTTTz-4. Both indoor and outdoor stability
measurements show that modules without a PEDOT:PSS
layer in the front electrodes are more stable. One exception to
that conclusion is the high humidity dark test (ISOS-D-3) were
the carbon modules (with both a front and a back PEDOT:PSS
layer) performed better. However, even with the improve-
ment yielded by the use of AgNW front electrodes the
lifetime of the best large-area PBDTTTz-4 modules still
remains low compared to large-area P3HT modules with
reported outdoor lifetimes above 1.5 years.[24] This clearly
indicates the need to develop new electrode combinations
tailored to PBDTTTz-4 and other high-performance poly-
mers in order to improve their lifetimes. This study shows
that PEDOT:PSS dramatically lowers the lifetimes and that
the replacement of this component in both front and back
electrodes should be a priority. Finally, for the fully R2R
processed PSC modules a new type of degradation was
identified during the high-temperature indoor tests. The
thermal expansion of trapped gas/solvent leads to the
formation of bubbles inside the solar cells which causes
the cells to delaminate.

3. Experimental Section

3.1. Materials and Inks
The modules were manufactured on a polyethylene tere-

phthalate (PET) flexible substrate (OTR¼ 0.01 cm3 m"2 day"1

and WVTR¼ 0l04 gm"2 day"1) without UV-filter obtained
from Amcor. The substrate was also employed for the back
encapsulation of the modules. The silver nanowire substrates
were prepared as described previously.[23] The ZnO ink
employed for manufacturing was prepared by dispersing
nanoparticles in acetone with a concentration of 56mgmL"1.
For the active layer, PBDTTTz-4 was synthesized as described
previously.[17] Inks comprising PBDTTz-4 and[60] PCBM (from
Nano-C) were prepared as described previously.[17] For the
back electrodes of theAgNWmodules, PEDOT:PSSpurchased
from Heraeus (Clevios PH1000) was used. For the carbon
modules, both front and back PEDOT:PSS was obtained from
Heraeus (Clevios PH1000). The carbon paste (Electrodag PF-
407C fromAcheson)wasusedaspurchased. For the silvergrid,
back electrode Dupont 5025 was employed and used as

received. Finally, the adhesive used for encapsulation (LP655)
was purchased from DELO.

3.2. Polymer Solar Cells Preparation
The manufacturing of freeOPV modules was carried out

as previously described.[21,22] The modules were prepared
on a 305mm wide substrate moving through an inline R2R
manufacturing unit equipped with: an unwinder, an edge
guide, a corona treater, a flexo printer, two slot-die coating
units, two hot air ovens (2m length), a rotary screen-printer, 3
IR drier (1.5 kW), an ink-jet printer, a barcode reader, and a
rewinder. The modules were then laminated with a second
R2R unit. Finally, the freeOPV modules were cut with a laser
(90W CO2) and contacted with snap buttons.

3.3. Device Characterization
All stability measurements were carried out following the

ISOS standards[25] (shown in Table 2). Except for the ISOS-O-2
test, all the photovoltaic performances were acquired using a
solar simulator with an AM1.5G spectrum of 1 000Wm"2

with a Keithley 2400 SMU. For the ISOS-O-2 studies, the
performances were measured outdoor under natural sunlight
illumination and ambient conditions using a Keithley 2400
SMU. A bolometer from Eppley Laboratories was employed
to record the irradiance. For both outdoor tests (ISOS-O-1 and
ISOS-O-2), the modules were placed on a solar tracking
platform. A damp heat chamber (from Thermotron) was used
for ISOS-D-3 and a xenon lamp-based weathering chamber
(from Q-Lab) was used for ISOS-L-3. Finally, in the case of
ISOS-L-2, the modules were placed under a solar simulator
and IV-characteristics were continuously recorded with a
Keithley 2400 SMU.
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ABSTRACT: The mechanical properties of low-band-gap
polymers are important for the long-term survivability of roll-
to-roll processed organic electronic devices. Such devices, e.g.,
solar cells, displays, and thin-film transistors, must survive the
rigors of roll-to-roll coating and also thermal and mechanical
forces in the outdoor environment and in stretchable and
ultraflexible form factors. This paper measures the stiffness
(tensile modulus), ductility (crack-onset strain), or both of a
combinatorial library of 51 low-band-gap polymers. The
purpose of this study is to systematically screen a library of
low-band-gap polymers to better understand the connection
between molecular structures and mechanical properties in
order to design conjugated polymers that permit mechanical
robustness and even extreme deformability. While one of the principal conclusions of these experiments is that the structure of an
isolated molecule only partially determines the mechanical propertiesanother important codeterminant is the packing
structuresome general trends can be identified. (1) Fused rings tend to increase the modulus and decrease the ductility. (2)
Branched side chains have the opposite effect. Despite the rigidity of the molecular structure, the most deformable films can be
surprisingly compliant (modulus ≥ 150 MPa) and ductile (crack-onset strain ≤ 68%). This paper concludes by proposing a new
composite merit factor that combines the power conversion efficiency in a fully solution processed device obtained via roll and
roll-to-roll coating and printing (as measured in an earlier paper) and the mechanical deformability toward the goal of producing
modules that are both efficient and mechanically stable.

■ INTRODUCTION
The conventional rationale for research on organic photovoltaic
(OPV) materials and devices is the promise of inexpensive,
lightweight, flexible solar modules that can be fabricated by roll-
to-roll (R2R) processing in ambient atmosphere on flexible
substrates.1 These defining advantages are thus contingent on
stability against bending and other thermomechanical modes of
deformation.2 The work of Dauskardt et al. has shown,
however, that the cohesive and adhesive fracture energies
encountered within and between layers in organic solar cells
occupy a typical range of 1−5 J m−2, which is significantly lower
than the values that characterize devices based on conventional
semiconducting materials (though these values are dependent
on the thickness of the active layer, polymer:fullerene blend,
processing conditions, composition, molecular weight, and
relative humidity).3 Despite an increase in interest in the
mechanical properties of nominally flexible electronic materi-
als,4,5 almost all previous work has focused on the properties of
poly(3-alkylthiophenes) (P3ATs, for which we have previously
shown that structural features such as the length of the alkyl

side chain play critical roles in determining the stiffness, yield
point, and ductility of conjugated polymers2,6). While the
P3ATs (particularly where A = hexyl) have been a useful model
system,7and also appears to have significant advantages in R2R
production,8 the best power conversion efficiencies are
achieved with low-band-gap polymers comprising an alternating
arrangement of donor and acceptor (D−A) units.9
This paper describes a large-scale investigation of the

mechanical properties of D−A polymers by measuring the
tensile modulus, cracking behavior, or both of a combinatorial
library of 51 compounds, which represent combinations of
acceptors A1−10 and A12−14 and donors D1−D3 and D5−
D9, shown in Figure 1. The purpose of this study was to take
the first steps toward developing guidelines for the rational
design of conjugated polymers for increased mechanical
stability and deformability. Combined with an earlier report
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from Bundgaard et al.8 on the photovoltaic performance of a
library of which the materials studied here is a subset, the
ultimate goal of this work is thus to permit the co-optimization
of electronic and mechanical performance. A favorable outcome
would not only improve the stability of R2R-processed organic
solar modules but also allow the integration of OPVsor any
organic electronic devicesin many form factors inaccessible
by conventional devices, such as in clothing, portable
electronics, biomedical applications, and extremely flexible
and stretchable devices.2

■ BACKGROUND
The mechanical stability of conjugated polymers, specifically
D−A polymers, has until now received little attention in the
literature. The absence of emphasis on this topic has been due
to the focus on improving the power conversion efficiency
(PCE) on a small-scale laboratory device on glass where
thermomechanical properties rarely present a limitation to
observations of device performance. However, for flexible
devices that require flexibility during manufacturing, in the
actual application/integration, and in the operation of the
device, the thermomechanical properties become a dominant
boundary condition that if not met will prevent success

Figure 1. Chemical structures of the 13 acceptor monomers (a) and 8 donor monomers (b) as synthesized and described in a previous paper.8 (c)
Table of the combination of D−A polymers measured in this work. Tensile moduli (Ef) were measured for a total of 43 polymers, the crack-onset
strains (CoS) were measured for 47 polymers, and both quantities were measured for 39 polymers. The “missing” combinations are the result of
failure to obtain the material by synthesis, failure to create devices via roll coating, or insufficient material available after the initial studies performed
in ref 8. For D5, R is H for A2 and A4 and C12H25 for A1, A8, and A12. The abbreviation EH stands for 2-ethylhexyl, and HD stands for 2-
hexyldecyl.
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(regardless of device PCE).1 Recently, laboratory-scale PCE for
D−A polymers has reached well over 10% on optimized
architectures on devices with small active areas.10 However,
these devices were prepared on rigid substrates, i.e., glass coated
with indium tin oxide (ITO), that are not compatible with R2R
manufacturing.1 Moreover, rigid substrates mask the potential
fragility of the D−A polymers and polymer:fullerene
composites that could lead to mechanical failure in flexible
modules.2 The recent effort by Bundgaard et al. to screen 104
different combinations of D−A polymers has revealed that 13
out of 104 polymers outperformed P3HT on a merit factor that
is weighted toward the suitability of the materials for R2R
processing.8 This merit factor accounted for not only the
electrical performance but also the chemical stability and
simplicity of the synthesis8 but did not account for the
predicted stability against thermomechanical degradation.
While most earlier work by us and others on the mechanical

properties of organic semiconductors has focused on P3ATs,2 a
few studies have suggested some ways in which the molecular
structures of the D−A polymers influence their mechanical
properties. An earlier paper examined the mechanical properties
of PDPP-2TTT (a D−A polymer whose repeating units
comprise diketopyrrolopyrrole (DPP), thiophene (T), thieno-
thiophene (TT), and thiophene in the backbone) and PDPP-
4T (a close structural analog in which the fused thienothio-
phene structure was substituted with bithiophene, which
comprises two isolated thiophene rings).11 The results of this
work suggested (though not rigorously confirmed) that the
polymer with the fused ring system produced a tensile modulus
that was higher (0.99 GPa for PDPP-2TTT) than that of the
polymer bearing the isolated rings (0.74 GPa for PDPP-4T).11

In a separate study, we found that random incorporation of
bithiophene units into the structure of PDPP-2FT (where F =
furan) decreased the tensile modulus from 2.17 ± 0.35 to 0.93
± 0.16 GPa.12 The brittleness of polymers comprising rigid
large fused rings in the backbone was also suggested by the
results of Wu et al., who observed significant cracking in highly
crystalline organic thin film transistors fabricated from a DPP-
based polymer with four fused thiophene rings.13 Additionally,
Kim et al. also investigated the mechanical properties of D−A
polymers, namely, that of PBDTTTPD (same structure as
A9D2, however we did not have this material available for this
study).14 They found that the tensile modulus of the composite
of PBDTTTPD and a nonfullerene electron acceptor (at 1:1
ratio) was 0.43 GPa, which is much lower than when combined
with PCBM at 1.76 GPa (at 1:1.5 ratio), and were able to make
a solar cell with good efficiency and high intrinsic
deformability.14 These experimental results have recently
been complemented with computational tools designed to
study the effects of molecular structures of conjugated polymers
on mesoscale (∼10−100 nm) conformational structures and
thus may also accelerate the understanding of the connection
between molecular structure and mechanical properties.15

Despite the efforts noted above, mechanical data for D−A
polymers is sparsely reported. We thus sought to lay the
groundwork for a rigorous understanding of the structural
determinants of the mechanical properties of D−A polymers by
reporting the properties of a sufficiently large library comprising
several popular donors and acceptors. We admit at the outset
several limitations of this approach. First, the mechanical
properties of polymers are determined not only by the
molecular structure but also by the microstructure in the
solid state. The microstructure/morphology is difficult to

predict by computation15 (though eventually it should be
possible to do so), and moreover, the microstructure/
morphology was not within our means to measure for the
entire library. Second, the microstructure/morphology that
forms is a strong function of the solvent, film-casting method,
drying, and postprocessing steps,9,16 which it was not practical
to optimize for every material. Third, the molecular weight and
dispersity (Đ) for step-growth polymerizations are notoriously
difficult to control, though it is possible that the stiffness of D−
A polymers precludes a highly entangled microstructure, even
at high molecular weights.17 Fourth, the mechanical properties
of bulk heterojunction films are significantly affected by the
electron-transporting phase.2 For polythiophenes, we found
that the tensile moduli of polythiophene:[60]PCBM blends
was linearly correlated to the tensile moduli of the pure
polymers,18 though this behavior cannot be assumed for all
polymers nor can it be assumed that methanofullerenes will be
used in all organic solar cells in the future, and thus, we
measured the properties of the pure polymers only. Despite
these limitations, we found that several rules of thumb did
emerge for increased deformability of D−A polymers. More-
over, we expect that the mechanical characteristics of the library
of polymers reported here will stimulate computational and
microstructural studies designed to connect molecular structure
not only to electronic performance but also to mechanical
behavior.

■ EXPERIMENTAL DESIGN
Selection of Materials. We selected the combination of 8

different donor monomers and 13 different acceptor monomers
in order to test a library of D−A polymers with diversity in
chemical structures (Figure 1a and 1b). The library is a subset
of that used in a recent paper by Bundgaard et al. on the
viability of these materials for R2R fabrication.8 The chemical
structures were selected on the basis of polymers from the
current literature that produced highly efficient solar cells,
including polymers containing the subunits benzothiadiazole
(BT), quinoxaline (as seen in TQ1), benzodithiophene (BDT),
diketopyrrolopyrrole (DPP), carbozole, thiophene, and bithio-
phene. Our initial hypothesis was that two prominent features
of the chemical structures(1) fused vs isolated rings and (2)
branched vs linear side chainswould affect the mechanical
properties of the films bearing them. The monomers containing
fused rings are A6, A10, D1, D2, D3, D6, and D9. We made the
distinction between structures with fused rings aligned along
the backbone such as those found in diketopyrrolopyrrole
(DPP) and fused rings not in the direction of the backbone
such as benzothiadiazole (BT). The solubilizing side chains on
the structures range from relatively short alkyl side chains of
eight carbons (C8H17) to long alkyl side chains of 14 carbons
(C14H29) as well as branching side chains of 2-ethylhexyl (EH)
and 2-hexyldecyl (HD). We also examined the effects of
molecular weight and dispersity on the mechanical properties of
the polymers.

Measurement of Mechanical Properties. We measured
the mechanical properties of the D−A polymers using two
specific values: tensile modulus and the crack-onset strain. Both
measurements are performed using the film-on-elastomer
techniques. In particular, the tensile moduli were measured
using the buckling instability as developed by Stafford et al.,19

expanded to conjugated polymers by Tahk et al.,20 and used
extensively by us and others.2,4,11,21 Low tensile modulus is
regarded as “good” from the standpoint of mechanical stability,
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because films that require a low energy density to elongate in
the elastic regime will minimize interfacial stresses with other
layers in the device stack that would otherwise lead to
delamination.2,22 For polythiophenes of comparable molecular
weight, low tensile modulus is also highly correlated to high
crack-onset strain. Crack-onset strains of films on elastomers
are often interpreted as analogous to the elongation at fracture
of bulk samples or free-standing films of the polymers, though
these quantities are not exactly equivalent because poor
adhesion of a film to a substrateand unequal adhesion
among different polymerslocalizes strain to cracks and
defects and causes premature cracking.4,23 The polymer films
were transferred to elastomeric substrates and stretched, and we
recorded the crack onset strain by obtaining micrographs at
each level of strain. We also took note of the qualitative nature
of the cracks, i.e. either brittle cracks (which propagated the
entire length of the film perpendicular to the stretched axis) or
ductile cracks (whose propagation was limited). We note that
previous studies by Stafford and co-workers19,24,25 and
O’Connor et al.4 have shown that the tensile modulus of a
thin film is a relatively weak function of its thickness when the
film is above ∼40 nm and below 500 nm. We judiciously
prepared our thin films to be within this range. We also
observed no significant deviation from the averaged value of the
crack-onset strain for any polymer sample. Furthermore, we
chose this range of film thicknesses to better correlate with the
result from Bundgaard et al., in which the thicknesses of all
devices were between 300 and 500 nm.8

■ RESULTS AND DISCUSSION
Tensile Moduli of Low-Band-Gap D−A Polymers. We

began by measuring the tensile modulus of each D−A polymer
using the buckling-based method. Figure 2a shows a
comprehensive overview of all tensile moduli collected for
the available polymers. The standard deviation of each value
was calculated from the propagation of standard errors of the
line fits (buckling wavelength vs film thickness) and the
standard deviation of the tensile moduli of the PDMS
substrates; the values are provided in Table 1. We discarded
the values of the modulus from the samples in which the
standard errors of the line fits were too high (R2 < 0.95) or the
characteristic buckling wavelengths could not be obtained. The
reasons for the failure to obtain good linear fits or a consistent
buckling wavelength arose from the difficulty in handling some
thin films. In some cases, the films adhered too well to the glass
substrates; strong adhesion to the glass substrate led to either
partial transfer onto the PDMS substrate or damage to the
films. For other cases, the strain induced by handling the
transferred film on PDMS or the compressive strain induced to
generate buckles resulted in delamination or cracking of the
films or both. These defects in the films resulted in the
misrepresentation of the buckling wavelengths because the
compressive strain was accommodated by delamination and
cracking, as opposed to by buckling.26 Polymers with a high
tendency to crack under the minute strains produced by
transfer were treated as having effective crack-onset strains of
0%. Measurements of the crack-onset strain, described in the
next section, were performed to further test the dependency of
ductility on molecular structure.
The values of the tensile modulus occupied a range between

200 MPa and 4 GPa, which corresponded well with the range
of the previously reported moduli for other D−A conjugated
polymers using the same method of measurement.2 The highest

value of tensile modulus measured was that of A2D1 at 3.79 ±
0.80 GPa. The first qualitative trend we observed was the
relatively high stiffness (larger values of tensile moduli) of
polymers comprising donor units with fused rings in the
backbone. The polymers with donor units with fused rings (D1,
D2, and D3) were found to have an average tensile modulus on
the order of 1 GPa, while polymers with isolated rings such as
D5, D7, and D8 had moduli on the order of 500 MPa. This
qualitative trend agrees well with the previously reported
increase in stiffness when the polymer backbone comprises
fused rings rather than isolated rings.11 We note here that D6
and D9 also comprise fused rings in their backbone; however,
the resulting polymers from these two donor units were found
to have much lower average modulus, which was similar to
values obtained for polymers with isolated rings. We attributed
this lower than expected moduli to the presence of long and
branched solubilizing side chains found on both D6 and D9.
The effect of the length of the solubilizing side chains on the

tensile modulus of P3AT was studied by us in a previous
publication.23 We found that an increase in the length of the
alkyl side chain from 4 to 8 (P3BT to P3OT) dramatically
reduced the tensile modulus by approximately an order of
magnitude. This effect was attributed to the decrease in glass

Figure 2. Summary of the mechanical properties measured in this
paper. (a) Tensile moduli of the examined polymers in GPa. Indicated
colors correspond to the ranking of the lowest value of the modulus
(green) to the highest value of the modulus (red). (b) Crack-onset
strain of the polymers. Colors correspond to the ranking from the
highest value (green) to the lowest value (red). Standard deviations
are omitted in this figure for the sake of clarity and provided in Table
1. No values were plotted for the polymers for which the
measurements were not obtained.
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transition temperature with longer side chains and the
reduction of the volume fraction of the load-bearing main
chain.23 The presence of the long and branching side chains
have been known to affect the microstructure and therefore

electronic properties of the polymers in many aspects, for

example, by increasing the separation between main chains.16

This reduction in the intermolecular packing of the polymer

Table 1. Tensile Moduli and Crack-Onset Strain of All Polymers Measured by the Film-on-Elastomer Technique in This Studya

polymer Mn (Da) Đ

tensile
modulus
(GPa)

crack-onset
strain (%)

crack
behavior

A1D5 9300 2.2 0.24 ± 0.08 7.3 ± 2 ductile
A1D9 6900 1.4 0.44 ± 0.18 0c brittle
A2D1 9500 2.0 3.79 ± 0.80 0.5d brittle
A2D2 12 400 11.4 NAb 0c brittle
A2D3 90 000 4.5 1.45 ± 0.47 1d brittle
A2D5 540 000 4.2 0.32 ± 0.02 1.5d brittle
A2D9 9400 1.8 0.33 ± 0.12 2.7 ± 1.5 brittle
A3D1 50 000 10.8 1.23 ± 0.52 18 ± 5 ductile
A3D3 16 000 3.5 2.91 ± 1.30 2.75d brittle
A3D6 3800 3.1 0.17 ± 0.02 NAb NA
A3D7 24 000 2.7 0.32 ± 0.03 68 ± 14 ductile
A3D8 2200 3.1 0.68 ± 0.14 NAb NA
A3D9 19 000 2.1 NAb 5.2 ± 2 ductile
A4D2 22 000 9.1 1.35 ± 0.76 5.0 ± 1.3 brittle
A4D5 29 000 9.2 0.92 ± 0.19 2.7 ± 0.6 brittle
A4D9 7000 1.5 0.34 ± 0.18 19.7 ± 1.5 ductile
A5D1 18 000 3.0 0.87 ± 0.11 3.5 ± 0.5 brittle
A5D2 100 700 3.1 0.75 ± 0.23 NAb NA
A5D6 11 000 26.7 1.24 ± 0.29 4.2 ± 1.3 brittle
A5D7 34 000 3.4 0.15 ± 0.04 56.8 ± 9.9 ductile
A5D9 138 000 8.0 0.44 ± 0.15 10 ± 3.6 ductile
A6D1 9600 2.0 0.27 ± 0.02 6.5 ± 2.0 brittle
A6D2 11 000 2.2 1.61 ± 0.51 0c brittle
A6D9 21 600 2.7 0.17 ± 0.05 2.2 ± 0.8 brittle
A7D7 1200 3.3 0.49 ± 0.18 0c brittle
A8D1 16 000 2.0 3.00 ± 0.56 7.8 ± 0.8 brittle
A8D2 14 000 2.4 0.88 ± 0.40 10 ± 2 ductile
A8D3 14 000 2.2 1.58 ± 0.64 2.2 ± 0.8 brittle
A8D5 5000 1.4 0.85 ± 0.21 0c brittle
A8D7 6100 2.6 0.37 ± 0.10 7.8 ± 1.6 ductile
A8D8 3700 2.2 NAb 2.5 ± 1.5 brittle

polymer Mn (Da) Đ

tensile
modulus
(GPa)

crack-onset
strain (%)

crack
behavior

A9D1 9500 2.8 0.62 ± 0.20 1.2 ± 0.6 brittle
A9D7 7200 1.7 0.45 ± 0.17 1.8 ± 0.3 brittle
A10D1 21 000 2.5 NAb 2.2 ± 0.8 brittle
A10D2 103 000 3.3 NAb 1.8 ± 0.6 brittle
A10D3 68 000 3.3 NAb 4 ± 1 brittle
A10D6 6700 3.5 NAb 4.3 ± 1.3 brittle
A10D7 34 000 4.2 0.32 ± 0.06 9.3 ± 1.5 ductile
A10D8 1200 2.8 0.41 ± 0.22 6.7 ± 0.8 ductile
A10D9 2300 5.4 NAb 3 ± 1.7 brittle
A12D5 13 000 3.1 0.56 ± 0.25 5.2 ± 2.4 brittle
A12D7 5600 2.1 0.54 ± 0.24 2.2 ± 0.8 brittle
A12D9 37 000 2.3 0.32 ± 0.05 0.8 ± 0.6 brittle
A13D1 12 000 7.5 0.54 ± 0.25 3.8 ± 2.4 brittle
A13D7 10 000 2.1 0.60 ± 0.16 4.8 ± 0.3 brittle
A13D9 12 000 76.7 0.48 ± 0.13 0c brittle
A14D1 9800 1.7 0.43 ± 0.26 3.3 ± 0.8 brittle
A14D2 4600 4.1 0.26 ± 0.05 1.75d brittle
A14D3 0.42 ± 0.14 2.2 ± 1.0 brittle
A14D7 19 000 2.6 0.55 ± 0.09 13.7 ± 1.5 ductile
A14D9 1600 1.9 0.25 ± 0.12 NAb NA

aThe number averaged molecular weights and the values of dispersity
are reproduced from ref 8. Polymers are separated by the designated
number of the acceptor (Figure 1) for readability. bThe values
obtained from so-designated polymer samples were omitted or
removed due to (1) insufficient material available, (2) failure to
obtain smooth films, or (3) too large of propagated error. cThe
polymer samples cracked upon the start of the test under the strain of
less than the minimum step of 0.5% strain. dThe polymer samples
exhibited inconsistent cracking behaviors, and the values of the crack-
onset strains reported are the lowest measured crack-onset strains.

Figure 3. Optical micrographs of the two different natures of cracking behavior: brittle fracture (a, b) and ductile fracture (c, d).
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chains could explain the large reduction in tensile moduli found
in polymers comprising D6 and D9.
Ductility of D−A Polymers. We measured the ductility of

the D−A polymers as manifested in the crack-onset strain.4,11,23

Figure 2b shows the average values of the crack-onset strains.
The standard deviations, reported in Table 1, were taken from
the statistics from measurements of different samples (N > 3).
Six polymers cracked upon preparation of the film, transferring
onto an elastomer substrate and mounting the film-on-
elastomer onto the linear actuator, and their values are reported
as 0% strains in Figure 2b and Table 1. However, it is important
to note that despite the effort to minimize the applied strain
during preparation of the samples, some finite tensile strains
were induced during the preparation stages. We estimated this
value to be lower than 0.5%.
We found that the majority of D−A polymers has relatively

low crack-onset strains when compared to other conjugated
polymers such as P3ATs. Most of the D−A polymer films
experienced catastrophic cracking at tensile strains lower than
5% (Figure 2b). The cracking behavior of each film is also
summarized in Table 1. We observed that the films with crack-
onset strains below 5% cracked in a brittle mode. Specifically,
the cracks that formed in these films tended to propagate
rapidly along the entire axis perpendicular to the strained axis.
In contrast, a few polymers comprising the combination of
monomers A3, A8, D1, D5, D7, and D9 were found to have
higher crack-onset strains (highlighted in green in Figure 2b).
The increased crack-onset strains for these polymer films could
potentially be explained by the nature of the ductile fracture
found in these films. Cracks found in these polymer films,
labeled “ductile” in Table 1, appeared as pinholes and exhibited
less of a tendency to propagate with increased strain
(qualitatively equivalent to greater fracture toughness). The
example of the visual contrast between the two cracking
behaviors is shown in Figure 3. While both brittle and ductile
fractures are deleterious to the films and possibly to the
performance of a fully fabricated OPV, the ductile films would
have a lower tendency to propagate cracks and to cause failure,
i.e., short circuits in devices with vertical charge transport (solar
cells) and open circuits in devices requiring horizontal charge
transport (thin-film transistors).
Previous studies on conjugated polymers have found a

correlation between tensile modulus and the propensity of the
polymer films to crack upon the applied tensile strains, i.e., films
with higher moduli tend to crack at lower applied strains.
However, these studies are usually performed on P3ATs.21,23

The same correlation was not found when comparing the D−A
polymers of vastly different structures. Figure 4 shows the
crack-onset strain as a function of tensile modulus of 39
polymers (the subset of the library for which we were able to
measure both tensile modulus and crack-onset strain). As
described earlier, most of the samples with higher crack-onset
strain exhibited ductile fractures (blue), and those with lower
values exhibited brittle fractures (red). For many polymers,
despite the low values of stiffness, the films did not appear to be
ductile as previously predicted for P3ATs. From the 47
polymers in which the crack-onset strains were measured, only
16 polymers withstood at least 5% tensile strains before
fracture. The brittleness of D−A polymers has also been
reported in mixtures with either [60] PCBM or non-PCBM
electron acceptor. Kim et al. measured the mechanical
properties via the pseudo-free-standing tensile test for
composite of PBDTTTPD (A9D2) and PCBM or P-

(NDI2HD-T), a non-PCBM electron acceptor, by obtaining
a pull test of the film supported on the surface of water.14 The
authors reported that the mixtures with PCBM cracked well
before 0.30% strain, and the mixture with P(NDI2HD-T)
cracked around 7% strain.14 This apparent brittleness was
further elucidated in the comparison between P3HT and
PTDPPTFT4 (a DPP-based polymer with a ladder-like unit in
the backbone comprising four fused thiophene rings) by Wu et
al.;13 P3HT films fabricated in the same manner as the D−A
polymer could withstand over 100% tensile stains in contrast to
<5% for the D−A polymer. Despite the lack of the inverse
correlation between the stiffness and ductility of the D−A
polymers, both quantities will be important for the
implementation of a full working device designed for R2R
fabrication.

Toward Rational Design for Mechanical Deformabil-
ity. We sought to identify the molecular structural determi-
nants that influence the mechanical properties of D−A
polymers in an effort to co-optimize the mechanical and
electrical performance and scalability, and found some general
trends which could lead to qualitative design rules. However,
exceptions to the rules were also identified. These exceptions
could potentially arise from the indirect comparison between
the combinations of donor and acceptor and the differences in
molecular weight, dispersity, and possibly effects of certain
combinations of donor and acceptor monomers that are
otherwise difficult to predict. Critically, predictive trends in
mechanical properties require understanding both the molec-
ular structure and the solid-state microstructure or the way that
the former produces the latter.2 Solid-state packing structures4

have been shown to greatly influence the mechanical properties,
and certain combinations of monomers may lead to vastly
different packing structures than those with similar donor or
acceptor monomers.12 For example, Mei et al. studied the effect
of the addition of aliphatic conjugation-break spacers into the
conjugated backbone of DPP-based polymers.27 While the
lamella spacing as measured from grazing incidence X-ray
diffraction (GIXRD) decreased monotonically with higher
concentration of the aliphatic conjugation-break spacers, the
order of the crystalline domains, manifested as the lamella peak
full width at half-maximum (fwhm), followed a nonlinear
progression.27 This result illustrated the competition between
multiple effects of the molecular structures of the polymer:
while the addition of conjugation-break spacers increased the

Figure 4. Plot of crack-onset strains vs tensile moduli of the polymers
tested in this study. Data points are distinguished in color by the
nature of the fracture: red (brittle) and blue (ductile).
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flexibility of the backbone, it also increased the tendency of
interdigitation of the alkyl side chains.27 We outlined these
trends in molecular structures below along with the identified
exceptions.
1. Presence of Fused Rings in the Backbone.We found that

the polymers with fused rings in the backbone structures
(namely, the polymers with D1, D2, and D3) had average

tensile moduli on the order of 1 GPa. This value is of the same
order as that of regioregular P3HT.20,23 We attributed the
increase in tensile moduli for these polymers to the fact that a
fused ring reduces the flexibility while increasing the length of
conjugation of the backbone. Polymers with donors comprising
isolated rings (D5, D7, and D8) also showed an averaged
tensile modulus of 0.58, 0.42, and 0.55 GPa with the highest

Figure 5. Illustration of the range of tensile modulus and crack-onset strains from all polymer samples. (a, b) Ranking of the polymer samples
separated by the presence of fused rings in both donor and acceptor (filled circles), either fused ring in donor or acceptor (half-filled circles), and all
isolated rings (open circles). (c, d) Plot in which the polymer samples are separated by the nature of the solubilizing side chains: all linear chains
(filled diamonds), branched chain on either the donor or the acceptor monomers (half-filled diamonds), and all branched side chains (open
diamonds). Plots of tensile moduli and crack-onset strains as a function of number-average molecular weight (e and f) and Đ (g and h); values of Mn
and Đ are reproduced from ref 8.
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values coming from A4D5 (0.92 ± 0.19). There are, however,
exceptions to this general trend, namely, the polymers
comprising the donor unit D9 were found to have much
lower tensile moduli, on the order of 500 MPa. This reduction
in modulus for the D9 monomer was likely the effect of long
and branching solubilizing side chains (2-hexyldecyl), which is
further discussed in the next section. We found small effects on
the tensile modulus from acceptors with fused-ring structures
(A6 and A10). In addition, the polymer A6D1 that contained
fused ring structures in both the donor and the acceptor
monomers has a tensile modulus of only 0.27 ± 0.02 GPa.
The effects of fused rings on ductility were found to be less

obvious. The values of the crack-onset strains of polymers
containing D3 were found to be low (<5% crack-onset strain)
and consistent with the trend, in which the fused ring in the
backbone produced brittle polymer films. However, for
polymers comprising D1 and D2, some combinations with
certain acceptor monomers were found to produce ductile
films, namely, A3D1 and A8D2 exhibited ductile fractures with
crack-onset strain higher than 10%. Again, we believed the
abnormality in the trend was the product of the side chains on
the acceptors, which will also be discussed in the next section.
The polymers containing the fused DPP monomer (A10) when
combined with donor monomer with fused rings (D1, D2, D3,
D6, and D9) also produced brittle films (i.e., low crack-onset
strain). Interestingly, the combination of A10 and the nonfused
donor monomers (D7 and D8) produced ductile films with
higher values of crack-onset strain than the other combinations.
We attributed this effect to a possible change in solid-state
morphologies and packing when the DPP (A10) acceptors
were combined with dialkoxybenzene (D7) and bithiophene
(D8).
2. Influence of Long and Branching Solubilizing Side

Chains. As mentioned in the previous section, the effects of
long and branching solubilizing side chains can dominate the
mechanical properties of a polymer film. The tensile moduli of
the films containing donor units with branching side chains, 2-
hexyldecyl (D6, D7, and D9), were found to be lower than
donor units with linear side chains. We also observed an
increase in ductility of the films with either 2-hexyldecyl or 2-
ethylhexyl side chains, namely, 14 out of 16 polymers in which
the crack-onset strain exceeded 5% were found to be in this
category. Interestingly, three of the most ductile polymers
found in this study comprised the donor D7: A3D7 (crack-
onset strain of 68%), A5D7 (57%), and A14D7 (14%).
Significant differences between the acceptors A2 and A3, whose
similar structures comprise of benzothiadiazole with two
flanking thiophenes, were attributed to the locations of the
alkyl side chains. For A2, the alkyl side chains (C12H25) are
located on the two flanking thiophenes, whereas for A3, the
alkyl side chains (C14H29) are connected to the benzothiadia-
zole via ether linkages. With the exception of A3D3, whose
stiffness and ductility are on the same order as polymers with
A2 in the backbone structure, all polymers comprising A3 are
less stiff and more ductile than the A2 counterparts. Notably,
A3D1 and A3D7 were found to withstand large tensile strains
(∼18% and ∼68%, respectively).
The correlation between the structures of the side chains and

the mechanical properties of the polymers could be explained in
part from the solid-state molecular packing.28 While the
mechanical properties and the molecular packing or crystalline
quality are not necessarily related in a straightforward manner,
we can draw some qualitative insights from the effects of the

side chains. For example, Yiu et al. demonstrated that branched
side chains on a DPP-based polymer led to more steric
hindrance between neighboring polymer chains and lower
crystalline coherence length when compared to linear side
chains.29 Segalman and co-workers have shown that replacing
the hexyl side chains on P3HT to 2-ethylhexyl side chains
(P3EHT) reduced the melting temperature and the crystal-
lization kinetics of the polymer.30 Furthermore, the backbone
of the adjacent P3EHT chains have been shown to be
significantly tilted, resulting in the larger spacing between the
chains and the lower intermolecular coupling.31 These results
suggest that there is a reduction in packing efficiency and lower
crystallinity when branched side chains are introduced; these
effects could potentially lead to increased deformability.

3. Notes and Unresolved Questions. As mentioned in the
previous section, the ability to predict the mechanical responses
of the D−A polymers will require not only knowledge of the
molecular parameters (fused-ring and side chains) but also the
propensity to form crystallites,4 degree of crystallinity, and
rigidity (i.e., glassy behavior) of the amorphous domains.12 We
noticed this limitation of the predictive nature of focusing on
one aspect of the molecular structures as depicted in Figure
5a−d. Figure 5a and 5b rank the D−A polymers by the tensile
moduli and the crack-onset strains while separating them into
three groups: (1) fused rings in both donor and acceptor, (2)
fused rings in the donor or in the acceptor, and (3) all isolated
rings. Figure 5c and 5d separate the polymers by the nature of
the solubilizing side chains: (1) only linear chains, (2)
branching chains in either the donor or the acceptor, and (3)
all branching side chains. Our initial hypotheses would suggest
that the polymers with all isolated rings and with all branching
chains would be the least stiff and the most ductile. While the
general trends we described hold relatively well, we observed
that the polymers in each group sample occupied a large range
of both values of the mechanical properties and substantial
overlap. We note that further studies are required to fully
isolate the complicated interplay between the nature of the
polymer backbone and the nature of the side chains and their
effects on the mechanical properties. For example, poly(3-
dodecylthiophene) has linear alkyl side chains and has been
reported by us to have high crack-onset strains.23 However, for
D−A polymers with relatively higher rigidity in the backbone,
the linear side chains are less likely to lead to high crack-onset
strains. Furthermore, some polymers comprising both isolated
rings and branching side chains performed poorly mechanically.
We attributed such outliers to the unknown stiffness of the
chains and the solid-state packing structures of the polymers.
In addition, the dispersity and molecular weight of the D−A

polymers must also be taken into account when predicting the
mechanical properties. For P3ATs, the dependencies of the
solid-state packing structure on molecular weight and
regioregularity have been previously reported.32−35 Further-
more, Kim et al. reported significant changes in mechanical and
optoelectrical properties of P3HT as a function of regior-
egularity.5 These rigorously controlled experiments in which
the molecular weight, dispersity, and regioregularity were
isolated required carefully controlled synthesis that is only
possible for very few polymers, such as P3ATs, which are
produced by a quasi-living process.5,36 For most D−A polymers
that require a Stille polycondensation reaction, the control over
the molecular weight and the dispersity of the product is
typically not high.36,37 Moreover, the size-exclusion chromatog-
raphy (SEC) system used to measure the values of Đ operates
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at low temperatures and employs chloroform as the solvent. In
these conditions, aggregation of some polymers could lead to
unrealistic Đ values. Figure 5e−h plots the mechanical
properties of the D−A polymers to the number-average
molecular weight and Đ. We observed few correlations between
the mechanical properties of the different D−A polymers and
their molecular weight and Đ (though the usual caveats apply
of obtaining molecular weight for conjugated polymers by size-
exclusion chromatography when no similarly rigid standards are
available). It is noteworthy to point out that while comparing
the effect of molecular weight and Đ for a single polymer could
potentially provide a meaningful trend, the molecular weight
and dispersity of the polymer alone do not explain the
measured differences in mechanical properties.
4. Introduction of an Electronic-Mechanical Merit Factor.

We measured the mechanical properties of D−A polymers in
the hope of identifying the design rules for optimizing the
mechanical robustness and electrical properties for R2R
fabrication. We observed that many of the D−A polymers
tested exhibited brittle properties despite the low stiffness. This
result suggests that it will be a significant challenge to
incorporate some D−A polymers in applications demanding
significant deformation as well as in R2R fabrication. However,
we identified several promising candidates with favorable
electronic and mechanical properties. We combined the
power conversion efficiency as reported for the roll-fabricated
solar cell reported in ref 8 and the tensile modulus and crack-
onset strain into a new merit factor (ψ) defined as

Ψ = × ×PCE
E

CoS1

f (1)

Ψ = Ψ Ψ/rel P3HT (2)

where Ef is the tensile modulus and the CoS is the crack-onset
strain. Figure 6 depicts the relative merit factor (Ψrel) of the
polymers tested in this experiment when compared to the
properties of P3HT. The blank cells represent the missing data
(where at least one quantity was missing). Using this merit
factor we identified nine promising polymers (highlighted in
green), four of which comprise the donor D7. We note that the

mechanical properties of the composites of the electron-
donating polymer and an electron acceptor will be different
than those of the pure polymers. The addition of fullerene-
based electron acceptors (namely, [60] PCBM) has been
reported by us and others to lower the mechanical robustness
of the composites when compared to the pure polymers.20,23

However, with the recent advancement in nonfullerene electron
acceptors, this deleterious effect can potentially be avoided.14

Furthermore, we admit to some shortcomings arising from the
simplicity of the proposed figure of merit, namely, the equal
contributions from power conversion efficiency, tensile
modulus, and crack-onset strain. In order to characterize the
electronic and mechanical properties fully, a more in-depth
study of the effects of the addition of the electron acceptor, the
film thickness, and the processing conditions on the electronic
and mechanical properties of the whole modules will be
required.

■ CONCLUSION
This paper described the mechanical properties of a library of
D−A polymers with significant diversity in molecular structure.
We identified some trends from the measured values of tensile
modulus and crack-onset strain as well as plausible reasons for
the exceptions. We found that the stiffness of most D−A
polymers was on the same order of magnitude as P3HT or
lower (occupying the range between 200 MPa to 1 GPa;
however, most were brittle and tended to fracture at low strains,
<5%). The polymers comprising the donors with fused rings
tended to have higher stiffness and higher tendency to fracture.
In addition, the polymers with branching solubilizing side
chains were found to have high deformability. These trends are
useful for general guidelines while designing highly mechan-
ically robust materials for R2R fabrication. It is important to
note the importance of co-optimization of electronic and
mechanical properties for designing materials for both R2R
fabrication and flexible or stretchable applications. From the
library of D−A polymers, we identified potential candidates
whose merit factors (weighted values comprising power
conversion efficiency and mechanical properties) are better
than those of P3HT. However, we also identified that the
molecular structures of the D−A polymers do not completely
govern the mechanical properties; further analysis of the solid-
state packing structure from computation, microstructural
analysis, and a complete theory thereof are required to fully
understand the interplay between mechanical and electronic
behaviors of this class of materials.

■ EXPERIMENTAL METHODS
Materials. Low-band-gap donor−acceptor polymers used for this

work were described in a previous study by Bundgaard et al.8 Briefly,
13 acceptor and 8 donor units (Figure 1a and 1b) were selected and all
the combinations were synthesized, yielding 104 polymers. Several
combinations were omitted in the mechanical studies due to
difficulties in synthesis. After chemical and optoelectronic character-
ization of these materials, 75 polymers were initially available for
mechanical characterizations. All of the polymers properties and
synthesis procedures are reproduced from ref 8 in the Supporting
Information. Polydimethylsiloxane (PDMS) (Sylgard 184) was
purchased from Dow Corning. Chloroform and P3HT were purchased
from Sigma-Aldrich and used as received.

Sample Preparation. The glass substrates (2.5 cm × 2.5 cm) were
cleaned by bath sonication of Alconox solution, deionized water,
acetone, and isopropanol for 10 min each and dried under compressed
air before they were plasma treated for 3 min (30 W, 200 mTorr

Figure 6. Relative merit factor incorporating the power conversion
efficiency (PCE) as reported for the R2R fabricated solar cells (from
ref 8), the tensile modulus, and crack-onset strains in relationship to
those of P3HT. Blank cells indicate missing information where at least
one quantity was missing. The tensile modulus of P3HT and crack-
onset strain, reproduced from ref 23, were 1.09 ± 0.15 GPa and (9 ±
1.2)% respectively.
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ambient air). All polymer solutions were prepared by dissolution in
chloroform at a 20 mg mL−1 concentration. The solution was then
stirred on a hot plate using a magnetic stirrer at 50 °C for 2 h before
cooling to room temperature and filtering through a 1 μm glass
microfiber filter. For each polymer, three different thicknesses were
prepared by spin coating the solution on top of the plasma-treated
glass substrates at 500, 1000, and 2000 rpm for 2.5 min.
Tensile Moduli and Crack-Onset Strains. Polydimethylsiloxane

(PDMS) substrates were prepared according to the manufacturer’s
instruction at a ratio of 10:1 (base:cross-linker) and cured at room
temperature for 36−48 h. PDMS strips (1 cm × 8 cm × 0.3 cm) were
then cut out using a razor blade and stretched to strains of 4% using a
computer-controlled stage (Newmark model ET-100-11) and clipped
onto a glass substrate with binder clips. To transfer the polymer film
onto the PDMS strip the previously spin-coated polymer film was then
pressed onto the prestretched PDMS strip. The sample was then
dipped into DI water for a time ranging from 30 s up to 20 min
depending of the polymer. The sample was removed from the water
with tweezers, and the glass substrate bearing the polymer was stripped
of the PDMS, leaving the polymer layer on top of the PDMS. The
sample was dried in a desiccator under dynamic vacuum for 30 min.
Finally, the prestrained PDMS was released to form buckles. The
buckled polymer films were observed with an optical microscope.
Optical micrographs of the buckles were acquired and analyzed via an
in-house MATLAB code. The tensile modulus of the PDMS was
measured for each batch with a conventional pull tester, and the
thickness of the each polymer film was measured using a Veeco
Dektak stylus profilometer. The tensile modulus of the polymers was
calculated using eq 3.

λ
π= −

−
⎛
⎝⎜

⎞
⎠⎟
⎛
⎝⎜

⎞
⎠⎟E E

v
v d

3
1
1 2f s

f
2

s
2

b

f

3

(3)

Briefly, the buckling wavelength λb was plotted as a function of the film
thickness df. The slope λb/df obtained by linear fit was then substituted
in eq 3, where Es is the PDMS substrate modulus and the Poisson
ratios of the film (vf) and the PDMS substrate (vs) were assumed to be
0.35 and 0.5 respectively.20 We prepared our films to be within the
range from ∼40 to 500 nm.4,19,24,25 To minimize the change of
experimental error, we also used the slope of the linear fit (λb/df)
between the three data points. Ductility of the films as manifested in a
form of the crack-onset strains were measured using the same film-on-
elastomer method as described in previous work.23 The polymer films
transferred onto unstrained PDMS were then stretched using a
computer-controlled linear actuator with a step size of 0.5% strain.
Each step was imaged through an optical microscope to observe the
generation of cracks. The crack-onset strain of each film was defined as
the strain at which the first crack was observed.
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Freely available OPV—The fast way to progress
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Abundance, fast manufacture, and low cost are what ideally
epitomize organic and polymer photovoltaics. However, they
have remained esoteric (in physical form) almost since their
inception and though they have been extensively studied
they cannot be said to be generally available to the public
with the exception of a few samples. It is obvious that to
qualify as a technology, polymer photovoltaics have to be
generally available in significant quantities. We recently re-
ported a fast, efficient combined printing and coating
method[1] that enabled roll-to-roll processing of the polymer
solar cell stack directly onto almost any flexible material,
which ideally comprises a thin flexible barrier substrate.

Herein we describe the fabrication of 20 928 small modules
(10.0 "14.2 cm2) directly on barrier foil by employing a newly
designed front electrode grid. This type of encapsulation re-
sults from efficient edge sealing by laser-cutting of the final
modules. These “freeOPV” modules are, as the name sug-
gests, made freely available to anyone who registers on our
scientific website.[2] The general idea behind the establish-
ment of such a program is that the power of analysis is close-
ly linked to the amount of available data and we thus encour-
age feedback from any technical or scientific study regardless
of its nature. The website will furthermore function as a plat-
form through which new materials can be evaluated in the
context of this new module.

The indium-tin oxide (ITO)-free solar cell modules were
prepared by using previously described procedures,[1] al-
though this current work was performed at higher speeds
and with a module design specific to this purpose. A few dis-
tinct advances and differences are described in the following
paragraphs. An illustration of the complete solar-cell stack is
shown in Figure 1.

The front silver grid of the solar cell is processed by flexo-
printing at high speed (20 mmin!1). We have previously re-
ported the use of a hexagonal front grid made of silver in
combination with highly conductive poly(3,4-ethylenedioxy-
thiophene) poly(styrenesulfonate) (PEDOT:PSS) as a trans-
parent electrode, but more-detailed studies have shown that
the presence of small electrical shorts in the solar cell is
much more pronounced in the areas where the silver front

electrode grid and the silver back electrode grid overlap. Ide-
ally a design should be developed for which no overlap
occurs, but considering the current control of registration
(horizontally and in the web direction) and the unpredictable
thermal shrinkage and stretching (in the cross-web and in the
web direction respectively) of the foil during the process, it is
not currently possible to handle such precision at sufficiently
high speeds. As an alternative approach, a comb structure
with slants of "58 for the respective grids has been chosen.
In such a design there is only one region of overlap (or
a maximum of two) thus minimizing the number of likely
electrical shorts in the structure. Figure 2 a and b shows light-
beam-induced current (LBIC) and dark lock-in thermogra-
phy (DLIT) images of a module for which three of the eight
cells are heavily shunted. In the thermographic image the
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Figure 1. Outline of the multilayer structure of the general structure of the
freeOPV sample (top) and an illustration of the a laser-cut freeOPV from the
final roll-to-roll processed foil.
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shunted silver comb lines light up due to dissipation of heat
at the short circuit located there. Careful analysis of the
DLIT image using DLIT microscopy reveals just one point
of contact. This technique (Figure 2 c) enables extremely
high resolution in the thermal image. The grid line is 100 mm
wide and the pixel size in the infrared image is 3 mm. We
found this new IR microscopy technique to be of exceptional
value for the development of the grid electrode.

An extremely important factor in the operation of organic
solar cells and modules is to ensure that the cells are proper-
ly encapsulated, while retaining the essential access to the
electrodes. The previous method was to protect the organic
solar cells by applying a barrier foil containing a pressure-
sensitive adhesive over the active area while leaving the elec-
trodes exposed for external access.[3] However, such sealing
is very sensitive to the slow diffusion from the edges of the
seal (a distance of a few millimeters). As an alternative, we
present a method for encapsulating the solar cells by using
a UV-curable adhesive (DELO Katiobond LP655). Access to
the electrodes is subsequently achieved by piercing the fin-
ished solar cells through the area where a thick conductor is
printed (we have employed both carbon and silver) with
a metal push button (Figure 3).

The adhesive was applied to the encapsulation barrier foil
by flexoprinting (30 cm3 m!2 anilox cylinder) and this foil was
fed into a nip together with the solar cells where the com-
bined foil was subsequently exposed to UV light from an
array of twelve lamps. The lamination process was performed
at a web speed of 2 m min!1. The area containing the extra-
thick silver layer (“Ag connector” in Figure 1) was used to
make electrical contact after lamination by piercing a nickel-
free metal connector through the foil.

The finished solar cells were finally cut into individual
units by laser cutting using a 90 W roll-to-roll CO2 laser with
a laser speed of 4.5 mmin!1. Besides the obvious issue of
speed an additional advantage of laser cutting is that it mini-
mizes the mechanical stress at the edges of the solar cell that
would certainly be present if the cells were cut by conven-
tional means using a knife. It is furthermore reasonable to
assume that melting of the substrate at the edges actually
seals the multilaminate further and avoids introducing a de-
lamination defect/fracture that has a tendency to propagate.
Figure 4 shows a photo of the laser-cutting process (a movie
showing the process can be found in the Supporting Informa-
tion).

Despite the high speed of production the precision and ac-
curacy in each step of coating, printing, encapsulating, and
cutting provides high consistency in the device performance
with a very low percentage of defective or malfunctioning
devices. Figure 5 a shows the distribution of the photovoltaic
parameters for 80 samples randomly chosen from the roll.
The I–V curve of a typical sample is shown in Figure 5 b.

The results of short-term stability measurements in accord-
ance with the International Summit on OPV Stability (ISOS-
L and ISOS-D)[4] suggest that this new generation of samples
is approximately as stable as its roll-to-roll processed prede-
cessors, which have been shown to exceed 10 000 h lifetime
under outdoor exposure conditions.[5] As a result of the
aforementioned full encapsulation, the cells also exhibit an

Figure 3. Illustration of the fully encapsulated solar cell. The black and white
arrows show the diffusive pathway from the edges to the solar cell.

Figure 4. Photograph of the laser cutting process.

Figure 2. LBIC image (A) and DLIT image (B) of a freeOPV sample module
showing severe shunting in 3 of the 8 serially connected cells. In frame C is
a superimposed photograph and an IR image. The heat spot occurs exactly
at the overlap of the two silver grids (one of the silver lines is blocked by the
solar cell stack in the picture). The scale bars in A and B are 10 mm and in C
it measures 100 mm.
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extremely long shelf life that allows for the samples to be
shipped across long distances without degradation of the per-
formance. However, due to their highly flexible nature the
cells can be sensitive towards constant handling, excessive
flexing, mechanical stresses, and heating, which may intro-
duce flaws in the encapsulation and deteriorate the stability.
Thus, the lifetime of such a sample is linked to its use, appli-
cation, and handling during shipment. For the first experi-
ment announced on the website, we aim to establish how the
modules are affected by shipment without packaging (i.e., by
sending them as a postcard). Initial results are promising and
the interested reader can still participate in this study.

As mentioned above, the aim of distributing freeOPV
samples is to generate a platform from which the roll-to-roll
processing technology can be evaluated. Such evaluation is
most efficiently performed with the technology freely avail-
able for everyone. Organic solar cell research has been con-
ducted for more than 25 years now with the vision of mass-
produced flexible roll-to-roll processed solar cells, but only
a few researchers have actually had a flexible organic solar
cell in their hands. It is our belief that the research progress
is best evaluated by using comparisons among results with
the same processing origin and this platform is intended to
provide such an origin. For the same reasons the transparent
ITO-free substrate Flextrode[2] is also freely available.

All freeOPV samples are equipped with a 2D barcode
giving them a unique ID and full tracability. It will thus be
possible to retrieve and reference all information on the
processing and handling of a given cell and the platform will
allow the receiver to give feedback on his/her specific cell
through the website.[2] The purpose of this is to develop
a methodology for processing, testing, and distributing an
enormous amount of solar cells with minimal influence from
a human operator while maintaining full traceability. The
software we developed for this purpose can be experienced
on the website. The 2D barcode can be scanned with any
modern mobile device; for those without access to such
a device there is also a code that can be typed in for extrac-
tion of the information. Again the purpose of the effort is to
organize a fully automated platform for handling every
aspect of the module along the value chain (preparation, dis-
tribution, service, and decommission).

The platform is furthermore thought of as a possible
vector for testing of new materials in a roll-to-roll context.
Very few research groups have access to roll-to-roll process-
ing equipment for testing of their new materials and the plat-
form will provide a means to do so. The module structure de-
scribed here is sufficiently refined to enable development of
new active materials and interface layers for this structure;
pending success new results can be rapidly integrated in
future freeOPV samples, again in a way that everyone can
test and see for themselves. We have thus chosen an initial
standard with this first freeOPV sample and a direct compar-
ison can be performed by substituting just one or more of
the components.

We have devised an efficient method to prepare small,
flexible, ITO-free polymer solar-cell modules directly on bar-
rier foil. The method is in principle generic and though we
have exemplified the modules here with P3HT:PCBM as the
commonly known active material, this methodology can also
serve as a generic platform for the development of new and
more-effective materials combinations, both with respect to
performance and stability. The modules are true to the art in
the sense that they are flexible, prepared using fast printing
and coating methods, and of such a low cost that they can be
made freely available to the public through a website. In fact
the postage of the solar cell is significantly more expensive
than the solar cell itself. All conceivable scientific or techni-
cal studies are encouraged and welcomed regardless of their
nature.
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 Carbon: The Ultimate Electrode Choice for Widely 
Distributed Polymer Solar Cells 
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    Roar R.    Søndergaard     ,        Mikkel    Jørgensen     ,       and        Frederik C.    Krebs   *

  1.     Introduction 

 The vision of organic electronics being a very low-cost mass-
produced commodity has several implications when it comes to 
the sustainability and environmental impact. When compared 
to alternative technologies, their fast and facile manufacture 
using little material and processes that use little energy does 
offer the possibility for a low environmental impact. However, 
some components used to manufacture polymer solar cells 
have been shown to impact the level of sustainability negatively 
unless special precautions are taken. [ 1–4 ]  A process leading to 
a complex device such as a polymer solar cell module may be 
optimized with respect to the amounts of materials used, the 
speed of manufacture, and the energy used. [ 5,6 ]  Interestingly the 
case for both polymer solar cells and organic electronics in gen-
eral is exceptionally strong as it allows for optimization in all 
senses (low cost, fl exibility, light weight, energy payback time 
for organic photovoltaics). Some of the ingredients however 
are mandatory in some device architectures and when such 

 As mass-produced, low-cost organic electronics enter our everyday lives, so 
does the waste from them. The challenges associated with end-of-life man-
agement must be addressed by careful design and carbon-based electrodes 
are central to these developments. Here, the reproducible production of 
vacuum-, indium tin oxide (ITO)-, and silver-free solar cells in a fully pack-
aged form using only roll-to-roll processing is reported. Replacing silver with 
carbon as electrode material signifi cantly lowers the manufacturing cost and 
makes the organic photovoltaic (OPV) modules environmentally safe while 
retaining their fl exibility, active area effi ciency, and stability. The substitu-
tion of silver with carbon does not affect the roll-to-roll manufacturing of the 
modules and allows for the same fast printing and coating. The use of carbon 
as electrode material is one step closer to the wide release of low-cost plastic 
solar cells and opens the door to new possible applications where silver recy-
cling is not manageable. 

ingredients have a negative environmental 
impact it becomes diffi cult to realize the 
potential of the technology unless the 
application grants an easy way of handling 
the potential environmental danger. A very 
good example is the use of silver metal 
electrodes in fully printed/coated polymer 
solar cells. [ 6 ]  The high conductivity of silver 
has enabled devices that are as effi cient as 
indium tin oxide (ITO) based semitrans-
parent electrodes used in the past (see 
 Figure    1  ) while fortuitously also enabling a 
much faster manufacture than is possible 
with ITO-based electrodes. In addition to 
imparting a high cost to the device silver 
also has a massive environmental impact, 
cannot be disposed of without special care, 
and cannot be distributed widely in nature 
without potentially doing more harm 
than good. [ 7,8 ]  The use of silver in organic 

electronics is fortunately not unmanageable as was shown in 
a recent study where a silver-based polymer solar cell power 
plant could be operated and the silver effi ciently recovered and 
recycled with several benefi ts (lower cost, shorter energy pay-
back time, lower environmental impact). [ 8 ]  The particular case, 
however, also presented the interesting boundary condition that 
the location of the polymer solar cells containing the silver is 
known at all times from manufacture, through installation to 
operation and decommissioning. [ 9 ]  In such a case the use of 
silver was found to be fully justifi ed and, in addition, making 
only reduced claims on the available silver resources if consid-
ered on a very large scale. [ 10 ]  For consumer electronics based on 
very low-cost technology it is likely that the large scale implies 
that a huge number of discrete products will be characteristic of 
the application and as a consequence the distribution is likely 
to be vast. The environmental responsibility that the consumer 
feels when disposing of the product cannot be assumed to be 
suffi cient. The environmentally responsible assumption is that 
the consumer will not always dispose the product correctly, 
which means that unwanted discharge into the environment 
will take place. The technology should therefore be developed 
in a form where environmental impact is eliminated or reduced 
to a level enabling full or partial recycling of the plastic mate-
rials, landfi ll, or incineration without harmful emission beyond 
CO 2 . 

 Figure  1  shows the freeOPV platform that was conceived 
as a generic OPV module enabling development of processes, 
processing, testing of new materials and also importantly the 
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free distribution of OPVs to anybody with an interest. [ 11 – 13 ]  The 
largest success of freeOPV has been its free distribution to 
school children and the majority of the distribution has been 
for teaching purposes especially in the recent context of the 
massive open online courses (MOOCs) where the freeOPV was 
used as part of the course material. [ 14 ]  The massive demand on 
the freeOPV in its original silver-based form, tandem form and 
carbon-based form is shown in  Figure    2  . The demography of 
freeOPV is of some interest as it shows how a possible future 
organic electronics product is likely to distribute in the world 
and it is fi rst of all clear that it presents a more or less global 
distribution to all continents and thus certainly demands man-
agement of its end-of-life through product design. Our motiva-
tion was thus to create a new version of freeOPV that can be 
disposed as regular plastic waste while at the same time main-
taining the performance and functionality as a teaching tool 
and this is what we show in this report.    

  2.     Results and Discussion 

 The silver-based freeOPV employs state-of-the-art printed 
grid electrode structures comprising a ±5° slant to minimize 
comb line cross-overs that often lead to a shunt. [ 6 ]  The silver 
grid lines enable a low sheet resistivity of the silver poly(3,4-
ethylenedioxythiophene):polystyrene sulfonate (PEDOT:PSS) 
composite electrode and enable cell dimensions in the direc-
tion of charge transport of 9–15 mm with current densities in 
the range of 6–12 mA cm −2 . In the case of a silver-free version 
relying on PEDOT:PSS alone the cell dimension is diminished 
somewhat and the optical transparency compromised. [ 7 ]  Earlier 
demonstrations showed that cell dimensions of 1–2 mm were 
possible without loss using PEDOT:PSS [ 15 ]  alone and these 
were also used in the case of the OE-A demonstrator in 2011 [ 16 ]  
where carbon was also reported as a printed electrode. [ 7,17 ]  
However the packaging and operational stability proved to be 

   Figure 2.    The world map showing the demography of single junction and tandem freeOPV modules with silver (red dots) and carbon (blue dots) based 
freeOPV (left). The graph shows the number of freeOPV shipped during the fi rst year of the freeOPV initiative (right). 

   Figure 1.    An illustration of the evolution of the freeOPV platform from its initial form based on slanted silver grids and poly(3-hexylthiophene):phenyl-
C 61 -butyric acid methyl ester (P3HT:PCBM) as the active materials to encompass novel polymer active materials and present complex multilayer 
architectures such as the tandem freeOPV. This work demonstrates printed carbon electrodes for consumer electronics with low environmental impact. 
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challenging. In order to make an effi cient edge seal and extract 
the current out of the cell based on a thin PEDOT:PSS layer 
alone, a new approach was sought. In the silver based freeOPV 
a thin (<250 nm) fl exo-printed silver electrode is employed that 
enables a good edge seal. [ 12 ]  Printed carbon does not enable 
this, as it provides a diffusion path into the device especially for 
oxygen. We thus employ a thin PEDOT:PSS layer as the bus-bar 

and use this as the edge seal as seen in  Figure    3  . The printed 
carbon extraction lines do not extend all the way to the device 
area and enable similar performance to freeOPV with highly 
reproducible performance as shown for 500 modules (Figure  3 ) 
comprised in 83 printed motifs. The web width employed in 
the experiments was 305 mm and two modules were processed 
simultaneously (referred to as the A-side and the B-side). There 

   Figure 3.     Top: Comparison of the diffusion path into the silver and carbon based freeOPV. The arrows show the diffusion pathways from the edges 
to the solar cell. Bottom: The reproducibility of 500 modules (250 A-side, 250 B-side) is shown with respect to the photovoltaic parameters and is 
also presented in a histogram (right) to highlight the distinct differences between the two sides of the web but also the relatively narrow distribution 
of performance. 
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are differences between the two sides in addition to experi-
mental variation due to experiments with slightly different gap 
widths (evident as a clear repeating pattern for every three mod-
ules). We employed the same wet thickness for both the front 
and back PEDOT:PSS implying that the optical path from the 
front and back was similar and thus enabled bi-facial operation 
as shown in  Figure    4   and  Table    1  . The back PEDOT:PSS ink 
has a slightly higher solid content reducing the transparency 
somewhat leading to a slightly lower current and consequently 
a higher fi ll factor as expected. The general performance over 
the active area was very similar to freeOPV based on silver elec-
trodes, but a sacrifi ce was of course made in the module power 
which for carbon based freeOPV was around 50 mW whereas 
the module power for silver based freeOPV typically is 100 mW. 
This is due to the poorer geometric fi ll factor which is a conse-
quence of the larger number of cells (16 versus 8). In terms of 
sustainability and cost, the carbon-based free OPV is superior 
to silver-based freeOPV and the performance in terms of power 

conversion effi ciency on the active area and the operational 
stability is similar, as shown in Figure  4 , with the only differ-
ence being that carbon-based OPV does not support exposure 
to liquid water near to the contacts.     

  3.     Conclusions 

 We have accomplished the reproducible production of vacuum-, 
ITO-, and silver-free solar cells in a fully packaged form using 
only roll-to-roll processing. We showed that the replacement of 
silver with carbon as the electrode material signifi cantly lowers 
the manufacturing cost and makes the OPV modules envi-
ronmentally safe while retaining the fl exibility, the active area 
effi ciency, and the stability (except liquid water near contacts). 
Additionally, the substitution of silver with carbon does not 
affect the roll-to-roll manufacturing of the modules and allows 
for the same fast printing and coating. The use of carbon as the 

  Table 1.    The photovoltaic parameters for 500 modules including the maximum values. Results from front and back side illumination and from the 
two different sides of the web are also quoted.  

 PCE a)  
[%] front

PCE 
[%] back

 V  OC  b)  
[V] front 

 V  OC  
[V] back

 I  SC  c)  
[mA] front

 I  SC  
[mA] back

FF d)  
[%] front

FF 
[%] back

 P  max  e)  
[mW] front

 P  max  
[mW] back

Average 1.49 1.20 8.41 8.31 11.57 9.01 45.86 47.85 44.67 35.90

Standard deviation 0.15 0.15 0.21 0.22 0.92 0.78 2.11 3.11 4.55 4.55

Maximum 1.83 1.54 8.91 8.80 13.6 10.81 50.67 53.74 54.96 46.19

PCE 
[%] A side

PCE 
[%] B side

 V  OC  
[V] A side

 V  OC  
[V] B side

 I  SC  
[mA] A side

 I  SC  
[mA] B side

FF 
[%] A side

FF 
[%] B side

 P  max  
[mW] A side

 P  max  
[mW] B side

Average 1.37 1.60 8.45 8.37 11.02 12.11 44.22 47.51 41.20 48.14

Standard deviation 0.11 0.09 0.20 0.22 0.71 0.76 1.47 1.15 3.22 2.64

Maximum 1.64 1.83 8.78 8.91 12.55 13.6 50.13 50.67 49.15 54.96

   a)Power conversion effi ciency; b)open-circuit voltage; c)short-circuit current; d)fi ll factor; e)maximum power.   

   Figure 4.    a) Front-versus-back illumination of 500 modules shown as histograms with the bin width quoted on top of each graph. b) A typical IV-
curve of the carbon OPV module is shown along with a comparison of the original Ag-based freeOPV (c). d) Lifetime curve recorded under ISOS-L-2 
conditions. [ 13 ]  
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electrode material is one step closer to the wide release of low-
cost plastic solar cells and opens the door to new possible appli-
cations where silver recycling is not manageable. The freeOPV 
modules with carbon are about one third cheaper than the pre-
vious generation that contained silver and can be disposed of in 
the normal household waste for incineration or in the bin for 
plastic recycling, thus supporting further the philosophy of sus-
tainable organic electronics. We encourage and welcome any 
inquiries, scientifi c or technical studies independent of their 
nature. [ 13 ]    

 Experimental Section 
  Materials and Inks : The front PEDOT:PSS was composed of PH1000 

from Heraeus diluted with isopropanol (10:3 w/w) and the back 
PEDOT:PSS was composed of Agfa EL-P-5010 diluted with isopropanol 
(10:2 w/w). The ZnO ink was composed of nanoparticles dispersed 
in acetone with a concentration of 56 mg mL −1 . The active layer 
was composed of P3HT (Sepiolid P-200 from BASF) and [60]PCBM 
(from Merck). Both materials were dissolved at a concentration of 
30 mg mL −1  in chlorobenzene. The carbon ink was Electrodag PF-407C 
(from Acheson) that was used as received. The adhesive used for 
encapsulation was VE110484 from DELO that was used as received. The 
fl exible foil was a 42 micrometer thick barrier material from Amcor with 
a WVTR of 0.04 g m −2  day −1  and an OTR of 0.01 cm 3  m −2  day −1  that was 
used as both superstrate and back laminate during packaging. 

  Roll-to-Roll Processing : Four different roll-to-roll (R2R) processing 
machines were used. The solar cell stack was processed on an inline 
printing/coating machine with a web width of 305 mm, composed of a 
unwinder, edge guide, corona treater, fl exo printer, slot-die coating unit 
#1, hot air oven #1 (2 m length), rotary screen printer active, slot-die 
unit #2, 3 × 1.5 kW IR driers, hot air oven #2 (2 m length), ink jet printer 
(for barcodes), barcode readers and rewinder. The fi rst PEDOT:PSS layer 
(Heraeus) was rotary screen printed with a nominal wet thickness of 
20 µm, a web speed of 10 m min −1 , infrared drying and a hot air oven 
temperature of 140 °C. A unique barcode was inkjet printed on each 
motif for later registration and indexing during this fi rst printing step. 
The ZnO layer was slot die coated at 10 m min −1  a nominal wet thickness 
of 7 µm and dried using both ovens (90 °C and 140 °C). The active layer 
was coated at 2 m min −1  (to ensure thermal annealing of P3HT:PCBM) 
with a nominal wet thickness of 12 µm having both ovens at 140 °C. 
The back PEDOT:PSS layer (Agfa) was rotary screen printed at a speed 
of 4 m min −1  with a nominal wet thickness of 20 µm, infrared drying 
and the hot air oven set to 140 °C. The back carbon electrode was rotary 
screen printed in two steps. Firstly the text pattern and the extraction 
lines were printed with a nominal wet thickness of 10 µm at 10 m min −1 , 
IR drying and the hot air oven set to 140 °C. In a secondary printing 
step the interconnections between the cells were rotary screen printed 
with a nominal wet thickness of 40 µm at a web speed of 4 m min −1  
using the same drying conditions. The devices were R2R tested before 
lamination that was carried out using a R2R UV-laminator operated 
at 2 m min −1  using hard UV lamp power of 2 kW (power rating) and 
a 350 W (optical output) light-emitting diode (LED) curing lamp. The 
adhesive was applied to the back barrier foil and the barrier foil carrying 
the printed solar cell stack was used as the laminate. The roll of fully 
laminated solar cells was then laser-cut into modules using a R2R laser 
cutter comprising unwinder, 90 W CO 2  laser cutter and rewinder, and the 
devices fi nally contacted using snap-button contacts. 

  Testing : R2R testing was carried out using a system composed of an 
unwinder, edge guide, bar code reader, test head and rewinder. Keithley 
2400 SMUs were used for all current–voltage characterization. Solar 
simulation was carried out on a number of solar simulators. Results 
quoted are from a Steuernagel KHS1200 calibrated to 1000 W m −2 . 
ISOS-L-2 [ 18 ]  measurements were carried out at 85 °C. The active area 
was accurately measured for one module using ultrafast LBIC [ 19 ]  whereas 

the active areas in tables are nominal areas based on the nominal 
printing/coating overlaps defi ned by the pattern. Each printed motif has 
a total of six modules and each side (A and B side) has three slightly 
different device pattern with small variation in the gap between the 
cells to test. The periodic variation is clearly seen in Figure  3  where the 
B side presents the least spread in data. The active area of the device 
presenting the highest PCE in Table  1  was carefully determined using 
LBIC and the corresponding PCE corrected for the area was 1.85% as 
opposed to 1.83% based on the nominally printed area. The values 
quoted in Table  1  are based on the nominally printed active area and 
should therefore be viewed as quite accurate even though the exact 
active area was not established for every module.  
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  1.     Introduction 

 Polymer solar cells (PSCs) are seen as 
an important solution to the estimated 
increase in global energy consumption of 
1 GW per day due to the low energy pay-
back time (EPBT), the potentially high 
energy return factor (ERF), the small or 
nonexisting ecotoxicity, and the fully scal-
able high speed manufacture. This is 
mainly ascribed to the reduced amount 
of energy used during production and the 
avoidance of scarce materials, which has 
already resulted in an EPBT of 90 days for 
system-integrated PSCs [ 1 ]  with the poten-
tial of reaching an EPBT of only 1 day. [ 2 ]  
The potentially high ERF can be achieved 
through increased device lifetime, higher 
device effi ciency, and lower energy produc-
tion cost. 

 Research into PSCs has increased 
exponentially over the last decade, with 
more than 46 500 published papers. [ 3 ]  
This increase is partly attributable to 

the fact that the polymer composition in the active layer has 
varied due to the use of a large number of different types of 
conjugated polymers. The most common factor for compar-
ison in the PSC research fi eld is the power conversion effi -
ciency (PCE). In the past decade, the main focus has been on 
increasing the PCE, and lately effi ciencies of over 10% have 
been reported for small area devices (mm 2  scale). [ 4 ]  Much 
of the increase in PSC effi ciency arises from an optimiza-
tion of the light-absorbing conjugated polymer applied in the 
active layer of the device. Low band gap polymers have been 
developed to absorb light at wavelengths longer than 650 nm 
and thus have a band gap below 2 eV. [ 5 ]  This is done by a 
very common approach where two monomers, one electron 
donating and one electron accepting unit, are coupled to pro-
duce a low band gap polymer with a charge transfer band at 
longer wavelengths (lower energy) together with π–π transi-
tions in order to cover a larger part of the solar spectrum. In 
theory this will give a higher photocurrent compared to, e.g., 

 The results presented demonstrate how the screening of 104 light-absorbing low 
band gap polymers for suitability in roll coated polymer solar cells can be accom-
plished through rational synthesis according to a matrix where 8 donor and 
13 acceptor units are organized in rows and columns. Synthesis of all the poly-
mers corresponding to all combinations of donor and acceptor units is followed 
by characterization of all the materials with respect to molecular weight, electro-
chemical energy levels, band gaps, photochemical stability, carrier mobility, and 
photovoltaic parameters. The photovoltaic evaluation is carried out with specifi c 
reference to scalable manufacture, which includes large area (1 cm 2 ), stable 
inverted device architecture, an indium-tin-oxide-free fully printed fl exible front 
electrode with ZnO/PEDOT:PSS (poly(3,4-ethylenedioxythiophene):polystyrene 
sulfonate), and a printed silver comb back electrode structure. The matrix organi-
zation enables fast identifi cation of active layer materials according to a weighted 
merit factor that includes more than simply the power conversion effi ciency and 
is used as a method to identify the lead candidates. Based on several character-
istics included in the merit factor, it is found that 13 out of the 104 synthesized 
polymers outperformed poly(3-hexylthiophene) under the chosen processing 
conditions and thus can be suitable for further development. 
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poly(3-hexylthiophene) (P3HT), which has a band gap of 2 eV, 
due to an absorption profi le that is better matched with the 
solar spectrum. Thus, a potentially higher PCE of the PSC 
can be reached, given that the energy level alignment with 
the acceptor in the active layer is optimal. [ 5 ]  For large-area 
PSC modules, the reported PCE values are signifi cantly lower 
(2%–3%) [ 4 ]  and studies by Jørgensen et al. [ 6 ]  clearly demon-
strate this. Thus, the 10% effi ciency can be viewed as some-
what misleading for several reasons. First of all, interlabora-
tory measures of effi ciency are not necessarily comparable, 
which has led to a practice of sending the hero devices to be 
certifi ed at certain trusted laboratories. The same principle 
has been applied in so-called round robin studies, [ 7,8 ]  where 
the same devices were tested at several laboratories with con-
siderable variation as a result. Another important issue is 
that an overwhelming majority (95%) of the devices is made 
with glass substrates, often using indium-tin-oxide (ITO) as 
the transparent electrode and with a diminutive active area. 
Any real-world application would probably use fl exible plastic 
substrates, no scarce materials (e.g., indium), roll-to-roll 
(R2R) fabrication, and considerably larger devices as convinc-
ingly demonstrated in the fi rst polymer solar park. [ 1 ]  How-
ever, less interest has been devoted to these types of devices, 
even though all indications show that the PCEs obtained in 
the former laboratory-scale devices cannot be transferred to 
larger R2R-fabricated devices. [ 9 ]  The transfer of any successful 
PSC from small scale to large scale in a R2R setting requires 
ambient atmosphere, fl exible substrates, freedom from 
indium and vacuum, and, to complicate matters even further, 
potentially opens up for a myriad of fi lm forming techniques 
and inks. Such a transfer, however, has been simplifi ed by 
the development of the mini roll coater, which applies pro-
cessing conditions similar to large-scale R2R, but in smaller 
scale (100 × 1 cm 2 ). [ 9 ]  It is essential to note the vast number of 
choices which can infl uence the performance of a PSC based 
on a given active material, and to realize the impossibility of 
testing all factors for all active polymer materials. Instead, 
focus should be on settings that are realistic in the context of 
production and end application. For all the above reasons, the 
countless scientifi c studies obtained thus far will only offer a 
partial answer to the question of whether a given conjugated 
polymer is suitable for R2R-processed PSCs. 

 Our main interests lie in developing PSCs to the level 
of larger-scale fabrication, and we therefore needed a more 
rational approach. This was in part inspired by how pharma-
ceutical companies use screening studies to fi nd lead com-
pounds that can later be optimized both with respect to detailed 
structure and application. They start by building a large library 
of compounds, which is tested using fairly simple procedures. 
This gives insights into which chemical structures perform best 
and should be further elaborated. Even though several thou-
sand different polymer materials have been applied as light-
absorbing polymer material in the active layer, to our know-
ledge such a systematic screening has only been carried out in 
one instance in the fi eld of PSC using ink jet printing. How-
ever, this screening was restricted to two different polymers 
and two different fullerenes. [ 10 ]  Moreover, while many polymer 
materials have been compared in reviews, [ 11–13 ]  one must keep 
in mind that laboratories using different methods (spin speed, 

light source) will generate different PCE measurements of the 
same polymer as demonstrated in round robin studies. [ 7,8 ]  This 
makes a review based on a comparison of different polymers 
measured at different laboratories less reliable. In the present 
study we have utilized a screening strategy comprising the 
selection of 8 donor and 13 acceptor monomers which give a 
total of 104 polymers after the combinatorial pairing. This con-
stituted the library that formed the basis for the screening of 
the photovoltaic properties of roll-coated PSCs and other prop-
erties. Our work demonstrates the challenges associated with 
the design of polymer materials for scaled PSCs, which include 
a multitude of materials and processing parameters and pro-
gress signifi cantly beyond simple criteria such as evaluation 
according to PCE alone. We conclude on the effort needed for 
identifi cation of new lead candidates [ 14,15 ]  and estimate that only 
a few percent of all newly reported polymers qualify for further 
development. We expect that only a small fraction of these will 
qualify for scaled manufacture of PSCs.  

  2.     Results and Discussion 

  Table    1   offers a comprehensive overview of all the data collected 
for the 104 possible polymers based on 13 acceptor monomers 
(left column) and 8 donor monomers (top row). Each cell in 
the table represents a unique polymer and contains 8 entries: 
optical band gap (eV), highest occupied molecular orbital/
lowest unoccupied molecular orbital (HOMO/LUMO) energies, 
hole mobility, average PCE and standard deviation together 
with the highest open circuit voltage ( V  OC ) obtained, PCE 
values from the literature, photochemical stability, and fi nally 
the number of synthetic steps.  

  2.1.     Data Handling 

 Computer programs and databases were developed in order 
to handle the enormous amount of data which was produced 
upon characterization of the 104 polymer materials. For each 
polymer, 12 different PSC types were prepared (based on 2 
different solvents in 2 different polymer/[60]PCBM (phenyl-
C 61 -butyric acid-methyl-ester) ratios coated with 3 different 
thicknesses). About 50 devices were made for each of these 12 
combinations, for which at least 5 of the samples were meas-
ured to give the average PCE. This adds up to some 5340  I – V  
curves measured in total. Each experiment had its own folder 
and the IV measurement program was set to save the data in 
the corresponding folder based on the solvent/ratio/thick-
ness combination. On our internal webpage we added a data 
analysis program, which gave an overview of the data collected 
during the characterizations. This allowed us to keep track of 
the progress and gave a clear overview of which polymers per-
formed best. The following measured data were also saved in 
the database: UV–vis (2 absorption curves for each polymer in 
solution and as fi lm), square wave voltammetry (SWV; 4 curves 
for each polymer, i.e., 2 forward and 2 reverse), hole mobility 
(2  I – V  curves in the dark for 2 different active layer thickness), 
absorption curves used to determine photochemical stability 
(12 absorption curves are measured per hour, the total number 
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depends on the lifetime of the polymer), and size exclusion 
chromatography (SEC; 1 curve per polymer).  

  2.2.     Manpower and Consumption of Material 

 A large amount of resources, both in terms of manpower and 
materials, has been expended in the project as listed in  Table 2 .   

  2.3.     Number of Synthetic Steps (Entry 8) 

 The embedded energy in a PSC is the amount of energy which 
has been put into the production of the fi nal device, and here 
the light-absorbing polymer material is responsible for a large 
part of that energy, which scales with the number of synthetic 
steps. [ 78 ]  Once a high-performing polymer material has been dis-
covered, its application in large-scale R2R processes is the next 
step and thus large amounts are needed. In order to achieve a 
low embedded energy in the polymer, the number of synthetic 
steps has to be as low as possible and the synthetic procedure 
optimized to give a high yield. The purifi cation (preferably by 
recrystallization and/or distillation procedures) should be facile 
and the starting materials have a low cost. [ 15 ]  To exemplify this 
we show the synthetic routes for A8D2 (13 steps, best reported 
effi ciency 9.0% [ 55 ]  and for P3HT (3 steps, best reported effi -
ciency 6%) [ 79 ]  in  Scheme    1  . A much higher embedded energy 
(and cost) for A8D2 compared to P3HT [ 80 ]  is clearly indicated.  

 The polymers in Table  1  were synthesized by Stille or Suzuki 
cross coupling polymerizations. The number of synthetic steps 
from starting materials such as thiophene or benzothiadiazole 
is shown for each polymer. [ 15 ]   

  2.4.     Synthesis and SEC (Entry 3) 

 The monomer units were chosen on the basis of high effi cien-
cies reported in the literature and on the complexity of the syn-
thetic route. For example, as A11 (see  Figure    1  ) we chose an 
acceptor monomer, such as naphtha-dithiadiazole, which has 
been reported to give effi ciencies up to 6%. [ 82–84 ]  However, the 
synthesis is highly complicated using tetrasulfurtetranitride 
(S 4 N 4 ), which is a shock-sensitive compound, and 1,5-dibromo-
2,6-dihydroxynaphthalene as starting materials. Even though 
the latter was claimed to be commercially available, it was 

not possible to purchase the fi nal monomer compound. Con-
sequently, in the end it was not chosen as one of the accep-
tors for the study. As another example, our choice for donor 
unit D4 (see Figure  1 ) was the benzo[2,1-b;3,4-b′]dithiophene 
with 2-hexyl-decyl as side chains, which has shown PCEs of 
4.5%. [ 67,85 ]  However, the synthesis was insuffi cient in large 
scale and the subsequent purifi cation too challenging to 
ensure a pure monomer. The side chains were chosen for 
each monomer to ensure a good solubility of all the resulting 
polymer materials, even though for some structures a shorter 
side chain, e.g., hexyl, would have been suffi cient. All polymers 
were prepared by a Stille cross coupling polymerization of a 
di-stannyl and a di-bromo derivative of the donor and acceptor 
units, respectively, using a palladium catalyst. The exception 
was polymers based on D6, which were prepared by a Suzuki 
cross coupling.  

 Not all 104 polymers could be successfully synthesized due 
to low reactivity, or steric hindrance, which is indicated by a NA 
in the table. The polymers that were successfully synthesized 
were analysed by SEC (see the Supporting Information), and 
large variations in the molecular weight ( M n  ) were found. The 
low molecular weight polymers are mainly attributed to steric 
hindrance from side chains, (e.g., A4D8), to a low reactivity of 
the donor as in the case of D6, and to poor solubility leading 
to precipitation of oligomers. Finally, some monomers, such as 
D7, which cannot be purifi ed by recrystallization, may contain 
minor impurities, which could complicate the polymerization 
reaction.  

  2.5.     UV–Vis and Optical Band Gap (Entry 1) 

 The optical band gaps of the polymers were estimated from 
the onset of the UV–vis absorption spectra (see the Supporting 
Information) and were within the range of 2.09 to 1.27 eV with 
only four polymers having a band gap above 2 eV. This corre-
sponds well with the aim of preparing low band gap polymers 
based on a donor/acceptor approach. The acceptors A8 and A10 
produced the polymers with the lowest band gaps.  

  2.6.     Electrochemical Measurements and Energy Levels (Entry 2) 

 The HOMO levels were estimated from the onset of the 
SWV curves using ferrocene as reference (see the Supporting 
Information) and calculated according to literature proce-
dures. [ 86–88 ]  The LUMO levels were calculated from the optical 
band gap and the HOMO level (see the Supporting Informa-
tion). The HOMO level of P3HT was found to be −4.9 eV, 
which is somewhat higher compared to the literature value 
(−5.20 eV). [ 89 ]  The LUMO level of [60]PCBM was found to 
be −3.85 eV, which is a little lower than the literature value 
(−3.75 eV). [ 90 ]  The HOMO level of the polymer has an effect 
on the  V  OC , since it is generally proportional to the difference 
between the HOMO of the donor polymer and the LUMO of the 
acceptor [60]PCBM. Thus, lowering the HOMO of the polymer 
will increase the maximum  V  OC . [ 91 ]  This should be considered 
in view of the fact that lowering the HOMO of the polymer will 
increase the band gap and thereby potentially also decrease 
the current. Several polymers, for instance A4D5, A8D5, and 

    Table 2.    Manpower and materials consumption.  

Manpower Man months Materials consumption (PSC) Amount

Polymer synthesis 8 [60]PCBM 9.7 g

UV-vis, SEC, CV, 
mobility, stability

4 PEDOT:PSS 2 L

Program 
development

1 Silver ink 1 kg

Data analysis 6 Solvents 1.3 L

Paper writing 2 Foil 200 m 2 

Sum 26
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A9D2, showed a very high  V  OC  compared to P3HT, which is 
a consequence of a low HOMO level. Unfortunately, the cur-
rent density for these polymers in PSC devices was much lower 
than for P3HT, and the resulting PCE is therefore also lower 
(see  Table    3  ). The current can be optimized for instance by var-
ying the ratio between polymer and [60]PCBM. Thus, a high 
 V  OC  is especially important if one would like to use the polymer 
material in tandem solar cells. [ 92 ]    

  2.7.     Hole Mobility (Entry 4) 

 The hole mobility was measured in the dark on a 
polymer fi lm sandwiched between an ITO electrode, poly(3,4-
ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS), 
and an evaporated Al electrode (see the Supporting Infor-
mation). The hole mobility is highly dependent on the sol-
vent from which the analysed fi lm is spin coated. The values 
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 Scheme 1.    Comparison of the synthetic routes of P3HT [ 81 ]  (top) and the high performing polymer A8D2 [ 55 ]  (bottom). Monomer 1 is now commercially 
available in large quantities; it was, however, originally synthesized in two steps from 3-thiophenecarbonyl chloride.
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reported here were measured on fi lms prepared from chlo-
robenzene and were found to be subject to some variation. The 
hole mobility of P3HT was measured at 1.26 × 10 −3  cm 2  V −1  s −1  
for a 270 nm thick fi lm, which is in good agreement with the 
literature values (1 × 10 −3 –6 × 10 −3  cm 2  V −1  s −1 ). [ 93 ]  Several poly-
mers, for instance A3D7, A5D8, and A8D1, showed a higher 
hole mobility than P3HT, but this did not result in a higher 
PCE (see Table  1 ), which could be due to poor morphology or 
insuffi cient thickness of the active layer fi lm.  

  2.8.     Photochemical Stability (Entry 7) 

 The photochemical stability of the polymer fi lms was measured 
as described in the literature by means of an automatic set up that 
measured the absorption as a function of time at AM1.5 (1000 W 
m −2 ). [ 94 ]  The stability was found to be highest for polymers with 
the benzothiadiazole-like acceptor unit (A1, A2, A5, A7, A12, A13, 
and A14) and the donor unit thiophene (D5 and D8), dithien-
osilole (D1), and a combination of thiophene and benzene (D3 
and D7). This is in good agreement with the literature, where the 
benzothiadiazole, dithienosilole, and thiophene units are reported 
to be among the most photochemically stable monomer units. [ 95 ]   

  2.9.     Roll-Coated Polymer Solar Cells (Entry 5) 

 The polymers were employed in fully roll-coated and printed 
PSC devices using Flextrode substrate [ 96,97 ]  on a mini roll 

coater as described earlier. [ 9,98,99 ]  Several parameters can be 
studied during such a screening, e.g., solvent, annealing, ratio 
between polymer and [60]PCBM, fi lm thickness, and coating 
temperature. All these parameters infl uence the photovoltaic 
response of the PSC. However, evaluating all parameters would 
be impossible within a reasonable timescale, and it would cer-
tainly not be possible to do it in this study which included 
104 polymers. Consequently, we chose to vary only a subset 
of the parameters during the screening. The parameters we 
chose to study included: (1) the ratio between the polymer and 
[60]PCBM (1:1 or 1:2), (2) the solvent from which the polymer/
[60]PCBM mixture is coated (chloroform or o-dichlorobenzene), 
and (3) the thickness of the coated active layer (thin, medium, 
and thick, which corresponds to a wet thickness of around 10, 
12, and 15 µm, and a dry thickness of around 315, 400, and 
475 nm, respectively). The active layer was thick compared 
to spin coated fi lms (100 nm) to avoid electrical shorts from 
the less smooth fi lms. [ 100 ]  The coating temperature was kept 
constant at 70 °C, which may have affected the morphology 
of the active layer. However, the choice of a high and low 
boiling solvent will also affect the different morphologies 
which can be obtained from a given polymer. The photovoltaic 
responses are presented as the average effi ciency plus/minus 
the standard deviation together with the maximum recorded 
PCE and  V  OC . Many of the polymers failed to generate working 
devices despite the variations tested. This was due to coating 
defects such as dewetting, insuffi cient solubility, destruction 
of the devices during switching, [ 97 ]  and electrical shorts due to 
defects.  

  2.10.     PCE Values from the Literature (Entry 6) 

 All monomers and some of the polymer materials have been 
reported in the literature. The values from these studies are 
listed for reference in Table  1 . The PCE values are reported for 
small spin coated devices with a normal geometry, prepared 
with an ITO electrode and thermally evaporated electrodes 
under vacuum, rather than for roll coated devices with a larger 
area. Also, the devices made for this study were not optimized 

Adv. Energy Mater. 2015, 1402186

www.MaterialsViews.com
www.advenergymat.de

 Figure 1.    Structures of A11 and D4, which were eliminated from the 
matrix due to diffi culties in the synthesis.

    Table 3.    The maximum PCE for roll-coated devices relative to the PCE of P3HT/PCBM roll-coated devices. The colors indicate: bold: polymer per-
forms better than P3HT, grey: roughly the same performance as P3HT, and plain text: poorer performance than P3HT. NA indicates a failure (please 
refer to Table S2, Supporting Information, for the specifi c type of failure).  

D1 D2 D3 D5 D6 D7 D8 D9

A1 0.9 0.3 NA NA NA  1.4 NA NA

A2 0.3 0.8 0.4 0.3 NA 0.9 NA NA

A3 0.2 NA 0.4 0.4 0.1 0.3 0.2 0.2

A4 NA 0.1 NA 0.4 NA NA NA NA

A5 0,2 0.9 0.7 0.1 0.1 0.4 0.1 NA

A6 0.7 0.7 0.5 NA NA 0.2 NA 0.6

A7 NA NA NA NA NA NA NA NA

A8 0.2 0.4 0.1 0.1 NA NA NA NA

A9 0.2 0.5 0.4 NA NA NA NA NA

A10 NA NA NA NA NA NA NA NA

A12 0.8 0.1 NA NA NA 0.6 NA 0.2

A13 0.4 NA NA NA NA NA NA NA

A14 0.2 0.3 NA NA NA 0.1 NA NA
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for maximum performance, but rather prepared using the exact 
same procedures to make comparison possible. 

  2.11. Comparison of the Polymers  

 The PCE of the polymers relative to P3HT:PCBM (Table  3 ) shows 
that only one polymer (A1D7) generates devices with a better 
PCE. Only 8 polymers performed similarly to P3HT:PCBM and 
the rest much more poorly, which is indicated by the low value, 
or simply by NA in the table. Failure could have occurred for 
the following reasons: (1) problems in the synthesis, (2) insolu-
bility, (3) dewetting of the active layer on the Flextrode substrate 
or dewetting of the PEDOT:PSS layer on top of the active layer, 
(4) no switching of the device, or (5) a shunted device, which is 
described in more details below. This result indicates the signifi -
cant challenge in fi nding polymers that are suitable for R2R-fab-
ricated PSC devices. As seen in Table  1 , many of the polymers 
that failed have been shown to perform excellently in spin-coated 
devices, however, as described above it is not possible to compare 
these results with the results of this screening. The 9 polymers 
that performed on par or better than P3HT:PCBM, based on the 
PCE alone, are considered promising candidates for further opti-
mization. These are based on the donors D1, D2, D7 and the 
acceptors A1, A2, A5, A6, and A12. 

 Although most reports in the literature focus on the PCE, 
other parameters are also important. We have combined all 
these factors in a merit factor ( χ ) defi ned as

    
χ =

× × ×PCE stability band gap
number of synthetic steps

OCV

  
(1)

  

    χ χ χ= / P3HT:PCBMrel   (2)   

 The photochemical stability of polymers used in PSCs varies 
greatly as shown in previous studies [ 95 ]  and must be taken 
into consideration in the selection of an active material. In the 

merit factor, it is the degradation rate of the polymer normal-
ized to the degradation rate of P3HT at equal absorption value 
(see the Supporting Information). It is desirable to have a high 
 V  OC , and it is therefore incorporated into the merit factor. The 
band gap (in nm) of the polymer determines how much of the 
solar spectrum is utilized and gives a theoretical upper limit 
for the current output of the device. The voltage and band gap 
are included in order to indentify the polymers which could 
give high PCE, i.e., a high voltage and/or an absorption to 
longer wavelengths theorectically gives a higher PCE. Finally, 
we also consider the number of synthetic steps needed to pre-
pare the polymer, since this obviously has a great impact on 
the embedded energy and therefore also on the cost. Instead 
of looking at the merit factor for each polymer we introduce 
the relative merit factor. The relative merit factor ( χ  rel ) of the 
polymers is a simplifi ed measure of an overall score against 
the standard P3HT:PCBM active layer combination and is seen 
in  Table    4  . This ranks 13 out of the 104 polymers as better or 
equal to the standard, which makes them candidates for future 
development. This demonstrates that the success rate is quite 
low and that the requirements for roll and R2R fabrication 
seems to be much higher than for spin coating (which cannot 
be scaled to industrial applications).  

  Figure    2   provides an overview of the  V  OC , the HOMO energy 
levels, and the optical band gap ( E  g ). It is clear that when pre-
paring 104 different polymer materials, smooth and continuous 
variation in the different properties can be achieved. This high-
lights the strength of the synthetic organic chemistry approach 
to materials, since almost any number can be matched within 
a large range through the synthetic approach. We observed  V  OC  
values within the range of 0.4 to 0.8 V, HOMO energy level 
within the range of −4.9 to −5.8 eV, and the band gap within 
the range of 2.1 to 1.3 eV. The relation between the HOMO 
and  V  OC  is known to be  V  OC  = HOMO polymer  − LUMO acceptor  − 
0.3 V [ 101 ]  and we found that to some extend the polymers in this 
screening follow this trend though with a little higher loss in 
the device of 0.6 V (see Figure S1, the Supporting Information).  
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    Table 4.    The relative merit factor  χ  rel . The colors indicate: bold: polymer performs better than P3HT, grey: roughly the same performance as P3HT, 
and plain text: poorer performance than P3HT. A minimum 70% yield for each step is assumed. Thus, the yield is not taken into account for the syn-
thetic steps. NA indicates a failure (please refer to Table S2, Supporting Information, for the specifi c type of failure).  

D1 D2 D3 D5 D6 D7 D8 D9

A1 1.4  3.0 NA NA NA  2.7 NA NA

A2 NA  3.1 0.6 1.0 NA 1.2 NA NA

A3 NA NA 0.2 NA NA 0.1 NA NA

A4 NA NA NA 1.0 NA NA NA NA

A5 NA  2.9 0.4 0.2 NA 0.7 NA NA

A6 0.2 0.8 0.5 NA NA 0.1 NA 0.4

A7 0.1 NA NA NA NA 0.1 NA NA

A8 0.1 0.5 0.2 NA NA NA NA NA

A9 NA 1.9 0.9 NA NA NA NA NA

A10 NA NA NA NA NA NA NA NA

A12 1.8  2.6 NA NA NA  2.7 NA NA

A13 0.2 NA NA NA NA NA NA NA

A14 0.3 1.6 NA 0.1 NA 0.1 NA NA
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 The enormous spans of  V  OC , HOMO, and band gap can be 
effi ciently explored in fi nal devices where overall performance 
for instance depends on band gaps being of a particular value 
(i.e., in tandem devices), or where energy levels need a certain 
value (i.e., with specifi c electrode materials).   

  3.     Future and Outlook 

 It is clear from this study that a large research effort is required 
for the successful development of a material that meets all 
the requirements of roll coating/printing besides reaching 
the customary high effi ciency target. The method presented 
here shows the magnitude of the task, but also how to ration-
ally address the challenge and as such represent the fi rst stage 
of the search. As we have demonstrated, there are a number 
of steps in the highly linear approach from synthesis through 
materials characterisation, processing and devices studies. As 
illustrated in  Figure    3  , the outcome for any of the materials 
may stop at any of these stations along the path. The entries in 
Figure  3  represent the following steps where failure may occur: 
1) design, 2) synthesis, 3) characterization, 4) ink, 5) coating, 
6) device, 7) PCE, and 8) PCE better than P3HT. As can be seen, 
failure at steps 1 to 4 account for 28 of the polymers. These 
failed mainly due to steric hindrance, low molecular weight, 
or insolubility. A solution could be to re-synthesize them with 
other side chains to enhance solubility, lower steric hindrance, 
and increase the molecular weight. Failure at step 5 accounts 
for 20 of the polymers. Failure mainly occurred due to dewet-
ting of the active layer, which could be solved by using a dif-
ferent device structure, e.g., using a different substrate, or by 

enhancing the adhesion of the polymer to the Flextrode sub-
strate. Failure at step 6 accounts for almost half of the poly-
mers. In some instances, it represents mechanisms, such as 
electronic shorts in the device during swithcing, which can be 
solved by increasing the thickness of the active layer, or insuffi -
cient switching, which can be solved by using a different device 
structure which does not need switching. However, in most 
cases (see Table  3 ), it represents a very low PCE. There are sev-
eral posibilities to overcome this. For example, if the  V  OC  is low, 
another acceptor than [60]PCBM can be used. Similarly, if the 
 I  SC  is low, the ratio of the polymer and [60]PCBM can be opti-
mized. For some materials, the hurdles may be overcome and 
the potential realized through suitable modifi cation, but it is 
clear that the earlier in the process a material fails, the greater 
the effort needed to overcome the problem.  

 To progress from the results of this work, the most suitable 
candidates (see  Figure    4  ) should be further explored through 
side chain engineering, processing optimisation, and device 
architecture studies. Of course, it is not impossible that this 
approach will miss the ultimate material for PSCs, but it is 
highly unlikely. The majority of materials that have been suc-
cessful in the past already shows potential in an unrefi ned 
form, and this potential has been further explored in sub-
sequent studies. This study should thus be seen as a mining 
effort for raw candidate materials that, when further refi ned, 
can be expected to deliver with respect to performance at all 
levels (effi ciency, physical properties, operational stability, cost, 
and processability).   

  4.     Conclusion 

 This screening of 104 light-absorbing polymers for PSCs 
has illustrated the massive challenge of discovering mate-
rials which can offer high effi ciency, high stability, and com-
patibility with large-scale R2R processing. The challenge for 
the polymer materials has been shown to lie not only in the 
polymer backbone, but also in the side chains, more specifi -
cally where the side chains are attached, and in the size and 
nature of the side chain. The donor–acceptor approach has 
pointed out a number of units worthy of further study. A fur-
ther study will include side chain variations, the morphology of 
the active layer, the stability of the device, new device structures 
like tandem architectures, where polymer materials with high 
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 Figure 2.    Top: Illustration of the different polymer solutions with the 
different color/absorbance achieved by coupling the different donor 
and acceptors in the screening. Bottom: Illustration of the accessible 
ranges for  V  OC ,  E g  , and HOMO levels as a function of polymer number 
arranged according to the numerical data value (which is different for 
each property) to show the smooth variation that can be attained. For a 
complete list of polymers with numerical data, see Table S1, Supporting 
Information.

 Figure 3.    Illustration of the number of polymers that failed at a given step 
in the serieal value chain for the process that comprises steps: 1 = design, 
2 = synthesis, 3 = characterization, 4 = ink, 5 = coating, 6 = device, 7 = 
performance (PCE), 8 = PCE better than P3HT.
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 V  OC  are of great interest, and fi nally devices optimized through 
the use of other PEDOT:PSS types. The present study has 
shown that 13 polymers out of 104 (corresponding to 12.5% 
of the polymers) are performing better than the prototypical 
reference material P3HT and are therefore suitable for further 
development.  

  Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
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 Figure 4.    The 13 polymer backbones which were found to be suited for roll-coated PSCs in this screening. Side chains’ length and position will be 
studied in future experiments.
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performance level, especially when consid-
ering large-scale mass-produced modules, 
is predicted to be signifi cantly lower. [ 8 ]  
Nevertheless, based on recent advances 
in the upscaling of OPV manufacture [ 9–12 ]  
it is reasonable to assume that the mass 
production of modules with an effi ciency 
of more than 5% is an achievable target 
today. Durability of OPV is however yet to 
be proven and demonstrated. 

 Due to core architectural differences 
between OPV and inorganic technolo-
gies [ 13 ]  the established testing standards of 
the latter are not applicable to the former. [ 1 ]  
Hence, for many years the stability testing 
of OPV has primarily been based on cus-
tomized procedures that vary from one 
laboratory to another, generating incom-
parable data. [ 14 ]  Moreover, due to the com-
plexity of the OPV device architectures [ 15 ]  

and a multitude of aging mechanisms taking place at the same 
time [ 16 ]  the aging curve of OPV often takes a complex shape, 
which is diffi cult to model, [ 14,17 ]  thus making the identifi cation 
of a practical operational lifetime diffi cult or impossible. [ 18 ]  As 
a result, even with a multitude of reported review articles dis-
cussing OPV stability  [ 16,19–24 ]  at hand, it is still challenging to 
identify where the technology stands in terms of lifetime. To 
address this it is necessary to create a yardstick – a generic 
marker that allows accurate rating and comparison of the life-
time for OPV, and thus enabling the gauging of progress over 
time. An additional complication that has arisen due to the sig-
nifi cant improvements in OPV stability and durability in recent 
years is that the determination of OPV lifetimes has become an 
impractically long process, and establishing markers for both 
accelerated and real operational test conditions (if successful) 
would allow developing a prediction tool that could speed up 
the stability testing process and tackle this issue. 

 The groundwork towards creating such a marker was laid 
in 2011 at the International Summit on OPV Stability (ISOS) 
where the ISOS testing guidelines were decided upon and 
described for OPV technologies. [ 18 ]  These guidelines were pri-
marily aimed at harmonizing testing procedures among dif-
ferent laboratories by offering a set of indoor and outdoor tests 
with controlled conditions. This has helped to reduce variations 
in the reported results, making the aging studies of different 
laboratories more comparable. [ 25 ]  While the ISOS tests harmo-
nized the test conditions, the questions of how to generically 
determine the lifetime from aging curves of diverse shapes, and 
how to build a technique for predicting the lifetime based on 
accelerated tests remained. 

 The results of a meta-analysis conducted on organic photovoltaics (OPV) life-
time data reported in the literature is presented through the compilation of an 
extensive OPV lifetime database based on a large number of articles, followed 
by analysis of the large body of data. We fully reveal the progress of reported 
OPV lifetimes. Furthermore, a generic lifetime marker has been defi ned, 
which helps with gauging and comparing the performance of different 
architectures and materials from the perspective of device stability. Based on 
the analysis, conclusions are drawn on the bottlenecks for stability of device 
confi gurations and packaging techniques, as well as the current level of OPV 
lifetimes reported under different aging conditions. The work is summarized 
by discussing the development of a tool for OPV lifetime prediction and the 
development of more stable technologies. An online platform is introduced 
that will aid the process of generating statistical data on OPV lifetimes and 
further refi nement of the lifetime prediction tool. 

  Dr. S. A. Gevorgyan, Dr. M. V. Madsen, B. Roth, 
M. Corazza, Dr. M. Hösel, Dr. R. R. Søndergaard, 
Dr. M. Jørgensen, Prof. F. C. Krebs 
 Characterization Laboratory for Organic 
Photovoltaics (CLOP) 
 Department of Energy 
 Technical University of Denmark 
  Frederiksborgvej 399,    4000     Roskilde  ,   Denmark   
E-mail:  surg@dtu.dk   

  1.     Introduction 

 In order to prove that organic photovoltaic (OPV) can take a 
prominent position in the competitive market of emerging photo-
voltaic technologies today, it is vital to demonstrate that OPV 
have reached a competitive level in all the three aspects of per-
formance: cost, effi ciency and stability. [ 1 ]  While the potentially 
low cost, low resource claims, and infi nite scalability are the 
vital characteristics of OPV, [ 2–6 ]  effi ciency and stability remain 
in question. OPV already outperform all known PV technolo-
gies with respect to processing speed and materials consump-
tion and the key question may now be: can a lower performance 
in terms of effi ciency and stability be outweighed by signifi cant 
outperformance in terms of speed and material parsimony?  

 Recent calculations of the electricity cost generated by OPV 
based technologies predict competitiveness with fossil fuels, 
at the level of 5% effi ciency and 5 years of lifetime. [ 4 ]  Today, 
the record effi ciency values on lab scale OPV are reportedly 
in the range of 10–12%. [ 7 ]  However, the actual technological 
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 The work presented here introduces a method by which 
a generic lifetime marker is assigned to aging curves of any 
shape, allowing the effi cient comparison of various samples 
reported in the literature. The work encompasses meta-anal-
ysis of the lifetime data of a large amount of OPV devices and 
reveals the main bottleneck associated with their stability. The 
current status of OPV lifetimes is discussed and recent pro-
gress is highlighted. The general aim of this study is to aid 
the process of developing a prediction tool for determining the 
operational lifetime of OPV based on a series of recorded labo-
ratory data.  

  2.     Methods 

  2.1.     Literature Meta-Analysis 

 Using the ScienceDirect search engine, a search for OPV life-
time reports was conducted. The search criteria were defi ned 
by combining the following key expressions: polymer, plastic, 
organic, solar cells, photovoltaics, stability, and lifetime. The 
search was conducted in March 2013 and returned around 2500 
articles. A few more reports of outstanding lifetime perfor-
mance reported at a later stage were added to the list during the 
process of developing this work. 

 The articles were added to an online database where further 
fi ltering was conducted to remove articles from the list that 
did not contain actual stability data of organic solar cells. This 
involved eliminating unrelated results and studies related to 
hybrid technologies. The fi ltering retained 303 articles, from 
which accurate stability data, plus device specifi cations, could 
be extracted and added to a lifetime database. This data was 
then further analyzed using an online exploration tool that is 
discussed in the following sections. 

 We cannot exclude the possibility that some reports on OPV 
lifetime studies that do fulfi ll the requirements for accuracy 
in the data and device descriptions were overlooked in the 
searching and fi ltering process, but we contend that our data-
base is representative of the fi eld. Small molecule OPV devices 
that are included here also may have fewer occurrences among 
the analyzed articles, either because they simply appear at a 
lower frequency than polymer based devices, or because the 
reporting tradition falls outside the data requirements of our 
method.  

  2.2.     Lifetime Marker 

 In the fi eld of OPV it has become customary to use the term 
lifetime to describe the  T  80  value (time when the sample 
degrades by 20% from initial performance) independent of the 
testing conditions. The same will be practiced throughout this 
document. However, one has to bear in mind that the actual 
term lifetime refers mainly to the performance of a photo voltaic 
sample under intended (typically outdoor) real operational 
conditions. 

 In the literature, the degradation of OPV samples is typi-
cally reported via aging curves of photovoltaic parameters – 
in most cases as a plot of power conversion effi ciency (PCE) 

as a function of time. In rare cases spectral absorption and 
quantum effi ciency are also utilized. The shapes of the 
reported aging curves often vary signifi cantly and  Figure    1  a 
shows a few typical examples, with curve 1 presenting the 
most commonly observed “hockey stick” shape. The letter 
E stands for the aging indicator (for example PCE). As dis-
cussed in the introduction, the reason for such diversity is 
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linked to the fact that several competing aging mechanisms 
often take place at the same time, resulting in variations in 
aging rate. Each of these mechanisms may be expressed to 
varying degrees, depending on the conditions of the test. As 
a result, the comparison of lifetimes based on such curves is 
rather challenging. A method was therefore developed where a 
generic lifetime marker was identifi ed for each reported curve 
by means of a set of criteria. The method involved a number 
of steps described in  Table    1  . 

   The importance of having a pair of [ E  0  ;T  80 ] values repre-
senting the sample lifetime, rather than just the time param-
eter, comes from the fact that the already degraded device may 
show signifi cantly slower degradation compared to the freshly 
prepared device, and a comparison of only the lifetime between 
the two can be misleading. It is important that the history of 
devices that are to be compared is known and is as similar as 
possible. 

 In the literature, extrapolation is often utilized to estimate 
the lifetime, if aging did not reach the  T  80  threshold during 
the course of the experiment. [ 26–28 ]  Although such a procedure 
can give a hint towards the potential lifetime of the sample, 
extrapolation is often very inaccurate and cannot be used reli-
ably in a scientifi c report, especially when it is extended to 
more than once or twice the duration of the actual measure-
ments. [ 25 ]  Moreover, there are often failure mechanisms that do 
not appear at the initial stage of OPV degradation, but cause a 
sudden acceleration of degradation at a later stage. An example 
is the gradual deterioration of the encapsulation of the sam-
ples, which does not affect the performance initially, but dras-
tically accelerates the aging when delamination or cracking of 
the encapsulant takes place. [ 17 ]  Thus, here, no data has been 
extrapolated for the determination of the lifetime, but rather the 
duration of the experiment was used as the maximum possible 
lifetime, denoted as  T  fi nal .  
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 Figure 1.    a) Examples of various shapes of aging curves taken from real data. b) Example of identifying the best pair describing the stability of the 
sample. 

  Table 1.    The list of steps for determining the lifetime marker. 

Parameters Method

Determination of starting point  E  0  &  T  0 
 E  0  – initial performance
 T  0  – initial time

 T  0  &  E  0  pair is either chosen at the fi rst measurement point, or if the curve has an initial increase followed by a 
reduction (such as the curve 3 in Figure  1 a) then  T  0  &  E  0  is set at the maximum point.  

Determination of stabilized section  E  S  &  T  S 
 E  S  – performance at the start of stabilized section
 T  S  – starting time of stabilized section

If after a certain point the aging curve enters into a more stable phase (commonly observed during solar cell aging), 
then a second pair of starting values  T  S  &  E  S  is identifi ed, typically chosen at a point from where the aging rate 
almost doesn’t change anymore, as shown on curve 1 in Figure  1 a.  

Determination of  T  80  and  T  S80 
 T  80  – time when performance reaches 80% of  E 0  
 T  S80  – time when performance reaches 80% of  E  S 

 T  80  (or if applicable  T  S80 ) is determined by subtracting  T  0  (or  T  S ) from the time when 80% of  E  0  (or  E  S ) is reached. 
Figure  1 b highlights the areas determined by  T  80  and  T  S80   

Lifetime marker [ E  0 ; T  80 ] or [ E  S ; T  S80 ] The largest area among I and II in Figure  1 b (part of the curve where the sample produces the largest amount of 
energy) will then determine the pair that will describe the lifetime. The simple geometrical calculations reveal that 
the ratio of the areas of the trapezoids I and II are proportional to the ratio of the areas of the rectangles defi ned by 
the products of  E  0  ×  T  80  and  E  S  ×  T  S80 . Thus the lifetime marker can be mathematically identifi ed according to these 
rules:

if E T
E T
[ ]
[ ] ≥*

*
10 80

S S80

 then the marker is [ E  0 ; T  80 ]

if E T
E T
[ ]
[ ] <*

*
10 80

S S80

 then the marker is [ E  S ; T  S80 ]

Exceptions  Exceptions are made in the following cases:
•  If  E  S  is less than half of  E  0 , in which case the sample is considered to have degraded before stabilization (see curve 

2 in Figure  1 a, then [ E  0 ; T  80 ] is chosen by default to represent the lifetime.
•  If the measurements has been stopped prior to reaching the 80% threshold then “ T  fi nal  –  T  0 ” or “ T  fi nal  –  T  S ”, where 

 T  fi nal  is the point of last measurement (see curve 4 in Figure  1 a is chosen instead to represent the minimum pos-
sible lifetime.
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  2.3.     Comparing Lifetimes via the O-Diagram 

 After identifying all lifetime markers of all the reported aging 
curves according to the method described above, the values were 
inserted into a scatter plot, called the o-diagram, as described ear-
lier (the ‘“o” stands for OPV). [ 25,29 ]  The purpose of the diagram is 
to categorize the performance of the samples by means of simple 
time units, which makes the lifetime comparison straightfor-
ward. As an example,  Figure    2   shows the comparison of PCE for 
a number of differently processed OPV samples, tested under 
various ISOS test conditions, conducted in an earlier study. [ 29,30 ]  
The X-axis represents the time in logarithmic format with base 4, 
which allows its association with common time units as shown 
in the top part of the fi gure. The Y-axis represents the initial per-
formance. In this plot, [ E  0  ;T  80 ] and [ E  S  ;T  S80 ] are shown via solid 
and open labels, respectively. The diagram allows the reported 
lifetime data to be gauged, and its progress to be followed based 
on the time units. Any data that exceeds the ‘years’ category, is 
considered to have durability on an industrial level. 

  In the earlier study a comparison of the performance of 
samples under different ISOS test conditions was made and it 
was concluded that, after encapsulation, the studied technolo-
gies could endure only weeks or months of accelerated indoor 
light exposure, but reached a shelf life of years. Meanwhile, in 
outdoor tests the samples showed intermediate performance. [ 30 ]  
Thus, the diagram allowed for the establishment of a link 
between the different tests. Although in the latter case the tests 
were limited to only a few OPV architectures and to outdoor 
tests in only one geographic location (Denmark), expanding the 
same concept to a large variety of samples and test conditions 
will eventually allow for the development of a generic empirical 
prediction tool. The o-diagram is also utilized in this study for 
comparing the literature data. The results are discussed in the 
following sections.   

  3.     Status of OPV Lifetimes 

  3.1.     All Data 

 Each scanned article contained stability data for around 3 sam-
ples on average, which sums to approximately 1000 data points 
from the 303 articles.  Figure    3   shows the o-diagram as PCE 
versus lifetime for all the data. The adjacent plots show the data 
distribution in terms of PCE and lifetime. The large majority 
of samples have a PCE distributed within 4%, due to the pre-
dominance of poly-3-hexylthiophene (P3HT) based devices 
(discussed in Section 3.4). In terms of stability, the lifetime of 
OPVs spans from unstable to years, with the largest portion 
of data falling in the range of months. Only a few reach the 
level of years. Note that the data is primarily based on litera-
ture reports up to March 2013 with a few additions of the best 
stability reports from 2014 and 2015. Additionally, it is impor-
tant to note that some of the data are limited by the duration of 
the conducted experiment ( T  fi nal ) rather than  T  80 . The lifetime 
data was also plotted against the publication year, as shown in 
 Figure    4  , which demonstrates the progress of OPV lifetimes in 
recent years. The plot contains samples tested both under light 
(green triangles) and in the dark (blue circles). The following 
sections further analyze the presented data in terms of device 
geometries, materials and testing conditions. 

     3.2.     Device Geometry: Normal versus Inverted 

 The stack order of the organic solar cell layers is typically cat-
egorized into two groups: normal and inverted. In the former, 
the front transparent electrode is the anode and the back 
electrode is the cathode, while in the latter the electrodes are 
reversed. The differentiation among the two is, however, mostly 
rooted in the fact that the normal structure typically employs a 
low work function back electrode, such as aluminum (Al) and 
the inverted structure utilizes high work function metals, such 
as silver (Ag) or gold (Au). The vast majority of the lifetime 
data reported so far are based on samples that are sandwiched 
between a substrate (often glass) and an evaporated or printed 
top electrode, In such a nonsymmetrical geometry the bottom 
is protected by the substrate, while the top electrode is the fi rst 
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 Figure 2.    The o-diagram presenting [E 0 ;T 80 ] and [E S ;T S80 ] values for all the 
tested samples under different ISOS test conditions. For the conditions of 
the tests see ref.  [ 18 ] . The blue circles and the red triangles represent the 
devices with and without encapsulation, respectively. The arrow shows 
the data where T fi nal  was used instead of T 80 . Reproduced with permis-
sion. [ 30 ]  Copyright 2015, Elsevier.
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to be exposed to the external environment and hence, is the 
fi rst to play a dominant role in the aging of the device. For this 
reason the alterations in the geometry of the devices can result 
in signifi cant differences in the stability of the samples. [ 31 ]  

 In the normal structure one of the most commonly reported 
failure mechanisms is the reactivity of Al when the latter is in 
contact with humid air. As a result, an oxide layer is developed 
at the inner interface, which resists the charge collection pro-
cess in the device. [ 32–36 ]  Especially in the case when there is no 
intermediate layer between the cathode and the photoactive 
layer (PAL), chemical modifi cations at the interface can fur-
ther deteriorate the PAL and accelerate aging. [ 33–35 ]  Conversely, 
Ag and Au are quite stable when exposed to the environment 
and appear to be less reactive towards organic materials. This 

is why it is commonly believed that inverted 
structures are inherently more stable com-
pared to normal structures. [ 32,34,37–39 ]  How-
ever, it was shown that oxygen and water 
penetration through Al and Ag have different 
natures, [ 40–43 ]  and that ultimately Al can be 
a more effective barrier against oxygen dif-
fusion compared to Ag. [ 31 ]  This has raised 
questions about which aging mechanisms 
dominate in the two structures, and which 
structure is intrinsically more stable under 
real operational conditions. 

 To inform this, the reported literature data 
were grouped according to the sample geom-
etry and plotted in an o-diagram for compar-
ison, as shown in  Figure    5  a–d. The plots on 
the left and right correspond to the data meas-
ured in the dark and under light respectively. 
For clarity, the data is separated into unencap-
sulated (a,b) and encapsulated (c, d) samples. 
For easier interpretation, each scatter plot is 
supported by an adjacent distribution curve. 
The red triangles and blue squares show the 
inverted and normal structures, respectively. 
The open squares show the cases where the 
cathode is directly applied onto the PAL. 

In accordance with expectations, the inverted structures (red 
squares) show signifi cantly better stability for unencapsulated 
samples, and to some extent for encapsulated devices, for the 
tests conducted in dark (left plots in Figure  5 ). This however 
does not seem to be the case for the tests conducted under light 
(the plots of the tests conducted under illumination contain data 
for samples tested mainly under light sources with a full solar 
spectrum, that have appropriate amounts of UV light). Since 
the dark tests are typically conducted under ambient conditions 
with some humidity content, it is reasonable to assume that Al 
will react with the humidity and that this becomes the domi-
nating degradation mechanism in the normal geometry device, 
as discussed above. Although oxygen diffusion is stronger in 
the inverted structures, oxygen alone does not seem to cause 
much damage to the device when in the dark, and since Ag 
and Au remain inert towards humidity, the inverted structures 
show exceptional stability in the absence of light. When illumi-
nated, the heat of the solar simulator generates a dry environ-
ment around the sample. This drastically reduces the effect of 
humidity on the device performance. The presence of light and 
especially a UV-component, conversely, accelerate the reaction 
with oxygen, [ 44 ]  which rapidly degrades the unprotected devices 
with inverted structures. Meanwhile, the normal structures are 
effectively protected from oxygen by the Al capping layer. Fur-
ther proof of this argument can be found in the fact that when 
the devices are encapsulated, the oxygen diffusion becomes 
hindered in both geometries, resulting in equally stable per-
formance (Figure  5 d). It is important to note that the samples 
where the top Al electrode is directly applied onto the PAL show 
similar lifetimes under illumination independent of whether 
the device is encapsulated or not (Figure  5 b,d). This suggests 
that, despite the elimination of oxygen and water, the Al/PAL 
interface remains detrimental to the performance of the device 
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 Figure 3.    Total data collected from the literature presented in o-diagram. The left side histo-
gram show the distribution of the data points in the effi ciency bins, while the lower histogram 
shows the lifetime distribution of the data in the time bins.

 Figure 4.    Scatter plot of reported lifetimes per year with the green tri-
angles representing the samples tested under light and the blue circles 
representing the tests in darkness. The dashed lines correspond to the 
one and two year thresholds.
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and therefore protective intermediate layers are vital for optimal 
performance of the normal structures. However, special care 
must be taken when applying intermediate layers such as metal 
oxides or even Ag, as a recent study demonstrated that Al may 
still penetrate and react with intermediate layers resulting in 
device performance deterioration. [ 45 ]  

  The results of the device geometry analysis suggest that 
when considering real operational (outdoor) conditions in 
an environment with the presence of humidity, oxygen and 
light, both normal (Al) and inverted (Ag or Au) structures are 
prone to rapid degradation when unprotected, but can perform 
equally well when encapsulated. 

 It is important to stress that the fi nal OPV products are 
envisioned to have a geometry compatible with roll-to-roll 
manufacturing [ 46,47 ]  and economically viable symmetric pack-
aging. [ 5,48 ]  The latter does not include extra substrates or super-
strates. Most of the reported devices analyzed have structures 
that do not meet these standards, so it is hard to predict what 
role the electrodes or the geometry will eventually play in a real 
OPV product. However, it is obvious that in a real product with 
symmetric encapsulation, the front transparent electrode will 
present equal or more important stability challenges compared 

to the back electrode. Thus, it is important to harmonize the 
research with the true vision of OPV and address the stability 
issue of the devices from the perspectives of symmetric encap-
sulation and roll-to-roll compatible processes.  

  3.3.     PEDOT:PSS Studies 

 A common debate in the fi eld of OPV is the role of poly(3,4-
ethylenedioxythiophene)-poly(styrenesulfonate) PEDOT:PSS in 
the aging of devices. [ 49 ]  PEDOT:PSS is widely used due to its 
tunable intermediate work function, which allows appropriate 
alignment of the highest occupied molecular orbital (HOMO) 
of the donor material in the PAL with the work function of the 
electrode. Indium tin oxide (ITO)/PEDOT:PSS is the most com-
monly used combination typically utilized as an anode in the 
OPVs with normal geometry. In such a combination, apart from 
tuning the energy levels, PEDOT:PSS additionally smooths the 
rough surface of the ITO, eliminating possible shunts in the 
device, and improves wettability during the solution processing 
of the active layer. [ 21 ]  In the devices with inverted geometry 
PEDOT:PSS is typically used to align the work function of the 
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 Figure 5.    Distribution of the lifetime for unencapsulated (a,b) and encapsulated (c,d) samples with normal (blue squares) and inverted (red triangles) 
structures tested under illumination (b,d) and in the dark (a,c). Each data point corresponds to one aged sample reported in the literature. The open 
blue squares correspond to normal geometry devices where the top electrode is directly applied onto the PAL. The bottom plots show the distribution 
of the data in a histogram format, where the y-axis represents the number of the reported data points.
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top metal electrode (such as Ag or Au) and the active layer. [ 50 ]  In 
addition, in the case of printed electrodes PEDOT:PSS protects 
the active layer from harmful solvents used, for example, in 
the silver paste. [ 51 ]  In a recent report, PEDOT:PSS was reported 
in a cathode combination where it was used to smooth the 
Ag grid front cathode for further coating of the ZnO electron 
transport layer. [ 52 ]  It has been well established that, despite the 
several benefi ts, PEDOT:PSS has a negative effect on OPV sta-
bility. [ 16,21,22 ]  Although the aging mechanisms have not been 
completely understood, the hygroscopic nature of PEDOT:PSS 
is commonly linked to its aging. [ 43,53–55 ]  In a humid environ-
ment this results in three distinct symptoms: 

•     PEDOT:PSS tends to lose conductivity due to water uptake [ 54 ]  
•    PEDOT:PSS accelerates the corrosion of the metal electrodes [ 56 ]  
•    The acidity arising from PSS is resulting in etching of 

ITO [ 43,53,57 ]    

 While the reaction between PEDOT:PSS and high work 
function electrodes such as Ag is much less pronounced, it is 
still believed that PEDOT:PSS is also a source of degradation 

in inverted device combinations. [ 35,37 ]  Moreover, it was recently 
demonstrated that UV light is also detrimental for PEDOT:PSS 
conductivity. [ 58 ]  

 Nevertheless, despite the multitude of reported aging 
mechanisms of PEDOT:PSS, there have been instances where 
PEDOT:PSS was reported not to affect the aging rate of the 
devices, [ 32 ]  or even to improve the stability when compared 
to metal oxides. [ 26 ]  Thus, in order to understand this contro-
versy, the literature data was analyzed with regard to the use 
of PEDOT:PSS in the devices, as shown in  Figure    6  . The data 
was separated into unprotected (a, b) and encapsulated (c, d) 
samples tested in dark conditions (left) or under illumination 
(right). The samples were further distinguished according to 
the positioning of PEDOT:PSS in the device structure in the 
following way: 

•     Normal geometry where PEDOT:PSS is between the transpar-
ent anode and the PAL (PEDOT-n) 

•    Inverted geometry where PEDOT:PSS is between the back 
electrode and the PAL (PEDOT-i) 

•    PEDOT:PSS free devices (PEDOT-free)   

Adv. Energy Mater. 2015, 1501208

www.MaterialsViews.com
www.advenergymat.de

 Figure 6.    Distribution of lifetimes for unencapsulated (a,b) and encapsulated (c,d) samples grouped into three categories: samples with PEDOT:PSS 
between anode and the PAL in the normal architecture (blue squares), between the PAL and anode in the inverted architecture (red triangles) and 
PEDOT:PSS free samples (green circles). Plots are grouped according to dark (a,c) and illumination (b,d) tests. Each data point corresponds to one 
aged sample reported in the literature. The bottom plots show the distribution of the data in a histogram format, where the y-axis represents the 
number of the reported data points.
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  It is apparent that the unprotected devices with PEDOT:PSS 
as the fi rst intermediate layer (normal geometry) have the 
shortest lifetime when stored in the dark. This is in accordance 
with the expectations that in a humid environment PEDOT:PSS 
will gradually absorb water, accelerate the aging of the cathode 
and react with ITO, as discussed above. Conversely, the samples 
with PEDOT:PSS integrated between the active mixture and the 
top electrode (inverted geometry) show a very good stability in 
the dark, which is in accordance with earlier studies claiming 
that PEDOT:PSS alone is quite stable under ambient dark con-
ditions and becomes harmful only when in contact with ITO 
or Al. [ 56 ]  In the illuminated tests of the unprotected samples, 
the inverted structures tend to be the least stable, which is 
partly ascribed to the low barrier properties of the top electrode 
towards the oxygen diffusion (as discussed above) and partly 
due to the aforementioned fact that PEDOT:PSS is vulnerable to 
UV light. The humidity in this case is signifi cantly lower due to 
the heat generated by the illumination and thus, is less vital for 
the aging of the devices. The unencapsulated PEDOT:PSS free 
samples instead show relatively stable performance both in the 
dark and under illumination, independent of whether a normal 
or inverted geometry is utilized. This suggests that eliminating 
PEDOT:PSS from the stack is likely to improve the intrinsic 
stability of the devices. For the encapsulated samples, the life-
time difference between the three structures almost dimin-
ishes. This can perhaps be explained by the fact that the encap-
sulation signifi cantly reduces the level of water and oxygen 
accessing the device structure. Additionally, typical encapsula-
tion materials are either glass (with reduced transmission in 
the UV range) or plastic materials with a UV-fi lter, which to 
some extent protect the device layers from the UV-irradiation. 
Thus, in the encapsulated devices the aging mechanisms asso-
ciated with PEDOT:PSS become negligible, resulting in similar 
performance of the samples with and without PEDOT:PSS on 
the given time scales. This explains the aforementioned con-
troversial reports of stable PEDOT:PSS based devices, since the 
latter were encapsulated. Such a similar performance can how-
ever be deceptive since it is likely that aging processes associ-
ated with PEDOT:PSS will eventually appear over longer time 
scales, even in encapsulated samples, ultimately contributing to 
the device degradation. Thus, eliminating the PEDOT:PSS from 
the stack remains one of the primary areas of interest in the 
development of a stable device.  

  3.4.     Role of the Photoactive Layer 

 The photoactive layer (PAL) plays an important role in the sta-
bility of the devices, as its deterioration will directly refl ect on 
the light absorption and charge generating properties of the 
device. A typical PAL consists of a conjugated polymer acting as 
a donor and a fullerene based derivative acting as an acceptor. 
The polymer, the fullerene, and the morphology of their mix-
ture are all susceptible to degradation. [ 16,21,22 ]  Factors such as 
oxygen, water, light, or elevated temperature can both single-
handedly, and especially when combined, rapidly deteriorate 
the PAL. Different materials in the PAL react differently to such 
external factors, which makes the study of the aging processes 
rather complex. Although many scenarios have been proposed 

in literature, the key mechanisms of degradation in the PAL 
are not yet fully understood. Some of the commonly reported 
failure mechanisms of the PAL are as follows: 

•     Photochemical scission of the conjugated polymer chain, [ 44,59 ]  
typically initiated by oxygen and (UV-) light 

•    Oxygen doping of the PAL and generation of traps, [ 60,61 ]  
caused by oxygen and accelerated by light. 

•    Diffusion of the metal electrodes into the PAL and reactions 
with the polymer, [ 41,42,62 ]  initiated by humidity, oxygen and 
light. 

•    Morphological reorganization of the polymer/fullerene mix-
ture and deterioration of the interface, [ 63–65 ]  initiated mostly 
by temperature and light, but also possibly by oxygen and 
humidity.   

 The degradation of the PAL depends greatly on the testing 
conditions. Typically, most of the PAL aging mechanisms are 
strongly accelerated when exposed to light. [ 66,67 ]  For some 
polymers such as the polyphenylenevinylene (PPV) derivatives, 
rapid aging in the dark has also been reported. [ 68,69 ]  Tempera-
ture is less detrimental since the typical device temperatures 
during operation in realistic test condition are below 100 °C. 
However, in some cases during the production process high 
temperature (above 100 °C) annealing steps are utilized, which 
can result in thermal aging of the polymer [ 63–65 ]  and thus the 
thermal stability of the polymers becomes vital for the device 
lifetime. 

 The dominating aging mechanisms also greatly depend on 
the type of materials used in the PAL as mentioned earlier. PPV 
based polymers that were initially utilized for polymer solar cells 
were proven to be very unstable. [ 68–70 ]  Those were succeeded 
by polythiophene based materials. Especially the polymer 
poly-3-hexylthiophene (P3HT) combined with the fullerene 
derivative phenyl-C61-butyric acid methyl ester (PCBM), [ 71 ]  
demonstrated signifi cantly better lifetimes and have remained 
the primary choice in studies for many years This mixture still 
serves as an excellent reference. However, the effi ciency of 
devices based on P3HT was typically limited to < 4%. Therefore 
the research for better materials continued, and recently many 
new polymers with higher effi ciencies have emerged, [ 72 ]  some 
of which (i.e., benzothiadiazole-based polymers, such as poly[N-
9″-hepta-decanyl-2,7-carbazole-alt-5,5-(4′,7′-di-2-thienyl-2′,1′,3′-
benzothiadiazole) (PCDTBT) or poly[(4,4-bis(2-ethylhexyl)-4H-
cyclopenta[2,1-b;3,4-b]dithiophene-2,6-diyl-alt-2,1,3-benzothi-
adiazole-4,7-diyl] (PCPDTBT), see  Table    2  ) were claimed to be 
intrinsically more stable than P3HT. [ 73,74 ]  

  In order to understand to what extent the PAL determines 
device stability, the literature stability data was plotted against 
the donor materials used in the PAL.  Figure    7   shows four plots 
corresponding to the tests conducted in the dark (left plots) and 
under illumination (right plots) for the unprotected samples 
(a,b) and encapsulated samples (c,d). The different PALs are 
highlighted in terms of: 

•     P3HT 
•    Small molecules 
•    High power conversion effi ciency polymers denoted as h-PCE 
•    Others   
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  Small molecule based devices typically comprise phthalocy-
anine-based materials (such as copper phthalocyanine (CuPc), 
zinc phthalocyanine (ZnPc), subphthalocyanine (SubPc), chloro 
aluminum phthalocyanine (CIAIPc) or Pentacene, each com-
bined with either C60 or PCBM. [ 60 ]  The materials representing 
the h-PCE devices are listed in Table  2 . Among these PCDTBT 
was the most popular. h-PCE polymers were mainly used in 
mixtures with phenyl-C71-butyric acid ([70]PCBM) while P3HT 
polymers and most of the other polymers were mainly reported 
in blends with [60]PCBM (on rare occasions indene-C 60  
bis-adduct ICBA was reported). A study of the effect of accep-
tors on lifetimes was not feasible in this case due to the domi-
nance of [60]PCBM in the reported data. 

 From Figure  7  it is obvious that the P3HT:PCBM mixture is 
by far the most frequently studied blend. However, since cur-
rent progress is being made mostly with h-PCE materials, this 
is likely to evolve in the years to come. Nevertheless, a distinct 
difference can be identifi ed in the unprotected devices tested 
under illumination (Figure  7 b), where the h-PCE polymers 
yield the most promising stability, while the small molecule 
devices show the shortest lifetimes. The differences become 
less pronounced for the dark tests, which points to the fact that 
light plays a vital role in the aging of the PAL. The difference 
almost completely disappears for the encapsulated devices. The 
reason is that the encapsulation signifi cantly slows the diffu-
sion of oxygen and water inside the device and, although the 
aging of the PAL still takes place, the difference becomes unde-
tectable on the observed time scales. 

 It is important to note that some of the samples, although 
reported to present exceptional stabilities (beyond a year), often 
failed due to packaging and electrode deterioration rather than 
the PAL, while the post analysis showed that the PAL stayed 
almost intact after long-term tests. [ 17 ]  Moreover, the wide 
distribution of the lifetimes of P3HT:PCBM based devices 
(Figure  7 d), from minutes to years, is evidence that aging is not 
determined mainly by the PAL. The other parts of the device 

(as discussed in previous paragraphs) can be more detrimental. 
This suggests that the current photoactive materials and espe-
cially the new h-PCE polymers may provide exceptional stability 
for several years or more and that the lifetime of OPVs is lim-
ited by failures in other parts of the device. Thus, in order to 
develop a stable technology it is of great importance to focus 
the research not only on the PAL, but to study all the parts of 
the OPV device and the encapsulation in order to identify the 
weakest links that most affect stability.  

  3.5.     Best Structures 

  Figure    8   shows the structures of the unencapsulated samples 
with the best intrinsic stabilities reported in the dark (left 
hand image) and under illumination (right hand image). The 
top histograms shows the lifetime and the tables highlight the 
materials used in the structures, as well as the PCE values cor-
responding to the performance at the start of the stabilized part 
of the aging curves ( E  S  value). The arrows in the lifetime histo-
grams distinguish the data that is limited by  T  fi nal  (devices that 
did not reach  T  80 ). The error bars show the performance distri-
bution of a few devices with similar structures. From the plot 
on the right it is obvious that most of the stable devices tested 
under illumination do not contain a PEDOT:PSS layer and use 
Al as capping layer. It is worth mentioning, however, that the 
sample with the best lifetime tested under light (Figure  8  right 
hand side) suffered from a strong burn in with almost 50% 
loss of the performance prior to stabilization. This is possibly 
due to the diffusion of Al through the silver, as was reported 
recently in a different study. [ 45 ]  In the dark tests, devices with 
PEDOT:PSS appear more frequently, yet they signifi cantly 
underperform compared to the PEDOT:PSS-free samples. In 
addition, the majority of the dark tests have winning samples 
that utilize Ag or Au instead of Al. All these results corroborate 
well with the discussions of device geometry and PEDOT:PSS 
in sections 3.2 and 3.3. 

    3.6.     Device Encapsulation 

 It has been estimated that the packaging has the largest share 
in the total material cost of the OPV modules, reaching as high 
as 60% of the cost. [ 5 ]  Thus, cost reductions of the encapsula-
tion can play a major role in the economy of OPV technolo-
gies and thorough studies of cheap materials and processing 
for encapsulation are of high importance. To contribute to such 
studies, analyzes were conducted of what has been reported in 
the literature with regards to the OPV device packaging and 
protection methods. The analysis revealed that many of the 
reports contained very limited information about the encapsu-
lation procedures, describing in most cases only the type of the 
encapsulant, such as rigid glass or fl exible polyethylene (PET), 
without specifying further details. Meanwhile, factors such as 
adhesive, encapsulation geometry (edge sealing), and the level 
of electrode protection that can play an important role in the 
device stability, [ 17,29,96–98 ]  were often simply omitted. In some 
reports it was even not possible to identify whether the studied 
samples were encapsulated at all. This possibly comes from the 

Adv. Energy Mater. 2015, 1501208

www.MaterialsViews.com
www.advenergymat.de

  Table 2.    High effi ciency polymers tested either in dark or light condi-
tions. Among all the compounds PCDTBT is the most frequently 
reported polymer. 

Name Conditions Description

PCDTBT [27,28,74–77] Light, dark poly[N-9″-hepta-decanyl-2,7-carbazole-alt-5,5-
(4′,7′-di-2-thienyl-2′,1′,3′-benzothiadiazole)

PCPDTBT [73] Light, dark poly[(4,4-bis(2-ethylhexyl)-4H-cyclopenta[2,1-
b;3,4-b]dithiophene-2,6-diyl-alt-2,1,3-benzothiadi-
azole-4,7-diyl]

BTI-BDT [78] Light bithiophene imide and benzodithiophene based 
copolymer

PDTSTPD [79] Dark poly(4,4-bis(2-ethylhexyl)-dithieno[3,2-b:2′,3′-d]-
silole and N-octyl-thieno[3,4-c]pyrrole-4,6-dione)

PBDTTPD [80] Dark poly({4,8-di (2-ethylhexyloxyl) benzo[1,2-b:4,5-b′] 
dithiophene – 2,6-diyl) – alt – ({5-octylthieno-
[3,4-c] pyrrole – 4,6-dione-1,3-diyl)

PFDCTBT-C8 [81] Dark poly(fl uorenedicyclopentathiophene-alt-
benzothiadiazole) with octyl side chains

a-PTPTBT [82] Dark Poly(thiophene-phenylene-thiophene – 2,1,3-
benzothia-diazole)



P
R
O

G
R
ES

S
 R

EP
O

R
T

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1501208 (10 of 17) wileyonlinelibrary.com Adv. Energy Mater. 2015, 1501208

www.MaterialsViews.com
www.advenergymat.de

 Figure 8.    Device structures of unencapsulated samples showing the best lifetimes tested in dark (left) [ 80–82,86–95 ]  and under light (right). [ 73,78,83–85 ]  PCE 
represents the values at the point of stabilization of the aging curve ( E  s  value). The arrows in the histograms above distinguish the data that are based 
on  T  fi nal  rather than  T  80  values. The error bars show the spread of the data for a few devices with similar structures.

 Figure 7.    Distribution of lifetime for samples grouped according to the photoactive layer categories: P3HT based (red diamonds), small molecule based 
(blue circles), high effi ciency (green squares), others (grey triangles). a) Dark test of non-encapsulated samples, b) light tests of non-encapsulated 
samples, c) dark tests of encapsulated samples, and d) light tests of encapsulated samples. The data is presented via the scatter plot (o-diagram) 
and the corresponding histogram below each plot.
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fact that for many years encapsulation was seen as a means for 
prolonging the lifetime of an experimental sample for further 
studies and for proving by all means that OPVs can last. Only 
in recent years has encapsulation and its economic aspects 
become an important element in OPV device production and 
attracted signifi cant attention. [ 2,5,99 ]  

 Despite the lack of information, the reported data were fi l-
tered and plotted in the o-diagram according to whether rigid 
or fl exible encapsulation methods were applied, as shown in 
 Figure    9  . Rigid encapsulation implied mainly full glass encap-
sulation (i.e., front and back) but in a few instances back metal 
plates were used, while fl exible encapsulation typically involved 
the PET based commercial foils with integrated UV barriers. 
In either case pressure sensitive or UV curable epoxy based 
adhesives were often utilized. [ 97 ]  Due to very limited available 
details on the reported encapsulation techniques it was hard 
to draw many conclusions on best practices. Nevertheless, 
from Figure  9  it is apparent that the overall distribution of 
the lifetimes for the samples encapsulated with the rigid and 
fl exible materials was rather similar. Given the different levels 
of the water vapor transmission rates of the glass (zero) and 

fl exible barriers (varying from 10 −1  to 10 −6  gm −2  per day), the 
absence of differences on the given timescales suggests that the 
lifetimes of the samples were limited, not by the permeability 
of the packaging materials, but possibly by factors such as edge 
diffusion or unprotected electrode failure. [ 17,96,98 ]  Thus, the 
results indicate that solving the problems associated with edges 
and electrodes are possibly the most important steps towards 
developing a technology with a level of durability appropriate 
for commercial applications. 

  This has been tested with a highly scaled installation with 
serially connected cells packaged in a continuous roll of foil at 
the solar park, established at the Technical University of Den-
mark. The solar park is based on fully R2R printed and coated 
solar foils in a high voltage serial confi guration following the 
infi nity concept. [ 100 ]   Figure    10  a shows one of the platforms of 
the park. The solar foils were rolled out and taped onto the 
wooden panels of the platform (inset of Figure  10 a). The largest 
installation was made with 6 parallel connected solar foils. Each 
had a length of 100 m and 21 000 serially connected single 
cells, which generated a maximum output of >1.3 kW p . [ 101 ]  With 
the large module size (100 m × 0.305 m) the net length of the 
exposed edges was drastically reduced and limited the number 
of exposed electrode terminals (one at each end of the roll). The 
infl uence of the two major bottlenecks in the module stability 
was therefore effi ciently addressed. Unfortunately, the system 
experienced previously unseen failure modes, associated with 
the very high operating voltages (>10 000 V) preventing the life-
time from reaching industrial levels. [ 102 ]  Nonetheless, one pack-
aging approach was fully operational for a period of two years, 
showing a lifetime ( T  80 ) of around 400 days and retaining about 
1% effi ciency after 2 years of outdoor exposure (Figure  10 b). 
This proves that solving the edge sealing and electrode protec-
tion challenges can drastically improve the durability of the 
technology. 

    3.7.     Conditions of Testing 

 There are a number of reasons why it is important to carefully 
consider the test conditions when measuring the lifetime of pho-
tovoltaic devices. First, controlling the stress factors that affect 
device lifetime can signifi cantly aid the investigation of the aging 
mechanisms. [ 103–106 ]  Second, by accelerating the aging of the 
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 Figure 9.    Distribution of the lifetime for samples grouped according to 
encapsulation type: rigid (green squares) and fl exible (red triangles). The 
data is presented via the scatter plot (o-diagram) and the corresponding 
histogram below.

 Figure 10.    a) Photograph of R2R produced continuous OPV foils with a length of 100 m taped onto a wooden platform for outdoor exposure. Each foil 
contained up to 21 000 serially connected solar cells. The inset shows the process of unrolling the foils onto the platform. b) PCE values of one roll 
periodically measured at noon time under clear sky for a period of 2 years. The highlighted area marks the stabilized performance until the lifetime is 
reached after about 400 days. 
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sample via increased stresses, one can predict the lifetime of the 
device under real test conditions within a shorter time period. [ 1,107 ]  
Moreover, accurate control of the test conditions improves the 
comparability of the results among different reports. [ 25 ]  The lack 
of rigorous control of the test conditions has been a signifi cant 
issue in the fi eld of OPV for many years, and in most cases the 
reports from different laboratories varied to a large extent, making 
the comparison of the lifetime data diffi cult. [ 14 ]  Only recently have 
the ISOS test guidelines addressed this issue. [ 18 ]  

 Nevertheless, in order to utilize all the lifetime data that 
was reported before the ISOS guidelines were established, we 
attempted to group and compare the data according to the fol-
lowing commonly reported testing categories: 

   1.     Indoor white light soaking 
  2.     Indoor low UV light soaking 
  3.     Outdoor exposure 
  4.     Dark (shelf life) test   

 This analysis also revealed a lack of details in the reported 
test conditions. In particular, in some circumstances it was not 
possible to identify whether the test was conducted under illu-
mination or in the dark, under ambient conditions or under 
an inert atmosphere. The spectrum and intensity of the light 
source, which can have a major effect on the device lifetime, [ 14 ]  
were often not reported either. All the reports where the tests 
could not be classifi ed according to the aforementioned catego-
ries were left out of the analysis. 

  Figure    11   shows the lifetime data for the encapsulated 
devices grouped according to the test conditions. According to 
the plot, white light indoor soaking is the most intensive test, 
producing the shortest lifetimes as expected. Meanwhile, the 
low UV light tests yield lifetimes in the same range as the dark 
tests. This basically confi rms that the UV component is the 
main stress factor in the light spectrum [ 44 ]  and that eliminating 
the UV reduces the test to the level of dark testing, putting into 

question the usefulness of UV tests. One can argue that the low 
UV tests simulate the conditions when the tested sample has a 
UV fi lter integrated in the structure. In this case however, the 
UV fi lter will also gradually deteriorate under real test condi-
tions, which cannot be accounted for by the low UV tests. Thus, 
the latter cannot truly refl ect the real test conditions. The out-
door data shows rather good lifetime values, but with reduced 
initial effi ciencies. This can be explained by the fact that the 
majority of the reported outdoor data were typically based on 
encapsulated large scale devices, [ 14,17,108–113 ]  which were well 
adjusted for outdoor tests but typically had lower effi ciencies. 

  Unfortunately, due to the lack of outdoor data and the large 
variations in the indoor soaking test conditions (temperature, 
humidity, light intensity, spectrum) it is not possible to estab-
lish a clear relationship between the lifetimes of indoor and 
outdoor tests, which could be useful for the development of 
a lifetime prediction tool. Therefore the fi eld is still in urgent 
need of both accurately controlled indoor and outdoor measure-
ments of different OPV technologies, conducted and reported 
systematically. It is important to ensure accuracy in such tests, 
which can be provided by carefully following the ISOS guide-
lines. Examples of such lifetime studies of various OPV tech-
nologies under both indoor and outdoor ISOS test conditions 
were reported recently [ 29,30 ]  and are discussed in Section 2.3.  

  3.8.     Lifetime Progress Diagram 

 For the presentation of the progress for the OPV lifetimes the 
literature data was fi ltered for the best reports and plotted simi-
larly to the record cell effi ciency diagram reported periodically 
by NREL. [ 7 ]   Figure    12   shows the record lifetimes of the OPVs 
reported through the development of the fi eld. The reports are 
distributed according to the most commonly reported test con-
ditions. The tests are shown in  Table    3  . 

   The dashed lines in Figure  12  are used as a guide to the eye. 
A few additional data points that are only slightly inferior to 
the record values have also been included in the plot. The data 
points that are defi ned by the fi nal measurement time instead 
are highlighted with arrows. The table below the plot lists the 
PCEs, lifetimes and the references to the corresponding litera-
ture reports. The plot demonstrates the rapid improvements 
that have been made in these areas during the past few years. 
Such a fast development suggests that within a short period the 
technology will reach the desired level of durability. Despite the 
fact that the best current lifetime reports are in the vicinity of 1 
to 2 years, it is strongly believed that OPVs today can last more 
than a few years. The demonstration of this, however, requires 
a longer period of testing and these results are possibly on their 
way. One also has to note that the plot presented here may not 
be comprehensive, as record stability reports made by industry 
that are not publicly available are not represented.   

  4.     Predicting Lifetime 

 The more stable the technology becomes the longer the 
required testing period is, which can hinder the progress of the 
research. It is therefore important to develop a methodology of 
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 Figure 11.    Distribution of the lifetime for samples grouped according 
to the test conditions: indoor white light soaking (red triangles), out-
door (green squares), dark tests (grey circles) and indoor low UV or low 
light soaking (blue diamonds). The data is presented via the scatter plot 
(o-diagram) and the corresponding histogram below.
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accelerated tests where one can accurately predict or estimate 
the lifetime of a sample in a shorter period of time. [ 1 ]  Due to 
the complexity of the degradation processes present in OPV 
devices it has been impractical to develop a theoretical model 
that would take into account all the aging mechanisms based 
on a set of simulated tests, and reliably predict the performance 
of a sample under real operational conditions. An alternative 
approach is the establishment of a lifetime database whereby 
the conduction of accurately controlled aging tests on a large 

number of OPV samples enables one to establish lifetime base-
lines and determine the statistical relationship between the 
accelerated and real condition tests. 

 The literature data presented in this work constitutes the core 
for the establishment of such a database. However, the analysis 
shows a signifi cant lack of outdoor data and a great deal of vari-
ability in the indoor accelerated tests, making the literature data 
alone insuffi cient. This therefore puts the fi eld in a position 
where testing under real operational (outdoor) conditions and 
under accurately controlled accelerated conditions is the most 
important step in the process of developing the lifetime predic-
tion tool and accelerating the process of OPV industrialization. 

 To initiate such data generation and to aid the process of 
fully developing a lifetime predictor we have established an 
online platform at  http://plasticphotovoltaics.org/lifetime-pre-
dictor  that offers the following services: [ 131 ] 

•     The possibility of exploring and conducting in depth analysis 
on the literature data presented in this article. 

•    The possibility for uploading new lifetime data (requires login 
credentials, which can be obtained from the authors of this 
work) that then will be reviewed using the scanning method 
presented in this work and added to the general database. The 
new data can then be compared with the existing data. 

•    The diagram of the best OPV lifetimes is also uploaded and 
will be kept up to date to stimulate the competition for the 
record lifetime.   
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 Figure 12.    Diagram of the best OPV device lifetimes distributed according to the types of the test conditions. The arrows highlight the samples that 
are limited by measurement duration rather than the sample lifetime. The table below the plot outlines the references, PCE, and the lifetime of each 
data point.

  Table 3.    The list of categories of lifetime tests commonly utilized in the 
fi eld of OPVs and their compatibility with the ISOS guidelines. 

General term Compatible ISOS test Description

Shelf life ISOS-D-1 Storage in the dark under ambient 
conditions

Damp heat ISOS-D-3 or 
similar

Storage in a damp heat chamber 
at elevated relative humidity and 
temperature levels

Outdoor testing ISOS-O-1,2,3 or 
similar

Exposure to real sun irradiation 
under outdoor conditions

Indoor AM1.5G test ISOS-L-1,2,3 or 
similar

Exposure to indoor light soaking 
under a solar simulator with a light 
spectrum close to AM1.5G

Low UV Not compatible Exposure to indoor light soaking 
under a solar simulator with a low 
UV component
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 It is our hope that the platform will help the community in 
conducting lifetime studies and developing a database that can be 
exploited for the purpose of developing a lifetime prediction tool. 

 Based on the conducted analysis a set of simple steps are 
proposed that if followed can signifi cantly improve the vari-
ability and reliability of the reported lifetime data: 

•     Follow the ISOS guidelines while conducting the experiments. 
•    Avoid conditions and instrumentation such as low UV light 

sources, inert atmosphere chambers etc., that are not in com-
pliance with the ISOS guidelines. 

•    Conduct the tests using a large number of samples to 
statistically validate the data. 

•    When conducting indoor tests it is highly recommended to 
conduct an outdoor test in parallel and vice versa. 

•    When conducting aging tests it is highly recommended that 
the tested specimen resembles the end product in the clos-
est possible way in terms of device geometry, architecture, 
electrodes, and packaging. It is also important to consider as 
many geographic locations as possible when conducting out-
door tests. In this regard interlaboratory or round robin stud-
ies can be advantageous. [ 14,15,17,129,130 ]     

  5.     Conclusions 

 We have analyzed a large number of stability studies of OPVs 
reported in the literature and constructed a methodology in 
which the lifetimes of various OPV samples were identifi ed and 
intercompared by means of a generic yardstick. The analysis 
revealed that while the early reports of OPV lifetime were at 
the level of minutes, today stable performance of up to years 
is reached. The analysis further helped in the identifi cation of 
the bottlenecks related to the device geometry and materials 
used. In particular, it was confi rmed that PEDOT:PSS presents 
a limitation to reachable intrinsic device stability. Furthermore, 
the data indicated that edge sealing and electrode protection 
are more critical to device lifetimes than the packaging mate-
rial itself, and perhaps constitute the main challenges for OPV 
stability today. It was further revealed that most of the reported 
lifetime studies were conducted on OPV samples that did 
not meet the current vision of an industrial standard, which 
assumes cheap, symmetric and fl exible packaging without extra 
substrates. More importantly, it was revealed that the fi eld is 
in great defi cit of outdoor lifetime studies and accurately con-
trolled indoor accelerated tests conducted in a consistent and 
reproducible manner. This therefore challenges the process of 
developing a lifetime prediction tool. To address this, an online 
platform was developed that will serve as a database for col-
lecting and comparing OPV lifetime reports based on indoor 
(accelerated) and outdoor tests conducted according to the 
ISOS guidelines. The general aim of the website is to become a 
platform for lifetime prediction and comparison.  
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  B.    Andreasen  ,   M. V.    Madsen  ,   K.    Norrman  ,   F. C.    Krebs  ,  RSC Adv.   
 2012 ,  2 ,  882 .  

[96]     D. M.    Tanenbaum  ,   H. F.    Dam  ,   R.    Rösch  ,   M.    Jørgensen  ,   H.    Hoppe  , 
  F. C.    Krebs  ,  Sol. Energy Mater. Sol. Cells    2012 ,  97 ,  157 .  

[97]     M.    Hösel  ,   R. R.    Søndergaard  ,   M.    Jørgensen  ,   F. C.    Krebs  ,  Adv. Eng. 
Mater.    2013 ,  15 ,  1068 .  

[98]     J. J.    Michels  ,   M.    Peter  ,   A.    Salem  ,   B.    van Remoortere  , 
  J.    van den Brand  ,  J. Mater. Chem. C    2014 ,  2 ,  5759 .  

[99]     N.    Espinosa  ,   F. C.    Krebs  ,  Sol. Energy Mater. Sol. Cells    2014 ,  120 , 
 692 .  

[100]     P.    Sommer-Larsen  ,   M.    Jørgensen  ,   R. R.    Søndergaard  ,   M.    Hösel  , 
  F. C.    Krebs  ,  Energy Technol.    2013 ,  1 ,  15 .  

[101]     F. C.    Krebs  ,   N.    Espinosa  ,   M.    Hösel  ,   R. R.    Søndergaard  , 
  M.    Jørgensen  ,  Adv. Mater.    2014 ,  26 ,  29 .  

[102]     M.    Hösel  ,   R. R.    Søndergaard  ,   M.    Jørgensen  ,   F. C.    Krebs  ,  Adv. 
Energy Mater.    2014 ,  4 ,  1 .  

[103]     S. A.    Gevorgyan  ,   M.    Jørgensen  ,   F. C.    Krebs  ,  Sol. Energy Mater. Sol. 
Cells    2008 ,  92 ,  736 .  

[104]     S. A.    Gevorgyan  ,   M.    Jørgensen  ,   F. C.    Krebs  ,   K. O.    Sylvester-Hvid  , 
 Sol. Energy Mater. Sol. Cells    2011 ,  95 ,  1389 .  

[105]     M. O.    Reese  ,   A. K.    Sigdel  ,   J. J.    Berry  ,   D. S.    Ginley  ,   S. E.    Shaheen  , 
 Sol. Energy Mater. Sol. Cells    2010 ,  94 ,  1254 .  

[106]     S.    Karak  ,   S.    Pradhan  ,   a    Dhar  ,  Semicond. Sci. Technol.    2011 ,  26 , 
 095020 .  

[107]     O.    Haillant  ,   D.    Dumbleton  ,   A.    Zielnik  ,  Sol. Energy Mater. Sol. Cells   
 2011 ,  95 ,  1889 .  

[108]     B.    Roth  ,   G. A.    dos Reis Benatto  ,   M.    Corazza  ,   R. R.    Søndergaard  , 
  S. A.    Gevorgyan  ,   M.    Jørgensen  ,   F. C.    Krebs  ,  Adv. Energy Mater.   
 2015 ,  5 ,  1401912 .  

[109]     J. A.    Hauch  ,   P.    Schilinsky  ,   S. A.    Choulis  ,   R.    Childers  ,   M.    Biele  , 
  C. J.    Brabec  ,  Sol. Energy Mater. Sol. Cells    2008 ,  92 ,  727 .  

[110]     T.-N.    Chen  ,   D.-S.    Wuu  ,   C.-Y.    Lin  ,   C.-C.    Wu  ,   R.-H.    Horng  ,  Thin Solid 
Films    2009 ,  517 ,  4179 .  

[111]     E. A.    Katz  ,   S.    Gevorgyan  ,   M. S.    Orynbayev  ,   F. C.    Krebs  ,  Eur. Phys. J. 
Appl. Phys.    2006 ,  36 ,  307 .  

[112]     N.    Espinosa  ,   H. F.    Dam  ,   D. M.    Tanenbaum  ,   J. W.    Andreasen  , 
  M.    Jørgensen  ,   F. C.    Krebs  ,  Materials (Basel).    2011 ,  4 ,  169 .  

[113]     A. J.    Medford  ,   M. R.    Lilliedal  ,   M.    Jørgensen  ,   D.    Aarø  , 
  H.    Pakalski  ,   J.    Fyenbo  ,   F. C.    Krebs  ,  Opt. Express    2010 ,  18 Suppl 3 , 
 A272 .  

[114]     S.    Heutz  ,   P.    Sullivan  ,   B. M.    Sanderson  ,   S. M.    Schultes  ,   T. S.    Jones  , 
 Sol. Energy Mater. Sol. Cells    2004 ,  83 ,  229 .  

[115]     X.    Yang  ,   J.    Loos  ,   S. C.    Veenstra  ,   W. J. H.    Verhees  ,   M. M.    Wienk  , 
  J. M.    Kroon  ,   M. a J.    Michels  ,   R. a J.    Janssen  ,  Nano Lett.    2005 ,  5 ,
  579 .  

[116]     J. A.    Hauch  ,   P.    Schilinsky  ,   S. A.    Choulis  ,   S.    Rajoelson  ,   C. J.    Brabec  , 
 Appl. Phys. Lett.    2008 ,  93 ,  2008 .  

[117]     G.    Dennler  ,   C.    Lungenschmied  ,   H.    Neugebauer  ,   N. S.    Sariciftci  , 
  A.    Labouret  ,  J. Mater. Res.    2005 ,  20 ,  3224 .  

[118]     R.    Franke  ,   B.    Maennig  ,   A.    Petrich  ,   M.    Pfeiffer  ,  Sol. Energy Mater. 
Sol. Cells    2008 ,  92 ,  732 .  

[119]     J. H.    Tsai  ,   Y. C.    Lai  ,   T.    Higashihara  ,   C. J.    Lin  ,   M.    Ueda  ,   W. C.    Chen  , 
 Macromolecules    2010 ,  43 ,  6085 .  

[120]     C.    Lungenschmied  ,   G.    Dennler  ,   H.    Neugebauer  ,   S. N.    Sariciftci  , 
  M.    Glatthaar  ,   T.    Meyer  ,   A.    Meyer  ,  Sol. Energy Mater. Sol. Cells    2007 , 
 91 ,  379 .  

[121]     B.    Zimmermann  ,   U.    Würfel  ,   M.    Niggemann  ,  Sol. Energy Mater. Sol. 
Cells    2009 ,  93 ,  491 .  

[122]     R.    Tipnis  ,   J.    Bernkopf  ,   S.    Jia  ,   J.    Krieg  ,   S.    Li  ,   M.    Storch  ,   D.    Laird  ,  Sol. 
Energy Mater. Sol. Cells    2009 ,  93 ,  442 .  

[123]     S. B.    Sapkota  ,   A.    Spies  ,   B.    Zimmermann  ,   I.    Dürr  ,   U.    Würfel  ,  Sol. 
Energy Mater. Sol. Cells    2014 ,  130 ,  144 .  

[124]     C.-Y.    Chang  ,   F.-Y.    Tsai  ,  J. Mater. Chem.    2011 ,  21 ,  5710 .  
[125]     S.    Cros  ,   R.    De Bettignies  ,   S.    Berson  ,   S.    Bailly  ,   P.    Maisse  , 

  N.    Lemaitre  ,   S.    Guillerez  ,  Sol. Energy Mater. Sol. Cells    2011 , 
 95 ,  65 .  

[126]     N.    Kim  ,   W. J.    Potscavage  ,   A.    Sundaramoothi  ,   C.    Henderson  , 
  B.    Kippelen  ,   S.    Graham  ,  Sol. Energy Mater. Sol. Cells    2012 ,  101 , 
 140 .  

[127]     D.    Angmo  ,   F. C.    Krebs  ,  Energy Technol.    2015 ,  3 ,  774 .   



P
R
O

G
R
ES

S
 R

EP
O

R
T

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim (17 of 17) 1501208wileyonlinelibrary.comAdv. Energy Mater. 2015, 1501208

www.MaterialsViews.com
www.advenergymat.de

[128]     A.    Karpinski  ,   S.    Berson  ,   H.    Terrisse  ,   M.    Mancini-Le Granvalet  , 
  S.    Guillerez  ,   L.    Brohan  ,   M.    Richard-Plouet  ,  Sol. Energy Mater. Sol. 
Cells    2013 ,  116 ,  27 .  

[129]     M. V.    Madsen  ,   S. A.    Gevorgyan  ,   R.    Pacios  ,   J.    Ajuria  ,   I.    Etxebarria  , 
  J.    Kettle  ,   N. D.    Bristow  ,   M.    Neophytou  ,   S. A.    Choulis  , 
  L.    Stolz Roman  ,   T.    Yohannes  ,   A.    Cester  ,   P.    Cheng  ,   X.    Zhan  ,   J.    Wu  , 
  Z.    Xie  ,   W. C.    Tu  ,   J. H.    He  ,   C. J.    Fell  ,   K.    Anderson  ,   M.    Hermenau  , 
  D.    Bartesaghi  ,   L.    Jan Anton Koster  ,   F.    Machui  ,   I.    González-Valls  , 
  M.    Lira-Cantu  ,   P. P.    Khlyabich  ,   B. C.    Thompson  ,   R.    Gupta  , 
  K.    Shanmugam  ,   G. U.    Kulkarni  ,   Y.    Galagan  ,   A.    Urbina  ,   J.    Abad  , 
  R.    Roesch  ,   H.    Hoppe  ,   P.    Morvillo  ,   E.    Bobeico  ,   E.    Panaitescu  , 
  L.    Menon  ,   Q.    Luo  ,   Z.    Wu  ,   C.    Ma  ,   A.    Hambarian  ,   V.    Melikyan  , 
  M.    Hambsch  ,   P. L.    Burn  ,   P.    Meredith  ,   T.    Rath  ,   S.    Dunst  , 
  G.    Trimmel  ,   G.    Bardizza  ,   H.    Müllejans  ,   A. E.    Goryachev  ,   
R. K.    Misra  ,   E. A.    Katz  ,   K.    Takagi  ,   S.    Magaino  ,   H.    Saito  ,   D.    Aoki  , 

  P. M.    Sommeling  ,   J. M.    Kroon  ,   T.    Vangerven  ,   J.    Manca  ,   J.    Kesters  , 
  W.    Maes  ,   O. D.    Bobkova  ,   V. A.    Trukhanov  ,   D. Y.    Paraschuk  , 
  F. A.    Castro  ,   J.    Blakesley  ,   S. M.    Tuladhar  ,   J.    Alexander Röhr  ,   J.    Nelson  , 
  J.    Xia  ,   E. A.    Parlak  ,   T. A.    Tumay  ,   H. J.    Egelhaaf  ,   D. M.    Tanenbaum  , 
  G.    Mae Ferguson  ,   R.    Carpenter  ,   H.    Chen  ,   B.    Zimmermann  , 
  L.    Hirsch  ,   G.    Wantz  ,   Z.    Sun  ,   P.    Singh  ,   C.    Bapat  ,   T.    Offermans  , 
  F. C.    Krebs  ,  Sol. Energy Mater. Sol. Cells    2014 ,  130 ,  281 .  

[130]     R. R.    Søndergaard  ,   T.    Makris  ,   P.    Lianos  ,   A.    Manor  ,   E. A.    Katz  , 
  W.    Gong  ,   S. M.    Tuladhar  ,   J.    Nelson  ,   R.    Tuomi  ,   P.    Sommeling  , 
  S. C.    Veenstra  ,   A.    Rivaton  ,   A.    Dupuis  ,   G.    Teran-Escobar  ,   M.    Lira-
Cantu  ,   S. B.    Sapkota  ,   B.    Zimmermann  ,   U.    Würfel  ,   A.    Matzarakis  ,   
F. C.    Krebs  ,  Sol. Energy Mater. Sol. Cells    2012 ,  99 , 
 292 .  

[131]   Lifetime database,  http://plasticphotovoltaics.org/lifetime-
predictor , (accessed: October 2015).   



Nanoscale

PAPER

Cite this: Nanoscale, 2016, 8, 318

Received 25th October 2015,
Accepted 19th November 2015

DOI: 10.1039/c5nr07426f

www.rsc.org/nanoscale

Roll-to-roll printed silver nanowires for increased
stability of flexible ITO-free organic solar cell
modules

Gisele A. dos Reis Benatto, Bérenger Roth, Michael Corazza, Roar R. Søndergaard,
Suren A. Gevorgyan, Mikkel Jørgensen and Frederik C. Krebs*

We report the use of roll-to-roll printed silver nanowire networks as front electrodes for fully roll-to-roll

processed flexible indium-tin-oxide (ITO) free OPV modules. We prepared devices with two types of back

electrodes, a simple PEDOT:PSS back electrode and a PEDOT:PSS back electrode with a printed silver grid

in order to simultaneously explore the influence of the back electrode structure on the operational stability

of the modules that did not include any UV-protection. We subjected the devices to stability testing under

a number of protocols recommended by the international summit on OPV stability (ISOS). We explored

accelerated ISOS-D-2, ISOS-D-3, ISOS-L-2, ISOS-L-3, ISOS-O-1 and ISOS-O-2 testing protocols and

compared the performance to previous reports employing the same testing protocols on devices with

PEDOT:PSS instead of the silver nanowires in the front electrode. We find significantly increased oper-

ational stability across all ISOS testing protocols over the course of the study and conclude that replace-

ment of PEDOT:PSS in the front electrode with silver nanowires increase operational stability by up to

1000%. The duration of the tests were in the range of 140–360 days. The comparison of front and back

electrode stability in this study shows that the modules with silver nanowire front electrodes together with

a composite back electrode comprising PEDOT:PSS and a silver grid present the best operational stability.

Introduction
Organic solar cells have been subject to intense studies with
the general purpose of increasing the power output and stabi-
lity in order to push the technology towards commercializa-
tion. Most of the research however has been focusing on
laboratory scale devices that do not truly reflect the vision of a
low cost solution processable technology with high through-
put. To develop an economically viable OPV technology it is
necessary to tackle a number of issues, such as eliminating
the use of indium-tin-oxide (ITO) and developing fast roll-to-
roll (R2R) processing methods with little or no loss of material.
These issues have received more focus in recent years and
several reports of ITO-free organic solar cells have been pub-
lished with alternative transparent electrodes. Graphene,1–3

highly conducting PEDOT:PSS,4–6 highly conducting PEDOT:
PSS in combination with silver grids7–10 and silver nanowires
(AgNWs)11–13 have for example been used as transparent elec-
trode substitutes for ITO demonstrating similar or even better
performance in comparison. Comparison of transparent elec-

trodes includes a relationship between the conductivity of the
electrode and the transmittance of light in the region of inter-
est for the absorber of the solar cell. AgNW electrodes have in
this context demonstrated extremely good conductivity/trans-
mittance relationships which makes them a very interesting
candidate for future use. The processability of AgNW by R2R
has already been shown14 and the fact that only very little
silver is used in the process could justify the use of silver in
the form of nanowires in spite of the relatively low abundance
of silver in nature. This would require that the electrode is
proven stable – something that could be questioned because of
the very large surface-to-volume ratio of the nanowires which
could result in faster failure than bulk silver based electrodes
due to promotion of degradation mechanisms at the surface.
An excellent report published recently by Mayousse et al.
studied the stability of pristine AgNW without encapsulation
over a period of more than 2 years upon stress by elevated
temperatures and high humidity, exposure to light, exposure
to elevated concentrations of hydrogen sulphide and under
electrical stress.15 The AgNWs were found to be very stable
over time when left in ambient atmosphere in the dark and
when exposed to high levels of humidity but showed decreas-
ing conductivity over time when exposed to elevated tempera-
tures due to breaking of some of the nanowires. The same
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effect was observed if the nanowires were covered with a thin
layer of PEDOT:PSS and stored in the dark in which case some
of the nanowires seemed to slowly be etched away by the
acidic components of PEDOT:PSS. When exposed to light the
electrodes experience an increase in conductivity due to sinter-
ing of the nanowire network. The overall conclusion was that
although the AgNW electrode in itself is generally very stable,
further studies aimed directly at the intended use of the AgNW
electrodes are necessary – something that to our knowledge
has not yet been performed for organic solar cell modules.
Additionally, from the environmental point of view, a printed
front electrode comprising a hybrid AgNW/ZnO layer saves
2 printing steps and a substantial amount of energy in the
flexible OPV manufacturing.

In this paper we describe a detailed stability study of fully
R2R produced ITO-free organic solar cell modules using R2R
printed AgNWs as front electrode, considering two different
back electrodes (PEDOT:PSS with and without a printed Ag-
grid) and investigating the influence on device stability. The
modules were tested under ISOS-D-2, ISOS-D-3, ISOS-L-2,
ISOS-L-3, ISOS-O-1, and ISOS-O-2 conditions and the results
were compared with previously reported stability data for simi-
larly sized modules that did not employ AgNWs. Our results
demonstrate an increase in operational stability from a few
days up to seasons under accelerated testing for polymer solar
cell modules employing AgNWs.

Experimental procedures
Module processing

The modules were manufactured using previously described
procedures.9 The front silver contacts were processed by flexo-
printing on flexible barrier foil (water vapour transmission rate
4 × 10−2 g m−2 day−1, oxygen transmission rate 1 × 10−2

cm3(STP) m−2 day−1) without UV-filter. The previously reported
3 printing steps for the front electrode using a silver nano-
particle based Ag-grid in combination with highly conductive
PEDOT:PSS and a nanoparticle ZnO layer was replaced by a
rotary screen printed hybrid AgNW/ZnO electrode that was
printed in a single printing step. The active layer of P3HT:
PCBM was slot-die coated. Two types of modules were tested
which differed only in the nature of the back electrode (Fig. 1).
The modules with PEDOT:PSS/Ag-grid back electrode had the
PEDOT:PSS as hole extraction layer and the Ag-grid as the back
electrode, while the PEDOT:PSS back electrode modules do not
have the printed Ag-grid. This means that one printing step
and silver is saved in the latter case. The two device types had
identical PEDOT:PSS thickness and were processed in the
same manufacturing run where half of the modules were sub-
jected to a final printing step where the silver grid/busbars
were printed using rotary screen printing.

Measurements

2 to 5 modules of each of the two geometries were used per
ISOS test. The exact number for each test was mainly depen-

dent on the space availability in the test setups for each test
described in Table 1 and the number of available test chan-
nels. All the tests, including accurate IV-testing under cali-
brated light sources and outdoor measurement, were
performed in the Characterization Laboratory for Organic
Photovoltaics (CLOP) at the Department of Energy Conversion
and Storage, DTU, Roskilde, Denmark. The outdoor experi-
ments started on July 11th 2014 which is mid-summer in
Denmark. For ISOS-D-2 the samples were kept in an oven at
65 °C; for ISOS-D-3 the samples were placed in a damp heat
chamber (from Thermotron) set at 85% relative humidity (RH)
and 65 °C air temperature. For ISOS-L-3 a xenon lamp based
weathering chamber (from Q-Lab) was set to 65 °C air tempera-
ture, 85 °C device temperature (black panel), 50% RH and illu-
mination of around 0.7 Sun. In ISOS-L-2 the experiment was
carried out in the ambient at 65 °C under a solar simulator
while in ISOS-O-1 and ISOS-O-2 the samples were left outside
on a solar tracker. For both ISOS-L-2 and ISOS-O-2 the IV-curve
tracing of the samples was performed using an automated
acquisition setup with a Keithley 2400 SMU. In the other tests
the samples were periodically removed from the ageing setup
and tested under a calibrated solar simulator with AM1.5G spec-
trum and 1000 W m−2 of illumination. The recorded IV-curves
were used to construct the degradation curves as recommended
in the ISOS protocols.16 A Microsoft excel based macro was used
for raw data processing and analysis.17 Images of the samples
were taken using non-destructive light beam induced current
(LBIC)18 mapping on a desktop system (from infinityPV ApS)
and an optical microscope.

Fig. 1 Top: Architecture of the device with AgNW front electrode and
PEDOT:PSS back electrode (left) and picture of the corresponding
module (right). Bottom: Architecture of the device with AgNW front
electrode and Ag-grid back electrode (left) and picture of the corres-
ponding module (right). The dimensions of the modules are 14 × 10 cm.
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Results and discussion
Two different types of fully R2R processed solar cell modules
with AgNW front electrode were tested in this study with the
difference being in the nature of the back electrode. Fig. 1
shows the device architecture as well as a photograph of the
devices. P3HT:PCBM was used as the active material and
either a PEDOT:PSS layer or a PEDOT:PSS layer combined with
a silver grid were used for the back electrode. The active area
of the modules was determined by LBIC and was found to be
approximately 57 cm2 for all the tested modules. The modules
were all tested according to ISOS-D-2, ISOS-D-3, ISOS-L-2,
ISOS-L-3, ISOS-O-1, and ISOS-O-2 protocols. The main para-
meters of the different protocols are listed in Table 1. Not all
the indoor tests were carried out for the same amount of time.
Space issues, retrospective acknowledgement of the necessity
of additional testing and device performances descending
below the threshold where meaningful data could be extracted

were the reasons for the differences in time span. Generally,
experiments were discontinued once the devices had
descended below T50 (the time it takes to reach 50% of the
initial efficiency) while still presenting rapid decline in per-
formance. Fig. 2, 4 and 9 illustrate the normalized power con-
version efficiencies (PCE), open circuit voltage (VOC), short
circuit current (ISC), and fill factor (FF) over time for the
different tests and Fig. 3, 5 and 10 show the IV-curves of the
modules before, at the beginning, halfway and close to the end
of the tests.

Dark tests

Fig. 2 it is obvious that in dry heat conditions (ISOS-D-2) the
samples with Ag-grid back electrode show an increase in the
current during the first 80 days of the test, while the samples
with PEDOT:PSS exhibit rather stable performance. Neverthe-
less, when the humidity level is increased (ISOS-D-3), it results
in a rapid degradation of all the samples after only a few days.

Table 1 List of the main parameters used in the different ISOS protocols

ISOS-D-2 ISOS-D-3 ISOS-L-2 ISOS-L-3 ISOS-O-1 ISOS-O-2

Light source None None Simulator
AM1.5G

Simulator
AM1.5G

The sun,
outdoor

The sun,
outdoor

Temperature 65 °C (oven) 65 °C 65 °C 85 °C Ambient
outdoor

Ambient
outdoor

Relative humidity Ambient (low) 85% (environ.
chamber)

Ambient (low) Controlled
(50%)

Ambient
outdoor

Ambient
outdoor

Characterization
light source

Solar simulator Solar simulator Solar simulator Solar simulator Solar simulator Sunlight

Fig. 2 Dry heat test (ISOS-D-2) and damp heat test (ISOS-D-3) on AgNW front electrode modules. Normalized stability curves of PCE, VOC, ISC and
FF of samples with PEDOT:PSS back electrode and samples with Ag-grid back electrode.
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The reason is ascribed to the diffusion of humidity through
the edges of the module and the channels created at the
device terminals (metal snaps), which has been demonstrated
earlier for similar modules.19 In damp heat both kinds of
samples experience rapid decay across all the photovoltaic
parameters. The IV-curve evolution of the samples during
these ageing tests is demonstrated in Fig. 3, where for the
samples under ISOS-D-2 the PEDOT:PSS back electrode devices
present a slight variation of current and decrease in both FF
and VOC. The Ag-grid back electrode modules present an

increase in performance until the 77th day and later a small
decrease of current and fill factor. For the IV-curves of the
ISOS-D-3 testing all samples exhibit a drastic decrease in the
photovoltaic parameters. The PEDOT:PSS back electrode
modules present a very slight S-shape after 9 days and for the
Ag-grid back electrode it is evident indicating either de-doping
of ZnO, water absorption by the PEDOT:PSS and/or further oxi-
dation of the PEDOT:PSS/Ag interface.19

Indoor light tests

The tests under illumination further confirm the deteriorating
effect of the humidity when comparing the results of the
ISOS-L-2 dry test and ISOS-L-3 high humidity test (Fig. 4). In
the test with only light and heat (ISOS-L-2) the Ag-grid back
electrode samples show an increase in performance during the
first 40 days and then start to degrade. This increase also
matches the results of improved conductivity of the AgNW
layer under light exposure as reported by Mayousse et al.15 that
demonstrated sintering of the silver nanowires at the crossing
points leading to improved conductivity. Overall, the samples
with Ag-grid back electrode show better stability under illumi-
nation compared to the PEDOT:PSS based samples. In the
light, heat and humidity test (ISOS-L-3), the PEDOT:PSS back
electrode samples show a linear decay while the Ag-grid back
electrode samples stabilize at significantly lower efficiency
after 40 days. The result is somewhat surprising, since such
encapsulation was previously shown to result in similar rapid
ageing of the samples under both ISOS-L-3 and ISOS-D-3 test
conditions or even faster decay for the former.17,20 This is a
possible indication that PEDOT:PSS indeed loses the conduct-

Fig. 3 IV-curves of ISOS-D-2 (left) and ISOS-D-3 (right) tests of begin-
ning, halfway and close do the end of the test for AgNW front electrode
modules. Sample with PEDOT:PSS back electrode (top) and sample with
Ag-grid back electrode (bottom).

Fig. 4 Light dry heat test (ISOS-L-2) and light damp heat test (ISOS-L-3) on AgNW front electrode modules. Normalized stability curves of PCE,
VOC, ISC and FF of samples with PEDOT:PSS back electrode and samples with Ag-grid back electrode.
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ing properties when exposed to high levels of humidity and
application of the Ag-grid is believed to compensate for this
failure mechanism. The almost linear decrease in the current
along with the drop in the fill factor further confirms the
reduction of the conductivity of the PEDOT:PSS, which has
also been reported in the literature.21

In relation to the IV-curves (Fig. 5), in the ISOS-L-2 tests we
observe a clear decrease in ISC and FF for both types of
devices. The rectifying properties of the PEDOT:PSS back elec-
trode samples are fully lost, however they are still present in
the Ag-grid back electrode samples. In the ISOS-L-3 test it is
also possible to observe an increase in the first day and then
the strong decrease of the fill factor and current of the
samples with PEDOT:PSS back electrode. The samples with a
Ag-grid back electrode also present an increase followed
shortly thereafter by a decrease in ISC and FF, but they clearly
retain their rectifying properties.

Bubble effect

During the ageing of the samples under illumination large
bubble-like defects were gradually formed in the modules with
Ag-grid back electrode. In the ISOS-L-2 test, nevertheless these
defects were not observed in the first 120 days of testing. The
area around the bubbles became inactive resulting in partial
decrease of the photocurrent as it was possible to verify with
LBIC imaging (see Fig. 6). Formation of bubble-like defects
was also observed during the ISOS-L-3 test, again only in the
samples with Ag-grid back electrodes (Fig. 7). The effect was in
this case observed after only 15 days of testing. In Fig. 8 the
microscope images of the areas with and without bubbles are
compared and we can observe formation of cracks in the active
layer and in the AgNW/ZnO layer in the vicinity of the areas
where the bubbles formed. The cracks seem to emanate from
the printed Ag-busbar. The back Ag-grid is the thickest printed
layer in the OPV stack and it is highly porous with the Ag solid

content corresponding to just 60% of the grid volume.22 Sol-
vents and/or gas trapped in the porosity of the printed Ag-grid
could feasibly be the root cause of the bubble formation due
to expansion/contraction of gasses in response to cyclic vari-

Fig. 7 Samples under ISOS-L-3 test with AgNW front electrode. Left:
Samples after 2 weeks. Centre: Detail of the sample at the right bottom
corner of the picture in the left. Right: Samples after finishing the test.
Four samples on top are with PEDOT:PSS back electrode (no bubbles
formed) and the four samples in the bottom with Ag-grid back electrode
(extensive bubble formation).

Fig. 8 Microscope images of a sample with AgNW front electrode and
Ag-grid back electrode under ISOS-L-3 of a region with (right top) and
without (right bottom) a bubble defect.

Fig. 5 IV-curves of ISOS-L-2 (left) and ISOS-L-3 (right) tests of begin-
ning, halfway and close do the end of the test on AgNW front electrode
modules. Sample with PEDOT:PSS back electrode (top) and sample with
Ag-grid back electrode (bottom).

Fig. 6 Samples with AgNW front electrode and Ag-grid back electrode
under ISOS-L-2 for 240 days (left). One of these samples (centre) and its
corresponding LBIC image (right).
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ation in temperature. However, further investigation is necess-
ary to confirm the true nature of the effect. Even with such
defects, the Ag-grid back electrode samples must be categor-
ized as exhibiting stable behaviour until the end of the light
tests although a catastrophic failure may be expected. Also, in
the event that the bubble formation and subsequent delamina-
tion could be avoided, the performance over time would be
much better as the decrease in short circuit current is mostly a
result of active area loss due to delamination.

Outdoor tests

Fig. 9 shows the outdoor tests which were carried out for the
entire duration of this study starting on July 11th 2014. The
samples for ISOS-O-1 and ISOS-O-2 tests were placed on the
same solar tracking platform. While the ISOS-O-1 samples
were regularly dismounted from the platform to be measured
indoors under a solar simulator and then remounted, the
ISOS-O-2 samples stayed fixed on the platform connected to an
automated acquisition setup. Results from these two tests are
in good agreement with each other when taking all the factors
that can affect the device performances into account (tempera-
ture, humidity, weather conditions, external contacts oxi-
dation, etc.). For the ISOS-O-2 experiment the PCE and ISC data
were first normalized to 1000 W m−2 since the solar cells are
measured under sunlight.

Most of the samples subjected to the outdoor tests start to
show degradation after around 150 days of testing. For the
Ag-grid back electrode samples under ISOS-O-1 the degra-
dation seems to be evident even later after around 220 days.
However these samples degrade severely after that, with a drop
in both ISC and VOC, and in the end of the test they seem to

stabilise at a level underperforming the PEDOT:PSS back elec-
trode samples and the samples under the ISOS-O-2 test.

For the PEDOT:PSS back electrode modules a slight
decrease in ISC, VOC and FF is observed with none of the para-
meters being especially dominant for ISOS-O-1 but evidently
being the main cause of decrease in current for the ISOS-O-2
tests.

Fig. 10 show the PEDOT:PSS back electrode modules losing
their rectifying properties, while the Ag-grid back electrode
modules still preserve them as observed in the ISOS-L-3 test.

Although the fluctuating curves do not allow making clear
comparison, one obvious difference among the samples
stands out in the ageing curves: the fill factor ageing is surpris-
ingly faster for the Ag-grid back electrode devices. However,
when looking at the IV-curves, it is obvious that the fill factor
of the PEDOT:PSS based devices is already lower from the very
start and thus the comparison is somewhat biased.

The complete ISOS-O-2 measurement can be seen in
Fig. 11. The four samples show an increase in PCE during the
first 20 days and a decrease during the autumn and winter
time, which is due to the ageing, but also gradually decreasing
irradiance and temperature.

When the frequency of sunny days and irradiance intensi-
ties increase at the beginning of the spring, there is a tendency
for a further increase in PCE with illumination and tempera-
ture. However PCE decreases again after a short period of low
irradiance (around day 260) with the final values at around
0.4% PCE for PEDOT:PSS back electrode and 0.5% PCE for
Ag-grid back electrode devices.

Taking into consideration that many degradation mecha-
nisms are linked to humidity, the AgNW modules demonstrate

Fig. 9 Outdoor test (ISOS-O-1) and outdoor measured under sunlight test (ISOS-O-2) on AgNW front electrode modules. Normalized stability
curves of PCE, VOC, ISC and FF of samples with PEDOT:PSS back electrode and samples with Ag-grid back electrode. Stability data measured under
sunlight had PCE and ISC normalized to 1 Sun (1000 W m−2).
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considerable stability during one year of outdoor exposure.
Since it is attributed to water diffusion through edges and elec-
trodes with metal snaps, larger edges and new options for the
contacts in these samples would make the devices last con-
siderably longer.19,23

Comparison of devices with different front and back
electrodes

The following paragraph compares the samples presented in
this work with the previously reported stability of freeOPV
modules.17 These modules have the layer stack Ag-grid/
PEDOT:PSS/ZnO/P3HT:PCBM/PEDOT:PSS/Ag-grid, therefore
differing from the Ag-grid back electrode devices presented
here only by the front electrode (no AgNW). The time that the
device reaches 80% of its initial efficiency (T80) gives very prac-

tical information for future application and highlights where
developments are needed. Typical OPV devices often experi-
ence initial rapid ageing (burn in) followed by a more stabi-
lized phase, however in the tests performed in this work many
of the stability curves show no clear stabilization phase. We
therefore considered the time it takes for the device to reach
50% of its initial efficiency (T50) for better comparison. For the
comparative presentation a diagram with logarithmic scale
called the “o-diagram” with “o” referring to OPV is used
(Fig. 12).24 The time scale is chosen to be Log4 (days) for the
X-axis in order to associate the X-axis with the common time
units shown in the upper part of the diagram. E0 and E50
values are represented by the Y-axis. Combined in the
o-diagram are the T80 (filled markers) and T50 (open markers)
values versus the initial PCE (E0) and 50% of initial PCE (E50)
respectively for the devices measured in this work and for the
previously reported free OPV modules (no AgNW).

Under ISOS-D-2 test conditions, all samples are very stable
and tend to last for years. For ISOS-D-3, similarly low T80 and
T50 are obtained for all the devices, since the modules have
identical packaging and thus experience the same edge
diffusion failure mechanisms. ISOS-L-2 presents a remarkable
increase in T80 for the AgNW devices, from one day (Ag-grid
front and back electrode sample) to weeks for the PEDOT:PSS
back electrode devices and to months for the Ag-grid back elec-
trode devices with the best performing devices taking seasons
to reach T80. T50 also takes proportionally longer to be reached.
For ISOS-L-3 a very important stability increase for the AgNW
devices is also registered and even with the sensitivity of the
whole device to humidity, the Ag-grid back electrode devices
remain stable until the end of the test, although a catastrophic
failure was expected due to the formation of bubbles pre-
viously mentioned. ISOS-O-1 show a much longer T80 from
weeks for the front and back Ag-grid modules to seasons for
the AgNW based devices. The modules with a PEDOT:PSS back
electrode are generally less stable than the devices with
Ag-grid, except in ISOS-O-1 although the variations between

Fig. 10 IV-curves of ISOS-O-1 (left) and ISOS-O-2 (right) tests of
beginning, halfway and close do the end of the test on AgNW front elec-
trode modules. Sample with PEDOT:PSS back electrode (top) and
sample with Ag-grid back electrode (bottom). IV-curves measured
under sunlight had PCE and ISC normalized to 1 Sun (1000 W m−2).

Fig. 11 ISOS-O-2 complete stability curves of two samples with PEDOT:PSS back electrode (left) and Ag-grid back electrode (right), all with AgNW
front electrode. Sun intensity lower than 600 W m−2 were disregarded in order to consider the day light measurements only.
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ISOS-O-1 and ISOS-O-2 indicate that the T80 and T50 of both
AgNW based modules are in the range of variation of outdoor
tests.

As mentioned before, the degradation mechanisms leading
to the loss of the rectifying properties of the OPV is linked to
both oxygen and water that affects the conductivity of the ZnO
and PEDOT:PSS layers leading to further oxidation of the Ag-
grid. The characteristic S-shape of the IV-curve indicating
these mechanisms is only observed in the ISOS-D-3 test during
the stability study of the AgNW based devices, possibly repre-
senting the minimization of these mechanisms with the use of
the AgNW/ZnO hybrid layer as front electrode instead of a ZnO
layer as well as the use of PEDOT:PSS only in the back elec-
trode. Even though the AgNW based devices are still sensitive
to humidity due to the contacts and short edge seal, the

increase in T80 and T50 in the light and outdoor tests in com-
parison to modules with Ag-grid front and back electrodes
present a substantial development in stability for large scale
R2R produced OPV using AgNWs as the front electrode.

Conclusions
In the course of the stability tests and considering the overview
provided by the o-diagram, we observed the following points:

(a) The stability curves and T80 and T50 parameters of
ISOS-L-2 test for the samples with AgNW front electrode and
Ag-grid back electrode indicate that the AgNW have a positive
influence on the performance and stability of devices due to
the sintering of the nanowire network under light exposure
which corroborates the work of Mayousse et al.;

(b) Bubble formation in the samples with Ag-grid back elec-
trode was observed and its cause associated to solvents and/or
gas trapped in the porous volume of the printed Ag-grid that
expands with exposure to light and high temperature cycling.

(c) The better performance and stability of the Ag-grid back
electrode samples points to the importance of the Ag-grid in
conjunction with PEDOT:PSS to maintain a high back elec-
trode conductivity in the devices;

(d) Modules with AgNWs as the front electrode demonstrate
an improved stability under ISOS-L-2, ISOS-L-3 and ISOS-O-1
conditions possibly due to the use of hygroscopic PEDOT:PSS
in only one of the OPV electrodes and the printing of the ZnO
in a hybrid layer together with the AgNW.

The use of AgNW as the front electrode in OPV saves 2
printing steps making the manufacture of the devices faster
and more environmentally friendly and such improvements in
the stability of the OPV devices bring them closer to commer-
cialization. Further improvements are expected to be achiev-
able by increasing the edge sealing and also by employing a
UV-protective filter on the front face of the modules. Finally,
development of new and less porous back electrode structures
that avoid the bubble formation may provide OPV devices with
longer lifetimes.
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Round-Robin Studies on Roll-Processed ITO-free Organic Tandem Solar
Cells Combined with Inter-Laboratory Stability Studies
Francesco Livi,[a] Roar R. Søndergaard,[a] Thomas R. Andersen,[a] B!renger Roth,[a] Suren Gevorgyan,[a]

Henrik F. Dam,[a] Jon E. Carl!,[a] Martin Helgesen,[a] George D. Spyropoulos,[b] Jens Adams,[c]

Tayebeh Ameri,[b] Christoph J. Brabec,[b, c] Mathilde Legros,[d] No"lla Lemaitre,[d] Stephane Berny,[e]

Owen R. Lozman,[e] Stefan Schumann,[f] Arnulf Scheel,[f] P#lvi Apilo,[g] Marja Vilkman,[h]

Eva Bundgaard,[a] and Frederik C. Krebs*[a]

Roll-processed, indium tin oxide (ITO)-free, flexible, organic
tandem solar cells and modules have been realized and used
in round-robin studies as well as in parallel inter-laboratory
stability studies. The tandem cells/modules show no signifi-
cant difference in comparison to their single-junction coun-
terparts and the use of round-robin studies as a consensus
tool for evaluation of organic solar cell parameters is judged
just as viable for the tandem solar cells as for single-junction
devices. The inter-laboratory stability studies were conducted
according to testing protocols ISOS-D-2, ISOS-D-3, and
ISOS-L-2, and in spite of a much more complicated architec-
ture the organic tandem solar cells show no significant differ-
ence in stability in comparison to their single-junction coun-
terparts.

Research on organic solar cells is thriving, but with the in-
creasing number of publications comes the problem of con-
sensus. The reported results come from a large variety of
groups with different types of measuring equipment at their
disposal, which can lead to ambiguous results. The organic
solar cell community thus needs an approach to certify the
obtained results in order to reach a common agreement on
the status of the field. Very few laboratories have the capa-
bility to certify efficiency data for solar cells, and, although it
is possible to acquire certification from them, this is not
a viable approach as these laboratories would simply not
have capacity to deal with such large volumes of certifica-

tion. In addition, certification is a rather costly affair for
many groups. As alternatives to certification, round-robin
studies (in which the same solar cell sample is characterized
by independent participants) and inter-laboratory studies (in
which the same type of cell is studied by independent partici-
pants) are powerful tools to reach a consensus, and both
methods have been used successfully as evaluation tools on
several occasions for inorganic solar cells[1] and polymer
solar cells/modules.[2]

Organic tandem solar cells have recently received in-
creased attention because of the prospects of harvesting
a larger portion of the solar spectrum and which would bring
about a corresponding increase in efficiency.[3] The tandem
solar cell employs complementary polymers that absorb light
in different wavelength regions to increase the total absorp-
tion band, and this is typically achieved by stacking the two
junctions on top of each other with a recombination layer be-
tween the two to ensure effective charge flow through the
device.

An important question to be answered with respect to the
tandem cell is whether such a new cell design comprising
a broader total absorption spectrum will impose larger (or
lesser) discrepancies to the efficiency data between laborato-
ries as compared to single-junction solar cells. The tandem
cell contains a significantly increased number of processed
layers in the solar cell stack (typically 10–14) compared to its
single-junction counterparts, which of course renders the fin-
ished device more susceptible to defects. This is probably the
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reason why very few results
have been published to this
point on flexible, polymer
tandem solar cells[4,5] despite
the fact that the original moti-
vation behind the organic solar
cell has always had its roots in
roll-to-roll (R2R) solution proc-
essing on inexpensive flexible
substrates. Testing of the
tandem solar cell’s device com-
patibility with flexible sub-
strates and R2R-compatible
coating and printing methods is
thus very important to study
along with the final device sta-
bility.

In this work we demonstrate
a round-robin study of roll-pro-
cessed, indium tin oxide (ITO)-

Figure 1. a) Photograph of all the cells and modules used in the round-robin experiments. b) Illustration of the
travel routes performed by the operator/cells amongst the different participants in the round-robin analysis.

Figure 2. Round-robin experimental results. Graphical illustration for the normalized cell parameters for a typical cell of each type (the full data set can be
found in the Supporting Information). The parameters are presented as a function of time and each data set for a particular date represents a new laboratory.
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free, organic tandem solar cells on flexible substrates. To
minimize the influence of the operator, the same person has
traveled along with the cells among the six involved partici-
pants and this same person has also performed all measure-
ments at the different locations after calibration of the sun
simulator by a local representative.

In parallel with the round-robin studies, an inter-laborato-
ry stability study has been performed according to different
International Summit on OPV Stability (ISOS) protocols[6]

to examine the stability of the same types of cells.
Flexible organic tandem solar cells and modules as well as

the corresponding single-junction counterparts were pre-
pared by roll-coating/printing in mid-November 2013 at the
Danish Technical University (DTU) in Denmark by using
procedures previously described[4,7] followed by encapsula-
tion with a glass or flexible barrier foil and a UV-curable ad-
hesive. The cells were then characterized by a specified oper-
ator after which the same operator within the following two

weeks traveled amongst the other involved participants
(CEA, France; FAU, Germany; VTT, Finland; Heraeus Cle-
vios, Germany; and Merck, United Kingdom) carrying the
same cells and characterizing them at each location (Fig-
ure 1 b). After returning to DTU in Denmark the cells were
characterized again to identify if any degradation had oc-
curred during the study. Figure 1 shows a picture of the cells
and modules used for the round-robin studies along with an
illustration of the travel routes of the operator/cells. The
cells were primarily prepared using two polymers from
Merck [a high-band-gap polymer, Polymer Generation 2.1
(PG2.1), and a low-band-gap polymer, Polymer Generation
2.2 (PG2.2)], but as can be seen from Figure 1 a, a few small
tandem cells using different polymers (MH301 and MH306,
see Supporting Information for chemical structures) were
also included. A minimum of two cells of similar size and
performance were studied for each cell/module type with the
exception of the largest tandem module using PG2.1:PG2.2

Figure 3. Relative deviation for each cell/module from the average values of the maximum power. The insert shows the measured light intensities for the cali-
brated system at each laboratory. The asterisk (*) indicates the cells that were encapsulated with a flexible barrier, and d represents the distance from the outer
edge of the encapsulation glue to the edge of the solar cell.
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for which only a single module was prepared. After complet-
ing the measurements, all values that deviated by more than
10 % from the average value of the raw data were discarded.
This allowed elimination of outliers that could infringe on
the general average. A new normalized average value for
each parameter (VOC, ISC, FF, and maximal power) was then
calculated and used in the actual study. Representative
graphs of the final results are shown in Figure 2, and the
complete data set is included in the Supporting Information.
The general observation is that there is no significant differ-
ence between the single-junction cell and the tandem cells.
The data primarily lies within !10 % of the average values,
which correlates well with what has been observed in previ-
ous round-robin studies. It is quite clear though, from the
comparison of the initial and final power output, that some
of the smaller cells have experienced degradation during the
three weeks of the study whereas the larger modules were
much less susceptible. This is further illustrated in Figure 3
showing the relative deviation of the maximum power
(maxP) for each specific cell type. Moreover there is a clear
relationship between the distances from the outer edge of
the encapsulation glue to the edge of the solar cell (noted as
d in Figure 3) and the deviation in maxP. Shorter distances
result in larger deviations, which indicates that the decrease
in performance is mainly due to edge-induced degradation.
This is supported by the fact that the larger cells/modules
appear less vulnerable as they have a lower edge/area ratio.
Such degradation is of course not desirable in a round-robin
study for which the physical parameters of a cell should be
constant, but similar trends for the single-junction cells/mod-
ules were observed (compared with the tandem cells/mod-
ules), which suggests that there is no significant deviation be-
tween the single-junction and tandem cells in terms of
round-robin certification. An internal silicon reference diode
was used at all locations after calibration of the light sources
according to the local calibration procedures. This was imple-
mented as an extra measure to compare the light sources at
each laboratory and to monitor any fluctuations in the light
intensity over time. Comparisons of the results for the stable
devices with the output from the reference silicon diode
show close agreement (Figure 3) despite the difference in the
spectral response between the organic samples and silicon
diode. Laboratories with high light intensities (as determined
by the reference diode) generally also showed higher power
for the organic cells/modules. The complete data set as well
as graphs adjusted to the 1 sun value of the photodiode can
be found in the Supporting Information.

In parallel to the round-robin study, a stability study on
the same type of cell was conducted at DTU and FAU to
identify whether tandem cells show a significant stability dif-
ference in comparison to single-junction devices prepared
with the same materials. The study was performed in agree-
ment with the ISOS-D-2, ISOS-D-3, and ISOS-L-2 proto-
cols.[6] Each laboratory performed two different experiments
(DTU: ISOS-D-2 and ISOS-L-2; FAU: ISOS-D-2 and ISOS-
D-3). Each experiment involved A) two tandem cells with
polymer PG2.1 and PG2.2, B) two single-junction cells with

polymer PG2.1 and C) two single-junction cells with polymer
PG2.2—a total of 24 cells were examined in the study and all
were encapsulated in a similar way to the stable devices in
the round-robin experiment. Figure 4 illustrates the outcome
of the tests with respect to the normalized maximum power
(for full I–V characteristics analysis see the Supporting Infor-
mation). All three cell types behaved similarly during the
tests. For the dark tests (D-2 and D-3), a slow continuous de-
crease in MaxP was observed, and a similar behavior was ob-
served in the light-soaking experiment (L-2) after an initial
burn-in.

The overall conclusion from the round-robin and stability
studies performed on ITO-free, flexible, roll-processed or-
ganic tandem solar cells and their single-junction counter-
parts tested under dark and light conditions is that they show
no significant differences. Round-robin certification is thus

Figure 4. Stability tests performed under ISOS-D-2 (a), ISOS-D-3 (b), and
ISOS-L-2 (c) conditions. The normalized maximum power is plotted against
time.
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found to be just as viable for application to tandem devices
as for single-junction cells.

Experimental Section
All cells were prepared on ITO-free flexible Flextrode sub-
strates[8] by roll coating as previously described.[4,7] The cells
were encapsulated between two glass slides by using a UV-cura-
ble adhesive from DELO (LP655). In the cases utilizing flexible
encapsulation, a three-ply barrier foil from AMCOR was used.
A Hamamatsu photodiode (S5971) was used as the internal ref-
erence cell. For the devices that indicated a contact problem or
other damage to the cell during evaluation, the data was exclud-
ed from the analysis.
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Solution processable semiconductor oxides have opened a new paradigm for the
enhancement of the lifetime of thin film solar cells. Their fabrication by low-cost
and environmentally friendly solution-processable methods makes them ideal bar-
rier (hole and electron) transport layers. In this work, we fabricate flexible ITO-free
organic solar cells (OPV) by printing methods applying an aqueous solution-processed
V2O5 as the hole transport layer (HTL) and compared them to devices applying
PEDOT:PSS. The transparent conducting electrode was PET/Ag/PEDOT/ZnO, and
the OPV configuration was PET/Ag/PEDOT/ZnO/P3HT:PC60BM/HTL/Ag. Outdoor
stability analyses carried out for more than 900 h revealed higher stability for de-
vices fabricated with the aqueous solution-processed V2O5. C 2016 Author(s). All
article content, except where otherwise noted, is licensed under a Creative
Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
[http://dx.doi.org/10.1063/1.4942638]

Over the last few years, the use of transition metal oxides (TMOs) with a large work function
(WF) like NiO,1 MoO3,2,3 WO3,4 or V2O5,5 among others, has materialized as a viable option
for their application as hole-transport layer in stable organic solar cells (OPV). The development
of solution processing TMOs has also been successfully applied in perovskite solar cells.6–8 The
resulting oxide thin films have shown properties comparable to those grown by vacuum-processed
resulting in devices with comparable or enhanced power conversion e�ciencies (PCEs) and life-
time. Such is the case of NiO,9 MoO3,10,11 CuO,12 or V2O5.13,14 For V2O5, one of its most wide-
spread fabrication methods is the application of sol-gels made from vanadium (V) oxitriisopropox-
ide (V2O5–i)14–18 or (NH4)3VO4.19,20,25 These precursors when used for the fabrication of flex-
ible organic solar cells must be annealed at temperatures not exceeding 150 �C leaving behind
organic residues that a↵ect the OPV properties. In this work, we investigate the e↵ect of aqueous
solution-processed V2O5 (labelled V2O5–w) on the stability of polymer:fullerene bulk heterojunc-
tion solar cells and compare its performance with PEDOT:PSS. This water-based V2O5 oxide is
highly compatible with the fabrication of thin film solar cells by large-area, low-cost, fast pro-
cessing, and high-throughput printing fabrication.14,17 Lab-scale OPVs on glass fabricated by spin

2166-532X/2016/4(2)/026104/7 4, 026104-1 ©Author(s) 2016.
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FIG. 1. Schematic representation of the organic solar cell configuration (left) and the structure of the water-based V2O5 hole
transport layer (right).

coating applying the V2O5–w have already been fabricated in our group and demonstrated outdoor
stability for more than 1000 h.21 Here we demonstrate the fabrication of flexible ITO-free OPVs
applying the V2O5–w fabricated by slot-die roll-coater. We will show the outdoor stability analyses
of the flexible ITO-free OPVs for more than 900 h and demonstrate that the application of the oxide
results in greater stability if compared to devices applying PEDOT:PSS.

We prepared inverted OPV devices with the configuration PET/Ag/PEDOT/ZnO/P3HT:PC60
BM/HTL/Ag (Fig. 1). The hole transport layer (HTL) was the V2O5–w and PEDOT:PSS, and the
latter was used for comparison purposes. The water-based V2O5 was synthesised by the sol-gel
method as reported.21 The active layer for the single junction device was composed of P3HT
(electronic grade from Rieke) and PC60BM (technical grade from Solenne BV). The PEDOT:PSS
Clevios SV3 was brought from Heraeus. The V2O5 was diluted with isopropyl alcohol in the ratio
1:2 (w/w), and the PEDOT:PSS was diluted to a viscosity of 300 mPa s. A highly conductive
PEDOT:PSS (Clevios PH1000 from Heraeus) was used to improve the contact between the HTL
and the back electrode (Ag). This PEDOT:PSS was diluted with isopropyl alcohol in the ratio
10:3 (w/w), and its sheet resistivity was 60 ⌦ Square�1. The back silver grid was printed using
a screen printing silver past (PV410 from Dupont). Coating was performed on Flextrode that
comprises a highly conducting metal grid, semi-transparent conductor, and hole blocking layer
(PET/Ag/PEDOT/ZnO). The Flextrode was mounted on the roller using heat stable tape (3M) and
the procedure began by first slot-die coating the active layer consisting of P3HT:PCBM (1:1, by
weight) dissolved in chlorobenzene (40 mg/ml), with an addition of 10% of chloroform and 3% of
chloronaphthalene. It was printed on the Flextrode electrode at 0.1 ml/min flow and 1.3 m/min for
the web at 70 �C. The PEDOT:PSS layer was slot-die coated at 80 �C with a web speed 0.5 m/min.
The V2O5 layer was slot-die coated at 90 �C with a web speed of 1.0 m/min. The flow of the solution
was varied to give di↵erent thicknesses; the applied flows were 0.20 ml/min, 0.15 ml/min, and
0.10 ml/min. The theoretical, dry thickness for these layers is 80, 60, and 40 nm, respectively. The
highly conductive PEDOT:PSS was slot-die coated on top of the HTL at 70 �C with a web speed
of 0.4 m/min. The back silver electrode was applied by flexographic printing of heat curing silver
paste PV410 (Dupont). The silver paste was added to the flexographic roll and further transferred
to the substrate with a web speed of 1.2 m/min and roll temperature of 80 �C. The outdoor stability
analyses were made following the ISOS-O-2 procedure27 at the Catalan Institute of Nanoscience
and Nanotechnology (ICN2-CSIC), located in Barcelona, Spain (41.30� N, 2.09� W), using a solar
tracking positioning system. The system comprises a large dual axis-controlled platform with fully
automated motors, which enables turning of the tracker hour angle up to 100� (which translates to
nearly 7 h of perpendicular solar tracking) and turning of the tracker elevation angle from 15� to
90� (which enables full tracking of solar elevation). We developed in-house software to control
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the photovoltaic response of sixteen solar cells at the same time and to continuously monitor
light irradiation, temperature, and relative humidity over time. IV-curves were measured using a
2602 A dual-channel SMU multimeter and a 3700 series switch/multimeter (both from Keithley).
PCE values were calculated using the maximum daily irradiance level. The light irradiation was
measured with a Zipp & Konen CM-4 pyranometer. The temperature and relative humidity were
monitored with a combined sensor (Theodor Friedrichs). Analyses were made in the summer of
2014, between the months of June and September.

V2O5 HTLs have been synthesised chiefly by multistep techniques.21 As already mentioned,
the applied fabrication methods are those obtained from sol–gels made from vanadium (V) oxytri-
isopropoxide (ViPr) or (NH4)3VO4, among others.14–20 In these cases, the precursor materials are
selected for the fabrication of flexible solar cells where the sintering temperatures cannot exceed
150 �C. Nevertheless, some organic residues from the precursors are not eliminated at those temper-
atures and are usually observed after thin film coating. In other cases, the precursors are not
completely transformed into the oxide compound at low temperatures (see Fig. S1 in the supple-
mentary material28). The V2O5 applied in this work is already an oxide at room temperature; it is in
the form of a gel after synthesis and presents a layered crystalline structure where water molecules
are intercalated between the oxide slabs (Fig. 1). There are no residues other than water after the
V2O5–w is coated and heated at 120 �C, and the water molecules can be easily eliminated with
soft heat. The latter makes this material very suitable for low temperature deposition by printing
methods on flexible substrates (e.g., PET). The as-prepared thin film heated at 120 �C presents a
nanostructured topology (Figs. 2(a) and 2(b)) and a preferential orientation of the layer structure
as observed by gracing incidence X-ray di↵raction analyses (Fig. 2(c)). While a powder sample
will display crystalline peaks corresponding to the V2O5 oxide samples, a coated film shows the
preferential orientation of the microcrystalline thin film at the C-axis, or perpendicular to the film
plane. These peaks can be indexed as the V2O5·H2O monoclinic phase in well agreement with

FIG. 2. Thin film of water based V2O5: (a) SEM top image, (b) AFM topography, (c) gracing incidence X-ray di↵raction anal-
ysis, and (d) IV-curve of an inverted organic solar cell with the configuration PET/Ag/PEDOT/ZnO/P3HT:PC60BM/HTL/Ag
applying V2O5 and PEDOT:PSS as the HTL.
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TABLE I. Average of five ITO-free OPVs with inverted configuration applying V2O5 and PEDOT:PSS as the HTLs. Data
obtained under a sun simulator at 1000 mW/cm2.

HTL JSC (mA cm2) VOC (V) FF/(%) ⌘ (%) ⌘ (max)/%

PEDOT:PSS 4.48± 0.22 0.56± 0.01 51.29± 0.66 1.27± 0.07 1.36
V2O5 5.18± 0.40 0.54± 0.00 53.29± 1.61 1.49± 0.07 1.59

pattern (JCPDS 21-1432).26 The intensity of the (001) peak is assumed to be proportional to the
fraction of quasi-ordered crystalline material in the sample, and usually, this peak is observed to
increase as the annealing temperature increases. The interlayer spacing d in the V2O5·n H2O struc-
ture was calculated from the (001) di↵raction peak at 2✓ = 8.24�, resulting in a 10.76 Å. This value
corresponds to one monolayer of water molecules intercalated within the V2O5 slabs, as expected.

We prepared inverted ITO-free OPV devices on PET, and the PCE of the device with V2O5
showed higher PCE than devices applying PEDOT:PSS hole transport layer (Table I, Figure 2(d)).
The average of five devices analysed for each HTL with active area of 1 cm2 is shown in Table I.
The values of voltage (Voc) and fill factor (FF) are almost identical, 0.56 V and 0.54 V and 51% and
53% for PEDOT:PSS and V2O5, respectively. Major changes are observed for Jsc, which is larger for
the OPV applying the water, based on V2O5.

The lifetime of OPVs is dependent on factors such as oxygen and moisture, especially when
the PEDOT:PSS is applied due to its hygroscopic nature.22,23 Due to the high relative humidity
of the location of our outdoor testing facility (80% RH in Barcelona, Spain), the solar cells were
encapsulated in glass for stability tests. Sealing our devices in glass permits to eliminate variables
such as any defects from the encapsulation (any permeation issues, pinholes, or similar from the
PET substrate) which is not the aim of our work. Fig. 3 shows the outcome of the outdoor sta-
bility test performed for the first 900 h to the OPVs applying the PEDOT:PSS (Fig. 3(a)) and the
water-based V2O5 (Fig. 3(b), Table II). Values of irradiance (between 850 and 1000 mW/cm2) and
temperature (�C) are also included in each graph.

FIG. 3. Outdoor stability analyses (ISOS-O-2) of flexible OPV with an inverted configuration of the type
PET/Ag/PEDOT/ZnO/P3HT:PC60BM/HTL/Ag, where the HTL is PEDOT:PSS (a) or our water-based V2O5 (b). Active
area is 1 cm2. Outdoor analyses carried out at the outdoor testing facility of ICN2 in Barcelona, Spain (c). Data points
correspond to sunlight irradiation between 850 and 1000 mW/cm2 and temperature was measured to be below 35 �C.
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TABLE II. Photovoltaic parameters evolution of the outdoor stability analysis of an inverted configuration OPV of the type
PET/Ag/PEDOT/ZnO/P3HT:PC60BM/HTL/Ag, where the HTL is our water-based V2O5 or PEDOT:PSS. Data obtained for
the irradiation between 850 and 1000 mW/cm2 in the outdoor sun tracker system in Barcelona, Spain.

PEDOT:PSS time (h) JSC (mA/cm2) VOC (V) FF/(%) ⌘ (%) X in Tx
a

Initial 4.19 0.54 45.48 1.20 0
300 h 3.05 0.53 42.31 0.79 66
600 h 2.22 0.52 34.64 0.46 40
900 h 1.95 0.51 38.28 0.47 40

V2O5–wt time (h) JSC (mA/cm2) VOC (V) FF/(%) ⌘ (%) X in Tx

Initial 4.55 0.48 39.79 1.06 0
300 h 4.05 0.48 37.28 0.81 80
600 h 3.80 0.48 38.92 0.84 82
900 h 4.02 0.48 37.87 0.83 82

ax in Tx is defined as the point at which the e�ciency of the device reaches X% of the initial e�ciency.

The first interesting feature is that although the V2O5 layer has water molecules intercalated
within its crystalline structure, the stability response of the device is steady and superior than the one
observed for OPVs applying the PEDOT:PSS (Fig. 3). The observed T80 lifetime (defined as the point
at which the e�ciency of the device reaches 80% of the initial e�ciency, see Table II) was observed
after only a few hours for PEDOT:PSS and after 400 h for the V2O5 (Fig. 3(b) and Table II). The period
of time before reaching T80 is a well-known event for OPVs related to the “burn-in” process that is
characterized by an initial sudden drop in PCE followed by a stabilization of the solar cell response.24

For devices applying the PEDOT:PSS OPV (Fig. 3(b) and Table II), the Voc and FF are maintained
almost unchanged during the first 800 h, while Jsc and PCE show the aforementioned “burn-in” pro-
cess and a drastic drop in e�ciency until 400 h. In the case of devices with V2O5, the Voc and FF
were kept almost una↵ected for the whole stability analyses, and e�ciency and Jsc were observed
to drop only after 400 h. For the devices applying the PEDOT:PSS HTL, 40% of the initial PCE was
maintained at the end of the test, after 900 h, while the OPV applying the V2O5 layer maintained the
initial PCE at around 80% of the initial value after the same period of time.

The evolution of the IV curves throughout the stability tests for each of the OPVs is show in
Fig. 4. In both types of OPVs, the Voc is kept almost identical after the degradation test, an indica-
tion that the interface between the active layer and the electrodes (HTL or ETL) is almost una↵ected
in both devices. The changes observed in FF are the result of di↵erent causes, among them is the
reduced interfacial charge transfer e�ciency between the di↵erent layers, the degradation of the
active layer, or the increase of the recombination processes. These processes can be taking place
in both OPVs but in the case of the devices applying the PEDOT:PSS, the drop in FF is stronger,
especially at the end of the stability analysis. The strongest changes are observed on Jsc and, as a
consequence, on the PCE. Changes in Jsc are due to many internal processes inside the OPV, like
the increase of internal resistance due to the degradation of the electron transport layers, the electron
donor, or due to the reduction of the transparency of any layer or interface, which could reduce the
amount of light entering the cell. In general, all these degradation processes are taking place much
faster and stronger for OPV devices applying the PEDOT:PSS HTL demonstrating the beneficial
e↵ect of applying the aqueous-processed V2O5–w HTL.

The beneficial e↵ect on stability when our V2O5 oxide HTL is applied is clearly demon-
strated with these results. Moreover, the feasibility to synthesise the gel in its oxide form at room
temperature (Fig. 2) is also an advantage if compared to other oxides where the precursors are
not completely transformed into the oxide at low temperatures. This is the case of the synthesis
of V2O5 from precursors like powder V2O5 and (NH4)3VO4.12 Long et al. reported the fabrication
of OPVs by employing this precursor for the preparation of the oxide layer as charge injection.25

The authors demonstrated a similar power conversion e�ciency of the OPV if compared with
PEDOT:PSS but no stability test was carried out. Our X-ray di↵raction analyses of a thin film made
with this precursor showed that the (NH4)3VO4 is transformed into the oxide until heating at 350 �C
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FIG. 4. Evolution of the IV curves throughout the outdoor stability analyses for 900 h (ISOS-O-2) of inverted configuration
OPV of the type PET/Ag/PEDOT/ZnO/P3HT:PC60BM/HTL/Ag, where the HTL is (a) PEDOT:PSS or (b) our water-based
V2O5.

(Fig. S1).28 Although the PCE of the device shows the same PCE (see Figure S2 and Table S1 in
the supplementary material28), the stability of the solar cell is even worse than the one observed for
OPVs applying PEDOT:PSS (Fig. S3).28

In summary, we have analysed the stability of flexible ITO-free organic solar cells fabricated by
slot-die roll-to-roll methods applying a water-based V2O5 hole transport layer. The devices of 1 cm2

active area were compared to OPVs applying PEDOT:PSS. Outdoor stability analysis (ISOS-O-2)
revealed that, although the V2O5 contain water molecules within its structure, the device stability
surpass greatly the stability of OPV devices fabricated with PEDOT:PSS.
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