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a b s t r a c t

Exposure to accelerated humidity lifetime conditions has been proved to have detrimental effects on
organic photovoltaics (OPV) performance, because of the deterioration of the electrodes of the device
rather than the active layer. Normal and inverted OPV devices are investigated in order to identify their
main degradation mechanisms under accelerated humidity lifetime conditions. Reverse engineering can
be a useful technique to probe main degradation mechanisms of the top electrode of both normal and
inverted organic photovoltaic (OPVs). By using reverse engineering methods, we show that the major
degradation mechanism of inverted OPVs under accelerated humidity lifetime conditions, is due to
PEDOT:PSS hole selective top contact.

& 2014 Elsevier B.V. All rights reserved.

1. Introduction

Environmental lifetime factors such as water, oxygen [1], high
temperature [2], and light exposure, have a strong influence on the
stability of the structural layers in OPVs. For instance, conjugated
polymers that comprise the active blend of OPVs, are unstable in
air [3] and react through photolytic and photochemical reactions
when exposed to sunlight causing photodegradation of the poly-
mer [4]. However, such mechanisms can be much slower than
degradation occurring within the electrode layers of the device
such as oxidation of the metal contact [5–7]. Hence, the sources
leading to these degradation mechanisms must also be addressed.

OPVs rapidly degrade due to the susceptibility of metals,
usually used for the back electrode, to oxidation in the presence
of absorbed oxygen molecules [7]. The degradation of the metal
electrode leads to the formation of thin insulating oxide barriers,
hindering electric conduction and collection of the charge carriers
[8,9]. Certain metals such as Al, Ca and Ag are commonly used as
electrodes in OPV devices because of their high electrical con-
ductivity, and suitable work function. Interestingly, two basic
degradation mechanisms of the metal electrode have been identi-
fied. Those are, primarily, oxidation [10], and secondarily, chemical
interaction with polymers within the active layer interface [11].

The degradation due to oxidation at the electrode/polymer
interface can result in the formation of an oxide layer on the top
metal surface as well as within the metal/polymer interface [10].
This oxidation layer hinders the charge selectivity of the electrode,
thus reducing device performance. For example, in Ca/Al electro-
des, the oxide formation is faster due to Ca presence; it has been
reported that Ca/Al electrode degradation in air is due to con-
siderable changes at the metal–organic interface [10]. Cross-
sectional TEM studies have revealed the formation of void struc-
tures to be the primary degradation mechanism for Ca/Al contacts.
These structures grow as the electrode ages and become oxidized.
For Ag electrodes, it has similarly been observed that the electrode
becomes oxidized and that an interfacial layer of silver oxide is
formed over time. Nevertheless, its oxidation is much slower
compared to Al-based electrodes [12].

In addition, poly(3,4-ethylenedioxythiophene) polystyrene sul-
fonate (PEDOT:PSS) is an essential hole selective contact for
achieving efficient normal and inverted OPV devices. This parti-
cular buffer layer is extremely sensitive to moisture and oxygen.
The detrimental effects of atmospheric air on the electrical
properties of this material have been studied by Vitoratos et al.
[13,14], who show that when the PEDOT:PSS layer absorbs water, it
promotes irreversible structural modification of its networks due to its
highly hygroscopic nature, resulting in conductivity reduction which
may consequently result in shortage of device lifetime. Moreover, the
PEDOT:PSS layer can influence the degradation of the active layer [1].
It has also been reported that the PEDOT:PSS layer can induce
degradation of P3HT:PCBM (poly(3-hexylthiophene): [6,6]-phenyl

Contents lists available at ScienceDirect

journal homepage: www.elsevier.com/locate/solmat

Solar Energy Materials & Solar Cells

http://dx.doi.org/10.1016/j.solmat.2014.07.051
0927-0248/& 2014 Elsevier B.V. All rights reserved.

n Corresponding author.
E-mail address: stelios.choulis@cut.ac.cy (S.A. Choulis).

Solar Energy Materials & Solar Cells 130 (2014) 544–550

www.sciencedirect.com/science/journal/09270248
www.elsevier.com/locate/solmat
http://dx.doi.org/10.1016/j.solmat.2014.07.051
http://dx.doi.org/10.1016/j.solmat.2014.07.051
http://dx.doi.org/10.1016/j.solmat.2014.07.051
http://crossmark.crossref.org/dialog/?doi=10.1016/j.solmat.2014.07.051&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.solmat.2014.07.051&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.solmat.2014.07.051&domain=pdf
mailto:stelios.choulis@cut.ac.cy
http://dx.doi.org/10.1016/j.solmat.2014.07.051


C61-butyric acid methylester) OPVs, which is demonstrated by a
decrease in the absorbance and the formation of aggregates in the
active layer [15].

Additionally, it has been observed that the acidity of the
PEDOT:PSS layer can cause etching of the indium within the ITO
(indium tin oxide) electrode, liberating indium ions, which then
diffuse throughout the device [16]. This process is accelerated in
the presence of moisture, as shown by de Jong et al. [17] due to
moisture absorbance during the spin coating process. A mechan-
ism of ITO etching by PEDOT:PSS has been investigated and
proposed [18]. However, this mechanism has been conclusively
proven only for organic light emitting diodes (OLEDs), therefore,
the investigation of failure mechanisms in OPVs is a challenging
task and due to the different nature of the application, the
extensive know-how developed for OLED degradation mechan-
isms cannot be directly transferred to OPVs. Voroshazi et al. have
demonstrated that the hygroscopic behavior of PEDOT:PSS, and
not its acidic one, is responsible for the device degradation
through comparable degradation of PEDOT systems with pH
values of 5 and 7 [12]; nevertheless an electrical conductivity
comparison between the two PEDOT systems could make a
stronger point on the fatality of PEDOT:PSS hygroscopic behavior
over its acidic one. Finally, due to the aforementioned difference
between OPV and OLED application, questions arise as to what
extent the ITO etching occurs in OPVs.

Furthermore, extensive work has been performed in character-
izing OPVs and deriving conclusions for the degradation mechan-
isms of the electrodes of OPVs [19]. OPVs fabricated by different
groups were exposed to accelerated illumination conditions [20]
under the well-established ISOS protocols [21,22]. Later, these
particular OPV devices [20] were extensively characterized
through Time of Flight Secondary Ion Mass Spectrometry (TOF-
SIMS) [16,23], Incident Photon-to-Electron Conversion Efficiency
(IPCE) [24], and imaging techniques [25], demonstrating the
convergence in identifying the degradation mechanisms by differ-
ent characterization methods. Such works have been proven
extremely useful for OPV lifetime performance investigations.

Fabrication through doctor blading or other coating or printing
technologies over spin coating can be more relevant to OPV
product development processing targets [26]. In this study non-
encapsulated OPV devices processed by doctor blading have been
studied in order to collectively understand, identify, and verify
major sources of electrode degradation under accelerated humid-
ity lifetime conditions. It is verified through reverse engineering
that the oxidation of the top electrode (Al) in normal OPVs has a
major impact on the lifetime performance under humidity,
whereas the deterioration of the transparent electrode ITO/
PEDOT:PSS has a secondary role. Normal OPVs, using alternative
top electrodes such as ZnO/Al, ZnO/Ag, Cr/Al, and Cr/Ag, as well as
neutral PEDOT:PSS as a bottom electrode alternative are also
fabricated and investigated under the same experimental condi-
tions. As expected, despite the increase using the aforementioned
collective alternatives, the lifetime of the normal OPVs is still
significantly lower than the lifetime of the inverted OPVs. Impor-
tantly, by using reverse engineering, we prove that the major
source of degradation in inverted OPVs under accelerated humid-
ity lifetime conditions, is due to the PEDOT:PSS hole selective
contact.

2. Experimental

For the scope of this work both normal and inverted reference
OPVs were fabricated. The pre-sputtered glass-ITO substrates
(Microliquid) were sonicated in acetone and subsequently in
isopropanol for 10 min. For normal OPVs, PEDOT:PSS was diluted

in IPA (ratio 1:3.2) and then deposited through doctor blading,
resulting in a layer thickness of �50 nm as measured by Dektak
150 stylous profilometer. Upon annealing of PEDOT:PSS for 30 min
at 140 1C, P3HT:PCBM (ratio 1:0.8, 36 mg/ml in chlorobenzene)
solution was doctor bladed on top of PEDOT:PSS resulting in a
thickness of 230 nm; devices were then transferred into a nitrogen
filled glove-box. An Al layer of 120 nm was thermally evaporated
and the devices were annealed for 22 min at 140 1C. For the
alternative top electrodes, Cr and Ag were evaporated to form
layers of 2 nm and 100 nm respectively.

For the fabrication of inverted devices, ZnO was deposited on
the pre-cleaned ITO substrates using a sol–gel method described
in detail elsewhere [27]. The active layer was bladed on top of ZnO
from the same solution used for normal OPVs, resulting in a layer
thickness of 180 nm. PEDOT:PSS (70 nm) was then deposited with
a mixture of zonyl and dynol wetting agents on the active layer
surface [28]. The devices were annealed inside a glovebox at
140 1C for 20 min and after that a silver layer with a thickness of
100 nm was thermally evaporated on top of PEDOT:PSS.

The J/V characteristics were measured with a Keithley source
measurement unit (SMU 2420). For illumination a calibrated
Newport solar simulator equipped with a Xe lamp was used,
providing an AM1.5G spectrum at 100 mW/cm2 as measured by an
Oriel 91150V calibrated silicon cell equipped with KG5 filter.

Electrical conductivity measurements were performed through
a four point-probe conductivity meter (Jandel RM3000). Atomic
Force Microscopy was performed in tapping mode using a table-
top system (Nanosurf easy scan 2). The aging of the devices and
the films was performed in an environmental chamber (Binder)
for the desired time under relative humidity of RH 85% and 30 1C
temperature.

3. Results and discussion

Humidity affects both electrodes of the OPV device. The main
objective of the present work is to address the main sources of
electrode degradation by using reverse engineering. Normal and
inverted OPV structures have been studied under accelerated
humidity lifetime conditions (85% RH, 30 1C in a dark chamber).
In order to control the environmental factor causing the degrada-
tion, we chose to expose the samples to severe humidity only, as it
is the condition affecting device electrodes/interfaces the most.
Devices are not encapsulated in order to accelerate degradation
process observation.

3.1. Comparison of top-electrodes in normal non-encapsulated OPVs
under accelerated humidity lifetime conditions

The top electrode of the reference normal device is severely
susceptible to oxidation, as it has been investigated by others in
the literature as well [25,29]. The degradation processes of the
electrodes of the normal OPVs have been well described when
devices undergo illumination or dark within a variety of atmo-
spheres [29,30]; however, the present study investigates these
processes under humidity only. Consequently, other electrodes,
more resistant to humidity deterioration, have been utilized in
order to improve the lifetime of the normal device. Fig. 1 sum-
marizes the lifetime of the normal and inverted OPVs studied in
this work.

Initially, in an attempt to prevent the degradation of the top
electrode in normal OPV, a buffer n-type layer was added between
the active layer and the metal electrode. Heeger et al. utilized an
n-type oxide (TiOx) as a buffer layer in order to decelerate the
oxidation of the metal through photo-oxidation [32]. In our study,
ZnO was utilized as a buffer layer between aluminum and the
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active layer. Devices with ZnO interlayer demonstrate higher
stability of more than 50% when compared to reference normal
OPVs under humidity (Fig. 1). This is shown by the T80 value (time
at which 80% of the initial power conversion efficiency (PCE) upon
fabrication is reached [22]) which increases from 10 min to 18 min.

The same interlayer was then implemented with a more stable
metal electrode. Ag, known for its resistance to oxidation, was
evaporated on top of ZnO in a normal OPV; however, its perfor-
mance was much lower than the reference normal device, even
when the annealing process conditions were investigated in detail.
The optimum efficiency for those devices is without further
annealing of the ZnO interlayer apart from the standard normal
OPV device annealing step prior to evaporation.

In a second attempt to decelerate the oxidation mechanisms of
the top electrode in normal OPVs, a thin layer of chromium (Cr)
(Thickness between 1 and 3.5 nm – indicatively, Cr thicker than
3 nm resulted in PCEs below 1%) was evaporated between the
photoactive layer and either Ag or Al. Cr has been utilized as an
electrode material in other works as well, with increased thickness
(i.e., 5 nm [33] or 15 nm [23]) and mainly as an electrode in ITO
free OPVs together with Al [20,23,33,34]. Although the initial Cr-
based device PCE was �30% lower than the reference device, Cr-
based devices demonstrated significantly increased accelerated
lifetime. The reduction in PCE is attributed to the non-optimized
Cr layer in those devices. The two different top electrodes, Cr/Ag
and Cr/Al, present 11 times and 12 times improvement respec-
tively (T80 increases from 10 min to 110 and 118 min respectively),
when compared with the reference device accelerated lifetime
under RH 85% (Fig. 1). This improvement may be attributed to a
delay of oxidation and/or chemical interaction of metals with the
active layer [10,11].

As Fig. 1 demonstrates, the introduction of interlayers between
the top metal electrode and the active layer improves the lifetime
of normal OPVs under accelerated humidity lifetime conditions
(almost 12 times higher than the reference lifetime in the case of
Cr/Al). Despite the stability improvement, the increase in lifetime
when inverted OPVs are utilized is 2000 times higher (Fig. 1).

3.2. Reverse engineering of the degraded top electrode in
non-encapsulated normal OPVs

Starting with the cathode of the normal OPV, non-encapsulated
reference devices with average initial PCE of 2.6%, reached T80
within several minutes (�10 min) when exposed to RH of 85%. In
order to identify the contribution of the top electrode degradation
to the overall device degradation, we used reverse engineering on
the same devices after one hour of exposure to RH 85%, where the
PCE had dropped below 40% of its initial value. The initially
evaporated aluminum was removed using simple scotch tape

and fresh aluminum was re-evaporated on top of the devices
under the same conditions as during the first evaporation.

Fig. 2 depicts representative J/V curves of the as fabricated
devices compared with the same devices after 1 h under harsh
humidity lifetime conditions and after re-evaporation of the top
electrode.

Interestingly, upon re-fabrication of the top electrode, the
device is still operational with similar or higher performance
(see J–V characteristics) compared to the as fabricated devices.
Re-fabrication of the top electrode demands re-annealing of the
device as well for achieving an effective adhesion between the
active layer and the re-evaporated electrode [35,36]. Re-annealing
however usually deteriorates the active layer properties [36]. It is
observed that the active layer together with the fresh electrode
interface give a similarly efficient or slightly improved device in
terms of FF and Voc. Notably, this behavior is not observed when
the annealing period during the first fabrication of the device is
simply doubled.

The behavior of the normal OPV under reverse engineering
demonstrates that the metal-polymer interface quickly oxidizes in
a highly humid environment [12]. Furthermore, it suggests that
despite both electrodes being responsible for device degradation
when exposed to a highly humid environment; the top electrode
degradation process is dominant. Other works have shown that
the oxidation of the metal is the most detrimental factor in OPV
degradation when exposed even to ambient conditions [12].

3.3. PEDOT:PSS degradation

In order to identify the source of degradation in the anode (ITO/
PEDOT:PSS) of normal OPVs, plain ITO and PEDOT:PSS coated ITO
layers were fabricated and tested in the same accelerated humidity
lifetime conditions. PEDOT:PSS in this test is more exposed than in
the case of the device, where it is sandwiched, thus somewhat
protected between ITO and active layer. However, the degradation
of the PEDOT:PSS layer through its separate characterization still
provided important conclusions for the source of degradation of
the bottom electrode in normal and the top electrode in
inverted OPVs.

Films of PEDOT:PSS were prepared on ITO-glass substrates.
Plain ITO-glass, PEDOT:PSS-coated ITO-glass and PEDOT:PSS-glass

Fig. 1. Comparison of non-encapsulated normal with inverted OPVs under accel-
erated lifetime conditions of relative humidity RH¼85%.

Fig. 2. J/V characteristics of normal structured OPVs after fabrication (red), upon
exposure to RH¼85% for 1 h (blue) and after reverse engineering (black). The insert
represents the Rs regime of all the aforementioned normal OPVs. (For interpreta-
tion of the references to color in this figure legend, the reader is referred to the web
version of this article.)
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specimens were characterized in accelerated humidity lifetime
conditions in order to examine and verify with available literature
[16–18], whether humidity or acidity of PEDOT:PSS system, upon
water absorbance, affects ITO. Specimens were evaluated in
electrical conductivity and topography after each cycle of exposure
to humidity starting from 1 h to 180 h. pH-Neutral PEDOT:PSS
(clevios JET-NV2), deposited with zonyl and dynol surfactants [28],
was also evaluated as a potential replacement of PEDOT:PSS in
normal OPVs, as it exhibited much higher conductivity.

The exposition of specimens to humidity demonstrated that
PEDOT:PSS loses its conductivity (Fig. 3). The characterization of
PEDOT:PSS/ITO layers taking place in this work raises some doubts
over the etching mechanism of ITO relevant to OPV stability.
Specifically, it has been reported that the acidity of PEDOT:PSS
affects ITO, causing loss of its conductivity over time [16–18].
Fig. 3 depicts electrical conductivity measurements of ITO and
PEDOT:PSS samples as those have been previously described. It
can be seen that in all cases, PEDOT:PSS conductivity is detrimen-
tally reduced whereas the ITO conductivity remains relatively
constant. Other works in literature have also underlined the
hygroscopic and not the acidic behavior of PEDOT:PSS as respon-
sible for the electrode degradation [12,15].

In order to further examine the effect of PEDOT:PSS acidity on
device lifetime under accelerated humidity lifetime conditions,
two different PEDOT:PSS systems were compared. PEDOT:PSS Jet
NV2 layers were compared with PEDOT:PSS PH layers under

humidity (electrical conductivity/pH values of 210 S cm�1/5–7
for Jet NV2 system and 10 S cm�1/1.5–2.5 for PH system for a
layer thickness of �125 nm). Fig. 3 demonstrates a drop in
electrical conductivity over time for both systems. Nevertheless,
NV2 exhibits lower reduction rate in electrical conductivity (�40%
compared to �70% for PH) as a function of time exposure to
humidity (RH 85%). Additionally, from the graph (Fig. 3) it can be
derived that the water absorption has a saturation point that
occurs around 48 h of exposure to humidity for both systems; after
that, conductivity reduces at a small rate. It is suggested that in the
bottom electrode degradation of normal OPVs, the major reason of
deterioration is PEDOT:PSS hole selective contact, rather than the
etching of ITO because of PEDOT:PSS acidity. This is also supported
by Fig. 3b, where the surface topography of ITO before fabrication
and upon removal of PEDOT:PSS after 180 h of exposure in RH 85%,
is presented. It can be seen that there is no significant difference
on the surfaces of ITO before and after exposure to humid
environment.

Normal devices fabricated with neutral PEDOT:PSS as a hole-
transport layer demonstrated approximately constant series resis-
tance (Rs) and improved parallel resistance (Rp) compared to
the reference devices, resulting in a slight PCE increase from
2.58% to 2.64%. Indicatively, the Rs and Rp values (at 1 V and
�1 V respectively) are approximately 74Ω and 5.56 kΩ for the
reference device, and 44Ω and 55.56 kΩ for the device with the
neutral PEDOT:PSS. However, when it comes to lifetime, due to the

Fig. 3. (A) Electrical conductivity of ITO, PEDOT (PEDOT:PSS PH pH �1.5) and neutral PEDOT (PEDOT:PSS JetNV2 pH �5–8) as a function of exposure to higly humid
environment (RH¼85%). (B) ITO AFM characterization before fabrication and upon removal of PEDOT:PSS after 180 h of exposure in RH 85%. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)
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dominant effect of aluminum oxidation, devices with NV2 reached
T80 as fast as the reference devices under RH of 85% (Fig. 1). This
behavior further supports the fact that the top electrode degrada-
tion is the major reason for the rapid degradation of normal OPVs.

3.4. Reverse engineering of the degraded top electrode in
non-encapsulated inverted OPVs

Despite the increase in lifetime of normal OPVs using interface
engineering, lifetime of inverted OPVs is still significantly longer,
as presented in Fig. 1. The reason for such a great difference in
lifetime is mainly the much slower oxidation mechanism of Ag
compared to Al. Several studies under illumination and ambient
environment have investigated in detail the degradation processes
of the electrodes of inverted OPVs [20,29,30,37]. Krebs et al. has
studied the differences between normal and inverted OPVs (simi-
lar to our references) exhibiting inverted structures superiority in
stability by exposing them to illumination under different envir-
onments such as ambient, nitrogen, humid nitrogen, and dry
oxygen [30]. Similarly, Sachs-Quintana et al. demonstrate the
superiority of the inverted structure over normal under exposure
to heat [31].

Fig. 4 depicts the J/V characteristics of a representative inverted
OPV measured periodically during the lifetime investigation in
dark, RH¼85%, and T¼30 1C. In the illuminated curves (Fig. 4a) it
can be seen that the fill factor, Voc, and Jsc decrease at a constant
rate. The dark curves (Fig. 4b) present a constant increase in the
device internal resistances, Rs and Rp. The observed increased Rs
could indicate charge transport impedance from the active layer to
the terminal of the device. The latter could be related to the loss of
conductivity of PEDOT:PSS over time under humidity (Fig. 1). This
is in good agreement with literature reports that demonstrate an
increase in device Rs when lower conductivity buffer layers are
used [38]. However, the observed increased Rp is a strong indica-
tion that the conductivity reduction of PEDOT:PSS over time in
humidity is not the only mechanism that should impede the
charge transport to the electrodes [39]; The increased Rp can be
attributed to PEDOT:PSS interfaces and/or interaction with the
P3HT:PCBM layer. This sensitive interface could be affected by
PEDOT:PSS vertical segregation forming a barrier between PEDOT:
PSS and thus reducing the leakage current of the device (Fig. 4b).
Nevertheless, the mechanism is not currently clear and needs to be
further investigated. Based on the systematic study of J/V char-
acteristics over time of exposure, we suggest that PEDOT:PSS
deterioration is a major degradation mechanism of inverted OPVs,
caused either by its hygroscopic nature or its sensitive interface
with the active layer.

The suggested degradation mechanisms are in accordance with
several studies found in literature which have addressed degrada-
tion of PEDOT:PSS as the primary reason for inverted OPVs
degradation [12,15,37,40]. Krebs et al. have shown that the
mechanism responsible for the degradation of inverted OPVs
which are exposed to dark ambient environment is the phase
separation of PEDOT:PSS due to water and oxygen molecules
absorbance as well as the interaction between PEDOT:PSS and
the active layer [41].

Finally, in order to verify the assumption that inverted OPVs
degrade due to the deterioration of PEDOT:PSS, the top electrode
was reverse engineered after a certain time of exposure to
humidity. PEDOT:PSS and Ag were removed and re-fabricated
similarly to the first inverted device fabrication. The already
evaporated electrode was extracted with a simple scotch tape
and observed in optical microscopy for traces of PEDOT:PSS. The
scotch tape technique was performed in devices that were
exposed for different periods of time in humidity. It was found
that up to 85 h of exposure the PEDOT:PSS has a stronger interface
with Ag than with the active layer. At larger periods of exposure,
traces of PEDOT:PSS on the scotch taped active layer were
observed in optical microscopy. After recoating PEDOT:PSS on
top of the active layer, the device was re-evaporated with Ag.
Fig. 5 compares the same inverted OPV J/V curves after fabrication,
after 85 h of exposure to 85% humidity environment and after
subjection to reverse engineering with re-fabrication of the top
electrode.

Fig. 4. J/V characteristics of inverted OPV cells which were exposed under humidity lifetime of RH 85% for more than 300 h.

Fig. 5. J/V characteristics of inverted OPVs after fabrication (black), upon exposure
to RH¼85% for 85 h (red) and after reverse engineering (green). The insert
represents the Rs regime of all the aforementioned inverted OPVs. (For interpreta-
tion of the references to color in this figure legend, the reader is referred to the web
version of this article.)
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Fig. 5 demonstrates increased Rs and reduced Jsc after 85 h
under high humidity lifetime conditions and thus reduced device
performance. When the old PEDOT:PSS/Ag electrode is removed
and a fresh one is re-fabricated, a decrease in Rs and increase in Jsc
is observed. Increased and decreased Rs are strongly correlated
with degraded and fresh PEDOT:PSS respectively, something
which strongly indicates that the degradation of the PEDOT:PSS
hole selective top contact is a major source of degradation for
inverted OPVs.

4. Conclusions

The present work examines the sources of degradation of the
electrodes of OPVs under accelerated humidity lifetime conditions.
Reverse engineering can be a useful technique to identify main
degradation OPV mechanisms. In agreement with current litera-
ture, it is observed that the dominant degradation mechanism in
normal OPVs is the oxidation of the top electrode. The OPV
performance dropped below 40% of the initial PCE within only
45 min of exposure to RH¼85%. Upon re-fabrication of the top
electrode, the PCE exhibited similar values with the initially
fabricated OPVs. In addition, buffer interlayers found in literature
such as ZnO and Cr [23,32,33] have been collectively implemented
either with Al or Ag resulting in significant increase (12 times) on
the stability of normal OPVs. However, in the case of Cr, the
increase on the stability of OPVs is not escorted by preservation or
increase of the PCE. Furthermore, it is observed that the bottom
electrode degradation of normal OPVs acts as a secondary source
of degradation originating from the PEDOT:PSS hole selective
contact. Electrical conductivity measurements upon exposure to
highly humid environment demonstrated that the conductivity of
PEDOT:PSS is significantly reduced, whereas ITO conductivity
remained constant. As expected, even though the stability of
normal OPVs was increased using alternative buffer layers (Cr,
ZnO etc.), the improvement was still very limited when compared
to the stability of inverted OPVs. Importantly, reverse engineering
of the top electrode demonstrates that the major source of
degradation for inverted OPVs under accelerated humidity lifetime
conditions is due to PEDOT:PSS hole selective contact.
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