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1. Introduction

1.1. Organic Photovoltaics: Advantages and Recent
Breakthroughs

Photovoltaic technology is considered one of the most promis-
ing alternatives to fossil fuels, as it provides a source of energy
that is both sustainable and environmentally friendly.[1] The
photovoltaic market has experienced a rapid growth over the

past two decades,[2] and so far it has been largely dominated,
to over 90 %, by silicon-based solar cells.[3] Si-based photovolta-
ics have been researched extensively, and they yield efficien-
cies of around 30 % in single-junction cells.[4] Figure 1 demon-
strates the highest research efficiencies for various solar-cell
technologies.

From a purely economic standpoint, however, silicon solar
cells are still far from being competitive with conventional
energy sources. Organic photovoltaics (OPVs) represent a low-

cost alternative, due to the high optical absorption coefficients
of organic semiconductors, which enable the development of
efficient photovoltaic devices with layers only a few nanome-
ters thick. In addition to their low cost, OPVs have other advan-
tages over conventional Si-based photovoltaics, such as envi-
ronmentally friendly degradability, flexibility, and low weight,
which unlock new applications for the use of photovoltaic
electricity.[5] Furthermore, their solubility in common organic
solvents makes them processable with various roll-to-roll[6] and
printing[7] techniques.

Recent years have seen considerable advances in organic pho-
tovoltaics (OPVs), most notably a significant increase in their
efficiency, from around 4 % to over 10 %. The stability of these
devices, however, continues to remain an issue that needs to
be resolved to enable their commercialization. This review dis-
cusses the main degradation processes of OPVs and recent
methods that help to increase device stability and lifetime.
One of the most effective steps that can be taken to increase
the lifetime of OPVs is their encapsulation, which protects

them from atmospheric degradation. Efficient encapsulation is
essential for long-term device performance, but it is equally
important for the commercialization of OPVs to strike a balance
between achieving the maximum device protection possible
and using low-cost processing for their encapsulation. Various
encapsulation techniques are discussed herein, with emphasis
on their cost effectiveness and their overall suitability for com-
mercial applications.

Figure 1. Best research solar-cell efficiencies. Compiled from ref. [18] .
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The aforementioned advantages of OPV devices have led to
increased interest in their development and, as a result, to con-
siderable progress towards improving their performance.[8] The
power conversion efficiency (PCE) of OPVs has increased from
6 % in 2009[9, 10] to 7.4 % in 2010[11] and to 8.3 % in 2011.[12] In
2012, this number rose to 9.1 %,[13] only for this record to be
broken shortly thereafter by the German company Heliatek,
who announced the production of a 1.1 cm2 tandem organic
cell with an impressive PCE of 10.7 %.[14] The same year, the
Mitsubishi Chemical Corporation announced that the conver-
sion efficiency of its organic thin-film photovoltaic (PV) cell had
reached 11.0 %.[15] Heliatek broke its own record in January
2013 by announcing 12.0 % efficiency, again for a 1.1 cm2 or-
ganic cell by using two patented absorber materials.[16] Labora-
tory efficiency of 8.0 % was also recorded the same year for
a single-junction cell by using a 2D conjugated small molecule
as a donor, and 10.1 % efficiency was recorded for tandem cells
by using the same small molecule.[17]

The highest efficiencies documented in recent years[18] are
shown in Table 1, which also summarizes the main characteris-
tics of the devices used to achieve these record efficiencies.

Current scientific interest in OPV technology is not only di-
rected towards increasing their PCE. In recent years, there has
been increased interest in understanding the degradation
mechanisms of OPVs, and considerable efforts have been fo-
cused towards increasing their lifetime. Recent breakthroughs
in the field have succeeded in increasing the lifetime of OPVs
from mere minutes to many thousands of hours.[19] Several
new developments have contributed towards the direction of
increased OPV stability, such as inverted device structures[13]

(which allow for highly stable metal electrodes), utilization of
highly photostable active materials,[20] introduction of interfa-
cial layers,[21] and the use of advanced packaging techniques.[22]

In this review, we discuss recent scientific progress in im-
proving the stability and lifetime of OPVs, with an emphasis on
devices sealed primarily with low-costing materials.

A short overview of the main degradation mechanisms that
take place in common types of OPV devices is presented in
Section 2 of this review. Recent progress and current state-of-
the-art on improving device stability are discussed in Section 3,

whereas the effectiveness (including cost considerations) of
various materials (including low-costing ones) and methods for
encapsulating OPV devices are assessed in Section 4.

1.2. Commercialization of OPVs

The successful commercialization of OPV technology cannot
be based solely on achieving high PCEs. The technology also
has to become cost competitive with conventional power gen-
eration.[23] The cost-effective deployment of photovoltaic (PV)
systems is based on the following key requirements[24]

(Figure 2):

1) Minimum system cost.
2) Maximum initial performance.
3) Minimum loss of performance over time.

One of the aspects of OPVs that hinders their commercializa-
tion is their low stability and overall lifetime.[25] The conjugated
organic materials that comprise all OPV devices (bulk hetero-
junction) are more susceptible to photodegradation and deg-
radation from oxygen and water than inorganic materials. Crys-
talline Si-based solar cells have lifetimes of over 25 years, and
although lifetimes of several thousands of hours have been re-
ported for OPVs, the latter must be significantly improved for
OPV technology to become competitive with conventional
solar-cell technologies.[26] Nevertheless, as previously men-
tioned, neither the lifetime nor the efficiency of an OPV device
should be considered individually upon competing with other
solar-cell technologies. All three of the parameters highlighted
in Figure 2 need to be simultaneously taken into account, and
it is in the third parameter, the cost, that one of the main ad-
vantages of this emerging technology lies.

The low-cost manufacturing processing that is used to pro-
duce OPVs is a strong advantage, and it is expected to make
this technology competitive with conventional energy sources
in certain markets. Such devices would be especially suitable
for off-grid applications, for example, in third-world or devel-
oping countries.[27, 28] Given that polymers are usually processed
in the liquid phase, simple printing and coating techniques
can be utilized.[29, 30] It has been observed that the overall cost
of screen-printed OPVs depends largely on the cost of the ink

Figure 2. The critical triangle for photovoltaics. Organic solar cells have to si-
multaneously fulfill all requirements: lifetime, efficiency, and cost. Reprinted
with permission from ref. [29]

Table 1. Overview of OPV performance milestones in recent years and
main device characteristics.

Efficiency
[%]

Year Active layer Structure

6.1[9] 2009 PTB4/PC61BM normal
6.1[10] 2009 PCDTBT/PC70BM normal
7.4[11] 2010 PTB7/PC71BM[a] normal
8.3[12] 2011 Power Plastic (Konarka) normal
9.1[13] 2012 ActivInk PV2000 (Polyera) inverted
10.7[14] 2012 Oligomers Smolecules (Heliatek) tandem
12.0[16] 2013 two patented (Heliatek) materials with

different absorption wavelengths
tandem

[a] PTB7 = poly({4,8-bis[(2-ethylhexyl)oxy]benzo[1,2-b:4,5-b’]dithiophene-
2,6-diyl}{3-fluoro-2-[(2-ethylhexyl)carbonyl]thieno[3,4-b]thiophenediyl}.
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used, as well as on the labor
cost used for their production.[31]

Manufacturing OPVs fully by
roll-to-roll processes can reduce
production costs considerably
by minimizing manual labor
costs. OPV modules with lengths
up to 25 cm have been success-
fully produced by using roll-to-
roll processes, such devices can
be manufactured with electricity
costs as low as 8.1 E per Watt-
peak (E Wp

�1).[28, 32, 33] In the
future, upon optimization of
large-scale production process-
ing, organic solar cells can
become even more cost effec-
tive.[29] It is estimated that, as the technology matures, manu-
facturing costs will decline, whereas the efficiency and lifetime
of the devices will increase.[34] Recently, Machui et al.[35] demon-
strated that a cost of 1–8.4 E Wp

�1 could be achieved for
single-cell and tandem modules with two different active-layer
donor materials (low- and high-cost scenarios). The highest
contributors to the overall device cost have been identified to
be the active-layer materials, the electrodes, and the barrier
foils. Future production forecasts for an industrial processing
scenario indicate that OPVs can be manufactured at an even
lower cost, in the range of 0.05 to 0.6 E Wp

�1, depending on
device efficiency, material choice, and structure.[35]

Another important characteristic of OPVs is that printing and
coating manufacturing techniques can be entirely conducted
on flexible substrates;[36] this enables the production of flexible
devices that are suitable for a wider range of applications than
conventional nonflexible solar cells.[7]

1.3. Developing Cost-Effective OPVs

A recent study[37] estimates that the manufacturing cost of
purely organic solar cells ranges between 50 and 140 $ m�2

(low- and high-cost scenarios), depending on the materials
and processes used. These manufacturing costs lead to elec-
tricity costs ranging between 49 and 85 ¢ kWh�1. To achieve
a more competitive electricity cost of about 7 ¢ kWh�1 with the
same production costs, the efficiency of OPVs would have to
increase to 15 % and their lifetime would have to increase to
between 15 and 20 years.[37] Given that OPV technology is not
yet mature enough to attain these efficiency and lifetime
goals, it becomes very important to limit the production costs
of the cells as much as possible, without compromising their
performance. According to the low-cost scenario (50 $ m�2),[37]

approximately half of the overall production costs originate
from the materials required for OPV production. Table 2 pres-
ents the cost estimates for OPV materials for both low- and
high-cost scenarios.

On the basis of Zweibel’s work,[38] approximately 10 % of
overall production costs typically originate from the packaging
material. In the aforementioned low-cost scenario (overall cost

50 $ m�2),[37] cheap packaging materials were considered
(2.00 $ m�2 as estimated by Zweibel). Thus, the cost of the
packaging material for the low-cost scenario would amount to
less than 5 % of the overall production cost. The use of higher
costing packaging materials, however, could increase the pack-
aging cost and would also increase the overall cost of the cell.
To keep OPV production costs as low as possible, it is impor-
tant to use packaging materials that are as low costing as pos-
sible.

On the other hand, packaging of the devices is conducted
to protect them from degradation in the presence of oxygen
and moisture. For that reason, packaging is directly related to
the lifetime of the devices. As such, the use of low-costing
packaging materials that keep the production cost down is es-
sential, however, only if they simultaneously provide effective
sealing of the device, which thus impedes its degradation.

2. Main Degradation Mechanisms

2.1. Overview

In general, organic solar cells degrade because of their low re-
sistance to water, oxygen,[39] high temperatures,[40, 41] light ex-
posure, and so on. The conjugated polymers that comprise the
active blend of OPVs have long been known to be unstable in
air[42] and to react by photolytic and photochemical reactions if
exposed to sunlight, some of which cause photodegradation
of the polymer.[43] The photodegradation of the conducting
polymers is a very serious disadvantage to their use in OPV de-
vices, as solar cells are subjected to extensive illumination.
Moreover, not only light, but also the presence of atmospheric
components such as water and oxygen can cause reactions
with certain polymers used in OPVs that eventually lead to
their rapid deterioration.

In addition to the degradation of the active layer, another
major cause of rapid OPV degradation is the susceptibility of
low work function metals (used for the nontransparent elec-
trode) to oxidation in the presence of absorbed oxygen mole-
cules.[44] The degradation of the metal electrode leads to the
formation of thin insulating oxide barriers between the metal

Table 2. Materials cost estimates for OPVs. Reprinted with permission from ref. [37] .

Cost component Organic solar cell
Type used[a] Cost estimate [$ m�2]

Low High

semiconductor C60, CuPc&SnPc 3.30 5.00
electrical contacts and interconnects aluminum, silver paint 3.40 5.00
substrate[b] flexible plastic, ITO 7.90 13.68
protective cover flexible encapsulant 2.90 4.40
sealant Surlyn 2.90 4.40
packaging material – 2.00 3.00
specialty chemicals 4TBP 1.00 2.00
other (absorbing dye, catalyst, electrolyte) N/A[c] N/A[c] N/A[c]

total 23.40 37.48

[a] CuPc&SnPc = copper(II) phthalocyanine & tin (II) phthalocyanine, 4TBP = 4-tertiary butyl phenol. [b] There
are two substrates, hence the estimates are for the two substrates, not just one. [c] N/A = not available.
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and the polymer layers, which hinders electric conduction and
collection of the charge carriers.[45] The interfaces between the
various layers are also subject to degradation, as, for example,
the degradation of the interface between the metallic contact
and the organic semiconductors through an electrochemical
process.[46]

The above are only some of the degradation mechanisms
that take place in OPVs, so it is easy to understand that the de-
velopment of such devices with high stability is not an easy
feat. As the materials that constitute the device deteriorate, so
do their physical, electrical, and mechanical properties.[47] All
the processes that are necessary for the operation of OPVs,
such as charge-transfer processes, are delicate and sensitively
affected by any reactions that may occur both within the bulk
of the polymer blend and the interfaces. Deterioration of any
part of the device will eventually lead to a reduction in device
performance.[48] Thus, comprehending the nature of the degra-
dation mechanisms in OPVs will greatly contribute towards the
development of highly stable devices.

Figure 3 depicts some of the numerous reactions and pro-
cesses that are responsible for the rapid aging of organic solar
cells.[49]

The processes in this figure include (shown from left to
right) water-induced degradation of the transparent electrode
[i.e. indium tin oxide (ITO)] ; the photodegradation of the poly-
mers and also their degradation by oxygen or water, which
leads to the formation of polymer/oxide composites; and final-
ly the susceptibility of the metal electrode to reactions with
oxygen and water.

Various methods have been employed to assess the stability
and lifetime of OPVs. Concentrated light has been used suc-
cessfully to perform accelerated photochemical degradation of
polymer solar-cell materials.[50] It has been established that at
high solar intensity concentration (over 100 sun), the same
degradation behavior is observed as for 1 sun, only on a shorter
timescale.[51] This method can thus provide a highly accelerat-

ed evaluation of polymer degradation and stability. Recently,
a global consortium was developed to evaluate the lifetime
and stability of OPVs. Most researchers currently follow the rec-
ommendations that have been established by the consortia of
the international summit on OPV stability (ISOS) as a reference
to accurately determine the stability of devices under certain
predefined environmental lifetime conditions. The application
of lifetime conditions is described within the ISOS proto-
cols.[52, 53]

The degradation mechanisms of OPVs have been investigat-
ed in many recent studies by subjecting the devices to acceler-
ated illumination conditions[52] under the aforementioned ISOS
protocols.[53, 21] Later, these particular OPV devices (both normal
and inverted OPVs)[20] were characterized through time-of-
flight secondary ion mass spectrometry (TOF-SIMS),[54] incident
photon-to-electron conversion efficiency (IPCE),[55] and imaging
techniques (techniques such as laser beam induced current,
electroluminescence imaging, photoluminescence imaging,
dark-lock in thermography).[56] A number of different degrada-
tion mechanisms have been observed through these advanced
characterization techniques, including[54–56] oxidation of metal
electrodes (such as Al), blocking contact formation, electromi-
gration of Ag (inverted OPVs), water and oxygen ingress, water
release from the highly conductive part of poly(3,4-ethylene-
dioxythiophene):polystyrene sulfonate) (PEDOT:PSS), and disso-
lution of either the metal or PEDOT:PSS within the active layer
{poly(3-hexylthiophene):[6,6]-phenyl-C61-butyric acid methyl
ester (P3HT:PCBM)}. These degradation mechanisms are de-
scribed in the following sections.

2.2. Degradation of Polymer Donors Commonly Used in
OPVs

The degradation of the conjugated polymers, which constitute
the active layer of OPVs, plays an important role in the re-
duced lifetime of the devices.[26, 57] Photodegradation reactions
that take place upon illumination of OPVs, especially in the
presence of oxygen, lead to degradation of the active layer.[58]

These reactions cause chemical changes in the active layer,
which results in low device stability. Most conjugated macro-
molecules have low photochemical stability, which leads to re-
duced device lifetime. Exposure of such polymers to UV/Vis
light leads to the destruction of the p-conjugated system,
which results in a decrease in the absorbance of the polymer
blend.[58]

The first polymer solar-cell devices were based on poly(para-
phenylenevinylene) (PPV) materials. Over the years, there has
been considerable progress towards understanding the degra-
dation mechanisms of PPV-based devices, and their stability
and lifetime have been thoroughly investigated.[59–61] It has
been reported that PPV and its derivatives are especially vul-
nerable to atmospheric degradation,[62] and this process occurs
through the binding of oxygen atoms to vinyl bonds, which
breaks the conjugation and leads to the formation of carbonyl
groups.[63, 64]

Another conjugated polymer family that has been used ex-
tensively in OPVs is the polythiophenes and especially P3HT.

Figure 3. Cross-section view of a solar cell with the several processes that
conspire to degrade polymer solar cells. A schematic illustration of some of
the degradation mechanisms that take place in a typical bulk heterojunction
are shown. Reprinted with permission from ref. [49] .
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The stability and lifetime of P3HT devices have been investigat-
ed extensively,[65] and studies comparing the stability of PPV
and polythiophene-based OPVs have shown that the polythio-
phenes are considerably more stable under illumination than
PPV derivatives.[66] However, P3HT films suffer from degrada-
tion under illumination as well. The effects of illumination on
P3HT films have been investigated, and illumination of the
films causes an increase in trap density and a decrease in hole
mobility.[67]

Understanding the degradation processes of polythiophenes
will enable the development of new polymers with enhanced
stability. However, the mechanism responsible for the degrada-
tion of P3HT has been the subject of some debate. It was origi-
nally thought that the chemical reaction responsible for its
degradation was a direct attack by singlet oxygen on the thio-
phene ring.[68] This is still the prevalent theory for the degrada-
tion of P3HT in solution. However, the thermo- and photode-
gradation mechanisms of bulk P3HT have been recently recon-
sidered,[69] through exposure of P3HT films to UV/Vis-light irra-
diation and thermal ageing, and a degradation mechanism
that accounted for the modifications in the infrared spectra of
aged films has been developed (see Figure 4). It was observed
that under both ageing conditions the alkyl groups and thio-
phene rings of P3HT disappeared, and it was shown that sin-
glet oxygen plays a lesser role than previously reported. In-
stead, oxidation was shown to involve the radical oxidation of
the n-hexyl side chains with subsequent degradation of the
thiophene rings. The breaking of the macromolecular back-
bone resulted in a loss of p-conjugation and a decrease in the
UV/Vis absorbance; this led to eventual degradation of the
polymer. In addition, it has been reported[70] that the presence
of humidity strongly affects this degradation process, although

water itself does not decompose the polymer. The influence of
the microstructure of P3HT on its photodegradation has also
been studied,[71] and high-regioregular P3HTs are more photo-
stable than low-regioregular P3HTs because of their higher
crystallinity and purity.

2.3. Degradation of the Active Layer

2.3.1. Light-Induced Degradation

The long-term stability of the active layer under illumination is
one of the most important parameters that has to be taken
into account to achieve high OPV performance and lifetime.
Especially, the behavior of the active layer under illumination
in the absence of oxygen is a subject of considerable scientific
interest, as it is universally accepted that effective OPV devices
will require some type of encapsulation to protect them from
degradation.[72] It has been observed[64] that the photochemical
stability of P3HT:PCBM blends on inert substrates is high in the
absence of oxygen. In the absence of oxygen, degradation is
attributed first to the photochemical instability of P3HT[66] and
second to the blend’s morphological instability.[73] It has also
been observed that the chemical stability of the active layer
depends on the polymer/fullerene ratio in the active-layer
blend. PCBM can act as a stabilizer to the more unstable PPV
derivatives,[74] so a higher concentration of PCBM in the blend
can result in more stable OPV devices, and this has been attrib-
uted to the formation of large PCBM areas.[75] More recently,
however, it was shown that although PCBM stabilizes other
polymers, such as P3HT films, upon exposure to air, its fuller-
ene cage undergoes a series of oxidations that contribute to
the deterioration of the photoconductivity of the blend.[76]

The effect of light on the
morphology of the polymer
blend has been established
through optical microscopy
studies.[64] It has been shown
that after 3000 h of continuous
illumination in the absence of
oxygen, textural changes start
to appear in the active layer
due to photodegradation (Fig-
ure 5 a). The effect of these re-
actions on the active layer, how-
ever, is not as significant as that
of photodegradation reactions
in the presence of oxygen.[77]

The degradation of the active
layer under illumination in the
presence of oxygen is a complex
process that has not been thor-
oughly investigated to date.
The decay mechanisms of non-
encapsulated P3HT:PCBM devi-
ces under illumination in the
presence of oxygen have been
studied.[78] Two primary loss

Figure 4. a) Oxidation mechanism of the P3HT alkyl side chain. b) Oxidation mechanism of the sulfur atom of the
thiophene ring. Reprinted with permission from ref. [69] .
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mechanisms for the efficiency of these devices have been iden-
tified. The first consists of an initial ultrafast decrease in polar-
on generation, and the second consists of a loss in the exciton
population within the photoexcited P3HT domains. It has been
observed that the oxidation of PCBM results in the formation
of species with up to eight oxygen atoms, which act as elec-
tron traps.[76] It has also been reported that the formation of
such electron traps under oxidation decreases carrier mobility
in OPVs and results in significant loss of current.[79]

2.3.2. Thermal Degradation

Most polymer blends used in OPVs are not thermodynamically
stable, but nonequilibrium states lead to macrophase separa-
tion of the blend during extended operation and ultimately to
decreased device performance.[80] Additional instability can
occur from the diffusion of PCBM during device preparation
and use. This effect gives rise to concentration gradients, de-
pletion from active areas of the device, and, in some cases, ag-
gregation or crystallization of PCBM.[81] It has also been ob-
served that the interface between the cathode and the active
layer in OPV devices is thermally unstable.[82]

The effect of heat on the active layer has been reported to
be considerable, and it has been shown that prolonged (100 h)
annealing at 100 8C can lead to phase separation and PCBM
crystallization.[64] In this case, PCBM vanishes from the
P3HT:PCBM matrix, segregates, and gathers in clusters ob-
served as black large zones (Figure 5 b). Such extreme morpho-
logical changes do not appear in the active layer after illumina-
tion, which confirms that it has a relatively high degree of pho-
tolytic stability. It has also been reported that that active-layer
annealing at 130 8C for only 5 h leads to degradation of the
alkyl groups and thiophene rings in the polymer blend, a de-
crease in the UV absorbance, and, ultimately, a significant drop
in the power conversion efficiency of the OPVs.[83]

More recently, the role of the annealing processing step
within the device fabrication has been investigated. It has
been found that annealing also influences the cohesion/adhe-
sion properties of the active layer, an important parameter for
lifetime performance.[84]

Finally, Sachs-Quintana et al.[85] have recently demonstrated
the superiority of the inverted structure over the normal struc-
ture under exposure to heat; this underlines the importance of

the architecture on the charge
flow and interfacial properties.
It is suggested that the first
step in thermal degradation is
due to electron-barrier forma-
tion, an effect that is more in-
tense in normal OPV device ar-
chitectures.[85]

2.3.3. Degradation by Oxygen
and Water Molecules

As mentioned above, organic
materials are sensitive to water

and oxygen, so penetration of these molecules into the device
can lead to deterioration of the active layer.[86] The active layer
is usually well protected against atmospheric agents, not only
by encapsulation, but also from other layers in the device that
act as barriers.[87] However, some water and oxygen molecules
can slowly diffuse through the various layers of the device to
reach the active layer and to react with the polymer materials,
which causes their degradation.[88] 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 that decreases the
ability of charge generation in the bulk-heterojunction area.[84]

Isotopic labeling and mass spectrometry imaging have been
used successfully to map out oxygen and water processes
through the various layers of the OPV devices. Oxygen[89] and
water[47] 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.[19] Evidence of the
diffusion of water into the device through the aluminum elec-
trode has also been presented for a number of different poly-
mer blends.[90, 91] It has also been reported that oxygen mole-
cules are especially more harmful to P3HT:PCBM cells under il-
lumination than in the dark.[92]

2.4. Degradation of the Hole-Transport Layer

In most OPV devices, PEDOT:PSS 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-
transport layer is essential to the efficient function of OPV devi-
ces, the degradation of PEDOT:PSS can shorten the lifetime of
the devices. Moreover, the properties of this layer can cause in-
creased degradation in other layers as well.

PEDOT:PSS is especially vulnerable to thermal degradation.
Even though it has been shown that heat treatment of PE-
DOT:PSS films for up to 10–20 min can be beneficial for the
electrical properties of the films,[93] prolonged exposure to high
temperatures may cause their thermal degradation. Studies of
the thermal stability of this material have shown that its expo-
sure to a temperature of 120 8C for over 55 min can significant-

Figure 5. Optical microscopy images of P3HT:PCBM films a) after 3000 h exposure in the absence of oxygen to
yield the formation of small spots and b) after 100 h thermal annealing at 100 8C (in the absence of light) to yield
the formation of large PCBM clusters (images size: 1000 mm). Reprinted with permission from ref. [64] .
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ly reduce its electrical conductivity.[94] In this case, aging is due
to shrinking of the PEDOT conductive grains. However, anneal-
ing of PEDOT:PSS films at lower temperatures can help in-
crease their electrical conductivity due to thermal activation of
the carriers and an improvement in crystallinity.

The PEDOT:PSS layer is also very sensitive to moisture and
oxygen. The detrimental effects of atmospheric air on the elec-
trical properties of this material have been studied.[95] The PE-
DOT:PSS layer is highly hygroscopic, and if it absorbs water, its
conductivity decreases and consequently the device lifetime
shortens. Figure 6 shows the change in conductivity of PE-
DOT:PSS films with respect to heating time, under an inert at-
mosphere and in air. From this figure it can be observed that
the presence of oxygen and moisture promotes irreversible
structural modifications of the PEDOT:PSS chains, and this re-
duces its conductivity.

The PEDOT:PSS layer can also increase the degradation of
other layers of OPV 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 cathode,[96] which acceler-
ates degradation of the metal electrode and thus reduces
device lifetime.

Moreover, the PEDOT:PSS layer can increase the degradation
of the active layer. Studies on poly[2-methoxy-5-(3’,7’-dimethy-
loctyloxy)-1,4-phenylenevinylene] (MDMO-PPV)/PCBM OPVs
have shown that the degradation is associated with water ab-
sorption into the PEDOT:PSS layer, and charge-transport meas-
urements revealed that the effect of water on PEDOT:PSS is to
increase the sheet resistance of the PEDOT:PSS/blend layer in-
terface.[39] It has also been reported that the PEDOT:PSS layer
can induce degradation of the active layer in P3HT:PCBM OPVs,
which is demonstrated by a decrease in the absorbance and
the formation of aggregates in the active layer.[58]

Recently, it was demonstrated that the addition of process-
ing additives to PEDOT:PSS significantly enhances hole-carrier
selectivity in inverted solar cells.[97] Comparison between
normal and inverted OPVs under ambient illumination has

shown that the former degrade much more quickly due to oxi-
dation of the top metal (such as Al).[98] In the case of inverted
OPVs, Krebs et al. have shown that the main degradation
mechanism for inverted OPVs in a dark ambient environment
is due to phase separation of PEDOT:PSS (water and oxygen
molecule absorbance) as well as to the interaction at the
active layer/PEDOT:PSS interface.[92] By using reverse engineer-
ing methods it was recently shown that the PEDOT:PSS hole-
selective contact is the major degradation mechanism for in-
verted OPVs under accelerated lifetime humidity conditions.[91]

2.5. Degradation of the Metal Electrode

Certain metals such as Al, Ca, and Ag are commonly used as
electrodes in OPV devices because of their high electrical con-
ductivity, work function properties, and ability for deposition
as very thin layers. Degradation of the metal electrode contrib-
utes to the overall reduction in cell performance, and its origin
has been the subject of several recent studies.[99]

Two main degradation mechanisms of the metal electrode
have been identified: one, its oxidation at the metal/polymer
interface and/or at the upper surface of the metal layer;[100]

two, its chemical interaction with polymers at its interface with
the active layer.[101]

The first mechanism, the degradation at the electrode/poly-
mer interface, can result in the formation of an oxidation layer
at the metal/polymer interface.[102] This oxidation layer hinders
charge selectivity of the electrode, which thus reduces 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.[100] Cross-sectional TEM studies have
revealed the formation of void structures to be the primary
degradation mechanism for Ca/Al contacts. These structures
grow as the electrode ages and becomes oxidized, as shown
in Figure 7.[101] For Ag contacts, it has similarly been observed
that the electrode becomes oxidized and that an interfacial
layer of silver oxide is formed over time, but its formation is
a much longer process than for Al-based electrodes.[99]

The second degradation mechanism of the metal electrode,
its chemical reaction with the active layer, has also been inves-
tigated,[92] and this mechanism involves the chemical interac-
tion of the thiophenes in P3HT with the top metal electro-
des.[101] For example, Cu electrodes have been found to react
with sulfur sites on P3HT during the deposition process.[103] It
has also been observed that aluminum penetrates into the
active layer, which results in the gradual formation of Al�C
bonds. A diffused organic–Al interface is formed, which then
results in a large oxidized interfacial area upon air exposure. It
has been shown that Al interacts with C60 to form Al�C60

bonds that cause reduced charge transport and device per-
formance.[104, 105]

2.6. Degradation of the Transparent Electrode

By the term “transparent electrode” we refer to the electrode
that constitutes either the anode in normally structured OPVs
[which usually consists of a transparent conductive oxide

Figure 6. Change in the conductivity of two PEDOT:PSS 120 nm thick films,
as a function of heating time (t) at 443 K under an inert atmosphere of He
and in atmospheric air. Reprinted with permission from ref. [95] .
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(TCO) material together with the hole-transport buffer layer on
top of the TCO], or the cathode in inverted structures together
with an electron-transporting (n-type) oxide or other layer. ITO
is the most commonly used material as the TCO in OPV devi-
ces, and as mentioned in Section 2.4. of this paper, the most
commonly used material for the hole-transport buffer layer is
PEDOT:PSS.

For organic light-emitting diodes (OLEDs), it has been ob-
served that the acidity of the PEDOT:PSS layer can cause etch-
ing of the indium from the ITO electrode and the liberation of
indium ions, which then diffuse throughout the device.[106] This
process is accelerated in the presence of moisture.[107] The
mechanism of ITO etching by PEDOT:PSS in OPVs has been in-
vestigated in detail.[108] According to this degradation mecha-
nism, the excess amount of protons present in the acidic PE-
DOT:PSS weakens the In�O and Sn�O bonds in ITO by polari-
zation. Free PSS (RSO3

�) ligands replace the surface water, and
then detachment of the PSS–In [(RSO3)3In] and PSS–Sn
[(RSO3)4Sn] complexes results in stripping of surface In and Sn.
XPS analysis has shown that continuous degradation of ITO-
based devices results from the continuous migration of indium
into the PEDOT:PSS layer.[108] Notably, the approach proposed
by Yambem et al.[108] was based on studies in which the etch-
ing mechanism was verified only for OLEDs.[107] Thus, due to
the different nature of operation of OPVs, the extensive knowl-
edge obtained in OLED applications with regard to degrada-
tion of the transparent electrode is of limited help. Further-
more, by studying PEDOT:PSS derivatives with different PH
values, Voroshazi et al. demonstrated that the hygroscopic be-
havior of PEDOT:PSS is responsible for device degradation, not
its acidic properties.[96]

3. Recent Advances in Improving the Stability
of OPVs

In this section, some of the main methods that have been
used in recent years to improve device lifetime are discussed.
Given that improvements in any part of an OPV device can
lead to increased stability and lifetime, methods for improving

device stability are presented separately for each part of the
device. Figure 8 outlines some of the most important advances
in improving OPV stability.

3.1. Active Layer

Most polythiophenes currently used in OPV devices have mor-
phologically stable bulk heterojunctions with regioregular
P3HT as the donor material, whereas the soluble PCBM fuller-
ene material is used as the acceptor material. There have been
recent attempts to substitute the donor material in OPVs with
small-molecule semiconductors such as oligoselenophene de-
rivatives,[109] quinacridones,[110] boron (subphthalocyanine) de-
rivatives,[111] and azadipyrromethenes.[112] Such devices have
shown promising results in terms of device efficiency, but their
stability has not yet been studied sufficiently.

For more conventional, P3HT:PCBM-based devices, it has
been shown[64] that protection from oxygen and water with ap-
propriate encapsulation can lead to a device lifetime of several
years under use conditions. Stable device operation for 1000 h
has been reported for complete devices by using P3HT:PCBM
polymer blends with a LiF/Al cathode,[113] and this has been in-
creased to 5000 h upon using state-of-the-art encapsulation
with a cavity glass-on-glass architecture (with a Ca/Al cath-
ode).[114] Another approach for extending the lifetime of OPVs
is to use an azide-functionalized graft copolymer of P3HT and
polystyrene.[115] These devices are heat treated at 140 8C after
preparation to chemically link the active-layer blend compo-
nents. This approach results in a loss in efficiency of the OPV
device but to a considerable increase in its stability. A simple

Figure 7. TEM images of a) freshly prepared and b) aged ITO/BHJ/Ca/Al devi-
ces. The active organic region is labeled BHJ, the aluminum layer of the elec-
trode is identified as Al, and the calcium layer, which likely contains a signifi-
cant fraction of calcium oxide, is labeled Ca + CaO. Bold arrows indicate re-
gions of void formation at the Ca/Al interface that enlarge as the devices
age. Reprinted with permission from ref. [101].

Figure 8. Main methods for improving device lifetime, classified according
to the part of the device to which they are applied.
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and low-costing method to increase stability, and under certain
conditions the efficiency, of fullerene-based OPVs has been
proposed.[116] It has been observed that exposure of blend pol-
ymer:PC60BM solar cells to low-level light results in a tenfold in-
crease in device thermal stability due to light-induced oligome-
rization of PC60BM, which hinders diffusion and crystallization
in the blend.

Much research effort has been focused on developing new
polymers that will enhance the efficiency and stability of solar
cells[117] and protect OPVs against degradation due to exposure
to high temperatures. In this context, Tromholt et al.[118] have
developed a method for reliably assessing the photochemical
stability of various organic materials by investigating a wide
absorbance range for all samples. Manceau et al.[119] have also
investigated the photochemical stability of a large number of
polymer donors to establish a set of general rules that connect
polymer structure with photochemical stability. They have re-
ported improved stability in thermocleavable polymers and in
polymers with aromatic polycyclic units. The photochemical
stability of thermocleavable polymers has also been investigat-
ed.[120] In this study, several different polymers were subjected
to illumination in air, and it was observed that side-chain ther-
mal cleavage led to a strong increase in sample lifetime, as de-
fined by the polymer’s ability to absorb light. Although device
efficiency for OPVs with thermocleavable donors was found to
be relatively low,[121] device half-life exceeded 3900 h under illu-
mination. Several new polythiophene[20] and fullerene[122] deriv-
atives have also shown promising results to date. Certain low-
band-gap dithiophene-based polymers have been found to
have higher photochemical stability than P3HT,[123] probably
due to the presence of fused-ring systems, which are consid-
ered to provide higher photochemical stability than thiophene.
Helgesen et al.[124] have synthesized low-band-gap dithio-
phene-based polymers with different bridging atoms and have
investigated their photochemical stability. They found that
upon subjecting the polymers to illumination in air, substitu-
tion of the bridging carbon atom with silicon results in a signifi-
cant improvement in stability. The performance of bromine-
functionalized polythiophene (Br-P3HT) copolymers controlled
to achieve a UV-photo-cross-linkable layer[125] has also been in-
vestigated. The performance of Br-P3HT:PCBM devices has
been compared to that of the corresponding P3HT:PCBM
OPVs, and the UV-cross-linked polymers exhibit increased ther-
mal stability. In a different study,[126] four different types of
functionalities for cross-linking were assessed. In this case, bro-
mine, azide, vinyl, and oxetane molecules were incorporated
into the side chains of a low-band-gap polymer. The cross-
linked polymers with bromide and azide links were found to
have the highest thermal and morphological stability, but
there were no indications of increased photochemical stability.
Cross-linking has also been used to create hydrogels by using
natural polymers (gelatin and carrageenan).[127] The combina-
tion of biochemical and physical cross-linking processes ena-
bles the formation of biohydrogels with tunable properties,
such as increased mechanical strength and increased thermal
stability. Studies of cross-linkable polymers show that there is
future potential for designing thermally stable polymers for

OPVs, although efficient encapsulation of the resulting devices
would still be required to enhance their photochemical stabili-
ty.

It has also been reported that a dihexylfluorene-based fuller-
ene derivative (DHFCBM) used as an acceptor in P3HT:DHFCBM
OPV devices in optimized concentrations in the active-layer
blend increases the thermal stability of the cells if utilized at
concentrations between 30 and 50 %, as it presents a PCE drop
of just 5 % after 10 h exposure at 150 8C. On the contrary, if
used at higher concentrations the drop in PCE is approximately
85 to 90 % after 10 h exposure at 150 8C. However, this work
does not present a comparison with the reference
P3HT:PCBM.[128] OPVs using poly[9’-heptadecanyl-2,7-carbazole-
alt-5,5-(4’,7’-di-2-thienyl-2’,1’,3’-benzothiadiazole)] (PCDTBT) in
the polymer blend together with the fullerene derivative [6,6]-
phenyl C70 -butyric acid methyl ester (PC70BM) have also been
developed,[129] and they exhibit an efficiency of over 6 %.[9] If
protected by a glass encapsulant containing a desiccant layer
and sealed with a UV epoxy resin, they yield a very high life-
time of approximately 7 years under illumination. Hydrogen
bonding of diblock copolymers (Figure 9) has also been known

to increase device performance (up to 2.6 % fabricated in air)
and lifetime, as it encourages greater molecular level ordering,
increases molecular rigidity, promotes interfacial electron trans-
fer, and reduces charge trap sites, which thus extends device
lifetime.[130] Hydrogen bonding has been used to form elec-
tron-acceptor domains within a block copolymer self-assem-
bled nanostructure (Figure 10).[80] It has been reported that the
thermal stability of the resulting P3HT-block-poly[3-(2,5,8,11-
tetraoxadodecane)thiophene] (b-P3TODT)/bis-[6,6]-phenyl-C61-
butyric acid (bis-PCBA) devices is considerably higher than that
of devices based on P3HT/PCBM blends. The P3HT-b-P3TODT/
bis-PCBA devices have a PCE reduction of 50 % after 6 h at
150 8C, whereas devices based on P3HT/PCBM blends present
a PCE reduction of 80 to 85 % under the same thermal anneal-
ing conditions.

Figure 9. A schematic representation of the OPV device architecture consist-
ing of ITO/PEDOT:PSS/P3CAT:PCBM/Al and depiction of the hydrogen bond-
ing in (P3CATs) poly[3-(carboxyalkyl)thiophene-2,5-diyl] . Reprinted with per-
mission from ref. [130].
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3.2. Charge-Selective Contacts

As mentioned in Section 2.4, PEDOT:PSS, which is commonly
used as a hole-transport layer in OPVs, is especially vulnerable
to moisture. For that reason, a humidity-insensitive alternative
to the PEDOT:PSS layer would help to increase the stability of
OPVs. Such an alternative would significantly relax the require-
ment for water-barrier layers for the encapsulation of organic
solar cells, which would thus enable the development of stable
organic solar cells on low-costing, flexible substrates.

The influence of different hole-transport layers on device
stability has been investigated in an attempt to replace the PE-
DOT:PSS layer with a more stable material.[131] Three different
hole-transporting layers have been tested: PEDOT:PSS (water-
based) and polyaniline:poly(styrene sulfonate), both water and
isopropyl alcohol (IPA)-based. The stability of solar cells under
illumination is lower in devices prepared with water-based
layers than in devices prepared with the IPA-based layer due
to the existence of additional trap states in water-based layers.

The most promising class of materials for hole transport and
electron block in OPVs is transition-metal oxides.[132] Progress
in OPV stability has been achieved by using semiconducting
metal oxides as charge-extraction interlayers.[133] Both n- and p-
type transition-metal oxides with good transparency in the visi-
ble and infrared regions make good ohmic contacts to both
donors and acceptors in polymer bulk heterojunction solar
cells. Their compatibility with roll-to-roll processing makes
them very attractive for the cheap manufacture of polymer
solar cells. Many transition-metal oxides have been used suc-
cessfully to replace PEDOT:PSS, such as MoO3,[134] V2O5,[135]

WO3,[136] and NiO.[137] These layers can be deposited by simple
and cheap solution processes[138] and have been shown to im-
prove the performances of devices.[139] If a solution-processed
WO3 layer is used to replace PEDOT:PSS (Figure 11),[140] the sta-
bility of the resulting OPVs is considerably higher than that
with PEDOT:PSS due to the increased air- and photostability of
the WO3 layer.[141] Thermally evaporated WO3 films have also
been used to replace the PEDOT:PSS layer, and power conver-
sion efficiencies that are improved relative to those of PE-
DOT:PSS-based devices have been reported.[142] Similarly, in-
creased device efficiency and stability have been reported for

poly[2,6-(4,4-bis-(2-ethylhexyl)-4H-cyclopenta[2,1-
b ;3,4-b’]dithiophene)-alt-4,7-(2,1,3-benzothiadiazole)]
(PCPDTBT):C71-PCBM OPVs by using NiO and MoO3

as hole-transporting layers instead of PEDOT:PSS.[142]

3.3. Electrodes and Interfaces

Recent studies have demonstrated that the exis-
tence of an ultrathin layer between the metal elec-
trode and the active layer acts as a barrier and pre-
vents the reaction between the metal electrode and
the polymer. Al2O3,[143] LiF,[144] and CrOx

[99] barrier
layers have been successfully used for this purpose.
It has also been observed[99] that the oxidation of Al
leads to the formation of a charge-blocking layer
and that the use of CrOx as an interfacial layer im-
proves device lifetime by preventing and minimizing

Figure 10. Chemical structures of P3HT-b-P3TODT and bis-PCBA and schematic of the or-
dered, self-assembled blend that serves as the active layer in the OPV device. Reprinted
with permission from ref. [80] .

Figure 11. a, b) Cell stability of ITO/HEL/P3HT:PCBM/Al devices by using PE-
DOT:PSS and WO3 layers stored in air for 192 h. HEL = hole extraction layer.
c, d) Cell stability of ITO/HEL/P3HT:PCBM/Al devices by using PEDOT:PSS and
(sWO3) solution-processed WO3 layers stored in air under light soaking con-
ditions for 192 h. e, f) Cell stability of ITO/HEL/P3HT:PCBM/Al devices by
using PEDOT:PSS and sWO3 layers stored under a relative humidity of 60 %
at 60 8C for 192 h. Reprinted with permission from ref. [140].

ChemPhysChem 0000, 00, 0 – 0 www.chemphyschem.org � 0000 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim12&

�� These are not the final page numbers!�� These are not the final page numbers!

Reviews

http://www.chemphyschem.org


the formation of an Al–organic interface that is prone to oxida-
tion. P3HT:PCBM devices with and without a CrOx interfacial
layer have been compared,[145] and devices with CrOx display
stability that is more than 100 times higher than that of devi-
ces without an interfacial layer. Higher device stability has also
been achieved by utilizing other barrier interfaces such as C60/
LiF,[146] CuOx,

[147] C6H5COOLi,[148] and Cs2CO3.[149] Another material
that is commonly used as a protective layer is TiOx, the deposi-
tion of which on top of the active layer has been observed to
increase device stability[150] by preventing oxygen and humidity
from entering the active layer.[151]

In general, the utilization of barrier interfaces on the upper
and lower surfaces of the active layer isolates the active layer,
which prevents penetration of oxygen and humidity and ulti-
mately reduces degradation of the active layer. Moreover,
metal-oxide interfacial layers tend to create bonds with atmos-
pheric oxygen, which thus protects the metal electrode from
oxidation.[150] Hydroxy groups and �OR functionalities within
the oxide are activated with UV radiation and are photooxi-
dized, which consumes O2 and produces CO2 and H2O in the
form of gas. The photoactivation of these films leads to O2

scavenging and opens new horizons for thin films, which trap
oxygen upon exposure to light.[150]

In addition, it has been observed that poor adhesion be-
tween device layers may result in a loss of device performance
from delamination driven by the thermomechanical stresses in
the device.[152] A thin-film adhesion technique by using postde-
position annealing can be applied to flexible OPVs to increase
adhesion between layers.[153]

Metal electrodes that yield high stability have also been pro-
duced by using various printing techniques for devices with
normal[154] and inverted[155] architecture, as well as for tandem
OPVs.[156] Yu et al.[157] have used different printing techniques to
produce bottom Ag electrodes for P3HT:PCBM OPVs. They
compared hexagonal silver grids prepared by using either roll-
to-roll inkjet or roll-to-roll flexographic printing with a roll-to-
roll thermally imprinted grid that was filled with silver. They
observed that the embedded grid and the flexographic grid
performed equally well, but the flexographic technique al-
lowed faster processing and lower silver use, and the embed-
ded grid presented higher optical transparency and conductivi-
ty. Inkjet printing has also been used[155] to produce solution-
processed top electrodes for inverted P3HT:PCBM OPVs with
a power conversion efficiency in the vicinity of 3 %. A mixture
of Ag nanoparticle inks was developed in this case to control
the printability and electrical conductivity of the electrodes.

The main advantages of using printing techniques for OPVs
is the ability to develop flexible, large-scale modules with long
operating lifetimes.[158] Krebs et al.[159] have used screen print-
ing to produce silver back electrodes for roll-to-roll-processed
OPVs comprising thousands of discrete miniature devices. Simi-
larly,[160] they also produced fully printed P3HT:PCBM OPVs with
printed Ag electrodes. After 1 year of outdoor testing, these
encapsulated devices maintained 95 % of their initial per-
formance. Sommer-Larsen et al.[161] demonstrated that large-
scale P3HT:PCBM OPVs with Ag back electrodes can be fully
printed on flexible substrates by using roll-to-roll processes.

More recently,[154] roll-to-roll processes to print Ag back electro-
des were used for a large number (hundreds of thousands) of
serially connected P3HT:PCBM OPVs. These devices were used
for a solar park installation, and after an initial drop in per-
formance (�20 %), they exhibited high operational stability in
outdoor conditions.

In addition, roll-to-roll processes have been used successfully
to produce ITO- and Ag-free electrodes. In a recent study,[162]

silver was replaced with carbon as the electrode material, and
it was observed that substitution of silver with carbon did not
affect the roll-to-roll process and allowed for the same fast
printing and coating. In the same study, it was reported that
the replacement of Ag electrodes with C ones lowered the
manufacturing costs of OPVs but their flexibility, efficiency, and
stability were retained. Larsen-Olsen et al.[163] also used roll-to-
roll processes to replace Ag with C as the back electrode in
P3HT:PCBM OPVs. They observed that the performance of the
modules is similar to that of ITO-based devices, whereas there
is a cost reduction by a factor of >10 and an increase in proc-
essing speed by a factor of >10.

3.4. Inverted Structured OPVs

OPVs with an inverted structure have shown promise for
higher lifetimes than those with a normal structure mainly be-
cause some of the mechanisms responsible for the degrada-
tion of OPVs do not exist if the cell structure is inverted.[164] In
inverted device geometries, the two electrodes are essentially
reversed, and electrons flow from the back electrode to the
transparent electrode, which allows the use of a solution-pro-
cessed back electrode.[94] Figure 12 shows a comparison be-
tween typical normal and inverted device structures.

The inverted cell structure is more stable than the normal
structure mainly because the reaction between the metal elec-
trode and the polymer (oxidation and chemical reaction) is
prevented. The PEDOT:PSS interface is also moved on the top
electrode, and thus, interfaces become modified (Figure 12).
Thus, the inverted cell configuration leads to improved device
lifetime by increasing cell protection against oxygen and mois-
ture damage.[165] Devices with an inverted structure have been
shown to have higher stability than those with a normal struc-
ture, particularly if Ag or Au is used as the top electrode.[166]

Ag and Au are high work function metals and are more resist-
ant to oxidation than Al,[99] and this leads to improved device
stability.

It has been shown that a nonencapsulated, inverted
P3HT:PCBM cell can retain over 80 % of its original efficiency
after 40 days in air, whereas a corresponding normal cell lasts
less than 4 days under the same environmental conditions.[167]

Similarly, the stability of nonencapsulated bulk heterojunction
(BHJ) devices of normal and inverted structures has been com-
pared, and the efficiency of inverted cells is much higher after
40 days of exposure in air than that of corresponding normal
cells (Figure 13).[168] It has also been reported that encapsulat-
ed, inverted P3HT:PCBM OPVs retain approximately 96 % of
their efficiency after 120 h of continuous irradiation[133] and
that inverted OPVs degrade more slowly under high humidity
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conditions than the corresponding cells of the normal struc-
ture.[169]

In addition, comparative studies between normal and invert-
ed devices that utilize PEDOT:PSS as a hole-selective contact
have shown that although inverted structures have longer life-
times, the hygroscopic nature of PEDOT:PSS causes serious
degradation problems.[96] The phase separation of PEDOT:PSS
as well as its interaction with the active layer are considered to
be the main causes of PEDOT:PSS-induced degradation.[82, 32] A
decrease in the electrical conductivity due to water absorption
has also been reported.[91, 92, 94, 95] Another study that compares
inverted and normal OPV structures under heat reports higher
stability of inverted structures due to electron-barrier forma-
tion in normal OPV geometries.[85]

Several research efforts have focused on improving the effi-
ciency and stability of inverted OPVs. In a process similar to
the one described in Section 3.2 for OPVs with a normal struc-
ture, the unstable PEDOT:PSS layer in inverted OPVs can be re-
placed by a transition-metal oxide layer. Efficient inverted solar
cells with a V2O5 anode buffer layer have been developed,[170]

and OPV devices with such a V2O5 anode layer have a longer
shelf life than devices with a PEDOT:PSS layer.[171] Furthermore,
the efficiency and thermal stability of inverted OPVs with a va-

nadium oxide anode layer are
improved relative to the same
parameters of the correspond-
ing devices with a PEDOT:PSS
anode layer.[172] Other buffer
layers, such as Ti or Cr, have
been used, and the use of Cr
considerably increases the sta-
bility of the devices under illu-
mination.[173] CuOx layers have
also been used at the anode of
inverted P3HT:PC61BM OPVs,
and the presence of the CuOx

layer increases device efficiency
and stability compared to corre-

sponding devices without an interlayer, which demonstrates
that the CuOx layer can provide protection from oxygen and
moisture to the active layer.[174]

Finally, a metal-oxide (e.g. TiOx,
[175] ZnO,[167] Al2O3

[176]) layer
can be used at the cathode of inverted cells to improve elec-
tron extraction and device stability.[177] Cs2CO3 layers have been
used at the inverted OPV cathode and MoO3 layers have been
used at the anode, and it has been reported that the lifetime
performance of these cells is improved relative to that of the
corresponding cells with a conventional PEDOT:PSS layer.[168]

4. Low-Cost Encapsulation

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 utiliza-
tion of UV-filtering encapsulation. UV-blocking layers can in-
crease the long-term stability of organic solar-cell devices by
filtering out UV radiation.[178] TiOx layers have been used effec-
tively as UV-blocking layers in P3HT:PCBM inverted organic
OPVs, and device stability increases with increasing TiOx film
thickness.[179] In P3HT:PCBM devices with a normal architecture,
TiO2–SiOx layers have been successfully used to block UV radia-
tion.[180] In the same work, a luminescent layer was also insert-
ed on top of the UV-blocking layer to enable photon recycling,
which thus enhanced device performance.

There are many different materials that can be used to en-
capsulate OPVs, and they vary considerably in both effective-
ness and cost. To keep production costs of OPVs as low as pos-
sible, it is important to use low-costing packaging materials,
but usually an optimum balance is sought between the effec-
tiveness of the packaging materials and their cost. It is there-
fore important to develop new encapsulation techniques that
improve device stability and that are compatible with device
flexibility and a low cost of fabrication at the same time.

Several encapsulation studies over the past few years have
shown that the shelf life of OPVs can be extended to many
thousands of hours by using appropriate encapsulation materi-
als, both flexible[22] and rigid.[77] The ability of oxygen and mois-
ture to pass through an encapsulating membrane is represent-
ed by the oxygen transmission rate (OTR) and the water vapor

Figure 12. Typical a) normal and b) inverted device architectures. The normal OPV is based on ITO/PEDOT:PSS/
semiconductor (SC) blend/metal and the inverted OPV is based on ITO/TiOx/SC blend/PEDOT:PSS/metal.

Figure 13. Plot of solar-cell parameters as a function of time in ambient air.
Solid symbols represent the parameters of BHJ inverted solar cells and open
symbols represent those of conventional BHJ solar cells. Reprinted with per-
mission from ref. [168].
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transmission rate (WVTR), respectively.[181] The WVTR of OLEDs
with a lifetime over 10 000 h is 1 � 10�6 g m�12 day�1. OPV barri-
er requirements are believed to be less stringent[182] with
a WVTR of 1 � 10�3 g m�12 day�1 to be sufficient for the protec-
tion of OPVs against atmospheric agents.[169] As shown in
Figure 14, the requirements for organic electronic devices are
considerably higher than the WVTR barriers provided by com-
mercial sealants and so new technologies have to be devel-
oped.[183]

One of the simplest packaging options available is to cover
the device with glass plates and to use an epoxy-type sealant
to hold them in place.[184] This configuration provides the
device with effective protection against oxygen and moisture,
but it is not suitable for the production of flexible devices.
Given that flexibility is one of the key advantages of OPVs,[185]

several research efforts have been focused on developing an
encapsulation material that will be flexible and at the same
time have all the above advantages, that is, adequate protec-
tion to the device, transparency, and low cost. Figure 15 a
shows a schematic design of an OPV encapsulated in a flexible
substrate, whereas Figure 15 bshows a picture of the final flexi-
ble device.[186]

Several inorganic materials have been used for encapsulat-
ing solar cells with varying degrees of success. Single-layer, sili-
con-based dielectric films deposited by plasma-enhanced
chemical vapor deposition have been used as encapsulating
materials,[187] and their oxygen and water transmission rates
have been studied.[188] However, the effectiveness of these ma-
terials for encapsulation has been proven to be rather limited
(OTR values of �0.5 mL m�2 day and WVTR of �0.3 g m�12 day
have been measured) and the cost of the encapsulation pro-
cess would be relatively high in this case. Thin oxide films such
as TiO2 and Al2O3 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.[189] Al2O3 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.[190] The
single Al2O3 layer was found to be the most effective sealant,
as it prevents cell degradation to a large degree—only 6 % loss
after over 6000 h exposure to ambient (but not accelerated) at-
mospheric conditions. More recently, ultrathin Al2O3 layers
have been used as encapsulation barriers for P3HT:PCBM OPVs,
deposited by a different ALD method.[191] In that study, H2O
was replaced with O3 as the ALD oxidant, and the Al2O3 layers
deposited by using O3 displayed superior device encapsulation
than films deposited by using H2O; they retained 80 % of their
efficiency after 500 h in air. However, the use of an ALD tech-
nique may not be practical for large-scale commercial applica-
tions, mainly due to the long times required for film develop-
ment. Also, prolonged heating of the devices at high tempera-
tures (over 100 8C), required for encapsulating the devices, may
increase device degradation.[191]

Various polymer composites have also been used as OPV en-
capsulants, such as polyisobutene[192] and ethylene vinyl ace-
tate (EVA).[193] Those preliminary works reported improved
device stability with the use of encapsulants, and in the
second case, the EVA material was subjected to a wide range
of temperatures, but detailed aging and lifetime studies of the
OPV devices were not conducted to determine the efficacy of
the materials as encapsulants for such devices.[194] A polymer
encapsulant for OPV devices has also been developed by using
polymer nanotube composites based on a copolymer of vinyli-
dene chloride and acrylonitrile.[8] The effectiveness of such seal-
ants has been tested on P3HT films, and the encapsulants pro-
vide effective protection against atmospheric degradation and
have excellent transparency in the visible region and good
thermal stability.[8] These results are promising for OPV applica-
tions, but the degradation of complete devices encapsulated
with this material has not been investigated to date.

Flexible P3HT:PCBM modules have also been encapsulated
by using commercial barrier foil, and average efficiencies of ap-
proximately 40 % of the original values have been observed
after approximately 1000 h of outdoor exposure.[194] ITO-free
inverted OPVs with Cr/Al/Cr as a bottom electrode and a metal
grid on top have been encapsulated by using commercial bar-
rier foils and have been found to exhibit a lifetime of more
than 1000 h under damp-heat accelerated lifetime condi-
tions.[195] Polyurethane has also been used to encapsulate in-

Figure 14. WVTR requirements for common flexible electronic devices and
the barrier performance provided by available materials. Reprinted with per-
mission from ref. [183].

Figure 15. a) Cross-sectional view of the conjugated polymer:fullerene solar
cells with a flexible barrier ; b) picture of a bent device. Reprinted with per-
mission from ref. [186].
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verted OPVs with P3HT:PCBM as well as commercial active-
layer materials, and cells encapsulated with polyurethane
retain on average 40 % of their efficiency after more than
3000 h of outdoor exposure.[196] In another study, nonencapsu-
lated cells have been tested and compared with cells protect-
ed by using three different encapsulation methods: an inor-
ganic SiOx film, an organic layer of Kapton tape (polyimide film
with silicone adhesive), and a glass/thermoplastic layer.[197] All
of the encapsulation methods have been shown to improve
the stability of the device, and films encapsulated with the in-
organic SiOx film lost the smallest percentage of their original
efficiency over time.

Most organic films used for encapsulation can be considered
homogeneous with regard to their thicknesses, whereas inor-
ganic films tend to have more defects and irregularities. Hybrid
inorganic/organic films utilize the properties of both inorganic
and organic materials to achieve ultrahigh barrier properties.
These films are structured as multilayer stacks comprising inor-
ganic oxide layers separated by polymer layers. Inorganic
layers have high intrinsic barrier properties, whereas the organ-
ic layers give more flexibility to the final material and eliminate
some of the defects that cause water permeation in inorganic
materials. An added advantage is that these films can be de-
veloped by using roll-to-roll processes. Hybrid Al2O3/polyethy-
lene terephthalate (PET) films with excellent barrier properties
have been developed,[198] and a method to assess the proper-
ties of such films has been proposed.[89] Attempts to create
flexible packaging for various organic devices by using such
a hybrid multilayer barrier have been reported elsewhere with
promising results.[199, 200]

The aforementioned hybrid ultrahigh barrier materials have
also been used in OPVs and have shown excellent protective
abilities against atmospheric agents. Flexible poly(ethylene
naphthalate) (PEN) substrates have been used, coated with ul-
trahigh barrier foils, and sealed with epoxy resin.[186] The ultra-
high barrier coatings were made from alternating layers of in-
organic (SiOx) material and plasma-deposited organic material
(organosilicon) sealed together with an epoxy resin, and shelf
lifetimes over 3000 h have been reported for MDMO-PPV:PCBM
devices sealed with this material.[201] This work has been con-
tinued in another study, in which flexible encapsulants (the
same PEN substrates with ultrahigh barrier as described above)
have been compared with rigid ones (glass slides) for large-
area (MDMO:PPV):PCBM and P3HT:PCBM OPVs connected in
series.[22] It was observed that the efficiency of the cells with
flexible foils was lower than that of cells with a rigid encapsu-
lant. However, the stability of the cells encapsulated with the
flexible material was found to be considerably high and
a 6000 h shelf lifetime (50 % of original efficiency) was record-
ed for the P3HT:PCBM flexible devices.[22] A comparative assess-
ment of various sealants for small-molecule organic solar cells
has also been conducted.[87] In that study, organic (PET) and or-
ganic/inorganic (zinc tin oxide on PET substrates) encapsulants
were compared with a glass packaging sealed with a UV-acti-
vated epoxy resin. The glass encapsulant was found to provide
the best protection against water permeation, whereas one of
the organic/inorganic encapsulants yielded the second-best

performance; this demonstrated the efficacy of the hybrid ma-
terials as flexible sealants for OPV devices. Multilayer barriers of
parylene and aluminum oxide coatings have also been shown
to provide P3HT:PCBM-based OPV devices with good protec-
tion from atmospheric agents for several hours under illumina-
tion (lifetime was three times higher in the presence of a multi-
layer barrier),[202] and such coatings successfully protect P3HT
layers from atmospheric degradation.[203] Notably, however,
even though the organic encapsulants are not as effective in
sealing the device as glass or hybrid barriers, they are more
flexible than the glass ones and they also have a lower cost
than the hybrid barriers.

One common issue with the epoxy resins often used to seal
the devices is that they may contain trace amounts of moisture
or oxygen unless a degassing process is performed. To elimi-
nate trace amounts of moisture, a getter sheet can be included
on the inside of the packaging layer.[204] There is a wide variety
of getter materials that can be used for this purpose, including
zeolite in various forms, oxides such as BaO and CaO, and reac-
tive metals such as Ba and CaO nanoparticles.[205] Highly trans-
parent and easy-to-process liquid getters have also been de-
veloped. The effectiveness of glass encapsulants with and
without a liquid-getter-filled barrier has been compared,[206]

and the barrier properties of the liquid-getter-filled encapsula-
tion are comparable to those of the conventional glass encap-
sulation and gives the advantage of improved thermal proper-
ties. Promising results have also been reported for inverted
OPVs with glass encapsulation that includes a getter layer to
ensure that a minimum amount of water molecules remain
inside the device, and a comparative assessment of the lifetime
of inverted P3HT:PCBM OPVs with and without encapsulation
has been conducted.[207] The packaging in that case was ach-
ieved with a glass plate with a water getter sheet coated by
an epoxy-UV resin as the sealing material. The encapsulation
increased the lifetime of the device from 20 h to well over
120 h (the device was operating at 96 % of its efficiency at the
time) under illumination. Large-area (233 cm2) P3HT:PCBM OPV
modules have also been produced and sealed with a glass
sheet and getter encapsulation system; the lifetime of these
systems under illumination was estimated to be over 5000 h.[26]

By using a similar type of encapsulation, a lifetime approaching
seven years under illumination has been achieved for PCDTBT/
PC70BM OPV devices.[129] Recently, Adams et al.[208] design-
ed a P3HT:PCBM/diketopyrrolopyrrole-quinquethiophene
(pDPP5T-2):PC70BM organic tandem solar cell with an inverted
device geometry. The cell was sealed with a glass encapsulant
and a UV-curable epoxy resin. After 2000 h under illumination,
the device retained 89 % of its efficiency. By extrapolating this
value to 80 % of the initial PCE, an accelerated lifetime of
>10 years can be estimated.

Even though providing an impermeable barrier against
water and oxygen is crucial to the performance of OPV devi-
ces, the ease and cost of the encapsulation process are, in the
end, the most important parameters in choosing encapsulating
materials. Recent studies have shown that commercial PET
films can be easily deposited on P3HT:PCBM OPVs by using
a roll-to-roll process, and they provide adequate protection
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against atmospheric agents to the devices.[209] This process
allows for the production of large-scale flexible OPV devices
with longer lifetimes than nonencapsulated devices. The above
process has been enhanced by not only covering the device
with a polymer layer, but also by adding protection to the
sides through an additional encapsulation step.[210] It has been
shown that sealing the edges of the device considerably in-
creases its stability and that edge-sealed devices have almost
constant efficiency for over 1000 h of operation under illumina-
tion.[210] OPVs have also been printed directly on barrier foil
and encapsulated with the same barrier foil.[211] In that case,
three different adhesives were used to seal the solar cells :
pressure-sensitive adhesive, UV-curable glue, and hotmelt. It
was observed that single-sided lamination with UV-curable
epoxy resin achieved the best-performing encapsulation over
a test period of 900 h and presented the additional advantages
of being a low-costing and relatively fast encapsulation pro-
cess. Krebs et al.[212] also printed OPVs directly on barrier foil by
employing a newly designed front electrode grid. They ach-
ieved efficient edge sealing by printing a UV-curable adhesive
on the encapsulation barrier foil and later pierced the devices
to allow access to the electrodes. This method is fast and low
costing, and the resulting devices are expected to have high
stability and prolonged lifetimes.[212]

P3HT/PCBM devices utilizing an inverted architecture have
also been shown to retain more than 50 % of their initial effi-
ciency after 4700 h of continuous exposure to 1 sun intensity
at elevated temperatures.[173] Table 3 summarizes some of the
highest device lifetimes reported achieved with various encap-
sulation methods. Many of these results are not readily compa-
rable, as they refer to different OPV technologies and aging
methods, but they can provide an indication of the device life-
times achieved with various encapsulation methods. From this
table, it appears that cells encapsulated by using glass slides
have the longest lifetimes under illumination under accelerat-
ed aging conditions.

5. Conclusions

The performance of organic photovoltaic (OPV) devices has
considerably improved in recent years, especially in terms of
their power conversion efficiency. The lifetime of OPVs has also

increased, but additional efforts are required to produce devi-
ces with high stability at low cost.

Advanced characterization studies have been used to con-
firm and identify the main degradation mechanisms of OPVs,
and ISOS protocols are recommended to determine lifetime
performance of OPV devices and modules. Several studies
have reported favorable progress towards the understanding
of degradation mechanisms under different environmental
conditions, such as light, moisture, oxygen, and heat. This un-
derstanding has led to the development of new materials and
device structures that have been efficiently used to limit OPV
degradation and improve device lifetime. Major breakthroughs
that have led to improved device stability were discussed in
this review, including inverted OPV device structures, the use
of more photostable active-layer materials, and the introduc-
tion of interfacial or buffer layers for device performance opti-
mization.

Moreover, methods for protecting OPVs have been devel-
oped that concentrate on sealing the device from various envi-
ronmental agents. These encapsulation techniques have led to
the development of OPV devices with increased stability and
lifetime. The product development targets of OPVs, however,
demand flexibility and low-costing encapsulation as well. In
this review, we examined a number of different packaging op-
tions in terms of their ability to protect the device but also in
terms of their functionality and overall cost effectiveness. It
was discussed that the most effective sealing of the device
comes with the cost of high price or loss of flexibility. Although
there are a number of low-costing, flexible options that pro-
vide adequate protection to the device, a deeper understand-
ing of the degradation parameters is required to provide mate-
rial design rules and device engineering concepts towards low-
costing and long-lived flexible OPVs.
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Table 3. Stability of OPV devices achieved with various encapsulation methods.

Encapsulation Aging method Efficiency remaining [%] Time of aging [h] OPV type

Al2O3 film[180] shelf lifetime 94 6000 pentacene:PCBM
Al2O3 film[181] shelf lifetime 80 500 P3HT:PCBM
commercial barrier foil[53] outdoor 40 1000 P3HT:PCBM
polyurethane[186] outdoor 40 over 3000 inverted P3HT:PCBM
inorganic/organic[22] shelf lifetime 50 6000 P3HT:PCBM
glass sheet[207] illumination 96 120 inverted P3HT:PCBM
glass sheet[26] illumination 50 5000 P3HT:PCBM
glass sheet[129] illumination 80 4000 PCDTBT/PC70BM and P3HT:PCBM
PET with side protection[210] illumination almost 100 800 P3HT:PCBM
glass sheet[149] illumination over 50 4700 inverted P3HT:PCBM
glass sheet[208] illumination 89 2000 inverted tandem P3HT:PCBM/pDPP5T-2:PC70BM
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Methods for Improving the Lifetime
Performance of Organic Photovoltaics
with Low-Costing Encapsulation

Getting to the core of it: Recent advan-
ces in improving the stability and life-
time of organic photovoltaics (OPVs) are
reviewed. New materials are developed
to replace those responsible for the
rapid degradation of OPVs in each part
of the device. Major breakthroughs
leading to improved device stability in-
clude inverted device structures, the
use of more photostable active-layer
materials, and the introduction of inter-
facial buffer layers.
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