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a b s t r a c t

Degradation of organic photovoltaic (OPV) devices is currently a topic under intense research as it is one
of the main limitations towards the commercialization of this technology. Morphological changes at both
active layer and interfaces with the outer contacts are believed to determine main key issues to be
overcome. In-line techniques are essential to rule out any effect arising during sample fabrication.
Unfortunately, the number of physical techniques able to provide morphological information on com-
plete and operational devices is certainly limited. In this work, we study the thermal degradation of bulk
heterojunction (BHJ) solar cells composed by different donor polymers with techniques developed to
provide in-situ information on operational devices. Capacitance measurement as a function of tem-
perature monitors the electrical integrity of the active layer and provides the threshold temperature
(TMAX) at which the whole device becomes thermally unstable. We found a direct correlation between
the threshold temperature TMAX, obtained by capacitance–temperature measurements on complete OPV
devices, and the power conversion efficiency decay measured at 85 °C. Devices tend to be thermally
stable when the temperature of the thermal stress is below TMAX, while above TMAX evident changes in
the active layer or at the active layer/electrode interface are also detected by confocal fluorescence
microscopy. The capacitance method gives precious guidelines to predict the thermal stability of BHJ
solar cells using an accelerated and easy test.

& 2015 Elsevier B.V. All rights reserved.
1. Introduction

Organic photovoltaic (OPV) devices have to fulfill two funda-
mental requirements to be competitive in the field of renewable
energy sources: (i) power conversion efficiency (PCE) over 10%
[1,2] and (ii) lifetime of at least 7–10 years [3]. Recently, labora-
tory-scale bulk heterojunction (BHJ) solar cells have reached the
milestone of 11% [4], through a synergic development of increas-
ingly high performing photoactive materials [5–9], understanding
of the morphological film nanostructure [10,11] and device
structure optimization [12–18]. Further efficiency improvement is
irko.seri@isof.cnr.it (M. Seri),
expected by the use of innovative architectures with improved
light absorption such as the use of metasurfaces [19] or layer-by-
layer nanoarchitectonics [20]. However, the achievement of high
performance has little technological impact if the resulting device
lifetime is unsuitable for the technological requirements. For
outdoors applications thermal degradation is a key factor that
needs to be controlled, as solar panels usually reach temperatures
as high as 65–85 °C [21]. Recent studies on several highly efficient
OPV devices showed severe efficiency losses even after a short
operation time [22]. For this reason, a number of research groups
are focused on boosting the lifetime of OPV devices through a
deeper study of the degradation mechanisms, attempting to
identify, prevent and/or limit them.

Krebs et al. [23] have comprehensively reviewed the most
common degradation mechanisms taking place in organic
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Fig. 1. Chemical structure of the photoactive polymers.
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photovoltaic. Different physical agents such as humidity, oxygen,
UV light and temperature exposure need to be taken into account
when studying the degradation of operating OPV devices. Diffu-
sion of water [24] and molecular oxygen [25–27] into the device
promotes chemical degradation of interfaces [25] and active
material [28]. These effects can be discarded if a device is properly
encapsulated. However, degradation pathways due to light soaking
and high temperature cannot be eliminated, and, in general, they
induce morphology evolution of the active layer [29], interlayer
and electrode diffusion [30], and electrode interaction with the
organic materials [31]. The behavior of BHJ OPVs after thermal
degradation is generally correlated to morphological changes
occurring in the active layer that can affect: (i) charge separation
process by formation of fullerene aggregates in polymer:fullerene
blends, which leads to a PCE loss due to the reduction of the
donor:acceptor (D:A) interfacial area [32–34], (ii) charge extrac-
tion by a migration of a skin-layer of either polymer [35] or full-
erene [36] adhering to the top contact, generating barriers or
selective transport regions depending on the device architecture,
(iii) transport properties by modification of the polymer packing in
the blend [37,38], (iv) recombination by an increase of the number
of defect states in the bulk of the active layer [39], and (v) optical
properties by generation of a charge transfer complex between
donor and acceptor molecules which also acts as an exciton
quencher [40]. Several works [33,34] demonstrated that mor-
phological reorganization processes occur only if the solar cell is
subjected to temperatures near or above the glass transition
temperature (Tg) of the donor polymer. At this temperature devi-
trification of the blend allows the polymer and the fullerene
molecules to rearrange/diffuse in the bulk and at the interface
with the electrodes. Typically the Tg of a polymer/blend is mea-
sured by Differential Scanning Calorimetry (DSC) [41] but other
techniques like ellipsometry have also been employed [38,42].
However, experimental Tg value is not always a well-defined
parameter and in many systems a clear transition is not observed.
Moreover, this value depends on several aspects such as the
thermal history of the sample, the technique/method followed and
the thermal rate used for the measurement [43]. For example,
recent experiments [44,45] and simulation [46] studies have
demonstrated a pronounced thickness-dependent confinement
effect on Tg, together with a strong dependence on the solvent and
on the substrate used [47]. These effects are totally disregarded if a
technique like DSC is employed. On the other hand, ellipsometry
can account for this thickness dependence but the presence of the
buffer layers and of the electrodes is still not taken into account. In
fact, the morphological rearrangement of the BHJ blend which
occurs at temperatures above Tg may not be the same in presence
or in absence of the top electrode, as demonstrated by several
works with the so called “confinement effect” [48]. Taking into
account all these considerations, it emerges that it is difficult to
predict the thermal behavior of a BHJ solar cell through the bare
analysis of the Tg of pristine materials and/or blend films (e.g.
measured by DSC or ellipsometry). Indeed, to have a good
description of the thermal stability of a solar cell it is crucial to
study the properties of the complete device, taking into account
the contribution of each layer and each interface on the degra-
dation processes at the same time.

In this work, we study the thermal behavior of different BHJ
solar cells using techniques enabling a direct investigation on
working devices, such as: (i) current density–voltage character-
ization to control the evolution of the photovoltaic parameters
during the thermal degradation, (ii) capacitance measurements as
a function of temperature to monitor the electrical integrity of the
active layer, and (iii) fluorescence imaging by Confocal Microscopy
to provide visual evidences. Five donor polymers, P(1)-FQ-BDT-
4TR, P(2)-PTB7, P(3)-P3HT, P(4)-PTT-MIM, and P(5)-PBnDT-FTAZ
(Fig. 1), which represent a broad range of different types of con-
jugated polymers, were selected and specific properties of the
corresponding BHJ devices were characterized and correlated with
the thermal degradation. As a result, we found a direct correlation
between the threshold temperature TMAX, obtained by capaci-
tance–temperature measurements on complete OPV devices, and
the PCE decay profile measured at 85 °C. In summary, this meth-
odology provides a threshold temperature at which the whole
device becomes thermally unstable, thus giving precious guide-
lines to predict the thermal stability of BHJ solar cells using
accelerated tests.
2. Experimental section

For this study we used a standard device architecture: glass/
ITO/PEDOT:PSS/Active Layer/ZnO/Ag. The PEDOT:PSS (poly(3,4-
ethylenedioxythiophene):poly(4-styrenesulfonate), Clevios P VP
A1 4083, H.C Starck) was spun-cast on a pre-cleaned patterned
ITO-coated glasses (Rs�10Ω/⃞) to form a thin layer (�30 nm)
and subsequently annealed at 150 °C for 15 min. Different active
layers based on the donor polymers P(1)-FQ-BDT-4TR, P(2)-PTB7, P
(3)-P3HT, P(4)-PTT-MIM, and P(5)-PBnDT-FTAZ were prepared. As
acceptor materials we used PC61BM ([6,6]-phenyl-C61-butyric acid
methyl ester, Solenne BV) or PC71BM ([6,6]-phenyl-C71-butyric
acid methyl ester, Solenne BV). The active layers were prepared by
spin coating inside the glove-box. The following devices were
prepared using recipes reported in literature: P(1):PC61BM (1:1 w/
w) [49], P(2):PC71BM (1:1.5 w/w) [12], P(3):PC61BM (1:0.8 w/w)
[50] and P(5):PC61BM (1:2 w/w) [51]. On the other hand, P(4):
PC61BM (1:1.5 w/w) was deposited from a solution of 1,2-dichlor-
obenzene and 1,8-Diiodooctane (98:2 v/v) with a total concentra-
tion of 30 mg/ml by spinning at 700 rpm for 120 s. Details of the
synthesis of P(4) are reported in the Supporting information.

The ZnO (provided by Genes’Ink, Lab’Ink Jet ZnO) was spun cast
(inside the glove-box) on the top of the active layer to get a
thickness of 50 nm. To complete the device fabrication, Ag
(100 nm) was next deposited in high vacuum (E1�10�6 Torr)
using a thermal evaporator directly connected to the glove-box.
The current–voltage (I–V) characteristics of all OPV devices were
recorded by a Keithley 236 source-measure unit under simulated
AM1.5G illumination of 100 mW/cm2 (Abet Technologies Sun 2000
Solar Simulator) inside the glove box. The active area of the
devices is 6 mm2. The devices were illuminated through a cali-
brated mask to avoid the parasitic photocurrent arising from the
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areas outside the electrodes. The results shown in this work are an
average on 6 devices.

The thermal degradation tests were carried out inside the
glove-box, by keeping the devices onto a hotplate at 85 °C and
measuring them at defined intervals of time, to register the trend
of the OPV parameters. The total measurement time under light
was shorter than 30 min to avoid the initial burn-in light induced
degradation [22].

To determinate the capacitance–temperature dependence,
encapsulated devices were measured in an oven in air. Samples
were heated at ramp of 1 °C/min from 25 °C to 140 °C and the
capacitance was measured every 10 s. Capacitance was measured
using a Gamry Instruments Reference 3000 potentiostat/galvano-
stat/ZRA by applying a small voltage perturbation (20 mV) to
guarantee the linearity of the response. The chosen frequency was
10 kHz for P(1), 100 kHz for P(3), 1 kHz for P(2), P(4) and P(5) and
the applied voltage was �1 V for each device. These conditions
enable monitoring the dielectric capacitance of the active layer.
Results shown in this work are an average on 2 representative
devices.

Laser scanning confocal fluorescence microscopy (LSCM) was
carried out on both freshly prepared and aged devices to monitor
the evolution of the active layer morphology with thermal
degradation. We used a Nikon TE2000 optical microscope con-
nected with a Nikon EZ-1 confocal scanning head. The laser exci-
tation wavelength was 488 nm. The encapsulated devices were
illuminated through the glass/ITO side in the area under the metal
electrode. The laser was focused inside the device at a depth
corresponding to the active layer and the corresponding confocal
photoluminescence signal was collected in reflection mode,
through the same optical path of the excitation light. By scanning
the samples over a defined area, a two-dimensional map of the
photoluminescence intensity is created.
3. Results and discussion

The selection of polymers in this work (Fig. 1) was such to
include two of the most widely used donor polymers (P3HT and
PTB7) and three other materials synthesized in-house with totally
different structural units and different proportion of alkyl chains
and branching points [52,53]. Characterization of these polymers
by DSC measurements was carried out in two independent
Table 1
OPV performance of the different BHJ solar cells, before and after the thermal test.

Donor material Time (h) Jsc (mA/cm2) Voc (V) F

P(1) 0 7.3 0.89
20 7.5 0.85
27 7.5 0.82

P(2) 0 15.5 0.71
20 13.5 0.62

P(3) 0 5.0 0.59
20 5.2 0.46

P(4) 0 8.8 0.76
20 7.8 0.51

P(5) 0 8.3 0.78 4
0.16 6.8 0.75

a Time constant τ and offset PCEf calculated from PCE decay during the thermal tes
b Value of TMAX obtained from the capacitance vs temperature measurement.
research laboratories (examples are shown in Fig. S1 in Supporting
information). Unfortunately, none of the materials provided a clear
transition to assign the Tg in the range of temperature considered.
This result could be due to the combination of chemical structure
and relatively low molecular weight of the materials (reported in
Supporting information Table S1), indeed it has been reported that
the Tg of P3HT with low molecular weight, is situated at tem-
peratures as low as 12 °C [54]. In addition to the difficulty of
interpreting DSC results of pure polymers, it is necessary to con-
sider that after blending with fullerene molecules Tg values might
change dramatically [55] by effect of restructuring. Therefore,
device thermal stability not only depends on the polymer prop-
erties but also on the rest of constituents as discussed in the
Introduction. Accordingly, a standard method, as the determina-
tion of polymer Tg, cannot be used as a simple guide to predict
thermal stability. A range of alternative physical techniques were
explored here as next described.

3.1. Lifetime study

All solar cells were fabricated using the same device structure
composed by ITO/PEDOT:PSS/Polymer:PCBM/ZnO/Ag. We selected
the ZnO/Ag cathode to prevent additional degradation processes,
such as oxidation and diffusion, that could occur at the active
layer/electrode interface when using other common materials
such as Ca/Al [56] or LiF/Al [57]. It should be noted that the initial
PCE could be slightly enhanced by further optimizing both the
processing conditions and the device stack. However the
achievement of “hero” efficiency is out of the aim of this work.
Interestingly, a different and/or suboptimal self-organization of
the same BHJ active blend affords different PCEs and likely dif-
ferent thermal stabilities of the resulting devices. To this end, our
approach can be used for each specific device, independently of
the initial PCE, giving an univocal response on its typical thermal
resistance. An example of different responses of two P(1) based
devices, having different initial PCEs, is reported in the SI (Table S2,
Figs. S3 and S4).

The thermal degradation test was performed at 85 °C as a
standard temperature [21] and inside the glove-box to prevent
interactions of devices with oxygen and/or moisture. The test runs
for 20 h and the solar cells were illuminated to monitor the OPV
performance for a total period shorter than 30 min, allowing to
neglect the initial burn-in light induced degradation [22]. The
F (%) PCE (%) τ a (h) PCEf
a(%) TMAX

b (°C)

47 3.1 15 92 102
46 2.9
46 2.9

50 5.4 6 57 77
39 3.3

57 1.7 12 29 74
34 0.8

50 3.4 3.5 32 58
37 1.5

4 2.8 0.2 0 53
36 1.8

t at 85 °C in glovebox.



Fig. 2. Evolution with time of the normalized photovoltaic parameters for devices thermally treated at 85 °C in the glovebox.
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following degradation effects on the photovoltaic parameters are
expected: (i) a reduction of the short circuit current density (Jsc)
due to morphological changes of the BHJ blend [29,37,38] that can
affect the charge mobility and the generation of a charge transfer
complex [40]; (ii) a variation of the open circuit voltage (Voc) as a
consequence of a different D:A phase segregation [58] and
increase of defect states which controls the recombination [39];
and (iii) those phenomena can affect also the fill factor (FF), by a
limitation of the charge transport and increase in the series
resistance [40].

Table 1 summarizes the OPV response data, before and after
thermal degradation, of the different polymer based BHJ solar
cells. To better analyze the trend of the OPV performance of each
device, normalized PCE, Voc, Jsc and FF, as function of time are
reported in Fig. 2. Fitting of the PCE data (Fig. 2a) was carried out
using an exponential decay: PCE¼PCEfþ(1�PCEf) exp (�t/τ),
where t represents the experiment time, PCEf is the final value
attained by the efficiency and accounts for the percentage of the
initial efficiency preserved after thermal degradation, while the
time constant τ is the lifetime at which the efficiency value is
decreased by a factor e, and allows to compare the kinetic of the
PCE decay of each sample. The PCEf and τ values are reported for
each device in Table 1.

The most stable device is based on the polymer P(1) as shown
in Fig. 2. The drop in normalized PCE is only of 7% after 20 h at
85 °C. For this polymer all the photovoltaic parameters (Fig. 2b–d)
remain constant during the experiment time, negligible thermally-
induced morphological changes are expected to occur. This result
is most probably due to the chemical structure of the polymer
with a high proportion of 2D π-conjugated aromatic rings in
comparison to the free rotation alkyl chains (Fig. 1) [49]. This
configuration allows strong intra- and inter-molecular interactions
of the polymer chains which might also hinder the diffusion of the
fullerene molecules, leading to thermodynamically stable thin-
film morphology as it will be shown below. In the other extreme,
devices fabricated with P(5) degraded very fast: after 1 min of
thermal stress PCE drops to 65% of the initial value by the fast
initial decay in Jsc and FF, leading to a very low efficiency after only
15 min (Fig. 2a). For P(5) important morphological reorganization
of the polymer occurs due to the presence of up to three branched
alkyl chains in the monomer unit, dramatically reducing the
hypothetical Tg. Devices fabricated with the donor polymers P(2)–
P(4) show an intermediate behavior between the two extreme
cases.

The P(2) based device shows a τ of 6 h and a PCEf of 57%
(Table 1), with a PCE drop from an initial value of 5,4% to a value of
3.3% after 20 h (Table 1). The main factor influencing the degra-
dation trend is FF (Fig. 2b), which drastically decreases due to an
increased series resistance in the device, which could be ascribed
to a partial segregation between the donor and the acceptor
phases within the active layer [37]. This thermally induced reor-
ganization also leads the polymeric chains to rearrange into a
morphology with lower charge mobility, as confirmed by the
simultaneous decrease of Jsc from 15.5 mA/cm2 to 13.5 mA/cm2

(Fig. 2c). Finally, the P(3) and P(4) based solar cells show similar
PCEf (29% and 32% respectively) but different τ (12 h and 3.5 h,
respectively), as shown in Table 1. In the case of P(3), the device
shows a constant efficiency during the first 3.5 h of thermal test,
while after that time the PCE starts to decrease. As suggested by
Bertho et al. in a previous report [34], in the P3HT:PCBM active
layer two morphological reorganization processes, with different
kinetics, take place. Analogously, in the case of the P(4) based solar
cell two degradation mechanisms are occurring: one which affects
FF (Fig. 2b) due to an increase in the series resistance in the device,
and a second, with a slower kinetic, mostly affecting Voc (Fig. 2d).



Fig. 4. Correlation between TMAX and parameters extracted from life test at 85 °C:
(a) proportion of initial efficiency preservation (PCEf) after thermal degradation and
(b) time constant τ calculated from the PCE decay.
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3.2. Capacitance vs temperature measurements

To further analyze the thermal response of each polymer-based
device we have developed a new method based on the variation of
the capacitance as a function of temperature (C–T). This method is
based on the model proposed by Lungenschmied et al. where the
geometrical capacitance (Cg) is used to monitor morphological
changes in operating devices [59]. Cg can be expressed by the
equation Cg¼ɛɛ0A/L where A is the area of the device, L is the
thickness of the active layer, ɛ0 the dielectric constant of vacuum
and ɛ the static permittivity of the active layer. When the tem-
perature is increased two phenomena can influence Cg due to
significant morphological modification of the active layer:
(i) variation of the active layer thickness (L), and (ii) change in the
dielectric properties of the blend (ε) [60]. To define the conditions
at which the Cg should be monitored, we measured the capaci-
tance–voltage characteristics in the dark for each system, from
�1 V to 1.5 V at different frequencies. At a certain frequency,
typical of each device, the curve has a planar trend in reverse bias,
this means that full depletion is achieved in such a way that
depletion region covers the whole thickness of the active layer
[50]. In this range, the capacitance value corresponds to a geo-
metrical capacitance. (See supporting information Fig. S2 for
details). Once selected the correct frequency and applied voltage,
devices were introduced in an oven with a heating ramp of 1 °C/
min and capacitance was monitored every 10 s. The variation of
capacitance with respect to temperature for all P(1)–P(5) based
devices is reported in Fig. 3. All the curves have been smoothed
and normalized at their maximum to simplify their comparison. A
brown dash line at 85 °C indicates the temperature of the standard
thermal degradation test described in the previous section. For all
devices, except the specific case of P(5), the C–T curve shows an
initial rise after which capacitance reaches a maximum value, in
correspondence to a temperature defined as TMAX (Table 1), and
then starts to decrease. The initial rise is in agreement with pre-
vious work on P3HT based devices [42] (P(3)) where the increase
in Cg was related to a reduction of the film thickness as a con-
sequence of an increased phase-separation of the BHJ components
and possibly to residual solvent loss, resulting in an overall
reduction of the free volume of the BHJ films [38]. Moreover
Pearson at al. [61] observed that the PEDOT:PSS layer has a
thickness contraction in the low temperature range up to 70 °C,
which can partially contribute to the initial rise of Cg.

A further increase in the temperature above TMAX gives rise to a
capacitance decrease. This fact could be attributed to additional
physical or chemical processes occurring in the active layer and/or
Fig. 3. Normalized capacitance of complete devices thermally treated with a
heating ramp of 1 °C/min. The brown dash line indicates the temperature of the
thermal life test (85 °C). The maximum of the capacitance–temperature (TMAX) is
indicated in the graph for each system.
at the active layer/electrode interface which could modify the
dielectric permittivity of the layer and/or the thickness of the
active layer. To support these hypotheses, a rough theoretical
calculation of the expansion coefficient of P(1) based device are
reported in the SI (Table S3).

Despite the involved degradation process, the presence of this
maximum indicates that significant morphological rearrange-
ments occur in the active blend in relation to the onset of the
thermal stability.

The TMAX values extracted from the C–T measurements corre-
lates well with the thermal degradation behavior of the devices
observed during the performance thermal tests. Indeed, by plot-
ting the PCEf and τ values, calculated from the PCE decays during
the thermal stress at 85 °C, vs the corresponding TMAX obtained
from the C–T measurements (Fig. 4a and b, respectively) for all
devices, a clear and direct correlation is found. These findings
suggest that TMAX is a good indicator of the thermal stability of a
device and it generally represents the operation limiting tem-
perature above which the device becomes thermally unstable.

3.3. Absorption and morphology information

In order to further understand the type of modification leading
to device degradation we carried out absorbance measurements
(Supporting information, Fig. S5). Measurements were carried out
on completed devices before and after the thermal treatment
using identical conditions to those used for the capacitance vs
temperature measurements. Additionally, measurements on
devices thermally treated at 85 °C and 120 °C during 2 h were
recorded to understand if longer thermal treatment times lead to
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differences in the absorbance spectra. Results suggest that within
the level of sensitivity of the technique no significant trends are
observed and differences may be due to small batch to batch
variations between samples. In any case significant chemical
modification of the blends do not appear to be taking place as no
significant differences in absorption bands are observed. There-
fore, morphological modification seems to be dictating the per-
formance decay.

To explore if morphological changes are taking place with
thermal degradation, we need a non-destructive technique that
provides morphological information in freshly prepared and aged
devices. Laser scanning confocal fluorescence microscopy (LSCM)
is a non-invasive technique which allows observing directly the
BHJ active layer morphology inside working devices (more details
on the measurement are reported in the experimental section).
The devices were scanned with a laser at 488 nm and the lumi-
nescence signal in the wavelength range 560–700 nm was
acquired. At 488 nm light is absorbed only by the donor polymer
and the unquenched residual luminescence from the charge gen-
eration process and from other minor energy deactivation path-
ways is monitored. The 2D maps acquired with LSCM represent
therefore a projection of the BHJ active layer morphology, where
the contrast is determined, within the instrumental resolution, by
the different physical and chemical nature of the photo-
luminescent species in the bulk: domains enriched of donor (D,
polymer) would result brighter, while domains enriched of
acceptor (A, fullerene) and/or finely intermixed D:A phases would
result darker [62]. Confocal fluorescence images of two repre-
sentative devices based on P(1) and P(3) were recorded first on
freshly encapsulated devices, then on the same devices after
thermal ageing at 85 °C for 20 h and for 36 h (Fig. 5). These two
polymers P(1) and P(3) were selected as they showed TMAX above
and below, respectively, the temperature used during the thermal
test (85 °C).

The LSCM images registered for the device fabricated with P(1)
(TMAX¼102 °C) reveal a featureless and homogeneous
Fig. 5. Confocal fluorescence images of devices thermally treated at 85 °C for different ti
(d), 20 h (e) and 36 h (f) Laser excitation at 488 nm. Images dimension: 50�50 mm2.
nanomorphology of the active layer (at the instrumental spatial
resolution), which remains stable even after 36 h of thermal stress
at 85 °C (Fig. 5a–c). This is in perfect agreement with the nearly
unaltered OPV performance of the device reported in Table 1. On
the other hand, LSCM images registered for the device fabricated
with P(3) (TMAX of 74 °C), which shows a significant decay of the
photovoltaic parameters with thermal degradation at 85 °C
(Table 1), are reported in Fig. 5d–f. For this device an evident
change in the morphology of the BHJ blend is observed after the
thermal treatment. Indeed, at time 0 h (Fig. 5a) the morphology is
characterized by finely structured intermix of polymer-rich
domains (lighter spots) and fullerene-rich domains (darker spots).
After 20 h (and even more after 36 h, Fig. 4e and f, respectively) of
thermal ageing, a clear reorganization of the blend is observed:
the fine structuring of the polymer-rich and fullerene-rich
domains disappears concomitantly to the growth of dark spots,
which are attributed to fullerene micro-sized aggregates. This is in
agreement with the decay of the photovoltaic parameters regis-
tered for the P(3) based device during the thermal degradation
test at 85 °C (Table 1).

For data completeness, a device fabricated with P(1) was
thermally treated at 120 °C, which is a temperature slightly above
TMAX. In this case, evident morphological changes of the active
layer or at the active layer/electrode interface are observed in the
corresponding LSCM map (see Fig. S6 in Supporting information).
The lifetime test at 120 °C on the P(1)-based device (Table S4, Fig.
S7) indeed revealed a drastic decrease of the photovoltaic perfor-
mance at this temperature, with a decay time constant (τ) of 0.4 h
and an offset PCEf of 71%.

In summary, whilst a stable nanomorphology is observed for
the P(1)-based device treated at a temperature below its TMAX,
evident changes in the nanomorphology of the active layer or at
the active layer/electrode interface are observed when the P
(1) and P(3) based devices are aged at temperatures above their
respective TMAX.
mes: P(1) based device after 0 h (a), 20 h (b) and 36 h (c) P(3) based device after 0 h
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4. Conclusions

In this work we discuss the thermal degradation of organic
photovoltaics due to the morphology evolution of the organic layer
in complete devices. For this purpose we carried out lifetime tests
at 85 °C on a set of five different donor polymers. Degradation data
are correlated with other two physical techniques which allow
characterization on working devices to account for contact con-
finement effects. First, capacitance–temperature measurements
provide electrical information on the active layer. At a character-
istic temperature (TMAX) there is a change in capacitance response
which is clearly correlated with the lifetime at a given tempera-
ture. As many conjugated polymers do not have a univocal Tg that
can be detected by DSC, this technique developed in this work can
be a very useful tool and have obvious advantages. On the other
hand, laser confocal scanning microscopy provides information on
the morphology evolution affecting the active layer and active
layer/electrodes interfaces. Whilst stable morphologies are
observed for the devices treated at a temperature below TMAX,
evident changes in the morphology of the active layer or at the
active layer/electrode interface are observed at temperatures
above TMAX. The capacitance method presented here constitutes a
reliable, fast and easy testing tool to predict the thermal stability
of BHJ solar cells.
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