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Preface
This Ph.D. thesis is the outcome of three years of research as a Ph.D. student at the section
for solar energy (SOL), Department of Energy Conversion and Storage, Technical University
of Denmark (DTU).
My contribution in the field resulted in 13 published articles, and 11 more being already sub-
mitted or close to submission. My work was partly supported by the RotRot FP7 project
and partly by the Eurotech Universities Alliance project “Interface science for photovoltaics
(ISPV)”, which encourages collaborations. Therefore, it was my pleasure to have had the op-
portunity to establish several fruitful international collaborations: four articles were the result
of a collaboration with the University of Padua, one article was published from a collaboration
with the Technical University of Munich, and one from a collaboration with Stanford Univer-
sity. The latter was the result of a four-months external stay under the supervision of Prof.
Reinhold Dauskardt, which expanded not only my network but also my scientific knowledge
and my cultural background. Finally, it was an honour during my Ph.D. to participate as a
speaker at three international conferences.

Structure of the report

This thesis is focused on the optimization of lifetime characterization, which is a fundamental
step in the path of improving the organic photovoltaics (OPV) stability and commercializing
the technology. This is done by both using existing methods but also developing new method-
ology, new software and new hardware that can optimize the characterization. Chapter 1 gives
a general introduction to the OPV field, starting with a general description of the physics of a
solar cell and ending with a description of the Ph.D. project. Chapter 2 describes techniques,
machinery and encapsulation methods used to fabricate the organic solar cells throughout this
work. The focus is kept on fabrication techniques compatible with upscaling, which motivates
the utilization of characterization techniques compatible with an upscaled sample production
and data generation. Chapter 3 discusses the importance of a fast screening methodology for
testing roll-to-roll fabricated devices. In this chapter, in-situ X-ray scattering represents an
optimal example of an upscaled characterization technique, which allows monitoring the active
layer after coating during the drying process. Chapter 4 deals with the characterization of
OPV lifetime, seen from a macroscopic viewpoint. A large amount of samples were fabricated
and tested during this Ph.D. project. In chapter 4, the main novelty consists of a new way to
intercompare, characterize and predict the lifetime of OPV. In addition, ad-hoc software and
hardware were developed both for optimizing and for accelerating the analysis of the lifetime
data. The results presented in chapter 4 led to the publication of three articles. The character-
ization of lifetime is moved to a more microscopic level in chapter 5. In this chapter, several
methods (mechanical, imaging, and electrical) were employed to study the effect of degradation
on the different layers forming the solar cell and on their interfaces. Several novel results were
found which are summarized in the chapter and which led to two published articles. Finally,
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chapter 6 summarizes the project, while giving an outlook on how to further exploit the results
found during this Ph.D. to further improve OPV technology.
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Abstract

Renewable energies are a critical and necessary technological development deeply
connected to human evolution and even survival. The extraordinary technological devel-
opment of the past century brought tremendous changes to the planet which, despite the
scepticism of some, are indubitably affecting the natural ecosystem and maybe even the
destiny of Earth. Human evolution does not mean only advanced technological develop-
ment, but also deeper consciousness and responsibility for the next generations to come.
Everything on Earth exists because of the Sun: heat, wind, life... everything. Therefore,
solar energy is one of the answers for renewable energy.

In this thesis, the research has been conducted on polymer solar cells. In particular, the
thesis deals with the extensive study of device lifetime, characterized with several methods:
from bare benchmarking of the lifetimes, to more advanced characterizations of different
device properties and materials under degradation. The devices were mostly produced
using roll-to-roll processing, which is compatible with an upscaled production, essential for
commercialization. Therefore, a fast characterization of a large number of samples has been
a general goal of this thesis, which has been driving the choice of both the measurement
techniques and also the methods for data handling. This included the development of both
novel hardware and software.

The possibility of fast screening a large number of devices can in fact lead to a faster
improvement of the technology, due to the large amount of experimental data that would
become available in a relatively short time. Real time in-situ data analysis, during the fab-
rication, is possibly the ultimate type of fast screening technique. In-situ X-ray diffraction
analysis is a good example of a fast screening technique, that has been presented in this
thesis.

The challenge of standardizing the report of lifetime was addressed, with the devel-
opment of novel methods for intercomparing the lifetime of a large amount of data. In
particular, the comparison of the lifetime extracted under accelerated and outdoor condi-
tions allowed for the generation of a tool for lifetime prediction. The lifetime extracted
from outdoor conditions was found to be in between the one extracted from moderate con-
ditions (shelf test and high temperature storage) and harsher conditions (light soaking and
damp heat test).

In-depth characterization techniques were also employed in order to study the effect
of degradation on the device structure and its interfaces. This was done by exploiting
different techniques that measured different properties of the device: mechanical, imaging,
and electrical.

Mechanical characterization of roll-to-roll processed samples allowed the detection of
a mechanically weak interface between PEDOT:PSS and ZnO, which could be improved
by applying a combination of humidity and high temperature. Moreover, impedance spec-
troscopy combined with modelling enabled identifying the degradation of the ZnO / active
layer interface. Finally, imaging of cross sections of an ITO-free roll-to-roll processed device
was performed successfully using transmission electron microscopy. The cross sections were
prepared both with focused-ion-beam and ultramicrotomy, which gave the possibility for
effectively comparing these two techniques. Moreover, the sectioning of the solar cells with
a diamond blade, in the ultramicrotomy, opened the possibility for a fast cross sections
preparation.

An optimal lifetime characterization, producing relevant data for the whole OPV field,
both on the macroscopic and on the microscopic level, in a fast and automatic way, is
possibly the perfect lifetime characterization. The extensive characterization of lifetime
performed in this thesis was done with the attempt to approach to such an optimal charac-
terization, providing valuable results to study the effect of degradation and also providing
effective tools for increasing the lifetime data exchange within the OPV research field.
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Resumé

Bæredygtig energi er en afgørende og nødvendig teknologisk udvikling, der er dybt
forbundet med menneskelig udvikling og overlevelse. Den ekstraordinære teknologiske ud-
vikling gennem det foregående århundrede har bragt umådelige ændringer for planeten,
som, trods skepsis fra nogle, utvivlsomt påvirker det naturlige økosystem og måske ligefrem
jordens skæbne. Menneskets udvikling betyder ikke kun avanceret teknologisk udvikling,
men også dybere bevidsthed om og ansvarsfølelse over for fremtidige generationer. Alt på
jorden eksisterer på grund af solen: varme, vind, livet …. alting. Således er også svaret på
etablering af bæredygtig energi også solens energi.

Grundlaget for denne afhandling er forskning i polymersolceller. Det er i særdeleshed
levetidsstudier, karakterisering af forskellige egenskaber og materialers nedbrydning, der
er fokus for denne afhandling. Solcellerne er hovedsagelig produceret ved hjælp af rulle-
til-rullefabrikation, som er forenelig med opskalering af produktionen med henblik på kom-
mercialisering. Derfor hare en tidseffektiv karakterisation af et stort antal enheder været
et generelt mål, som har været bestemmende for valg af bade måleteknik og også metoden
til databehandling. Dette har inkluderet udviklingen af både hardware og software.

Muligheden for hurtig screening af store mængder enheder kan føre til hurtigere
forbedringer af teknologien på grund af den store mængde eksperimentel data, der fremkom-
mer inden for kort tid. In-situ dataanalyse under selve coatingen vil være den ultimative
fremgangsmåde for opskaleret karakterisation. In-situ røntgendiffraktionsanalyse under
coating af det aktive lag gav værdifuld viden om krystallisation af P3HT:PCBM under
tørringen.

Udfordringen med standardiseret afrapportering af levetid blev adresseret gennem
udvikling af nye metoder til sammenligning af levetid for en stor datamængde. Især
gjorde sammenligningen af levetidsstudier fremkommet under henholdsvis accelererede og
udendørs forhold det muligt at generere et værktøj til levetids-prognoser. Dybdegående
karakterisationsteknikker blev anvendt for at studere nedbrydningen af solcellens struktur
og dens grænseflader. Dette blev gjort ved at udnytte forskellige teknikker til at karakteris-
ere forskellige egenskaber: mekaniske, visualisering og elektriske.

Mekanisk karakterisation af rulle-til-rullefremstillede prøver muliggjorde påvisning af
mekanisk svage grænseflader i solcellens interfaces, som kunne forbedres ved at tilføre
en kombination af fugt og høj temperatur. Yderligere muliggjorde impedansspektroskopi
kombineret med modellering identifikation af nedbrydningen af specifikke interfaces i sol-
cellen. Sluttelig blev en billedanalyse af et tvævsnit af en ITO-fri rulle-til-rullefremstillet
enhed udført med succes ved at benytte transmission electron microscopy. Tværsnittet
blev klargjort både med focused-ion-beam og ultramicrotomy, hvilket muliggjorde effektiv
sammenligning af disse to teknikker. Yderligere åbnede sektioneringen af solcellen med
diamant kniv muligheden for at lave hurtig tværsnits præparationer.

En optimal levetidskarakterisation, der hurtigt og automatisk genererer relevante data
for hele OPV-feltet, både på det makroskopiske og det mikroskopiske niveau, vil muligvist
være den perfekte levetidskarakterisation. Den ekstensive karakterisation af levetid udført
som beskrevet i denne afhandling, blev gennemført ud fra en sådan definition af optimal
karakterisation. Herved blev værdifulde resultater som basis for studiet af nedbrydningen
tilvejebragt, ligesom effektive værktøjer til udveksling af levetids data inden for feltet af
OPV-videnskab blev udviklet.
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CHAPTER 1
Introduction

1.1 Background

The emission of CO2 in the atmosphere has substantially increased during the last century, see

Figure 1.1 [1]. This trend is a serious threat to the world ecosystem, as The Fourth Assessment

Report of the UN’s Intergovernmental Panel on Climate Change (IPCC) estimates a global

temperature rise of between 1.1 ◦C and 6.4 ◦C by the end of the century [2]. Predictions show

an energy demand increasing by 56 % between 2010 and 2040, which motivate the need for

finding cleaner energy sources, which do not emit greenhouse gases [3].

Figure 1.1: Atmospheric concentrations of the greenhouse gases carbon dioxide (CO2, green),
methane (CH4, orange) and nitrous oxide (N2O, red) determined from ice core
data (dots) and from direct atmospheric measurements (lines) [4]

Since 2006, the production of power coming from renewable energies has increased by 280

%, reaching 130 GW of power net addition to capacity1 [5]. This is a sign of awareness of

humankind realising the crucial importance of this issue. In fact, succeeding in reducing the

emission of greenhouse gases requires that humankind will base its choices not only on personal
1Capacity is the maximum power output that the power plants can generate. The net addition to capacity

indicates how much net power is added to the capacity.
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interests and short-term convenience, but also on a deeper and purer consciousness that cares

about the planet and its future generations.

Several renewable energies are currently exploited to generate electrical power. As an example

Fig. 1.2 shows the contribution of different renewable energies in Germany. From Fig. 1.2,

one can see both the exponential growth of the total installed power generation capacity from

renewables and how the share of PV has increased from nearly 0 % in 2000 to above 40

% already in 2012. The reduced cost of the technology, both considering the drop in the

manufacturing cost and the government subsidies, helped expand the diffusion of PV. From

2006 to 2014, worldwide average module prices have dropped about 78 % from 3.25 $ per watt

to about 0.72 $ per watt (0.52 $ in April 2016) [6–8]. The Levelized Cost Of Electricity (LCOE)

(defined as the ratio of the total cost during lifetime divided by the total energy produced over

lifetime) of solar PV has fallen by half in four years, from 2010 to 2014 [6, 9], indicating that

PV keeps becoming more convenient. This positive trend for PV is extremely important in

sustaining the world energy demand with renewable energy. Solar energy is in fact probably

the ultimate type of energy conversion, at least in terms of potential: the amount of solar

energy reaching Earth in 1 hour and 40 minutes, approx. 544 EJ2, equals the total world

energy consumption in 2014 [10, 11]. One can also consider that the Sun is the source also of

wind, rain and water, and everything alive on Earth - so that (almost) all the other renewable

energies come in fact from the Sun. However, during night and bad weather conditions, solar

Figure 1.2: Electrical capacity of renewable energy sources in Germany [12].

energy alone cannot provide the necessary energy contribution to sustain the energy demand.

2Exa Joule. Exa=1018
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Therefore, an equilibrate contribution of all renewable sources is a wise choice to respond to

present and future energy demands [13]. Moreover, a smart grid with batteries that offers

the possibility of storing excess energy when the production exceeds the demands, and which

can provide more power than the one produced, is an important technical challenge that can

guarantee the success of renewable energies. Finally, I believe that electrical energy should

be treated with parsimony, being aware of the environmental impact that an otherwise blind,

selfish and improper use of this energy would provoke.

1.2 From the discovery of the photovoltaic effect and

onwards: a review of the physics

The discovery of the photovoltaic effect in 1839 by A. E. Becquerel initiated the journey of

humankind towards a deeper understanding of the nature of light [14].

Later on, in 1905, A. Einstein discovered the photoelectric effect which set the basis towards

modern physics, understanding that light is made of photons [15]. Photons are related with

energy following the Plank-Einstein relation 1.1.

EP H = hν (1.1)

Where EP H is the energy of the photon, h = 4.13 · 10−15 eV·s is the Plank constant, and ν is

the frequency of the wave associated with the photon.

The photoelectric effect showed basically how a photon shining on an atom can react with it,

causing for instance the emission of an electron, if the energy of the photon is sufficiently high.

In particular, it was found by N. Bohr in 1913, that only discrete levels of energy were occupied

by electrons (energy levels). However, in a block of material, the atoms in the lattice interact

with each other. In particular, bringing atoms closer to each other causes the broadening

of their discrete energy levels into bands. A band diagram is used to represent important

energetic levels as a function of a spacial dimension. The following quantities are particularly

important:

• Valence band (EV) which is the highest occupied energy band.

• Conductive band (EC) is the lowest un-occupied energy band.
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• Energy gap (EGAP=EC−EV) is the difference between the energy of the lowest un-

occupied energy band and the highest occupied energy band.

When an electron is in the conductive band, it is free to flow within the material. In particular,

an electron in the valence band must “jump” into the conductive band, in order to become a

free negative charge. At the same time, this process would leave an empty state in the valence

band, which would act as a free positive charge (hole). Therefore, the EGAP is an important

quantity that defines whether a material is a conductor (EGAP ≈ 0 eV), a semi-conductor

(EGAP ≈ 1 eV) or an insulator (EGAP > 5 eV).

Particularly important for solar cells are the semi-conductors, in which the necessary energy

for an electron in the valence band to jump into the conductive band can be provided by solar

energy, leaving an empty energy state in the valence band, and creating the electron-hole pair.

Such a process can occur if eq. 1.2 is satisfied:

EP H > EGAP (1.2)

where EP H is the energy of the photon given by eq. 1.1. The electron which has moved to

the conductive band, forming the electron-hole pair is only weakly bonded to the hole, in an

inorganic solar cell. Thermal energy at room temperature is in fact high enough to break the

bond and let the charge carriers free to flow. The carriers can then either be moved by diffusion

or driven by an electric field until they are collected at the electrodes. For a standard silicon

solar cell, a p-n junction provides the electrical field that helps drive the carriers towards the

respective electrodes, hence generating a photocurrent.

Fig. 1.3 shows a schematic representation of a pn-junction. The junction of a semi-conductor

p-doped and n-doped3 generates a Space Charge Region (SCR) at their interface. Such an area

is depleted from free carriers due to the diffusion of electrons from the n-doped semiconductor

towards the p-doped part, and the diffusion of holes from the p-doped semiconductor towards

the n-doped part. The depletion of free carriers leaves a charged region, since the originally

neutral atoms in such a region have lost/gained an electron and are therefore electrically

charged. The diffusion continues until the electrical field coming from the SCR balances the

gradient of carrier concentration, which is causing the diffusion. The Neutral Regions, also

called Quasi-Neutral Regions (QNR) are characterized by an (almost) zero diffusion and zero

electrical field. More details on the pn-junction can be found in any textbook of solid state

physics [16].
3A p-doped (n-doped) semiconductor contains a doping element in the semiconductor lattice which provides

extra holes (electrons) in the valence band (conductive band).
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Figure 1.3: Simplified representation of a p–n junction in thermal equilibrium (with zero-bias
voltage applied). Electron and hole concentration are reported with blue and red
lines, respectively. Gray regions are charge-neutral. Light-red zone is positively
charged. Light-blue zone is negatively charged. The electric field is shown on the
bottom, the electrostatic force on electrons and holes and the direction in which
the diffusion tends to move electrons and holes. Reported under the CC BY-SA
license, credits to TheNoise [17, 18].

1.3 Generations of PV

The PV field begins in 1953 when Bell Laboratories produced the first silicon solar cell opening

up the dream of humankind accessing solar energy for civilian purposes. The first applications

of such a technology were, however, restricted to a niche market, due to the extremely high

cost of the technology: in 1956 the electricity produced by PV cost almost 300 $ per watt

[19]. Therefore, the initial use of PV was limited to the aerospace industry where PV was a

convenient addition to space expeditions.

However in the 1970s, due to the energy crisis, solar energy started to become a valid alterna-

tive energy source, especially when the electricity was needed off-the-grid.

The first type of solar devices, called first generation solar cells, has the light-absorbing ac-

tive layer4 based on single crystalline silicon (c-Si) or multi-crystalline silicon (multi-Si), which

hold record lab cell efficiencies of 25.6 % and 20.8 % respectively [12]. Commercial modules of

the first generation have reached an efficiency of about 21.5 % for c-Si and 19.14 % for multi-Si

4In a solar cell, the active layer is the layer having the function of absorbing the light.
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[20, 21]. The first generation has a good stability and overall a good efficiency. Moreover, the

experience gathered by the silicon semiconductor industry, from the production of electrical

components (transistors, diodes, etc.), provided some key technologies for facilitating the de-

velopment and the commercialization of the first generation. However, the indirect bandgap

of the silicon requires a relative thick bulk material, which sets a lower bound to the price of

the technology5. The first generation of solar cells is still dominating the market with a share

of 35 % for c-Si and 55 % for multi-Si, in 2014 [12], but the drive for a cost reduction led to

new generations of PV technologies.

Second generation solar cells employ less active layer material and are also called thin-films

devices. Materials such as amorphous silicon, CIS/CIGS and CdTe are used because of their

direct bandgap. They provide, in fact, a more efficient absorption of photons thus requiring

a thinner active layer (i.e. potentially less material cost) in order to absorb a significant per-

centage of the incident light. CdTe solar cells have a record for laboratory efficiency of 21

%, CIGS 20.5 %, while amorphous silicon has about 12 % of efficiency. However, commercial

modules have an efficiency of approximately 5-6 percentage points less than their records [12,

22]. In the second generation technology stability is a problem (e.g. Staebler-Wronski effect in

amorphous silicon solar cell) which can significantly reduce the efficiency over several months

of exposure to sunlight [22]. The market share for the second generation thin-film is still low

with an overall contribution of 10% in 2014, in which: 43% is from CdTe, 18 % is from a-Si

and 39 % from CIGS. This market trend is not expected to change at least for the next couple

of years [12, 23].

The third generation includes different types of solar cells, among which there are very highly

efficient and very costly multi-junction GaAs cells, having a record efficiency of 46 % [24].

Dye-sensitized solar cells (DSSC), polymer solar cells (PSC) and small-molecule solar cells

(SMSC), collectively called organic solar cells (OSC), are also part of the third generation of

PV. Moreover, recent Perovskite solar cells are also considered part of the third generation of

PV with a record efficiency of 21 % [25].

PSC have a record efficiency of 11 %, while SMSC and DSSC respectively of 12 % and 13

% [26–28]. PSC have a huge potential in terms of cost reduction and scalability, since they

can be processed from solutions and without the use of vacuum. Also, the Energy Pay Back

5An indirect bandgap (contrarily to a direct bandgap) requires a combination of a photon with a vibrational
mode (called phonon) for the electron to shift from the conductive band to the valence band. The required
combination of photon and phonon lowers the electron transition probability, thus requiring a thicker material
for a good light absorption.
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Time (EPBT) of polymer solar cells technology is one of the shortest compared to other PV

technologies being ≪ 1 year [29, 30]. However, the market share for this technology is still

basically zero [31]. Despite the indication of the market share, which only shows that the tech-

nology is still not ready for commercialization, organic solar cells still attract a lot of interest.

The company Heliatek, producing small-molecule organic solar cells, has been awarded in 2015

as Technology Pioneer by World Economic Forum [32] indicating that there still is a large

global interest in OPV. Moreover, unique features of the second and third generation such

as flexibility, transparency and lightness make these technologies applicable to some specific

applications, such as window integration, beyond the limit of the first generation [33, 34].

1.4 Organic Solar Cells (OSC) working principle

One of the main differences between organic and inorganic solar cells is that in the former a

photon is absorbed by an organic material, which gives rise to an electron-hole pair called an

exciton. An exciton needs some energy in order to be separated into a free electron and a hole

pair. Such a separation can occur thanks to the blend of two materials having a proper chemical

potential difference, that provides the necessary electrical field to break the electron-hole bond.

In particular, the material which is donating an electron when separating the exciton is called

a donor, and is characterized by a high LUMO (lowest unoccupied molecular orbital and

equivalent to the conductive band), while the material which is receiving an electron when

separating the exciton is called an acceptor, and is characterized by a low HOMO (highest

occupied molecular orbital and equivalent to the valence band).

The basic working principle of an organic solar cell, schematically illustrated in Fig. 1.4, is the

following:

• A photon with an energy EP H > EGAP is absorbed by the active layer, forming an

exciton.

• The exciton can diffuse (on the order of the tens of nanometres before recombining) until

it reaches a donor-acceptor interface.

• The exciton can separate thanks to the potential at the donor-acceptor interface, forming

two free carriers, one positive and one negative (also called polarons).
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Figure 1.4: A photon with energy hν generates an exciton that separates into a positive and
negative polaron. The charges are then collected at the electrodes.

• The charge carriers can diffuse across the materials driven by chemical potential toward

the respective electrodes.

The amount of photons that once reaching the solar cell are converted into excitons, and are

effectively separated and collected at the electrodes defines the solar cell quantum efficiency. In

particular, the ratio of the collected electrons divided by the number of incident photons, for a

given energy, defines the External Quantum Efficiency (EQE), while the ratio of the collected

electrons divided by the number of photons absorbed by the active layer, for a given energy,

defines the Internal Quantum Efficiency (IQE):

EQE = electrons/sec
photons/sec IQE = electrons/sec

absorbed photons/sec (1.3)

More generically, the ratio of the output power divided by the input power is the photo-

conversion efficiency η, also called Power Conversion Efficiency (PCE), see eq. 1.4. The

efficiency depends on the architecture of the active layer, which deeply affects the probability

of separating an exciton.

The most basic architecture is a bilayer device, which was used by Tang in 1986 in order to

make the first demonstration of a working organic solar cell [35]. However, this structure suf-

fered from low efficiency due to the short diffusion length of the exciton in an organic solar

cells. Approximately ten years later, G. Yu et al. introduced the bulk heterojuction (BHJ)

solar cell. In such a device, the interpenetrating mix of donor and acceptor provided large
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interfacial areas that increased the exciton dissociation rate by reducing the distance that the

carriers needed to travel before dissociation [36]. Later, it was realised that domain sizes of

donor and acceptor can be further optimized with additives, such as 1,8-octanedithiol (ODT)

and diiodooctane (DIO) [37, 38]. Another advantage of a BHJ is that it can be prepared at

once by coating a well blended solution, without the need of any mask.

The efficiency η is defined by:

η = PM

PIN
= VM · IM

PIN
= FF

ISC · VOC

PIN
(1.4)

where PIN (W) is the power irradiating the solar cell, PM (W) is the maximum power at the

output with VM (V) and IM (A) respectively the voltage and current at the Maximum Power

Point (MPP), ISC (A) is the short circuit current, VOC (V) is the open circuit voltage and

FF is the fill factor. The FF is defined as the ratio between the power at the MPP and the

product between the open circuit voltage and short circuit current, see eq. 1.5:

FF = PM

VOC · ISC
. (1.5)

A common quantity used to describe the irradiating light is the irradiance, measured in W/m2,

which must be multiplied by the active area of the device in order to obtain the input power

PIN . The OSC active area is the area where the top and bottom electrodes overlap. Figure

1.5 shows the solar irradiance plotted as a function of the wavelength (λ).

The efficiency depends on several material properties which affect for instance the VOC . In

fact, the open circuit voltage depends on the value of LUMO of the acceptor and on the value

of HOMO of the donor, as indicated in Fig. 1.4 and reported in eq. 1.6:

qVOC ≈ ELUMO(acceptor) − EHOMO(donor) (1.6)

where q = 1.6 · 10−19 C is the elementary charge, while ELUMO(acceptor) and EHOMO(donor)

are the energy levels of the acceptor LUMO and of the donor HOMO respectively. Since

VOC is directly proportional to the PCE of the device (see eq. 1.4), a lot of research groups

have tried to synthesize donors with a low HOMO, in order to increase the value of the VOC .

However, lowering the HOMO also causes a larger EGAP of the donor, since the position of

the LUMO cannot be moved much in order to guarantee a good exciton separation [40]. A

larger EGAP implies less solar spectrum absorbed (since less photons can satisfy eq. 1.2) and
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Figure 1.5: Irradiance of the solar spectrum measured on Earth [39]

as a consequence less collected carriers and a lower efficiency. Therefore, in order to optimize

the device efficiency, a compromise exists between VOC and ISC .

1.5 Structure and materials of OSC

Polymers used in OPV are characterized by being conjugated: the conjugation of a polymer

refers to the presence of a backbone chain of alternating double and single bonds. The sp2

hybridized carbon centres have a valence electron in the pz orbital (π) which is orthogonal to

the other σ bonds. The overlapping of π/π bonds determines the creation of delocalized energy

states within the structure, which promotes intermolecular transport, and allows for transport

of charge.

The active layer used in polymer solar cells consists of a donor-acceptor blend, where a conju-

gated polymer acts as a donor, and generally a fullerene derivative acts as an acceptor. The

most common materials used in this work for the active layer are Poly (3-hexylthiophene)

(P3HT) and Phenyl-C61-butyric acid methyl ester (PCBM), whose chemical composition is

reported in Fig. 1.6(a-b). Advanced polymers can be synthesized to improve the PCE of a

solar cell, for example it is possible to combine two units in the structure, one that acts as

an acceptor and one that acts as a donor, by forming a donor-acceptor (D-A) copolymer. In

these polymers, the HOMO and LUMO mostly depend on the HOMO of the donor and on the

LUMO of the acceptor, respectively. This helps optimize the efficiency by engineering both
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the EGAP and the LUMO alignment with the fullerene, by choosing the appropriate donor-

acceptor unit [41]. Moreover, to help the extraction of charge in OSC by reducing charge

recombination and improving exciton dissociation, two additional functional layers are used: a

Hole Transport Layer (HTL) which is characterized by a good hole mobility that tends to act

as an electron blocker, and an Electron Transport Layer (ETL) which conversely has a good

electron mobility and tends to act as a hole blocker. The HTL used in this thesis is Poly(3,4-

ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) (see Fig. 1.6(c)), while the ETL

is zinc oxide (ZnO).

(a) P3HT - donor (b) PCBM - acceptor (c) PEDOT:PSS - HTL

Figure 1.6: Chemical structure of common organic compounds employed in this work.

Two possible architectures of a bulk heterojunction solar cell are shown in Figure 1.7. The

first type of polymer solar cells employed Indium Tin Oxide (ITO) as a transparent anode. In

such a structure, the back6 electrode is the cathode which has a low work function, and can

easily oxidise due to its direct air exposure. This configuration is called the normal structure

and it is still largely used, see Fig. 1.7(a). In another structure, the cathode and anode are

flipped in the positions, resulting in placement of the high work function anode at the back

of the cell. This approach was developed in order to be able to utilize high work function

electrodes, such as silver, as the back electrode. The latter can be printed from a liquid paste

and therefore, such architecture enables the possibility of scalable processing of devices using

roll-to-roll machinery [42]. It was later shown that silver was more resistant towards humid

environments compared to aluminium and therefore could significantly improve the device

stability under certain test conditions [43]. Such a structure is called an inverted structure, see

Fig. 1.7(b).

6The front side is the side where the light comes from.
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(a) Normal structure (b) Inverted structure

Figure 1.7: Typical structure of a bulk heterojunction solar cell.

The transparent electrode ITO is made with the rare element Indium, which deeply influ-

ences the final cost of the device. Moreover, ITO deposition includes steps which are conducted

under vacuum conditions, which contribute substantially to the embodied energy of the device,

finally increasing the EPBT [44]. Therefore, in most of the devices prepared in this thesis, ITO

was replaced by Flextrode, which consists of: Polyethylene terephthalate (PET) substrate, a

cathode formed by a combination of silver grid and highly doped PEDOT:PSS, and the ETL

ZnO, see Fig. 1.8 [45–47].

Figure 1.8: Structure of the ITO-free inverted structure solar cell.

1.6 State of the art and challenges of the field

Three key aspects must be addressed, in order to bring OPV to the market, see Fig. 1.9:



1.6 State of the art and challenges of the field 13

• High power conversion efficiency (PCE).

• Low fabrication cost.

• Improved stability.

Looking at Fig. 1.9, it can be seen that the first challenges of the OPV field originate at the

section of material optimization. Such materials should not be toxic and should be abundant

in nature, such that the scaling-up becomes possible by means of scalable synthesis processes.

Moreover, promising candidates should be validated based on the band alignments and solution

processability of the active materials [48]. Once a polymer has been correctly synthesized, its

efficiency should be tested via device manufacturing first via spin coating and then transferred

to Roll-to-Roll (R2R) manufacturing (more details on the fabrication techniques will be pre-

sented in chapter 2). R2R processing is the process of OPV (or in general electronic devices)

fabrication on a roll of flexible foil, which ends with the rewinding of the foil (hence the name

roll-to-roll).

Spin coating is easy to use for characterizing lab scale devices and is also utilized to set PCE

Figure 1.9: A schematic representation of the OPV research field.

records. However, the high PCE gained with this technique does not imply the same high

PCE when the fabrication is moved to R2R methods. Transferring a process from spin coating

to R2R is an inevitable step towards commercialization, since spin coating is not a scalable

approach. Several new challenges arise when using R2R machineries: the substrate must be

flexible, which puts an upper limit on the processing temperatures; the ink must be made solu-

ble and easily processable; the thickness of the layer becomes generally less uniform. Moreover,

a R2R process is not easily carried out under inert-gas conditions since R2R machineries are

generally much larger than spin coaters, which would then require a very large (and expensive)

glove box, leading inevitably to a lift of the cost and to a reduction of the OPV competitiveness.

In this thesis, devices were mostly produced using a R2R approach, since it is believed that a
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preliminary performance test using a spin coater is only relevant towards setting PCE records,

but not for developing a technology accessible for mass production [49–51].

(a) PCE vs. VOC of samples having the active
layer fabricated using a spin coated/spin cast-
ing approach (red) and fabricated using a slot
die coated/doctor blade approach (light blue).

(b) PCE vs. T80 of samples with ITO (red)
and without ITO (light blue). The arrow indi-
cates the path towards the market, indicating
the need to increase the lifetime while keeping
an high efficiency and to move from an ITO
to an ITO-free approach.

Figure 1.10: Data extracted from the lifetime database, see details in chapter 4 [52].

Fig. 1.10(a) shows the device efficiency of the data extracted from the literature lifetime

database7 plotted as a function of the VOC [52]. The figure shows, with two different colours,

PCE belonging to solar cell devices which had the active layer deposited with upscalable (blue

points) and with non upscalable (red points) techniques. It is evident first of all, how the great

majority of data is available for non upscalable techniques, while much less data exists for

upscalable techniques. This proves that most of the research groups active in the field do not

have the capacity and/or interest to fabricate devices using an upscalable approach, therefore,

more work is needed in this direction. Moreover, Fig. 1.10(a) shows that spin coating and spin

casting achieve the best PCE, while devices fabricated with slot-die coating or doctor blading,

reach the highest VOC , due to the production of large serially-connected modules.

In Fig. 1.10(b), the PCE is plotted as a function of the lifetime, indicated with T80, which is

the time (in days) for a device to reach 80 % of its initial performance (see chapter 4). Two

colours distinguish the data depending on whether a device employed ITO (red) or not (blue).

The figure shows how the highest efficiency is reached using ITO, which is known to increase
7Chapter 4 will present the literature lifetime database, together with the tool for exploring its data.
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the cost of the device, bringing it farther from the market [44]. Also, from Fig. 1.10(b), the

best lifetime does not correspond to the best PCE. This suggests the need of moving from the

high efficiency on the direction towards a longer lifetime, and to an ITO-free approach.

An alternative explanation of the current challenges comes when considering that the OPV

efficiency is relatively competitive with the rest of the PV technologies, with its record being

approximately half of the silicon one. However, the lifetime of the first generation PV is

considered to be 20 years with a degradation below 10 %, which is approximately ten times

higher than the lifetime of OPV [53, 54]. It is possible to introduce a simple figure of merit to

describe the overall market-readiness of a PV technology:

PVready = PCE · lifetime
cost (1.7)

where a higher PVready means a more competitive technology. The value is intentionally sim-

plified, since it does not consider other features such as the environmental impact, lightness,

flexibility, etc. However as a rule of thumb, if we consider that the PCE of OPV is half of the

PCE of c-Si PV, and we assume for simplicity that the lifetime of OPV is 10 times shorter

than the lifetime of silicon PV [52], then the cost of OPV must be 20 times cheaper to obtain

the same PVready. If we assume that a lot of work has already been done on improving the

efficiency (as shown by the larger data available for spin coating compared to R2R compatible

in Fig. 1.10(a) ) then most of the work is yet to be done for reducing processing cost and

increasing the lifetime.

A parameter which accounts for power produced, lifetime, cost of material, initial capital, dis-

count rate, maintenance etc. is the already mentioned LCOE (see section 1.1). Fig. 1.11

shows the effect of varying efficiency and lifetime on LCOE for a mass produced (ITO-free)

technology, which shows that already a combination of 3 % efficiency and 3 years lifetime can

make the technology competitive. Since efficiencies up to 10 % have already been achieved,

but not for low cost mass produced technology and lifetimes up to 2 years have already been

reached [54], but not for efficiency as high as 4 %, it is once again clear that a combination of

cost efficient processing, lifetime and efficiency must be considered in parallel.

The focus in this thesis will be kept on the lifetime of devices fabricated mainly with up-scalable

processes, since the optimization of the lifetime on such devices and application of these to

high efficiency solar cells will directly lead to a marketable technology.

Detailed characterization of manufactured devices is an important step for understanding
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Figure 1.11: LCOE analysis of an OPV mass produced technology, with focus on the effect of
different lifetime and efficiency on the LCOE. The coloured regions of the table
correspond to LCOE cost threshold of: (a) LCOE > 0.35 $/kWh (red shaded
region), (b) 0.35 $/kWh > LCOE > 0.20 $/kWh (yellow shaded region) and (c)
$0.20 $/kWh > LCOE (green shaded region). Silicon PV LCOE was approx.
0.2 $ /KWh in Europe in 2014 [9]). Reported with permission from Elsevier
[55].

and tackling the bottlenecks for the device performance. Upscaled production of solar cells

also requires upscaled characterization techniques for their analyses, thus giving importance

to develop methods that allow for fast-screening of the R2R fabricated devices. Hence, the

prior focus of this thesis will be to utilize and to develop new methods that will enable the fast

screening and lifetime characterization of the R2R manufactured devices.

1.7 Overview of the project

This project focuses on optimizing the lifetime characterization, since measuring carefully the

effect of degradation is a key point for improving the lifetime. Several devices were fabricated

throughout this work, using the techniques reported in chapter 2, after the introduction.

Most of the characterized devices are fabricated using upscalable techniques, which can gener-

ate a large amount of samples, hence a goal of this thesis consists of performing a time efficient

analysis. Both existing technologies and new methodologies, which include optimized software

and hardware, were developed for fast screening and characterization of the lifetime. Chapter

3 provides some considerations on whether a method is compatible or not with processing
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of a large number of samples relatively fast, while chapter 4 presents software and hardware

developed specifically to automatize the analysis of lifetime data.

Quality measurements and rigorous data analysis can lead to a better understanding of

the degradation mechanisms affecting OPV. Therefore, this thesis employs controlled ageing

conditions that enable not only to carefully monitor the degradation but also to effectively

intercompare the lifetimes tested under different conditions. A large amount of samples were

fabricated (varying the device architecture, the fabrication and the encapsulation technique)

and measured under varying controlled conditions. These measurements led to a large amount

of data that enabled finding several important trends, finally leading to a better understand-

ing of the weakest points affecting the technology. Moreover, such a large dataset enabled

to establish significant statistical relations between the lifetime extracted under different age-

ing conditions, which led to a lifetime prediction tool, based on outdoor data collected in

Denmark. Analogous intercomparison was conducted on lifetime data extracted from the lit-

erature, which enabled the extraction of general trends and to withdraw a broad overview of

the present and possible future status of the lifetime in the OPV field. Moreover, the lifetime

dataset extracted from the literature has been made publicly available in order to promote the

collaboration within the OPV field. In fact, joining forces with different research groups can

significantly help in tackling the major challenges of OPV. Some sections of this thesis will

reflect on such collaborations that led to establishing online databases and generating of large

lifetime datasets. The characterization of the lifetime on a macroscopic level is reported in

chapter 4.

The characterization of the lifetime was also conducted on a microscopic level in chapter

5, where advanced techniques were employed in order to study the effect of degradation on

different layers and interfaces. Mechanical tests were employed to assess the reliability of the

properties of the R2R fabricated devices, also under degradation. Imaging techniques were

used to visually analyse the structure of R2R fabricated samples, also after ageing. Finally,

advanced electrical characterization combined with modelling allowed for tracking the degra-

dation on specific interfaces within the solar cell. Such advanced techniques, combined with

the macroscopic lifetime characterization, offer possibly the best comprehensive dataset for an

exhaustive overview of the effect of degradation on OPV, both at the macroscopic and at the

microscopic level.



18 1 Introduction

The work presented in this thesis is based on results, most of which have been published

in the 13 articles attached as appendixes at the end of the thesis. Summarizing, the project

consists of:

1. Lifetime characterization (macroscopic and microscopic). The characterization includes

novel methods for intercomparing and analysing the lifetime data (with ad-hoc software

and hardware) and novel methodologies for microscopic characterizations. Significant

trends were found both on the analysis of performances and on the analysis of single

layers and interface variations.

2. A large number of samples were produced with various techniques during this study, in

order to generate enough statistics for establishing a lifetime prediction tool.

3. Web-based tools, Round Robins and public database establishment were performed since

it is believed that a common effort within the OPV community will lead to a significantly

faster lifetime improvement.

4. The ultimate goal of reaching a commercial technology has constrained the focus during

the thesis on upscalable techniques for fabricating samples, and therefore on upscalable

characterization techniques. The real-time measurement of the active layer crystalliza-

tion, while coating, offers a great example of how to upscale a characterization technique.

1.8 Relevant contributions

During my Ph.D., several articles were published. I am first author on three publications, and

on two articles that are in the process of being published, while I am co-author on ten publi-

cations, and on nine articles that are in the process of being published. My contribution to

the literature will therefore include a total of 24 publications (see appendix A); the published

articles are attached at the end of the report (see appendix B).

In the papers where I am first author, my contribution is dominant. However, N. Rolston

from Stanford University provided significant help both in the XPS characterization and in the

theoretical analysis of the Double Cantilever Beam experiment (section 5.2 and article [56]).
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In most of the papers where I have been included as co-author, I have mostly contributed

with software analyses and measurements of the data. There are, however, a few exceptions:

• “Bipolar polaron pair recombination in polymer/fullerene solar cells” [57]. This paper

was published with A. Kupijai, Technische Universität München, and deals with the

measurement of Electron Spin Resonance (ESR). In this article, my contribution was

mainly to provide a special design of a R2R-fabricated sample, which was compatible with

the strict restrictions of the ESR resonator. I also visited the laboratory and contributed

to setting the experiment up in the preliminary stages.

• “Effects of constant voltage and constant current tress in PCBM:P3HT solar cells” [58].

This paper was published with A. Cester, Università degli studi di Padova, and deals

with the advanced electrical characterization and modelling (section 5.4). In this article,

my main contribution was to manufacture and validate the samples, but I also visited the

laboratory and contributed in setting up several experiments. Three additional articles

with this group have been submitted and are awaiting publication.

• “Portable and wireless IV-curve tracer for >5kV organic photovoltaic modules” [59].

This paper was published with R. García-Valverde, Danmarks Tekniske Universitet (DTU),

and deals with the measurement of high voltage I-V curves of serially connected modules.

In this article, my main contribution was to provide the software for controlling a syn-

chronized measurement of irradiance, temperature, and humidity during the I-V curve

measurement.

• “Medium area, flexible single and tandem junction solar cells based on roll coated semi-

random copolymers” [60]. This paper was published with T. R. Andersen, DTU, and

deals with the roll-coating of semi-random copolymers both in single and tandem junc-

tion solar cells. In this article, my main contribution was acquiring Scanning Electron

Microscopy images, which revealed the roughness of the printed silver layer.

During my Ph.D. I was also co-mentor of Jonny Favaro, a master’s student from Università

degli studi di Padova. Moreover, I had the opportunity to participate as a speaker at three

international conferences: International Summit on OPV Stability ISOS-7 and ISOS-8, and

the CHEETAH Advanced Characterization Workshop for PV. Some of these conferences were

recorded and are available online [61, 62].
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CHAPTER 2
Manufacturing of devices

This chapter gives a generic introduction to the fabrication of devices, while keeping the main

focus on the techniques and machinery used throughout this Ph.D. project. The fabrication

process is divided into two categories, depending on whether it is compatible with industrial

processing and upscaling (large-scale production), or not (laboratory-scale production). More-

over, a separate section is devoted to the encapsulation processes.

2.1 Fabrication processes not compatible with

upscaling

The techniques that are not compatible with upscaling are those which are not suitable for the

production of a large amount of samples. The reasons for this incompatibility can be several,

such as the time required for processing each sample, the material waste during the process, the

energetic consumption, etc. In this project, the employed techniques that are better suitable

for a limited sample production are spin coating (for solution processing) and evaporation (for

aluminium deposition). Other methods exist, such as casting, or others that offer more control

over the deposited layer, such as organic molecular beam deposition [1, 2].

2.1.1 Spin coating

The most common lab-scale technique for depositing a thin layer of organic material is spin

coating. This process is performed using a spin coater, which is shown in Fig. 2.1(a). A spin

coater is composed of: 1) a rotating plate with adjustable rotating speed; 2) a controller which

allows setting and controlling the rotating speed; 3) an opening on the spin coater top-lid that

allows to drop the solution on the substrate, while protecting the user from spurts; 4) a sample

holder with vacuum control to ensure a good adhesion of the sample to the holder during the
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rotation.

Spin coating is used to produce uniform thin films of different materials with thickness

varying from nanometres to micrometers [3]. For film production, the substrate is placed on

the rotating plate and either covered by the solution of the material in stand still position or

coated with the solution during rotation. Centrifugal force drives the dropped solution radially

outward, while viscous force and surface tension lead to the formation of a thin residual film on

the substrate. Finally, the residual wet film is gradually thinned depending on the evaporation

of the solvents used in the solution. The thickness of the deposited layer has a square root

dependence on the spin speed, so that a variation of 10 times on the speed of rotation leads to a

variation of the thickness of approximately 3.2 times. Additional details on sample preparation

using spin coating can be found in the literature [1, 4, 5].

The main advantage of spin coating is the easy control of the film thickness, which only requires

changing the spin rotation. Other advantages are the low cost of the machinery and the fast

operating system for fabricating a single sample.

The main disadvantages of spin coating are the lack of material efficiency, considering that

most of the solution is wasted during the thinning process, and the limited area scalability [3].

2.1.2 Evaporator

The evaporator is used to deposit a uniform layer in a high-vacuum environment, see Fig. 2.1(b).

The evaporator consists of: (1) a pump needed to create the necessary vacuum; (2) a protective

bell which contains the vacuum and where the evaporation takes place; (3) a metal evaporator

boat (with a high melting temperature) containing the material that needs to be deposited; (4)

a power supply that can provide the power required to heat the metal boat; (5) a shutter used

to impede the evaporated material to reach the sample; (6) a mechanical belt connected to a

motor that can rotate the stage holding the samples, guaranteeing the uniformity of the evap-

orated layer; (7) a stage used to hold the samples and to achieve a custom evaporation pattern.

In the evaporator, the metal boat holding the material to be deposited is resistively heated

until the evaporation process begins. Evaporation takes place in high vacuum so that particles

can travel directly to the deposition target, without colliding with the background gas. A
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(a) Spin coater (b) Overview of the evaporator: external view
and detail of the evaporation environment,
normally protected by the external bell

Figure 2.1: Machinery used for layer processing using techniques not compatible with upscal-
ing.

shutter is normally used to prevent the deposition of the first evaporated material both for

preventing possibly contaminated material and also for ensuring a stable process before begin-

ning the evaporation. The rotation of the stage holding the samples can start before moving

the shutter. After the process has stabilized, the shutter can be moved and the deposition of

the material on the sample can begin.

2.2 Fabrication process compatible with upscaling

Several roll-to-roll coating techniques are available for depositing functional layers, such as

slot-die coating, gravure coating, slide coating, curtain coating, multilayer slot coating, spray

coating etc. The interested reader can find extensive reviews on printing and coating methods

elsewhere [3, 6–14]. In the next sections a short overview of the employed machinery and

techniques is given.
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2.2.1 Machinery

Machinery used for processing of layers with techniques compatible with upscaling are pre-

sented in this section. Such machinery will be distinguished depending on whether they are

compatible or not with a lab-scale approach. A lab-scale (or laboratory-scale) approach indi-

cates the possibility of fabricating a small number of samples for a quick test of a new type

of device, without needing the large amount of material that would instead be required in a

typical upscaled production.

2.2.1.1 Laboratory scale processing with upscalable techniques

Lab-scale fabrication is extremely useful when testing a new material or a new structure. The

aim is in-fact to quickly test the functionality of the new configuration, without loosing neither

much time nor material. Lab-scale processing with upscalable techniques is fundamental to

assess the quality of for example a new ink, which can then be almost directly transferred to

large-scale production.

Mini roll coater

The mini roll coater (MRC) allows the fabrication of full devices using slot die coating and

flexographic printing while keeping a lab-scale approach [15]. This leads to the possibility

of optimizing a scalable solar device with new materials in a simple and fast way, and with

a limited cost. In fact, the optimization in lab-scale done with a spin coater would lead to

process parameters that cannot be transferred directly to a large scale R2R production, hence

requiring to repeat the optimization, consequently wasting material and time.

The MRC is shown in Fig. 2.2. It is based on an aluminium drum with built in heating

elements, and having a diameter of 320 mm (1). The drum can rotate with a speed between

0 to 2 m/min, while an ink flows from the coating head (2), defining the coated layer.

The coating head can be adjusted on both lateral and vertical direction, allowing the optimiza-

tion of both the position of the coated layer in respect to previously deposited layers, and also

to optimize the ink flow (3 and 4). Different heads can be mounted, with different widths. A

syringe pump Aladdin NE-1000X is used to provide a constant flow of ink (5).

The combination of rotation speed, ink flow and ink concentration determines the final thick-

ness of the layer. Other parameters such as temperature of the drum and solvent type can

influence the layer morphology and the device efficiency [17].
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(a) MRC with a syringe pump on the side (b) The flexographic head
mounted on the MRC

Figure 2.2: The mini roll coater. Credits to Henrik F. Dam [16].

The printing of the back silver electrode is done using a flexographic printing head, mounted

instead of the coating head (6). The flexo printing head consists of a block having two axes

which are used to mount a 100 mm diameter coating roller. The roller is then equipped with a

patterned rubber flexo roller which allows for printing a 2D pattern on the substrate, defining

the solar cell final area. Figure 2.2(b) shows the flexo printing head mounted on the MRC.

2.2.1.2 Large scale manufacturing

Figure 2.3 shows a photograph of a R2R coating and printing setup employed for the large

scale fabrication of OPV cells and modules. I did not directly use the set-up described in

this section, however both Flextrode and full modules were used in this project and were

both fabricated using such equipment, hence for completeness a photo of the tool is reported.

Further description of the equipment can be found elsewhere in the literature [18, 19]. The

R2R machinery, shown in Fig. 2.3, does not allow the processing of all the techniques described

in section 2.2, but flexographic printing, slot-die coating and rotary screen printing are possible.

This allows depositing ZnO, PEDOT:PSS, P3HT:PCBM and Ag paste.
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Figure 2.3: Photograph of a R2R machinery for large scale manufacture. The main compo-
nents in direction of web movement are: (A) unwinder, (B) edge guide, (C) web
cleaner, (D) corona treatment, (E) flexo printing, (F) slot-die coating, (G) dryer,
(H) rotary screen printing, (I) dryer, (J) rewinder. Adapted from Ref. [20] with
permission from Woodhead Publishing Limited.

2.2.2 Techniques

2.2.2.1 Coating techniques

The only coating technique treated in this chapter is slot-die coating, which was the technique

used for the processing of active layer, PEDOT:PSS (HTL), and ZnO, during this Ph.D. project

[21–24].

Slot-die coating (SD)

Slot-die coating is a contact-less technique in which an ink flows through a coating head forming

a uniform coated layer along the direction of a moving web, see Fig. 2.4.

The ink is fed to the coating head using a pump. The coating head is made from stainless

steel and contains an ink distribution chamber, a feed slot, and an up- and downstream lip.

The thickness of the layer depends on the speed of the web, the supplied ink and the width of

the coated layer. Moreover, the thickness is defined by the following eq.:

d = f

S · w
· c
ρ

(2.1)

where d is the thickness in cm of the coated layer, f is the flow rate in cm3 min−1, S is the

web speed in cm min−1, w is the coated layer width in cm, c is the solid content in the ink in

g cm−3, ρ is the density of the dried ink material in g cm−3 [1]. It should be noted that for
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Figure 2.4: Schematic representation of slot die coating. Reported with permission from
Wiley [25].

a given ink composition, the range of possible web speeds is limited. Therefore, to obtain a

certain thickness, a proper combination of ink flow and web speed must be found, while still

satisfying operational limits imposed by the ink viscousity [1, 26]. The main pros of slot-die

coating are that the coated layer is very homogeneous with a very uniform thickness, compared

for instance to the layer deposited with printing techniques, and also that all the ink supplied

to the coating head is coated almost without any material waste. However, slot-die coating

only allows the patterning of the coated layer along the direction of the moving web, i.e. only

one dimensional patterning. However, the lateral precision obtainable in the alignment of the

coated stripes is very important in the fabrication of serially connected cells.

Moreover, the closed path from the pump to the coating head, allows the use of volatile

solvents, since they cannot evaporate before reaching the substrate. Another advantage of this

pre-metered1 processing is the possibility of directly controlling the parameters that define the

wet thickness of the coated film [27]. This allows gradient studies along the web direction

to be performed. An extremely broad combination of materials, concentrations, and layer

thicknesses, with a semi-continuous parameter space, can be tested in a fast and parsimonious

way [28]. This feature was used during the X-ray experiments at the synchrotron, reported in

chapter 3.

1In pre-metered techniques, the amount of material to be coated is decided prior to reaching the substrate
(e.g. with a displacement pump), while in post-metered an extra amount of material is applied to the substrate
and the excess is removed afterwards (e.g. knife coating).
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2.2.2.2 Printing techniques

In the following sections, the printing techniques used to fabricate devices during this Ph.D.

project are described. Printing techniques are generally contact-based and they allow for

two-dimensional patterning due to the possibility of designing a customizable printing form.

However, this increases the complexity of the technique, especially due to the need of a two-

directional alignment.

(a) Flexographic printing (FP) (b) Flatbed screen printing (SP)

(c) Rotary screen printing (RSP)

Figure 2.5: Schematic representation of the printing techniques compatible with upscaling.
Reported with permission from Wiley [25].

Flexographic printing (FP)

The process is schematically described in Fig. 2.5(a) [21, 29]. The anilox roller is filled with ink

by the fountain roller, while having the excess ink removed by a doctor blade. The fountain

roller is in direct contact with the ink bath, while the anilox roller has a surface fully covered

with very small dimples, whose geometries influence the amount of ink transferred to a printing

pattern. The printing plate then captures the ink from the anilox roller, when the rotation

brings them into contact, and transfers the ink onto the substrate guided by an impression
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cylinder. The material of the printing plate can be either rubber or a photopolymer of different

harshness, depending on the application and ink. Such a plate is then fixed on the printing

cylinder. The contact pressure between printing form cylinder and impression cylinder has to

be low in order to avoid imperfection of the printing such as squeezed edges. Also, the splitting

of the ink between the substrate and the printing plate can cause viscous fingering of the printed

layer, which results in slightly inhomogeneous layers. Other optimization parameters include

the anilox cell geometries, ink surface tension, nip pressure and printing speed.

The flexo printing process is not yet broadly employed for OPV and is limited to a narrow

range of functional inks, such as silver paste.

Flexographic printing is used in this work to print the silver grid in the Flextrode, allowing an

operational speed of 25 m min−1.

Screen printing

Screen printing is probably one of the oldest methods for the fabrication of printed electronics,

already used in the 1940s. A squeegee pushes the ink through the openings of a mesh defining

a 2D pattern on the substrate. The wet thickness of the layer depends on the thickness of

the openings of the mesh, however, it is generally rather thick (10-500 µm). The technique

is normally useful only for viscous material, since a very fluid one would flow through the

openings of the mesh without the controlled action of the squeegee. There are two different

types of screen printing: flatbed shown in Fig. 2.5(b) and rotary screen printing shown in Fig.

2.5(c).

Flatbed screen printing is a semi-continuous process, in which the substrate is processed in a

flat-based direction. The squeegee moves along the horizontal plane, covering the mesh and

forming the desired pattern on the substrate. Once the squeegee has covered the mesh area, the

substrate must be replaced in order to continue processing other devices. Therefore, flatbed

screen printing, not being a continuous technique, is not ideal for a R2R process. However,

one of the advantages of this technique is that its printed pattern can be easily modified by

replacing the relatively low cost mesh, which makes the technique convenient especially for

small laboratories.

Real continuous R2R process is achieved only with rotary screen printing. In this technique,

the ink and the squeegee are both contained inside a rotating screen which defines the printing

pattern. The printing speed can be very fast (> 100 m/min) compared to flatbed screen

printing (0-35 m/min) however the cost of the rotating screen is higher and its cleaning is more
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time consuming due to the difficulties of reaching the inner part of the roll. The alignment of

the printing pattern with any previously deposited layer is also challenging and implies some

waste of material until the process is stable and becomes reliable [25, 26].

Screen printing is used in this work to print the PEDOT:PSS (in the Flextrode) and the silver

grid back electrode.

2.3 Encapsulation process

Encapsulation in OPV is very important. The lifetime of OPV devices is in fact extremely

dependent on the quality of the encapsulation. Encapsulants must protect the device from

ageing factors, while still being transparent (at least on one side) and inexpensive.
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Figure 2.6: Blue and orange lines show transmission data of respectively glass and Amcor
plastic barrier. The grey line shows instead absorption data of a P3HT:PCBM
active layer.

The encapsulation can be made of several types of materials, where normally Water Vapour

Transmission Rate (WVTR) is used as an indicator of the quality of the encapsulant [30]. In

this work, PET-based SiOx coated Amcor packaging and glass are used as encapsulants. The

plastic (PET-based) encapsulation has a WVTR of 0.2 g/(m2 day), while glass is basically a

perfect barrier for moisture and oxygen diffusion. However, the interface between the glass or



2.3 Encapsulation process 37

Amcor barrier and the device can still cause diffusion of agents, hence enabling degradation.

Therefore, an optimized approach for gap sealing is necessary [31]. Two types of encapsulation

are generally used in a lab scale processing: one where the encapsulant covers only the active

area without edge sealing, and one where the barrier covers the device completely. The quality

of the sealing and geometry of encapsulation tremendously affect the device stability, as will

be seen in chapter 4.

Other considerations for choosing the encapsulation regard the final application of the device.

First of all, choosing a flexible material maintains a R2R fabricated device flexible, which

can lead to an easier installation of the devices, as was proven with the DTU solar park [32].

Moreover, encapsulation can significantly affect the resulting weight of a device, which may

prevent special applications requiring extreme lightness [33].

Another important parameter to consider for the encapsulant is the transparency towards

sunlight. Fig. 2.6 shows the transmission data for glass and the plastic Amcor barrier employed,

together with the absorption of P3HT:PCBM. It can be seen that the transmission especially

in the range 420-620 nm is critical for the optimal absorption of photons in the active layer. In

this case, the glass shows a better transmission which will lead to a slightly higher absorption

for the active layer.

(a) Partial and full encapsulations for mini
roll coated devices

(b) Full glass encapsula-
tion for a spin coated cell

Figure 2.7: Different encapsulations employed along the thesis. Reported with permission
from Elsevier [34].
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Figure 2.7(a) shows different encapsulations of mini roll coated devices: (from left to right)

plastic partial encapsulation, glass partial encapsulation and full plastic encapsulation.

For plastic partial encapsulation, the PET Amcor packaging material was used to encap-

sulate the device and a UV curable adhesive (DELO LP 655 epoxy adhesive) was used to glue

the protective foil to the device. For glass partial encapsulation the adhesive was the same,

however the PET foil was replaced with glass. For both partial encapsulations, the active area

and only a part of the electrodes were covered. See the two devices on the left of Fig. 2.7(a).

The process of full plastic encapsulation is graphically explained in Fig. 2.8. A solar cell with

Figure 2.8: A schematic representation of the full plastic encapsulation. Reported with per-
mission from Elsevier [34].

prolonged electrode is sandwiched between two Amcor foils which are glued together using the

aforementioned UV curable adhesive. The glue is placed at the edge of the device and using a

two-rolls pressure machinery the glue is squeezed onto the device and distributed all over the

cell. In this process, it is particularly important that no air is trapped into the adhesive, in

order to avoid the activation of degradation mechanisms from inside. Finally, the prolonged

copper electrodes were contacted by punching two buttons through the encapsulation.

The use of full glass encapsulation was only tested on spin coated devices; these were

already rigid due to the use of glass-ITO substrate, so no loss of flexibility was induced. The

encapsulation was done by covering the active layer, and part of the electrodes, by a glass

using the DELO epoxy. At a second stage, the electrodes were extended out of the device
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using copper tape, and all the area of the device, which had not been covered by the glass, was

covered with Epoxy glue, in order to guarantee the full encapsulation. Figure 2.7(b) shows the

encapsulated device.
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CHAPTER 3
Upscaling the

characterization of OPV
3.1 Introduction

Throughout this Ph.D. project, the focus has been kept on the characterization of OPV using

relatively fast methods. The use of R2R-compatible technologies allows for mass production,

thus providing, in a relatively short time, a large amount of samples and possibly large exper-

imental data. The combination of R2R production with the generation of large experimental

data can lead to device optimization in a fast and parsimonious way [1, 2].

3.2 Fast and not fast screening techniques

The process of obtaining valuable information from a measurement can be divided into three

stages:

1. Sample preparation.

2. Measurement.

3. Data analysis.

Generally, such a process must be repeated n-times in order to improve the technology. R2R-

processing speeds up the sample preparation stage tremendously, thus making the measure-

ment and data analysis stages the bottle necks for device optimization. Ideally, both measure-

ment and data analysis should be done in parallel with sample preparation, thus providing

immediate feedback to device optimization through tuning of the fabrication parameters. An

alternative way to speed up the device optimization is to produce a large amount of samples

while varying one or more parameters, and successfully measure and analyse the data. This is
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convenient if the production is extremely fast and if the production parameters can be tuned

during the fabrication process. Possibly, the most time-efficient measurements are the ones

in-situ [3] or the ones performed at a later stage but in an automatic way, for example using a

bar-code system to relate a particular sample to a particular experiment [2]. Table 3.1 shows

the different measurement techniques employed during this Ph.D. project. The indication of

time consumption provided by Table 3.1 are subjective and not meant to be an absolute refer-

ence for the OPV community. However, such indications are important since they have been

influencing (together with the practical availability of the tool) the choice of the characteriza-

tion techniques employed throughout this Ph.D. project. The long time required by Electron

Spin Resonance (ESR) (also part of this project), for every stage of the experiment, makes

this technique rather incompatible with a fast screening approach; therefore, ESR has not

been reported in this thesis. Nevertheless, fundamental physical properties related to charge

recombination can be studied with such a technique [4].

The necessary time consumption to perform each stage of an experiment (sample prepara-

tion, measurement, and data analysis) is reported in Tab. 3.1. A technique is compatible with

a R2R-processing if the time consumption required to prepare a sample is low, which means

that such a sample can be (almost) directly measured after the production. Analogously, tech-

niques requiring a low time consumption for the measurement stage are also compatible with

the analysis of a large amount of samples. A fast measurement becomes especially important

Table 3.1: The time consumption of the different stages necessary to obtain information from
several characterization techniques.

Characterization (typea) Sample preparation Measurement Data analysis
I-V curve (E) Low Low Low
IS (E) Low Low High
ESR (E) High High High
TEM (I) Low/Highc High Medium
SEM (I) Medium Medium Medium
XRD (I) Low Lowb High
DCB (M) Medium Low Low

a The type of experiment can be: Electrical (E), Imaging (I), Mechanical (M).
b Low time is possible in case of a high source of X-rays such as in a synchrotron.
c The time depends on the technique used to prepare the cross sections: low in case of ultrami-
crotomy and high in case of FIB.
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in case the data analysis requires a long time. A quick measurement (ideally performed in-situ)

enables in fact collecting large data, relatively fast, thus allowing for a postponed data analysis.

Based on these considerations and on the characterization techniques reported in table 3.1,

X-ray diffraction (XRD) is an ideal candidate for structural analysis of a device, due to the low

time consumption required for the sample preparation and measurement stages. The rest of

this chapter is devoted to discussing the in-situ XRD measurements performed at the cSAXS

beamline, at the Swiss Light Source, while other non in-situ techniques will be discussed in

the next chapters.

3.3 X-ray vision of the roll-to-roll coating process

XRD is one of the most frequently used techniques to characterize the inner structure of OPV.

XRD is used to perform structural studies focused on how polymers self-organize in thin films.

Moreover, the focus is on the existing relation linking chemical configuration of the polymer

with its final morphology and photo-absorption performance. In XRD, an X-Ray beam strikes

a sample generating a scattering pattern, which is collected by an appropriate detector. The

scattered electrons-waves interfere with each-other forming a pattern which can be related

with the lattice structure. The analysis of such a pattern provides information regarding the

degree of order (from amorphous to crystalline structure) of the coated film. Fig. 3.1 shows

the schematic representation of the in-situ XRD technique, where the X-ray beam is diffracted

by the coated layer and generates a 2-D scattered plot on the detector.

In Fig. 3.2, the rather complex set-up is presented. Such an equipment required a lot

of automation in order to perform the different experiments correctly. My contribution was

mostly involved in the development of the software used to control the coating remotely, using

the Linux-based tool SPEC [7]. SPEC is a software used for instrument control and data

acquisition during X-ray diffraction experiments. The coating of the active layer was done in

a restricted environment where no access was allowed during the measurement, therefore, a

remote control was necessary to perform the experiment. The experiments consisted in varying

the ink composition and the flow rate, which were achieved both by manually substituting the

coated ink and by varying the mix of two solutions. Such mixing was achieved by controlling

the flow rate of two syringe pumps, whose inks were flowing into a mixer which guaranteed the
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Figure 3.1: Schematic view of in-situ XRD. Reported with permission from the Royal Society
of Chemistry [5].

appropriate mixing of the two solutions. The software developed allowed for varying the flow

rates of the two pumps automatically for the specific experiment. In particular, the software

considered the intrinsic delay from the moment in which the pump flow rates were changed,

until such a variation was actually appearing in the coated layer. Considering for example a

flow rate of pump A of 2 µl/sec and of pump B of 2 µl/sec, the flow rate after the mixer will be

(A+B)= 4 µl/sec. If the size of the tube has a diameter of 1 mm, and the length of the tube

from the mixer to the coating head is 300 mm, then in order to observe the coating with the

new set flow rate, the time delay is approximately equal to 1 minute. This delay is calculated

by considering the volume of the cylinder V = πr2h, where π = 3.14, r = 0.5 mm is the radius

of the tube and h = 300 mm is the length of the tube from the mixer to the coating head,

which produces a volume V = 235.5 µl. If the flow rate is 4 µl/sec, then the software will

automatically wait t = 235.5/4 = 58.88 sec before starting the measurement. Moreover, by

moving the distance between the X-ray beam and the coating head, the analysis of the drying

time effect on the resulting crystallization was performed. Considering a speed of the roll of

0.5 m/min, when the coating head was at distance of 1 mm (minimum distance) from the

X-ray beam, the drying time was 0.12 sec, while when the coating head was at a distance of

140 mm (maximum distance) from the X-ray beam, the drying time was 23 sec. The software

synchronized all of the measurement process, which in summary consisted of: 1) variation of

pumps rate; 2) waiting for the time needed to observe the actual variation on the coated layer;

3) start the XRD measurement; 4) move the coating head from a distance of 1 mm from the

X-ray beam to a distance of 140 mm, while measuring; 5) start again from step (1) with a

new ratio of pump A and B. Depending on the sum of flow rate A and B, the waiting time
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Figure 3.2: A photograph of the setup during the measurements at the Swiss Light Source
beam line cSAXS. The beam path is shown in blue, the solution path from syringe
pumps (green) to coater head (insert) is shown in pink, and the heating plate
control unit in red. Several cameras were used to monitor the coating in real
time, one mounted directly onto the coater head [6].

of step (2) can vary. All this process was made completely automatic by the software developed.

Studying the active layer while coating was possible thanks to the in-situ methodology.

Fig. 3.3 shows one of the conducted experiments, which consisted of the analysis of wide-

angle X-ray scattering (WAXS) of a P3HT:PCBM film during the drying process. Different

concentrations of P3HT:PCBM were analysed. The different colours in Fig. 3.3 correspond

to different P3HT:PCBM concentration: orange 10:10 mg/ml, green 20:20 mg/ml, blue 30:30

mg/ml and purple 40:40 mg/ml. The X-ray measurements were performed on November 2014

at the cSAXS beamline at the Swiss Light Source, using an X-ray energy of 13.6 keV and a

beamsize Height x Width at the sample of 100 µm x 50 µm. A Pilatus detector was used for

all the measurements, run in burst mode with 10 Hz acquisition rate. The mini-roll-to-roll

coating setup was used for all the experiments (a detailed description of such a setup can be

found in the literature [3]). The coated active layer was dried using an aluminium plate heated
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Figure 3.3: Wide angle scattering results showing different film properties of P3HT:PCBM:
a) the development of lamellar distance, b) average crystallite size, c) integrated
intensity in the structure peak and d) orientation factor. Different colours corre-
spond to different P3HT:PCBM concentration: orange represents 10:10 mg/ml,
green 20:20 mg/ml, blue 30:30 mg/ml and purple 40:40 mg/ml [6].

at 60 °C.

For the analysis of the results, four parameters are introduced:

• Lamellar distance (d) indicates the distance between the lattice planes .

• Average size of the grain crystal size. A larger grain size can indicate a very ordered

structure. However a good polymer solar cell must have a highly intermixed blend,

which should limit the optimal size of the grains.

• Integrated intensity of the peaks gives an indication of how crystalline the film is.

• Orientation factor indicates how oriented the crystal planes are.

From Fig. 3.3(c), it can be seen that when moving towards lower concentrations the drying

time increases, which is a natural consequence of the increasing solvent. Another important
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conclusion for the same plot shows that although the material begins crystallizing at approx.

5 s (blue/purple), to 7 s (green) and 9 s (orange), it still continues drying and varying its

structure up to 8 s (blue/purple) and 12 s (orange/green). This shows that during such a

transient, the lattice is adjusting to its final configuration. The lamellar distance in fact,

3.3(a), shows that the distance between the lattice planes reduces when the film is completely

dried, which proves how the lattice becomes more compact and ordered, as can also be seen

by looking at the orientation factor in Fig. 3.3(d). Fig. 3.3(b) shows the average size of the

crystal grain. From such a graph, it is not possible to draw much conclusions since the size

of the crystals seem to be rather independent of both the concentration of polymere:fullere in

the solution, and the drying time.

3.4 Summary

This chapter is aimed at providing a criteria for identifying the techniques that can take advan-

tage of the large-scale production capability of R2R processing. In particular, in situ X-Ray

diffraction was proven to be useful for in-situ studies of the coated active layer, with the possi-

bility of studying the effect of for example different solution concentrations on the morphology

of the film while drying. Throughout this thesis most of the techniques shown in table 3.1 will

be presented. These techniques are in fact optimal candidates for the characterization of the

large amount of samples available using an upscaled sample production.
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CHAPTER 4
Lifetime of OPVs:

Characterization and Data
handling

4.1 Introduction

Along with efficiency and scalable processing, stability is one of the main aspects that has to

be addressed in order to make OPV a marketable technology. To guarantee a certain perfor-

mance of the OPV-based product, ad-hoc qualification tests have to be passed, typically being

established by the International Electrotechnical Commission (IEC) and the American Society

for Testing and Materials International (ASTM) (for example for thin film terrestrial PV [1]).

So far a flexible OPV that has passed these qualification standards has not been reported,

specifically due to the inferiority of the device stability.

In the past years, a lot of effort has been put into understanding and counteracting the degra-

dation mechanisms affecting OPV. In particular, the research community has been trying to

reduce the impact of oxygen, moisture, light [2] (extrinsic degradation) and high temperature

(intrinsic degradation) [3, 4] on the device. Extrinsic degradation comes from the effect of

external factors (mainly water and oxygen) which can be accelerated by the presence of light.

Intrinsic degradation comes from thermal diffusion at interfaces and morphological evolution

inside the BHJ [5]. Light irradiation can accelerate the degradation of the considered solar cells

in different ways: 1) the induced heat of a strong light can accelerate the intrinsic degradation

[6]; 2) light can cause photodegradation [7]; 3) light accelerates the reaction of oxygen within

the device [8–11].

Parameters such as side chains and molecular weight were found to influence the intrinsic sta-
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bility [12–14]. Prolonged exposure (e.g. 100 h) to high temperature (e.g. 100 oC) was found

to lead to phase separation and PCBM crystallization [15]. However, if the material used as

the active layer is morphologically stable, such as P3HT:PCBM, in practical applications the

dominant contribution to the total degradation is normally given by the extrinsic degradation.

Despite the active layer being protected, both from the encapsulation and the surrounding

layers, water and oxygen can still diffuse throughout the external layers, causing degradation

[16, 17]. Oxygen is responsible for several degrading mechanisms. It was proposed that oxygen

is causing the break of the conjugation of the thiophene ring in the polymer based donor ma-

terial, while also affecting the mobility of the fullerene in the acceptor [18, 19]. Oxygen causes

the oxidation of the electrodes, which reduces the quality of charge extraction [20]. Water

is also responsible of multiple degradation mechanisms. In particular, water degradation is

usually associated to the hygroscopicity of the PEDOT:PSS hole transporting layer [21]. The

improvement of the extrinsic stability relies on lowering the diffusion rate of the ageing factors,

which can be done with the use of appropriate functional layers or with a better encapsulation.

In this chapter, the latter approach is further investigated.

In order to better understand and improve the device stability, it is vital to be able to

accurately measure the lifetime. In particular, it is very important to be able to age the

devices in a controlled way, such that the effect of each external component on the lifetime of

the devices can be recorded and quantified individually. It is also important to conduct the

lifetime tests in a reproducible manner, such that the results from different research groups can

be easily compared and correctly interpreted. In this regard, due to the lack of international

standards for testing OPV stability, specific guidelines were developed by the OPV community

in order to guarantee a better quality of the lifetime data. Such guidelines will be reported in

the next section.

Furthermore, handling of large amount of data during ageing tests has proven to be another

challenge during lifetime testing procedures and therefore, in this chapter, the focus will be kept

on both the accurate characterization of OPV lifetime and development of specific software

and hardware tools that can both improve the quality of the produced data and ease the data

handling and analysis.
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Table 4.1: Selection of the ISOS standards employed in this thesis.

Light
source Temp.a Relative

hum.a Environm.a Charact.
light source Loadb

D-1 None Ambient Ambient Ambient Solar simulator
or sunlight OC

D-2 None 65/85 (°C) Ambient
(low) Oven Solar simulator OC

D-3 None 65/85 (°C) 85
(%R.H.)

Environm.
chamber Solar simulator OC

O-1 Sunlight Ambient Ambient Outdoor Solar simulator MPP
or OC

O-2 Sunlight Ambient Ambient Outdoor Sunlight MPP
or OC

L-1 Simulator Ambient Ambient Light Solar simulator MPP
or OC

L-2 Simulator 65/85 (°C) Ambient Light and
temperature Solar simulator MPP

or OC

L-3 Simulator 65/85 (°C) Near 50
(%R.H.)

Light, temp.
and R.H. Solar simulator MPP

or OC

a The ambient conditions are defined as 23 °C / 50% relative humidity (R.H.) in general, and
27 °C / 65% R.H. accepted in tropical countries according to ISO291 (2008).
b OC stays for open circuit, MPP stays for maximum power point.

4.1.1 ISOS standards

In parallel with the growing importance of stability, the OPV community started reporting

device lifetimes claiming frequent improvements. However, such reports were often unreliable

due to test conditions which were not controlled or not properly reported, thus the resulting

data could not be intercompared and understood properly. In fact for long time, due to the

different nature of inorganic devices and the incompatibility of their existing practices, there

were not any guidelines to follow for accurate OPV lifetime testing and reporting.

A dedicated session at the annual International Summit on OPV Stability (ISOS) was initi-

ated with the purpose of establishing a set of standardized lifetime test procedures, called ISOS

standards, that would regulate the testing practices, thus allowing the achievement of more

comparable and reproducible lifetime data [22]. The main principle of the protocols, however,

is not only related to the testing practices or the equipment, but also aims at limiting the

environmental conditions of the test (such as temperature, relative humidity, etc.) to only

certain levels. Some ISOS tests are moderate, and do not imply an accelerated test, while

others are harsher, and induce a fast degradation.
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In this thesis, several ISOS standards will be frequently employed, which are outlined in table

4.1. There are three different categories of employed test protocols: dark (ISOS-D), outdoor

(ISOS-O) and simulated light (ISOS-L). Each of these can be subdivided in three levels, de-

pending on the level of precision and accuracy required: Basic (Level 1), Intermediate (Level

2) and Advanced (Level 3).

Figure 4.1: A typical degradation curve together with the 8 parameters defining the lifetime.
The parameters are also listed in the table below the figure. While the first 2
pairs of E and T values describe the initial instable performance, the other four
parameters define the more stabilized phase of degradation. Reproduced with
permission from Elsevier[23].

The ISOS community also provided a guideline for correctly reporting the lifetime. Fig.

4.1 shows the PCE in function of time. Such a curve can be used to extract the lifetime

parameters: E0/T0, E80/T80, ES/TS and ES80/TS80, whose meaning is explained graphically

in Fig. 4.1. The E-values represent any of the PV parameters (PCE, FF, VOC and ISC): E0

and E80 are respectively the initial values at T0 and the value at 80 % of degradation that is

reached at T80; the latter is the common definition for the lifetime in the PV world. Those

parameters are normally used to describe the device lifetime at the initial fast degradation

(burn-in) phase. Analogously ES , ES80 and the respective times TS , TS80 are used to describe

the lifetime at the more stabilized stage of the device performance, where ES is an arbitrary

value normally chosen in correspondence with the beginning of the stabilized stage, while ES80
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is the value that is degraded 20 % from ES .

4.2 Analysis of internal lifetime data

Due to the multitude of ageing effects, the degradation curves often take varying shapes making

the consistent identification of the lifetime very challenging. This also imposes a challenge for

comparing the device performance under normal and accelerated conditions. Such a compari-

son would have the purpose of establishing a lifetime prediction tool, that would help estimate

real outdoor lifetime, possibly exceeding years, by performing a quicker test. To address these

challenges, a large amount of experimental data was generated that enabled not only determin-

ing a generic lifetime marker, but also establishing possible links between lifetimes of samples

tested under different test conditions, thus demonstrating a lifetime prediction tool. This sec-

tion presents the work done for categorizing, intercomparing, and predicting the lifetime of

OPV.

4.2.1 Sample description and initial performance

A lot of samples were fabricated (varying architecture, encapsulation, and processing method-

ology) in order to produce a large amount of lifetime data that can in principle symbolize many

of the possible lifetime variation characterizing the OPV field. Such a dataset enables gather-

ing generic relations between the lifetime extracted under different ageing conditions, and also

establishing multiple trends. Considering in fact the sample structural variation, the lifetime

can be studied as a function of the architecture, encapsulation, and processing methodology.

This dataset is referred to as the internal lifetime data, which reflects that the data comes

from devices produced and tested at DTU, in contrast with data extracted from the literature,

which will be presented in the next section 4.3.

The structure and fabricating techniques of the fabricated devices are reported in tables 4.2

and 4.3. In particular, the two tables differentiate from one another depending on whether the

techniques employed are compatible or not with upscaling. Also, the tables report the different

types of encapsulations that have been adopted. The encapsulation was either made by glass

or by plastic foil, and it was either full or partial, depending on whether the device was edge

sealed or not. Samples were fabricated using spin coating, mini-roll coating and roll-to-roll

coating. The roll-to-roll processing was performed by Prof. F. C. Krebs, while spin coating
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Table 4.2: The structure and the processing techniques for all the layers of spin coated devices,
not compatible with upscaling.

Upscaling not compatible

Layer Spin coated normal
(processinga)

Spin coated inverted
(processinga)

Substrate Glass Glass
Front electrode ITO ITO
Intermediate PEDOT:PSS (SC) ZnOx (SC)
Active P3HT:PCBM (SC) P3HT:PCBM (SC)
Intermediate - PEDOT:PSS (SC)
Back electrode Aluminum (TE) Ag paste (FSP)
Encapsulationb 0; 3 0; 3
Active area (cm2) 0.25 0.25

a Processing: SC - spin coating, TE - thermal evaporation, SP - screen printing.
b Encapsulation: 0 - un-encapsulated, 3 - full glass encapsulation.

Table 4.3: The structure and the processing techniques for all the layers of devices fabricated
with methods compatible with upscaling in lab-scale (MRC) and large-scale (R2R
processing).

Upscaling compatible Upscaled

Layer Mini-roll coated inverted
(processinga)

Roll-to-roll coated inverted
(processinga)

Substrate
Flextrodec (FP,RSP,SD) Flextrodec (FP,RSP,SD)Front electrode

Intermediate
Active P3HT:PCBM (SD) P3HT:PCBM (SD)
Intermediate PEDOT:PSS (SD) PEDOT:PSS (RSP)
Back electrode Ag paste (FP) Ag paste (RSP)
Encapsulationb 0; 1; 2; 4 4
Active area (cm2) 1 57

a Processing: FP - flexographic printing, RSP - rotary screen printing, SD - slot-die
coating.
b Encapsulation: 0 - un-encapsulated, 1 - glass encapsulation without edge sealing,
2 - plastic encapsulation without edge sealing, 3 - full glass encapsulation and 4 -
full plastic encapsulation.
c Flextrode: PET substrate, silver grid (FP), PEDOT:PSS (RSP) and ZnOx (SD)[24].
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and mini-roll coating were performed by myself. Both normal and inverted architectures were

both fabricated. Additional details on fabrication methods and encapsulation techniques are

given in chapter 2.

(a) Normal structure (b) Inverted structure

Figure 4.2: Schematic view of the spin coated devices, reported with permission from Elsevier
[23]. The red-dashed area defines the active area.

(a) Mini-roll coated device (b) Roll-to-roll processed device

Figure 4.3: Schematic view of devices produced with techniques compatible with upscaling,
reported with permission from Elsevier and Wiley [23, 25]. The red-dashed area
in (a) defines a single solar cell.

A schematic representation of the devices which were processed using spin coating is re-

ported in Fig. 4.2, while the schematic representation of devices processed with mini-roll

coating and roll-to-roll processing is reported in Fig. 4.3.

Figure 4.4 shows a histogram with the initial performance of all the cells fabricated in this

study. It can be seen that the reproducibility of the device performance goes together with

the level of automation of the technology: highly automated roll-to-roll processing guaran-
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Figure 4.4: Histogram of the initial performance for all the tested cells. The different colors
distinguish the different preparation methods of the devices. Reproduced with
permission from Elsevier [23].

teed a great reproducibility of the fabricated devices [25]. Moving toward a less automated

technology, we find the mini-roll-coated devices, which provided a less reproducible initial

performance. The worse average performance of mini-roll coated devices was caused by the

sub-optimal coating technique of the user, which played a major role in a less-automated tech-

nology. Spin coating is a non-scalable process, which required more manual work to prepare

a single device. Those devices (including both normal and inverted geometry) generated the

highest deviation of initial performance, however, they also reached the highest PCE.

4.2.2 Indoor tests

Table 4.4 shows the ISOS conditions that were used to age the devices. Shelf test ISOS-D-1

and high temperature storage ISOS-D-2 were considered as moderate tests, while light soaking

ISOS-L-2, ISOS-L-3 and damp heat ISOS-D-3 were considered as harsh tests. At least two

samples for each type of technology were aged under each ageing test. The degradation data

of ISOS-L-3 was normalized to the same irradiation of ISOS-L-2 by shortening the values

of lifetime by a factor of 1.42 (1000/700). Moreover, the measurement of the ISOS-L-2 I-V

curves was performed in-situ, using an automated acquisition setup; while for the other tests,

the samples were regularly removed from the ageing environment and tested under a calibrated

light. In case of a rapid degradation, for example during the ISOS-D-3 test of non-encapsulated
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devices, a compact white LED light source was employed to measure the sample in situ. This

LED was manually turned on and off for each I-V scanning in order to limit the light exposure

of the samples.

The periodic measurement of the I-V curve was used to extract the degradation of the PV

parameters, as a function of time. The number of samples was very high (91) with a large

amount of data generated. To deal with such a large amount of data, an Internal Lifetime

Database (ILD) and ad-hoc software were developed to simplify and to speed up the analysis

and the extraction of the lifetime parameters. The large data handling is described in details

in section 4.4. This large amount of data, which was generated by different types of samples,

produced a very large spread in the lifetime data, which were then assembled in a special scatter

plot, called “o-diagram”, where the “o” stands for OPV. In Fig. 4.5, the o-diagram shows the

lifetime parameters, extracted from the degradation curve of the PCE (see section 4.1.1), of

all the samples described in the tables 4.2 and 4.3. The time scale is represented in Log4(days)

for the X-axis, in order to associate the X-axis with the more common time units shown in the

upper part of the o-diagram. E0 and ES are represented by the Y-axis. In particular, each

solid marker corresponds to the couple T80 and E0, while each open marker corresponds to the

point TS80 and ES . Moreover, the data points are red and triangle-shaped if the device was

not encapsulated, while they are blue and circle-shaped if the device was encapsulated. In

case T80 was neither reached nor predictable, the last measurement time Tfinal was used as an

indicator of the lifetime. Arrows have been associated to the data points that report Tfinal,

which indicate that the real lifetime is longer than the reported value. The area marked with

grey colour (∼ 30 % of the average initial performance of all the tested samples) represents the

region in which the samples are considered fully degraded. A few conclusions can be drawn

from the o-diagram:

Table 4.4: Degradation test performed, with respective ISOS labelling.

ISOS-L-2 ISOS-L-3 ISOS-D-1 ISOS-D-2 ISOS-D-3
Irradiance [W/m2] ∼ 1000 ∼ 700a 0 0 0
Temperature [oC] 65 85 Ambient 65 65
Humidity [% R.H.] low Near 50 Ambient Low 85

a The data of the measured cells under the ISOS-L-3 condition was normalized in order to
consider an irradiance equivalent to 1 sun.
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Figure 4.5: The o-diagram presents (T80, E0) with solid markers and (TS80, ES) with open
markers, for all the tested samples following different ISOS standards ( the
conditions are reported in Table 4.4). Blue circles and red triangles report cor-
respondingly data of devices with and without the encapsulation. The gray area
indicates where the devices are considered to be fully degraded (below 30% of the
average initial PCE). Arrows are associated to data points that represent Tfinal

instead of T80. Reproduced with permission from Elsevier [23].

• The gap between E0 and ES values basically defines the strength of the initial rapid degra-

dation or burn-in, which appears to be more pronounced for un-encapsulated samples

(with ES falling within the full degraded gray area). For encapsulated devices the samples

tested under ISOS-L-2 show strong effects of burn-in, due to the strong irradiation.

• un-encapsulated devices show a lifetime of days for moderate conditions (ISOS-D-1 and

D-2) and only minutes under harsh conditions (ISOS-D-3, L-2 and L-3). An acceleration
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factor of approx. 4 time units (in this context one time unit corresponds to the time

interval identified by two consecutive vertical delimiters of the X-axis in the o-diagram)

can then be extracted by comparing the lifetime corresponding to the moderate vs. harsh

conditions.

• In encapsulated devices, the lifetime extracted from moderate conditions extends to

seasons and years, while the lifetime extracted from harsh conditions reaches only days,

weeks and rarely months. The acceleration factor is approximately 2 time units for

ISOS-D-3 and L-2, while it is approximately 3 for ISOS-L-3.

• It can be seen that the lifetime data of different samples extracted from moderate con-

ditions varies less, compared to the one extracted from harsh conditions. Moreover,

the data extracted from ISOS-L-3 reports the shortest lifetimes, as this harsh condition

involves the combination of all the stressing factors.

4.2.2.1 Stability vs. architecture

The device lifetime is studied as a function of the different architectures in this section. Only

spin coated devices have been considered in order to avoid the effects of different fabrication

techniques in the analysis. For the majority of the cases, TS80 was used to indicate the lifetime.

However, T80 was chosen in case ES fell within the 30 % of the average initial performance,

whereby the sample was considered degraded before stabilizing. This is a preliminary version

of an approach for lifetime extrapolation which considers a combination of the decay rate

with the efficiency, thus relating the lifetime definition with the energy production. Section

4.4.1.2 will present a fully automated method, based on the energy production, for defining

the lifetime.

Fig. 4.6(a) reports the values of lifetime extracted from the different ISOS standards and

from the different architectures: inverted geometry is reported in blue, and normal geometry in

red. Moreover, encapsulated devices are reported with a full line, while un-encapsulated ones

with a dashed line. Fig. 4.6(b) reports the stability boost factor, which is the ratio between

the lifetime extracted for the same type of devices with and without encapsulation:

Stability boost = Lifetime[encapsulated]
Lifetime[non-encaspulated]

(4.1)

The following few conclusions can be withdrawn from the plots:
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(a) Lifetime radar diagram, solid lines are
used for encapsulated devices, and dashed lines
for un-encapsulated ones

(b) Radar diagram of stability boost values

Figure 4.6: Architecture analysis as a function of different ISOS standards of spin coated
devices, normal architecture is reported in red while inverted achitecture in blue.
Reproduced with permission from Elsevier[23].

• For un-encapsulated devices, normal geometry was more stable in case of light soaking

tests (ISOS-L-2 and L-3), while inverted geometry performed better under dark tests,

especially under highly humid environment (ISOS-D-3).

• Encapsulated devices performed similarly, especially for dark tests, although inverted

devices outperform normal ones under light soaking tests. The boost of stability received

by the encapsulation is shown in Fig. 4.6(b). Inverted devices have a stability boost of 3-

4 orders of magnitude when tested under light soaking tests, while normal devices receive

the highest stability boost, exceeding 4 orders of magnitude, under damp heat test.

This analysis suggests that normal geometry devices are more sensitive to humidity, while

inverted ones are more sensitive to light exposure. It is also clear how encapsulation plays a

major role where the un-encapsulated devices perform the worst. However, a general overall

better stability of inverted encapsulated devices can be seen, suggesting that those devices are

more stable than normal ones.

4.2.2.2 Stability vs. encapsulation

In this section, the lifetime is analysed as a function of different encapsulation methods. In

order to exclude the effects caused by different architectures on the lifetime, the inverted
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geometry is exclusively considered in this analysis. Fig. 4.7(a) shows the values of lifetime as

a function of the different employed encapsulation and processing method, while Fig. 4.7(b)

shows the same data but normalized to the value of lifetime of the spin coated samples with

full (edge-sealed) glass encapsulation. The black dashed line indicates the lifetime averaged

for all the ISOS standards. This analysis shows how the type of encapsulation has a dramatic

influence on the lifetime performance. As expected, the best lifetime comes from the full

glass encapsulation of the spin coated devices, while the worst lifetime comes from the manual

encapsulations of the mini-roll coated devices. Semi-automatic encapsulation of R2R processed

devices shows a lifetime in between mini-roll coated and spin coated samples, which means that

a good semi-automatic process has a significant impact on the quality of the encapsulation and

as a consequence on the lifetime. Among the different ISOS conditions, ISOS-L-3 is degrading

the lifetime the most (as seen previously in the o-diagram, Fig. 4.5).

(a) Lifetime radar plot values (b) Same data of Figure (a) but normalized to
the lifetime of the spin coated devices with full
glass encapsulation

Figure 4.7: Encapsulation analysis as a function of different ISOS standards of inverted ge-
ometry devices fabricated using different methods and encapsulation. Reproduced
with permission from Elsevier[23].

4.2.3 Linking outdoor to indoor tests

The previous section established the degradation trends for OPV under different indoor ISOS

tests. The present section aims at expanding the indoor study with outdoor tests, whose data

is included in the o-diagram to establish a link between the indoor and the outdoor ageings.

Moreover, the present section aims at presenting a method for outdoor lifetime prediction

based on harsh (accelerated) indoor tests.

The samples employed are the same used for the indoor tests explained in the previous
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section, namely spin coated, mini-roll coated and R2R processed devices (see table 4.5). The

encapsulations employed are also the same: partial/full plastic for mini-roll coated devices, full

plastic for R2R processed devices, and full glass for spin coated cells. Full and partial indicate

if the encapsulation has the edges sealed or not.

Two different types of PEDOT:PSS (HTL) and a different sample size distinguish three

types of R2R processed modules (see table 4.6). All the samples were mounted on the sun

tracking platform shown in Fig. 4.8(a). R2R modules were continuously characterized outdoor

under sunlight (ISOS-O-2), while mini-roll coated and spin coated solar cells were periodically

measured indoor under a solar simulator (Metal Halide Lamp Solar Constant 1200, ISOS-O-1).

The test was conducted from May 17th 2013 until December 3rd 2014.

The modules tested under the ISOS-O-2 standard were measured every 10 minutes, and

were subjected to strong fluctuations due to sunlight and air temperature variations. Therefore,

filtering was necessary in order to correct the data. The filtering process was based on the

following steps:

1. Only measurements acquired with irradiance above 700 W/m2 were kept.

2. A moving average was used to remove outlier data points. For calculating of the moving

average, 20 consecutive data points were used. In particular, for each data point the

error e was defined as:

e = (xi − x)2 (4.2)

Table 4.5: Structures of the tested devices outdoor.

R2R modules Mini-roll coated
solar cells

Spin coated
solar cells

Substrate PET PET Glass

Electrode+electron
transport layer

Silver + PEDOT:
PSS + ZnO
(Flextrode)

Silver + PEDOT
:PSS + ZnO
(Flextrode)

ITO+ZnO

Active layer P3HT:PCBM P3HT:PCBM P3HT:PCBM
Hole transport layer PEDOT:PSS PEDOT:PSS PEDOT:PSS
Electrode Silver Silver Silver

Encapsulation Full PET (PF)
Full PET (PF)/
partial PET (P)/
partial glass (G)

Full glass (GF)
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Table 4.6: Differences among the R2R modules.

Type 1 Type 2 Type 3
Front PEDOT:PSS
(Flextrode) Clevios FE T DK Clevios FE T DK Clevios FE T DK

Back PEDOT:PSS
(HTL) Agfa 5010 Clevios FE T DK Agfa 5010

Active layer size (cm2) 57 57 107
Cells on module (nr.) 8 8 16
Tested samples (nr.) 3 3 3

(a) Solar tracking platform (b) Modules type 1 and type 3
(tab. 4.6) on the solar tracking
platform

Figure 4.8: Outdoor tests. Figure (b) is reported with permission from Elsevier [26].

where xi is the i-th measurement and x is the moving average. Samples having an error e

larger than n-times the standard deviation were removed. An empirical approach found

that n = 50 gave the best results for a good compromise between removing the outliers

and keeping the data trend.

Fig. 4.9 shows the data before and after the filtering process. The figure also shows an

additional average, calculated using n = 5 consecutive data points of the filtered data, which

is used to extract the lifetime parameters.

For mini-roll coated and spin coated devices, no filtering was necessary since the measurements

were performed indoor under a calibrated solar simulator.
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Figure 4.9: Filtering process of outdoor ISOS-O-2 data: blue dots correspond to real (un-
filtered) data points, red dots correspond to the data points after removing the
outliers, while green triangles correspond to the average used to extrapolate the
lifetime parameters. Reported with permission from Elsevier [26].

The lifetime parameters were extracted and plotted in the extended o-diagram, which

includes the outdoor measurements, see Fig. 4.10. The extracted parameters are the same

as described in section 4.2.2. From the o-diagram, it can be seen that outdoor (ISOS-O-1

and O-2) lifetime falls somewhere between the harsh indoor ageing tests (ISOS-L-2, L-3, and

D-3) and moderate dark tests (ISOS-D-1 and D-2). In particular, the studied samples have a

lifetime going from days to weeks under harsh indoor tests, such as ISOS-L-2, L-3, and D-3,

while they have a lifetime of weeks to months under outdoor conditions and up to seasons and

years under moderate test conditions.

4.2.3.1 Predicting lifetime from internal data

While the OPV technology becomes more and more stable, it requires also more and more

time to test the lifetime of a device. It becomes important therefore to employ accelerated

tests which can provide an indication of the lifetime, in a reasonable amount of time, in order

to have a quick feedback that can provide valuable information for improving the technology.

However, it is important to relate the accelerated tests to real operational conditions, which

represent the environment for the end use of the product.

Due to the complexity of the degradations taking place in an OPV solar cell, it has not been

possible (yet) to develop a theoretical model which considers all the ageing mechanisms and
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Figure 4.10: The o-diagram presents (T80, E0) with solid markers and (TS80, ES) with open
markers, for all the tested samples following the different ISOS standards ( the
conditions are reported in Table 4.4). Reported with permission from Elsevier
[26].

predict the lifetime under real operational conditions. An alternative approach for predicting

the lifetime is to collect a large amount of lifetime data, extracted from a large number of

OPV samples, tested under highly controlled and repeatable conditions. This data is then

used to establish statistical relations between the lifetime extracted under the different tests,

and in particular the relation between accelerated indoor conditions and outdoor (real oper-

ational) conditions. Considering different types of samples widens the lifetime spread and
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limits the prediction precision. However, such approach provides an effective methodology for

benchmarking and intercomparing the lifetime of different devices. This approach for lifetime

prediction is the method followed in this thesis, since it is believed to be more reliable and

more generally applicable.

The o-diagram in Fig. 4.10 allows the direct comparison by visual inspection of the lifetime

extracted using the different ageing conditions. This can provide links between the extracted

lifetimes and help establish the relations for lifetime prediction. For example, samples that

have an outdoor lifetime going from weeks to season, correspond to a lifetime of hours to weeks

under accelerated ISOS-L-3. Analogously it is possible to establish the relations between the

other ISOS ageing conditions. However, the data is still limited to the outdoor tests conducted

in Denmark. Nevertheless, the method is generic and can be easily used by other research

groups, in other parts of the globe, to predict their operational lifetime. In particular, such

groups are encouraged to contribute with their lifetime data, especially from outdoor tests, to

a publicly shared lifetime database (see section 4.3.3). Eventually, a global lifetime database

will provide enough data to give robust estimation of the real outdoor lifetime of a particular

sample, on a given location, by only requiring a fast indoor accelerated test.

4.2.4 Conclusion

A novel way to categorize and intercompare lifetime data, extracted under ISOS ageing condi-

tions, was presented in this section. The o-diagram enabled intercomparing different devices

with and without encapsulation. The extraction of the lifetime was done following the ISOS

guideline; in this way the method was easily reproducible and implementable by the entire

OPV researcher field. Moreover, it was found that encapsulated P3HT:PCBM devices could

demonstrate an average lifetime up to years under moderate ageing conditions (ISOS-D-1 and

D-2) and only up to weeks and months under harsh test conditions (ISOS-D-3, L-2 and L-3).

Outdoor tests instead were found to reveal lifetimes extending up to months. In particular,

acceleration factors were extracted from comparing moderate with harsher conditions, which

could be used to predict the lifetime for the given devices in the given geographic location

(Denmark). It was also possible to extract information regarding the stability improvement

(called stability boost) given by different types of encapsulation, as well as the stability associ-

ated with different architectures. The next section will apply the same methodology for the

analysis of the literature lifetime data.
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Further studies within the prediction field might limit the lifetime analysis to the same type

of samples in order to reduce the data spread encountered for example in the o-diagram, thus

obtaining a more precise lifetime prediction. Nevertheless, such loss of generality must be

counterbalanced by an appropriate error and statistic analysis.

4.3 Analysis of literature lifetime data

In parallel to the efforts of generation of the internal lifetime database, another effort was

devoted to collecting lifetime data from literature reports to build the Literature Lifetime

Database (LLD). For the latter I have developed a special web-platform that can be used for

the analysis of the collected data which will be described in section 4.4.2. This section reports

some of the results extracted from the LLD.

The data extracted from the literature, despite coming from various types of device (different

materials, methods, etc.), which has complicated the analysis, has allowed finding trends which

helped better understand the degradation tendencies. Moreover, releasing publicly both the

data and the tools developed for the analysis has offered a powerful instrument to the OPV

community for studying and improving OPV lifetime (see section 4.4). The next sections will

present an analysis similar to the one performed for internal data, but applied to the literature

data.

4.3.1 Stability vs. architecture

Fig. 4.11 shows a comparison of the lifetime extrapolated from a large variation of cells

taken from the literature, having both normal and inverted architectures. The majority of the

reported data is based on glass substrates, which acts as a perfect encapsulant on the substrate

side of the device. On the other side instead, there is only a back electrode, whose type and

thickness play a major role in the stability of un-encapsulated devices [27]. The difference

between the normal and inverted architectures is mostly based on the fact that the normal

structure typically uses a low work function back electrode, such as aluminium (Al) while the

inverted architecture utilizes high work function metals, such as silver (Ag) or gold (Au).

In the normal architecture, the most common failure mechanism is caused by the reactivity

of aluminium in humid air. This causes the formation of an oxide layer at the inner interface,

limiting the charge collection [29–33]. On the contrary, silver and gold are quite stable when
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Figure 4.11: Distribution of the lifetime data for un-encapsulated (a,b) and encapsulated
(c,d) samples having normal (blue squares) and inverted (red triangles) struc-
tures tested both under illumination (b,d) and in the dark (a,c). Each point
corresponds to one sample from the literature. Open blue squares correspond
instead to normal architecture devices where the top electrode is applied directly
onto the active layer. The histogram reported on the bottom of the figure show
the distribution of the lifetime data, where the y-axis represents the number of
data points. Reported with permission from Wiley [28].

exposed to ageing conditions, which normally leads to a common belief of a more stable inverted

geometry device [31, 33–36].

Nevertheless, the un-encapsulated normal geometry devices were found to outperform the

inverted ones under illumination (see Fig. 4.11 b) [23, 37]. This is in accordance with the

internal data, reported in section 4.2.2.1. Normal geometry in fact, benefits from the heat

generated by the solar simulator which dries the environment around the sample and limits

the level of humid air. Moreover, oxygen diffusion in the normal geometry is also well protected

by the Al top electrode. In dark condition instead, the higher humidity is playing a major role
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in the degradation of the normal geometry, which happens rather quickly.

Inverted geometry shows a much better stability in dark. However, the faster diffusion of

oxygen [38], combined with the presence of light, induces a fast degradation of the inverted

geometry under light soaking conditions.

A proof of this argument is that the encapsulation, which hinders the effect of oxygen and

water, leads to both architectures being equally stable (Fig. 4.11 d).

It is nevertheless clear from these results that both inverted and normal geometries degrade

quite fast when unprotected, in the presence of light, humidity, and oxygen, thus showing the

need of a proper encapsulation. The analysis of the stability as a function of the architecture,

from literature data, validate the results obtained with the internal data (shown in section

4.2.2.1).

4.3.2 Stability vs. encapsulation

While exploring the literature reports it was found that there is a significant lack of reported

details on the encapsulation; information on whether the device was encapsulated or not was

sometimes even completely missing. This incompleteness limits the analysis that can be done

with the extracted data with respect to the analysis of the encapsulation quality. The reason

for this lack of details is probably a consequence of the original goal of the encapsulation which

was mainly to prove by all means that OPV could have had a lifetime long enough to become

marketable. However, recent analysis demonstrated that the encapsulation can contribute to

the total cost of an OPV module by up to 60 % of the total cost [39]. Therefore, the type and

the cost of the encapsulation are highly relevant.

Despite the data not being complete, it was still possible to distinguish the effect of flexible

and rigid encapsulations, as can be seen in Fig. 4.12.

Typical rigid encapsulations, such as glass, have a WVTR of zero, while typical flexible en-

capsulations, such as PET, have a WVTR varying between 10−1 to 10−6 g · m2 per day [40].

Since the lifetime presented in Fig. 4.12 appears to be quite similar independent of the type

of encapsulation employed, the degradation is probably not caused by an insufficient WVTR,

but mostly by a lateral diffusion of the ageing factors [41–44]. This analysis suggests that a

better edge sealing should be introduced in the encapsulation in order to reach the necessary

level of durability for a commercial application.

This result is also in agreement with the analysis performed with internal data in section
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4.2.2.2, where the analysis showed how the encapsulation material is playing a minor role on

the lifetime, but more important is the quality/method of the encapsulation.

Figure 4.12: Lifetime for samples grouped according to the encapsulation type: rigid (green
squares) and flexible (red triangles). The data is presented via a scatter plot
(o-diagram) and a corresponding histogram below. Reported with permission
from Wiley [28]

4.3.3 Predicting lifetime from literature data

Section 4.2 gave an example of how to efficiently produce and intercompare lifetime data,

produced following the ISOS standards, to establish statistical relations between the different

ageing conditions. Moreover, in section 4.2.3, such data was used together with outdoor data,

in order to provide the basis for a lifetime prediction tool. However, such data is limited to the

Danish outdoor conditions, and to the different types of samples produced at DTU. This data

is thus not enough for a reliable global lifetime prediction tool. Unfortunately, the usefulness of

the literature data is also limited, since the large variations of poorly controlled indoor ageing

and the limited amount of available outdoor data does not allow the development of a general

lifetime prediction tool.

Considering that the internal data is limited by geography, while the literature data is

limited by the lack of outdoor data, an online platform was created to fill this gap. The

online platform (http://plasticphotovoltaics.org/lifetime-predictor) was established

in order to provide an easy-to-use tool for contributing to the lifetime database [45]. This tool

offers several functions, the most important ones are:

http://plasticphotovoltaics.org/lifetime-predictor
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• The possibility to upload new lifetime data that will be added to the general database.

This new data can then be compared with the existing data and will help strengthen

the statistical validation of the model. This tool was developed by Morten V. Madsen,

postdoctoral researcher at the SOL section, DTU.

• The possibility of exploring and conducting in depth analysis on the literature data. A

tool that I developed for this task is explained in more details in section 4.4.2.

I strongly believe that this approach can provide enormous benefits towards the improvement of

the lifetime of OPV. I therefore recommend the OPV community to use the tool for uploading

their lifetime data.

4.3.4 Conclusion

The results extracted from the literature lifetime data, analysed as a function of architecture

and encapsulation, are similar to the results extracted from the internal data reported in the

previous section 4.2.

Moreover, the data from the literature proved to significantly lack of outdoor data and also

to contain a large variability of indoor accelerated tests. This makes the data collected so far

insufficient for a reliable lifetime prediction tool. These considerations lead to the conclusion

that the OPV research community should test their devices both under real operational outdoor

conditions and also under controlled accelerated conditions. This process is possibly the most

important step towards the development of a lifetime prediction tool and towards the OPV

commercialization.

4.4 Semi-automatic lifetime data generation and

processing

Along this thesis project, a large amount of data has been acquired and processed. Considering

for example the study discussed in section 4.2.2, there were a total of 91 samples studied. Eight

lifetime parameters (see Fig. 4.1) were extracted for each PV parameter (PCE, ISC , VOC , FF).
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Considering the 91 samples, eq. 4.3 calculates how many data points have been processed:

Data points = [n. time parameters (T0, T80, etc.) + n. lifetime parameters (E0, E80, etc.)]·

· n. PV parameters (PCE, FF, etc.) · n. samples = 2912 (4.3)

Additionally, for each sample studied, several I-V curves were acquired until the sample was

fully degraded, in order to extrapolate the lifetime parameters. In case of automatic measure-

ment, the I-V curves were often several hundreds for each sample.

This large amount of generated data has motivated me to develop specific software to accel-

erate the analysis. In the next sections, the software developed will be explained with more

details.

4.4.1 Excel Macro

The extrapolation of the lifetime parameters requires processing of I-V curves. Such an ap-

proach has been made semi-automatic by the development of Excel macros. The reason for

the development of this tool was to speed up the analysis of the lifetime, but also to provide a

consistent and semi-automatic manner to determine the lifetime parameters, such as T80, TS80,

etc. The Excel workbook contains:

• More than 15 macros associated to graphical buttons that ease the use of the software.

• Approx. 5000 lines of code.

• Automatic analysis of I-V curves and generation of a lifetime summary.

• Generation of a script to export the data to an online database (which is explained in

section 4.4.2).

Fig. 4.13 shows a conceptual schematic showing the structure of the macro. The macro has

3 main level: home, ISOS summaries and cell summaries. From home the user can generate

new ISOS summaries, while from any ISOS summary the user can create a new cell summary.

4.4.1.1 Macro home sheet

The home sheet of the Macro is shown in Fig. 4.14. Each section of Fig. 4.14 is indicated with

a red number in the figure and is described here below.
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Figure 4.13: Schematic overview of the Macro structure.

Figure 4.14: Home of the lifetime workbook.

1. “New ISOS” generates a pop-up asking which type of new ISOS ageing the user would

like to add.

2. The section “Database information” is used to add additional information that are nec-

essary to export the data to the database. The numbers that are used to specify the

information are defined in the database and are reported in table 4.7. When the user

click “Database script”, a script is exported to the Desktop environment, which can be

used to import the data in a compatible database.

3. The section “IV file format” allows specifying the I-V curve format that has to be read
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Table 4.7: Numeric convention used to export data to the internal lifetime database

Number Technology Structure Encapsulation
0 - - Un-encapsulated
1 Spin coated Normal Glass partial
2 Mini-roll coated Inverted Plastic partial
3 R2R coated - Glass full
4 - - Plastic full

by the software. SolarCellTest is the format of the I-V curve files generated with the

software SolarCellTest 20121. Moreover, the Macro can also work with the Full-Metadata

format (fmf ) [46].

4. The section “Irradiance information” is used to specify whether the filename of each

I-V curve contains information regarding the irradiation, specifically reported with the

photodiode reading. The option “photodiode (Y/N)” allows the specification of whether

the photodiode information is included or not in the filename. The options “Delimiter”

and “Position” allow for specifying where in the filename the photodiode information

is placed. The delimiter enables splitting the filename into sub-text, separated by the

delimiter, while position indicates in which one of the split text the photodiode value

can be found. Finally, with the options “MIN_MAX” and “AVG”, the user can specify

whether the reported photodiode is the average value, or if instead the minimum and

maximum values of the readings are reported. If for example the filename is “130708 cell

10 L3 229_230”, then the user should indicate that the photodiode information is in the

position 5 delimited by a space character, and that the value is reported in the format

“MIN_MAX”.

4.4.1.2 ISOS summaries

Figure 4.15 shows an example of the ISOS summary for an ISOS-L-3 test. Each section in Fig.

4.15(a) is indicated with a red number in the figure and is described here below.

1. This section of the ISOS summary contains an overview of the lifetime parameters ex-

tracted from the cell degradation curves. The parameters included in this section can

be exported to the database, if the user uses the respective button in the Home section.

By default, the software extrapolates the parameter from a moving averaged curve, in
1SolarCellTest is an ad-hoc software for internal testing of solar cells developed by the senior scientist Mikkel

Jørgensen.
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(a) Lifetime summary

(b) Degradation curves

Figure 4.15: An example of the use of the Excel macro for extracting the lifetime parameters.

order to remove possible fluctuations and noise. In section 2 of Fig. 4.15(a) the param-

eter “Mob. AVG” enables choosing how many points are used to calculate the moving

average from.

If one or more of the stability parameters cannot be extracted (for example because the

cell is too stable and it is not decaying below 80% of the initial performance), then the

software will show an error in correspondence to the parameter that cannot be extracted.

In section 3 “Advanced”, a function to extract the lifetime parameters from a linear es-

timation is reported. The parameters reported in Fig. 4.15(a) are extracted from the
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curves reported in Fig. 4.15(b).

2. This section provides a semi-automatic way to extrapolate TS from a curve. “Mob. AVG”

allows specifying how many consecutive points n should be used to calculate the moving

average, which is used to extrapolate TS . In particular, given a sequence ai|Ni=1, an n-

central moving average is a new sequence si|N−n+1
i=1 defined from the ai by taking the

arithmetic mean of subsequences n terms:

si = 1
2n

i+n∑
j=i−n

aj (4.4)

Moreover, “Approx TS range” is used to limit the choice of TS within a specified interval,

which by default is the whole duration of the experiment. In case this macro is used for

reporting standardized lifetime values, a manual changing of “Approx TS range” should

be reported.

From the ISOS official definition [22], ES is defined as “a second testing measurement of

an OPV device, defined arbitrarily by the user as some time, TS , after the fabrication of

a device”. The high degree of freedom that comes from this definition of TS implies also

a high degree of freedom in defining the lifetime, which is not ideal when the purpose is

to effectively compare the lifetimes within the OPV research community. A researcher

who would choose for example a value of TS in correspondence with a very degraded but

very stabilized cell, would lead to a long TS80 which would then indicate a long lifetime.

However, in a practical application, a stable device with a very low PCE would not lead

to a relevant energy production. Therefore, the optimization of the product ES · TS80

is chosen as a criteria to define TS , which is here defined as the time value which leads

to the maximum product ES · TS80. Finally, the reported lifetime will be TS80 or T80

depending on whether the highest product is ES · TS80 or E0 · T80 [28]. These values are

reported as “Lifetime indicators”.

Figure 4.16 shows the calculation of TS for different curves. It is clear that the method is

quite robust since, despite the different shapes of tested curves, the extracted parameter

is always meaningful. It is worth noting that if the cell does not stabilize at a PCE value

(or any other PV parameters considered) which is high enough, then the best product

ES · TS80 tends to occur when TS = T0, so that ES · TS80 = E0 · T80. This is not an error,

on the contrary it indicates that the cell does not have a proper stabilized phase. Fig.

4.16(b) shows the trend of the product ES · TS80 as a function of TS . The user should
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(a) TS extracted for different shapes of degra-
dation curves. By convention when TS is not
indicated, then TS = T0

(b) Energy trends as a function of TS

Figure 4.16: Extrapolation of TS with the energy optimization approach.

note that if TS80 > Tfinal (where Tfinal is the time of the last measurement), then the

software cannot calculate the product ES · TS80, which will be considered as zero.

3. The “advanced” section is activated by the check-box situated on the top of the section.

When the check-box is selected, the values of T80 and TS80 reported in “Parameters to

export to database” of section 1 are replaced with the values indicated in the advanced

section. In the advanced section, the grey cells are used to indicate which method is

used to extract the lifetime parameter indicated right above the grey cell. There are

3 methods that can be used to generate the curve used to extrapolate T80 and TS80:

1) central moving average, indicated with a M , which has been already discussed in

section 1 and is the method activated by default; 2) linear interpolation, indicated with

an I, which consists into connecting pairs of data points with a linear interpolation; 3)

linear estimation, indicated with a L, which should be used only when the device is so

stable that no lifetime information can be extracted from the actual test time, so that an

estimation becomes necessary. For the latter method, the linear curve is extracted using

the LINEST function of Microsoft Excel which calculate a straight line that fits the data

using the least squares method. The range used to extract the line is specified in the box

“ranges for estimation”, which by default starts at TS and ends at Tfinal ( since from TS

the cell is normally considered stabilized and can be better approximated with a linear

estimation). Figure 4.17 shows the lifetime parameters extracted using the different
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methods. In the case reported in Fig. 4.17, for the linear estimation and the moving

average (n = 3) most of the parameters extracted are very close to each other. This

occurs because the noise is low and a moving average with n = 3 does not significantly

change the curve shape. For the linear estimation instead, T80 becomes negative since

the slope is determined during the stabilized phase (default method), which results in

a slope not steep enough to allow the curve to reach E80 during the test time. The

value of TS80 extrapolated with the linear estimation method is smaller than the ones

extrapolated with the other two methods. Linear estimation should be used carefully

and only if the data accumulated is not long enough to reach at least T80.

Figure 4.17: Extraction of lifetime parameters using 3 different methods. The black dashed
lines are fixed values that does not depend on the method chosen: the horizontal
one indicates the value of E80, while the vertical one indicates the value of TS.

4.4.1.3 Cell summaries

In order to generate an ISOS summary of a solar cell, the user must analyse its I-V curves.

The creation of a new cell summary allows the user to browse to a folder path containing the

I-V curves of a particular cell (tested under the considered ISOS test). Once the folder has

been selected, the “scan data” button allows importing the PV parameters (PCE, FF, VOC ,

ISC) from each I-V curve, as a function of the time, and in a completely automatic way.
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4.4.2 MySQL database and R software

A database (DB) is generally a table used to organize data. A (free) MySQL database was

used in order to organize OPV lifetime data in a structured data-set, where any field can be

searched and processed in a very fast and efficient way [47]. For internal data generated at

DTU, the transfer of the lifetime data from the Microsoft Excel macro was simplified thanks

to a function, written by myself, which can generate a script written in the MySQL language

and directly imported it from a DB. The data stored in the database can later be processed

by the R software [48] for advanced statistical elaboration. Moreover, a specific package2 of R

was used to develop a software that can automatically load the data from the lifetime database,

depending on some user choices. This software was also used for exploring the lifetime data

extracted from the OPV literature, which can be found online [49].

Three main MySQL databases were used in this work:

1. Internal Lifetime Database (ILD), which contains data generated at DTU, in which each

row contains the data of a single solar cell tested within the department. The data

contains degradation curves of FF, PCE, ISC and VOC , with the respective time infor-

mation, and all the lifetime parameters ES , TS ,E80, T80, etc. for all the PV parameters

(extracted with the Excel macro described in section 4.4.1). Moreover, encapsulation,

structure, architecture and ISOS ageing of the tested device are also included.

2. Literature Lifetime Database (LLD), which has been developed by Morten V. Madsen

during the literature scanning in order to categorize the lifetime data [28]. This database

contains the description of the tested devices, together with the conditions in which

they have been tested. Since the data comes from the literature, and therefore both the

conditions and the devices vary extremely, the database is very large. A comprehensive

description of this database is out of the scope of this thesis, hence it will not be covered.

3. MMkit Database, which will be introduced in section 4.4.3.

R was the language used to analyse the data inserted in the database. R was used because

it is an open source language currently receiving a lot of interest and constant development,

which provides excellent tools for statistical analysis and plotting of data. In particular, three

main packages were used:

1. RMySQL was used to interface R with the MySQL database [50].
2A package contains a set of functions which expand the basic functionalities of a software.
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2. ggplot2 was used to plot the data in both an easy and powerful way [51].

3. Shiny was used to generate a user friendly and interactive web-page [52].

Figure 4.18: Interface of the software developed for exploring the internal lifetime database.

Fig. 4.18 shows the web-interface developed with R in order to explore the data of the

ILD. The side bar allows selecting which data should be considered, while in the body of the

page the user can specify the plotting parameters. Fig. 4.18 shows an example of a PCE vs.

time plot, where the colours of the data points are distinguished depending on the ISOS tests

adopted, while shapes differentiate the technologies used (in this case only “freeOPV” modules

were considered [25]). It can be seen immediately for instance how the ISOS-D-2 test is the

ageing condition leading to the most stable lifetime for freeOPV modules.

Although the shown graph is quite simple, it can be seen how the tool enables (almost in-

stantly) the generation of a lot of different comparison using the data existing in the DB. It
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can be forecasted that in the case of a large amount of produced data, this organized system

can significantly lower the time needed to analyse the new data and compare it with the old

one.

The other tabs on the top of the body, namely “summary” and “table”, allow studying respec-

tively the lifetime parameters (ES , TS , etc.) and access to downloadable raw data.

Figure 4.19: Interface of the software developed for exploring the OPV community lifetime
database.

Fig. 4.19 shows the web-interface for exploring the LLD (see section 4.3). The side-

bar allows selecting which data to show in the plot. The tool is accessible openly at http:

//shiny.energy.dtu.dk/LifetimeArticleExplorer_v4/. The body of the page allows the

selection of which parameters should be shown in the x and y axis, and also how the different

http://shiny.energy.dtu.dk/LifetimeArticleExplorer_v4/
http://shiny.energy.dtu.dk/LifetimeArticleExplorer_v4/
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colours and the different shapes should distinguish the data points. In Fig. 4.19, different

colours indicate different device configurations, namely inverted, normal and tandem, while

different shapes refer to different active materials, namely polymer or small molecules. It be-

comes evident in such a plot, for example, how the majority of the studied cells by the OPV

community have a normal geometry, and also how generally inverted devices seem to have a

longer T80.

This software allows performing extremely powerful analysis of the lifetime data in a very fast

way.

4.4.3 Multi Measurements kit

The Multi Measurement kit (MMkit) is a tool, developed during this Ph.D., for I-V curves char-

acterization and environmental parameter measurement (humidity, temperature, irradiance)

which can operate without a PC. The main purpose of the Multi Measurements kit (MMkit) is

to be a low cost tool that can be built by any OPV research laboratory, but at the same time

that can allow easy and precise measurement of the PV parameters and of the surrounding

environment. This can ideally lead to a better and more precise report of the OPV lifetime.

The generation of a large amount of good quality data, generated in different controlled con-

ditions and using a large variation of devices, shared between the OPV community, can be an

extremely powerful tool towards a better understanding of the different effects of degradation

mechanisms, speeding-up the improvement of the lifetime. Moreover, the MMkit has been

made water proof, hence compatible with outdoor measurements. This feature is compatible

with the idea of building a lifetime prediction tool, which requires a large amount of outdoor

data, in order to build a statistical significance of the relation between harsh and real outdoor

conditions. In fact, section 4.3.3 has shown how the lifetime data extracted from the literature

still lacks of significant outdoor data.

The tool has been made using open source hardware and software, based on the Arduino mi-

crocontroller [53]. The open source philosophy believes in sharing of code in order to allow

anybody to use it and improve it. I invite anyone interested to download and re-use my code

[54].
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(a) A picture of the MMkit core unit (A) and
of the sensors unit (B). A solar cell (C) is
connected to the sensor board.

(b) A picture of the MMkit ready for outdoor
testing.

(c) Flow diagram indicating the various functionalities of
the MMkit

Figure 4.20: Description of the MMkit.

4.4.3.1 Hardware description

The main hardware of the MMkit was developed by Rafael G. Valverde and Henrik F. Dam,

while the original idea of the sourcemeter was developed at MIT [55]. I was mainly responsible

for the software and for having the idea of making such a complete tool for the characterization.

Fig. 4.20(a) shows a photo of the MMkit set-up, which is based on two functional units: one
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core unit and one sensor unit. Fig. 4.20(c) shows the flow diagram indicating the different

functionalities embedded in the tool. A detailed manual explaining the operation of the MMkit

is available online [56].

The core unit contains the main hardware, which is protected from the environment by a

waterproof container (protection rate IP66, see Fig. 4.20(b)). The core unit is equipped with

an Arduino Mega 2560 (microcontroller), and Arduino Ethernet shield, which provides a SD

card slot used to save the data locally and an Ethernet port that can be used to transfer the

data directly over the internet. The data can also be transferred to a PC thanks to a USB port.

Moreover, the core unit is equipped with a Real Time Clock (RTC) circuit, which is capable

of maintaining a time reference even when the MMkit is not supplied with electrical power. A

screen is also included in order to show basic information regarding the current status of the

tool, which is especially useful when the MMkit is being used without the support of a PC.

The core unit also includes the hardware used for I-V curve measurements.

The schematic of the I-V curve circuit is reported in Fig. 4.21. The basic idea is to apply

a voltage sweep over the device under test (DUT) terminals through an operational amplifier

able to sink the maximum expected current from the DUT. We have used the dual operational

amplifier LM7332A from Texas Instruments (IC3A and IC3B on the schematic), which can

be supplied by up to 32 V and sink up to 70 mA. However, the Arduino power supply is

limited to 12 V, therefore the differential voltage that can be applied to the DUT can sweep

from -12 V to 12 V (each amplifier output builds a voltage referenced from ground GND).

The voltage applied during the voltage sweep is controlled digitally from the Arduino through

the two digital lines SCL and SDA (see Fig. 4.21). The Digital-Analog converter, MCP4728

from Microchip receives the voltage references to be applied to the Dual Amplifier, and the

Analog-Digital converter MCP3424 digitalizes the current and voltage measurements.

The sensor unit includes the sensors responsible for measuring the environment. Table 4.8

gives more information about each sensor employed in the MMkit for irradiance, humidity and

temperature. The sensors are low cost and therefore are somewhat of lower quality, but they

provide good accuracy and sensitivity. An additional KG5 filter is used so that the spectrum

measured by the photodiode better matches the absorption spectrum of P3HT:PCBM. The

temperature sensor can measure in the range between -55 and +125 °C, while the humidity

sensor in the range between 0 and 100 % R.H. The sensor board must be exposed to the
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Figure 4.21: Electrical schematic of the MMkit.

same conditions of the DUT, in order to correctly record the parameters degrading the cell.

Therefore, the sensor board is equipped with 2 terminals which allow connecting the DUT

directly to the board.

4.4.3.2 Software description

Arduino

The code developed for the Arduino uses several open source libraries, developed by the Ar-

duino community. All the software is open source and freely available in the platform BitBucket

[54]. The code can be considered to be divided into a high level management of the MMkit

operational modes and a low level management of the basic functionalities. The high level

Table 4.8: Summary of the sensors included in the MMkit.

Sensor Model Ref. Cost ($) Accuracy/Sensitivity
Humidity DHT22 [57] 9.57 +/- 2 %
Irradiance BPW34 [58] 1.5 80 nA/lx
KG5 filter FKG-512 [59] 18.7 -
Temperature DS18B20 [60] 3.5 +/- 0.5 OC
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manages the two working modes of the MMkit, namely the PC-mode (which relies on a PC

for operating) and the free-mode (which does not require a PC for operating), while the low

level deals with reading from the sensors and the measurement of the I-V curves.

The high level management of the PC-mode contains a set of actions that the MMkit is capable

of performing upon request of a specific command coming from the MMkit graphical user inter-

face (GUI) via a serial port (the MMkit GUI will be explained in the next paragraph). In the

free-mode, the MMkit is running autonomously, without the intervention of a PC. This mode

is especially useful for outdoor lifetime studies, since the MMkit has been made water-proof

and can be placed outdoor without the support of a PC. Fig. 4.20(b) shows two buttons: one

is used to start/stop the measurement and one to reset the tool.

Using the console of the Arduino Development Kit, it is possible to control the MMkit directly

Table 4.9: Useful commands for testing MMkit using the console of the Arduino Development
Kit.

Command Function Note
C Connection “RE” is answered by the MMkit when con-

nected
S x y z k Start measurement S is followed by 4 numbers indicating re-

spectively: start (x) and stop (y) voltage,
number of points (z) and number of mea-
surements (k)

D x Debug mode x can be 1 to activate or 0 to deactivate the
debug mode. In debug mode the user will
receive more feedback during operation.

V 5 x Calibration of photodiode x is the calibration value needed to convert
the analogue reading of the photodiode to
an irradiance value (mW/cm2)

H x Humidity sensor x can be 1 to activate) or 0 to deactivate
T x Temperature sensor x can be 1 to activate) or 0 to deactivate
I x Irradiance sensor x can be 1 to activate) or 0 to deactivate
O Stop measurement Interrupt measurements
M 1 x Interval between measure-

ments of IV curves
x specifies the interval in minutes

M 2 x Interval between measure-
ments of humidity/tempera-
ture

x specify the interval in minutes

M 3 x Interval between measure-
ments of irradiance

x specify the interval in minutes

R Print settings on console Review the current settings by printing
them on the console

E 1 Write settings to SD card Write the current settings to the SD card
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using the commands specified in Table 4.9. Not all the commands understood by the MMkit

are listed, since some of them are not useful without the support of the MMkit GUI. The

commands listed in Table 4.9 in fact are the same codes sent via the serial port to the MMkit,

by pressing a button on the interface of the MMkit GUI. The interested user can find the full

list of the commands on the“PC_ mode” section of the software contained in the MMkit Core

folder, in the BitBucket repository [54].

Graphical User Interface (GUI)

The graphical user interface (GUI) of the MMkit is built with Processing, an open source

environment based on the Java language [61]. Processing enables the development of multi-

platform software, compatible with Mac OS X, Windows, and Linux. The MMkit GUI is

therefore available for all the aforementioned operative systems. The MMkit GUI is used to

control the MMkit at a high level, with the support of a user friendly interface. Such software

enables controlling almost every aspects of the measurements, without requiring any program-

ming skills. In particular, it allows for choosing the parameters that define the voltage sweep

for measuring the I-V curves, and the parameters for setting up a lifetime study, such as the

interval between each measurement. The MMkit GUI provides also a graphical visualization

of the measured data, with 5 distinguished plots showing the data acquired in real time: I-V

curve, PCE, temperature, humidity, and irradiance. Moreover, the tool offers the possibility

to save the data both in an Excel compatible format and also in a format compatible with

a database importer tool, which allows the upload of the measured data into a database. A

specific tool designed for exploring the data (explained more in details in the next paragraph)

enables performing powerful analysis in a semi-automatic way with the data existing in the

database.

Fig. 4.22 shows the interface of the software. The upper-left part is used to connect the

computer to the serial port used by the Arduino. Once this is done, the user can start a mea-

surement. The area below the setting for the connection is used for selecting the parameters

of the measurement, which are grouped into: IV settings, options, interval between measure-

ments, update settings and plot options, calibration and email report. The “IV settings” tab

is used to choose the parameters that affect the sweep of the IV curve: the user can choose

the “start” and “stop” voltage, and the “number of data points” to acquire along the sweep.

The option “number of measurements” allows performing stability studies, since the set-up
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Figure 4.22: The graphical user interface (GUI) of the MMkit.

can repeat the measurement every a specific interval of time specified in the tab “interval

between measurements”. In the “options” tab, the user can choose whether or not to measure

the humidity, temperature, and irradiance. If the irradiance is not measured, the user can

specify a value of fixed irradiance in order to extract the PCE from the measured I-V curve.

The field reporting the “area” of the device must also be filled in order to calculate the PCE.

The option “auto save” is used to automatically save every data that is measured. The data

is saved in the folder chosen by clicking the button “choose folder”. The button “save data” is

used to save a specific I-V curve, when the “auto save” mode is not activated. In order to save

a specific I-V curve, the text box “n. IV” below the save data button can be used to choose a

specific I-V curve, using the same number displayed in the legend of the I-V curve graph. If no

specific I-V curve is specified, then the last measured curve is saved. The user can also specify

any “note” regarding the measurement to be saved in the data file. The use of the “note” field

allows for example the user to choose a filename for identifying an experiment, and to use the

note field to specify for example the solar cell ID or a particular treatment after which the cell

has been measured.

The MMkit GUI can save data both in a csv format and in a txt format, in order to process

the data with Microsoft Excel, or to export it to a database. The data can be exported to the
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database using the MMkit upload tool, which is available online and was developed by Morten

V. Madsen [62]. The data inserted in the database is available for analysis in real time through

the MMkit Explorer (see the next paragraph) [63]3.

The tab “update settings and plot options” is used to transfer the settings displayed in the

MMkit GUI to the MMkit core. This step enables the MMkit to run autonomously without the

need of a computer (free mode) using the setting specified in the MMkit GUI. The “calibration”

tab contains a tool that allows for automatically calibrating the time of the RTC with the time

of the PC. The “calibration” tab also allows for specifying a calibration number that is used by

the MMkit to convert the photodiode readings to irradiance. The tab “email report” is used

to automatically receive an email with a summary of the test as soon as the device has gone

below an arbitrary value of PCE which can be specified by the user.

Web-based data analysis tool

A web-based platform for plotting, and comparing the data measured by the MMkit was de-

veloped. The tool for plotting and analysing the data, called MMkit Explorer, was developed

Figure 4.23: Example of an automatic plot generated with the MMkit explorer.

with R, and specifically with the package Shiny (the same tool explained in section 4.4.2). The

MMkit Explorer allows for performing powerful and fast analysis of the data extracted using

the MMkit, by comparing several parameters describing the degradation with the environmen-

tal conditions. The MMkit Explorer allows the selection of the data to compare depending

on some parameters describing the dataset (user, MMkit identifier, ageing description and

experiment name). The tool provides four types of analysis: summary, I-V curves, statistical

analysis and a table with the raw data. Summary provides an overview of the experimental
3The interested reader can write the author to gain access to the tool at michael.corazza@gmail.com.
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data (e.g. PCE), as a function of time, while I-V curves provides a plot of the I-V curves

acquired during the experiment where the time dependency is shown using a colour gradient.

Statistical analysis provides an histogram showing the statistical counts of several parameters,

such as humidity, temperature, etc.

The graph reported in Fig. 4.23 is an example of a graph automatically generated with such

a tool. The data shown is a contribution from a global Round Robin that has been conducted in

order to prove the efficacy of the MMkit. More than 20 partners from five different continents

signed up. In Fig. 4.23, sample 49B3 was measured by Fernando Castro, at the National

Physical Laboratory (London), sample 49A2 was measured by Sjoerd Veenstra, at the Energy

research Centre of the Netherlands (ECN), sample 49A3 was measured by Yulia Galagan, at

the Netherlands Organization for Applied Scientific Research (TNO). A lot of information can

be shown in the same graph reducing the time needed for the analysis. The user can choose

to plot any of the following parameters on the y-axis: humidity, temperature, irradiance, VOC ,

ISC , PMAX or FF. Any of those parameters can also be used to affect both the color and the

size of the data points displayed, allowing for easily finding trends. In Fig. 4.23 the colour

is dependent on the temperature, the size of the points depends on the irradiance level, while

the shape of the points depends on the cell ID. In this example, all the tested cells are the

same type of device (freeOPV based on P3HT:PCBM [25]), having the same type of plastic full

encapsulation. Despite being the same type of sample, the degradation trend is different for

all of the devices. Therefore, the environmental data provided by the MMkit provides critical

and valuable information that can allow understanding what is the parameter that is affecting

the degradation more. In this example, it is most likely the combination of light, temperature

and humidity (not shown) that affects the degradation trend.

4.4.4 Conclusion

Specific software and hardware were developed in order to optimize the production, the analysis,

and the intercomparison of lifetime data. Due to the large variation of OPV materials, pro-

cessing methods, etc., the lifetime dataset tends to be extremely large. The analysis of a large

amount data can be time demanding, therefore optimal software, interfaced with databases,

was developed. The Round Robin performed with the MMkit highlighted some bugs with the

set-up, which must still be addressed. However, the tool proves the concept of generating good
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quality data (indoor and outdoor) using a low cost equipment, that can become available to

all the OPV community. The ultimate idea is to make MMkit freely available for the OPV

field, so that a user can register in a queue-based system and receive the MMkit to generate

good quality lifetime outdoor data, thus contributing to establish a global lifetime prediction

tool.

4.5 Summary

This chapter has dealt in general with the characterization of lifetime of OPV on a macroscopic

level. In particular, the problem of effectively intercomparing the data between different de-

vices, tested under highly controlled conditions has been addressed. Such intercomparison was

extended to outdoor data, thus enabling the extraction of acceleration factors which could be

used to predict the OPV lifetime. Literature lifetime data was also analysed in order to better

understand the degradation trends of various devices reported by OPV researchers. In order

to optimize the analysis, specific hardware and software were also developed.
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CHAPTER 5
Advanced

characterization of
interfaces and device

lifetime

5.1 Introduction

This chapter presents advanced characterization tools that are used to study the lifetime on

a microscopic scale, and in particular to study the effect of ageing on different properties

(mechanical, imaging and electrical) of OPV. Transmission Electron Microscopy (TEM) and

Scanning Electron Microscopy (SEM) were utilized, in order to image the structure of a R2R

processed device. In particular, a method for quickly preparing TEM cross sections was ex-

ploited. Mechanical tests probing the strength of various interfaces within different samples

were conducted during the external stay at Stanford University. The ageing of selective in-

terfaces, together with the advanced electrical characterization by means of impedance spec-

troscopy, were conducted to characterize the degradation of specific interfaces.

The employed techniques were chosen among the ones allowing for a fast screening of devices,

thus being compatible with the analysis of an upscaled production.
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5.2 Mechanical tests

Both the R2R fabrication process and the installation of the devices in real applications

lead to significant mechanical stress for OPV [1]. Such stress can impact the device lifetime

and thus must be investigated in details. The detailed characterization of the mechanical

properties of OPV can help both understand the current limits of the technology and can

also help improve the mechanical stability by optimizing the materials and the fabrication

processes.

In this section, the contribution of high temperature, moisture, and UV irradiation on the

interface adhesion properties of devices processed with upscalable techniques is investigated.

Such conditions are deliberately chosen, as these are typical external stress factors that the

sample will face during manufacturing or real life operation. The external stress factors are

applied onto each interface during the manufacturing of the device in order to alter and

characterize the mechanical properties of each interface. This section presents the results of

such tests and discusses the weakest links in the stack, thus revealing the effect of the different

stress factors on the mechanical properties of the interfaces.

5.2.1 Sample and stress conditions

Figure 5.1: Schematic structures of the 3 different sample types considered in the study:
Flextrode (F), Active (AF), and Pedot (PAF). Reported with permission from
Wiley [2].

Fig. 5.1 summarizes the sample structures, while table 5.1 gives additional details about

each layer composition and thickness, processing technique, and equipment employed. Three
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types of samples were tested: “Flextrode” (F) which is based on only Flextrode1, “Active”

(AF) which includes the active layer P3HT:PCBM coated on top of Flextrode, and “Pedot”

(PAF) which includes the additional coating of PEDOT:PSS on top of P3HT:PCBM. The

complete solar cell requires an additional printing step of the Ag grid (layer 7 in Table 5.1).

The average PCE of the complete fresh devices having an active area of 1 cm2 varied between

1.1 and 1.5 %.

Table 5.2 reports the employed stress conditions, which are a combination of humidity (Hr),

thermal treatment (T) and UV irradiation (UV). The stress conditions with zero humidity were

conducted in a glove box filled with nitrogen gas where a hot plate was used for applying the

required temperature. In case of a stress condition including humidity= 45 % R.H., the tests

were conducted in an environmental chamber. UV irradiation was applied by means of a UV

lamp XX-15 (UVP) in the test environment. A level of 30 W/m2 was used to simulate the

level of UV at 1 Sun (3 % of the solar spectrum is UV). Complete device ageing was performed

using a metal-halide lamp providing the same level of UV irradiation. Each stress condition

was applied for 24 hours.

1Flextrode is a flexible electrode R2R-processed based on a PET substrate and including: 1) a combination
of Ag grid and highly conductive PEDOT:PSS; 2) a layer of ZnO.

Table 5.1: Composition of the different layers, reported with their processing technique and
equipment. The different type of sample is indicated in the first column: Flextrode
(F) layer 1 to 4; Active (AF) layer 1 to 5; Pedot (PAF) layer 1 to 6. Reported
with permission from Wiley [2].

Layer
position

Layer
composition

Processing
technique Equipment Thickness

(nm)
1 PET - (purchased) - (purchased) 106

2 Ag Rotary screen
printing R2R 300

3 PEDOT:PSS
(front)

Flexographic
printing R2R 600

4 ZnO Slot-die coating R2R 90

5 P3HT:PCBM Slot-die coating Mini-roll
coaters 380

6 PEDOT:PSS
(back) Slot-die coating Mini-roll

coaters 1000

7 Ag Flexographic
printing

Mini-roll
coaters 104
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Table 5.2: The stress conditions lasting 24 h and involving different combinations of thermal
annealing (T), humidity (Hr), and UV irradiance (UV).

T T/Hr UV UV/Hr T/UV T/UV/Hr
Temperature (°C) 85 85 25 25 85 85
Humidity (% R.H.) 0 45 0 45 0 45
UV Irradiance (W/m2) 0 0 30 30 30 30
Duration of exposure (h) 24 24 24 24 24 24

5.2.2 Measurement of fracture energy

The samples were tested in order to extract the value of fracture energy (GC), which gives an

indication of how mechanically robust a structure is. The measurement of the GC was done

with a double cantilever beam (DCB) test, which is a standard method for measuring the

fracture energy of thin film interfaces [3]. The samples were bonded between two rectangular

elastically stiff beams, which were pulled apart from one end applying a load, thus generating

a crack propagating within the weakest layer of the sample. In the DCB test, the beams bend

while applying a load, storing up elastic energy which is then released, providing a driving

force for crack propagation, as soon as the layer fractures.

After applying the ageing condition, 5 nm Ti and 500 nm Al were evaporated on the sample in

order to avoid diffusion of the epoxy glue Loctite E-20NS, used to bond the rectangular beams

on both sides of the sample. The polycarbonate beam dimensions were 7 mm wide, 50 mm

long and 6 mm thick, see Figure 5.2(a). The samples F, AF and PAF must precisely cover

the tested beam area. Therefore, after gluing the sample between the two beams (and waiting

24 h for glue curing), a razor blade is used to remove both the excess epoxy and the sample

exceeding the beam area. Finally, two tabs are applied on the beams to mount the sample on

the measuring system, see Figure 5.2(b).

The DCB samples are mounted on a tool for displacement control and thin-film cohesion

testing (Delaminator DTS, Menlo Park, CA) from which a curve of load, P, as a function of

the displacement, Δ, is recorded. The sample mounted in the testing equipment is highlighted

in red and shown in Figure 5.2(c). The fracture energy GC can be expressed as a function

of the critical load at which point the crack formation occurs (PC), the crack length (a), the

plain strain elastic modulus (E′) of the substrates, and the specimen dimensions (width B and

half-thickness h). GC is calculated from equation 5.1 [4]:

GC = 12P 2
Ca2

B2E′h3

(
1 + 0.64h

a

)2
(5.1)
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Figure 5.2: Pictures of a sample during the preparation and the DCB test: (a) the sample is
sandwiched between two polycarbonate beams with visible epoxy glue and sample
exceeding the beam area; (b) the sample is shown after removal of the exceeding
material and after gluing the tabs used for mounting the sample in the testing
system; (c) the sample is highlighted with a red circle and is mounted on the
DCB tester (Delaminator DTS, Menlo Park, CA). Reported with permission
from Wiley [2].

The crack length is measured directly under an optical microscope or it can be deduced from the

measurement of the elastic compliance, dΔ/dP, using the compliance relationship of equation

5.2

a =
(d∆
dP

× BE′h3

8

)1/3
− 0.64× h (5.2)

The samples were kept in a glovebox, always protected from light, except during the sample

preparation and testing, which were carried out in room environment at ∼25 °C and ∼40 %

R.H.

5.2.3 Characterization of the fracture path

After the DCB test, a surface analysis using XPS (PHI 5000 Versaprobe) was performed in

order to carefully identify the crack location. The scan was done in the range of 0-1100 eV

using monochromatic Al Kα X-ray radiation at 1487 eV. High resolution XPS scans around

Zn2p (1016-1036 eV) and S2p (155-175 eV) were made for further compositional analysis and

better understanding of the fracture path.

Depth profiling was also performed in order to quantify diffusion and re-organization of the

layers caused by some stress conditions. For the depth profiling, an X-ray beam spot of 200
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µm x 200 µm with a detection angle of 35 °C was employed, using a beam of Ar+ ions. The

beam current was 3 µA with a voltage of 5 kV, used to raster an area of 2 mm x 2 mm.

Optical microscope and contact-less Atomic Force Microscope (AFM) (XE-70, Park system)

were used to characterize the effects of stress conditions on the device roughness and morphol-

ogy.

The side of the sample containing the PET substrate is referred to as ”PET-side” throughout

the study.

5.2.4 Results and discussion

The number of samples tested in this study is rather high (67), which provides both good statis-

tical significance and also demonstrates the compatibility of the technique with the analysis of

a large amount of samples. The values of fracture energy GC extracted from all the measured

samples are shown in Fig. 5.3. Values of GC higher than 0.5 J/m2 indicate a device relatively

robust to handling, which can be considered mechanically stable in outdoor application, while

devices with a value of GC below 0.5 J/m2 are quite fragile and require special care when

handling, especially if not encapsulated. For untreated samples (N), both F and PAF do not

exceed GC values of 0.5 J/m2, indicating that they are rather sensitive towards mechanical

stress, while AF shows a slightly better robustness.

Figure 5.3: Overview of the measured GC as a function of the stress conditions (N=Untreated,
T=thermal annealing, Hr=humidity, UV=UV irradiance). Red circles are used
for Flextrode (F), green triangles for Active (AF), and blue squares for Pedot
(PAF). The graph on the right reports a zoomed area limited to GC values below
1 J/m2. Reported with permission from Wiley [2].
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5.2.4.1 Stress effect on mechanical properties of Flextrode

Fig. 5.4(a) shows the values of GC only for Flextrode. Group 1 (N, T, UV, T/UV and UV/Hr)

and 2 (T/Hr and T/UV/Hr) are distinguished based on their fracture path. The different

fracture paths are also visible to the unaided eye by looking at the photos taken at the PET sides

of two representative samples of group 1 and 2 (see Fig. 5.4(a)). Using XPS element analysis,

it was found that for group 1 the fracture occurs at the interface between PEDOT:PSS and

ZnO, while for group 2 the fracture occurs mainly between PET and PEDOT:PSS, indicating

that the interface PEDOT:PSS/ZnO was strengthened. By looking closely within group 1,

it can be seen that the only treatment including humidity leads to a slightly higher value of

GC . Such a value greatly increases when the thermal treatment is combined with the humidity

exposure (with or without UV).

(a) Overview of the GC of Flextrode measured
under different stress conditions. The values
are separated into 2 groups based on their frac-
ture path, which is indicated by red arrows.
Pictures of the PET side are shown for each
debond surface.

(b) (Top) - Binding energy of Zn (2p) as a
function of stress conditions. (Bottom) - Ratio
of S/(S+Zn) as a function of stress conditions.

Figure 5.4: Analysis of sample Flextrode. Reported with permission from Wiley [2].

Using depth profiling analysis, it was possible to estimate the diffusion of ZnO within

PEDOT:PSS. Two elements were considered: sulphur to indicate the location of PEDOT:PSS,

and zinc to indicate the position of ZnO. Figure 5.4(b) (bottom) shows the ratio S/(S+Zn),

where S in this context corresponds to the sum of the counts of sulphur along the depth profile,

while Zn corresponds to the sum of the counts of zinc within the area of PEDOT:PSS (where

sulphur is not zero). The raw experimental data can be found in the literature [5]. A ratio
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S/(S+Zn) less than one indicates some diffusion of ZnO within PEDOT:PSS, and in particular

a value closer to zero indicates a more intense diffusion. Remarkably, the conditions indicating

the highest diffusion correspond to the conditions also having the highest GC . Figure 5.4(b)

(top), indicating the value of the binding energy of the zinc, shows that the stress conditions

involving humidity and temperature lead to a variation of the binding energy. Such a variation

may indicate a chemical reaction initiated by treatments involving humidity which could involve

the bonding of sulphur with zinc [6].

5.2.4.2 Stress effect on mechanical properties of sample ”Active”

The results of samples Active (AF) are shown in Fig. 5.5(a). Analogously to Flextrode,

different groups can be identified depending on where the fracture path occurs. For group 1

(N, T, UV, T/UV and UV/Hr) the crack occurs at the same interface as in samples Flextrode,

namely between PEDOT:PSS and ZnO. However, AF samples exhibit a higher GC than the

same group of Flextrode. This is due to the implicit T/Hr treatment during the coating of

the active layer, done at 65 °C in ambient atmosphere (∼40 % R.H.) which is known from the

Flextrode results to cause the strengthening of the interface PEDOT:PSS/ZnO. The previous

group 2 of samples Flextrode is now split into two sub-groups: group 2 (T/UV/Hr) and 3

(T/Hr). Group 2 is analogous to group 2 of samples Flextrode, where the crack appears mainly

between PET and PEDOT:PSS. However, the sole combination of T/Hr leads to a different

fracture path. By combining XPS and visual inspection, it was found that the crack path of

group 3 occurs cohesively within P3HT:PCBM (see PET side picture in Fig. 5.5(a)). In order

to better observe the effect of the treatments on the AF sample, AFM topography images were

acquired. The images were taken from an area of 45 x 45 µm2 on the surface of AF immediately

after exposure to the stress conditions and before the DCB testing, see Fig. 5.5(b). The AFM

image of the sample treated with T/Hr shows large domains forming a Fischer-type structure.

Such domains have an area of approximately 50 µm2 and a perimeter height of approximately

200 nm. AFM was also performed on the crack surface, and it was found that the value of Rq

(indicating the topographic homogeneity of the surface) extracted from the PET side was 34.6

nm, while the value extracted from the front side, where the macro-features appeared, was

120.6 nm. This proves how the crack appeared in correspondence with the macro-structure

formation. In summary, the combination of T/Hr was found to strengthen the interface of

PEDOT:PSS/ZnO but also led to the formation of a weak top layer on P3HT:PCBM, which

was prevented by the superimposed application of UV irradiation. The effect of UV could be:
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(a) Overview of the measured GC of AF for
different stress conditions. The values are
separated into 3 different groups based on the
fracture path, which is indicated by red arrows.
Pictures of the PET side are shown for each
debond surface.

(b) AFM topography images of the AF imme-
diately after exposure to stress and before DCB
testing, labeled based on stress condition. All
the images cover an area of 45.45 x 45.45 µm2.
The 3D views are available in the supportive
document of the published article [5].

Figure 5.5: Analysis of samples Active. Reported with permission from Wiley [2].

1) the reduction of the amount of moisture reaching the sample surface; 2) photo-oxidation of

the polymer and break of the bondings that hinders the formation of macro-structures.

5.2.4.3 Stress effect on mechanical properties of sample ”Pedot”

Samples Pedot (PAF) show overall a low GC for all the stress conditions. The fracture path

was found to occur between P3HT:PCBM and PEDOT:PSS (as HTL), for all the applied

treatments. This was however expected due to the weak interface between the hydrophilic

PEDOT:PSS layer and the hydrophobic P3HT:PCBM [7].

By splitting the effect of stress conditions in treatments with and without UV, it was possible

to see an average minor improvement of the fracture energy only for stress conditions which did

not include UV irradiation. The average value of GC for samples either untreated or treated

with stress conditions including UV was approximately the same and equal to 0.13 J/m2, while

the value of GC for samples treated with stress conditions not including UV was 0.26 J/m2.

The application of UV light onto PEDOT:PSS is known to be harmful and can cause breakage

of polymer chains [8].



112 5 Advanced characterization of interfaces and device lifetime

5.2.4.4 Photovoltaic performance of the samples

Fig. 5.6 shows the values of PCE for un-encapsulated devices tested under the different stress

conditions. It was found that for all the stress conditions, the average resulting efficiency was

lower than the one corresponding to untreated samples. In particular, applying a thermal

treatment in a glove box was found to affect the PCE only marginally, while the ageing in

a glove box including a UV treatment was found to drastically accelerate the ageing. The

contribution of humidity was found to affect the PCE even more, with a complete loss of

performance after 24 h of exposure to the condition T/UV/Hr.

Figure 5.6: Overview of the PCE for each ageing condition. Reported with permission from
Wiley [2].

5.2.5 Conclusion

The ZnO/PEDOT:PSS interface was found to be a potential source of mechanical instability

for Flextrode. This interface strengthened by applying a combination of humidity and thermal

treatment. The potentially beneficial effect coming from such a treatment did not lead to

a better overall performance. It is important therefore to perform further studies that can

exploit the beneficial results described in this study, while protecting the degradation of some

critical layers of the device. Nevertheless, the robust methodology shown in this section was

proven to effectively probe several interfaces of the OPV R2R processed device, both providing

statistical relevance and allowing studying the combined effect of different stress conditions.
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5.3 Imaging techniques

Another excellent way to study the quality of interfaces, also under degradation is by means

of imaging techniques. Electron microscopes are excellent tools to image the structure of an

organic solar cell. In particular, scanning electron microscopy (SEM) and transmission electron

microscopy (TEM) are powerful instruments that allow high resolution images. SEM is simpler

to use than TEM, which makes SEM a good choice for an initial imaging of the sample. If

necessary, TEM offers a higher magnification, although TEM looses the surface depth of field

only providing a flattened image. These different properties of the acquired images are a

direct consequence of the working principle of each instrument. In SEM, an electron beam

rasters over the surface of the sample generating inelastically scattered secondary electrons

(surface information contrast), and elastically scattered back-scattered electrons (contrast with

dependence on the atomic number Z). The count of these electrons by means of a specific

detector provides the image contrast. In TEM, an electron beam is transmitted through the

sample causing a specific interaction as it passes through, which generates different type of

images depending on the method used to gather the contrast (more details will be given in

section 5.3.2.5). TEM measurements require an ultra-thin sample for a good quality image

(< 100 nm). The challenge of quickly preparing TEM cross sections is addressed by means of

ultramicrotomy, which employs a diamond knife to cut ultra-thin device cross sections. Focused

ion beam (FIB) is also used to prepare a TEM cross section of a flexible OPV. The scope of

the present study is to compare and explain pros and cons of ultramicrotomy and FIB in

relation to OPV cross sections preparation for TEM. Moreover, the analysis of P3HT:PCBM

phase separation and the effect of degradation on different layers in the cross section will be

discussed. It is believed that the microscopic characterization of the lifetime by means of

imaging techniques can provide valuable information for better understanding the effect of

degradation on OPV.

5.3.1 The challenges of cross section preparation

There are several imaging methods available for analyses of OPV, such as light optical mi-

croscopy, SEM, and TEM. Especially TEM offers possibly the best spatial resolution for the

analysis of organic solar cells, even though contrast differences can be limited by the simi-

lar electron densities of the studied materials [9]. The main challenge of applying TEM for

studying OPV samples is related with the fact that an ultra-thin sample must be prepared.
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Remarkably, preparing a 100 nm cross section of a flexible OPV, while preserving its complex

layer structure, can be very challenging and lead to a fragile sample. Focused Ion Beam (FIB)

has commonly been used to prepare cross sections suitable for TEM analysis. FIB is conducted

inside a SEM which allows monitoring the sample while preparing the cross section. FIB uses

a focused beam of ions that can be operated at low beam currents for imaging or high beam

currents for site specific milling. FIB can be rather time consuming due to the complex process

including: vacuum processing, careful handling of the sample, and a relatively slow thinning

procedure [10].

The compatibility of OPV with a mass R2R production has motivated researchers to develop

a faster technique for the preparation of cross sections [11]. In this work, the flexibility of the

substrate enabled the possibility for exploring ultramicrotomy with the purpose of finding a

faster technique to prepare cross sections of R2R processed, ITO-free, solar cells [12]. Ultra-

microtomy consists of a very sophisticated knife (normally made by diamond), which enables

cutting cross sections with nano-metric precision.

5.3.2 Methods

5.3.2.1 Sample description

Figure 5.7: Schematic representation of the structure of the tested sample.

The analysed samples are R2R processed P3HT:PCBM-based polymer solar cells, with
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an average PCE of 1.5 %. The structure is PET/ Ag grid/ PEDOT:PSS(electrode)/ ZnO/

P3HT:PCBM/ PEDOT:PSS(hole transport layer)/ Ag grid. A more detailed description was

presented in table 4.3 in section 4.2.2 and is schematically represented in Fig. 5.7.

5.3.2.2 Scanning electron microscopy

The cross sections for SEM were prepared by Ebtisam Abdellahi, DTU Energy, section Imaging

and Structural Analysis. A sample a few millimetre long was cut with a razor blade and

embedded in epoxy. The top was finely polished by means of micro-diamond particles, in

order to remove the epoxy covering the sample and expose the cross section while ensuring a

flat surface. Finally, a layer of carbon was coated on top of the sample in order to guarantee

some conductivity and reduce the charging effect of the electron beam.

The images were acquired using a SEM, model Carl Zeiss 1540 XB, using both a secondary

electrons detector and an in-lens detector. This latter is also collecting secondary electrons,

although normally giving better atomic element contrast and less topographic information.

Chemical composition of the layers was extracted using Energy Dispersive X-ray Spectroscopy

(EDS) detector. The EDS detector detects and measures the energy of X-rays emitted by the

transition of an electron from a higher to a lower energetic state: inelastic scattering leads to

a series of electron recombinations thus providing a fingerprint of X-ray emission, specific to

the atomic element. The analysis of the X-ray emission is conducted with the aid of a software

that can fit the peaks and suggest the chemical composition.

5.3.2.3 Focused-ion Beam

This step was performed by Karl Tor Sune Thydén, DTU Energy, section Imaging and Struc-

tural Analysis. The sample was initially cut with a razor blade into a 60 micron thick and

2 mm wide slice, which was glued to a half Cu-ring with a diameter of 3 mm to fit into a

standard TEM/STEM holder, see section 5.3.3.2 [13]. The preparation of the sample was

performed by FIB milling with a 20 pA probe current using a Carl Zeiss 1540 XB combined

with FIB-scanning electron microscope (FIB-SEM), operated at 30 kV. Prior to thinning, a

400 nm thick protective layer of Pt was deposited on the surface of the sample by the use of

a gas injection system (GIS) and ion beam assisted deposition. Final thinning of the sample

was approximately 170 nm. At this point, the sample was fragile, thus further thinning would

likely lead to breaking of the sample.
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5.3.2.4 Ultramicrotomy

This step was performed by Helmut Gnaegi, from the company Diatome. An oscillating di-

amond knife (Diatome Ultrasonic) was used for sectioning in order to keep the cutting force

low and for getting the best possible structure preservation [14]. The knife was equipped with

a piezoelectric oscillator which moved the blade on a nanometric scale parallel to the cutting

edge. The frequency was kept at 27.9 kHz with an amplitude of 10 V, which led to a horizontal

displacement of 30 nm. The feed (parameter controlling the cross section thickness) was 70

nm and the cutting speed was 0.3 mm/sec. After cutting, the samples floated on water, from

which the cross sections were collected. The floating sections were collected with a 200 mesh

grid (hole width 90 µm) having a porous carbon coating, see section 5.3.3.2.

5.3.2.5 Transmission electron microscopy

This step was performed in collaboration with Søren Bredmose Simonsen, DTU Energy, section

Imaging and Structural Analysis, who was responsible for the TEM measurements. Different

contrast information can be acquired with TEM, depending on the modes of operation. In this

study the following methods were used:

1. Bright-field (BF). In the bright-field mode an aperture is used to enable the transition

of only the direct beam, so that the image contrast is the result of a weakening of the

direct beam by its interaction with the sample. Electron denser materials (higher Z)

imply more scattering leading to a reduced intensity of the direct beam (darker area in

the resulting image).

2. High-angle annular dark field scanning TEM (HAAD STEM). This method allows

using the TEM similarly to SEM, where the electron beam is rastered on the surface and

the scattered electrons are collected by a specific detector (on the contrary, in the bright

field mode, the non scattered electrons were detected). Electron denser materials imply

more scattering of the beam, thus appearing brighter in the resulting image.

3. Electron energy loss spectroscopy (EELS) and energy-filtered TEM (EFTEM). EELS

measures the distribution of the electrons as a function of energy(‐loss) within the sample.

EFTEM allows forming an image only with electrons having a specific energy(-loss).

Since specific energy loss are related to a specific material, an enhanced image contrast,

dependent on the chemical composition, can be achieved.
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4. Energy dispersive X-ray spectroscopy (EDS). EDS was already described while dis-

cussing the SEM, see page 115.

BF TEM and HAAD STEM were performed in combination with EDS by using a JEM 3000F

equipped with a field emission gun (FEG) operated at 300 kV, a HAADF STEM detector,

and an Oxford Instruments EDS detector with an ultra-thin window. The HAADF STEM

analysis was performed with nominal probe size of 0.7 nm. Electron energy loss spectroscopy

(EELS) and energy filtered TEM (EFTEM) were performed with a Gatan quantum energy

filter GIF2000. In order to extrapolate the phase separation of P3HT:PCBM, quantitative

analysis of the images were performed using the public domain software for image processing

ImageJ [15].

5.3.3 Results and discussion

5.3.3.1 Analysis of encapsulation with scanning electron microscopy

This section reports on the preliminary tests of cross section imaging using SEM. The SEM

analysis was performed on R2R processed sample, described in section 5.3.2.1. Fig. 5.8

shows different images acquired with SEM, where specific parts of the cross section are

associated with a number recalled in the following explanation. Fig. 5.8(a) shows with

a relatively low magnification (1,330 times) the overview of an un-encapsulated solar cell:

section (1) indicates the solar cell area, where the back electrode is the only visible part

having a maximum thickness of approx. 10 µm; section (2) indicates the substrate which

occupies the major part of the cross section. It can be seen that the substrate is based of

4 sub-layers, each measuring approximately 13 µm. In Fig. 5.8(b) (magnification of 555

times), sections (2) and (3) show how the sub-layers can cause the formation of bubbles and

delamination, possibly leading to increase of the WVTR and to a lower lifetime. Fig. 5.8(b)

section (1) shows the solar cell area embedded in the epoxy adhesive, with the visible back

electrode; section (2) constitutes the substrate; section (3) and (4) are the two foils that

encapsulate the cell. From the imaging of an encapsulated solar cell, it can be seen that

the damaging of the PET-based substrate and of the encapsulation are possible. Therefore,

the manufacturing process of such materials should include careful defect detection, and

possibly an improvement of the adherence of the sub-layers. Fig. 5.8(c) shows a higher

magnification (51,590 times) of the cross section of the un-encapsulated sample. Through
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(a) Low magnified view of un-encapsulated sample
(in-lens detector, 5 kV accelerating voltage)

(b) Low magnified view of encapsulated sample
(secondary electron detector, 3 kV accelerating
voltage)

(c) High magnified view of un-encapsulated sam-
ple (in-lens detector, 5 kV accelerating voltage)

Figure 5.8: Scanning electron microscopy analysis.

EDS analysis it was found that section (1) includes P3HT:PCBM, PEDOT:PSS and ZnO.

Unfortunately, due to the similar signal coming from P3HT:PCBM and PEDOT:PSS, and

the extremely low thickness of ZnOx (approx. 90 nm), such layers are not distinguishable

from each other in the image. Section (2) indicates the front silver electrode, while section

(3) indicates the SiO2 layer, which is part of the substrate. Finally, section 4 indicates the PET.

Using SEM for the analysis of OPV can be a good tool for macro-analysis of the cell

structure, especially for large features (≥ 100 nm). The main benefits come from a relatively

fast and easy preparation of the cross sections, without jeopardizing the sample properties

during the preparation. SEM does not allow ample resolution to distinguish the different
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layers of the solar cell inner structure (except the electrodes). The next sections will deal with

the TEM analysis of the cross sections.

5.3.3.2 Comparison of the sample structures with optical microscopy

Fig. 5.9 presents the light optical microscope image of the specimens prepared by FIB (a)

and ultramicrotomy (b). Figure 5.9 shows the fragility of the sample prepared by FIB, which

requires very careful handling. Such fragility comes from the sample being suspended with

only the two extremities glued to the holder, while being approximately 60 µm thick, 170 nm

wide and 2 mm long. Therefore, considering the plastic nature of the material, a minimal

amount of force could cause its rupture and/or deformation. The cross sections cut with the

ultramicrotomy are supported by a standard Cu TEM/STEM grid with an amorphous holey

carbon support film, see Fig. 5.9 (b). The almost transparent sections prepared by ultrami-

crotomy indicate the successful achievement of very thin samples. Although ultramicrotomy

introduces mechanical stress affecting some of the samples, it was possible to find areas where

the structures remained intact, as will be shown in section 5.3.3.3.

1

Figure 5.9: Light optical microscope images of the samples prepared by FIB (a) and by ultra-
microtomy (b). In Figure (a) the sample glued to a half Cu-ring with a diameter
of 3mm is highlighted with a red circle; in Figure (b), a 200 mesh grid with a
porous carbon coating is holding semi-transparent samples highlighted with red
circles.
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5.3.3.3 Comparison of the sample structures with TEM/STEM/EDS

Fig. 5.10(a-b) shows TEM BF images of the samples prepared by FIB (a) and ultramicrotomy

(b). Although a clear layered structure is observed in both samples, in the case of ultramicro-

Figure 5.10: The first column refers to the sample prepared by FIB, while the second one to
the sample prepared by ultramicrotomy. (a-b) Bright-field TEM images, (c-d)
dark-field STEM images, (e-f) the intensity as a function of distance of C-K�,
S-K�, Si-K�, Al-K�, Zn-K�, Ag-L� for averaged line scans.
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tomy the layers appear somewhat less uniform (Fig. 5.10(b)). Dark large structures in the

sample prepared with ultramicrotomy are a result of delaminated silver electrode chunks, as

will be shown later. Such deterioration of uniformity may have been caused by the mechanical

stress imposed by the diamond knife in the preparation process. Fig. 5.10(c-d) present high

angle annular dark field (HAADF) scanning transmission electron microscopy (STEM) images

of the specimen prepared by FIB (c) and ultramicrotomy (d). The HAADF STEM images

are characterized by atomic number Z-contrast where the intensity scales approximately with

the atomic number squared, Z2. The brightest areas in Fig. 5.10(c-d) therefore most likely

correspond to the metal layers in the solar cell (Zn and Ag), while the areas with the darkest

contrast correspond to the polymers. It was confirmed with energy dispersive spectroscopy

(EDS) analysis that large dark/bright structures observed in the TEM/STEM images in Fig.

5.10(b)/ Fig. 5.10(d) are composed of Ag. It appears from Fig. 5.10(b), that the pieces of

the cell cut with ultramicrotomy were from a cell region containing the Ag grid bar, while

the part of the cell prepared with FIB was taken from within a grid mask. To analyse the

composition of the layered structure, STEM-EDS line scans were performed. The scans were

integrated over the regions indicated by the squares in Fig. 5.10(c-d), and the intensities of

the characteristic x-ray signal from the elements C, S, Si, Al, Zn and Ag are presented as a

function of distance in Fig. 5.10(e-f) for FIB (e) and ultramicrotomy (f). Based on the infor-

mation in Fig. 5.10(e) and the known structure of the device, the specific layers observed in

the specimen prepared by FIB are identified, which are presented in Table 5.3, together with

their corresponding thicknesses. The higher carbon signal for the P3HT:PCBM (6) relative to

PEDOT:PSS (7) comes especially from the higher carbon density of the fullerene.

Table 5.3: Summary of the thicknesses and composition of the samples studied.

Position Layer function Material Thickness (nm)
1 Substrate PET 5·104 a

2 Substrate SiO2 200
3 Electrode (-) Ag 300
4 Electrode (-) PEDOT:PSS (front) 600
5 ETL ZnO 90
6 Active layer P3HT:PCBM 450
7 HTL PEDOT:PSS (back) 1000
8 Electrode (+) Ag 104 a

a The thickness was extracted from the SEM analysis.
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For the specimen prepared by ultramicrotomy, an expansion of the PEDOT:PSS (layer 4 in

Fig. 5.10(b)) can be observed compared to the FIB sample image, which may be caused either

by the mechanical stress imposed during sample preparations or due to water uptake when the

samples were floating on the water surface after slicing. On the other hand, the morphology

of different layers in the ultramicrotomy sample, such as the nanoparticular nature of the

ZnO (layer 5 in Fig. 5.10(b)) can be observed due to the thinner sample. The thickness

of the specimen prepared by FIB is estimated to be ca. 170 nm both from SEM and from

EELS [16, 17], while for the ultramicrotomy the thickness estimation is 40 nm (estimated by

EELS). The sample prepared with FIB therefore contains several layers of Zn nanoparticles

throughout the width of the cross section, which on average tend to deflect the electron beam

uniformly, thus preventing the distinction of the single nanoparticles. The analysis of the

sample prepared by the ultramicrotomy therefore offers information about the Zn nanoparticle

size which is not available for the sample prepared by FIB. Morphologically fine structure of

back PEDOT:PSS (layer 7) is also more visible in the sample prepared by ultramicrotomy.

The preparation of samples with ultramicrotomy is relatively fast (once the parameters for

the cutting have been optimized): the mounting of the sample takes the largest portion of

time, since the slicing process only takes seconds for each cross section. Instead, FIB is a

slow process both considering the mounting of the sample (under vacuum) and the thinning,

since the accelerating voltage (and beam current) must be limited in order to avoid damage.

FIB allows for a real time monitor of the sample while the thinning process is ongoing. Thus,

it was possible to stop the thinning before encountering structural damage and at the same

time controlling the thickness of the sample. Moreover, FIB is site-specific, allowing thinning

a specific part of the sample mounted on the half Cu-ring. Considering all mentioned above,

Table 5.4 summarizes the main pros and cons for the two considered preparation techniques.

Table 5.4: Summarizing pro and cons of the different fabrication technique employed in the
study.

Ultramicrotomy FIB
Time required Low High
Thickness control High Very high
Monitoring of cutting/thinning Low Very high
Site-selectivity Low Very high
Damage to the sample Medium (mechanical) Low (beam damage)
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5.3.3.4 Phase separation of P3HT:PCBM

Figure 5.11: The figure presents (a-b) bright-field TEM images of the active area
(P3HT:PCBM) of the specimen prepared by (a) FIB and (b) ultramicrotomy.
(c-d) presents energy filtered TEM (EFTEM) images of the same regions as
presented in (a) and (d). Two EFTEM images were recorded with a 5 eV slit
in one placed at 21 eV representing P3HT and another placed at 31 eV repre-
senting PCBM. To enhance the contrast difference between PCBM and P3HT
the 21 eV EFTEM image was subtracted from the 31 eV image, giving a bright
contrast to represent PCBM and dark contrast to represent P3HT.

The active P3HT:PCBM layer was further investigated, both for its importance in affecting

the device performance and for the similar electron densities of P3HT and PCBM that impede

their distinction with BF mode, see Fig. 5.11 (a) FIB and (b) ultramicrotomy. Therefore,

energy filtered TEM (EFTEM) was applied with a 5 eV energy slit at 21 eV and at 31 eV

representing P3HT and PCBM respectively [16, 18]. The EFTEM images in Fig. 5.11(c-
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d) represent a subtraction of the two EFTEM images (31 eV image minus 21 eV image) to

enhance contrast. For the specimen prepared by FIB, this procedure did not result in a

distinguishable contrast between P3HT and PCBM, Fig. 5.11(c), while for ultramicrotomy

the elongated structures of P3HT can be seen as dark contrast surrounding the brighter areas

of more rounded PCBM structures (see Fig. 5.11(d). The sample prepared by ultramicrotomy

shows good phase-separation which enables performing additional phase separation analysis.

The exciton has a limited free path before recombination of approximately 8.5 nm in P3HT

Figure 5.12: Phase analysis of P3HT:PCBM, on the ultramicrotomy sample, acquired with
EFTEM. Different phases of the analysis are indicated with different letters:
(a) after smoothing the original image; (b) after subtracting the background; (c)
after converting the picture to a binary image; (d) shows the map distance used
to calculate the exciton travel distance.

[19], therefore the grain size dimensions as well as the ratio of P3HT:PCBM influence the

overall efficiency of the cell. To analyze the P3HT:PCBM ratio and the mean free path of the

exciton, a 430 nm x 605 nm area of the P3HT:PCBM region of Fig. 5.11(d) was processed

with the software ImageJ in order to enhance the contrast. After smoothing the image and

removing the background (5.12(b)), the image was converted in a binary format (5.12(c) where

black represents P3TH, and white represents PCBM). A P3HT:PCBM area ratio of 0.65:1 was

found, which matches well with the fabrication parameters. To measure the exciton travel

distance from P3HT to PCBM (since P3HT is the photoactive material) a distance map was

extrapolated from the binary image, using the plugin Local Thickness for ImageJ, shown in

Fig. 5.12(d). The analysis gave a mean travel distance of 7.2 nm with a standard deviation

of 4.5 nm, which relates well with the value found in literature of 8.5 nm. This indicates the

achievement of an optimal morphology of the active layer, which is compatible with an initial

efficiency of about 1.5 % of the original device. Considering that the thickness of the sample
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prepared by FIB is ca. 170 nm, and the cluster sizes of P3HT and PCBM are ideally in the

order of tenths of nanometre, i.e. a factor of ca. 20 times smaller than the thickness of the

specimen, it is reasonable to assume uniform distribution of the clusters along the cross section

and therefore no visible phase separation.

5.3.3.5 Study of ageing

Figure 5.13: TEM images of the same area of a cross section prepared by ultramicrotomy (a)
pre-ageing and (b) post-ageing.

Due to the better contrast of the sample produced using ultramicrotomy, it was possible to

further study the morphology of the sample under degradation. The identical area of the same

sample was imaged prior to and after the ageing under light soaking test (ISOS-L-3) with 50

% R.H., temperature of 85 °C and light intensity of 0.7 Sun. Figure 5.13 shows a larger area

of the same sample shown in Figure 5.10(b-d). The darkest elongated features correspond to

Ag electrode, and from the shapes it is evident that the slicing has caused the delamination

of the electrode. Nevertheless, this does not hinder the comparison of the fresh (Fig. 5.13a)

and aged (Fig. 5.13b) samples. While no clear difference is observed in any other layer (not

even in the phase separation analysis), significantly different appearance is recorded for the

Ag electrode, which appears somewhat fragmented and expanded after ageing. Although at

this stage it is unclear what mechanisms have resulted in such expansion, one of the probable

explanations could be the oxidation of silver caused by the harsh conditions in the ageing

chamber. In addition, the silver used for printing is a silver paste containing solvents and

additives, which may additionally react with the surroundings causing chemical alterations in

the material. This effect may also be linked to earlier reported phenomenon of macroscopic
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bubbles formation within the solar cell structure, which is due to the reaction of solvents with

external stress factors identical to the conditions employed in this test (ISOS-L-3) [20, 21].

5.3.4 Conclusion

The study compared two different techniques for preparing cross sections that are suitable for

TEM analysis, the commonly used FIB and ultramicrotomy. The cross section prepared by FIB

appears to be structurally intact, despite the possible beam damage. The technique was highly

controlled due to the possibility of using FIB analogously to a SEM and carefully monitoring

the sample thinning. This allowed us to stop the thinning once the risk of break was too high,

although the final thickness was not low enough to guarantee the best resolution achievable with

TEM. The cross sections obtained with ultramicrotomy had some structural damage, however,

there were areas which were mostly intact. In particular, the preparation of cross section with

ultramicrotomy was proven to have a very low time demand. Thin cross sections were achieved

which allowed for a more detailed structure analysis, such as distinguishing P3HT from PCBM

by using EFTEM. Moreover, ISOS-L-3 ageing conditions were applied to the sample prepared

by ultramicrotomy, in order to study the effect of ageing on the cross section. It was found

that particles of silver expand and react with the environment. The combined use of TEM and

ultramicrotomy was proven to be a powerful method to study not only the structure of the

cell but also the effect of degradation. Further studies should include the comparison of fresh

and aged devices prior to the sectioning, using different ageing conditions, in order to better

simulate real-condition ageing. Employing harsher conditions and/or longer exposure may

trigger additional degradation mechanisms detectable by the methodology explained in this

section. It is believed that this approach, combined with the possibility of quickly preparing

TEM cross section by means of ultramicrotomy, could result in a very efficient method for

microscopic imaging characterization of OPV degradation.

5.4 Advanced electrical characterization: Impedance

Spectroscopy

Electrical characterization is possibly the most common way to track the degradation of

organic solar cells. In particular, the measurement of an I-V curve, where the current is
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measured while sweeping the applied voltage, provides information regarding the degradation

of PCE, ISC , VOC and FF. Other information can also be instantly deducted by observing an

I-V curve: the presence of an S-shape in the forward bias, the trend of the curve in inverse

bias, etc. Further electrical measures can be acquired for an advanced characterization of the

electrical behaviour of a device for example using Impedance Spectroscopy (IS).

Impedance in simple words is a physical quantity that describes how easily the current can

flow, given a certain voltage. Impedance spectroscopy allows in particular the measurement of

the impedance as a function of the frequency of the voltage applied. If the voltage is applied

to one block of the same material, the resulting current is a direct indication of the electrical

behaviour of such a material. If the impedance is instead measured in a device based on

several layers, based on different materials, the resulting impedance is a result of the combined

electrical properties of each material and interface. Some interfaces have a capacitive nature,

which implies a variation of the current flow depending on the applied voltage frequency. A

capacitor is equivalent to an open circuit (no current flow) when the frequency tends to zero

(continuous voltage), while it becomes a short circuit (no resistance against current flow) when

the frequency tends to infinity. The size and the type of capacity determines in particular at

which frequency the capacitance will start changing its behaviour (from open circuit to short

circuit), therefore leading to a variation of the resulting impedance. In particular, supposing

that one interface is a combination of a resistance and a capacity, opportunely connected,

there will a peak in the impedance curve, at a specific frequency fpeak, which will depend on

the capacity value. Therefore, the variation of such a peak, in both amplitude and in the

fpeak position, will indicate a variation of the interface associated to the capacity. Impedance

spectroscopy can then be used to monitor the visible peaks in the impedance curve during

the degradation, associated to a specific interface. However, if the measured device is made of

several interfaces, a model is necessary in order to distinguish the contribution of each interface

to the resulting impedance and impedance peaks.

Some work has been done in the literature in order to establish a correspondence between

peaks and interfaces [22–25]. However, such correspondence has not been evaluated yet for

flexible devices based on Flextrode. I was responsible for establishing a collaboration with the

”Università degli studi di Padova” (University of Padua), specifically with the group led by

prof. Andrea Cester, in order to develop a model for characterizing the interface degradation

of R2R fabricated devices. My main contribution was to provide fresh and aged devices to the
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group. In particular, I had the idea of performing selective degradation of a subset of layers

in the device in order to provoke the degradation of specific interfaces that could help validate

the model.

5.4.1 Sample description

The tested cells are mini-roll coated P3HT:PCBM solar cells, based on PET/ Ag grid/ PE-

DOT:PSS/ ZnO/ P3HT:PCBM/ PEDOT:PSS/ Ag grid. The detailed description was already

presented in table 5.1 (layer 1 to 7). The active area is 1 cm2.

5.4.2 Ageing description

Figure 5.14: Graphical representation of selective ageing: (a) fresh, (b) ZnO aged and (c)
PEDOT:PSS aged.

The ageing was performed in order to provoke the degradation of a specific layer/interface.

The ageing was applied in particular after a specific step of the fabrication process. Summa-

rizing, the selective ageing process was based on the following steps: 1) fabrication process

performed regularly until step A; 2) ageing of the uncompleted device; 3) resuming fabrication

process from step (A+1) until complete fabrication. By varying step A, the devices can be

aged at a varying step of the production process. Three types of devices were considered:

1. Fresh. Fig. 5.14(a) shows the structure of fresh devices.
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2. ZnO aged. Fig. 5.14(b) shows schematically a device aged after the coating of the ZnO

layer. The ageing consisted of UV exposure of the sample for 60 minutes at 45 W/m2 of

UVA irradiation.

3. PEDOT:PSS aged. Fig. 5.14(c) shows schematically a device aged after coating of the

PEDOT:PSS (back) layer. The ageing was conducted under ISOS-D-3 conditions (dark,

85 °C, 85 % R.H.) for 15 minutes. This ageing was performed for a short time in order

to confine the degradation mostly to the PEDOT:PSS layer.

5.4.3 Impedance modelling

Impedance is the complex ratio between voltage and current, which can be split in its real

component, called resistance and its imaginary component, called reactance, see eq. 5.3:

Z = V

I
= R + jX (5.3)

where R is the resistance, and X is the reactance. The reactance describes the capacitive or

inductive behaviour of a material, which is frequency dependent. An interface is normally

modelled by a combination of resistances and capacities, for a capacity the reactance is

expressed as X = 1/(jωC), where ω is the angular frequency and C is the value of the

capacity. In section 5.4.4, the impedance is measured as a function of the frequency while

varying both the illumination and the voltage bias.

Fig. 5.15(a) presents the impedance model developed by Prof. A. Cester et al. which was

applied to the samples selectively aged.

The interfaces between ZnO and organic semiconductor, and between two organic semicon-

ductors, are modelled with distributed impedances similar to the one shown in Fig. 5.15(b),

which is used in several works to describe the interfaces between porous materials [27, 28]. This

assumption is based on some morphological and chemical observation on P3HT:PCBM and

ZnO found in literature [29–31]. In fact, distributed impedance are well suitable for describing

the inter-diffusions of a polymer blend as well as the nano-particles interaction between ZnO

and the active layer. Therefore, the active layer is represented using the distributed impedance

model reported in Fig. 5.15(b) and expressed by eq. 5.4:

ZP AL(jω) =
√

RRG

RT

1
(1 + jωCµRRG)

RT coth
(√

RT (1 + jωCµRRG)
RRG

)
(5.4)
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(a) Total impedance model (b) Distributed impedance model used to simu-
late dispersion due to porosity of the material
or inter-digitation

Figure 5.15: Impedance model [26].

where:

• RT (corresponds to r1 in Fig. 5.15(b)) is the transport resistance of the photo-generated

carriers in the Space Charge Region (SCR), see section 1.2.

• RRG (corresponds to r2) consider all drops for charge transfer between acceptor and

donor, both in dark and with a photocurrent [32, 33].

• Cµ (corresponds to C1) is the electrochemical capacitance associated to the charge sepa-

ration at the acceptor/donor interface within the blend.

In addition, the depletion at the donor/acceptor interface is modelled with the additional

junction capacitance CSCR
2, in parallel to the distributed impedance.

The ZnO/active-layer interface is modelled with a second distributed impedance, expressed in

eq. 5.5:

ZZnO(jω) =
√

RP

RTAL

1
(1 + jωCPRP )

RTAL coth
(√RTAL(1 + jωCPRP )

RP

)
(5.5)

where:

• RTAL (corresponds to r1) is the transport resistance across the active layer blend close

to the ZnO interface.

• RP (corresponds to r2) is the contact resistance of the active layer/ZnO interface.

• CP (corresponds to C1) is the capacitance associated to the active layer/ZnO contact.
2A junction capacitance is associated to the charge variation in the depletion region.
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In Fig. 5.15(a) the ”collective resistance” RS includes instead the contributions of the blend

transport ”Quasi-Neutral Regions” (QNR), and the contacts.

It is worth to clarify that the model was not developed by myself directly. However, the

provision of selectively aged sample was an essential contribution to the development and

verification of this model. Moreover, the model and the collaboration with Prof. A. Cester has

led to four distinct articles [34], hence a minor explanation of such a fruitful collaboration was

considered suitable in this thesis.

5.4.4 Results and discussion

The results were acquired with I-V curve characterization and impedance spectroscopy, which

were performed by the group of prof. Cester at the University of Padua. The data was then

used to extract physical properties by fitting the models explained in the previous section.

The measurements of impedance spectroscopy presented in this section and the characteri-

zation of the devices were performed using a Solartron SI1260 Impedance Analyzer and an

Agilent E5263A Parameter analyzer. The cells were illuminated using a white LED, since it

allowed both for a low noise and an easily tunable intensity, due to the light being almost

directly proportional to the drive current. The impedance was measured at different constant

bias by superimposing an AC signal of 10 mV, in a spectrum range going from 100 Hz to 8 MHz.

The impedance measurement of PEDOT:PSS aged devices did not show any substantial

degradation, which means that either in general the interface PEDOT:PSS/active layer does

not show a visible peak in the range of frequencies measured by the impedance spectroscopy or

that the time of degradation was not sufficient to provoke significant degradation. Therefore,

the results of PEDOT:PSS aged samples are not reported, since they are equivalent to the

ones of fresh devices. The validity of the methodology involving selectively ageing of interfaces

has, however, been proven by the results associated with the ZnO aged samples, as will be

shown in the rest of the current section. Further adjustments of the ageing and/or of the

impedance spectroscopy measurement procedure might be necessary in order to achieve the

complete characterization of each interface by selective ageing of the interfaces.

Fig. 5.16 shows the I-V curves extracted for (a) fresh and (b) ZnO degraded devices. The

characterization is performed using different levels of illumination that goes from 0 to 2 Suns,

with a step of 0.2 Suns. ZnO-degraded cells exhibit a different behaviour compared to fresh
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Figure 5.16: J-V curve extracted for different level of illumination for a representative sample
of (a) fresh device and (b) ZnO degraded device [26].

devices, indicating that UV exposure of ZnO significantly affect the device performance. In

particular, an S-shaped J-V curve appear for ZnO-degraded devices, with a kink appearing

close to the VOC .

IS measurements are performed in order to further characterize the devices, for each illu-

mination level, and for different voltage biases. The bias considered in this characterization

goes from -1.5 V to 0.5 V, with 0.1 V step. Fig. 5.17 shows the comparison between the

model, described in section 5.4.3, and the experimental data obtained on both fresh cells and

ZnO-degraded ones. Fig. 5.17 shows the results in the Nyquist plot3 (a-b) and also in the

imaginary vs. frequency plot (c-d).

The proposed model fits well the data, as can be seen in Fig. 5.17 by the overlapping

of the the model (reported with a blue line) and the experimental data (reported with

empty orange data points). See in particular Fig. 5.17(c-d), where the high frequency

peak, associated to the ZnO/P3HT:PCBM interface, is the one affected the most by the

degradation of the ZnO, both increasing its value and moving towards lower frequency [35, 36].

Fig. 5.18 summarizes the extracted parameters from the model. The parameters are plotted

as a function of bias and illumination level for fresh cells. Summarizing:

• CSCR is a junction capacitance and it is inversely proportional to the length of the
3The Nyquist plot shows the real part of the impedance in the X-axis and the imaginary part of the

impedance in the Y-axis.
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Figure 5.17: Fitting results on IS of fresh device (a,c), and ZnO degraded device (b,d). Ex-
perimental data measured at 0 V forward bias with 1 Sun illumination [26].

space charge region. Therefore, when increasing the reverse bias applied (which expands

the space charge region) the capacitance reduces its value. Also, when the illumination

increases, the photo-generated carriers increase and the space charge region becomes

smaller, thus increasing the capacitance.

• RS does not appear to be very dependent on the the different illuminations and/or biases.

In fact this parameter accounts for the resistance in the Quasi Neutral Regions and the

contacts, where the variation of concentration of the photo-generated carriers is still

negligible compared to the intrinsic carriers.

• RT is the transport resistance of the photo-generated carriers in the SCR. It does not

show much dependence on the bias but mostly on the illumination levels, in fact the

different levels of illumination influence the carrier concentration in the spatial charge

region.
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Figure 5.18: Parameters extrapolated at several illumination levels (0,1,2 Sun) and at varying
bias voltages of a fresh cell [26].

• RRG considers all drops associated with charge transfer between donor and acceptor. It

shows to increase with increasing reverse bias and decreasing illumination, in both cases

due to the lower recombination/generation rate.

• Cµ tends to decrease with increasing reverse bias since it is an electrochemical capaci-

tance related to the distance of polarons pairs, which increases with higher electric field.

However, it increases with rising illumination level due to the higher number of polarons

generated at the donor/acceptor interface.

It can be see then how the model can be used to track the effect of varying biases and

irradiations to several properties of the devices. The parameters representing the interface

ZnO/P3HT:PCBM, see eq. 5.5, are not shown in Fig. 5.18 since they do not show a significant

dependence from bias and illumination. However, their averaged values are reported in Tab.
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Table 5.5: ZnO impedance parameters extracted from IS fitting. Parameters are almost con-
stant with both bias and illumination variations. The mean values from several
fits are shown.

RTAL [Ω cm−2] RP [Ω cm−2] CP [nF cm−2]
Fresh 17.05 2.8 117
ZnO degraded 15 60 250

5.5. It can be seen how the parameters of the model which describes the quality of the interface

active layer/ZnO, namely RP and CP , are the ones most affected by the degradation of the

ZnO.

Thus, the model described gives valuable information regarding the degradation of devices; in

particular, the model allows for monitoring the quality of the ZnO/active layer interface, and

the behaviour of the active layer as a function of bias and irradiation.

5.4.5 Conclusion

In this section, selective ageing was applied with the purpose of causing the degradation of

specific interfaces. Such a method was utilized in order to generate valuable experimental

data used both for developing and for confirming an impedance model. By fitting the model

with experimental data, important physical parameters could be extracted, which confirmed

the quality of the model and allowed quantifying the degradation of the ZnO/P3HT:PCBM

interface.

Further ageings, which consist of the degradation of complete R2R modules under different

ISOS standards, have already been performed. The analysis of ISOS-aged devices, using the

model described in this section, could describe the degradation of specific interfaces under

ISOS degradation. The elaboration of the collected data, however, is not complete yet and

therefore it has not been shown in the current report.

5.5 Summary

This chapter has shown the application of mechanical, imaging, and electrical characterization

techniques, in order to study the effect of degradation on different properties of polymer solar

cells. The use of such techniques for studying the characterization of lifetime on a microscopic

level offers great complementary data to the data extracted from the characterization of life-
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time on a macroscopic level, shown in chapter 4. The different techniques employed have

shown for instance that the combination of temperature and humidity is influencing the adhe-

sive properties at the interface of PEDOT:PSS/ZnO, while the application of UV irradiation

on the Flextrode, directly on the ZnO layer, was found to affect the transport properties at

the active layer/ZnO interface. Moreover, a combination of light irradiation, humidity, and

temperature, following the ISOS-L-3 standard, was found to generate a reaction on the silver

layer.

These approaches show a path towards an effective characterization of the lifetime on a micro-

scopic level, following a fast screening methodology. By exploiting the methodology described

in this chapter, several characterizations can be conducted both on fresh samples, for ensuring

the quality and uniformity of the process, and also under degradation, to characterize the

effect of different ageing factors. All the techniques described in this chapter allow a relatively

fast screening, which makes such a methodology a good candidate for the analysis of the large

amount of samples resulting from a R2R large-scale production.

An example of an optimal upscaled microscopic characterization is given here. After each

step of the R2R fabrication, a statistically relevant batch can be saved for conducting several

tests, without severely impacting the production output. A small percentage of the samples

should be tested fresh, in order to ensure the homogeneity and the quality of the fabricated

devices, while the majority of the batch should be aged following different ageing conditions.

Impedance spectroscopy is not a destructive technique, thus it should be measured first, fol-

lowed by the imaging and the mechanical tests. Several cross sections can be contained in the

same mesh grid to enable fast imaging. Impedance spectroscopy could be further developed to

automatically perform in-situ measurements during the R2R fabrication, in order to optimize

the data acquisition and ultimately improve the device quality.
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CHAPTER 6
Conclusion

The main focus of this thesis was to optimize the lifetime characterization of polymer solar cells.

In particular, the characterization was optimized both on a macroscopic and on a microscopic

level. To succeed in this task, different approaches and tools were utilized, which allowed for

a relatively fast screening of devices produced with upscaled R2R methods. Extending the

concept of fast screening of R2R-processed OPV naturally led to achieving in-situ screening.

X-ray diffraction, performed in a synchrotron, led to real-time in-situ measurements of the

active layer crystallization as a function of different solution concentrations and drying time.

New software and hardware were developed to increase the productivity and reduce the

time required for the analysis of large lifetime data. In fact, the study of the lifetime on

the macroscopic level was done by initially producing an extensive database with in-house

data, generated by fabricating and ageing a large amount of different types of devices. These

devices varied in the employed manufacturing methods, device architecture and encapsulation.

Moreover, the samples were studied following the standardized ageing conditions described in

the ISOS standards. A new method for intercomparing the lifetime was developed by means

of the o-diagram, which enabled the intercomparison of indoor accelerated tests with real

outdoor conditions, and brought the research community a step closer to the development

of a lifetime prediction tool. However, expanding the outdoor data with contribution from

other countries of the world would give a broader and clearer view of the effect of different

weather conditions on the outdoor lifetimes of OPV. The established database with internal

data was further expanded by including literature data, which was used to both increase

the statistical validity of the approach and to find more trends that can better point to the

bottlenecks of the technology. The data was made publicly available through an online platform,

which brought several benefits to the whole research community. In particular, researchers can

run experiments directly on the database by looking for instance at the beneficial effect on

the lifetime of a particular material or encapsulation. Moreover, the process of bringing a
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high PCE device towards a stable technology is not trivial and requires great efforts which,

despite theoretical basis, include an often long trial-and-error approach. The access to an open

database which includes the efforts of the global lifetime community provides a useful tool

to accelerate the improvement of OPV lifetime. In addition, specific web-based software was

developed to ease the collaboration of the OPV community.

The results of this thesis also include the analysis of device degradation on the microscopic

level. The techniques employed for such an analysis were chosen among those allowing for a

relatively fast measurement process leading to the upscaling of the microscopic characteriza-

tion. Imaging, mechanical, and electrical measurement methods were exploited for studying

different properties of the interfaces of R2R fabricated devices.

Imaging techniques gave an in-depth view of the polymer solar cell structure, which enabled

the characterization of micro and nano features, while also providing a view of the ageing

effects on the sample. Optimizing the preparation of TEM cross sections of R2R processed

(ITO-free) polymer solar cells by means of ultramicrotomy was done for the first time, provid-

ing good quality images while requiring a relatively short time for the cross section preparation.

Ultramicrotomy and TEM could be further exploited in future works to image consecutive

cross sections, which could be developed into a method for 3D reconstruction of the device as

an alternative to X-ray tomography. Also, the use of EFTEM for distinguishing P3HT and

PCBM could be further exploited for studying in-situ annealing and phase-separation effects.

The use of advanced electrical characterization combined with modelling allowed a compre-

hensive electrical view of the behaviour of the device with the successful extraction of several

physical parameters. The selective ageing of ZnO was monitored with impedance spectroscopy,

which enabled both validating a novel impedance model, and also quantifying the degradation

of the ZnO/P3HT:PCBM interface. Devices aged following the ISOS standards can also be

characterized with impedance spectroscopy. The results of such an experiment could possibly

be related to outdoor ageing hence leading to important understanding and improvements

of real outdoor performance. Improving the mechanical stability of a device is an important

topic for a technology approaching the market, due to the possibly intense handling of

users. Mechanically probing different samples, with an increasing number of layers, helped

characterize the weakest interfaces throughout the device and answer how these can be

improved by a specific combination of ageing factors. Furthermore, these findings provided a

methodology that can be used to improve the efficiency of the device by improving specific

interfaces while avoiding further ageing.
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This thesis aimed at exploiting large-scale production, in combination with fast screening

methods and in-depth characterization of OPV lifetime. The results are a better understanding

of some of the mechanisms causing the degradation of specific interfaces and layers subjected

to a particular ageing. Moreover, the challenge of effectively intercomparing lifetime data was

solved, which provided a method to predict the device lifetime. Such findings can provide a

useful contribution for improving the device lifetime of an upscalable technology that is ap-

proaching the market. Moreover, novel hardware, software, and methods have been developed

during this Ph.D. project, which contribute to the further future development of an optimal

lifetime characterization methodology.
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a b s t r a c t

The presented work addresses the issue of lifetime prediction and intercomparison for organic photovoltaic
(OPV) devices tested under different environmental conditions according to ISOS guidelines proposed
recently at the International Summit on Organic Photovoltaic Stability. The studies employed P3HT:PCBM
based devices produced with different architectures and methods ranging from spin coating to roll-to-roll
manufacturing. The purpose of the chosen diversity was to establish the possible spread in the ageing rates
generated by different architectures. A logarithmic lifetime diagram associated with the common time units
was used for presenting the ageing data, which regardless of the spread in the lifetimes allowed categorizing
the level of the stability of P3HT:PCBM based devices tested under different ageing conditions. Moreover, the
approach also allowed for estimating the acceleration factors between the moderate and harsh ISOS test
conditions employed in the study, as well as identifying the level of improvement of the device stability after
encapsulation. The effects of different device architectures and encapsulation techniques on ageing rates of
the samples were also studied. This report presents the early steps towards establishing a prediction tool for
identifying the lifetime of OPV devices under operational conditions based on the tests under harsh
(accelerated) conditions.

& 2014 Elsevier B.V. All rights reserved.

1. Introduction

The progress in the research of organic photovoltaic (OPV)
technologies has reached the stage of a device record efficiency of
12% [1] and outdoor lifetimes beyond a year [2,3]. Yet, lifetimes of
a few years are still required before OPVs can effectively be
launched into the market [4] and the field is in a state where
the real time analyses of stability may no longer be an effective
tool for fast assessment and inter-comparison of sample stability
and may therefore slow down the progress for developing stable
devices. The typical solution in this case is the accelerated ageing
techniques, which have long been implemented in the field of
traditional Si-based PVs [5]. However, while many lessons are
learned from inorganic counterparts, the same test procedures
cannot be directly applied to organic technologies [6].

In the case of OPVs there have been a number of reports
presenting the use of acceleration techniques that employ elevated
temperatures [7–10] or high irradiance intensities [11] to speed up
the ageing processes in the devices followed by recalculation of
the ageing rate under real conditions using the Arrhenius model.
The techniques however were not generic and addressed the

acceleration of only specific degradation mechanisms, while com-
plete OPV device ageing is often accompanied with a large number
of failure mechanisms [12]. As an example, while the elevated
temperature may accelerate the chemical degradation of the active
material induced by oxygen, it also serves to remove moisture and
dries the device. When the level of relative humidity (rH) is not
controlled (as was the case in the aforementioned studies), and it
thereby eliminates the factor of moisture, which has been shown
to have a strong influence on the stability, [13,14] the result is an
accelerated study where the true acceleration factor and mechan-
ism are not known. Specific to OPV is certainly also the context in
which it is to be applied. Test protocols must thus be developed for
a specific intended use to be meaningful. Therefore, the earlier
reported accelerated tests could not be generalized for prediction
of device performance under intended real operational conditions.

The lack of standards in the field of OPV (but also flexible PV in
general) is also a reason that diverse testing procedures and
equipments have typically been employed in different laboratories
for even simple tests such as indoor light soaking and dark ageing,
and as a result the measurements of identical devices in different
laboratories have often presented a large spread in the observed
ageing rates [13]. This issue has periodically been addressed at the
annual International Summits on Organic Photovoltaic Stability
(ISOS), where in 2010 consensus ISOS protocols were suggested
that offered guiding procedures for performing ageing tests of
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OPVs under different conditions, such as dark (shelf life), outdoor,
indoor weathering and other tests [15]. The main principles of the
protocols were to reduce the variations in the equipment by
recommending the most suitable test equipment, and also to limit
the environmental conditions of the test (such as temperature,
relative humidity, etc.) to only certain levels.

ISOS guidelines are rather generic and employ procedures that
are close to the IEC standard qualification tests. While some ISOS
tests are moderate (for example the simple shelf life test known as
ISOS-D-1), others employ elevated temperatures or even extreme
conditions, such as 85/85 (temperature of 85 1C and relative
humidity of 85%). It would therefore be logical to establish the
link between the lifetimes of devices tested at moderate and harsh
ISOS tests and extract the acceleration factors, which could then be
used as a tool for prediction of device lifetimes.

OPVs present an additional challenge in terms of device design
and manufacturing processes. While being in continuous devel-
oping phase there is not a general agreement on OPV device
design or production methods and therefore, a strong diversity is
observed. It was shown earlier that the devices with the same
active mixture, but engineered using different geometries (normal
or inverted structure with different interface materials) [16],
different encapsulation techniques or even different processing
methods [17] might have different ageing rates and therefore
could react differently to the different ageing conditions. The
encapsulation material of the sample or the accuracy of the
encapsulation may expose another challenge and depending on
how well the edges of the device are sealed during encapsulation
it can drastically affect the stability of the device [3,18].

This manuscript addresses the aforementioned issues by pre-
senting an extensive overview of comparative ISOS stability
studies of different OPV technologies. The studies comprise
stability testing of OPVs based on P3HT:PCBM active layers,
produced using different processing techniques, such as spin
coating on rigid glass substrates and roll-to-roll (R2R) coating on
flexible substrates including different qualitative levels of encap-
sulation. By choosing a large diversity of devices this manuscript is
attempting to reveal the possible spread of ageing rates for devices
with a given active mixture and yet establish the acceleration
factors for different ISOS tests. The work constitutes the early steps
towards creating a lifetime prediction tool that will allow predict-
ing the operational lifetime of OPVs under conditions of intended
use based on harsh (accelerated) tests. For the convenience,
throughout this manuscript lifetime will be referred to 20%
degradation of the sample performance from predefined initial
performance, tested under any conditions employed in this study.
However, one has to bear in mind that the term lifetime is
commonly used to describe the product performance mainly in
its intended operational conditions.

2. Experimental

2.1. Sample preparation

The photograph of the samples representing each type of tested
OPV technologies is shown in Fig. 1 and the diversity of the
technologies is schematically shown in Fig. 2. All the device

Fig. 1. The photograph of all the tested samples: a) spin coated unencapsulated with an active area of 0.25 cm2, b) spin coated encapsulated with an active area of 0.25 cm2,
c) mini-roll coated samples with an active area of 1 cm2 and different levels of encapsulation, from left to right: unencapsulated, glass encapsulation without edge sealing,
plastic encapsulation without edge sealing, full plastic encapsulation, and d) flexible OPV modules with the concept of freeOPVs having an active area of 57 cm2.
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structures were based on P3HT:PCBM active layers. Table 1 shows
the layers and the methods of preparation for all the technologies.
Spin coated devices with normal and inverted structures with
active area of �0.25 cm2 were produced on glass–ITO substrate
(Fig. 1(a) and (b)) using the traditional method [16]. Mini-roll
coated devices (Fig. 1(c)) with an active area of �1 cm2 were
produced using a mini-roll coater and Flextrode (ITO-free) sub-
strate that comprise a highly conducting metal grid, semitranspar-
ent conductor and hole blocking layer [19]. Finally, the roll-to-roll
coated OPV modules with active area of �57 cm2 with the concept
of earlier reported freeOPVs [20] were produced on Flextrode (ITO
free) substrate using the roll-to-roll coating and printing machin-
ery. The schematic representations of the device production for
spin coated and mini-roll coated samples are shown in Figs. 3 and
4, respectively (for freeOPV the reader is referred to [20]).

2.2. Sample encapsulation

Three categories of encapsulation were used during the appli-
cation of protective layers onto the samples:

1. unencapsulated;
2. partial encapsulation (no sealing at the sample edge or term-

inals [18]);
3. full encapsulation (the device terminals and edges were

sealed).

Fig. 1(b) and (c) shows the samples with different categories of
encapsulation. Due to technical limitations it was not possible to
apply all the categories to all the types of technologies and
therefore, the commonly used combinations were applied in this

Fig. 2. The tree of technologies defines the different types of studied samples. The technologies used for the fabrication are highlighted with green, the geometries in yellow,
and the rest of the boxes categorize the level and the material of the encapsulation of the samples. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

Table 1
The layer structure and the processing techniques for all the layers in each type of sample.

Layer
Spin coated normal
(processinga)

Spin coated inverted
(processinga)

Mini-roll coated inverted
(processinga)

Roll-to-roll coated inverted
(processinga)

Substrate Glass Glass
Flextrode (FP, SP, SD) Flextrode (FP, SP, SD)Electrode ITO ITO

Intermediate PEDOT:PSS (SC) ZnOx (SC)
Active P3HT:PCBM (SC) P3HT:PCBM (SC) P3HT:PCBM (SD) P3HT:PCBM (SD)
Intermediate – PEDOT:PSS (SC) PEDOT:PSS (SD) PEDOT:PSS (SP)
Electrode Aluminum (TE) Ag paste (SP) Ag paste (FP) Ag paste (SP)
Encapsulationb 0;3 0;3 0;1;2;4 4

a Processing: SC – spin coating, TE – thermal evaporation, SP – screen printing, FP – flexographic printing, and SD – slot die coating.
b Encapsulation: 0 – unencapsulated, 1 – glass encapsulation without edge sealing, 2 – plastic encapsulation without edge sealing, 3 – full glass encapsulation,

and 4 – full plastic encapsulation.

Al
P3HT:PCBM
PEDOT:PSS

ITO

Glass

Ag

PEDOT:PSS

ZnO

ITO

Glass

P3HT:PCBM

Fig. 3. Schematic presentation of the normal (left) and inverted (right) structures of spin coated devices. The active area for both is 0.25 cm2.
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study, as shown in Table 1. The same UV curable adhesive (DELO
LP655 epoxy adhesive) was used for all the encapsulation pro-
cesses. In the case of spin coated devices manual encapsulation
was performed, where glass substrates were cut and placed on the
devices followed by complete sealing of the edges and terminals
using the same adhesive. In the case of mini-roll coated devices
the partial glass or partial plastic (polyethyleneterphthalate (PET)
Amcor packaging material) encapsulations were again performed
manually in similar fashion to spin coated devices without sealing
of the edges and electrodes. The full PET packaging of mini-roll
coated samples and of R2R produced modules was performed
using an R2R encapsulation equipment. In this case, to access the
device terminals metallic snaps were punched through the encap-
sulation onto the extended electrodes. The process of full encap-
sulation and contacting of flexible samples is depicted in Fig. 5.

2.3. Measurements and data processing

Table 2 shows the 5 ISOS test conditions that are chosen for
studying the ageing of the samples. ISOS-D-1 and ISOS-D-2 were
categorized as moderate tests, while ISOS-L-2, ISOS-L-3 and ISOS-
D-3 were categorized as harsh tests. At least two samples of each
type of technology were aged under each test.

There is irradiance difference between ISOS-L-2 and L-3 and
therefore, the degradation data measured under ISOS-L-3 was

normalized to the same irradiation of ISOS-L-2 by shortening the
lifetime values of the samples by a factor of 1.42 (1000/700). While
for ISOS-L-2 the IV scanning of the samples was performed in situ
using an automated acquisition setup, for the other tests the
samples were periodically removed from the ageing setup and
tested under a calibrated light source. In the case when degrada-
tion was very fast (for example during ISOS-D-3 testing of
unencapsulated devices) a special compact white LED light source
was used to test the samples in situ, which was manually turned
on and off during each IV scanning to limit the light exposure of
samples. The periodically measured IV-curves were used to con-
struct the degradation curves followed by extraction of the
parameters that describe the degradation, as recommended in
the ISOS protocols [15]. These parameters are shown on a
representative plot and in a table depicted in Fig. 6. The E-values
represent the four PV parameters: short circuit current Isc, open
circuit voltage Voc, fill factor FF and the power conversion effi-
ciency PCE. E0 and E80 define the initial fast ageing (burn-in) by
correspondingly representing the initial value at T0 and the value
after 20% degradation. Es and Es80 define the second stage of
typically more stabilized region correspondingly representing the
starting value of the stabilized stage at Ts and the decay by 20%
from the starting value, as shown in Fig. 6.

Given the large variation of combinations of tests and device
technologies the results contained a large amount of data and

Flextrode
P3HT:PCBM

PEDOT:PSS

Ag

Fig. 4. View from top of the roll coated stripe (left) and 3D projection for mini-roll coated devices. The active area of each cell is 1 cm2.

Button Epoxy glue

Amcor foilCopper tape

Fig. 5. Schematic view of full plastic encapsulation of flexible samples. The samples are sandwiched between two barrier foils and guided through pressing rolls. This is
followed by curing of the adhesive with UV light and punching metal snaps onto the extended copper electrodes.
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thus, software based handling was chosen for fast processing of
the data. The software handling consisted of 3 stages:

1. Microsoft excel based macro – raw data processing and
analysis;

2. MySQL – database exporting of processed data;
3. R software – intercomparison and graphical illustration of

processed data from database.

Macro is a tool that allows easily importing the measured
IV-curves, plotting degradation curves and identifying the degra-
dation parameters, as well as filtering the data from outliers. This
tool was used to process the measured data and once all the
stability parameters were identified, the data was exported into
the database and linked to the information regarding the type of
the sample and the corresponding ISOS test that was performed.
Finally R software was used to analyze, compare and illustrate the
results of all the measured cells. R is a software for statistical
computing, which has the advantage of being both a powerful
statistical tool and freely accessible software. It was possible to
directly interface R with the MySQL database and create a direct
access to the processed data.

In the process of data analysis the most challenging part was
the identification of ageing parameters, which was not always
straightforward. In particular, when the sample presented a high
degree of stability and did not show any patterns of degradation,
the categorization of the lifetime became challenging. If the
sample reached its Es80 value (Fig. 6) then all the ageing para-
meters could be extracted from the actual measured data. While, if
the performance stayed above E80 (and Es80) during the entire
testing period, then forecasting was performed. In this study a
linear fitting and extrapolation was used to predict the ageing
parameters. However, if the time of the final measurement Tfinal
was significantly less than the predicted T80 (or Ts80) value, then
the prediction was considered unreliable and Tfinal value was used

instead as the representative of the minimal possible lifetime.
Ts was determined manually by visual checking of the curves and
identifying the point where the stabilized region starts deviating
notably from the straight line when going backwards from the end
of the ageing curve.

3. Results and discussion

3.1. Initial performance

A total of 91 samples were tested under different ageing
conditions. Fig. 7 shows the initial performance of the tested
samples. The spread of the performance of different technologies,
which was due to mostly Isc and FF, is in line with the level of
“automatization” of the production process. While OPV modules
were produced entirely in the R2R process and therefore, showed
minor spread in performance (although a few samples were used
in this study compared to those of the other technologies, the
spread was still similar if a larger number of samples were taken
into account for the comparison) [20], the mini-roll coated
samples went through a semi-automated process, where some
parameters of coating and printing of layers were controlled
manually [19]. Both the distance of the meniscus guide from the
Flextrode and the position of the layers on the Flextrode were
adjusted manually. Moreover the silver electrode was printed by
pressing the flexographic mask on the Flextrode by hand, which
could significantly affect the thickness of the electrode. The spin
coated devices were produced using an entirely manual process.
This obviously increased the spread of the performance mostly
generated by inconsistencies in the dimensions of the active area
(defined by overlapping of the top and bottom electrodes) creating
the spread in Isc or variation in the thicknesses of the coated layers
creating the spread in FF. Nevertheless, since the spread was
mostly caused by geometrical differences in the samples, this did
not impose any difficulties related to device stability and thus
could be neglected in these studies. All the values for the average

Table 2
Degradation tests performed for different technologies.

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

Irradiance [W/m2] �1000 �700a 0 0 0
Temperature [1C] 65 85 Ambient 65 65
Humidity [% R.H.] low Near 50 Ambient Low 85

a In this study the data of the cells measured under ISOS-L-3 was adjusted such that at a given time the received irradiance dose was equivalent to 1 sun irradiation.

Initial burn-instage Stabilized Stage

PV parameter E0 E80 Es Es80

Time T0 T80 Ts Ts80

PC
E

 (%
)

Time (days)

Stability parameters

E0

E80

Es
Es80

Ts80TsT80

T0

Fig. 6. A typical degradation curve together with the 8 parameters defining the
lifetime. The parameters are also listed in the table below the figure. While the first
pair of E and T values describes the initial instable performance, the other four
parameters define the more stabilized phase of degradation.

Fig. 7. Histogram of the initial performance for all the tested cells. The different
colors distinguish the different preparation methods of the devices. (For inter-
pretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)
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performance with the standard deviations can be found in
Table S1.1 in the supporting document.

3.2. Stability studies

3.2.1. Lifetime vs ISOS Tests
Two or more identical samples were measured under each ISOS

and there was a good agreement in performance among these
samples. The averages of the degradation curves together with the

highlighted standard deviations calculated for the identical sam-
ples for each test are shown in Section S2 in the supporting
document. The degradation parameters described earlier in
Section 2.3 (Fig. 6) were identified for each sample for PCE. Both
T80 and Ts80 were used for the intercomparison of lifetimes.

A diagram with logarithmic scale is used for comparative
presentation of lifetime values for different technologies shown
in Fig. 8, entitled as “o-diagram” (with “o” referring to OPV). The
details of the diagram are discussed elsewhere [21]. The time scale
was chosen to be Log4(days) for X-axis in order to associate X-axis
with the common time units shown in the upper part of the
diagram in Fig. 8. E0 and/or Es values are represented by Y-axis.

T80 (solid markers) and Ts80 (open markers) values for PCE for
all the measured technologies grouped under different ISOS test
conditions are combined in o-diagram in Fig. 8. The blue circles
and the red triangles represent correspondingly the devices with
and without encapsulation. Arrows have been assigned to a few
data points that represent Tfinal instead of T80s, since T80 was
reaching values beyond the range of accurate prediction. The area
marked with gray color (�30% of the average initial performance
of all the samples) represents the region where the device is
considered fully degraded. The actual values are presented in
Section S3 in the supporting document. A few patterns can be
identified from the diagram:

a) The difference between E0 and Es values, which shows the
amplitude of the burn in effect, is strongly pronounced for
unencapsulated devices with Es values falling mostly into the
gray zone suggesting that the samples typically degrade before
the stabilization. While, in the case of the encapsulated devices
only the data for the ISOS-L-2 tests reveal a notable difference
suggesting that the burn in is mostly provoked by strong light
exposure for these samples.

b) The unencapsulated devices show stability of days under
moderate conditions (ISOS-D-1 and ISOS-D-2) and onlyminutes
under harsh conditions (ISOS-D-3, ISOS-L-2 and ISOS-L-3)
presenting an acceleration of the degradation rate by a factor
of �4 time units for the latter compared to the former.

c) The encapsulation improves the performance to seasons and up
to years under moderate conditions, but typically only to days
and weeks and only in some cases to months under harsh
conditions. The acceleration between moderate and harsh tests
in this case is �2 time units for ISOS-D-3 and ISOS-L-2 and 3
time units for ISOS-L-3.

E0 Unencapsulated E0 Encapsulated
ES EncapsulatedES Unencapsulated

T80 and TS80 (days)

E
0
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d 
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ISOS-D-2

ISOS-D-1

ISOS-D-3

ISOS-L-2

ISOS-L-3

Fig. 8. The o-diagram presenting the T80 (solid markers) and Ts80 (open markers)
values for all the tested samples under different ISOS test conditions (for the
conditions of the tests the reader is referred to the Table 2). The blue circles and the
red triangles represent correspondingly the devices with and without encapsula-
tion. The gray zone marks the area where the devices are considered fully degraded
(below 30% of initial performance). The arrow shows the data that represents Tfinal
instead of T80, which can be much higher. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)
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references to color in this figure legend, the reader is referred to the web version of this article.)
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d) The moderate tests present similar lifetimes for different
technologies, while the ISOS-L-3 presents the shortest lifetimes
(1 time unit less) among the harsh tests. This is reasonable, as
ISOS-L-3 involves the stressing of all three environmental
factors (temperature, relative humidity, and light) in compar-
ison to the other tests.

The results showed that under dark conditions the encapsu-
lated samples can last up to several years even at elevated
temperatures, while under harsh conditions implying light
soaking or both elevated temperature and high relative humidity
the studied samples survived in average only up to weeks
or months. The o-diagram in Fig. 8 revealed acceleration by a
factor of two for ISOS-D-3 & L-2 and factor of three time units
for ISOS-L-3 compared to the moderate ISOS-D-1 & D-2 test
conditions.

3.2.2. Stability vs architecture
As a next step the lifetime of the devices was compared from

the perspective of the device architecture (normal vs inverted
structure highlighted in Table 1). In order to eliminate the effects
of processing or difference in device geometries, only spin coated
devices were considered in this case. The Ts80 value was used as
the representative of the lifetime in most cases. An exception was
made for the case when Es was below �30% of E0 (the device
degraded before stabilization), where T80 was chosen to represent
the lifetime. Fig. 9(a) shows the lifetime values for normal (red)
and inverted (blue) devices both with and without encapsulation
expressed in days. Fig. 9(b) presents the stability boost factor (Eq.
(1)), which is the ratio between the T80 values of the same devices
with and without encapsulation.

Stability boost ¼ T80½encapsulated�
T80½non� encapsulated� ð1Þ

The following patterns can be identified from the plots:

a) For the unencapsulated devices the normal structure outper-
forms the inverted structure under light soaking tests (ISOS-L-2
& L-3), while the inverted structure is more stable in the dark
and especially in a highly humid environment.

b) For the encapsulated devices the dark performance becomes
almost similar, while inverted devices outperform normal
devices under light. This clearly reflects the stability increase
shown in Fig. 9(b), where an improvement by a factor of 3 or
4 orders of magnitude can be seen for the lifetime of inverted
devices after encapsulation tested under illumination.

This suggests that significant acceleration of ageing should be
expected for the unprotected normal structure devices with
aluminum electrodes under testing conditions employing high
humidity, while the tests with light exposure are more destructive
to the inverted devices with silver electrodes. Logically, the
encapsulation has the most effect where the unprotected devices
perform the worst. However, somewhat better improvements with
encapsulation are seen for the inverted devices compared to those
of normal samples, suggesting that the latter are intrinsically less
stable. Overall, the results suggest that the inverted device with
the presented structure would outperform the normal device
under outdoor conditions with natural sunlight. Despite such
differences between the normal and inverted structures, the
overall picture of device stability presented in Fig. 8 in the
previous section is similar for both technologies.

3.2.3. Stability vs encapsulation
The different encapsulation techniques were further analyzed.

Devices with four different types of encapsulation and three
different processing methods were employed in this study, as
described in the Experimental section. Only devices with an
inverted structure are considered in this section. The lifetime
values were chosen with the same technique described in the
previous section. Fig. 10(a) shows the lifetime of the samples with
different encapsulations and processing under different ageing
conditions expressed in days, while Fig. 10(b) shows the same data
normalized to the performance of the “Spin coated Glass Full”
samples expressed in percent. The black dashed lines represent
the overall average values for all the technologies. It is apparent
that the device encapsulation technique is crucial for the stability.
The plots demonstrate that the manual encapsulation with flexible
barrier material for the mini-roll coated devices does not provide
sufficient sealing and therefore, even with the full encapsulation
the lifetimes are below 30% of the performance of the full glass
encapsulation. The latter shows the best performance, followed by
the full roll-to-roll packaged devices. From Fig. 10(a) it is also
apparent that ISOS-L-3 affects the different technologies the most,
which is in accordance with the data presented in Fig. 8.

3.3. Discussion and outlook

The diagram presented in Fig. 8 allowed categorizing the level
of performance of P3HT:PCBM devices under different ISOS test
conditions regardless of the diversity of device architectures.
It was established that P3HT:PCBM devices with common encapsula-
tion techniques reported here could demonstrate an average stabile
performance of up to years under moderate test conditions (ISOS-D-1
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referred to the web version of this article.)
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& D-2) and only up to weeks and months under harsh test conditions
(ISOS-D-3, L-2 and L-3). This also allowed for determination of
acceleration factors for the different ISOS tests, as well as establishing
the improvement factor in the stability under different test conditions
after encapsulation of the samples. The purpose of the study was to
generalize the presented reporting method, which can eventually
result in assimilation of sufficient data that can then be used for
establishing and comparing the performance of different OPV tech-
nologies and reliably predicting the operational lifetimes.

Further studies will involve comparison of the obtained results
with outdoor measurements of the same sample under real
outdoor operational conditions and assessing the acceleration
factors. This will then enable studies of other active mixtures
and comparison of these with P3HT:PCBM.

4. Conclusions

We have presented an overview of lifetime analyses of P3HT:
PCBM based OPV devices with different architectures, encapsula-
tions and processing techniques. A diagram with logarithmic scale
was utilized for presenting the lifetime (T80) values vs the sample
initial performance. The base 4 was used for the logarithmic scale,
which was associated with common time units. The diagram
allowed categorizing the lifetime values using the time units and
intercomparing the performance of different technologies. The
established lifetimes for the studied samples were in average in
the range of up to several years under moderate tests and only up
to weeks and months under harsh tests for the studied samples. It
was further shown that for the devices with normal structure and
aluminum top electrode the encapsulation had the best effect
during dark tests, while for devices with inverted structure and
silver top electrode the stability boost due to encapsulation was
most notable in the case of ISOS-L tests. Overall, for encapsulated
samples the normal devices degraded much faster under harsh
tests in comparison to the inverted devices. Furthermore, while
comparing the different encapsulation techniques it was shown
that the manual encapsulation of the samples with flexible
substrates did not provide sufficient protection, while the full
glass encapsulation reveled the longest lifetimes followed by the
full plastic packaging using roll-to-roll encapsulation.

Overall, despite the diversity of the studied samples the new
reporting method allowed categorizing and intercomparing the
stability performance of the samples and it constitutes the initial
steps towards creation of a lifetime prediction tool for OPVs.
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a b s t r a c t

A comprehensive outdoor study of polymer solar cells and modules for duration of one year was con-
ducted. Different sample geometries and encapsulations were employed in order to study the spread in
the lifetimes. The study is a complimentary report to previous work that focused on indoor ageing tests.
Comparison of the indoor and outdoor lifetimes was performed by means of the o-diagram, which
constitutes the initial steps towards establishing a method for predicting the lifetime of an organic
photovoltaic device under real operational conditions based on a selection of accelerated indoor tests.
Acceleration factors were determined using the ISOS-protocols, which enabled reproducible data
acquisition between different laboratories and operators within the OPV community. A semi-automatic
filtering method was employed for processing data acquired in outdoor tests. It was found that the
lifetime of the samples tested under outdoor conditions was somewhere between the lifetimes of
samples measured in accelerated indoor test conditions of damp heat and light soaking (ISOS-D-3 and
ISOS-L-2) and in moderate indoor test conditions (shelf life and high temperature storage). The presented
results reveal that while the accelerated ageing studies reveal days and weeks of lifetime for the studied
samples, in outdoor real operational conditions the samples demonstrate stability up to months and
seasons.

& 2015 Elsevier B.V. All rights reserved.

1. Introduction

Organic photovoltaic (OPV) is an emerging solar cell technology
that has presented consistent growth in efficiency over time [1].
This has attracted a lot of interest among both the researchers and
industry. Special emphasis is placed on the fast manufacturing and
the potentially very short energy payback time of OPVs [2–4]. An
increase of several orders of magnitude for the operational lifetime
of OPV has also been observed in recent years, with lifetimes
reaching values beyond 1 year [5,6]. Considering the fast
improvements in stability, the evaluation of the lifetime within a
reasonable timeframe is becoming more and more challenging
and this urges for the need of establishing methods of accelerated
ageing that can reduce the testing time, yet provide an accurate
estimate of the lifetime under real operational (outdoor) condi-
tions [7–13].

The outdoor lifetime is influenced by the varying weather
conditions throughout the year and thus the test conditions are of
very fluctuating nature. For instance, summer provides more
irradiation dose and elevated humidity, while in the winter the
samples are subjected to reduced temperature and irradiances,

strong wind and increased precipitation (rain, fog, and snow).
Depending on the harshness of the climatic condition different
lifetime results will be recorded at different geographic locations.
Therefore, round robins and inter-laboratory collaborations have
already been conducted a number of times with the aim to address
and reveal such issues [14–17]. However a more systematic
approach might be necessary in order to globally compare outdoor
lifetime of OPV and further improve the lifetime prediction.

In 2011, the OPV research community proposed ISOS testing
guidelines that describe how to carefully carry out stability tests of
OPV samples under different test conditions in a reproducible
manner [18]. The guidelines cover a wide range of tests stretching
from simple shelf life or damp heat to sophisticated light soaking
tests in weathering chambers and real outdoor tests. However, the
question remained how to link such different tests to each other
and establish acceleration factors among the real test conditions
and more intense (accelerated) tests. The recent studies attempted
to establish the degradation trends for OPV technologies with
different device structures and encapsulations using under dif-
ferent ISOS tests [15–19]. The studies however were conducted
only for indoor ageing.

The present study is a complimentary work that extends the
previous studies to outdoor ageing conditions with an attempt to
complete the comparative table of the ageing rates of ISOS tests
with outdoor data. The present work proposes to use the
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established data as an initial step towards creating a tool for life-
time prediction based on accelerated tests.

2. Experimental

2.1. Sample preparation

The study involves both modules produced with full roll-to-roll
(R2R) techniques and single solar cells fabricated by mini-roll
coating and by spin coating. The structure of the samples used for
this study is schematically presented in Table 1. The procedure of
fabrication has been presented earlier [20,21].

We have deliberately chosen modules employing two different
geometric dimensions and two different types of PEDOT:PSS
configurations to increase the variation in intrinsic stability of the
samples. The structure variations are presented in Table 2 [22,23].
Meanwhile, the spin coated and mini-roll coated samples were
deliberately encapsulated using different methods shown in
Table 3. Referring to the table, partial encapsulation means that
the encapsulant covers the active area and only partially the
terminals (without edge sealing). Full encapsulation means that
the whole device is sealed including both terminals and edges
[24]. The study exploits samples fully encapsulated with PET and
glass for respectively R2R and spin coated samples, while full PET,

partial glass and partial PET are employed for mini-roll coated
devices.

The initial performance for the three types of samples was in
the following range:

R2R modules 1.16–1.98%.
Mini-roll coated cells 0.72–1.3%.
Spin coated cells 1.3–2.24%.

2.2. Test conditions

The outdoor ageing followed the standard ISOS-O-1 for mini-
roll and spin coated cells, and ISOS-O-2 for R2R modules [18]. The
samples were placed on the sun tracking platform shown in Fig. 1.
R2R modules were continuously measured in-situ, while mini-roll
coated and spin coated solar cells were periodically moved indoor
and measured under solar simulator (Metal Halide Lamp Solar
Constant 1200). The tests started on May 17th 2013 and ended on
December 3rd 2014.

2.3. Data processing

2.3.1. R2R modules
The outdoor measurements of 9 R2R modules were conducted

for over 1 year with automated recording of IV-curves every
10 min (ISOS-O-2). Variations of sun light intensity, spectrum and
air temperature resulted in strong fluctuations of the data and
thus, filtering of the data was necessary. The data points were
filtered according to the following steps:

1. Only measurements acquired with irradiance above 700 W/m2

were considered in order to remove data points acquired during
the night or unclear sky.

2. A moving average was extrapolated from the data, using 20
consecutive data points. Only data points that were close
enough to the moving average were kept. For each data point
an error e was defined:

e x xi
2( )= − ¯

where xi is the ith measurement and x̄ is the mobile average. Only
samples with an error smaller than n-times the standard deviation
were considered. An empirical approach showed the best results
using n¼50.
3. Stability parameters were determined according to the ISOS

guidelines – T0, T80, Ts, Ts80, E0, E80, Es, and Es80 [18]. E0 corresponds
to the initial performance evaluated at the initial time T0, while E80

Table 1
Structure of the tested devices.

R2R modules Mini-roll coated
solar cells

Spin coated
solar cells

Substrate PET PET Glassþ ITO
Electrodeþelectron
transport layer
(Flextrode)

SilverþPEDOT:
PSSþZnO

SilverþPEDOT:
PSSþZnO

ZnO

Active layer P3HT:PCBM P3HT:PCBM P3HT:PCBM
Hole transport layer PEDOT:PSS PEDOT:PSS PEDOT:PSS
Electrode Silver Silver Silver
Encapsulation Full PET (PF) Full PET (PF)/par-

tial PET (P)/partial
glass (G)

Full glass
(GF)

Table 2
Different types of the tested R2R modules.

Type 1 Type 2 Type 3

Front PEDOT:PSS Clevios FE T DK Clevios FE T DK Clevios FE T DK
Back PEDOT:PSS Agfa 5010 Clevios FE T DK Agfa 5010
Active layer size (cm2) 57 57 107
Cells on module (nr.) 8 8 16
Tested samples (nr.) 3 3 3

Table 3
Different encapsulations employed with mini-roll coated and spin coated devices.

Mini-roll coated
(active area
1 cm2)

Spin coated
(active area
0.25 cm2)

Tested sam-
ples (nr.)

Glass full (GF) X 3
Glass without edge
sealing (G)

X 2

Plastic full (PF) X 3
Plastic without
edge sealing (P)

X 4 Fig. 1. The photo shows devices mounted on a solar tracking platform. The high-
lighted area indicates modules type 1 and type 3 which were connected to a
Keithley digital multimeter for automatic measurements (ISOS-O-2).
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corresponds to 80% of the initial performance reached at the time
T80, moreover Es indicates the performance when the trend of the
lifetime goes from a fast decay (called the “burn-in phase”) to a
slower decay (called the “stabilized phase”) at the time Ts, finally
Es80 indicates a drop of 80% from Es at the time Ts80. Again, a
moving average was used to identify the lifetime parameters from
the curves. An empirical approach showed best results when
choosing 5 consecutive measurements to calculate the moving
average.

4. Data was exported into a MySQL database and further elabo-
rated with R project as is described elsewhere [19].

Fig. 2 shows unfiltered data, filtered data (after step 2) and moving
average (after step 3).

2.3.2. Mini-roll coated and spin coated cells
Similar to R2R modules, the mini-roll coated and spin coated

samples were also exposed to outdoor ageing, but for only
approximately 4 months and were periodically taken indoor for
characterization under solar simulator (ISOS-O-1). Thus, the fil-
tering steps 1 and 2 described in the previous paragraph were not
required. Meanwhile the steps 3 and 4 were performed in a similar
way to R2R modules.

3. Results and discussion

3.1. Outdoor ageing

Fig. 3 shows the decay of the maximum power Pmax generated
by different types of R2R modules (see Table 2). Irradiance and
temperature are also plotted as a reference. Type 2 modules decay
rapidly with all the samples reaching zero after approximately
4 months. Meanwhile types 1 and 3 show a significantly better
stability retaining 30% of the initial PCE after 6 months. The
inflection in the middle of the plot is associated with winter,
where the samples showed inferior performance most of the time
due to the limited irradiance and low temperature.

Fig. 4 shows the corresponding data determined under ISOS-O-
1 conditions. The figure reports data of representative samples for
each type of technologies and encapsulations. Linear trend lines
are added to guide the eye. The samples that appear to be the most
stable are the spin coated device with fully sealed glass encapsu-
lation (GF), followed by the mini-roll coated devices fully encap-
sulated with plastic (PF). Samples that are not fully sealed have
generally lower lifetime. In the plot of Fig. 4, the device with glass
encapsulation without edge sealing (G) is less stable than the one

with plastic encapsulation without edge sealing (P), which is
unexpected. This can possibly be explained by the fact that since
the glass encapsulated samples are rigid and brittle the periodic
handling may cause cracking in the sealing due to incomplete
encapsulation, while the flexible samples remain more tolerant
towards the handling. In fact, two out of the three spin coated and
glass encapsulated devices experienced catastrophic failure and
have not been considered in the analysis.

When comparing ISOS-O-1 where the samples are periodically
taken inside and tested under a solar simulator (Fig. 4) with ISOS-
O-2 where the characterization is performed outdoors under Sun
(Fig. 3) it is clear that data acquired under ISOS-O-1 is generally
easier to elaborate since the measurements are done under more
controlled conditions. However the necessity of bringing the
devices indoor with ISOS-O-1 for testing limits the frequency of
measurements and also may affect the lifetime itself.
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Fig. 2. Filtering of the acquired data: blue dots correspond to real (unfiltered) data
points, red dots correspond to the filtered data points (after step 2 of the filtering
process), while green triangles correspond to the moving average used to extra-
polate the lifetime parameters (step 3 of the filtering process). (For interpretation of
the references to color in this figure legend, the reader is referred to the web
version of this article.)

Fig. 3. Degradation of maximum power Pmax for different types of modules: blue
diamonds correspond to Type 1, purple crosses correspond to Type 2, light blue
asterisks correspond to Type 3 (see Table 2 for more details on the different types of
modules). Irradiance and temperature are also reported respectively with orange
dots, and with a red line. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

Fig. 4. The plot shows lifetime data for mini-roll coated and spin coated samples.
Purple rhombus correspond to data acquired for spin coated devices that were fully
encapsulated with glass (GF¼glass full), while blue circles, yellow triangles and
green squares correspond to data acquired for mini-roll coated devices which were
respectively fully encapsulated with plastic (PF¼plastic full), encapsulated with
plastic without edges sealing (P¼plastic) and with glass without edges sealing
(G¼glass). Temperature is reported using a red line. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)
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Fig. 5 shows the average of the lifetimes of all the samples for
each method of production (excluding the samples that suffered
from catastrophic failures). Both T80 and Ts80 are presented. Accord-
ing to the histogram the lifetime for the different samples is in the
same range except that the R2R modules (Type 1 to Type 3) show
somewhat stronger burn in expressed by lower T80 value. Exceptions
are the samples belonging to the Type 2 group which show a shorter
lifetime due to their un-optimal PEDOT:PSS choice, which was
reported to have strong negative impact on the stability [22].
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Fig. 5. Histogram comparing the lifetime of the different tested technologies fol-
lowing both the standard ISOS-O-1 and ISOS-O-2. T80 and Ts80 are reported.

Fig. 6. The o-diagram presents the T80 (solid markers) and Ts80 (open markers) values for all the tested samples under different ISOS test conditions (the conditions of the
tests are reported in Table 4). The blue circles and the red triangles represent correspondingly the devices with and without encapsulation. The gray zone marks the area
where the devices are considered fully degraded (below 30% of initial performance). The arrow shows the data that represents Tfinal instead of T80, which can be much higher.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.).
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3.2. Comparison with indoor tests via o-diagram

Recently a new method for categorizing the lifetime of organic
solar cells was reported, which utilized the so called o-diagram
that presents the scatter plot of the initial performance as a
function of the lifetime [19]. The diagram was utilized for com-
paring the performance of the samples tested under indoor ISOS
test conditions. The tested samples varied from simple spin coated
devices to R2R manufactured modules and were identical to the
ones presented in this work. In order to compare the earlier
reported indoor data with the outdoor results the data from pre-
vious and this paper were combined in one o-diagram shown in
Fig. 6. The time scale is expressed in the form of a logarithmic
function with a base of 4. Such a scale allows associating the time
with the commonly used time units shown in the top part of the
plot. In Fig. 6 the red triangles present the devices without
encapsulation, while the blue circles correspond to the encapsu-
lated samples. The filled markers correspond to E0, T80 values and
the open markers to Es and Ts80 values respectively. For the
detailed interpretation of the o-diagram the reader is referred to
the literature [19]. The different sections correspond to the dif-
ferent ISOS test conditions described in the ISOS guidelines [18]
and reported in Table 4 for the simplicity. From the plots it
becomes obvious that the outdoor (ISOS-O-1 and ISOS-O-2) life-
time for the given samples falls somewhere between the acceler-
ated indoor ageing tests (ISOS-L light soaking and ISOS-D-3 damp
heat) and moderate dark tests (ISOS-D-1 or ISOS-D-2), which is in
accordance with the expectations. The studied samples last only
about days to weeks under accelerated indoor tests, such as ISOS-
L-2, L-3 or D-3, but have lifetimes of weeks to months under
outdoor conditions and up to seasons and years in terms of shelf
life. Table 4 gives a summary of the different lifetimes reached
under different ISOS test conditions and the details of the test
conditions.

3.3. Prediction of lifetime

An additional advantage of the o-diagram is that by categor-
izing the data in the time blocks one can establish the relations
between the different tests and roughly determine the accelera-
tion or prediction factors. As an example in Fig. 6 the samples that
show outdoor lifetime of weeks to seasons experience an accel-
erated ageing under ISOS-L-3 with resulting lifetimes of only
hours to weeks. In similar manner a relation can be established
between all the ISOS tests.

The presented data however is limited to only a few technol-
ogies presented in this work and to only one geographic location
(Denmark) and therefore the established relations between the
tests are not universal. Nevertheless, the aim of this study is to
demonstrate a simple method for comparing the ageing under
different test conditions and to encourage other researchers to use
it to determine the lifetime of their technologies, since the broad
use of the method will eventually generate a large amount of

comparable data and allow establishing a database of lifetimes and
constructing a lifetime prediction tool.

4. Conclusions

Outdoor characterization of different organic solar cells and
modules were carried out and the lifetime for each technology was
estimated. The samples were produced by utilizing either the
traditional spin coating technique on glass, or by using mini-roll
coating setup and large scale R2R machinery on PET. The overall
tests lasted for more than one year, where the devices were
mounted on a solar tracking platform located in Denmark and
exposed to outdoor conditions. The lifetime of the different sam-
ples varied in the range of weeks to seasons.

The results were further compared to the earlier reported
indoor ISOS studies by means of the o-diagram. The indoor tests
included both accelerated tests, such as ISOS-L-2, L-3 and D-3 and
moderate tests such as shelf life or high temperature storage. The
comparison revealed that samples showing lifetime of days to
weeks under accelerated test conditions performed in the range of
weeks to months under outdoor conditions (Danish climate). The
presented results constitute the initial steps towards establishing a
method for predicting the lifetime of OPV based on the accelerated
indoor ageing tests.
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technologies.[3–5] This goes hand-in-hand 
with the utilization of abundant and non-
toxic materials, which lessens environ-
mental impact.[6–8]

Thermomechanical degradation of 
solar cells along with all of the internal 
interfaces are of critical importance for 
characterizing the reliability and lifetime 
of devices. R2R fabrication and the fur-
ther mounting of the produced devices 
outdoors imply subjecting the devices 
to significant mechanical stresses.[9] 
Such stresses can significantly impact 
the device lifetime and thus must be 
investigated in detail, which can help 
in both understanding the limits of the 
current structure and improving the 
mechanical stability by means of an opti-
mized fabrication process. Moreover, 
outdoor conditions, or more generally 
aging treatments, have a large impact 

on the performance of the cells, which affect both electrical 
performance and mechanical integrity.[10–12] The funda-
mental connection between material degradation and envi-
ronmental stressing parameters together with their mecha-
nistic origins has not been fully characterized yet. Recent 
studies have shown how pre- and post-electrode deposition 
annealing, UV radiation, and thermal cycling increase the 
adhesion at the weak interface between Poly(3-hexylthio-
phene) (P3HT):phenyl-C61-butyric acid methyl ester (PCBM) 
and poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate) 
(PEDOT:PSS).[13–15] However, this is just one of the several 
interfaces within an OPV, each of which will have varying sus-
ceptibility to environmental stressors.

In this study, we characterize the synergistic contribu-
tions of elevated temperature, moisture, and UV radiation 
on the adhesion of all the internal interfaces of R2R fabri-
cated OPV layers. These conditions are deliberately chosen 
as typical external stress factors that the sample will face 
during manufacturing or real life operation. We step-by-
step increase the number of layers in the stack and apply 
different external stresses at each step in order to charac-
terize the change in mechanical properties of each interface. 
The study presents the results of the tests and discusses 
the weakest links in the stack as well as reveals the effect of 
the different stress factors on the mechanical properties of 
the interfaces.

The role of the common stress factors such as high temperature, humidity, 
and UV irradiation on interface adhesion of roll-to-roll fabricated organic 
photovoltaic (OPV) devices is investigated. The samples range from bare 
front electrodes to complete devices. It is shown that applying single stress 
or combinations of stresses onto the samples variably affect the adhesion 
properties of the different interfaces in the OPV device. It is revealed that 
while the exposure of the complete devices to the stresses results in the 
loss of photovoltaic performance, some interfaces in the devices present 
improved adhesion properties. Depth profiling analysis on the fractured 
samples reveals interdiffusion of layers in the structure, which results in 
the increase of adhesion and change of the debond path. It is shown that 
through diffusion and intermixing of internal interfaces coupled stresses 
can increase the adhesion of OPV interfaces by over tenfold. The results 
are additionally compared to the photovoltaic performance of the complete 
devices.

1. Introduction

Organic solar cells have shown a constant improvement in 
both efficiency and stability during the past years. Efficiency 
has reached the value of 12% in 2013 while stability has 
recently surpassed the two years threshold of outdoor life-
time proving that the technology is on a path toward the com-
mercialization.[1,2] Nevertheless, the optimized production 
with vacuum-free, roll-to-roll (R2R) processable techniques 
that can secure low-cost and scalable manufacturing is per-
haps the most important asset of organic photovoltaic (OPV) 
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2. Results and Discussion

2.1. Overview of Mechanical Data

The study employed a large number of tested samples (67), 
which secured the good statistical confidence in the collected 
data. Figure 1 shows the measured fracture energy Gc from all 
the tested samples subjected to each stress condition. Higher 
values of Gc indicate better adhesion, while lower values indi-
cate that there is at least one weak point in the structure where 
the crack occurs. Untreated samples (N) showed overall low 
adhesion. Sample Pedot (PAF) had a Gc below 0.5 J m−2 for 
all the stress conditions, which means that the various stress 
conditions had a minimal effect on adhesion of the interface 
with PEDOT:PSS layer. However, some trends can still be iden-
tified (presented in section 2.1.3). Samples Flextrode (F) and 
Active (AF) had large spreads in Gc, which indicates that there 
can be a significant effect of stresses on adhesion. For AF, the 
largest increase in Gc occurred when applying a combination of 
thermal annealing, humidity, and UV light (T/UV/Hr), leading 
to a Gc above 7 J m−2. Flextrode instead showed the highest Gc 
for the combinations T/Hr and T/UV/Hr. Specifically, the con-
dition T/Hr induced on Flextrode shows large spreads in Gc, 
which could be related to the minor differences introduced 
during the fabrication of the samples, particularly sensitive to 
the double cantilever beam (DCB) test under T/Hr condition.

Devices with a value of Gc higher than 0.5 J m−2 already show 
a good resistance against handling, and it is therefore expected 
that for a real operational application, such value would be high 
enough to guarantee a mechanically stable device. Devices with 
Gc lower than 0.5 J m−2 can still be used, but require more 
careful handling, especially if not encapsulated. A more intense 
exploitation of the flexibility of the device, with multiple rolling 
in and out of the cell, can cause extra stresses that could lead to 
cracks and to a dramatic failure. Therefore, in this case, an opti-
mization of the adhesion and of the mechanical stability might 
become necessary.

2.1.1. Stress Effect on Mechanical Properties of Flextrode

The low Gc of Flextrode samples for all the stress conditions is 
a result of weak bonding at the interface within the Flextrode. 
X-ray photo spectroscopy (XPS) analysis of the debonded sur-
face showed that the delamination occurred adhesively between 

PEDOT:PSS (front) and ZnO (see Figure S1, Supporting 
Information), corresponding to the fracture path indicated for 
group 1 (N, T, UV, T/UV, and UV/Hr) in Figure 2. The inter-
face strengthened for the stress conditions including humidity 
(UV/Hr, T/Hr, and T/UV/Hr), especially with the addition 
of thermal annealing (T/Hr and T/UV/Hr). In the latter case, 
the delamination occurred between PEDOT:PSS and the poly-
ethylene terephthalate (PET) substrate (group 2), indicating a 
stronger ZnO/PEDOT:PSS interface. A visual inspection of the 
PET side showed a clear difference in fracture path between 
groups 1 and 2, as seen in Figure 2: the optical image for group 
1 shows a blue layer of PEDOT:PSS with the silver grid under-
neath, while for group 2 it shows the clear PET foil with traces 
of silver grid. XPS revealed that the fracture path for group 2 
is mostly adhesive at the PET, except for the region above the 
Ag grid where the crack meanders to the ZnO interface, indi-
cating that the PEDOT:PSS/Ag interface is stronger than the 
PEDOT:PSS/PET one.

From XPS depth profiling, we estimate the diffusion of 
ZnO into PEDOT:PSS by integrating the counts of zinc within 
PEDOT:PSS, which is determined as the region containing 
sulfur (S). The concentration of Zn within PEDOT:PSS is never 
zero, as can be seen in Figure S2 (Supporting Information), 
which proves the interconnection of ZnO with PEDOT:PSS, 
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Figure 1. Overview of the measured Gc as a function of the stress conditions (N = untreated, T = thermal annealing, Hr = humidity, UV = UV irradi-
ance). Red circles represent Flextrode (F), green triangles represent Active (AF), and blue squares represent Pedot (PAF). The graph on the right reports 
a zoomed area limited to Gc values below 1 J m−2.

Figure 2. Overview of the measured Gc of Flextrode for different stress 
conditions. The values are separated into two groups (1 and 2) based on 
the fracture path, which is indicated by red arrows. A picture of the PET 
side is shown for each debond surface.
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even for fresh devices. Figure 3 (bottom) shows the S/(S + Zn) 
ratio. A S/(S + Zn) ratio less than one indicates diffusion of 
ZnO into the PEDOT:PSS. In particular, a ratio closer to zero 
means a more pronounced diffusion of Zn. The stress condi-
tions with significant Zn diffusion (T/Hr and T/UV/Hr) exactly 
correspond to group 2 with high Gc. Thus, the diffusion of Zn 
into PEDOT:PSS strengthens the interface and is dependent on 
a combination of annealing and humidity. The conditions with a 
ratio S/(S + Zn) ≤ 0.5, hence having counts of Zn equal or larger 
than the counts of S (UV/Hr, T/Hr, and T/UV/Hr), correspond 
to the conditions determining a strengthening of the interface 
PEDOT:PSS/ZnO. We verified the different levels of diffusion 
also by examining the high-resolution binding energy peaks of 
both S and Zn, which shifted for group 2. Figure 3 (up) shows 
the peak binding energy of Zn. The binding energy shifted from 
1020 to 1022 eV when applying a combination of annealing and 
humidity, inversely matching the diffusion trend visible in the 
bottom picture. A literature analysis showed that the values of 
Zn (around 1022 eV) were compatible with the bonding of Zn 
with S, which agrees with the diffusion and strengthening of the 
interface.[16,17] This further supports that stress involving high 
temperature and humidity increases the reactivity of S and Zn.

2.1.2. Stress Effect on Mechanical Properties of Sample  
with Active Layer

For the samples with active layer (AF), an expected low Gc value 
was observed for the weakly adhered ZnO/PEDOT:PSS inter-
face under the same group 1 conditions (N, T, UV, T/UV, and 
UV/Hr), shown in Figure 4. Although the crack occurred at the 
same interface as for the corresponding Flextrode conditions, 
we measured a slightly higher Gc for AF (see Figure S3, Sup-
porting Information). This can be explained by the fact that 
the P3HT:PCBM coating was done at 65 °C and at ambient 
humidity ≈45% relative humidity (R.H.), which introduced 
additional short T/Hr treatment for the samples. Figure 4 shows 
the Gc for AF, where the previous group 2 is now split into 

group 2 (for T/UV/Hr) and group 3 for (T/Hr). As with the Flex-
trode, the combined effect of thermal annealing and humidity 
strengthened the ZnO/PEDOT:PSS interface. The reason for 
the lower Gc at the T/Hr combination could be explained by the 
XPS analysis and visual inspection (see PET side in Figure 4), 
which showed that the debond path changed from within the 
Flextrode (before the PEDOT:PSS/ZnO interface improved) to 
cohesive failure within the P3HT:PCBM layer. The addition of 
UV irradiation (T/UV/Hr) strengthened the P3HT:PCBM, and 
the debond path became mostly adhesive at the PET. This con-
dition gave a Gc above 6 J m−2, the highest measured in the 
study for any stress condition.

In order to observe chemistry changes in the P3HT:PCBM 
layer for the T/Hr and T/UV/Hr conditions, 45 µm × 45 µm 
atomic force microscopy (AFM) topography images of AF were 
taken on the surfaces immediately after exposure to stress and 
before DCB testing. Figure 5 shows large domains forming a 
Fischer-type structure. The defined domains have an average 
area of 50 µm2 and are limited by a semicircular perimeter 
with a height of ≈200 nm. AFM performed on the debonded 
surfaces of the fractured sample after DCB showed that the 
crack propagated at the interface of the macrostructure forma-
tion at the P3HT:PCBM surface. This can be explained by con-
sidering Figure S4 (Supporting Information) and by extracting 
the values of Rq for both sides of the fractured sample. The Rq 
extracted from the PET side is 34.6 nm, while the value of Rq 
extracted from the front side, where we know we have the for-
mation of domains, is 120.6 nm. This proves that the crack is 
very close to an inner interface within P3HT:PCBM, which is 
in between a variation of the material structure. The combina-
tion of annealing and humidity was then responsible for the 
creation of a weak layer on the surface of the AF. The applica-
tion of the UV light prevented the formation of such a layer, as 
can be seen in the AFM image for the sample in condition T/
UV/Hr in Figure 5. While it is not clear why the UV exposure 
altered the morphology significantly, two possible scenarios can 
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Figure 3. (Top): The bars indicate the binding energy of Zn peak as a 
function of stress conditions. (Bottom): The bars indicate the ratio of S/
(S+Zn) as a function of stress conditions. Figure 4. Overview of the measured Gc of AF for different stress condi-

tions. The values are separated into three different groups (1, 2, and 3) 
based on fracture path, which is indicated by red arrows. A picture of the 
PET side is shown for each debond surface.
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be speculated: (1) UV radiation reduced the actual amount of 
humidity that penetrated the sample and thus could possibly 
reduce the effect of humidity and (2) UV exposure is known to 
cause photo-oxidation of the polymer and breaking of bonds, 
interrupting the conjugation within the polymer,[18,19] which 
leads to a more amorphous structure. At the same time, it was 
recently discovered that UV light also results in dimerization 
of PCBM molecules.[20] The two effects may eventually lead to 
more amorphous structures with reduced cluster dimensions. 
Further experiments will however be required for better under-
standing the nature of the observed phenomenon.

2.1.3. Stress Effect on Mechanical Properties of Pedot Sample

Pedot samples (PAF) generally had low Gc for the untreated 
samples and all stress conditions. XPS showed that the 
debond path occurred adhesively between PEDOT:PSS (back) 
and P3HT:PCBM for all samples. This was expected for the 
untreated samples due to the weak interface between the hydro-
philic PEDOT:PSS layer and the hydrophobic P3HT:PCBM 
layer.[15] However, previous studies have shown that the forma-
tion of a strong intermixed layer between P3HT:PCBM and 
PEDOT:PSS that expands with annealing time is possible.[21] 
Annealing and thermal cycling influence the migration of 
PCBM toward the bottom of the P3HT:PCBM layer, which is 
initialized by crystallization of P3HT chains, and this process 
increases Gc.[22] In addition, it is well known that water con-
centration in PEDOT:PSS modifies the layer conductivity and 
induces expansion/compression in the film.[23,24] The stress 
effects on PAF are shown in Figure 6 and have been grouped in 
3 categories: untreated samples (N), aged without UV, and aged 

with UV. Surprisingly, we did not see a substantial improve-
ment of Gc that could indicate an intermixed layer formation 
at the interface during the exposure to any of the treatments. 
Previous annealing studies involved spin-coated samples fabri-
cated under conditions different from the roll-coated samples, 
and the comparatively lower adhesion of the PEDOT:PSS to 
the P3HT:PCBM for roll-coated samples may be explained due 
to the different composition and different additives present in 
the PEDOT:PSS,[25] and the different type of P3HT that had to 
be treated with butanol prior to the coating in order to reduce 
its hydrophobic behavior. The main conclusion is that aging 
without UV stress marginally increased the Gc while aging with 
UV had no effect on the mechanical integrity. The application 
of UV light onto PEDOT:PSS is also known to be harmful since 
UV radiation can break the polymer chains.[26]

2.2. Photovoltaic Performance of the Samples

In addition, reference complete solar cell devices were tested 
for photovoltaic performance after similar stress conditions. 
Figure 7 shows the values of power conversion efficiency (PCE) 
measured after each stress condition, reported in Table 1. 
Applying thermal annealing in a nitrogen atmosphere (T) did 
not affect significantly the PCE, while UV light in the same 
atmosphere (with or without thermal annealing) acceler-
ated the degradation substantially. Finally, the introduction of 
moisture in the stress process dramatically increased the rate 
of degradation, which resulted in a null PCE for the full com-
bination T/UV/Hr. Since the samples were subjected to the 
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Figure 5. AFM topography images of the AF immediately after exposure 
to stress and before DCB testing, labeled based on stress condition. All 
the images cover an area of 45.45 × 45.45 µm2. The 3D views are reported 
in Figure S5 (Supporting Information).

Figure 6. Overview of the measured Gc of PAF for different stress condi-
tions, which are grouped into untreated (N), aging without UV irradiance, 
and aging with UV irradiance.

Figure 7. Overview of the PCE for each aging condition.
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stresses without encapsulation, the direct contact with oxygen, 
humidity, and UV light as expected resulted in rapid deteriora-
tion in PV performance due to the well-known oxidation and 
photobleaching of the active layer and conductivity loss of 
PEDOT:PSS by uptake of water.

2.3. Pros and Cons

The results demonstrated that the application of short-term 
stress factors at different stages of device manufacturing sig-
nificantly improve the adhesion at certain interfaces, which 
may eventually translate into general improvement of OPV 
device durability. The use of such stress factors however comes 
at a price of lowered efficiency of the device. The stress con-
ditions that lead to a better mechanical stability (combination 
of humidity and temperature) introduce aging mechanisms in 
the device, which result in a significant drop of the efficiency 
already after 24 h of exposure as discussed in the previous sec-
tion. This therefore makes it impossible to determine at this 
stage whether the stresses indeed could improve the photovol-
taic stability of the device. A solution perhaps would be to find 
a way to impose the stresses while the samples are protected 
from all the major aging mechanisms, such as improvement 
of hydrophobicity of PEDOT:PSS layer, conducting the stresses 
in oxygen-free environment etc. These will be addressed in the 
follow-up studies.

Additionally, it is of significant importance to establish to 
which extent the duration of the different stresses introduces 
changes in the mechanical properties of the interfaces. While 
in this study the time parameter was kept constant (24 h) for all 
the tests to reduce the number of parameters, the future work 
will constitute also studies of each individual stress with vari-
able duration of exposure.

3. Conclusions and Outlook

We have demonstrated that the combined application of dif-
ferent stress factors can greatly affect the adhesion of OPV 
interfaces. The study involved subjecting the OPV sam-
ples at different stages of manufacturing to stress factors 
including thermal annealing, humidity, and UV irradiation. 
While the untreated samples had low adhesion at almost all 
the interfaces, the study showed that the combined effect 
of stress factors strengthened the adhesion at certain inter-
faces. For the Flextrode (containing PET substrate, ZnO, and 
PEDOT:PSS layers), the thermal heating and humidity facili-
tated the diffusion of zinc into PEDOT:PSS, which improved 

the adhesion of the interface. The exposure of P3HT:PCBM 
with the same conditions led to the formation of large organ-
ized structures on the surface and created a weak layer 
within the P3HT:PCBM, but the further addition of UV light 
blocked this effect, possibly due to the reduction of humidity 
around the sample. Interfaces between the P3HT:PCBM 
and the top PEDOT:PSS layer (back electrode) did not show 
substantial improvement with any of the conditions, but the 
combination of thermal heating, humidity, or both without 
UV irradiation led to a modest increase in adhesion. Addi-
tionally, the photovoltaic performance of complete solar cells 
in similar stress conditions were studied and it was discov-
ered that the photovoltaic performance of the samples did 
not follow the trend of mechanical improvements, but was 
rather deteriorated by major aging mechanism initiated by 
the direct contact of the unprotected samples with oxygen, 
water, and UV light. Therefore, although the study demon-
strated new methods for improving the mechanical proper-
ties of the interfaces in the devices, further studies will be 
necessary in order to develop a method where the samples 
can be protected from dominating aging mechanisms while 
being treated under the aforementioned stresses. This may 
eventually lead to the development of reliable technology 
with improved operational lifetimes.

4. Experimental Section
Sample Preparation: The sample preparation aimed to simulate 

the conditions encountered during the fabrication of solar cells at 
the Technical University of Denmark (DTU) during lab-scale tests. 
During such tests, the user employed a generic electrode for inverted 
structure called Flextrode, which was fabricated using R2R techniques 
and on which the required layers were later processed. The detailed 
description of Flextrode and its fabrication can be found elsewhere in 
the literature.[27–29] Flextrode was composed of PET substrate, silver 
grid (Ag), PEDOT:PSS, and zinc oxide (ZnO). The employed silver was 
based on a water-based silver-nanoparticle ink (PFI-722 from PChem 
Associates), while PEDOT:PSS Clevios FE T DK was from Heraeus, and 
the ZnO ink was prepared by dispersing nanoparticles in acetone with a 
concentration of 56 mg mL−1.

On top of the Flextrode, further layers were coated using a mini-
roll coater that simulates the large scale roll-to-roll manufacturing but 
in smaller lab scales.[30] The materials processed with the mini-roll 
coater were the blend of Poly(3-hexylthiophene) P3HT (Plextronics) 
and phenyl-C61-butyric acid methyl ester PCBM (Merck). The solution 
of P3HT:PCBM was prepared with a concentration of 40 mg mL−1 
and a ratio of 1:1, which was dissolved in 87% chlorobenzene, 10% 
chloroform, and 3% chloronaphthalene. Other layers processed with the 
mini-roll coaters were PEDOT:PSS 5010 (Agfa) and silver paste PV410 
(DuPont). The detailed description of the fabrication process can be 
found in literature.[29] The slot-die coated layers were ≈1 m long and 
1 cm wide.
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Table 1. Summarized stress conditions involving different combinations of thermal annealing (T), humidity (Hr), and UV irradiance (UV).

 T T/Hr UV UV/Hr T/UV T/UV/Hr

Temperature [°C] 85 85 25 25 85 85

Humidity [% R.H.] 0 45 0 45 0 45

UV Irradiance [W m−2] 0 0 30 30 30 30

Duration of exposure [h] 24 24 24 24 24 24
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Table 2 describes the composition and the processing parameters 
of the layers. There were three types of samples tested in this study: 
“Flextrode” (F) is composed of only Flextrode, “Active” (AF) which 
consists of Flextrode and active layer P3HT:PCBM, and “Pedot” (PAF) 
which has an additional layer of PEDOT:PSS on top of P3HT:PCBM. The 
layer structure is summarized in Figure 8. In order to complete the solar 
cell, printing of an Ag grid was necessary on top of the PEDOT:PSS (layer 
1 to 7 in Table 2) which defined an active area of 1 cm2. Considering 
that the interface P3HT:PCBM / PEDOT:PSS was well known to be the 
weakest in the device,[13] the presence of the top silver grid did not 
influence such interfacial adhesion (which was additionally confirmed 
by preliminary tests) and thus full devices with Ag grid were neglected 
in the study. The PCE of the corresponding full fresh devices varied 
between 1.2% and 1.8%. The final samples were packaged in a glove box 
to avoid further contamination and were shipped to Stanford University 
for mechanical testing.

Stress Conditions: The samples were post-treated according to the 
stress conditions shown in Table 1, which are a combination of the 
thermal annealing (T), humidity (Hr), and UV exposure (UV). The 
stress conditions without humidity were performed in a glove box filled 
with a nitrogen atmosphere and R.H. < 0.1%, thermal annealing was 
performed using a hot plate if the treatment was conducted inside the 
glove box. Otherwise, an environmental chamber was used to apply 
the required combination of annealing and humidity. A UV lamp, XX-15 
bench lamp, made by UVP was used to irradiate the samples. A UV 
intensity of 30 W m−2 was used to simulate 1 Sun exposure (≈3% of the 
solar spectrum is UV). The aging of complete devices was conducted 
using a Metal-halide lamp providing the same level of UV intensity. Each 
aging test had a duration of 24 h.

Fracture Energy Testing: The fracture energy (Gc) refers to the energy 
required to delaminate an interface or propagate a crack within a layer. 
In order to quantify the Gc, the samples were bonded between two 
rectangular elastically stiff beams in order to form a DCB, which is a 
standard test geometry for measuring the fracture energy of thin-film 

interfaces as a debond propagates within the sample.[31] The DCB 
geometry and experimental analysis are analogous to bulk fracture 
testing, but instead of using a single piece of material as the sample, 
OPV layers were sandwiched between two relatively thick beams. In 
the DCB configuration, the ends of the sample were pulled apart, 
which forced a crack to propagate down the beam from one end 
within the weakest layer of the sample. The beams bent in response 
to the initial loads, storing up elastic energy, which was then released 
and provided a driving force for crack propagation when the layer 
fractured (Gc). After applying the desired stress conditions to the OPV 
films, the samples were coated with an evaporated film of 5 nm Ti and 
500 nm Al as a barrier layer to prevent epoxy diffusion into the sample 
structure. DCB specimens 7 mm wide, 50 mm long, and 6 mm thick 
were prepared using a pair of polycarbonate beams that were cut 
to size from a sheet of polycarbonate to sandwich the sample, see 
Figure 9a. The samples F, AF, and PAF were cut in order to fully 
cover the tested beam area. The beams were glued to the metallized 
sample using epoxy Loctite E-20NS and cured at room temperature 
for 24 h. After curing the adhesive, the edges were cleaned with a 
razor blade to remove excess epoxy and to ensure a clean surface 
for crack propagation. Finally, two tabs were glued on the beams for 
mounting the sample on the testing system, see Figure 9b. Prior to 
testing, a precrack was manually induced by clamping the sample 
and gently pulling the beam from one tab. Gc was determined by two 
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Figure 8. Schematic structures of the three different sample types consid-
ered in the study: Flextrode (F), Active (AF), and Pedot (PAF).

Figure 9. Pictures of a sample pretest and during test: a) the sample is 
sandwiched between two polycarbonate beams using epoxy; b) the sample 
is shown after removal of the edges and after gluing the tabs for mounting 
in the testing system; c) the sample is highlighted with a red circle and is 
mounted on the DCB tester (Delaminator DTS, Menlo Park, CA).

Table 2. Compositions and thicknesses of the different layers, together with their processing techniques and equipment. The different sample types 
in the first column indicate the layers included: Flextrode (F) layer 1 to 4; Active (AF) layer 1 to 5; Pedot (PAF) layer 1 to 6.

Sample types Layer .position Layer composition Processing technique Equipment Thickness 
[nm]

1 PET Purchased Purchased 106

   2 Ag Rotary screen printing R2R 300

   3 PEDOT:PSS (front) Flexographic printing R2R 600

  

F

4 ZnO Slot-die coating R2R 90

 

A
F 5 P3HT:PCBM Slot-die coating Mini-roll coaters 380

PA
F  

6 PEDOT:PSS (back) Slot-die coating Mini-roll coaters 1000

  7 Ag Flexographic printing Mini-roll coaters 104



FU
LL P

A
P
ER

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim (7 of 7) 1501927wileyonlinelibrary.comAdv. Energy Mater. 2016, 1501927

www.MaterialsViews.com
www.advenergymat.de

distinct energy absorbing processes: the energy to create new surfaces 
by breaking atomic bonds and the energy dissipated in the plastic 
zone surrounding the crack tip. Note that the thin, brittle epoxy 
layer and the evaporated metal did not contribute to either process 
and therefore did not affect the measured Gc since the crack always 
propagated within the OPV films. The DCB specimens were loaded 
under displacement control in a thin-film cohesion testing system 
(Delaminator DTS, Menlo Park, CA) from which a load, P, versus 
displacement, ∆, curve was recorded. Gc (J m−2) was measured in 
terms of the critical value of the applied strain energy release rate (G). 
The sample mounted on the testing system is highlighted with a red 
area in Figure 9c.

Gc can be expressed in terms of the critical load (Pc), at which the 
debond growth occurs, the debond length (a), the plain strain elastic 
modulus (E′) of the substrates, and the specimen dimensions (width B 
and half-thickness h). Gc is calculated from Equation (1)[32]
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The debond length is measured directly under an optical microscope 
or alternatively, it can be deduced from measurement of the elastic 
compliance, d∆/dP, using the compliance relationship in Equation (2)
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All Gc tests were carried out in room environment at ≈25 °C and 
≈40% R.H., and the samples were kept in the glove box away from light 
at all times other than sample preparation and testing.

Characterization of the Debond Path: Following adhesion testing, a 
survey with XPS (PHI 5000 Versaprobe) scan (0–1100 eV) was taken 
for each of the fractured specimens using monochromatic Al Kα X-ray 
radiation at 1487 eV in order to characterize the surface chemistry and to 
help precisely locate the debond path. Depth profiling was performed to 
quantify diffusion and reorganization of layers after exposure to stress. An 
X-ray beam spot of 200 µm × 200 µm with detection angle of 35° was used 
with a beam of Ar+ ions. The beam current was 3 µA at a voltage of 5 kV 
and used to raster the tested specimens over an area of 2 mm × 2 mm. 
The fractured specimen side containing the PET substrate is referred 
to as the “PET side” in all samples. Detailed high-resolution XPS scans 
around the Zn2p (1016–1036 eV) and S2p (155–175 eV) were made for 
compositional analysis and further identification of the debond path.

Optical and AFM (XE-70, Park Systems) in noncontact mode 
were used to characterize the effects of stress factors on the surface 
morphology and roughness.
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Freely available OPV—The fast way to progress
Frederik C. Krebs,*[a] Markus Hçsel,[a] Michael Corazza,[a] B�renger Roth,[a] Morten V. Madsen,[a]

Suren A. Gevorgyan,[a] Roar R. Søndergaard,[a] Dieter Karg,[b] and Mikkel Jørgensen[a]

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

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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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
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

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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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
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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Medium area, flexible single and tandem junction
solar cells based on roll coated semi-random
copolymers†

Thomas R. Andersen,a Henrik F. Dam,a Beate Burkhart,b Dechan Angmo,a

Michael Corazza,a Barry C. Thompson*b and Frederik C. Krebs*a

We report on medium area (1 cm2) slot-die coated organic photovoltaic devices (OPVs) of a recently

developed semi-random copolymer of poly-3-hexylthiophene and diketopyrrolopyrrole (P3HTT–DPP-

10%) mixed with phenyl-C61-butyric acid methyl ester ([60]PCBM). The devices were prepared using a

compact laboratory roll-coater using only slot-die coating and flexographic printing under ambient

conditions on a flexible ITO-free substrate. In order to overcome a low JSC and FF obtained for single

junction devices, devices were also prepared in a tandem geometry making it possible to employ thinner

junction films. Power conversion efficiencies of up to 1.36% and 1.31% were achieved for the tandem and

single junction geometries, respectively.

Introduction

The research/development of organic photovoltaic devices
(OPVs) is primarily driven forward by their vast potential as a
low cost alternative to inorganic solar cells. Until now the
majority of research has been focused on increasing the power
conversion efficiency (PCE) of OPVs by optimization of the
active layer consisting of a donor polymer and an acceptor
material.1,2 Optimization has mostly been achieved through
development of new polymers, which have either an improved
absorption spectrummatch with the solar irradiation spectrum,
better alignment of the energy level and/or more favorable
morphology. This has led to an increase of the best efficiencies
from around 3% to 10% for single junction devices over a period
of 10 years.3 An improved spectral match has been achieved by
synthesis of new lower bandgap polymers utilizing the peak
photon ux4,5 or by general broadening of the absorption peak
for example by preparation of random copolymers.6–8

For OPVs to fulll their potential, as a low cost alternative
energy source, the manufacturing method should ideally
employ roll-2-roll (R2R) solution processing of all layers in an
ambient atmosphere and be free of costly and scarce materials
such as indium.9–12 Even though this has been known for some
time, most research groups still work with small area devices
(ca. 0.04 cm2) prepared by spin coating and/or vacuum

deposition in an inert atmosphere, all being incompatible with
large scale energy production.13,14 Among the conjugated poly-
mers that have been investigated using R2R coating methods,
regioregular poly(3-hexylthiophene) (P3HT) is still the most
studied polymer material. Despite its high bandgap, conse-
quently limited absorption, and poor alignment of the energy
level with [6,6]-phenyl-C61-butyric acid methyl ester
([60]PCBM), P3HT offers unique properties such as a
semicrystalline structure, high hole mobility (enables lm
thicknesses over 200 nm) and forms a morphology with
[60]PCBM, that can withstand high temperatures (used in R2R).15

In an attempt to combine both enhanced absorption and
compatibility with R2R, several random copolymers with a base
of 3-hexylthiophene copolymerized with acceptor units have
been reported recently.7,16,17 Small area devices prepared by
spin-coating have obtained higher efficiencies than what is
generally reported for devices with P3HT:PCBM, with a peak
efficiency of 5.73% reported for P3HTT–DPP-10%. Increases in
efficiency relative to P3HT are primarily due to a signicantly
broadened photoresponse of the semi-random copolymers.
Specically, P3HTT–DPP-10% is a semi-random copolymer
consisting of 80% of 3-hexylthiophene copolymerized with 10%
thiophene (T) and 10% diketopyrrolopyrrole (DPP). The result is
a polymer with the combined absorption characteristics of
P3HT and DPP-copolymers that exhibits a similar high hole
mobility and morphology with fullerenes as P3HT.7

Herein we present our rst attempts of preparing OPV
devices by slot-die coating of P3HTT–DPP-10%. OPVs were fully
prepared on a compact laboratory roll-coating/printing
machine by slot-die coating and exographic printing on a
exible ITO-free substrate known as Flextrode.11 Devices were
prepared both in single and homo-tandem junction geometries.
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Results

The advantages of Flextrode include low embodied energy, low
sheet resistance, and robustness towards bending.10,11,18 The
disadvantages of Flextrode is a low optical transmission (60–
70%)11 in the near infrared area and silver spikes from the
bottom electrode penetrating the PEDOT:PSS and ZnO layer.
These silver spikes make it impossible to prepare devices with
an active layer thickness lower than 200–250 nm due to shorting
as a consequence of direct contact between the top and the
bottom electrode. An example of the silver spikes can be seen in
Fig. 1A, which is a height prole taken lengthwise on a silver
stripe in Flextrode, illustrating multiple peaks with height
variations of up to 700 nm. As is also evident from the SEM
images (Fig. 1C and D), a cross-sectional image on the width of
the stripe shows a silver stripe with a noticeable number of hills
and dales, revealing that the roughness is not only an issue at
the length of the stripe. The tilted images in Fig. 1D show a
ridge along the length of the silver stripe, with local dewetting
spots of subsequent deposited layers along the ridge. This large
thickness requirement can have a great inuence on the type of
polymer which is suitable for roll-coating on Flextrode. Among
the seemingly less suitable polymers, DPP copolymers have
been found to exhibit a signicant decrease in FF with
increasing lm thickness.19 To overcome the thickness chal-
lenge, devices with the polymer P3HTT-DPP-10% were prepared
both in a single and tandem junction geometry allowing the
thickness of the individual active layers to be below 200 nm. The

layer structures used in this work can be seen in Fig. 1B, a single
junction stack consisting of 8 layers and a tandem stack with 12
layers all solution processed sequentially on top of each other as
we presented previously.18

We prepared OPVs with an active-material of P3HTT–DPP-
10% and PCBM with a ratio of 1 : 1.3 in chlorobenzene both for
single and tandem junctions. Devices were prepared with
varying active layer thicknesses to nd the optimal thickness
combination. For the single junction devices it is evident from
Fig. 2 that the better performance is found with the thinner
active layer due to an increase in FF and Voc. The PCE obtained
for tandem devices increases when the front cell is increased in
thickness from 76 to 109 nm. An additional thickness of the
front cell resulted in a decrease in efficiency due to a loss of
current. The optimized homo-tandem devices revealed a
slightly better performance than the optimized single junction
devices due to a comparable FF and an increase in VOC of 66%,
which is however lower than the theoretical value. As previously
shown the high VOC cannot be expected when utilizing a exible
substrate,18,20 and this is combined with a decrease of 35% in
JSC. The decrease in JSC is, according to theory regarding tandem
OPVs, expected to be larger since the JSC in the tandem archi-
tecture is dictated by the sub-cell with the lowest JSC, and this
reveals that the single junction devices could have problems
with either exciton dissociation or carrier extraction.

The achieved PCE of 1.31 and 1.36% for single and tandem
junctions is signicantly lower than the efficiencies obtained on
small area devices prepared by spin-coating, mostly due to a

Fig. 1 (A) Height profile of the edge of a silver stripe on Flextrode measured by a Dektak Profilometer, (B) geometry of the stacks utilized in this
paper, (C) the cross-sectional SEM image of Flextrode encapsulated in epoxy, and (D) the SEM image of Flextrode tilted at a 55 degree angle.
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large decrease in JSC and FF. These can be explained by an
undesirable morphology (as seen in Fig. ESI 1 in ESI†) and the
changes as a result of upscaling the device size as seen previ-
ously. It is however notable that the homo-tandem device
performs slightly better than the single junction device when
employing nearly the same active material (273 nm for the
single junction and a total of 277 nm for the tandem), in spite of
the fact that there are signicant losses in VOC.

Fig. 3 shows photographs and laser beam induced current
(LBIC) images of the best performing devices of both tandem
and single junction geometries. It can be seen that the active
area is slightly reduced for the tandem device giving it an area
just below 1 cm2. This reduction originates from the two offsets
between active layers and the intermediate layer. The tandem
device also reveals a slight colour difference compared to the
single junction device with a similar total active layer thickness
due to the PEDOT:PSS used in the intermediate layer the
transmission have decreased. The added number of layers not
only decreases the transmission but also increases the chance
of coating defects as can be seen on the LBIC images shown in
Fig. 3. Where the tandem device shows two clear coating defects
(blue areas in the bottom center and on the bottom right)
whereas the single junction device only shows minor defects.

Photographs of all device types can be found in Fig. ESI 2 in the
ESI.†

Conclusion

In conclusion, the semi-random copolymer P3HTT–DPP-10%
mixed with [60]PCBM was tested in organic solar cells (OPVs)
both in a single and tandem junction geometry. Flexible ITO-
free OPVs were prepared in an inverted geometry by slot-die
coating and exographic printing on a small laboratory roll-
coater. Both device geometries were optimized with regard to
thickness for single junction devices and the efficiency
increased with decreasing lm thickness, whereas the tandem
devices had a peak performance with sub-cell thicknesses of
178 nm.

The homo-tandem geometry with a PCE of 1.36% demon-
strates an increase in power conversion efficiency of approxi-
mately 4% when compared to single junction devices with the
observed coating defects so potentially an even larger
improvement can be achieved. This increase can mainly be
ascribed to a smaller than expected decrease in JSC. Importantly
this is the rst report of the use of semi-random copolymers in
medium area, exible, and roll-coated solar cells. The data
reported here are further evidence of the practical relevance of
this class of polymer and ongoing work is focused on continued
optimization of processing conditions.

Experimental
Materials and methods

The synthesis procedure for the random copolymer
poly(3-hexylthiophene-thiophene–diketopyrrolopyrrole) containing
10% diketopyrrolopyrrole was previously published.7 Chloro-
benzene and 2-propanol (IPA) (99.8%) were purchased from
Sigma Aldrich and used without further purication, Clevios P
VP Al4083 and Clevios F010 were acquired from Heraeus mixed
with 2-propanol. PV 5025 silver was purchased from Dupont.
ZnO nanoparticles were prepared according to the literature21

and dispersed in acetone with a concentration of 56 mg mL�1.

Fig. 2 I–V data for single and tandem junctions with varied thicknesses for first and second sub-cells and I–V characteristics for the best
performing single junction device and the best performing tandem device.

Fig. 3 (Left) Photographs of the best performing tandem and single
junction devices (the active area is marked with a black square; the
tandem device is marked with a white star), and (right) LBIC images of
the same devices as above (the tandem device is marked with a white
star).
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Ink preparation

P3HTT–DPP-10% mixed with PCBM in a 1 : 1.3 ratio were used
in two concentrations, 23 mg mL�1 for coating of lms thicker
than 100 nm and 16.1 mg mL�1 for lms thinner than 100 nm.
Clevios F010 was used in two formulation both diluted with IPA,
a compatibilizer formulation PEDOT:PSS F010 : IPA 1 : 4 vol/vol
and conductive electrode 2 : 1 vol/vol. Hole transporting layer in
the intermediate layer and back electrode a formulation of
Al4083 with IPA in 1 : 2 vol/vol was used.

Device preparation

The device with an area of approximately 1 cm2 was prepared on
a laboratory scale roll-coater using slot-die coating as the
primary method for ink deposition on a large scale R2R
produced ITO-free substrate known as Flextrode. Coating of the
active layer was conducted at 1.3 m min�1 from the inks
described above, and the thickness of the applied layers was
controlled by the wet thickness of the inks by primarily
changing the pump-rate. The intermediate layer consisted of
three layers coated individually: (1) a compatibilizing
PEDOT:PSS F010 layer was coated with a wet thickness of 8 mm,
(2) PEDOT:PSS 4083 hole selective layer at 23 mm wet layer
thickness, and (3) zinc oxide had a wet thickness of 5 mm. The
top PEDOT:PSS electrode was composed of three layers of
PEDOT:PSS: (1) a compatibilizing PEDOT:PSS F010 layer was
coated with a wet thickness of 8 mm, (2) PEDOT:PSS 4083 hole
selective layer at 23 mm wet layer thickness, and (3) PEDOT:PSS
F010 was coated with a wet thickness of 38 mm. Top silver was
exographically printed with a web-speed of 1.3 m min�1.

Device characterization

The freshly prepared devices were encapsulated between two
pieces of glass with UV-curable adhesives (DELO-LP655) aer
which the I–V characteristics were measured with a Keithley
2400 source meter under 100 mW cm�2 white light from a
Steuernagel solar simulator.
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a b s t r a c t

The inter-comparability of ageing of organic photovoltaic (OPV) technologies in dark is addressed. Four
primary factors that affect the reproducibility of the ageing rate determination and inter-comparison are
discussed: production/encapsulation of the samples, currentevoltage (IV) characterization, testing con-
ditions for ageing and lifetime determination from a decay curve.

Results of inter-laboratory ageing studies of roll-to-roll and spin coated samples with correspondingly
flexible plastic packaging and glass stored in dark conditions among 7 laboratories are presented. ISOS
test conditions, proposed recently as guiding protocols for testing OPV stability, are applied in the study.
The reproducibility of the performance versus the production and encapsulation techniques is firstly
studied. The results reveal a significant improvement in the reproducibility when going from manual
spin coating to roll-to-roll production. Furthermore, the reproducibility of currentevoltage (IV) mea-
surement and preconditioning (light soaking treatments) are addressed. Additionally, the inter-
comparison of the degradation rates of the samples aged under three different dark test conditions
(ambient, dry/heat, damp heat) reported by different groups are analyzed revealing a reasonable
agreement. Finally, a logarithmic diagram for OPV lifetime associated with common time units is pro-
posed that allows conveniently categorizing and intercomparing the stability performance of different
samples aged under different test conditions.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Today, based on the efforts of individual research laboratories
and companies, organic photovoltaic (OPV) technologies have
reached a record power conversion efficiency of 12% [1], outdoor
stability beyond a year [2e4] and large scale processability [5].
However, for the commercialization of the technology these have to
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be united and eventually a device needs to be developed that will

be processable in large scales using cheap methods, stable for at

least a few years and efficient with module photoconversion effi-
ciency (PCE) of at least 5% [6,7].

Achieving this goal individually is very challenging, which has
motivated the formation of various alliances and joint programs
among leading research organizations and companies in the field of
photovoltaics. Examples are the European Research Infrastructure
Project (SOPHIA) [8] and the European Energy Research Alliance
(EERA) [9], which share the common goal of bringing together the
leading European research laboratories and industrial organiza-
tions within the PV field to accelerate and optimize research and
development. OPVs have a special focus within SOPHIA and EERA
and one of the main objectives within these programs is to
harmonize the testing procedures of power output and lifetime of
OPVs among different groups by developing common test pro-
tocols. The accuracy of power output determination has already
been addressed within these frameworks that employed round
robin characterization studies of OPV devices andmodules, where a
number of shortcomings in characterization procedures were
identified and recommendations were offered for overcoming
these issues [10].

This is a complementary work to the earlier activities within
SOPHIA/EERA that addresses the stability issue. For convenience,
throughout this document the term lifetime will be used to
describe the T80 valuee the timewhen the sample degrades by 20%
of initial performance. One has however to bear in mind that life-
time in reality refers to the performance of a photovoltaic sample
under intended final operational conditions.

Due to the large diversity of procedures, equipment and con-
ditions used during OPV stability testing the reported lifetime data
of OPVs typically carries a large spreadmaking the intercomparison
merely impossible [11]. Thus, in recent years ISOS testing pro-
cedureswere proposed by the consortia formed at the International
Symposium on OPV Stability that contained detailed guidelines for
preforming lifetime tests of OPVs under different test conditions
including both indoor and outdoor tests [12]. The intention of ISOS
was to reduce the diversity by offeringmore rigid rules for choosing
equipment and procedures of testing. This work focuses on a “tests
of the tests”, presenting the studies and analyses of storage lifetime

of roll-to-roll (R2R) coated flexible OPV modules and spin coated
glass encapsulated singe OPV devices aged under different ISOS-D
dark test conditions performed among 7 laboratories (members
of SOPHIA/EERA). Intercomparison of the ageing rates under
different ISOS conditions is performed and the reproducibility of
the ISOS tests is addressed. Additionally, the reproducibility of the
sample production and IV measurements during ageing are
addressed. The manuscript also discusses the issue of reproducible
reporting of the lifetime and proposes a new method of lifetime
reporting and intercomparison with predefined uncertainty.

2. Experimental

2.1. Test samples and the test conditions

Fig. 1 presents the photograph of examples of the two samples
as well as a table with layer structure of the devices. Two different
designs were used: a roll-to-roll coated P3HT:PCBM based modules
with flexible plastic barrier encapsulation (freeOPV design [13])
produced at the Technical University of Denmark and traditional
spin coated PCDTBT:PC70BM based solar cells with active areas of 1
or 0.1 cm2 encapsulated in glass produced at Imperial College
London (UK). The spin coated cells employed conventional struc-
ture with evaporated aluminum top electrode and ITO bottom

Fig. 1. The photograph of the test samples (left) and the layer structure (right). The bottom drawing shows the configuration of two spin coated cells on the substrate with
dimension of 1 cm2 and 0.1 cm2 that were used in the studies. The area of adhesive coverage is highlighted as well. Modules were manufactured using roll-to-roll processing based
on the freeOPV design [13]. The small single solar cell samples were manufactured using the traditional spin coating technique.
*Flextrode employs flexible PET substrate combined with Ag (Np) & PEDOT:PSS electrode and a layer of ZnOx [14].

Table 1
The list of the set of samples received by each participant of the studies. The
reference devices traveled with the other samples, but were not measured and were
continuously kept in dark for further analyses of the transportation effects.

Type (active area size) Quantity Test

Roll-to-roll module (57 cm2) 1 Traveled with samples
but was not measured

1 ISOS-D-1
2 ISOS-D-2
2 ISOS-D-3

Spin coated normal cell (1 cm2) 1 Traveled with samples
but was not measured

1 ISOS-D-1
2 ISOS-D-2
1 ISOS-D-3

Spin coated normal cell (0.1 cm2) 1 ISOS-D-3
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electrode and the terminals were based on metallic wires attached
to the electrodes (shown in Fig. 1). R2R modules employed inverted
structure, silver electrodes and the module terminals were based
onmetallic snap buttons directly punched onto the electrodes. Each
participant received the same set of samples for carrying out the
tests. Table 1 outlines the set together with the corresponding tests
performed and Table 2 highlights the main differences in the test
conditions for the different ISOS tests. One sample of each design
was shipped together with the others, but was kept in dark at all
times and was only measured upon the return to the lab of origin.
This was done to test the effect of shipment and storage (without IV
characterization) on device stability.

2.2. Measurement procedure

The protocol of testing that was distributed to all the partici-
pants is presented in S1 in the supporting document. The partici-
pants were requested to carry out indoor ageing of the samples
under ISOS-D-1,2,3 conditions for 90 days or until the sample
degraded by 90% of initial maximum power output Pmax. Periodic IV
measurements of the samples were performed to establish the
degradation of the PV parameters. The recommended sweep range
for each type of devices was as follows: for R2R modules “�2
toþ10 V” and for SC cells “�1.5 to þ1.5 V”. The sweep time was not
specified in the protocol. In all laboratories class A solar simulators
were used for IV testing. Before each IV scan 5 min of light soaking
was performed. The effect of light soaking on device performance is
discussed later in this paper.

Before shipping the samples to the partners and after all part-
ners completed their experiments, each sample was characterized
under a solar simulator (metal halide lamp with class C spectrum),
which was calibrated to ~1 sun using a Si solar cell with KG5 filter.
The samples were soaked under light for precisely 5 min and an IV
measurement was performed thereafter. After that, all samples
were light-soaked for 30 min and an IV measurement was per-
formed under the solar simulator. There was only one IV sweep
performed per device. Thus, it was not possible to establish the
standard deviations for the measurements of each device. Since
however, the relative performance was in question, this played no
role.

A web based reporting tool developed for the purpose was
applied to collect the data from the participating laboratories. The
online tool was made available at plasticphotovoltaics.org/Sophia
and assured a correct format of reporting that significantly eased
the analyses of the data. Through the form it was possible to report
stability data in time series including Pmax, open circuit voltage Voc,
short circuit current Isc, and fill factor FF. Furthermore, IV curves
where reported for pre specified time intervals, namely at days 0, 5,
30, 60, and 90.

The list of the laboratories participating in the study is provided
in S2 in the supporting document.

3. Results and discussion

A number of factors may play a crucial role in the reproducibility
of ageing rates. Below are outlined some of the most critical ones:

� Reproducibility of the production and encapsulation of the test
samples
� Reproducibility of the IV measurement
� Reproducibility of the ageing conditions (ISOS testing)
� Reproducibility of the lifetime determination from the degra-
dation curve

All these issues have been addressed in this study and are dis-
cussed throughout the sections below.

3.1. Sample architecture and production reproducibility

Device encapsulation and contacts have been shown earlier to
significantly affect the stability of the OPV devices [15]. Two types
of samples produced correspondingly with “manual” (spin coating
and glass encapsulation) and “automated” (R2R coating and R2R
encapsulation) methods were employed in this study. Both types
were produced at approximately the same period of time, the spin
coated samples in Imperial College London (UK) and R2R samples
in DTU (DK), and after the shipment of the former to DTU initial IV
characterization was performed prior to ageing tests as was dis-
cussed in Section 2.2. The results revealed higher, but more vari-
able, power conversion efficiencies (PCE) of the conventional
architecture spin coated devices compared to the inverted archi-
tecture R2Rmodules as shown in Fig. 2. The higher variability of the
spin coated cells most probably derives from the rather basic,
manual encapsulation procedure employed for these cells.

An additional major issue that arose during measurements was
the catastrophic failure of devices at the start or at some point
during the testing procedure. Catastrophic failure is defined as the
process of sudden unexpected loss of the device performance from
which a recovery is impossible. The unexpected loss is defined by
the fact that the failure is not systematic and happens at random
points of time during ageing. At the beginning of the ageing tests 4
out of 30 spin coated samples (reference samples were not taken
into account) experienced catastrophic failure, while no failures
were recorded among 30 R2Rmodules. 6 more spin coated samples

Table 2
The ISOS test conditions employed in the studies with the main variations in the test parameters highlighted with different colors.

Fig. 2. PCE values of all the test samples tested in DTU prior to the ageing
measurements.
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tested in ISOS-D-1 or D-2 have additionally showed catastrophic
failure sometime during the ageing experiments. 4 R2R modules
tested in ISOS-D-2 condition showed a similar sudden drop during
ageing, but could be recovered by light soaking after ageing tests (to
be discussed later) and thus, were not categorized as catastrophic
failures. At this stage it is hard to identify what could cause the
failure of the conventional architecture spin coated devices, but
possible explanations could be contact delamination or malfunc-
tioning of encapsulation. Overall, 30% of the conventional archi-
tecture spin coated devices experienced catastrophic failure due to
sample architecture or manufacturing issues. 13% of inverted ar-
chitecture R2R modules lost performance, which was possible to
recover after the tests by a light soaking (to be discussed later).

3.2. Electrical Testing (IV measurement)

Following the protocol of testing presented in S1 (supporting
document) all the participants performed at least three IeV
sweeps after 5 min light soaking during periodic electrical char-
acterization of the samples. Requirements for IV sweep direction,
sweep time or device temperature during IV characterization were
not specified in the protocol. These have therefore varied among
the different groups. However, the effect of such parameters on the
reproducibility of the ageing rates is beyond the scope of this paper.

The average values of Isc and Pmax (normalized to 1000 W/m2

irradiance) and Voc, FF extracted from the IeV curves were sub-
mitted through the web based reporting tool developed by the
coordinators. The standard deviations of the three IVs were not
required. However, an analysis was performed by one of the labo-
ratories to study the reproducibility of the IV measurements along
the degradation process. The measurements performed on R2R

modules, aged under ISOS-D-1 and ISOS-D-2 revealed a good
repeatability (standard deviation < 1% in Pmax) within the entire
ageing period (100 days). However to ensure good repeatability, the
light soaking time was gradually increased from 5 min (at day 0) to
30 min (at day 60 and onward). This was necessary to stabilize
mainly the FF which was varying during the IV measurements due
to deficiency in light exposure (to be discussed later). Meanwhile,
the measurements performed on R2R modules aged under ISOS-D-
3 revealed a different behavior: the repeatability of the measure-
ments was good (standard deviation < 1% in Pmax) before Day 9 of
ageing, but significantly worsened thereafter (standard deviation
increased to 12% in Pmax). Even longer light soaking procedure was
not sufficient for stabilization. Voc and Isc were mainly affected by
the degradation and decreased even further under the light soak-
ing. The samples were however showing almost no PV performance
after Day 3.

The structure of the spin coated devices did not contain mate-
rials that required photodoping, such as ZnO, and thus contrary to
R2R devices those did not require changing of the light soaking
time.

Overall the results suggest that for samples that require light
soaking, this process needs to be constantly monitored and
adjusted during dark ageing tests for accurate determination of
true ageing rates.

3.3. Indoor ageing results

One of the important goals of this study was to see whether
following the identical testing procedures according to ISOS
guidelines would provide sufficient agreement on the rate of
degradation among the different laboratories. Fig. 3 presents the

Fig. 3. Degradation curves of Pmax parameter normalized to the maximum value for all the R2R modules measured under the three ISOS conditions. (a), (b) & (c) show individually
each test and (d) presents the combination of all three. Note that (c) has a shorter timescale compared to the other plots. The light red colored data in ISOS-D-1 plot highlight the
section of the curves with the abrupt loss of performance due to deficiency in light soaking. The 80% performance level is marked by a dotted line. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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results of the ageing tests of R2R modules under the three ISOS
conditions. Only Pmax normalized to the maximum value are
shown, while the rest of the PV parameters are given in Section S3
in the supporting document. Fig. 3(a), (b) & (c) show respectively
the results of ISOS-D-1, D-2 and D-3 tests, and (d) presents the
combination of all three. A few samples in ISOS-D-1 test showed
sudden drop in performance at some point during the storage and
measurement procedures. The parts of the curves with the fast
drop are highlighted with light red. The performance loss was
caused mainly by the drop in FF (see Section S3 in the supporting
document). This drop however was possible to recover by post
light soaking as will be shown later in this section. In the case of D-3
test the data from one laboratory was omitted, since much lower
humidity level was used during testing due to malfunctioning of
the test equipment. From the curves it is clear that D-3 tests
resulted in a rapid decay of all the samples and irreversible loss of
the performance, while D-1 and D-2 tests yielded much longer
storage lifetimes with the latter outperforming the former. Overall
there was a reasonable overlap among the curves of the samples
aged under the three conditions. Exceptions were the few samples
tested under ISOS-D-1 that failed abruptly due to deficiency of light
exposure (as will be shown below).

To confirm the different decay rates, post-ageing characteriza-
tion of the samples at the laboratory of origin (DTU) was performed
and the results were compared to the initial performance. Fig. 4
demonstrates the average performance of all the samples
including the reference samples that only traveled with the set, but
were not measured. The data is shown for measurements before
and after ageing tests and after ~30 min light soaking process. The
after ageing measurements (solid red columns) confirmed a strong
degradation of the samples in ISOS-D-3 test and a significant drop
in Isc and FF for the majority of the samples tested under ISOS-D-1
test and the reference devices. However, the light soaking resulted
in complete recovery of FF (dashed red columns) leaving Isc as the
only parameter responsible for the degradation for the reference
and ISOS-D-1 samples. The recoverable degradation was assigned
to the process of de-doping of the ZnOx layer in the device due to

long time storage in the dark. As has been shown earlier, often ZnOx
layer requires UV light doping for optimal operation and long term
storage in the dark may cause deficiency of the conductivity of the
layer causing a drop in FF [16]. Light soaking will obviously remove
this effect. Heating additionally prevents the de-doping effect [16]
and therefore, drop of FF was not recorded in the ISOS-D-2 test.
The non-recoverable degradation of ISC is ascribed to the humidity,
as humidity is the main varying factor among the different dark
tests.

The results suggest that when dark ageing of OPV samples is
performed a special care must be taken for processes related to UV
light deficiency, as these may present degradation that otherwise
would not take place under real operation conditions (sunlight).
The protocol of the current study used 5 min light soaking prior to
every IV measurement, which, while providing full recovery of the
performance initially, turned out to be insufficient at a later stage,
as was discussed in the previous section. Except for the de-doping
effect no other differences were recorded between the samples
tested in ISOS-D-1 test and the reference samples suggesting that
the periodic handling and characterization does not have notable
effect on the performance of the R2R samples. This is a proof of the
durability of the studied R2R modules towards periodic handling
and electrical characterization during ageing studies.

Fig. 5 shows the degradation curves of the spin coated samples
for each test in a fashion similar to R2R samples. Fig. 5(a), (b) & (c)
show respectively ISOS-D-1, D-2 & D-3 tests, while (d) shows the
combination of all. All the other PV parameters are provided in
Section S3 in the supporting document. As was discussed in Section
3.1 some of the samples tested under ISOS-D-1 and D-2 conditions
showed sudden catastrophic failure at the start or at some point
during ageing tests and the parts of the data after the point of
failure are highlighted with light red color. The failure of these
samples is mainly due to the drop in Isc (see Section S3 in the
supporting document), which is different from R2R samples. The
different colors in Fig. 5(c) highlight the samples with different
active area dimensions. Similar to R2R modules the spin coated
devices degrade rather fast under ISOS-D-3 test with somewhat

Fig. 4. Initial performance before ageing tests is compared with after-ageing measurements and after 30 min light soaking for R2R modules. The average of all the tested samples is
used for each test condition.
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longer storage lifetime of the smaller (0.1 cm2) devices. This dif-
ference in stability due to geometry of the samples is consistent
with the great environmental sensitivity of conventional device
architectures employing calcium. For such devices the diffusion of
humidity through edges has been shown to play a crucial role in the
ageing process [17]. Thus, the smaller device may have larger
sealing around the edges and therefore, be better protected from
the diffusion of reagents.

Similar to R2R post ageing measurements and 30 min light
soaking were performed on spin coated samples as well, shown in
Fig. 6. As expected, due to the device structure lacking any layers
that require photo-doping, light soaking did not reveal any recov-
ery effects of the failed devices, suggesting that the process indeed
presented irreversible catastrophic failure. From Fig. 6 it is clear
that the soaking causes even further reduction of FF and Voc. This
also suggests that the failure of the spin coated cells at a certain
point during the ISOS-D-1 and D-2 tests is associated with non-
reversible effects, such as possibly contact (for example electrode
delamination) or encapsulation failure.

Overall, similar to R2R samples spin coated samples were more
stable under dry and hot conditions (ISOS-D-2) followed by
ambient conditions (ISOS-D-1) and degraded quickly under damp
heat conditions (ISOS-D-3). The reference samples in this case
showed significantly better stability confirming the fact that the
periodic handling and electrical characterization of these samples
had an additional impact on the stability.

Overall for each testing condition both sample types measured
in different laboratories showed similar degradation rates. Excep-
tions were the samples that experienced catastrophic failure or a
performance loss due to light deficiency. This confirms the

importance of following a common protocol for testing, such as
ISOS guidelines. The more detailed analyses of the lifetimes are
presented in the next section.

3.4. Lifetime determination and intercomparison

The correct identification of the sample lifetime from a decay
curve is an important part of the equation for the lifetime inter-
comparison and the T80 values are either determined from the
actual measured data or from the prediction based on the extrap-
olation of a fitting curve. In the case of OPVs, the degradation curve
often has an initial burn in stage followed by amore stabilized stage
and the ISOS protocols recommend reporting the lifetime calcu-
lated both from the initial moment and from a point determining
the stabilized region using linear or exponential fitting [12].

For the presented ISOS-D-1 and ISOS-D-2 data linear fitting was
used at the stabilized section of the curves (omitting the initial burn
in) to identify the T80 values. The exceptions were the curves that
showed sudden drop after certain period. In this case the inter-
section of the actual measured data was used to determine T80.

The fitting to the actual data will however always carry the
uncertainty of the measured data and if the measured data is
limited relative to the predicted T80 value then the uncertainty of
prediction may eventually be very large. As an example, Fig. 7
shows the R2 values of fitting (description of how well the fitting
represents the real data) versus the T80 values for the samples
measured under ISOS-D-2 test. The R2 values were extracted from
the linear fitting of the ageing curves (failed devices were not taken
into account) and the T80 values were defined at the intersection of
the fitting line with the 80% of performance calculated from the

Fig. 5. Degradation curves of Pmax parameters normalized to the maximum value for all the spin coated cells with conventional architecture measured under the three ISOS
conditions. (a), (b) & (c) show respectively ISOS D-1,2&3 tests, while (d) shows the combination of all three. Note that (c) has a shorter timescale compared to the other plots. The
dash lines highlight the spread. The light red colored data points in ISOS-D-1 plot highlight the section of the curves after the failing point. The samples that failed at the start are not
shown in (d). The different colors in (c) highlight the samples with different dimensions of active area. The 80% performance level is marked by a dotted line. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)
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initial point of the stabilized section. The vertical dash line high-
lights the time of the last measurements. The T80 values beyond
that line were determined by extrapolation. From the figure it is
clear that the slower the degradation rate and the longer extrap-
olation the lower is the R2 value and thus, the lower is the accuracy
of the predicted T80 value.

In some cases however, R2 value may not describe sufficiently
well the reliability of the fitting and thus, often it is combined with
other statistical analyses. As an example, a complementary way of
testing the reliability of data fitting and prediction is to perform
statistical analyses, such as T-test and determining the p-value.
Shortly, p-value is a measure that describes whether the predicted
value defined from a fitting curve is statistically significant or is
merely based on a chance. In other words, if the fitting well de-
scribes the trend of the data or if the data is too noisy to identify the
correct trend (the degradation rate in this case). If p < 0.05 (based

on 95% confidence level) then the hypothesis that the predicted T80
estimated from the fitting curve is based on a chance (the fitting
does not well describe the trend of the data) is not true and the
value has a statistical significance, while in the case of p > 0.05 the
hypothesis is true and the fitting is probably random and the pre-
diction is not reliable. Based on the results of such calculations, the
data that were falling into the “unreliable prediction” zone in Fig. 7
had a p-value larger than 0.05 further confirming the unreliable

Fig. 6. Initial performance before ageing tests is compared with after-ageing measurements for spin coated cells with conventional architecture. D-3 values present the average of
the small (0.1 cm2) and big (1 cm2) cells. The failed devices were not taken into consideration.

Fig. 7. R2 fitting value versus the T80 values of the samples tested under ISOS-D-2 test.
The vertical line highlights the duration of the actual measurements. The dotted line is
the guiding for the eye. The grey area of the plot marks the region where the R2 values
are very low and the predicted T80 values are considered unreliable.

Fig. 8. Lifetime diagram for intercomparison of lifetime of different PV technologies
and test conditions. X axes present logarithmic function with base 4, which is asso-
ciated with the time unites shown above the plot. Y axes represent the PCE of the
device at the T0 point, from where T80 was calculated. The solid blue circles show spin
coated samples with 1 cm2 area, the orange circles highlight the spin coated samples
with 0.1 cm2 area, the dark green triangles show the R2R modules and the light green
triangles highlight the data that was predicted with low statistical significance. (For
interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)
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prediction. The detailed analyses of p-value are beyond the scope of
this paper and the reader is referred to the recent analysis of
reproducibility of power conversion efficiency [18] for further in-
formation on such statistical analyses of device performance.

Another common issue is when the samples show very rapid
performance decay (in the range of a few hours to a few days), such
as those shown in Figs. 3c and 5c (during ISOS-D-3). Note that those
are different from the samples that experienced catastrophic fail-
ures, as the rapid degradation of ISOS-D-3 samples was systematic
among all the samples. The erratic behavior and the limited num-
ber of data points for these samples meant that reliable linear fits
were not possible. For such cases, intersection of the actual data (or
the line connecting the data points) with the 80% performance
relative to the maximum performance was chosen for determining
T80. The disadvantage of this method is that T80 was defined not by a
stable ageing rate, but rather by single points in the measured data
and therefore, was significantly affected by the accuracy of the
measurements.

Given the aforementioned uncertainties, in order to be able to
intercompare the T80 values among different laboratories and
determine the difference in the degradation rates between the
different test methods we propose a new approach for presenting
stability data. Fig. 8 shows the distribution of all the T80 values of
the samples determined by linear fitting (for ISOS-D-1 and D-2) or
intersection of the actual datawith the 80% level (for failed samples
and the samples tested under ISOS-D-3). The blue solid circles
represent the spin coated devices. The dark green triangles repre-
sent the R2R modules and the light green triangles highlight the
data that was defined by prediction with low statistical signifi-
cance. The proposed diagram shows initial device performance
versus the T80 values given by a Log4 scale (days). The base 4 is used
since it allows associating the scale with the common time units.
The Yaxis represents the initial performance of the samples defined
by maximum performance or the initial point of the stabilized re-
gion and X axes represents T80 values in days in a logarithmic scale.
The associated units of time are presented on the top of the dia-
gram. Each unit represents a category for device performance with
defined interval that increases with longer lifetimes. The diagram is
named o-diagram (derived from OPV).

Such diagram allowed categorizing the performance of all the
studied samples with predefined intervals and intercomparing the
results under different test conditions.

A number of conclusions can be made from the plot:

1. The accelerated ISOS-D-3 tests reveal a storage lifetime from
hours to days for the R2R modules and spin coated cells with
1 cm2 active area and storage lifetimes of weeks for 0.1 cm2 spin
coated cells. The latter demonstrates the importance of the
improved geometry (good sealing around the edges) of the
samples, which can significantly improve the performance of
the samples under high humid environments.

2. The more moderate ISOS-D-1 tests reveal storage lifetimes of
months to seasons for both technologies. However, both tech-
nologies could possibly reach a performance of up to years if
sufficient light soaking would periodically be applied to R2R
modules and if durability of the spin coated samples against
catastrophic failures would be improved.

3. In the case of ISOS-D-2 the spin coated devices showed a sig-
nificant spread with predicted storage lifetimes reaching up to
years, but often failing at themonths level during testing process.
R2R modules remarkably outperformed the former reaching
predicted storage lifetimes of years. These however require
longer time testing for more accurate prediction.

4. From the diagram it is obvious that the acceleration of ageing
under ISOS-D-3 relative to moderate tests is different for the

different technologies. This highlights an important fact that the
acceleration factors largely depend on device architecture and
manufacturing process and thus, a care must be taken when
intercomparing the different test conditions for different
technologies.

The recent analysis of reproducibility of power conversion effi-
ciency [18] and of currentevoltage charge-carrier mobility mea-
surements [19] have demonstrated the importance of the large
sample sizes in order to make statistically significant comparisons.
We recognize that the presented data is based on limited amount of
test samples and we highlight that the data do not contain suffi-
cient weight for fairly intercomparing the results for each labora-
tory specifically and establishing benchmarks for sample storage
lifetime. However, the intention of the study is to demonstrate the
technique and initiate the use of the method that may eventually
create sufficient data for establishing benchmarks and acceleration
factors among different test procedures and the diagram may
therefore eventually become an efficient representative tool for
lifetime predictions.

3.5. Recommendations for lifetime intercomparison

Based on the obtained results a number of important factors are
highlighted that can significantly improve the reproducibility of
ageing testing and lifetime determination for organic photovoltaic
technologies:

� The reproducible edge sealing and rigid terminals are of a para-
mount importance when sharing and performance intercom-
parison of the samples is considered. The automated production
of the samples is the best solution to overcome this problem.
� If dark ageing of OPVs is performed, care must be taken for the
sensitivity of the samples towards the deficiency of light expo-
sure. Periodic light soaking of the samples with varying intervals
may be necessary throughout the ageing tests during the peri-
odic IV characterization for samples that require light soaking.
� When fitting of the ageing data is performed it is recommended
to perform and report also statistical analyses (e.g. R2 value and
p-value) especially when the predicted lifetime values are much
longer than the actual measured data.
� The number of the tested samples is very important for deter-
mining a category or a benchmark for the lifetime and thus
sufficiently large amount of identical samples needs to be tested
to obtain statistically significant data [18].

4. Conclusions and outlook

The OPV storage lifetime prediction and inter-comparability
were addressed in this work. Four aspects of the lifetime repro-
ducibility were addressed:

� Reproducibility of the production and encapsulation of the test
samples
� Reproducibility of the electrical characterization (IV
measurement)
� Reproducibility of the ageing conditions (ISOS testing)
� Accuracy of lifetime determination from the degradation curve
and reporting

Interlaboratory ageing studies of R2R coated and spin coated
OPV samples were performed using different ISOS dark storage
conditions. Three categories of ISOS-D-1, D-2 & D-3 were per-
formed with the first two being moderate tests and the third pre-
senting somewhat harsher conditions. It was first revealed that the
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production method significantly affects the reproducibility of the
samples by demonstrating the intercomparison of the R2R samples
with spin coated samples. The importance of reproducible edge
sealing and rigid terminals was highlighted. Further, the IV mea-
surement procedure was addressed. It was shown that during dark
ageing the OPV samples may experience deficiency in light expo-
sure and thus, periodic light soaking with changing intervals may
be required before each IV characterization to overcome the
problem. Testing of the tests was additionally carried out by
studying the reproducibility of the decay rates among the samples
tested in different laboratories using different ISOS testing guide-
lines. The results revealed a reasonable agreement among the
laboratories on the degradation rates proving the importance of
following common protocol while performing ageing tests. Ex-
ceptions were the unexpected catastrophic failures of the samples
associated with the design of the samples. Furthermore, the
determination of the lifetime from degradation curves and the
uncertainty of the predicted T80 values were discussed. The statis-
tical significance of the predicted values was addressed and it was
demonstrated that longer predictions might result in unreliable
determination of device lifetimes. A novel OPV lifetime diagram
(entitled o-diagram) was proposed for categorizing and efficiently
intercomparing lifetimes of different OPV technologies and/or
different test conditions. The diagramwas associatedwith common
time unites and allowed the intercomparison of ageing rates with
predefined uncertainty.

Further studies will involve detailed analyses of IV testing pro-
cedures and the effect of different parameters, such as IV sweep
direction, time and interval, as well as sample temperature and
light source class on the ageing rate of the samples.
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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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We present a study of the rate-limiting spin-dependent charge-transfer processes in different polymer/fullerene
bulk-heterojunction solar cells at 10 K. Observing central spin-locking signals in pulsed electrically detected mag-
netic resonance and an inversion of Rabi oscillations in multifrequency electron-double-resonance spectroscopy,
we find that the spin response of both spin-coated and printed P3HT/PCBM and spin-coated PCDTBT/PCBM
solar cells at low temperatures is governed by bipolar polaron pair recombination and quantitatively determine the
polaron-polaron coupling strength with double electron-electron resonance experiments. Furthermore spin Hahn
echo decay and inversion recovery measurements are performed to measure spin coherence and recombination
times of the polaron pairs, respectively.

DOI: 10.1103/PhysRevB.92.245203 PACS number(s): 33.40.+f, 72.20.Jv, 88.40.jr

I. INTRODUCTION

The low spin-orbit coupling of organic semiconductors
and the resulting long spin lifetimes lead to a pronounced
spin dependence of charge-transport processes, providing an
opportunity for further improvements of the efficiency of
light-emitting diodes (LEDs) [1] and solar cells [2,3] as well
as for the development of spintronic devices [4,5]. Magnetic
resonance methods are uniquely suited to study the influence
of spins on electronic transport on time scales as fast as
100 ns, often allowing to microscopically identify relevant or
rate-limiting processes. The electrical detection of magnetic
resonance in polymers and fullerenes goes back to at least
1978 and 1993, respectively [6–11].

In organic semiconductors, these methods should therefore
be particularly helpful to understand the physics of polarons.
Polarons are the elementary charged excitations in both
small organic molecules and polymers, where two different
fundamental spin-dependent processes involving polarons can
occur, as sketched in Fig. 1: bipolar recombination of a polaron
pair [12,13] and unipolar hopping, where a doubly charged
bipolaron is created from two like-charged polarons [14–16].
While the former process gives rise to spin-dependent changes
in the charge or, rather, the polaron carrier concentration, the
latter results in a spin-dependent change of polaron mobility.
Which of the two polaronic processes is observed in organic
diodes such as LEDs and solar cells, where two different
polarons are present, is still discussed intensively [5,17,18].
The distinction is particularly difficult in the case where the
spectroscopic signatures of positive and negative polarons are
very similar, as in the case of poly(p-phenylene-vinylene)
(PPV) [15,19–21]. A more direct assignment should be
possible in organic devices where the two polarons can be dis-
tinguished spectroscopically. This would also allow the direct
transfer of pulse sequences, developed for the study of charge
transport and recombination in inorganic semiconductors such
as amorphous and crystalline Si [22–25], to the investigation
of organic semiconductors. Here we study polaron transport

*alexander.kupijai@wsi.tum.de

and kinetics in two topical organic bulk heterostructures
[26,27], fabricated by both spin coating and printing, with
the help of light-induced electron paramagnetic resonance
(LEPR) and continuous-wave and, in particular, pulsed
electrically detected resonance (cwEDMR and pEDMR, re-
spectively) [23,28]. Using spin locking and multifrequency
magnetic resonance spectroscopy, we identify bipolar recom-
bination of polaron pairs as the dominant spin-dependent
process in bulk heterojunctions at low temperature and
under illumination and determine polaron life and coherence
times.

II. EXPERIMENTAL DETAILS

A. Samples

The study presented in this work was performed
on bulk heterojunction organic solar cells consisting of
poly(3-hexylthiophene-2,5-diyl) (P3HT) or poly[N-9′-
heptadecanyl-2,7-carbazole-alt-5, 5-(4′, 7′-di-2-thienyl-2′, 1′,
3′-benzothiadiazole)] (PCDTBT) polymers as donor material
and phenyl-C61-butyric acid methyl ester (PCBM) fullerenes
as the acceptor.

The spin-coated solar cells were produced on lithograph-
ically structured indium tin oxide (ITO)-on-glass substrates
with a dimension of approximately 4 × 40 mm2 in order to ful-
fill geometric requirements of the spectrometer. A hole trans-
port layer of poly(3,4-ethylenedioxythiophene) : polystyrene
sulfonate (PEDOT : PSS) was spin coated on the substrate first.
The spin coating of the active blend (P3HT : PCBM = 1 : 1,
PCDTBT : PCBM = 1 : 2) at 720 rpm, which results in a
thickness of around 100 nm, was performed under inert gas
conditions in an argon glove box. Finally, a top electrode
[approximately 120 nm aluminum (P3HT/PCBM cells), 1 nm
calcium and 120 nm aluminum (PCDTBT/PCBM cells)] was
evaporated inside the glove box. The active area of the
actual cell is about 4 mm2; the rest of the substrate is
needed to electrically contact the cell without disturbing
the microwave resonator. Without further encapsulation the
samples were bonded onto a sample holder and transferred
into the spectrometer, exposing the samples to air in darkness

1098-0121/2015/92(24)/245203(8) 245203-1 ©2015 American Physical Society
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FIG. 1. (Color online) Schematic diagram of charge transport in
bulk heterojunction devices. After absorption of photons [denoted by
(1)], the excitons generated diffuse to the interface, where the charges
are separated, eventually forming polarons P+ and P− [denoted
by (2)]. Spin-dependent processes involving these polarons can be
either unipolar, where polarons of the same charge form a bipolaron
[denoted by (3)], or bipolar, where two polarons of different charge
annihilate [denoted by (4)]. The Pauli principle demands that both
hopping and recombination are possible only if the spins of the two
polarons are antiparallel; polarons with parallel spin orientation will
not be allowed to undergo the hopping or recombination process. As
sketched exemplarily for the recombination, the respective process
can be enhanced by magnetic resonance, when the spin of either
polaron is flipped and the parallel spin configuration is changed to an
antiparallel one [denoted by (5)].

for less than 5 min. In the spectrometer, the helium atmosphere
of the cryostat prevents degradation.

The printed P3HT/PCBM samples were produced on a
flexible 130-μm-thick polyester substrate (Melinex ST506
from Dupont-Teijin). The solar cell stack was prepared in
an inverted architecture using full roll-to-roll processing
of all layers at high speed following a method similar to
literature reports [29,30]. The device stack comprises six
printed layers starting with a flexographically printed slanted
silver comb front electrode structure [30], rotary-screen-
printed semitransparent PEDOT : PSS, slot-die-coated zinc
oxide, slot-die-coated P3HT : PCBM (1 : 1), rotary-screen-
printed PEDOT : PSS, and, finally, a rotary-screen-printed
oppositely slanted silver comb back electrode structure. The
solar cells, which are produced on a much larger area than
needed, were cut into smaller pieces to fit into the spectrometer.

The samples for the LEPR measurement were blends of
P3HT/PCBM (1 : 1) drop cast on glass; thus they were no
working solar cells. These samples were sealed in a glass tube
under inert gas.

B. Experimental setup

The pEDMR measurements were performed at 10 K
and under a negative bias voltage of −3 V in a custom-
built pEDMR spectrometer based on a commercial pulsed
X-band resonator. At this temperature, all solar cells tested
behaved as a photoconductor. Microwaves from two separate

sources were shaped to rectangular pulses using mixers and
a multichannel pulse generator and then amplified by a
traveling-wave-tube amplifier. Photocurrent transients were
amplified by transimpedance and low-noise voltage amplifiers,
bandpass filtered, and recorded with a digitizer card. Boxcar
integration of the transients (typically from 1.5 to 15 μs)
generated a charge �Q, the primary pEDMR signal [22,23].
Four-cycle phase cycling was used in all experiments based
on echo sequences, cycling the phase of the leading and
trailing π/2 pulses by 180◦ [31]. LEPR measurements were
performed at 50 K in a commercial EPR spectrometer. The
cwEDMR measurements were performed at 10 K in the same
spectrometer. The samples were illuminated by continuous red
LED light throughout most magnetic resonance experiments.

III. EXPERIMENTS AND DISCUSSION

A. Spin-coated P3HT/PCBM heterojunctions

1. Initial experiments

The negative and positive polarons P− and P+ in PCBM and
P3HT exhibit g factors of 1.9996 and 2.0017, respectively, as
observed by LEPR [32,33], transient EPR (trEPR) [34,35],
and transient EDMR (trEDMR) [18]. For typical linewidths
of 0.9 mT, these g factors allow a near-perfect spectroscopic
separation at X-band frequencies around 9 GHz, as desired for
our study.

Figure 2 shows a comparison of the signatures of the two
polarons as observed by us as a function of the static magnetic
field B0 with (i) LEPR at 50 K, where the magnetization of
the sample is measured, (ii) cwEDMR at 10 K, where the dc
photocurrent through the sample is detected, and (iii) pulsed
EDMR also at 10 K, where the photocurrent transient after
a microwave pulse is investigated. In all cases illumination
was performed with the red light of a LED. LEPR and
cwEDMR are performed with the help of magnetic field

346 347 348

P-

P+

Si
gn

al
 (a

rb
. u

.)

B0 (mT)

LEPR

cwEDMR

pEDMR

2.005 2 1.995
g-factor

2.000

FIG. 2. (Color online) Light-induced electron paramagnetic res-
onance (LEPR), cw electrically detected magnetic resonance
(cwEDMR), and pulsed EDMR (pEDMR) spectra of P3HT/PCBM.
All spectra exhibit the characteristic resonances at the g values of the
positive and the negative polarons in P3HT and PCBM, respectively
(depicted by vertical dashed lines).
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FIG. 3. (Color online) (a) Pulse sequence for the electrical detec-
tion of the coherent driving of spin nutations (Rabi oscillations). The
current transients following the resonant manipulation of the spin
system are integrated, yielding a charge �Q as the EDMR signal.
(b) Electrically detected Rabi oscillations in P3HT/PCBM as a
function of the microwave pulse length tp used to drive the magnetic
resonance of the negative or positive polaron.

modulation, generating first-derivative spectra. As expected,
in all these experiments the two different polarons are clearly
and distinctly observed. In particular, all three types of EDMR
experiments (cw, transient [18], and pulsed) on P3HT/PCBM
heterojunctions show the participation of both polarons in
the electric transport through the device. Still, neither the
experiments summarized in Fig. 2 nor those of Kraffert
et al. [18] can distinguish between bipolar polaron pair
formation and unipolar bipolaron formation.

2. Spin locking

We will now use two more advanced pEDMR methods to
identify the relevant pair process in bulk heterostructures based
on single- and multifrequency spectroscopy.

Figure 3(b) shows the results of a Rabi oscillation experi-
ment in pEDMR with the pulse sequence sketched in Fig. 3(a),
where the length tp of the microwave pulse is varied. For
both the positive and the negative polarons, virtually identical
oscillations with a period of ∼130 ns are observed.

By repeating these experiments with different microwave
powers or at different B0, we can distinguish between polaron
pair formation and bipolaron formation using single-frequency
spectroscopy based on the so-called spin locking. Spin locking
occurs if the spectral excitation width is large enough to
flip both spins belonging to a spin pair at the same time
[15,36]. This is the case when the spectral width (i) becomes
comparable to the inhomogeneous linewidth of the resonance
in the case of bipolaron formation or (ii) becomes so large that
both resonances can be excited in the opposite case of polaron
pair formation. Since in EDMR the singlet symmetry of the
polaronic spin pair is measured [37], the simultaneous driving
of magnetic resonance on both constituents of the spin pair
leads to an effective doubling of the Rabi oscillation, so that
its frequency � = 2γB1, where γ is the gyromagnetic ratio

and B1 is the microwave field. For weak B1, however, only one
of the spins will be driven, so that in this case we expect the
classic � = γB1. This limit also enables the determination of
B1, which scales to higher microwave powers P as B1 ∝ √

P .
The distinction between polaron pair formation and bipo-

laron formation can now be made easily if the two polaron
resonances are spectrally separated: In the case of hopping
between polarons of identical charge, the spin-locking signal
at high B1 will appear at the same spectral position as that of
the polarons, while the corresponding signal for recombination
involving polarons of different charge will be observed at mag-
netic fields between the resonance positions of the positively
and negatively charged polarons. This is indeed observed in
P3HT/PCBM. Figures 4(a) and 4(b) show Fourier transforms
of Rabi oscillation experiments for different magnetic fields at
two different microwave powers (below, we will refer to this
type of plot as a Rabi map). Already for low B1 [Fig. 4(a)], a
small trace of spin locking is visible between the resonances
of the polarons in P3HT and PCBM, as expected for bipolar
polaron pairs. For higher microwave intensities [Fig. 4(b)] this
spin-locking peak becomes even more prominent.

This assignment is further supported by simulation. Fol-
lowing the approach of Limes et al., the spin Hamiltonian is
solved numerically using the superoperator Liouville space
formalism [38]. Assuming an exchange interaction J/2π of
2 MHz between the positive and negative polarons, Larmor
frequencies corresponding to the g factors given above, and
a B1 of 0.38 mT, the Rabi frequency map shown in Fig. 4(c)
is obtained. In addition, a Gaussian distribution of Larmor
frequency differences of 25 MHz is used to account for the
inhomogeneous linewidths of ∼0.9 mT of both polarons at
X-band frequencies. The simulation reproduces the experi-
mental Rabi maps well, particularly with respect to the central
bipolar spin-locking feature at �/2π ≈ 22 MHz. The parabo-
lalike wings visible in both experiment and simulation are
caused by the fact that Rabi oscillations speed up off resonance
[23]. The exact line shapes of the polarons, variations in their
coupling, and details of the microwave pulse shape and the
effects of the resonator are not taken into account in the
simulation, likely causing the remaining differences between
simulation and experiment.

The additional feature in the fast Fourier transform spectra
in Fig. 4(b) at �/2π ≈ 14.8 MHz can be attributed to hyper-
fine interaction with hydrogen nuclear spins. This interaction
gives rise to additional oscillations which persist even after
the Rabi oscillations have dephased. These oscillations do not
change their period with the microwave B1 field, but a clear
dependence of the frequency on the static magnetic field B0

is visible [Fig. 4(d)]. This dependence allows attribution to a
nuclear magnetic resonance with a g factor of 5.56(4), which
is in very good agreement with the proton g factor [39] and
previous findings on PPV [40].

3. Double resonance

Electron double resonance (ELDOR) [24] and double
electron-electron resonance (DEER) [25] experiments using
pulse sequences, where the recombination partners are ad-
dressed separately by different microwave frequencies, show
even more convincingly that bipolar polaron pair recombina-
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FIG. 4. (Color online) (a) Fast Fourier transforms of Rabi oscillation measured in P3HT/PCBM by pEDMR for different magnetic fields
B0 at a low microwave power. Two strong signals attributed to P+ and P− are observed at the fundamental Rabi frequency � = γB1. Already a
weak spin-locking signal with � = 2γB1 is visible at a central magnetic field. (b) At higher microwave power, the spin-locking signal becomes
more prominent. In addition, a nuclear magnetic resonance signal with a frequency of ∼14.8 MHz emerges, caused by hyperfine interaction
with 1H protons in the organic material [see (d)]. (c) Simulation of the Rabi map in (b), using a superoperator Liouville space formalism and
assuming an exchange coupling between the positive and negative polarons of J/2π = 2 MHz. (d) The frequency of the horizontal features in
(b) depends linearly on the magnetic field B0, with a proportionality characteristic for the nuclear magnetic resonance of protons.

tion is observed. The results for the spin-coated P3HT/PCBM
cells obtained with ELDOR are summarized in Figs. 5(a) and
5(b). The experiments were performed at a fixed B0, with one
of the microwave frequencies tuned to resonantly excite the
positive polaron and the other tuned to excite the negative
counterpart. First, a Rabi oscillation experiment is performed
as in Fig. 3, here on the P+, plotted in Fig. 5(b). The pEDMR
signal initially decreases from a level indicative of the spins
in the polaron pair being parallel to each other to a level
corresponding to antiparallel spins due to a π inversion pulse
on one of the spins, P+. If, preceding this Rabi experiment,
a π pulse is applied to the other spin, P− in this case, the
Rabi oscillation will start in an antiparallel pair configuration,
turning into a parallel configuration after a pulse of length π

FIG. 5. (Color online) (a) Pulse sequence for electron double
resonance (ELDOR) using two microwave frequencies to address
the positive and negative polarons for a certain magnetic field B0

separately. (b) Without a leading pulse on P−, a Rabi oscillation
experiment on P+ leads to the same oscillation already observed in
Fig. 3(b). With a leading π pulse inverting the P− spin, the oscillation
in P3HT/PCBM is inverted, as expected for bipolar polaron pair
recombination.

for the P+ Rabi experiment. The result will be an inversion of
the Rabi oscillation, which is indeed observed in Fig. 5(b). If,
on the other hand, unipolar hopping were to be observed, the
spin symmetry of P+P+ pairs observed in the Rabi oscillation
would remain the same irrespective of changes of the spin state
of P−, which is not observed. The degree of inversion in the
bipolar case depends on the degree to which the P− ensemble
is addressed by the corresponding microwave pulse, which is
about 70% in our case.

These ELDOR experiments can also be performed as
a function of the microwave frequencies used. The pulse
sequence of such an ELDOR Rabi map is shown in Fig. 6(a).
With a frequency fpump and for varying times tpump a

FIG. 6. (Color online) (a) Modification of the ELDOR pulse
sequence for frequency mapping. A pulse of length tpump and
frequency fpump is followed by an echo sequence on the P+ resonance
to measure the influence of the first pulse on the positive polaron.
(b) Corresponding ELDOR Rabi map for P3HT/PCBM. A clear and
spectrally well resolved Rabi oscillation driving the P− resonance is
observed on P+.
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FIG. 7. (Color online) (a) Pulse sequence for the determination
of the spin coupling strength via double electron-electron resonance
(DEER). (b) Echo intensity as a function of the delay between
the initial π/2 pulse on P+ and the π inversion pulse on P−

in P3HT/PCBM. The time dependence allows us to estimate the
coupling strength to ∼2 MHz.

microwave pulse is applied to the P3HT/PCBM cell, followed
by an echo sequence on the P+ resonance used to measure
the P+ spin state [41]. With respect to the pulse sequence in
Fig. 5(a), this is effectively only a time-inverted experiment
but allows us to use phase cycling and lock-in detection
[31], very significantly improving the signal-to-noise ratio.
The corresponding ELDOR Rabi map is shown in Fig. 6(b).
As in the case of the single-frequency Rabi map, a signal is
seen in the Fourier transform corresponding to � = γB1. The
signal is strong when fpump also excites P+ and, in agreement
with Fig. 5(b), somewhat weaker when exciting P−. Most
importantly, there is a clear signal minimum between the two
resonances, even more than in Fig. 4(a), which shows the
corresponding single-frequency Rabi map. Spurious excitation
of P+ in the experiments of Figs. 5(a) and 5(b) due to
the small spectral overlap of P+ and P− can therefore be
excluded.

While the ELDOR experiments discussed show that,
indeed, bipolar spin pairs are formed, DEER experiments are
able to quantitatively estimate the strength of the coupling
between the two polarons. The corresponding pulse sequence
is shown in Fig. 7(a), where an inversion pulse on P− is applied
either in the first or the second evolution period of an echo
sequence on P+. The change in the magnetic environment
of P+ during its evolution period due to the change of the
coupled spin state of P− will lead to an inversion of the
signal depending on the point in time when the P− spin is
flipped. While, ideally, a well-defined spin-spin interaction
manifests itself in an oscillatory behavior of the echo signal as
a function of the shift τw [see Fig. 7(a)], a broad distribution of
coupling strengths typically leads to an exponential decay of
the echo intensity, still allowing us to estimate a characteristic

coupling from the decay constant. The results of the DEER
experiments on the P3HT/PCBM cells are shown in Fig. 7(b),
with characteristic decay times of 92 and 79 ns in the case
of the inversion pulse in the first and second evolution times,
respectively, corresponding to a typical coupling strength of
2 MHz between the negative and positive polarons. This value
was already used in the simulation in Fig. 4(c). The lack of
oscillation in the DEER results indicates a broad distribution
of coupling strengths, which was not taken into account in
the simulation and is one of the reasons for the remaining
differences between experiment and simulation in Fig. 4.

Nevertheless, both types of dual-frequency experiments,
ELDOR and DEER, performed here clearly support the initial
argument, based on the single-frequency spin-locking mea-
surements, that spin-dependent processes in bipolar polaron
pairs are observed. Since cwEDMR experiments without
lock-in amplification (data not shown) show a reduction of the
photocurrent under the resonance condition, we can attribute
the resonances observed to bipolar polaron pair recombination
since unipolar bipolaron hopping would lead to a resonant
increase of the mobility and therefore the conductivity.

4. Lifetimes and coherence times

The observation that the dominant spin-dependent process
in the P3HT/PCBM solar cells at low temperatures is the
bipolar polaron pair recombination allows us to transfer a
wealth of pulse sequences for the study of spin and recom-
bination kinetics, which were mostly developed to investigate
the recombination involving donors and defects in crystalline
Si [41,42], also to organic semiconductors. In particular,
inversion recovery experiments can be used to determine the
recombination times of polaron pairs with antiparallel and
parallel spin orientations τap and τp, respectively [Fig. 8(a)].
The steady-state spin population during illumination, which,
due to the fast spin-allowed recombination of antiparallel
spin pairs, mostly consists of parallel spin pairs, is first
inverted into antiparallel pairs by a π inversion pulse. The
recombination of those pairs is then measured with an echo
sequence. To prohibit photogeneration of new charge carriers
before the readout, inversion recovery experiments are the
only pEDMR measurements reported here where the LED
illumination is switched off (50 μs before the start of the
microwave sequence). As expected for pair recombination,
the corresponding experiments performed on the positive and
negative polarons agree, with τap ≈ 74 μs [Fig. 8(b)]. Since the
excitation width is again not large enough to invert the whole
ensemble, parallel spin pairs persist; their recombination
time τp ≈ 3 ms can therefore be determined in the same
experiment. Due to the variation in the coupling strengths,
the recombination kinetics are best described by stretched
exponentials exp[−(t/τ )n] (see Ref. [41]). In our experiment,
we observe nap = 0.45 and np = 0.25 for the recombination
of antiparallel and parallel spins, respectively.

The echo sequence can also be used to measure the
decoherence time of the polaron spins [Fig. 8(c)]. We find
values of T2 = 1.9 μs for the positive polaron in P3HT and
T2 = 1.5 μs for the negative counterpart in PCBM [Fig. 8(d)],
obtained by fitting with normal exponential functions.
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FIG. 8. (Color online) (a) Pulse sequence used to determine
the antiparallel and the parallel recombination times τap and τp,
respectively, of P+P− polaron pairs based on an inversion recovery
experiment. (b) Typical time constants of 74 μs for τap and 3 ms for
τp are found experimentally in P3HT/PCBM at 10 K. (c) Standard
echo sequence including a final π/2 projection pulse for the
measurement of the coherence time T2. (d) Both polarons exhibit
similar decoherence properties in P3HT/PCBM with T2 ≈ 1.7 μs.

B. Printed P3HT/PCBM heterojunctions

In order to compare the pEDMR results for differently
processed samples, the Rabi measurements were repeated
on roll-to-roll-produced P3HT/PCBM solar cells [43]. These
cells show essentially the same spectral and Rabi oscillation
behaviors, including a clear spin-locking signature (Fig. 9).
Therefore, the specific production process seems to have a
negligible influence on the results of our experiments, allowing
us to conclude that bipolar recombination is the dominant
spin-dependent process in P3HT/PCBM structures at low
temperatures. The only significant difference between spin-
coated and roll-to-roll printed devices is the lower pEDMR
signal intensity of the latter, notable in the lower signal-to-
noise ratio realizable in the experiments, an indication that
less recombination takes place in these optimized devices.

FIG. 9. (Color online) Fast Fourier transform of Rabi oscillation
measurements by pEDMR on printed P3HT/PCBM heterojunctions at
10 K. Again, the two signals corresponding to P+ and P− are observed,
with the central spin-locking signal appearing at high microwave
powers.

FIG. 10. (Color online) (a) Fast Fourier transform of Rabi oscil-
lations in a spin-coated PCDTBT/PCBM solar cell at 10 K. Analogous
to the P3HT/PCBM cells, signals corresponding to P+ and P− and a
central spin-locking signal are observed. The feature at ∼15 MHz
is again attributed to hyperfine interaction with hydrogen nuclei.
(b) Rabi oscillations on P+ and the ELDOR experiment with a
leading π pulse on P− in the PCDTBT/PCBM solar cell. As with
P3HT/PCBM, the Rabi oscillations are inverted in the ELDOR
experiment on PCDTBT/PCBM, as expected for bipolar polaron pair
recombination.
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C. Spin-coated PCDTBT/PCBM heterojunctions

To test the generality of the results obtained so far on
at least a second polymer/fullerene heterojunction, we have
repeated the above experiments on PCDTBT/PCBM solar
cells. This combination is suited for such studies since the
positive polaron P+ on PCDTBT with g = 2.0025 (average of
anisotropic g values) [44] can similarly be spectrally resolved
from P− on PCBM as in the case of P3HT/PCBM. In full
agreement with the results of the P3HT/PCBM solar cells,
the Rabi map shows the typical features of bipolar polaron
pair recombination [Fig. 10(a)]: the two peaks at a frequency
of γB1 belonging to the polarons P+ and P− and a third
central peak due to spin locking. In the corresponding ELDOR
experiment the Rabi oscillation is again clearly inverted
[Fig. 10(b)]. Both the spin-locking signals in the Rabi map and
the ELDOR inversion demonstrate that in PCDTBT/PCBM
heterojunctions bipolar polaron recombination is also the
dominant spin-dependent process at low temperature and
under illumination. Echo decay and inversion recovery ex-
periments reveal a spin coherence time of T2 = 4.2 μs and
antiparallel and parallel recombination times of τap = 93 μs
and τp = 3.9 ms, respectively (data not shown), which are very
similar to the P3HT/PCBM results.

IV. CONCLUSIONS

We have shown that pulsed EDMR can be used to distin-
guish between bipolar polaron pair recombination and unipolar
bipolaron hopping transport in organic semiconductors when
the resonant signatures of the differently charged polarons
can be separated spectroscopically. The fact that bipolar
polaron pair recombination is observed in two different
polymer/fullerene heterostructures suggests that this spin-
dependent process is rather general to organic diodes, at least

at low temperatures. The assignment to bipolar recombination
is made on the basis of different single- and multifrequency
experiments, including spin locking, ELDOR, and DEER. In
addition to the identification of the dominant spin-dependent
process, the advanced pulse sequences used allow the deter-
mination of the strength of the coupling between the polarons,
the lifetimes of polaron pairs with antiparallel and parallel spin
orientations, and the coherence time of the spins. The pEDMR
experiments performed here are highly versatile and were
applied to both laboratory-scale devices and cells fabricated
on an industrial scale, demonstrating the generality of the
spin-dependent process identified. This method is limited
to neither the material systems nor the 10 K temperature
range investigated here. In particular, optical excitation with
nanosecond pulses might allow us to study the temporal
evolution of the polaron coupling, effectively monitoring the
formation of the polaron pairs, or even to investigate charge-
transfer levels with pEDMR methods. Optical excitation
resonant with the charge-transfer levels will be helpful in
this respect [45]. Therefore, the present work could be an
important stepping stone for further investigations of related
material systems to understand charge-transport processes as
well as the microscopic steps involved in photovoltaic energy
conversion and lighting applications in organic devices.
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Improving the Operational Stability of PBDTTTz-4 Polymer
Solar Cells Modules by Electrode Modification**

By B�erenger Roth, Gisele A. dos Reis Benatto, Michael Corazza, Jon E. Carl�e, Martin Helgesen,
Suren A. Gevorgyan, Mikkel Jørgensen, Roar R. Søndergaard and Frederik C. Krebs*

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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The aim of this work is the investigation of forward and reverse bias stress effects, cell self-heating and annealing
in roll coated organic solar cells with PCBM:P3HT active layer. In reverse bias stress cells show a constant
degradation over time. In forward current stress cells alternate degradation and annealing phases, which are
explained through the high power dissipation during the current stress, and the consequent self-heating. The
high temperature is able to recover the cell performances at least until a critical temperature is reached. The
degradation can be explained by the following mechanisms: the decrease of the net generation rate (due to
formation of exciton quenching centres or the reduction of exciton separation rate); the formation of small leaky
paths between anode and cathode, which reduces the total current extracted from the cell. The stress-induced
damage can be recovered by thermal annealing at 120 °C.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Advanced PV is becoming of extreme interest, to overcome someof the
limits of conventional solar cells, especially in terms of costs and energy
payback time. Conventional silicon cells require very expensive production
processes, operating in high vacuumandhigh temperatures, andmaterials
with very high degree of purity. This makes the final cost unattractive and
an energy payback time as long as several years. To reduce the cost and
payback time, several approaches have been identified by the scientific
community: the thin film concept [1] that reduces the amount of material
required; the use of new materials (such as organic small molecule and
polymers) that are easier to produce [2]; and adopting completely
different working principles, such as in hybrid organic–inorganic cells [3].

Besides the very low-cost production techniques (such as roll-to-
roll) the organic/polymeric solar cells have very appealing and peculiar
features: tuneable colours, (semi)transparency, flexibility, lightweight,
and good performance even under diffused radiation.

Despite these advantages, organic solar cells (OSCs) still have some
limitations. In literature, there are several papers focused on OSC
stability in different environments (temperature and humidity) or
light conditions [4–7], highlighting that organic materials are very
sensitive to the high energy part of solar spectrum, as well as high tem-
peratures and humidity. Among the known issues, we may cite: the
electrical instabilities of the devices; the degradation processes related
to temperature, oxygen, and humidity [4] or electric stress; and the

generation of exciton quenching centres. In recent years there have
been a number of publication addressing the long term stability of OSCs,
where the effects of the environmental factors, such as light, temperature
and humidity on the device performance have been addressed [8–16].

In the presented work we focus instead on the effects of the electri-
cal stresses, such as forward and reverse bias stresses, aswell as the self-
heating and annealing of the device, which may eventually help in the
process of developing a methodology for accelerated stress tests and
rapid identification of failure mechanisms in organic solar cells.

Moreover, the stress procedure used in this work may also simulate
the operation of a cell under non-uniform light illumination. In fact, in
real applications, the partial shadowing of the solar cells or a non-
uniform illumination on the entire panel can result in reverse biasing
of one of the solar cells in the array. In the particular case of total
shadowing of a solar cell in a string, the cell will act as a load for the
rest of the cells, which force the current through the shaded cell [17].
This may cause breaking of the solar cell, increase of the temperature
[18], and possibly degradation of the encapsulation of materials.

Especially since organic photovoltaic is suitable not only for roof
mounting, but also for integration in windows, shelters, and facade
decorations, the ideal positioning and orientation of the cells or panels
cannot always be met. This makes more difficult to assure a uniform
illumination of the cells, emphasizing the above-mentioned problem.

In the light of these considerations, the systematic study of solar cells
under low illumination levels and under reverse biasing stresses is of
particular importance for the reliability of a solar system. Themethodol-
ogy described in Section 2, used to identify the failure points, is a step
stress strategy in which the current or voltage levels are increased
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step by step until the failure of the cell is reached. In this way any hard
failure and soft pre-failure degradation mechanisms can be revealed
and analysed.

2. Experimental and devices

In this work we used organic solar cells with a PCBM:P3HT active
layer. The active layer thickness is 300 nm and the active area is
1 cm2. The samples have been fabricated by the Energy Department at
Technical University of Denmark, and they have been produced by
means of slot die coating and flexographic printing using roll coating
machinery.

After transportation to Padova the solar cells were subjected to
several stress-characterization steps, until the cell breakdown was
reached or a maximum stress time was elapsed. The procedure is
depicted in Fig. 1 and it consists of a sequence of steps. After the initial
characterization, we applied a constant voltage stress (CVS) or constant
current stress (CCS) to the cell for 1000 s. After the end of the step, the
cell wasmeasured again, the stress voltage/current was increased and a
new 1000-s stress step was performed. All stresses were carried out in
the dark. During CCS the currents started at 20-mA and were increased
by 20 mA after each step. In CVS the voltage was –2 V at the beginning
followed by 0.2 V increases after each step.

Electrical characterization included the measurement of the
short-circuit current (ISC), the open circuit voltage (VOC) and the I–
V curves both in the dark and in the light. All measurements were
done using a white LED illuminator. Illumination intensity was cali-
brated by means of a certified reference solar cell. We corrected the
calibration values, taking into account the mismatch of the illumina-
tion spectra.

3. Results and discussion

3.1. Stress-induced degradation of the I–V curves

Fig. 2 represents the evolution of the cell I–V curves under CVS.
There is a clear degradation of the characteristics as indicated by the
arrows, especially in the ISC. For comparison, Fig. 3a–c show the I–V
behaviour during the CCS, which is somewhat different from the CVS
results. During CCS, we can observe three distinct regions, corresponding
to three different degradation phases.

The first region (phase 1), shown in Fig. 3a, corresponds to the stress
current from 20 mA to 200 mA. Here the cell undergoes degradation
similar to the CVS. In Fig. 3b (phase 2) the opposite trend appears and
the curves increase, indicating a recovery process of degradation. This

occurs when the stress current ranges from 200 mA to 320 mA. This is
followed by the third region (phase 3) of rapid degradation, which
starts at a current level of 320 mA and continues until complete break-
down of the device, as shown in Fig. 3c.

Fig. 4 shows the comparison between the ISC behaviours during CVS
and CCS plotted against the stress step values: the peculiar fluctuating
behaviour of the cells subjected to CCS is clearly observed. In contrast,
CVS induces amonotonic reduction of ISC. From Figs. 2 and 3we observe
a very small variation of VOC during CVS. Meanwhile CCS produces
larger instability of VOC, especially during phase 3.

Fig. 1. Stress procedure. CVS or CCS is applied for 1000 s. After each step the device is
characterized and a new step of stress is applied. At each step, the current (in the case of
CCS) or the voltage (in the case of CVS) is increased as shown in theplot, until the breakdown
of the device.

Fig. 2. Current–voltage curves taken after different CVS steps.

Fig. 3. Current–voltage characteristics measured during CCS with stress current between:
a) 20 mA to 200 mA; b) 200 mA to 320 mA; and c) 320 mA to cell breakdown.
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3.2. Origin of cell degradation

A careful analysis of the I–V curves during the stress tests
showed that CCS and CVS reduce the ISC. The following mechanisms
are considered:

1) a decrease of the net generation rate, e.g., due to formation of exciton
quenching centres or the reduction of exciton separation rate in the
donor/acceptor complexes.

2) the formation of small leaky paths between the anode and cathode,
which reduces the total current extracted from the cell.

While the former mechanism is expected to affect only ISC the latter
also impacts the VOC. This suggests that some residual “microshunts” are
formed during stress. We believe that as soon as a conductive path is
formed a high current will flow, inducing a very large localized power
dissipation, which will result in quick burning of the shunts. Small
defect-rich and leaky spots are likely to be formed in the neighbourhood
of the burned path, increasing the total shunt resistance of the cell, as
the stress proceeds. In turn, as the shunt is burned the effective area of
the cells is reduced, further decreasing the I–V curve.

To confirm this idea, we used a simple model, by adding a shunt
resistance to the fresh device and reducing the effective generation
rate. In this simplified picture, we assumed that the photocurrent is
given by the Sokel–Hughesmodel [19], firstly we proposed for insulator
and then also adopted in organic solar cells. We adopted the simplest
special case, which is solved analytically, but it is still adequate to de-
scribe the carrier extraction in organic solar cells. Following this model
the photocurrent is:

JPH Vð Þ ¼ qGd coth
V−Vbi

2Vt

� �
−

2Vt

V−Vbi

� �

where G is the average generation rate, Vbi is the built-in potential, Vt is
the thermal potential, q is the elementary charge, and d is the active
layer thickness. The complete cell model is shown in Fig. 5a. The photo-
current is represented by the current source, RS is the cumulative series
resistance, RP1 is the parasitic shunt resistance of a fresh device, and RP2

represents the additional “stress-induced” shunt resistance. Fig. 5b and
c shows some examples of fitting of the stressed cell I–V during CCS and
CVS, respectively. Despite the simplicity, the model excellently fits the
experimental data.

3.3. Role of self-heating in cell degradation

Because we measured a considerable power dissipation during
the stress, we attribute the recovery during CCS (phase 2) to thermal
annealing due to self-heating. To assess the exact role of the self-heating
in cell degradation kinetics, we measured the cell temperature under
stress by means of an infrared camera. Some selected temperature
images taken during CCS are shown in Fig. 6a, b, and c, corresponding
to the three degradation phases depicted in Fig. 3a, b, and c, respectively.
Fig. 7a and b represents the calculated power dissipated during CCS and
CVS, respectively.

We believe that during phase 2 cells undergo an annealing effect due
to the high temperature reached during the stress (between 90–150 °C).
On one hand it is enough to recover the active layer, degraded during the
previous phase 1, on the other hand it is low enough to prevent further
thermal degradation. Of course, we cannot neglect that a current larger
than 200 mA in phase 2 also degrades the active layer at a rate faster
than phase 1. Hence, the thermally-induced recovery ratemust be larger
than the stress-induced degradation rate, at least until the current is
smaller than 320mAand the temperature is smaller than 150 °C. Instead,
when the stress current exceeds 320 mA and, in turn, temperature
exceeds 150 °C, the very high temperature jointly with the high stress
current leads again to the cell degradation.

By comparing Fig. 7a and b, it is straightforward that themain reason
of the difference in behaviours of CCS and CVS is a result of the different

Fig. 5. Simplifiedmodel for the stress induced shunt formation (a) and comparison between
degradationmodel (red lines) and experimental data (symbols) during CCS (b) and CVS (c).
The solid blue line is the fresh device.
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Fig. 4. Short circuit current degradation during CCS (a) and CVS (b). Two samples are
shown for each stress.
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self-heating effects. In fact, the maximum power dissipated during CVS
barely reaches 350 mW in the worst case. Such a value is much smaller
than the power dissipation during CCS, due to themuch smaller reverse
current value, even at high voltages. Consequently the maximum
temperature observed during CVS does not exceed 85 °C, i.e., not
sufficient to achieve significant annealing.

To confirm the previous assumptions we performed ageing of
stressed cells under thermal heating conditions at 120 °C for 1 h in the
dark without applying bias. Fig. 8 shows the I–V curves measured on
a fresh cell, after CVS, and after 1-hour thermal annealing. The cell
recovers the short circuit current after the annealing, and the ISC appears
even larger than the one measured before CVS, indicating that some
small process-induced damage may also be present in the fresh cell.

4. Conclusions

We analysed the behaviour of polymeric organic solar cells under
electric stresses. In reverse voltage stress, cells show a constant degra-
dation over time. In forward current stress cells exhibit degradation
and annealing phases, which are explained through the high power
dissipation during the current stress, and the self-heating. The high tem-
perature is able to recover the cell performances, at least until a critical
temperature is reached. Degradation involves the formation of leaky
conductive paths across the cell and the reduction of the net generation
rate likely due to exciton quenching centres.

These findings raise several issues which are still open to debate. For
instance; what is the exact role of annealing? Does the high tempera-
ture completely restore the cell status or does it simply “patch” thedam-
age? In this regard, it is worth to note that a silicon solar cellmay reach a
temperature larger than 80 °C during sunlight exposure, which acceler-
ates the degradation of the cell.We demonstrated that, moderately high
temperature can recover the damage of organic solar cells. What is the
real impact of the temperature in the cell lifetime is a question worth
a careful investigation, also in theperspective of assessing if convention-
al standards for solar cell lifetime testing are still suitable for organic
photovoltaics.
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Fig. 8. I–V curves taken on the same cell: before stress, after CVS, after 120 °C-annealing,
and after the second CVS performed after annealing.

Fig. 7. a) Power dissipation as a function of stress time (bottom scale) and stress current
(top scale) during CCS; b) power dissipation as a function of stress time (bottom scale)
and stress voltage (top scale) during CVS.

Fig. 6. Infrared camera pictures taken on a cell during CCS at different stress levels.
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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. 
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 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 
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 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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a b s t r a c t

The practical design of a wirelessly controlled portable IV-curve tracer based on a capacitive load is
described. The design is optimized for the measurement of solar cell modules presenting a high open
circuit voltage of up to 6 kV and a low short circuit current below 100 mA. The portable IV-tracer allows
for on-site/in-situ characterization of large modules under real operating conditions and enables fast
detection of potential failure of anomalies in electrical behavior. Currently available electronic loads only
handle voltages up to around 1 kV. To overcome cost and safety issues related to high voltage applica-
tions, the design is based on low cost components, battery-based isolated supply and wireless com-
munication. A prototype has been implemented and field tested for characterization of different organic
photovoltaic modules (OPV) made according to the infinity concept with a large number of serially
connected single junctions (�7.450 single junctions) presenting open circuit voltages up to 5.6 kV.

& 2016 Elsevier B.V. All rights reserved.

1. Introduction

On-site and in-situ measurement of the IV-characteristics of
photovoltaic (PV) arrays is of great interest among PV installers,
operators, end users and researchers. It allows for accurate deter-
mination of the electrical behavior of the PV device under real
conditions and enables validation of performance and comparison
with either previous data or expected data. It is an essential tool in
the industry for diagnosis and maintenance and for researchers
studying failure mechanisms, operational life time and degradation
for complete systems. Many programmable loads can be found on
the market that can be used as IV-tracers for PV devices in
laboratories, from mW to kW. Also some portable IV-tracers are
available for on-site evaluation of PV arrays [1]. However, all the
available systems on the market only operate up to around 1 kV.

Recently, a concept for fully printable and “infinitely” long
organic PV modules with many thousands of serially connected
cells was reported [2,3]. This concept supports the idea of increasing
PV power by means of increasing voltage but keeping low currents.
It minimizes losses and improves the printing process because bus
bars or parallel connections are not needed within the PVmodule. It

has already been employed in different settings: solar park instal-
lation, solar tube installations and solar balloon installation [4]. OPV
modules of 100 m with up to 11.3 kV of open circuit voltage (Voc)
and less than 100 mA of maximum current have been built and
installed [5]. The characterization of such high voltage OPV modules
presents a significant challenge, since there is no available IV-tracer
or programmable load on the market in that range of voltage. High
voltage components and probes are expensive and in most of the
cases designed also for high power/high current applications (kA),
which make them inaccurate for low current ranges. In addition,
safety is an important issue in high voltage applications for the PV
system, the equipment and the operator.

Until now the only generally applicable characterization method
has been the use of a resistive load with manual connection (using
high voltage gloves) of the OPV module to different high voltage
resistive loads and the voltage measurement over the resistance
using high voltage probes, and high power resistors with high
electrical isolation. This method is accurate as long as the power
rating of the resistor is kept significantly higher than the operating
power levels (typically 10 times higher) such that the power dis-
sipated does not heat up the resistive element and thus altering the
effective resistivity. The method however requires a large number
of available resistors to match possible loads and even for low
currents (o100 mA) the voltage levels does imply power levels on
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the order of several hundreds of watts to kilowatts meaning that
the resistors are large and bulky. It is however associated with
significant risk and safety precautions are imperative. The method
is relatively slow and therefore requires conditions of constant
weather (i.e. a cloudless day). Under conditions of variable cloud
cover the resistive method is impractical and a faster method is
needed. Finally, the amount of data acquired using a resistor bank is
limited to the Isc, the Voc and 15–20 data points along the IV-curve
(depending on the number of combinations of resistors). An auto-
mated IV-tracer would be expected to quickly record a large num-
ber data points over the entire IV-range.

In this work we present the practical design of a portable IV-
curve tracer that allows for rapid measurement of high voltage and
low current OPV modules and arrays. The principles and details of
the design and the prototype are explained and corroborated by
field testing on a large OPV solar park array operating up to 5.6 kV.

1.1. International standards for high voltage PV

At the present 1 kV is the maximum allowable DC voltage in PV
utilities according to the European Standards. The PV industry is
looking forward to an extension to 1.5 kV according to [6]. In this
respect our research includes PV systems with DC voltages higher
than 1 kV, which according to the present regulations could not be
accepted as a commercial PV plant. However it can be considered a
“power installation exceeding 1 kV”. This kind of power facilities
requires extra safety measurements such as a fence, restricted
access, earthing systems etc. and they are feasible and regulated by
international standards as described in the European standards
[7]. The HV IV-curve tracer can be considered as “medium Voltage
(1.5–38 k V) power conversion or measurement equipment”, and
in case of commercialization it should meet the respective stan-
dards [8].

2. Design

2.1. Principles of operation

The IV-tracer is based on the use of a capacitive load. The
capacitive load is the most common method used by commercial
equipment for measuring the IV-curve of PV devices [9], and its
use is recommended by international guidelines and standards for
measuring PV arrays up to 50 kWp [10,11].

The method illustrated in Fig. 1 is quite simple. Under normal
operation both switch 1 and switch 2 are open and the capacitor is
discharged. When switch 1 is closed the PV array (OPV module) is
connected to the capacitive load thus charging it from 0 to Voc.
Current and voltage measurements are taken during the charging
process, which correspond to the IV-characteristic of the PV array.
Finally, the capacitive load must be discharged into a resistor bank
for safety reasons and for preparing the tracer for the next mea-
surement. This latter operation is done by opening switch 1 and
closing switch 2 until the capacitor is fully discharged. Switch 2 is
then opened and the system is ready for the next IV-trace. The
method is fully explained by Muñoz et al. in [12,13]. If the IV-curve
approximates an ideal rectangular IV-characteristic as shown in
Fig. 2, the capacitor charging time, tC, depends on its capacitance C,
and on the instantaneous values of short-circuit current (ISC) and
VOC, through the following equation:

tc ¼
Voc

Isc
C ð1Þ

For real IV-characteristics (Fig. 2) the charging time is slightly
longer than the charging time obtained from Eq. (1). Thus, the
charging time can be approximated from the known value for the

capacitance combined with an estimate or a measurement of Isc
and Voc (a measurement is preferable). Calculating the charging
time and adding an extra margin is quite important for two rea-
sons: 1) it allows more control over the measurement sampling,
i.e. the sampling frequency or the number of points to be mea-
sured can be changed, improving the quality of the IV-curve, and
2) it makes the switching easier, especially when the switches
have to handle an increasingly high voltage since they switch off
better when no current is flowing.

The most important point for high voltage IV-tracers is that the
capacitance must be high enough to ensure relatively slow char-
ging times to avoid fast transients that can damage the load and
the switches. It must however be borne in mind that the energy
stored in a capacitor bank scales with the product of the capaci-
tance and the voltage squared so precautionary measures must be
taken when operating with capacitors at high voltage since energy
levels quickly rise to lethal levels.

2.2. Electronics design

2.2.1. Power circuit
Fig. 3 shows the design schematics for the power circuit. As

mentioned above, working with high voltage presents two main
challenges, 1) the high cost of the specific components for high voltage
applications and 2) operator safety. To overcome the cost problem of
high voltage components, we have used parallel and/or series com-
bination of low/mid voltage components when it was possible. This is
the case for the capacitor and resistor banks. We dimensioned a HV
capacitor bank for 6.6 kV operation and 10 mF consisting of 12 ele-
ments rated to 1.1 kV (30 mF for each). The HV resistor bank was
comprised of 20 elements rated to 10 kΩ and 700 V which were
connected to build a bank of 7 kV and 50 kΩ load.

High voltage switching elements have a high cost because they
are specifically designed for high power applications and very
demanding applications in terms of switching times. In our
application the switching time is not as critical as it can be in
converters and also the current is not so high. To avoid expensive
switching elements, we scanned the market for HV relays used as
safety devices in microwave ovens. Single pole, low current HV
relays can be found at moderate cost that allow for operation up to

Fig. 1. Simplified schematic of a capacitive load used to trace the IV-curve of a
PV array.

Fig. 2. Ideal and real I–V characteristics of a PV array.
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15 kV. The main challenge for these relays is the voltage transient
generated during their slow switching. The voltage transient can
be even worse if cables coming from the PV module are long,
acting as inductances connected in series. This is the case for
100 m long OPV panels [2,3].

Therefore, the HV relay is the most critical component in the
circuit, and it has to be oversized by as much as possible and a
snubber circuit is also mandatory to decrease the effect of tran-
sients and to ease the switching. An RC branch (3 nF in series with
30Ω) in parallel with each HV relay was enough as snubber circuit
for our prototype. The most critical operation at HV is the opening
of the relay, and the control must assure it is done when no cur-
rent is flowing (under no load). We have chosen for our design HV
relays rated up to 15 kV and 5 A. The HV relay coils are triggered
through a MCP14E4 MOSFET driver, which also activates a LED for
visual inspection of the triggering.

High voltages always present a safety issue for the user and for
the equipment. During the design of the circuit board and the
layout of the equipment current creep and clearance must be
respected and recommended practices such as rounded corners
and well-spaced terminals must be followed to avoid arc-over and
corona [14]. An isolated supply at the high voltage side is always a
challenge, since high voltage isolated DC/DC converters or power
sources are quite costly (especially for mobile applications such as
this one). For the sake of simplicity, we decided to supply all the
HV circuitry from a 12 V/4 A h Lead-Acid battery and all the ele-
ments referenced to the negative terminal of the PV array. The
battery is a very robust supply for a strong triggering of the relays
and it is cost efficient compared to other power supply options.

The measurement circuitry is all kept on the HV side, supplied
from the 12 V battery and referenced to the negative terminal of
the PV module. Voltages at the capacitor and resistor banks are
measured using a HV divider rated for 12 kV 100 MΩ, 1:1000 with
a tolerance of 0.5% from Nicron Electronics. The outputs are con-
nected to the microcontroller analog inputs using an operational
amplifier. For measuring the PV current the voltage across a shunt
resistance is amplified to satisfy the microcontroller analog input
requirement. As visual safety indicators, two analog voltmeters
have been placed for checking voltages at the battery and at the
capacitor bank. The latter is comprised of 0–100 mA analog
ammeters in series with 50 2 MΩ resistances (1206 SMD 1% tol-
erance). Fig. 4 shows the first prototype of the HV IV-curve tracer.

2.2.2. Control circuit
A microcontroller is used for implementing the control of the

IV-tracer. The model TM4C123G from Texas Instruments has been
used. It is supplied from the 12 V battery through a non-isolated
DC/DC converter. The microcontroller uses two digital outputs for
the triggering of the relays and four analog inputs (12 bits) for
measuring voltages at the capacitor and resistor banks, PV current

and voltage at the battery. One of its UARTs is connected to a
Bluetooth module, so all the user interaction with the system
during the measuring procedure is through this wireless link. We
found this to be the most elegant method to achieve isolation and
operator safety during operation for a mobile high voltage IV-
tracer such as the one presented here. The Bluetooth module is
accessed from a Labview program run on a laptop for portable
measurements. The Labview program reproduces a Graphical User
Interface (GUI) where the user introduces the expected Voc and Isc
parameters, the charging and discharging times are calculated, as
well as the active area and the maximum frequency of the sam-
pling. Then the configuration is sent to the microcontroller when
the user presses START. Once the configuration for the next mea-
surement is received by the microcontroller, the Bluetooth com-
munication is disabled, to avoid communication noise during the
HV switching. The microcontroller temporally stores the IV-
measurements and once the switching of the relay is complete

Fig. 3. Power circuit. All the circuitry is supplied from a 12 V battery. Gray arrows indicate signals coming from or going to the microcontroller.

Fig. 4. First HV IV-curve tracer prototype. (1) Microcontroller with Bluetooth
connection, 12 V/4 A h battery and DC/DC converter for microcontroller supply.
(2) HV capacitor bank. (3) Switching board including HV relays, HV voltage dividers
and drivers. (4) HV resistor bank.
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the data are sent back to the GUI, where they are plotted and
saved. The GUI implements also some data processing allowing for
extraction of the main parameters of the PV module, such as the Isc
current, Voc voltage, maximum power point, fill factor and effi-
ciency (see Fig. S1 in the supporting section that shows a
screenshot of the GUI).

2.2.3. Irradiance and temperature measurement circuit
In order to estimate the efficiency of the PV module in-situ, a

simple sensor board is connected to the Labview GUI. This sensor
board is comprised of a calibrated photodiode with a KG5 filter in
order to match the absorbance spectra of the photodiode with the
absorbance of the modules based on P3HT:PCBM as the active
layer. A detailed description of the photodiode and its calibration
procedure can be found in the supporting information. The sensor
board also has temperature and humidity sensors.

The sensor measurements are captured by an Arduino micro-
controller and accessed by the Labview GUI using the USB port.
Fig. 5 shows the sensor board with the Arduino microcontroller
USB-link.

Two clips have been attached to the sensor board such that it
can be placed at the same plane as the PV module. The sensor board
provides the possibility for measuring the irradiance, temperature
and humidity in-situ at the same time the IV-curve is recorded. In
this way, the user can introduce the active area of the PV module
and the efficiency of the device is calculated automatically.

2.2.4. Costs and bill of materials
Table 1 breaks down the high voltage IV curve tracer into its

main components (common connectors, capacitors, resistors and
diodes are neglected) and the total cost. It can be checked that the
total cost is much cheaper than any similar commercial IV curve
tracer at the market.

3. Outdoor experiments

3.1. OPV modules

Concentrated solar power cleverly explore large reflective areas
for light harvesting whereas the electrical energy conversion is
carried out in a very localized region where the light energy is
focused enabling low ohmic losses for the converted power which
can be in close proximity to the inverter system. The efficient
harvesting of energy using distributed photovoltaics over large
areas (i.e. crystalline silicon panels) however necessitates the
exploitation of high voltages to minimize ohmic losses during
transport of the electrical energy to the inverter system. In the
case of organic solar cells where efficiencies are significantly lower
a distributed system implies that larger light harvesting areas are

needed for a given nominal power rating. The ohmic losses can
thus be expected to be even higher making the case for the low
efficiency organic solar cell even worse. In addition, the printing
approach to the organic solar cell being one of the strengths of the
technology also presents a weakness since printed conductors are
generally poor conductors thus adding to the challenge of ohmic
losses. This conundrum was efficiently solved using the “infinity”
approach where a fortuitous property of the organic solar cell
diode enables massive serial connection of junctions with less
sensitivity to partial shading and junction variation than tradi-
tional solar cells. It was thus demonstrated that printed con-
ductors enabled lossless extraction of harvested power over large
distances of 100 m or more at the expense of high voltages
410 kV [2,3]. It was thus possible to explore virtually any scale of
power using printing with the caveat of being able to harness the
high voltages that ensue. This was not unexpectedly observed as
combustion of the solar cells when a shunt was present and the
solar cells became moist [5]. An additional challenge was the large
distance between the positive and negative terminal as the length
of the module grows. This was recently solved with a bidirectional
printing approach [16] where the printed modules were printed
such that power flows in both directions along the foil. In this
manner and through ultimate exploitation of the printing
approach wires were essentially avoided. Only a short wire

Fig. 5. Left: sensor board placed at the same plane as the OPV module during the IV measurements, using an Arduino microcontroller for accessing to the irradiance,
temperature and humidity measurements through the GUI at the laptop. Right: detail of the sensor board, the irradiance sensor (calibrated photodiode and filter) can be seen
while temperature and humidity sensors are at the back of the board.

Table 1
Cost break down the components used in the high voltage IV-curve tracer cate-
gorized according to its main components (common connectors, capacitors, resis-
tors and diodes are neglected) and the total cost.

Component Manufacture reference Cost (€)

12�1.1 kV, 30 mF capacitor EZP-E1B306MTA 139.68
20�700 V, 10 kΩ power resistor PF2472-10KF1 114.4
2�15 kV, 5 A DC-60 Hz relay GR5MTA 390
2�High voltage divider 1000:1, 100 MΩ,
0.5%

300.2-100M-DF-1:1000-
DF

20.68

1� Shunt resistor 2512 0.5 Ω 1% 1 W LR2512-R50FW 0.6
3�Dual operational amplifier TS912BIDT 5.7
1�MOSFET driver MCP14E4 1.86
1�Main microcontroller Evaluation board

TM4C123G
12.76

1�Bluetooth board JY_MCU BT board 5.62
1�12 V 4 A h Lead Acid battery RS: 698–8091 9.43
1�12 V to 3.3 V DC/DC regulator and
components

L4971D 2.21

1�Analog voltmeter 0–30 V F3PAM1801-30V 14.8
1�Analog ammeter 0–100 uA Multicomp-4433725 17.17
15 m 10 kV 18 AWG cable Pomona 6733-0 28.44
1�Weather microcontroller Arduino Mega 2560 R3 43.193
1�Photodiode BPW34 0.882
1� Temperature sensor DS18B20 2.69
1�Humidity/temp sensor DHT22 8.36
Total 818.47

R. García-Valverde et al. / Solar Energy Materials & Solar Cells 151 (2016) 60–65 63



connecting the arbitrary length of foil to the electronics is required
[16]. In this work we employed modules that were �47 m long
comprising �7450 serially connected single junctions. The active
area for each stretch of foil was �4 m2. We demonstrated modules
based on two types of active layer material. We employed P3HT:
PCBM as reference materials and a next generation material
showing higher performance. At the time of these measurements
the system had been under outdoor operation for 43500 h. The
material was prepared as described in Ref. [15].

3.2. IV-curve experiments

The IV-curve tracer was set up in a portable and electrically
isolated box and transported to the field. The OPV modules were
disconnected from any load 30 min before initiation of the mea-
surements. Although OPV modules need much less time than tra-
ditional PV modules to reach a stable thermal condition because of
the thinner encapsulation we did this to ensure reproducibility. The
sensor board was placed such that it was co-planar with the plane
of the OPV modules. The measurements were done in a clear day
under acceptable and dry environmental conditions, as defined in
[16]. For disconnection and connection of the OPV modules to the
IV-tracer HV safety gloves were worn and 2 operators were present.

One operator actively engaged in the experiment and one operator
to ensure the safety of the active operator.

A set of three representative IV-curve measurements in the
field are presented. The first 2 of them corresponds to two IV-
curve measurements (A1 and A2) of a 47.3 m long P3HT:PCBM-
based OPV module comprising 7440 single junctions. Each of these
curves has a different number of sampling points (2540 and 2215
points respectively). The last data set (B) corresponds to IV-
measurements from a 47.4 m long Generation-2 polymer-based
OPV module presenting higher voltage and higher power with
7456 single junctions. The data set contains 4225 data points. Both
modules have been described in the previous section. The IV tracer
allows to configure the sampling frequency, but in these experi-
ments it was kept constant at 1 kHz, so the sweeping time for A1,
A2 and B was 2.54 s, 2.22 s and 4.22 s respectively.

Fig. 6 shows the three IV-curves just as taken from the IV-curve
tracer and their respective IV-curves. In Table 2 we summarizes
the main extracted parameters from these IV-curves. The effi-
ciency of 3.01% measured for the Generation-2 module (B in
Table 2 and Fig. 6) with 7456 junctions is similar to a test module
of just 8 junctions aged under exact same outdoor conditions. An
indoor measurement under 1 sun simulated light conditions
resulted in a PCE of 3% after 4150 h outdoors.

Fig. 6. IV-curves (left) and PV curves (right) measured using the HV IV curve tracer. Current units are mA, voltage in V and Power in W. From top to bottom: test A1 (P3HT:
PCBM-based OPV module), test A2 (P3HT:PCBM-based OPV module second test) and test B (Gen2-based OPV module). Irradiance was 0.7 suns.
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4. Conclusion

A fast and in-situ IV-curve measurement system for high vol-
tage, low current PV modules has been presented. The simple and
cost efficient design is based on a capacitive load. To overcome the
challenges related to the high cost of high voltage components we
explored association of lower cost low voltage components. The
use of high voltage relays instead of high voltage transistors
offered an affordable solution for this application. However,
snubber circuits and special control strategies were found neces-
sary to avoid the high voltage transients and their effects during
high voltage switching. From the experience with our first proto-
types it was impossible to properly measure IV-curves above 6 kV
using the proposed HV relays of 15 kV. To avoid safety issues
related to isolation and to reduce costs all the measurement cir-
cuitry was supplied from a 12 V Lead-Acid battery and referenced
to the negative terminal of the PV module that was grounded
during the measurement as extra safety action. The IV-curve tracer
is controlled by a microcontroller which is accessed through a
wireless Bluetooth link from a Labview program running on an
adjacent but electrically disconnected laptop. In this way all the
user interaction during the measurement is done safely with no
physical contact. This program saves the measured data and
computes the main parameters from the IV-curve. The tracer has
been tested and found to be highly satisfactory in field use with
several OPV modules up to 5.6 kV open circuit voltage and less of
100 mA short circuit current. It is currently used for the general
outdoor characterization of high voltage modules produced and
studied by our group.
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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 

Adv. Energy Mater. 2015, 1501208

www.MaterialsViews.com
www.advenergymat.de

 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)   
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 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 
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  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)
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 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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