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We compared the degradation process in organic bulk heterojunction solar cells, upon exposure to a
temperate (Belgium) and a sub-equatorial (Benin) climate. Differences in degradation of these devices
have been attributed to humidity differences between the temperate and Beninese environments.

Our analyses revealed, the decrease rate on 240 h of Jsc is about 40% in Belgium and 45% in Benin, when

the devices are exposed to light and to ambient air. The diffusion of H,O and O, species through the layers
is more rapid when the temperature is high.
© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Solar cells have in last decades established their importance as
an eco-friendly, sustainable energy source. Organic solar cells, in
specific, are low-cost, highly scalable, flexible, light-weight, with a
short energy payback time, and consequently of high commercial
interest [1]. Still, improving the lifetime of the devices remains a
serious issue that has to be resolved in order to make them com-
mercially feasible. The energy efficiency of these organic solar cells
has significantly increased in recent years. This energy conversion
efficiency of about 10.7% obtained by Green et al. [2], reached a
record of 12% recently, obtained on a standard size of 1:1 cm? com-
bining two different absorbent materials [3]. But these organic solar
cells, still know many degradation processes due to their exposure
to oxygen, humidity, temperature, atmospheric pressure, and long
time ultraviolet (UV) illumination [4,5]; which makes the intrin-
sic lifetime of the devices without encapsulation very short [6].
The limited lifetime is a result of several processes that are in play
simultaneously.

Known degradation mechanisms involve: diffusion of molec-
ular oxygen and water into the device, degradation of interfaces,
degradation of the active material, inter-layer and electrode
diffusion, electrode reaction with the organic materials, morpho-
logical changes, and macroscopic changes such as delamination,
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formation of particles, bubbles, and cracks [7]. Some of these degra-
dation mechanisms are interrelated and take place at the same
time, some during operation of the solar cell, and some during
storage. Some degradation mechanisms are fast, and others are
slow. It is thus a challenging task to identify degradations mech-
anisms, and even more difficult to quantify to what extent each
mechanism contributes to the overall deterioration of the solar
cell performance [8]. Earlier works have shown that, for normal
geometry devices using aluminum as a back electrode, both molec-
ular oxygen and water will diffuse through the aluminum electrode
[8-10]. The spatial distribution of reaction products in multilayer
polymer solar cells induced by water and oxygen atmospheres has
been mapped and used to elucidate the degradation patterns and
failure mechanisms in an inverted polymer solar cell [11]. A com-
parison has been made between the use of a humid (oxygen-free)
atmosphere and a dry oxygen atmosphere during testing of devices
that were kept in the dark and devices that were subjected to
illumination under simulated sunlight. They have found that the
reactions taking place at the interface between the active layer and
the PEDOT:PSS were the major cause of device failure in the case of
these inverted devices, which are compatible with full roll-to-roll
(R2R) coating and industrial manufacture. The PEDOT:PSS has been
found to phase separate, with the PEDOT-rich phase being respon-
sible for most of the interface degradation in oxygen atmospheres.
In water atmospheres, little chemically induced degradation has
been observed, whereas a large partially reversible dependence of
the open circuit voltage on the relative humidity has been observed.
All organic layers will react with molecular oxygen and water in
varying degree causing oxidation and thus degradation. At the ITO
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interface, oxygen from the ITO will be exchanged with the incom-
ing oxygen (i.e., in the form of molecular oxygen and water). These
processes are in varying degree affected by lightand/or heat[10,11].

Light is then one of the main triggers for polymers degrada-
tion. Photochemical degradation affects the electronic properties,
photo-conductive, mechanics and causes a photo-decrease of
the material [1,10-12]. The photochemical degradation of -
conjugated polymers and the impact of this degradation on the
performances of the organic solar cells have been the subject of
many studies [1,12-21], etc., in particular, many experimental
works have been done to investigate the underlying mechanism of
the P3HT photochemical degradation in organic bulk heterojunc-
tion solar cells [22]. The most studied polymer solar cell employs
morphologically stable bulk heterojunctions, regioregular P3HT
(rrP3HT) as the donor material and the fullerene (PCBM) as the
acceptor material. Previously it was believed that the chemical
reaction responsible for its degradation was direct attack on the
thiophene ring by singlet oxygen, but instead it has been shown to
be a side chain oxidation starting with a hydroperoxide formation
at the benzylic position [19,23]. Films of P3HT are photo-oxidized
fairly rapidly with complete bleaching after 700 h depending on
thickness. Adding PCBM slows this process considerably, presum-
ably by sub nanosecond quenching the reactive excited state on
P3HT forming a lower energy charge transfer complex [24]. Reese
et al. concluded that oxidation of PCBM, creating species with up
to eight oxygen atoms, formed traps for the electron transport
decreasing the electron mobility [25]. Schafferhans et al. similarly
investigated the effect of oxygen doping of P3HT:PCBM blends and
concluded that exposure to O, in the dark resulted in a loss of
Jsc while all solar cell parameters were affected in light, all due
to increased number of oxygen generated trap states [26]. This is
also in line with a previous study by Seemann et al. on the influ-
ence of oxygen on organic solar cells with gas permeable electrodes
[27]. The reaction between P3HT and oxygen may be initiated with
an initial reversible formation of one or more meta-stable charge
transfer states [28,29]. Several studies showed that charges have
been formed when P3HT:PCBM has been illuminated and exposed
to oxygen. This charge build-up could be reversed in vacuum indi-
cating a weak (P3HT*:0, ) complex. Recent studies carried out with
the analogous polymer poly-(3-octyl-thiophene) (P30T) by Abad
et al. concludes that the degradation mechanism involves UV-
initiated ozone formation and that ozone is the reactive species
responsible for the P30T degradation [30,31].

Seemann et al. [32] studied degradation behavior of an inverted
device similar to the one described in [11]. They found that due to
the gas permeability of the PEDOT:PSS, oxygen can diffuse through,
which, combined with illumination, results in a strong decrease
of the short-circuit current (within minutes). The authors explain
the decrease from a change in the conductivity of the PEDOT:PSS
layer and they found that the short circuit current can be partially
recovered by heating, which they take as an indication of degrada-
tion taking place in the photoactive layer. Yamanari et al. studied
the effect of PEDOT:PSS in a normal geometry device with respect
to degradation [33]. It was found that when PEDOT:PSS is used
degradation is fast as compared to either no PEDOT:PSS or using
MoOy instead of PEDOT:PSS. They showed that PEDOT:PSS acceler-
ates the formation of aluminum oxide in the interface between the
aluminum electrode and the active layer.

As solar cells are multi-layered structures, the decay in their
performance reflects not only the degradation of the photo-active
layer, but of each of its constituent layers [1]. In contact with air
and light, the polymer reacts with oxygen, which produces differ-
ent oxidized polymer species and breaks the polymer chain, leading
to irreversible failure in functioning of the devices [19,34-38].
Recently Hintz et al. have shown that, two concurrent mechanisms
take place in degradation process, depending on the irradiation

conditions [39,40]. Under the UV irradiation, the degradation pro-
ceeds as a radical reaction [19,34,36,37] starting at the a-carbon
of the alkyl side chain, and results with simultaneous degradation
of the conjugated system and the side chain. Under visible illumi-
nation, however, the reaction involves a photosensitized species,
possibly singlet oxygen that primarily destroys the m-conjugated
system of the polymer, leaving the side chain almost unaffected
[41-45]. In white light conditions, both of the mechanisms are
active, but since the radical chain mechanism has a higher effective-
ness, it dominates even when only a low UV irradiation fraction is
present [39,40]. Besides the irreversible degradation mechanisms,
an additional reversible process takes place. It was reported the
first time by Abdou et al. that when exposed to oxygen and light,
P3HT gets reversibly doped via a polymer-oxygen charge transfer
complex [44]. This finding has been later confirmed by many other
groups [15,26,29,46,47].

The objective of this letter is to compare the degra-
dation process of the organic bulk heterojunction devices:
ITO/PE-DOT:PSS/rrP3HT:PC70BM (1:0.7 weight ratio)/Yb/Al, upon
exposure to a temperate (Belgium) and a sub-equatorial (Benin)
climate from the experimental data that we dispose. Differences in
the degradation process have been studied. The weak performance
observed in time for these devices, in terms of electrodes degra-
dation, interfaces and the charge transport mechanism have been
analyzed and interpreted. Moreover, the degradation mechanism
analysis of these devices under the Beninese climate, fits into the
overall approach to the development of new Kkits or sunlamps, for
people who have not access to conventional electricity, but lying
in areas under strong solar illumination especially in undeveloped
countries. We can quote in this context the program ‘Lighting for
Africa’ [48] which supports the development of a prototype of solar
lights tested in Zimbabwe or the project ‘Eight19’ [49] which elab-
orates the solar lights with a battery charging system.

The letter is organized as follows: in Section 2, the architec-
ture of the organic bulk heterojunction solar cell considered is
described. Subsequently, link causes-effect of degradation, degra-
dation of the hole transport layer, degradation of the metal
electrode, photo-oxidation of the active layer, degradation by oxy-
gen and water molecules, effect of the atmosphere, parameters
affect and the possible causes, physical stability of the solar cells
are presented and interpreted. The results and discussion are pre-
sented in Section 3. Finally, the conclusion and outlook are listed in
Section 4.

2. Materials and methods
2.1. Architecture of the organic solar cell

The structure of the solar cell considered, is blend of
ITO/PEDOT:PSS/rrP3HT:PC70BM (1:0.7 weight ratio)/Yb/Al. The
layer Yb/Al is cathode and ITO/PEDOT:PSS is anode. The ITO (85 nm)
layer on glass is a transparent semi-conductor and serves of anode
in the structure. It collects the holes after the separation of exci-
tons and the charges transport. It is composed a blend of 90%
indium oxide (In,03) and 10% of tin oxide (SnO,). The ITO elec-
trodes are covered with a film of PEDOT:PSS (40 nm) deposited by
spin-coating from an aqueous solution. The PEDOT:PSS layer col-
lects the holes and limits the electrochemistry between the active
layer and the anode. It decreases the roughness of the ITO surface.
PEDOT favors the holes transport but presents the drawback of
being hydrophilic. rrP3HT:PC70BM (1:0.7 weight ratio) (100 nm)
is the active layer; it is the seat of the charge photogeneration.
PC70BM is a good electron acceptor; it presents a great chemical
stability and good charge mobility. rrP3HT is the electron donor, it
presents good electrical properties (good mobility of the charge car-
riers), good optical properties and an appreciable chemical stability
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Figure 1. (a) Ideal structure of the cell, (b) band diagram of the cell ITO/PE DOT/rrP3HT:PCBM/Yb/Al proposed by our work, (C) [6,6]-phenyl C61-butyric acid methyl ester
(PCBM), (d) methano-fullerene-[6,6]-phenyl-C71 methyl butyrate (PC70BM), (e) regioregular poly(3-hexylthiophene), (f) poly (3, 4-ethylenedioxythiophene) (PEDOT), (g)

poly (styrenesulfonate) (PSS) [53].

for manufacturing of the organic photovoltaic devices. The Al/Yb
layer collects the electrons and the aluminum (Al (200 nm)) layer
presents a great surface roughness. Ytterbium (20 nm) layer lim-
its electrochemistry between aluminum (Al) and sulfur of rrP3HT
in film and allows improvement of open circuit voltage, shunt
resistance and fill factor (FF). Ytterbium (Yb) forms a barrier layer
between the active layer and aluminum (Al) [50].

The BH] blend is represented by the HOMO and LUMO levels of
the donor and acceptor. The band offset between the LUMO lev-
els of donor and acceptor guarantees the charge separation at the
interface if the lifetime of the exciton is sufficiently long to meet a
split site as shown in Figure 1.

The choice of donor-acceptor pair defines the alignment of elec-
tronic levels of the system. This alignment is important because the
energy difference between the HOMO of the donor and the LUMO
of the acceptor is directly linked to the potential V¢ of the solar cell
while the energy difference between the LUMO of the two materials
ensures exciton dissociation [51,52].

The blend rrP3HT:PC70BM is chosen to indicate the interest of
complementary absorption of PC70BM in active layer [53].

2.2. Link cause-effect of degradation

Whatever the climatic conditions, we have identified several
factors and degradation processes in the literature [10,54-56]: (i)
the diffusion of oxygen and water through the layer induces chem-
ical reactions, (ii) direct photo-degradation of the active layer, (iii)
thermal degradation of the active layer, (iv) the corrosion to the
interfaces of electrodes, (v) the inter-layers diffusion, (vi) chemical
defects formation in the active layer. These physical and/or chem-
ical degradation modes of (flexible) OPVs devices can be divided
in two main categories: (I) intrinsic degradation due to changes in
the characteristics of the interface between layers of the stacking
owing to internal modification of the materials used, (II) extrin-
sic degradation caused by changes in the cell behavior induced by

external triggers, such as water, oxygen and electromagnetic radi-
ations (UV, visible light, IR, etc.). The latter is strongly linked to
the quality and stability in properties of the encapsulation system,
namely the barrier, the substrate and the type of edge sealing used.

We indicated for different external constraints, the conse-
quences on organic photovoltaic cells. We summarized of various
failure modes (causes/effect) leading to reduction in efficiency in
OPVs (Table 1). Some factors or constraints are inter-dependents.
For example, illumination causes an increase of the temperature in
the cell. These two factors facilitate the diffusion of the oxygen and
water, and therefore the oxidization mechanism. We notice that
the elevation of the sole temperature is a factor which also facili-
tates the diffusion as that has been predicted in the literature. The
technique used depends on the objectives attached for the aging
study [12]. Generally, the analyses are essentially focused on the
active layer degradation by chemical aging under the effect of light
or the combination of the light and oxygen. Physical aging by the
analysis of the morphological stability on the degradation of the

Table 1
Link cause-effect of degradation: summary of various failure modes (causes/effect)
leading to reduction in efficiency in OPVS [57].

Stress Response

Mechanical Delamination, electrode failure,
packaging failure

Temperature Acceleration, delamination,

Light: (spectral/response; total
intensity)

Oxygen: (humidity/water)

Coupled-effect (light/mechanical
water/mechanical)

Electrical: (electrical
field)/(coulombic charges)

morphological changes, diffusion
Photochemical oxidation, photo
bleaching, yellowing, mechanical
failure

D/A oxidation, electrodeoxidation,
charge extraction, charge mobility,
TCO etching, interface failure
Interconnected failure (in addition
to above mentioned failure)
Localized heating, shorts
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Figure 2. (a) Freshly prepared and (b) aged ITO/BH]J/Ca/Al devices. The active organic region is labeled BHJ, the aluminum layer of the electrode is identified as Al, and the
calcium layer, which likely contains a significant fraction of calcium oxide, is labeled Ca+CaO. Bold arrows indicate regions of void formation at the Ca/Al interface that
enlarge as the devices age [60]; schematic of the processes inside the pure PCBM sample, (C) a zoom into the active layer shows the intact fullerene structure, (d) In the initial
stages of degradation, the side chain of the PCBM is rst lost. This leads to no change in topography. (e) In the next stages, the oxygen gets incorporated in the C60 forming an

epoxide structure thereby increasing the layer thickness [53].

electrodes at the interface depends on the nature of the used metal
(aluminum, calcium, lithium, etc.), and the transparent conductive
oxide, and the degradation study of the encapsulated and the sub-
strate. Our analyses are focused on the active layer rrP3HT:PC70BM
(1:0.7 weight ratios), by chemical aging under the effect of the light,
light and oxygen and the combination of oxygen and moisture.
Physical aging by the analysis of the morphological stability on the
degradation of the electrodes at the interface depending on the alu-
minum used during the exposure test under air and in the dark, in
the visible light and the ambient air.

2.3. Degradation of the metal electrode

Certain metals such as Al, Ca and Ag are commonly used as elec-
trodes in OPV devices because of their high electrical conductivity,
work function properties and ability for deposition at very thin
layers. The degradation of the metal electrode contributes to the
overall reduction of cell performance and its origin has been the
subject of several recent studies [58].

Two main degradation mechanisms of the metal electrode have
been identified; primarily its oxidation at the metal/polymer inter-
face and/or at the upper surface of the metal layer [59] and
secondarily its chemical interaction with polymers at its interface
with the active layer [60].

The first mechanism, the degradation at the electrode/polymer
interface, can result in the formation of an oxidation layer at
the metal/polymer interface [61]. This oxidation layer hinders
the charge selectivity of the electrode thus reducing device
performance. For Ca/Al electrodes it has been reported that
their degradation in air is due to considerable changes at the
metal-organic interface [59]. Cross-sectional TEM studies have
revealed the formation of void structures to be the primary degra-
dation mechanism for Ca/Al contacts. These structures grow as the
electrode ages and become oxidized, as shown in Figure 2(a) and
(b) [60]. For Ag contacts it has similarly been observed that the elec-
trode becomes oxidized and that an interfacial layer of silver oxide
is formed over time, but its formation is a much longer process
compared to Al-based electrodes [58].

The second degradation mechanism of the metal electrode, its
chemical reaction with the active layer, has also been investigated
[7], finding that this mechanism involves the chemical interaction
of the thiophenes in the P3HT with the top metal electrodes [60]. For
example, Cu electrodes have been found to react with sulfur sites on
P3HT during the deposition process [62]. It has also been observed
that aluminum penetrates into the active layer, gradually forming

aluminum-carbon bonds. A diffused organic-Al interface is formed,
which then results in alarge oxidized interfacial area upon air expo-
sure. It has been shown that Al interacts with C60, forming Al-C60
bonds that cause reduced charge transport and device performance
[63,64].

More recently Jargensen et al. revealed that aluminum and cal-
cium metal films are highly reactive, but as long as they are kept
in an oxygen and water free atmosphere in a glove box environ-
ment or encased rigidly, this does not present a problem. In a real
world application water and oxygen will always be present and
will eventually lead to degradation. The rate of influx or trans-
mission can to a certain extent be controlled by encapsulating the
device. Because of the low work function these metals can act as
potent reducing agents especially if hydrogen donating reagents
like water or alcohols are present. This mode of degradation has
not been described yet and the dominant reaction seems instead
to be diffusion of water through pores in the metal and reaction to
form metal oxides at the interface between the metal and the rest
of the device. This metal oxide layer is electrically insulating and
creates a transport barrier eventually degrading the performance of
the device as seen in the diode characteristics [20]. Glatthaar et al.
showed in a series of letters that this layer of Al,05 gives rise to
a capacitance that can be estimated from the layer thickness and
that changes the standard exponential diode curve to one with an
inflection point [65,66]. This may erode the fill factor to a point
where the device no longer produces power. Many of the problems
with the low work function metal electrodes have been described
and interpreted [12], and will also be dealt with in the later sections
on oxygen/water degradation in this work.

2.4. Degradation of the hole transport layer

In most OPVs devices, poly (ethylenedioxythiophene) poly
(styrenesulfonic acid) (PEDOT:PSS) (Figure 1f and g) is used for the
transfer of holes between the transparent electrode and the active
layer for normal structures and between the metal electrode and
the active layer for inverted structures. Even though the hole trans-
port layer is essential to the efficient function of OPVs devices, the
degradation of PEDOT:PSS can shorten the lifetime of the devices.
Moreover, the properties of this layer can cause increased degra-
dation of the other layers as well.

However, until now it has been unclear whether the interface
between ITO and PEDOT:PSS is stable and which are the parame-
ters that influence its stability. PEDOT:PSS is especially vulnerable
to thermal degradation. Even though it has been shown that heat
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treatment of PEDOT:PSS films for up to 10-20 min can be beneficial
for the electrical properties of the films, prolonged exposure to high
temperatures may cause their thermal degradation [67]. Studies of
the thermal stability of this material have shown that exposure at
120°C for over 55 min can significantly reduce its electrical con-
ductivity [68]. In this case, aging was due to the shrinking of the
PEDOT conductive grains. However, annealing of PEDOT:PSS films
at lower temperatures can help increase their electrical conductiv-
ity due to thermal activation of the carriers and improvement of
the crystallinity.

The PEDOT:PSS layer is also very sensitive to moisture and oxy-
gen. The detrimental effects of atmospheric air on the electrical
properties of this material have been studied [69]. The PEDOT:PSS
layeris highly hygroscopic and it was observed that when it absorbs
water, its conductivity decreases and consequently device life-
time shortens. It can be observed that the presence of oxygen and
moisture promotes the irreversible structural modifications of the
PEDOT:PSS chains, reducing its conductivity. The PEDOT:PSS layer
can also increase the degradation of other layers of OPVs devices.
It has also been observed that water absorbed by the PEDOT:PSS
layer can diffuse through the device all the way to the metal cath-
ode accelerating the degradation of the metal electrode and thus
reducing device lifetime [70].

Moreover, the PEDOT:PSS layer can increase the degradation of
the active layer. Studies on MDMO-PPV/PCBM OPVs have shown
that the degradation is associated with water absorption into the
PEDOT:PSS layer and charge transport measurements revealed that
the effect of water on PEDOT:PSS is to increase the sheet resis-
tance of the PEDOT:PSS/blend layer interface [71]. It has also been
reported that the PEDOT:PSS layer can induce the degradation
of the active layer in P3HT:PCBM OPVs, which is demonstrated
by a decrease in the absorbance and formation of aggregates in
the active layer [10]. Recently, it was demonstrated that using
processing additives to PEDOT:PSS enhances significantly the
hole carrier selectivity in inverted solar cells [72]. Substituting
PEDOT:PSS with vacuum deposited MoOs3 as the hole conducting
layer enhanced the stability. In a latter more comprehensive study
it was found that even in a dry inert atmosphere PEDOT:PSS accel-
erates degradation presumably due to residual humidity that can
diffuse through the device to the cathode interface where it will
react [73]. Sputtered nickel oxide (NiO) can also be used as an
alternative to PEDOT:PSS with a marked increase in stability [74].

Hancox et al. have found a similar enhanced lifetime of small
molecule solar cells with a MoOx hole-extraction layer [75].
Chromium oxide-chromium nitride films prepared by sputtering
have been used by Qin et al. as another alternative to PEDOT:PSS
[76].

2.5. Degradation of the electron transport layer

Several n-type materials have been explored as electron trans-
port layer (ETL) in organic solar cells. One of the first was lithium
fluoride (LiF) used for energy alignment and stability of the cath-
ode interface [77,78]. Recently, a mixture of Cgg and LiF has been
explored for this purpose in bulk heterojunction solar cells [79,80].
In addition to the enhanced current density the effect of this com-
posite layer was to increase the device lifetime. A number of other
types of buffer layers have been introduced for increasing the life-
time of devices with low work function metal electrodes. Sol-gel
processed titanium suboxide (TiOx) can be used, but is a relatively
poor conductor in its amorphous form [78,81]. A recent study by Li
et al. concluded that TiOy acts as a photochemically activated oxy-
gen scavenger significantly enhancing the stability of P3HT:PCBM
toward both UV exposure and oxygen [82]. Wang et al. have applied
thermally evaporated chromium oxide (CrOx) between the active
layer and the aluminum cathode to enhance stability [83]. Wang

et al. showed a similar effect for copper oxide (CuOy) as interface
layer either alone or together with lithium fluoride [84]. Wang et al.
found that a 1 nm thick layer of lithium benzoate improved both
performance and stability [85]. Similarly, the phosphine oxide 2,
7-bis (diphenylphosphoryl)-9, 9’-spirobi [fluorene] has been used
to improve the thermo-stability [8G]. An early example of using
cesium carbonate as a cathode buffer layer was reported [87]. A
later comparative study between LiF and Cs;CO5 concluded that
the latter is superior for enhancing both performance and stability
of the devices [88].]Jin et al. have shown that a thin (5 nm) cadmium
selenide (CdSe) interface layer retards degradation [89]. Zinc oxide
(Zn0) has a high electron mobility and is therefore better suited as
an ETL [90]. It is used as an electron transport layer in inverted type
devices. The conductance of ZnO is variable and can be modulated
by dopants, oxygen vacancies and Zn interstitial atoms [91,92]. In
addition it can be changed by exposure to UV-irradiation in the
presence of oxygen. This has been exploited in diode devices with
memory effects [93]. In solar cell devices this variable conductance
can have a dramatic effect where the device has to be pre-treated
with exposure to UV-irradiation before full power conversion effi-
ciency is obtained. A chemical mechanism have been proposed [93]
and further elaborated by Krebs et al. [94].

A more detailed investigation of the effect of photo annealing
of the ZnO layer was carried out [95]. The effect of ZnO electron
transport layer in normal geometry devices on the shelf-life have
been investigated [96]. The lifetime of devices without any ETL
stored in the dark (shelf-lifetime) was very short as opposed to
devices with a ZnO nano-particle HTL or mixed ZnO nanoparti-
cles/ZnO sol-gel studied over 78 days. The mixed ETL device proved
to be best and retained about 60% efficiency after this period. Trans-
mission electron microscopy cross-sections of the devices showed
that voids appeared at the aluminum/P3HT:PCBM interface when
no ZnO layer was present. A modification in the form of indium
doped zinc oxide nanoparticles (IZO) have been explored in both
normal and inverted geometry devices [97]. Sarenpdd et al. investi-
gated aluminum doped zinc oxide (AZO) prepared by atomic layer
deposition using diethyl zinc and trimethyl aluminum with water
as oxygen source. Small molecule devices based on this mate-
rial showed increased stability with no degradation observed after
40 days [98]. In inverted type devices a thin evaporated layer of
aluminum later oxidized to aluminum oxide between the ITO cath-
ode and the PEDOT:PSS layer have been used to enhance electron
extraction and in conjunction with a MoO3 anode interface layer
to increase stability [99]. The use of thin evaporated chromium
and titanium metal interfaces between the active layer and an alu-
minum anode has been investigated [100]. With the chromium
interlayer superior long-term stability was achieved compared
to devices with titanium. For small molecule organic solar cells
the influence of various exciton blocking layers on the stability
have been investigated [101]. It was found that Alqs was supe-
rior to InySs, (Z)-5-(4-chlorobenzylidene)-3-(2-ethoxyphenyl)-
2-thiox-othiazolidin-4-one (CBBTZ) or bathocuproine (BCP). In
addition, it has been found that doping the Alqs buffer layer
with metallic magnesium enhances the stability even better than
for Alqs alone [102]. Consequently, the most promising class of
materials for hole transport and electrons in the organic bulk het-
erojunction solar cells are the transition metal oxides.

2.6. Photo-oxidation of the active layer

P3HT:PCBM is a well understood material system that acts as
a model for polymer based solar cells. P3HT acts as an electron
donor and PCBM as the acceptor. One of the main factors respon-
sible for the degradation of the active layer is the combination
of oxygen and light. Hintz et al. reported from their XPS studies
that thiophene-based polymers become strongly p-doped upon
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Figure 3. Schematic of the processes occurring inside the pure P3HT layer (a) a zoom into the layer shows intact P3HT chains, (b) on photo-oxidation, the chains get
fragmented and evaporate resulting in a decrease in the layer thickness. Schematic of the processes occurring inside the P3HT PCBM blend (C) a zoom into the active layer
shows the P3HT and PCBM molecules, (d) on photo-oxidation, incorporation of oxygen into the PCBM results in swelling of the layer, (e) on illuminating the sample for a
longer time, the P3HT and the PCBM both get fragmented and evaporate, resulting in the collapse of the layer [53].

interaction with O, and light [103]. As a result of this photo-
oxidation, fragmentation of the polymers takes place [19] which
ultimately results in the evaporation of the material. Abad et al.
observed a decrease in the thickness of the active layer made of
donor material on photo-oxidation and attributed this to the afore
mentioned evaporation [104]. We revealed two competing pro-
cesses in the blend. Photo-oxidation of PCBM and the fragmentation
of P3HT. The fragmentation of the polymer leads to a decrease in the
film thickness whereas the photo-oxidation of the fullerene leads
to swelling. Other studies on blends suggest that the fast electron
transfer from the polymer to fullerene after excitation, accompa-
nied by the formation of polarons on the polymer chain, decreases
strongly the reactivity of the polymer against oxygen. This decrease
occurs by quenching the triplet formation on the polymer and
avoiding a triplet-triplet annihilation reaction with oxygen under
formation of reactive singlet oxygen [105]. Lloyd et al. reported
that higher charge transfer rate between the donor and acceptor
results in lesser photo bleaching and hence less degradation [106].
See Figures 2(c)-(e) and 3 for more understanding on the material
fragmentation and evaporation process.

2.6.1. Degradation of PCBM and its effect

Photo-oxidation of the PCBM results in incorporation of oxy-
gen in the fullerene [25]. Studies have been performed on the
photo-oxidation of Cgg molecules previously by Xia et al. where
they have reported that interaction between oxygen and Cgg
molecules, induced by irradiation, may occur and can be described
as Cgg — CgoOn + 03, (n=1-5)[107]. Previous attempts at observing
photo-oxidation of Cgg furnished a single monoxide CgyO having
an epoxide structure [108,109]. Several studies have been done on
the oxidation of fullerenes and its derivatives. We will not insist in
this work on mechanisms reactionnels but we will reveal the main
stages pulled from the literature. The properties of fullerene to trap
the radicals by reaction of addition radicalaire lead to the forma-
tion of sites radicalaire which can initiate its own degradation. At
the first phases of the degradation, the compounds of Cgg type have
been detected [108]. The formation of this molecule results from the
addition of an oxygen atom on a double bond of the Cgy molecule. It
forms itself either an epoxide or an oxido-annulene resulting of the
isomerization of the epoxide structure. Cgg compound can evolve
toward formation of C;290 compounds type [110].

Infrared spectrophotometry has been used for the thermo-
oxidation of Cgy and it is observed of the modifications of the
chemical structure which result in the apparition of new absorp-
tion strips with increase of the intensity when the temperature
increases. This analysis has allowed bringing out the carbonyl prod-
ucts [111]. These defects do not miss to have influence on the

properties of the conjugated polymers. It has been brought out in
case of PPV, a correlation between the increase of the concentration
of carbonyl products and the decrease in the intensity of the photo-
luminescence. These defects trap the photoluminescence, because
the excitons nearest of these defects relax non radiative manner
[112]. These defects are responsible of the extinction of the photo-
luminescence; increase the charge generation [110], because it has
been observed an increase of the photocurrent density for samples
degraded in relation to virgin samples. As a notable modification
of mobility has not been observed, the authors hypothesized that
improving of the charge photo-generation would be due to the
presence of carbonyl groups which would explain an increase in
photocurrent due to the degradation. In summary, we remarked
that the oxidizing atmosphere accelerates the degradation process
and the oxidation products plays an important role and therefore
influence on the characteristics such as charge mobility, trapping
excitons, the extinction of photoluminescence and photocurrent.

In addition, PCBM has been observed to stabilize many
Tr-conjugated polymers used in the active layer of organic pho-
tovoltaic (OPVs) cells by reducing the degradation rate under
different conditions, such as photo-oxidation [25,111,113] and
thermolysis [114]. Two mechanisms are usually invoked for the
stabilizing effect of PCBM: exciton quenching and radical scav-
enging. Polymer exciton quenching by electron transfer to PCBM
reduces the lifetime of the excited singlet state and thus reduces
the population of all reaction-inducing states that are populated
via the singlet manifold (e.g., triplet states). Triplet states are
notorious for their reactivity, because of their relatively long life-
time, which favors bimolecular reactions such as singlet oxygen
sensitization. They recently have been proposed as reactive inter-
mediates in the photo-oxidation of poly (3-hexylthiophene) (P3HT)
films [115]. However, the fact that PCBM also drastically reduces
the reaction rate of thermolysis of polymers in darkness proves
that excited-state quenching is not the only mechanism of stabi-
lization. Chambon et al. have suggested that at least part of the
stabilizing effect of fullerenes is due to their ability to scavenge
oxygen-centered radicals [114].

On the other hand, PCBM also may accelerate the degradation
of some m-conjugated polymers. Because of its high intersystem
crossing (ISC) yield, which is 50% in solution [116-118], electroni-
cally excited PCBM in the presence of oxygen is well-known for its
ability to generate singlet oxygen [119]. In the solid state, the ISC
efficiency is much less, but depending on the degree of crystallinity,
it might still be high enough to cause significant degradation [120].
Also, superoxide anions have been shown to form by electron trans-
fer from fullerene anions to molecular oxygen [121]. Actually, the
increasing degradation rate of a series of polymers in blends with
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fullerenes of decreasing electron affinity has been interpreted as a
result of enhanced formation of superoxide anions via the fullerene
anions [122]. As a further mechanism, triplet energy transfer from
the PCBM triplet at 1.57 eV to the polymer triplet state should be
possible for most polymers with an optical band gap (So-S1) of less
than 2.2 eV (the singlet-triplet splitting (2K) is 0.6-1eV for most
OPV polymers) [123]. The polymer triplet (T;) may also be pop-
ulated via recombination of the charge-transfer state (CTS) that
is formed in the photoinduced electron transfer reaction at the
interface of the polymer and PCBM [124-129]. This triplet recom-
bination will only occur when the CTS is 0.1 eV higher in energy
than the polymer Ty state [130]. (See Ref. [125] for more compre-
hension.)

2.6.2. Degradation of P3HT

Photochemical degradation of the conjugated polymer and its
relation to the overall cell performance has received much atten-
tion. Among the mechanisms reported are:

- Photo-bleaching of the polymer which results in a disruption of
the m-conjugation.

- Photooxidation, which can lead to disruption of the -
conjugation and/or chain scission. Furthermore, in many cases
carbonyl groups are formed that are very efficient exciton
quenchers. Due to this quenching many excitons are lost before
they can reach the interface with the acceptor prior to their dis-
sociation.

- Photo-doping, corresponding to the (reversible) formation
of a weakly bound donor-acceptor charge transfer complex
D+A=[D?*A%]. The latter is an efficient excitation quencher.

- Free radical attack initiated by photolysis of metallic impurities
which is usually followed by chain scission and cross-linking [18].

For the bulk polymer it was clearly demonstrated by Manceau
et al. that singlet oxygen is most probably the main intermediate
responsible for the degradation [19,37]. Based on the identification
of degradation products by IR and UV spectroscopy, i.e., carbonyl-
and sulfur moieties which come from the degradation of the side
chains (a-carbon atom of the hexyl group of P3HT which is the
chemically weakest C—H bond) and of the backbone (S-ring) of the
polymer, respectively. Manceau et al. list three types of degradation
paths: (i) the H abstraction reaction of alkoxy radicals leading to the
formation of a-unsaturated alcohol, (ii): the cage reaction of alkoxy
radicals with "OH leading to the formation of an aromatic ketone;
the latter is unstable when irradiated at wavelengths lower than
400 nm and undergoes a Norrish photolysis, leading to the forma-
tion of aromatic carboxylic acid groups and alkyl radicals oxidized
into aliphatic acids, and (iii): B-scission leading to the formation
of an aromatic aldehyde that rapidly oxidizes into carboxylic acids.
Additionally, the S atoms present in the polymer backbone can first
are oxidized into sulfoxides, and then to sulfones that decompose
into carboxylic acids see (Ref. [19]). The consequences of all these
reactions are conjugation loss and/or chain scissions that lead to
UV-vis absorbance decrease and hole mobility reduction (the latter
being notably due to deep-trap formation) [131].

All this results in efficiency decrease and reduced device oper-
ational lifetime. Hintz and his coworkers carried out a systematic
study of the influence of environmental factors, namely oxygen,
light and moisture, on the photodegradation of neat P3HT [40].
They found out that limited, short-term exposure of the polymer to
only one of these degradation triggers only causes small irreversible
damage. On the contrary, since P3HT UV-triggered degradation is
catalyzed by the presence of H,O and O, exposure of P3HT to for
example both UV and oxygen has been found to lead to severe dam-
age of the polymer structure and hence important deterioration of
its properties. Interestingly, Hintz et al. evidenced that the lower

the P3HT regioregularity, the faster the degradation. Recent studies
revealed that, the film thickness of P3HT started decreasing from
the beginning of exposure to light and oxygen. This decrease has
been attributed to the fragmentation of the polymer and eventu-
ally evaporation of the material. This has been verified using NMR
spectroscopy by observing a decrease in the signal for the aliphatic
part which indicates fragmentation of the hexyl side chains. From
the UV-vis data, we observed a decrease in the absorption maxima
at 510 nm which indicated the loss of the intact thiophene ring.

As in the case of the photo-degradation, the thermo-oxidation
of P3HT causes a progressive decrease of the UV-vis absorbance.
This decrease is accompanied of a shift of the maximum toward
the weak wavelengths and the disappearance of the wavelengths
shoulder. The authors concluded that the thermo-oxidation also
leads to the deconjugation. But in the case of the thermo-
oxidation, the degradation speed is lower than in the case of the
photo-oxidation. IR analysis shows important structural modifi-
cations in the P3HT during of the thermal aging. The carbonyl
derivatives obtained are identical to those obtained then of the
photo-oxidation. However the products detected by IR analysis to
1675 cm~! and 1620 cm~! accumulate in thermo-oxidation, which
is not the case in thermo-oxidation. These products are stable ther-
mally and photochemically unstable [19,40].

2.7. Degradation by oxygen and water molecule

Organic materials are sensitive to water and oxygen, so the
penetration of these molecules into the device can lead to the
deterioration of the active layer [132]. The active layer is usually
well protected against atmospheric agents, not only by encapsu-
lation, but also from other layers in the device that act as barriers
[133]. However, some water and oxygen molecules can slowly dif-
fuse through the various layers of the device to reach the active
layer and react with the polymer materials causing their degrada-
tion [134]. The effect of water on the performance of OPV devices
has been studied and it has been observed that the presence of
moisture within bulk polymers initiates a stronger recombination
process, which decreases the ability of charge generation in the
bulk heterojunction area [135].

Isotopiclabeling and imaging mass spectroscopy have been used
successfully in order to map out the oxygen and water process
through the various layers of OPV devices. Oxygen [56] and water
[136] molecules may diffuse into the device through the metal
electrode and permeate through all the layers of the device all
the way to the counter (transparent) electrode. Oxygen and water
molecules gain entry to the device through microscopic pinholes
in the metal electrode [137]. Evidence of the diffusion of water
into the device through the aluminum electrode has also been pre-
sented for a number of different polymer blends [138,139]. It has
also been reported that oxygen molecules are especially harmful to
P3HT:PCBM cells under illumination than in dark [7].

2.8. Effect of the atmosphere: organic/metal electrode interface

Several degradation mechanisms are involved during operation
of the organic solar cell and each contributes to the overall dete-
rioration of photovoltaic performance that consequently shortens
the device lifetime. The most significant contributor is believed to
be diffusion of atmosphere into the device of which molecular oxy-
gen and water are known to cause photooxidation of the organic
layers and interfaces (chemical degradation), which consequently
will disrupt the delicate electrochemical processes that are vital
for the photovoltaic performance. Water and molecular oxygen
induced photo-oxidation is influenced by various factors that are
not necessarily equivalent for both types of atmospheres. Impor-
tant factors involve: (i) whether or not encapsulation is employed,
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Figure 4. (A) Schematic organic solar cell with the configuration ITO/MeO-TPD:CeoF36/ZnPc:Cso/Cso/BPhen/Al showing the BPhen/Al interfaces. (B) The corresponding TOF-
SIMS oxygen depth profiles for various experimental conditions. (C) The chemical structure of 4,7-diphenyl-1,10-phenanthroline (BPhen) [ 140]. (D) Schematic representation
of the outer aluminum electrode showing the two different entrance channels for water and molecular oxygen. The molecular oxygen mainly diffuses through microscopic

pinholes and water mainly diffuses in between the aluminum grains [20].

and if it is, the type/quality of the encapsulation, (ii) the barrier
effect of the individual layers toward molecular oxygen and water,
which, among other things, is linked to the individual layer thick-
ness, (iii) and finally the layer stack configuration is important since
itwill define the accumulated barrier effect at a given location in the
device, which could be at an interface or in the bulk of an organic
layer. The numerous parameters of which many are interrelated
will determine how significant a degradation mechanism is at a
specific location in the device [20].

The organic/metal electrode interface is vulnerable toward
molecular oxygen and water. Three photo-oxidative degrada-
tion mechanisms can take place: (i) as mentioned earlier low
work function electrodes such as aluminum and calcium can
form metal oxides in the interface that consequently will act
as a transport barrier causing deterioration of the photovoltaic
performance, (ii) photo-oxidation of the organic material that
will degrade the electron/hole transport properties and thus
the photovoltaic performance, and (iii) the metal can form an
adduct with the organic material that will react efficiently with
molecular oxygen and water. However, the latter mechanism
has so far not been documented. There are several examples
in the literature that demonstrate how powerful it is to com-
bine time-of-flight secondary ion mass spectrometry (TOF-SIMS)
with isotopic labeling in order to study water and molecular oxy-
gen induced photo-oxidation of organic solar cells [140-142].
Hermenau et al. employed TOF-SIMS in combination with iso-
topically labeled atmospheres such as H,'80 and 180, to study
photo-oxidation in specific device locations in a non-encapsulated
small-molecule organic solar cell with the configuration ITO/MeO-
TPD:CgoF36/ZnPc:Cgo/Cgo/BPhen/Al [140]. The authors performed
TOF-SIMS depth profiling through the BPhen/Al interface and were
able to semi-quantify the formation of aluminum oxide in the inter-
face for various experimental conditions during the device lifetime
(Figure 4(A)-(C)).

Hermenau et al. observed that water is significantly worse
than molecular oxygen [140]. However, the authors furthermore
observed that illumination impedes the aluminum oxide forma-
tion at the BPhen/Al interface for both atmospheres, which was

ascribed to a temperature effect, i.e., illumination heats up the outer
aluminum surface resulting in a lower concentration of molecules
from the atmosphere.

Photo-oxidation of the organic material in the organic/metal
electrode interface has been described for different types of organic
solar cells [140,142]. For evaporated aluminum electrodes a dis-
tinct difference in diffusion dynamics is observed for water and
molecular oxygen. The phenomenon is schematically described in
Figure 4(D).

Water reaches the organic/metal electrode interface by prefer-
entially diffusing in between the aluminum grains, and molecular
oxygen preferentially diffuses through microscopic pinholes [142].
Water will thus result in homogeneous photo-oxidation of the
organic material in the interface and molecular oxygen will result in
inhomogeneous photo-oxidation in the lateral plane; photo oxida-
tion will be centered on the microscopic pinholes causing circular
degradation in the lateral plane. As a consequence of the photo-
oxidation the organic material will expand in all directions, which
for molecular oxygen is manifested as electrode surface protrusions
centered on the pinholes. Such protrusions have been measured
using interference microscopy and AFM [141]. In the study by
Hermenau et al. TOF-SIMS imaging was utilized to visualize this
phenomenon for the BPhen/Al interface [140] (Figure 5A and B).

The authors found the corresponding CN'80 image for the 180,
exposed device to be equivalent with the 80 image, which they
took as evidence that it was the nitrogen part of the molecule
(Figure 4(A)-(C)) that was photo-oxidized. The phenomenon
shown in Figure 5A and B has been mentioned by Hermenau
et al. [140,141]. In several of publications where TOF-SIMS was
used in combination with isotopically labeled atmospheres. The
circular oriented degradation pattern caused by molecular oxy-
gen has been observed using techniques such as fluorescence
microscopy [141], electroluminescence imaging (ELI) [ 143], photo-
luminescence imaging (PLI) [143], and light beam induced current
microscopy (LBIC) [ 144]. The obvious way to avoid or diminish this
phenomenon is to use thicker electrodes and/or encapsulation.

As mentioned previously the likelihood of water or molecular
oxygen reaching a particular location in the device is influenced by
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Figure 5. TOF-SIMS composite ion images (500 pm x 500 wm) showing the relative distribution of ¥0 and BPhen in the BPhen/Al interface for (A) an 80, exposed device
and (B) a H,'80 exposed device with the configuration ITO/MeO-TPD:CgoF36/ZnPc:Cgo/Cso/BPhen/Al [140]. (C) Variation of Jsc (circles) and 5 (squares) of the unencapsulated

devices during the aging in the dark [53].

various factors. From the previous examples it is clear that different
types of organic solar cells have different vulnerabilities toward
water and molecular oxygen.

2.9. Parameters affected and the possible causes

We presented in this section, the correspondence between the
main OPVs degradation pathways and their impact on the main
characteristics of OPVs cells.

¢ The fill factor FF is the ratio of the maximum extractable power
to the maximum theoretical power output.

- Reduced interfacial charge transfer efficiency between the
different layers (e.g., degradation of the quality of the
PAL/electrode interface).

¢ The serial resistance, Rs, which is notably due to the resistivity of
all materials of the OPVs stack, the resistivity of the metallization
(such as the busbars), as well as by the contact resistance between
the various materials (especially at the PAL/electrode interface).
- Deterioration of charge transport in the layers (e.g., bulk mate-

rial degradation).

e The shunt resistance, Ry, which generally reflects the degree of
leakage current through the whole device, and which is often
linked to imperfections during the production process.

- Presence of shunts and shorts.

e The open circuit voltage, Vgc, is mainly determined by the energy
difference between the HOMO of the electron donor and the
LUMO of the electron acceptor (Egap). It is also a function of other
parameters, such as the temperature.

- Reduction of the PAL: electrode interface,

- Lowering of the ‘effective’ band gap of the PAL blend materials,

- Electrode WTf change, presence of shorts.

e Jsc — light absorption efficiency 14
- Chemical degradation of the electron donor (loss of polymer

conjugation) of the PAL

e Molecular architecture of the polymer (= band gap) Thickness of
the photoactive layer (PAL)

- Loss of transparency of the stack through which the photon
must travel to reach the PAL

¢ Jsc - exciton dissociation efficiency napMatch of band gap (HOMO
(electron acceptor A)/LUMO (electron donor D) levels); D/A blend
morphology.

- Decrease of the D/A interface area/increase of the blend
domains (above the diffusion length of the exciton)

e Jsc — Carrier (transport and) collection efficiency n¢c
- Loss of percolating paths due to blend reorganization

- Degradation of the electrode/PAL interface due to for instance
electrode degradation
- Change in energy levels of the cell components
e Percolation pathway to electrodes (D to hole collecting electrode
and A to electron collecting electrode)
- Cracks
e Organization of transportation pathways of the A and of the D
materials (e.g., crystallinity)
- Layer delamination
¢ Device architecture (e.g., electrode-PAL A/D blend interface area)
- Degradation of material leading to decrease of charge carrier
mobilities/formation of traps.

In definitive, the degradation affects the electrical parameters,
opto-electronics, mechanical and induces a decrease/loss in perfor-
mance of the devices [18].

2.10. Stability of the solar cells

The stability of the organic photovoltaic devices is a concern
of critical relevance to the optimization of polymer-fullerene BH]
solar cells. Stability can be assessed in regard to a variety of different
parameters including, in particular, ambient and thermal stability
[145]. While ambient stability may be realized through encapsu-
lation to protect devices from the action of oxygen and water,
thermal stability is a critical issue that currently plagues organic
BH] solar cells [146]. In particular, in devices such as photovoltaic
cells, longer periods of time under sunlight exposure resultin a tem-
perature increase of the photoactive materials. It has been shown
that the phase-instability of MDMO-PPV/PCBM solar cells renders
them unstable to long-term exposure to elevated temperatures
[147]. Devices based on P3HT/PCBM show better thermal stability
because of the inherently greater miscibility of the two compo-
nents [148]. We have focused more in this section on the ambient
stability. As we know, several results unfortunately support the
fact that organic barrier films are not 100% efficient with respect
to preventing diffusion of water and molecular oxygen through the
barrier.

Regarding the barrier and substrate, the main degradation
mechanisms occurring are linked to the polymeric nature of the
materials used and can lead to a loss of flexibility (because of an
increase of stiffness due to polymer aging accelerated by light,
moisture and heat). This can ultimately lead to cracks and/or delam-
ination and/or yellowing of the polymer (caused by light, heat and
moisture, and which leads to a decrease of photon absorption). Pre-
vention of water and oxygen ingress is generally achieved by the
use of a barrier which impedes oxygen and water ingress into the
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OPV stack, optionally combined with plastic films containing UV
filters.

2.10.1. Barrier effect

As mentioned previously the likelihood of water or molecular
oxygen reaching a particular location in the device is influenced by
various factors. From the previous examples it is clear that different
types of organic solar cells have different vulnerabilities toward
water and molecular oxygen. Madsen et al. describes accumulated
barrier effects with respect to water and molecular oxygen for a
polymer solar cell [142].

The authors used TOF-SIMS in combination with isotopically
labeled water and molecular oxygen on a device with the config-
uration glass/ITO/ZnO/P3HT:PCBM/PEDOT:PSS/Ag/encapsulation
together with partial devices. They were able to semi-quantify the
incorporation of 180 on the ZnO surface after layer removal, which
they used as a measure for the accumulated barrier effect of the
layers situated on top of the ZnO layer. For a molecular oxygen
atmosphere they observed a steady decrease in oxygen uptake on
the ZnO surface for an increased number of layers. However, for the
water atmosphere, Madsen et al. observed a drastic decrease for just
one layer (P3HT:PCBM) and an equally low level for the subsequent
layers, which they ascribed to a bottleneck effect of the P3HT:PCBM
layer, which thus must be a relatively good barrier for water. A
slightly elevated increase of 180 incorporation was observed for the
complete device illuminated in an H,!80 atmosphere, which they
suggested could be due to the binder being hygroscopic [20,142].

2.10.2. Physical stability: encapsulation

The encapsulation acts as an UV filter removing the most
harmful part of the solar spectrum. Due to the organic solar cell sen-
sitivity toward oxygen and water it has been natural to encapsulate
them in various ways. This also increases the mechanical stability
and scratch resistance [20]. The quality and type of encapsulation
play an important role in the stability and overall lifetime of the
device by limiting the amount of oxygen and water molecules that
permeate the device as well as preventing UV exposure through
the utilization of UV filtering encapsulation. UV-blocking layers
can increase the long term stability of organic solar cell devices
by filtering out UV radiation [149]. In P3HT:PCBM devices with a
normal architecture, TiO,-SiOy layers have been successfully used
to block UV radiation. In the same work, a luminescent layer was
also inserted on top of the UV-blocking layer in order to enable
photon recycling, thus enhancing device performance [150]. Sev-
eral encapsulation studies over the past few years have shown that
the shelf life of OPVs can be extended to many thousand hours
using appropriate encapsulation materials, both flexible and rigid
[151,152]. One of the simplest packaging options available is to
cover the device with glass plates and use an epoxy-type sealant
to hold them in place [153]. This configuration provides effective
protection against oxygen and moisture to the device, but is not
suitable for the production of flexible devices. Since flexibility is
one of the key advantages of OPVs [154].

Several research efforts are focused on developing an encap-
sulation material that will be flexible and at the same time have
all the above advantages: adequate protection to the device, trans-
parency and low-cost. Thin oxide films such as TiO, and Al, O3 have
also been used, although these films are still permeable to some
degree by water molecules, mainly due to pinhole defects or to
the existence of pores on their surface [155]. Al, 03 films deposited
by atomic layer deposition (ALD) have been used, either on their
own, or in combination with a UV sealant for pentacene-C60 based
solar cells [156]. The single Al,03 layer was found to be the most
effective sealant, preventing cell degradation to a large degree only
6% loss after over 6000 h of exposure to ambient (but not acceler-
ated) atmospheric conditions. More recently, ultrathin Al, O3 layers

have been used as encapsulation barriers for P3HT:PCBM OPVs,
deposited by a different ALD method [157]. In this study, H,O
has been replaced with O3 as the ALD oxidant and it has been
shown that the Al,03 layers deposited using O3 displayed supe-
rior device encapsulation compared to the films deposited using
H,0 and retained 80% of their efficiency after 500 h in air.

Cros et al. used identical conditions for barrier measurements of
water uptake and for lifetime measurements of electrical param-
eters of both normal and inverted type organic solar cells. This
allowed them to link the amount of water in contact with the
devices and the decrease in performance [158]. This could be used
to assess different types of barrier materials such as simple PET or
multilayer combinations PE/EVOH/PE or PP/PVA/In/PE. Amain con-
clusion was that to obtain device life-times of several years a water
transmission rate of 10-3 gm~2 day~! was required which is favor-
able compared to the requirements for OLEDs (10~ gm~2day~1).

There are many different materials that can be used to encap-
sulate OPVs and they vary considerably in both effectiveness and
cost. Since OPV stability is directly related to the temperature, the
RH percentage, the periodicity of handling, as well as the spectral
distribution of the light source used, standardizing these testing
parameters appears crucial. A deeper understanding of the degra-
dation parameters is required to provide material design rules and
device engineering concepts toward low-cost and long-lived flexi-
ble OPVs.

3. Results and discussion

Exposure tests have been effected in an ambient atmosphere
at Mons in Belgium and Abomey-Calavi in Benin. Belgium is situ-
ated between 49th and 52nd parallel, halfway between the North
Pole and the Equator. A maritime temperate zone: it suffers nei-
ther extreme cold nor of the extreme heat (average temperature
is 9.4°C). It does not mean that Belgium is never exposed to harsh
weather conditions. As all countries of temperate zone, these mete-
orological variations are dailies and its four contrasted seasons.
Benin is located between latitudes 6° and 12°30 N and longitudes 1°
and 4° E, presents at south a subequatorial climate with two rainy
seasons and two dry seasons. At north the climate is Sudanese with
a moist season and a dry season. At south the average annual plu-
viometric decreases from Porto-Novo (1200 mm) to Grand-Popo
(820 mm). The average monthly temperature varies from 20°C to
34°C. At north the temperatures are high and the rainfalls are
weaker between 890 and 700 mm except on the Atacora mas-
sive which receives on average 1300 mm in Natitingou [53]. The
test used are extracted from the aging tests various of the proto-
cols in different conditions: (i) Dark aging test for unencapsulated
cells manufactured in air or in an inert atmosphere, (ii) Light aging
test (Accelerate Lifetime Test — ALT) of cells manufactured under
atmosphere, (iii) Aging test on cells manufactured under ambient
atmosphere but encapsulated. The characterization parameters:
the open circuit voltage (Voc), the short-circuit current density (Js¢),
the fill factor (FF), the serial resistance (Rsa ), the Shunt resistance
(Rsp) and the energy conversion efficiency () are systematically
and collectively measured and their evolution according to the dif-
ferent aging tests in the different regions of exposure have been
analyzed.

3.1. Dark aging test

Using experimental data, we have meticulously analyzed and
interpreted the influence of the manufacturing environment on
the devices degradation mechanism. These devices have been
subjected to aging to an ambient air but in the dark. During the
duration of the experimentation which is 250 h, the temperature
has varied from 20°C to 24°C and the relative humidity of the
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ambient atmosphere from 48% to 5912% (Belgium) [53]. Figure 5C
shows two stages in the degradation process for devices manufac-
tured under nitrogen and one for those manufactured in air. The
first stage of about 150 h presents a rapid degradation; it is followed
by a second stage during which the process is much slower and is
spread out in the duration. We remark a decrease of (Js¢) and (1)
as a function of exposure time for the two series of devices. These
devices deteriorate whatever the depositional environment and
annealing under nitrogen or under ambient atmosphere. Similar
analyzes have beenreported in the literature on such a degradation
process in two stages [70]. We attribute this rapid degradation
which appears at the beginning of the process at chemical modifi-
cations at the interface between the cathode and the active layer.
The degradation speed appears more important in the first phase
for devices manufactured under inert atmosphere by comparison
to devices fabricated in air. This result would be due to exposure of
cathode interface active film to the degrading elements (O, H,0)
during the manufacturing process itself. The devices manufactured
in air already evolve in the second stage where degradation is
slower. Conversely, the devices manufactured under nitrogen find
oneself them, at the beginning of the aging process and therefore an
initial rapid degradation mechanism linked to the cathode/active
layer takes place first, followed by a second slower [70,159,160].
However, contrary to (Js¢) and (), open circuit voltage (Vyc), fill
factor (FF) and Shunt resistance (Ry,) have not vary on the exper-
imentation period in the same conditions, in accordance with the
analysis at t=0. In effect during exposure of the films in the dark
but in air, the progressive oxidation of P3HT causes the decrease of
conjugation or introducing impurities [ 136]. This oxidation mecha-
nism leads to the opening of the thiophene ring, causing a decrease
in the conjugation and therefore the absorbance in the visible. This
mechanism is proposed by Abdou et al. based on the identification
of characteristic infrared bands of the products formed.

3.2. Influence of climate

3.2.1. Evolution of (Jsc) and (Rsp) of the reference structure

These devices are manufactured in ambient atmosphere in
Belgium and sealed under nitrogen to avoid all previous degrada-
tion, notably during the time of the transport toward the Benin.
The devices went out of their packaging at Benin and Belgium at
t=0. The measurements effected have showed a stability of (Js¢)
and (Rs4) under nitrogen beyond 240h in the dark and safe from
oxygen and water vapor, which are the main factors of degrada-
tion (Figure 6). The very weak decrease of the efficiency (about
5%) remarked for this reference device is attributed to the short
periods of exposure to air under simulator during measurements.
The reference devices manufactured in air are retained under nitro-
gen between two measures of parameters under simulator. This
experience has enabled us to neglect all processes of degradation
during the transport of the devices toward Calavi for the measures
in tropical climates [53].

3.2.2. Devices exposure in air and in the dark

Figure 7 shows the evolution of (Js¢) and (Rsa4) during the expo-
sure test in air and in the dark of the devices in Belgium (temperate
climate) and to Benin (tropical climate). The decrease of the Js¢
value as a function of the time is more pronounced for devices
exposed in sub-equatorial climate than those exposed under tem-
perate climate for the same period. The exposure under air in
the dark during 240 h gives a decrease of (Jsc) about 20% for the
device tested in Belgium and 33% for those in Benin. During the
analysis period, the temperature and humidity respectively var-
ied between 21°C and 25°C (21-35°C) and between 48% and 59%
(60-79%) in Belgium (in Benin). We remarked that the accentu-
ation of the decrease of Js¢ in Benin could be attributed to the
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Figure 6. Evolution of (Jsc) and (Rsa) of the reference structure [53].

contribution of moisture in the devices degradation processes. In
the devices structure, the PEDOT-PSS layer serves to the transport
and to collect the holes at the anode. Numerous studies in the
literature have shown, however, the contribution to the degrada-
tion mechanism of water absorbed by the PEDOT-PSS layer due to
its hygroscopic character. Once absorbed, water diffuses into the
active layer and contributes to the degradation of the electrical
properties of the film active/cathode interface. This translated itself
by an increase in the serial resistance because the PEDOT-PSS layer
becomes less conductive [8]. Some authors esteem that the expo-
sure to moisture accelerates the oxidation of the cathode at the
interface with the active layer [11,19,161]. These combined effects
hinder the collecting of charges at the electrodes, which induces
the decrease in the value of Jsc observed for exposed devices in a
relative humidity environment more higher. The coherent varia-
tions of Rsy are observed. Rsy increases with time for the exposure
to moisture. Whatever the environment, the relative variations of
RSA (30% for the exposure to air in Belgium and 92% for the expo-
sure in light in Benin) are more pronounced than those of Jsc. The
identification of supplemental degradation mechanisms to those
described previously and solely related at the charge transport is
necessary.
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Figure 7. Evolution of (Jsc) and (Rsa) during the exposure test under air and in the
dark [53].
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3.2.3. Devices exposure in air and in the dark

Figure 8 presents the contribution of the devices exposure to
the visible light and the ambient air in the degradation process of
those organic films. For all devices, we remarked a decrease of Js¢
and conjointly the increase of Rgs as a function of exposure time.
The decrement rate on 240h of Js¢c is 40% in Belgium and 45% in
Benin. This result shows that the exposure under the light accel-
erates the aging of the devices independently of exposure climate.
The incorporation of species (H,0; O,) through the layers is more
rapid when the temperature is high (case of Benin), and when the
cell is irradiated. The direct consequence is an accelerated loss of
the devices properties.

The polymer of the active layer and the PEDOT-PSS layer are all
both susceptible to deteriorate under the effect of light. It may occur
adesulfonation of the PSS in the presence of water under irradiation
because of the acidic environment of the molecules [56,162]. We
remarked that the film absorption spectrum of P3HT:PCBM1:0.7
before and after two weeks aging in air and in the dark or in the
light is reduced, with an intensification of the process for the film
exposed to light. The increased degradation of the absorption is
explained by the photo-oxidation of the P3HT donor in the film
exposed to air under the light. Oxygen induced the oxidation mech-
anisms, the chains scission and the formation of defects along the
chains (carbonyl groups) which decrease the conjugation length
and cause a decrease of the absorption. These different results
obtained are due to the oxidation of the hexyl radical and the thio-
phene ring, which are considered as the photo-oxidation sites of
P3HT which have been experimentally studied by many works.

3.2.4. Stability

In this work, these degradation studies have been effected
essentially on the unencapsulated solar cells in order to identify the
intrinsic mechanisms that induce the loss of optical and electrical
properties of the devices.

It appears clearly that the alumina layer deposited forms an
effective barrier at the degradation factors in general, and mainly
water and oxygen. We have observed however that the degradation
process into two phases identified and explicited above appears
after all for the encapsulated devices. This encapsulation method is
therefore incomplete; which shows that the extrinsic defects play
a determinative role on the final quality of the alumina (Al,03)
deposits.

Even after encapsulation, the rapid drop of the performances
from the first hours of exposure to light is revealing of a first
phase of degradation due to the interfaces electrical degradation
as described previously. Then, with the encapsulation, the degra-
dation of the second phase is clearly slowered or even suppressed.

V.I. Madogni et al. / Chemical Physics Letters 640 (2015) 201-214

Itis important to emphasize that most of the degradation mech-
anisms reviewed here are common to many organic materials and
will take place, regardless of the specificities of the material used. Of
course, these degradation mechanisms may differ from one system
to another to which extent they occur.

Atall levels of the stacking, cracks and/or delamination between
layers can occur. These phenomena are triggered by mechanical
stress. Interfacial stability remains an issue, although it can be
manipulated and improved to a certain extent by careful mate-
rial selection and combination, by tuning the deposition conditions
and the thickness of the different layers, as well as by using dif-
ferent device stacks. In fact, interfacial phenomena may occur
subsequently to relatively small/short contacts with degradation
triggers, which mean that a limited degree of degradation can have
a profound impact on the overall performance of the device.

It remains relatively unclear to which extent OPV cells and mod-
ules should be resistant toward degradation and which degree of
degradation is acceptable to guarantee a specific lifetime.

4. Conclusion

We compared the degradation process in organic bulk hetero-
junction devices: ITO/PEDOT:PSS/rrP3HT:PC70BM (1:0.7 weight
ratio)/Yb/Al, upon exposure to a temperate (Belgium), and sub-
equatorial (Benin) climate. The differences in the degradation
process have been studied. The weak performance observed in
time for these devices, in terms of electrodes degradation, inter-
faces and the charge transport mechanism have been analyzed and
interpreted. The different studies led on the comparison of the
performances and of aging of the unencapsulated devices under
various exposure atmospheres (moisture, oxygen, light, darkness)
effected in temperate and tropical environments revealed two dif-
ferent stages in the degradation mechanism. A rapid first phase
characterized by a decrease of photocurrent and efficiency. This
first rapid degradation mechanism is attributed to oxidation of
interfaces and an alteration of the charges collection process. A
second phase slower is induced by the oxidation of the active film,
namely a decrease in the absorption and a degradation of the charge
transport process. The diffusion of water through the active layer,
the sensitivity of the different layers and interfaces of the device to
oxygen (oxidation). These phenomena are more strengthened by
the light exposure (photo-aging).

The conjunction of oxygen and light appears very unfavorable
and the humidity rate in sub-equatorial climate induces again to the
degradation of properties. The decrease of the photovoltaic conver-
sion efficiency is due to the degradation of the absorption and the
charge transport properties.

In definitive, it clearly appears that for the overall stability of
organic photovoltaic devices, the actual photoactive layer, as well as
the properties of the barrier and substrate (e.g., cut of moisture and
oxygen ingress, mechanical integrity), remain critical. Interfacial
stability is also crucial, as a modest degradation at the level of an
interface can quickly and significantly influence the overall device
properties.

For future work, we orient our research toward the study of
new polymers which shall be adapted to sub-equatorial climate to
ensure a stability of the photovoltaic devices.
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