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Environmental stability is a common challenge for the commercialisation of low cost, encapsulation-free

organic opto-electronic devices. Understanding the role of materials degradation is the key to address this

challenge, but most such studies have been limited to conjugated polymers. Here we quantitatively study the

role of the common fullerene derivative PCBM in limiting the stability of benchmark organic solar cells, showing

that a minor fraction (o1%) of photo-oxidised PCBM, induced by short exposure to either solar or ambient

laboratory lighting conditions in air, consistent with typical processing and operating conditions, is sufficient to

compromise device performance severely. We identify the effects of photo-oxidation of PCBM on its chemical

structure, and connect this to specific changes in its electronic structure, which significantly alter the electron

transport and recombination kinetics. The effect of photo-oxidation on device current–voltage characteristics,

electron mobility and density of states could all be explained with the same model of photoinduced defects

acting as trap states. Our results demonstrate that the photochemical instability of PCBM and chemically similar

fullerenes remains a barrier for the commercialisation of organic opto-electronic devices.

Broader context
Abundant, low-cost and easily processed materials are urgently needed for applications in energy conversion and storage. In this context, solution processable organic
and lead-halide perovskite semiconductors have attracted intense interest for use in solar cells. However, environmental stability of these and other low cost, solution
processed electronic devices remains the major challenge for commercialisation. Solving the device stability issue requires methods to identify the causes of
degradation (for example, semiconductor or electrode failure, chemical or electrochemical processes) and to relate changes in electrical performance to specific
degradation mechanisms. Here, we identify a degradation pathway that is relevant to many designs of organic and perovskite solar cells, namely, the photochemical
oxidation of fullerenes under exposure to ambient light, and show that the effects on charge transport, device photovoltage, and current–voltage characteristic can be
related quantitatively to the nature and energy of specific oxidised defects introduced by light. These findings challenge the widely held assumption that the photo-
degradation of donor polymers is the primary weakness of organic solar cells and show that exposure to ambient laboratory or factory lighting in air may be sufficient
to compromise device performance. The work provides a target and a methodology in the pursuit of superior materials for solar cells, namely, that more robust
electron transport materials are needed, and that the viability of candidates can be assessed from knowledge of their oxidation products and the predicted effect on
device response. The work thus provides a predictive step in the design of environmentally stable devices.

Introduction

A common challenge for the commercialisation of organic
opto-electronic devices such as solar cells is their typically
limited environmental stability. Organic solar cells have under-
gone significant improvements in performance with their efficien-
cies increasing from 3% to over 13% in the last decade,1 primarily
due to the recent development of a range of high performance donor
polymers and non-fullerene acceptors.2–4 However, their limited
environmental stability and short lifetimes have become a major
hurdle for commercialisation.5–7 Numerous reports have shown that
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exposure to air typically results in rapid deterioration of device
performance, especially when combined with exposure to
light.8,9 A general strategy to address this challenge is using
device encapsulation, thereby creating a physical barrier for the
diffusion of molecular oxygen into the device and hindering the
reaction route of oxygen induced degradation.5 However, encap-
sulation significantly increases the fabrication cost, and despite
substantial research efforts,10–13 little success has been demon-
strated to date in extending the lifetimes of un-encapsulated
devices under exposure to light and oxygen. Understanding the
degradation mechanisms and enhancing the intrinsic stability
of organic opto-electronic devices is therefore of paramount
importance for their commercialisation.

The majority of studies of photoactive material stability have
addressed the stability of the donor (polymer) component.5,6,14,15

Despite their common use in solution-processed optoelectronic
devices, fullerenes have been known to be sensitive to photo-
induced reactions since the early 1990s.16,17 For example, under
UV or visible illumination in inert atmosphere, fullerenes such as
phenyl-C61-butyric acid methyl ester (PCBM) can form covalent
intermolecular C–C bonds to form dimers or higher oligomers.
Such photo-oligomerisation has been correlated with a loss of
organic photovoltaic (OPV) device efficiency under irradiation
(the ‘‘burn-in’’ effect),10,18 although modest PCBM photo-
oligomerisation can also be beneficial, improving the morpho-
logical stability of OPV devices under thermal stress.12,19 In the
presence of oxygen, PCBM and other fullerene derivatives have
been shown to undergo photo-oxidation,20 with two most
commonly observed products of photo-oxidation, epoxide and
carbonyl, on the fullerene cage.21 While the photo-oxidation
of fullerenes has been investigated in detail by Moons and
co-workers,22,23 little has been reported on its effect on the
performance of organic opto-electronic devices, and especially
on the exact mechanism of performance loss. A small number
of studies have shown that organic solar cells containing
deliberately photo-oxidised fullerene derivatives exhibit dramatic
losses in their performance,24,25 but provided no mechanistic
explanation, nor proof of relevance to OPV stability. A few groups
have suggested the formation of trap states upon fullerene photo-
oxidation based on quantum chemical simulations, with limited
direct evidence of the relationship of defects to electronic
properties.26,27

In this paper, we evaluate the impact of PCBM photo-
oxidation on the performance and stability of polymer:fullerene
bulk heterojunction devices. We found that a minor fraction of
photo-oxidised PCBM in blends films with the benchmark
polymer poly[N-90-heptadecanyl-2,7-carbazole-alt-5,5-(4 0,70-di-2-
thienyl-20,10,30-benzothiadiazole)] (PCDTBT), which is the most
stable OPV polymer demonstrated so far,28 induced by exposure
to only a few minutes of illumination in air, can result in severe
degradation of device performance. We systematically investi-
gated the effect of introducing minor fractions (0.2 to 3.6%) of
deliberately photo-oxidised PCBM on the transport and recom-
bination mechanisms in OPV devices, to explain the losses in
power conversion efficiency (PCE). We extend our conclusions
to OPV devices based on other benchmark polymers, namely

P3HT, PTB7, and PTB7-Th. We show that fullerene photo-
oxidation can be a primary mechanism dominating the degradation
of fullerene-based opto-electronic devices. The highly photoactive
nature of fullerenes and strong correlation to device performance
suggest that fullerene photo-oxidation must be taken into account in
the choice of processing route for fullerene-based electronic devices.
The methodology presented here could readily be applied to probe
specific degradation pathways in other OPV systems, such as those
containing alternative acceptors.

Results
Impact of fullerene photo-oxidation on OPV devices behaviour

We investigated the decrease in performance due to degradation
of bulk-heterojunction OPV devices upon exposure to light and
oxygen. Previous studies concluded that light and/or oxygen
exposure of un-encapsulated devices resulted in rapid device
degradation due to diffusion and subsequent reaction of molecular
oxygen with the polymer component of the active layer materials.5

Fig. 1(a) shows the evolution of current density–voltage ( J–V)
characteristics of typical PCDTBT:PCBM devices having under-
gone different exposure durations to AM 1.5G conditions in air
(see also Table S1, ESI†). Exposure prior to electrode deposition
allowed the experiments to focus on the underlying kinetics of
the PCDTBT:PCBM photo-oxidation independent of lateral
oxygen diffusion kinetics; it has previously been shown that
for devices with an oxygen blocking top contact, lateral oxygen
diffusion kinetics can extend over days.29,30 It is striking that
only 10 minutes of light exposure result in an overall PCE loss
of over 40%, due to simultaneous drops in short-circuit current
density (Jsc), open-circuit voltage (Voc) and fill factor (FF). After
60 minutes of exposure, a PCE loss of over 70% is seen. Devices
exposed to air in the dark show similar performance to the
fresh devices (Fig. S1 and Table S2, ESI†), indicating that the
degradation process is driven by the combination of light and
oxygen. The above experiments were repeated using interlayers
of different polarity (MoO3 and ZnO as well as PEDOT:PSS)
underneath the active layer. The results (Fig. S2, ESI†) show a
similar trend to the one in Fig. 1(a).

To identify the origin of device degradation and quantify the
degradation products, ultraviolet-visible (UV-vis) spectroscopy,
atomic force microscopy (AFM), X-ray photoelectron spectro-
scopy (XPS) and matrix-assisted laser desorption/ionization
time-of-flight (MALDI-TOF) mass spectrometry measurements
were carried out. Degraded blend films were fabricated and
exposed in the same way as the films used for the devices in
Fig. 1(a). No obvious photo-bleaching of the blend films was
observed within the timescale studied (Fig. S3, ESI†). AFM
images reveal minimal changes in surface morphology upon
photo-oxidation (Fig. S4, ESI†). XPS measurements reveal a
steady increase in bulk oxygen composition with increasing
degradation time, and a concentration of oxidised species that
is fairly uniform with depth below the surface layers (Fig. S5,
ESI†). The samples for MALDI-TOF measurements were prepared
by re-dissolving the blend films after photochemical degradation.
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By comparing Fig. 2(a) with (b) it is seen that photo-oxidised
PCBM species (with up to 4 oxygen atoms) were formed upon
60 minutes of AM 1.5G exposure in air in the blend film with
PCDTBT. The degree of oxidation is further increased with
exposure duration (up to 7 oxygen atoms after 10 hours) as is
seen in Fig. 2(c). An analysis of the 12C-isotopic peak areas reveals
a total of 0.8% oxidised PCBM in the blend film after 1 hour of
aging. This is further increased to 4.3% after 10 hours of aging.
The calculated quantity of photo-oxidised species is in good
agreement with the bulk analysis of oxidised species by X-ray
photoelectron spectroscopy (XPS) measurement. It thus appears
that PCBM can be readily photo-oxidised upon exposure to light
and oxygen of unprotected blend films of PCBM with conjugated
donor polymers.

Although this study is focussed on the photostability of
PCBM in particular, it is relevant to a number of other fullerene
materials. As shown in Fig. S6 (ESI†), a similar photoxidation
process leads to similar or higher concentration of oxidised
fullerenes for other derivatives of C60 including the bis-adducts
of PCBM and the indene derivative fullerene. The sensitivity of
C60 derivatives to oxidation is consistent with the finding of
Silva et al. that reactivity of fullerenes increases with reducing

pyramidalisation angle (i.e. with increasing curvature).31 In
accordance with this we find a lower sensitivity of PC71BM to
the same oxidation procedure, indicating that whilst a variety
of fullerene derivatives are readily oxidised, the chemical
structure and shape of the fullerene influence its tendency to
oxidise.

To isolate the impact of PCBM photo-oxidation alone (rather
than degradation of the polymer) on the performance of OPV
devices, we prepared blends of PCDTBT using PCBM that had
been separately photo-oxidised in solution. Fig. 1(b) shows the
current density–voltage characteristics of these devices (see also
Table S3, ESI†). The aged PCBM species were also analysed by
MALDI-TOF to estimate the fraction of oxidised PCBM as shown
in Fig. 2(d). A PCBM solution exposed to AM 1.5G illumination
in air for 72 hours contained 3.6% of oxidised PCBM (O-PCBM).
Different amounts of degraded PCBM solution were mixed with
a fresh PCBM solution to control the fraction of O-PCBM in the
fullerene phase of blends with PCDTBT. The total concentration
of fullerene (PCBM + O-PCBM) in the blend films was kept
constant. XPS measurements of such films show uniform
composition with depth, as expected (Fig. S5, ESI†). Markedly,
with only 1% of oxidised PCBM in the fullerene phase a 65%

Fig. 1 Impact of fullerene photo-oxidation on OPV devices behaviour. (a) Current density–voltage (J–V) characteristic of ITO/PEDOT:PSS/PCDTBT :
PCBM (1 : 2)/Ca/Al devices with different degradation times under simulated AM 1.5G illumination in air (the films were exposed to solar simulated light
prior to back contact deposition); (b) J–V characteristic of PCDTBT:PCBM blend devices made with different fractions of degraded PCBM (the PCBM was
degraded in solution prior to active layer processing), the percentages indicating the mass fraction of O-PCBM in the fullerene phase. All devices were
encapsulated in nitrogen before characterisation. (c) PCE as a function of O-PCBM fraction for degraded PCDTBT:PCBM devices and pre-degraded
PCBM devices; and (d) experimental (open circles) and simulated J–V characteristics for a device with pristine PCDTBT:PCBM (black); also simulated J–V
characteristics for devices with increasing fraction of O-PCBM (dark grey dash line: 1.8% and light grey short dash line: 3.6%), reconstructed using the
mobilities, trap energies and trap densities obtained from the space-charge-limited current analysis (see Fig. 3). Full device parameters are summarised in
Tables S1 and S2 (ESI†).
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loss in device PCE was observed, which increased to B90% loss
with only 3.6% of O-PCBM. From this it is clear that the photo-
oxidation of PCBM, even at low levels, has a significant impact
on the performance of OPV devices. Fig. 1(c) compares the PCE
of devices where the PCDTBT:PCBM films had been exposed to
AM 1.5G illumination in air and PCDTBT:PCBM devices fabri-
cated using different fractions of O-PCBM. Device PCEs are
plotted against the fraction of O-PCBM in the active layer,
measured by MALDI-TOF by removing and analysing the active
layers. The drop in performance of photo-oxidised PCDTBT:PCBM
blends quantitatively matches that of the devices made using
O-PCBM. To investigate the generality of this effect, we extended
our studies to other benchmark OPV systems, namely P3HT:PCBM,
PTB7:PCBM, and PTB7-Th:PCBM blends, which exhibited
qualitatively similar effects (Fig. S7, ESI†). It is thus apparent
that PCBM photo-oxidation has a drastic impact on the perfor-
mance of these benchmark OPV systems.

To establish the microscopic mechanism of device performance
degradation, we explore the nature of the chemical defects formed
upon photo-oxidation, and their effect on charge transport and
recombination. As we demonstrate in the following, the insight
provided by our study allows us to qualitatively reproduce the
observed device behaviour under illumination as shown in
Fig. 1(d), through simulations, by accounting for deteriorated
electronic transport and increased recombination upon PCBM
degradation.

Possible mechanisms of fullerene photo-oxidation

The effect of photo-oxidation on the highest occupied molecular
orbital (HOMO) and lowest unoccupied molecular orbital

(LUMO) levels of PCBM was explored using electronic structure
calculations of the products of oxidation, namely PCBM bearing
epoxide, diol and carbonyl defects, following the oxidation
mechanism reported by Xiao et al. as shown in Fig. 2(e).21 For
each defect type, we identified all isomers with defects across
6–6 carbon bonds (i.e. two 6 membered rings together) and then
calculated HOMO and LUMO energies as well as the total energy
of the species using the delta self-consistent field (delta-SCF)
method (see Methods section and Table S4, ESI†). Several
oxidised species with multiple defects (e.g. two epoxides) and
complex defect structures (e.g. two different defects) were
included in the study for completeness. To check sensitivity of
results to the calculation method, the HOMO and LUMO levels
were also estimated using Kohn–Sham and time-dependent
density functional theory (TD-DFT) methods (Tables S5 and S6,
ESI†). For each method, the differences in HOMO and LUMO
energies of any specific O-PCBM isomer relative to those of
pristine PCBM were similar.

For each defect type, we calculated average HOMO and
LUMO energies by including different isomers in proportion
to their thermodynamic probability of occurrence, calculated
from the total energy for the neutral species in a Boltzmann
average (Table S7, ESI†). The oxidised PCBM species with the
lowest total energy tend to have defects close to the phenyl
butyric acid methyl ester side-chain; examples are shown by the
molecular structures in Fig. 2(e). The LUMO is depressed for
almost all oxidised PCBM species as shown in Fig. 2(e) (and
Tables S4–S6 for full data set, ESI†), especially in the case of
carbonyl defects. In contrast, the effect on the HOMO is small
in all cases, except for the diol defect. Therefore, we expect the

Fig. 2 Possible mechanisms of fullerene photo-oxidation. Negative ion mode MALDI-TOF measurement of (a) fresh PCDTBT:PCBM blend films;
PCDTBT:PCBM blend films degraded under one sun in dry air for (b) 1 hour and (c) 10 hours; and (d) PCBM degraded in solution under one sun in dry air
for 72 hours (see Fig. S8 for raw data, ESI†). (e) From left to right: HOMO and LUMO energies (calculated using a delta-SCF method) for neat PCBM, PCBM
with one epoxide, PCBM with one diol and PCBM with two carbonyls defects. The different energies correspond to different possible positions of the
defects on the fullerene cage. Boltzmann averages, based on total energy calculations, are given by the red lines. The molecular structures of PCBM, and
an example of each defect type, are shown above their corresponding energy level diagram.
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oxidation to affect electronic transport by introducing trap
states for electrons, and to have a stronger effect on electron
transport than on hole transport in the PCBM phase.

From Fig. 2(e) it is evident that, given the electron transport
in a blend film takes place in the PCBM phase, the lower LUMO
energies of the oxidised molecules will cause electron trapping.
The distribution of electron trap states may be expected to
extend deep (several tenths of an eV) into the band gap. The
shape of the total density of trap states is difficult to predict,
since the incidence of different defect types in practice is not
known. However, the epoxide and carbonyl species would most
likely give rise to both a broadening of the LUMO energies
around an energy close to the LUMO of pristine PCBM as well
as some deeper electron traps. Additionally, the overall density
of defect states will increase with degradation.

Effects of fullerene oxidation on charge transport kinetics in
neat PCBM films

To quantify the impact of photodegradation on electron transport
we performed space-charge-limited current (SCLC) measurements
on electron-only devices with structure (ITO/TiO2/PCBM:O-PCBM/
Ca/Al) made from PCBM solutions with different weight fractions
of O-PCBM (0%, 0.2%, 0.9%, 1.8% and 3.6%). Effects of varying
device thickness were minimised by comparing devices with
approximately the same thickness of 70–80 nm. Representative
current density–voltage curves in Fig. S9 (ESI†) show that the
current density at a given applied voltage drops significantly
with increasing fraction of photo-oxidised PCBM in the film.
Also shown in Fig. S9 (ESI†) are calculated J–V curves obtained

by fitting the results of a drift-diffusion model that incorporates
charge trapping to the experimental SCLC data.32 The model of
the density of states (DoS) used for these fits consists of a
narrow Gaussian distribution of Nt traps states per volume
centred around an energy level lying Et below the conduction
band transport level, together with a band electron mobility,
m0.33,34 (Note that the band mobility represents the mobility of
charge carriers at the transport level, in the absence of traps,
rather than the effective mobility that would be measured.) The
trap distribution is assumed constant with depth in accordance
with the XPS measurements. Electrons are trapped and released
by the sub-band-gap states according to a multiple-trapping
model. Since only a single carrier type is present in SCLC
measurements, recombination is negligible in these simulations.
The parameters Nt, Et, m0 and the electron injection barrier are
varied to obtain the best fit for each device at each level of
degradation (see Methods for further details). The model of a
Gaussian distribution of traps was selected in preference to an
exponential tail of states or a more complex DoS with multiple
features because it provided the best fit to the data with the
fewest fitting parameters. Fig. 3(a)–(c) show the obtained values
of m0, Nt, and Et, respectively for different fractions of O-PCBM
using a large set of nominally identical devices in each case. Note
that the range of fitted parameters increases with degradation,
due to the microstructural variations inherent in the degradation
process.

Fig. 3(a) shows that the band mobility obtained by this fitting
drops by approximately one order of magnitude when the fraction
of O-PCBM is increased from 0% to 3.6% (mobility values are

Fig. 3 Effects of fullerene oxidation on charge transport kinetics in neat PCBM films. Parameters obtained from analysis of space-charge-limited current
measurements for PCBM electron-only devices with increasing fractions of O-PCBM: (a) electron ‘‘band’’ mobilities; (b) density of deep (Gaussian) traps;
(c) depth of trap level below the LUMO of the pristine PCBM. (d) Schematic illustrating how the density of electron states may evolve during photo-
oxidation. A number of repeated studies of fabrication and measurement were performed due to increasing variations of the band mobility, trap density
and trap levels with increasing O-PCBM fraction caused by more severe film irregularity.
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taken as the statistical average of a range of repeated runs of
fabrication and measurement for each level of O-PCBM
studied). At the same time, the density of traps increases by
around an order of magnitude. For less degraded samples the
trap level lies around 0.2 eV below the transport level of PCBM,
while for higher O-PCBM concentrations the trap level and
transport level are seen to approach each other as shown in
Fig. 3(c), although the sample-to-sample variation in the
extracted trap depth becomes large. The barrier for charge
injection was found to be insensitive to degradation at around
0.3 eV (Fig. S9(f), ESI†). The SCLC results are consistent with the
formation of both shallow and deep states below the LUMO of
the PCBM, as expected from the quantum chemical calculations
discussed in the previous section. The shallow states would
serve both to push down the effective transport level and to
reduce the ‘band’ mobility. This is illustrated schematically in
Fig. 3(d).

By accounting for the data calculated in the SCLC analysis,
we were able to reproduce the qualitative trend in current–voltage
response under solar illumination of devices with increasing
fraction of O-PCBM (Fig. 1d). We used the parameters obtained
from SCLC for the DoS and band electron mobilities of the
pristine, 1.8% degraded and 3.6% degraded films to represent
the cases of fresh, partly and fully degraded films, respectively,
and included band-to-band (Rdirect = 2.2 � 10�20 m3 s�1) and
band-to-trap recombination, governed by the electron and hole
densities along the capture and emission rate coefficients for
electrons and holes (which were all set to the same value,
C�0 = C�+ = C+

0 = C+
� = 10�16 m3 s�1), as well as series and shunt

resistances (RS = 4 O cm2 and RP = 1.9 kO cm2, respectively). Our
modelling strategy was to choose the recombination coefficients,
parasitic resistances and hole mobility to best fit the J–V curve of
the fresh device, and then modify only the parameters related to
electron transport (i.e., the electron band mobility, trap density
and position of the electron transport level relative to the trap
level) according to the values obtained from the SCLC analysis for
different levels of degradation. In this way, we could reproduce
the trend in current–voltage sweeps observed in the real devices,
specifically, the losses in Voc, Jsc and fill factor with increasing
O-PCBM content. The effect of degradation modelled this way is
less severe than that observed experimentally. This could arise
either from the variation in the electronic effect of a given
fraction of O-PCBM (evident from the scatter in SCLC device
behaviour at high levels of degradation) or from neglecting the
impact of O-PCBM on another, secondary quantity, for example
on hole mobility. Nevertheless, the qualitative reproduction of
the trend in all parameters corroborates the link between traps
and device performance.

Effects of fullerene oxidation on blend film recombination and
transport kinetics

In order to further understand the effect of fullerene oxidation
on device performance, particularly on Voc, charge-carrier densities
and lifetimes were measured by transient photocurrent (TPC),
transient photovoltage (TPV) and charge-extraction (CE)
measurements. The measured charge-carrier density at open

circuit, as a function of device Voc under increasing illumination
intensity, is plotted in Fig. 4(a). Fig. 4(b) shows the charge-
carrier lifetimes measured as a function of these charge-carrier
densities, under the same illumination conditions. As it can be
observed in Fig. 4(a), in all devices the charge density rises
approximately exponentially with Voc, consistent with the
presence of a tail of states in the band gap. We also note that
these density of states curves are shifted substantially to lower
energy with increasing fraction of O-PCBM: for a given charge-
carrier density of 4.3 � 1016 cm�3, for example, the energetic
differences are D140 mV between the devices with 0% and 0.4%
O-PCBM, and D130 mV between those with 0.4% and 1%
O-PCBM. Therefore, in order to achieve the same electron
quasi-Fermi level position and therefore the same Voc, much
more charge has to be injected in the devices with O-PCBM, due
to the deeper distribution of states within the band gap.
Fig. 4(d) shows, for comparison, the charge-carrier density –
Voc behaviour expected for the DoS parameters for differently
degraded devices obtained by modelling the devices with the
same set of parameters obtained from SCLC analysis and used
to model the J–V curves in Fig. 1(d) above. The approximately
exponential form of the n(Voc) curves and the shift to lower Voc

with degradation are reproduced, supporting the idea that the
changes in transport and density of states both arise from the
introduction of electron trap states.

Fig. 4(b) shows that the devices with higher O-PCBM fractions
exhibit longer charge lifetimes at fixed charge density. Longer
charge-carrier lifetimes are consistent with increased trapping in
localized states, which can slow down recombination at a given
charge density by reducing the rate at which charge carriers meet.
The Voc values calculated from these two opposing effects, i.e.
longer lifetimes and higher density of sub-gap states with
increasing O-PCBM fraction, match the measured Voc values at
varying illumination intensity as shown in Fig. 4(c) (see ESI,† for
the mathematical background), consistent with this analysis.
The introduction of electron trap states results in slower
recombination at fixed charge density but that does not benefit
Voc because a higher charge density (which leads to faster
recombination) is needed to achieve the same quasi-Fermi level
separation.

TPV measurements provide information on the total recom-
bination in a device, but cannot discriminate between different
mechanisms, such as band-to-band, trap mediated or surface
recombination. A first indication of the dominant recombination
mechanism comes from the ideality factors measured from the
dependence of Voc on light intensity [Fig. 4(c)]. The ideality
factors are related to the reaction order of recombination such that
nid tends to increase from D1 to D2 either when recombination
becomes stronger in the bulk of the active layer compared to its
interfaces with the electrodes, or when the recombination involves
deeper trap states in the band gap.35 Here, the increase in nid with
O-PCBM fraction indicates that the recombination mechanism
changes with increasing oxidation. Both scenarios (more bulk traps
and deeper traps) are consistent with the nid behaviour. The same
trends found in devices containing O-PCBM were found in devices
prepared from blends degraded as films, as seen in Fig. S10 (ESI†),
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eliminating electrode degradation as the cause of the change in TPV
behaviour.

Finally, charge-extraction measurements carried out at short
circuit (rather than at open circuit as above), allow us to assay
the average (combining electron and hole) charge-carrier mobility
in the OPV devices. The mobility inferred from these charge
extraction data decreased with increasing fraction of O-PCBM
(Fig. S11, ESI†), consistent with increased carrier trapping and in
qualitative agreement with the SCLC data discussed above. The
magnitude of the reduction of mobility upon degradation is lower
than obtained by SCLC, however the mobility estimated from
charge extraction includes hole mobility, which should be less
affected by fullerene oxidation.

Electroluminescence analysis of the effect of fullerene
photooxidation on voltage losses

As a complementary probe of the effect of degradation on blend
DoS we characterised the series of PCDTBT:(PCBM:O-PCBM)
devices using electroluminescence (EL) and sub-band gap external
quantum efficiency (EQE) measurements. Shown in Fig. 5a are
normalised EL spectra for fresh and degraded devices. The peak at
D1.2 eV is assigned to radiative decay of the charge-transfer state
at the PCDTBT:PCBM interface, in agreement with previous
measurements.36 Control experiments on pure PCDTBT or PCBM
confirmed that the emission did not arise from band-to-band
recombination from either species (Fig. S12, ESI†). The emission

of the charge-transfer state is shifted to slightly lower energies in
samples containing increasing fractions of O-PCBM, and its
quantum yield decreases (higher injection current is required to
obtain a detectable emission). The lower emission efficiency
observed in devices with oxidised PCBM is consistent with
both poorer transport and a higher degree of non-radiative
recombination compared to radiative recombination.

Also shown in Fig. 5(a) are sub-band gap EQE spectra, obtained
by combining measured EQE with the measured EL spectra, using
a detailed balance approach (for devices containing other fractions
of O-PCBM see Fig. S13, ESI†).37 The presence of an increasing
fraction of charge-transfer states with lower energy than in fresh
blends is evident from the decreasing slope of the sub-band-gap
EQE curves, which indicates that the contribution to EQE of the
sub-band-gap density of states becomes more pronounced with
increasing O-PCBM fraction.

From the sub-band-gap EQE data we were able to calculate
the Voc that could theoretically be obtained if the only loss
mechanism was radiative recombination (Voc,rad) following a
previously reported approach.37 This value is normally lower
than the Voc in the Shockley–Queisser limit for single junction
solar cells because of the non-step-like absorption profile of
practical devices such as these. The difference between the
resulting radiative-limit Voc,rad and the measured Voc can be
assigned to non-radiative recombination losses (DVoc,non-rad).
Shown in Fig. 5(b) are the contributions to Voc losses. The relative

Fig. 4 Effects of fullerene oxidation on blend film recombination and transport kinetics. CE, TPV and TPC analysis of PCDTBT:PCBM devices with
increasing fraction of O-PCBM: (a) charge-carrier density at varying Voc (produced by varying the illumination intensity); (b) charge-carrier lifetimes at
varying charge-carrier density [calculated from (a)]; (c) measured Voc (open circles) at varying illumination intensities (the dashed lines indicate linear fits
to the data); (d) simulated charge carrier density versus Voc for different levels of degradation. Note that the devices under study exhibited high shunt
currents under low illumination conditions (below 0.3 Sun), and therefore those data were not included in the analysis.
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size of the DVoc,non-rad component for different devices in a series
should reflect the degree of non-radiative recombination, as
described above, for devices with different fractions of O-PCBM.
The losses due to non-radiative recombination clearly increase
with increasing fraction of O-PCBM, consistent with the formation
of sub-band gap trap states that slow down carrier collection and
increase the overall likelihood of non-radiative recombination.
(See Table S8 for all the Voc values, ESI.†) These results are in
good agreement with the clear increase in trap-mediated
recombination inferred from the ideality factors (Fig. 4(c)).

Discussion

Environmental stability has become a primary concern for the
realisation of low-cost manufacture of opto-electronic devices
using approaches that typically involve air processing and
minimal encapsulation. Despite the significant amount of
research effort, the origin of the limited environmental stability
of devices such as polymer:fullerene solar cells remains unclear.
It is recognised that different stress factors (oxygen, water, heat)
are involved and that different components of the device are
vulnerable (semiconductors, interlayers electrodes) but few
studies unambiguously relate particular chemical degradation
mechanisms to their impact on electrical performance. Whilst
substantial research efforts have addressed the photochemical
and photophysical stability of conjugated donor polymers,5,6,8,38

the environmental stability of fullerenes and their impact on
device performance have received relatively little attention.22–25

A further consideration is that in most studies to date the
chemical nature of defects is not identified and so the precise
relationship between degradation mechanism and device behaviour
cannot be explored. Here, we used a systematic study of the impact
of fullerene oxidation on solar cell performance to demonstrate that
common products of the photo-oxidation of PCBM, specifically
fullerene epoxides and carbonyls, act as electron traps in OPV
devices. Whilst prior studies had shown that epoxides27 and other
oxygenic defects21,31 were expected to form on fullerenes, and that
in practice oxygen exposure changes the electronic structure of

fullerenes22 with impact on device performance,23 the link between
chemical nature of such defects and electrical properties of devices
had not previously been investigated. Previous approaches to
simulate the effect of degradation have typically addressed the
effect on photocurrent collection of oxidative p-doping of the active
layer,39,40 or invoked trap states to explain changes in electrical
response,41–43 but without a clear origin for those defects. In this
work, we have established a quantitative relationship between the
presence of specific oxidative defects which act as electron traps
and the resulting change in electronic properties of the OPV
devices made from the oxidised fullerene, which has not been
established previously. Specifically, electron mobility, charge life-
time and density of states measurements are all consistent with
the presence of a distribution of electron trap states centred
around 0.2 eV below the conduction band edge, which increases
with fraction of oxidised fullerene. Shallow traps in this energy
range have been previously observed in PCBM without any
intentional degradation.44 By using a device model to account
for the effect of these trap states on charge carrier densities,
electron transport and recombination, we could show how
the introduction of oxidised PCBM causes losses in device
open-circuit voltage, short-circuit current and fill factor. More
generally, this study demonstrates, at least for similar systems,
that when the chemical mechanism of degradation, or the
degradation products, are known, we can, in principle, predict
the consequences for electronic processes.

Interestingly, we have found that even exposure to low light
conditions, typical of laboratory environments, is sufficient to
drive the photo-oxidation of fullerenes in polymer:fullerene
solar cells, corroborating previous studies on fullerene films
(Fig. S1, ESI†).22 This observation suggests that inadvertent
exposure to light and oxygen during sample preparation and
characterisation (e.g. optical measurements) is as problematic
as illumination of the device under operation. Finally, the
results reported herein suggest that PCBM, one of the most
commonly used fullerene derivatives in the community to date,
may not be an ideal candidate for the commercialisation of
stable opto-electronic devices due to their intrinsic instability.
Alternative small-molecular acceptor materials, which do not

Fig. 5 Electroluminescence analysis of the effect of fullerene photooxidation on voltage losses. (a) EL and sub-band gap EQE data for PCDTBT:PCBM
with 0% and 3.6% O-PCBM (the data for intermediate concentrations were omitted for clarity; full dataset available in the ESI†); the EQE data for energies
below B1.25 eV was calculated from the EL data (b) experimental Voc compared to ideal Voc for devices without non-radiative recombination (Voc,rad),
and according to the Shockley–Queisser limit (Voc,SQ) and the band gap of the polymer (Eg/q).
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undergo epoxide formation so readily as fullerenes, could be
good candidates to extend the lifetime of organic solar cells.
Preliminary studies suggest that photodegradation is slower
using some non-fullerene acceptors,4 but more detailed studies
are needed. Our findings thus highlight the importance of
developing alternative electron accepting/transporting materials
with improved photochemical stability. Our findings are also
relevant for stability of perovskite devices, where PCBM is
commonly used as an electron collecting interlayer.45

It should be re-iterated that the degradation of organic solar
cells results from the interplay of multiple concurrent pathways,
typically induced by different environmental stress factors. In
order to achieve overall environmental stability of organic solar
cells, all of these degradation mechanisms need to be identified
and addressed. For example, it has been demonstrated that
some donor polymers may act as suppressing agents to fullerene
oxidation,20 likely owing to their low oxygen solubility and short
triplet lifetime.14,46 While the work presented here demonstrates
the important role of fullerenes in the environmental stability of
organic solar cells, the development of environmentally stable
donor materials, interlayers and electrodes are of equal impor-
tance in addressing the stability challenge of organic electronic
devices.

Methods
Materials

PCDTBT was purchased from 1-materials. All fullerene were
purchased from Solenne BV. Chlorobenzene (CB), zinc acetate
dihydrate, 2-methoxyethanol, and ethanolamine were purchased
from Sigma Aldrich. MoO3 was purchased from Strem Chemicals.
All materials were used as received.

Device fabrication

ITO glass substrates were cleaned sequentially with Hellmanex
detergent, deionized water, acetone, and isopropyl alcohol in
ultrasonic bath. Poly(3,4-ethylenedioxythiophene)-poly(styrene-
sulfonate), Heraeus Clevios P VP AI 4083, (PEDOT:PSS) or ZnO
precursor solution (109.8 mg of zinc acetate dihydrate dissolved
in 1 mL of 2-methoxyethanol and 30.2 mL of ethanolamine) was
spin-coated on plasma treated ITO substrates at 4000 rpm for
40 s, followed by thermal annealing at 150 1C for 10 minutes.
For the devices using MoO3 as the interlayer, 10 nm of MoO3

was thermally evaporated on the ITO coated glasses under
vacuum of 2 � 10�5 mbar. PCDTBT and PCBM (1 : 2) were
co-dissolved in CB at 60 1C and stirred at 1300 rpm with a total
concentration of 18 mg mL�1 for over 12 hours in nitrogen
filled glovebox. The blend solution was spin-coated on PEDOT:
PSS, MoO3, or ZnO coated substrates in air, resulting in active
layers with a thickness of B70 nm. Finally, 30 nm of calcium and
100 nm of aluminium (or 10 nm of MoO3 and 100 nm of silver for
ZnO device) were thermally evaporated on the blend layer under
vacuum of 2 � 10�5 mbar, defining active area of 0.15 cm2. The
devices were encapsulated by glass slides using epoxy in nitrogen
filled glovebox prior to measurement. Current density–voltage ( J–V)

characterizations were performed by a Keithley 2400 source-
meter under AM 1.5G illumination, Newport 92193A-1000 solar
simulator with a light intensity of 90 mW cm�2.

Degradation

PCDTBT:PCBM films fabricated on PEDOT:PSS coated ITO
glass substrates were degraded under AM 1.5G illumination
in dry air (relative humidity B30%) for different periods of time
mentioned in the main text. PCBM solution for selective degradation
study was prepared by dissolving PCBM (24 mg) in CB (1 mL) in
a 15 mL vial at 60 1C with stir speed of 1300 rpm in a nitrogen
filled glovebox for at least 12 hours. The vial of PCBM solution
was then filled with air and degraded under AM 1.5G illumination
with stir speed of 300 rpm for 72 hours in air.

XPS measurements

XPS data were obtained using a Kratos Axis Supra (Kratos
Analytical, Manchester, UK) using a monochromated Al Ka
source. All spectra were recorded using a charge neutralizer
to limit differential charging. The main carbon peak is charge
referenced to 284.5 eV.47,48 Depth profiles of different samples
were generated by rastering a 2.5 kV Ar500

+ cluster beam over a
3 mm � 3 mm area giving a typical sample current of 5.53 nA.
The data was fitted using CASA XPS with Shirley backgrounds.

MALDI-TOF measurements

All samples were dissolved in chlorobenzene at an approximate
concentration of 1 mg mL�1. MALDI matrix trans-2-[3-(4-tert-
butylphenyl)-2-methyl-2-propenylidene]malononitrile (DCTB)
was purchased from Insight Biotechnology Ltd (Wembley,
UK), and dissolved in chlorobenzene at 20 mg mL�1. Solutions
of sample and matrix were mixed together so the matrix is in
B250–1000 fold molar excess, typically 1 mL of sample to 49 mL
of matrix. 0.5 mL of each of these mixture solutions for each
sample was spotted onto the MALDI plate and dried in air.
MALDI-TOF spectra were acquired in negative-reflectron mode
using an ultrafleXtreme mass spectrometer (Bruker Daltonics,
Bremen, Germany), which is equipped with a Smartbeam-II
Nd:YAG laser (l = 355 nm). Data was acquired using flexControl
software v3.4, while post-acquisition processing of data was
performed by flexAnalysis software v3.4. PCBM and oxidised
analogues were observed as negative radical ion species (M��).
The percentage of photo-oxidised fullerenes was determined by
calculating the peak areas of the oxidised fullerene species.

DFT calculations

We performed single point energy calculations on optimised
structures in Gaussian09 for N, N + 1 and N � 1 electron
systems. The HOMO (and LUMO) levels are then found by
computing the difference between total energy for the N electron
system with the N � 1 (N + 1) system. All calculations were done
at the B3LYP level of theory with the 6-31g* basis set.49

Electroluminescence

EL was measured using a spectrograph (Andor Shamrock 303)
combined with a InGaAs photodiode array (Andor iDUS 491)
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cooled to�90 1C, calibrated with a Bentham CL2 quartz halogen
lamp with known emission spectrum. EL spectra were collected
at injection current densities up to 100 mA cm�2, on at least 4
devices for each fraction of O-PCBM.

External quantum efficiency

EQE was measured using a grating spectrometer (CVI DIGIKROM
240) to create monochromatic light combined with a tungsten
halogen light source. The monochromatic light was modulated at
290 Hz with a chopper, and a Stanford Research Systems SR380
lock-in amplifier, with an internal transimpedance amplifier of
106 V A�1, was used to detect the photocurrent. Long pass filters at
780 and 850 nm were used to filter out the scattered light from the
monochromator. The spectra were taken from 300 to 1000 nm and
calibrated by a silicon photodiode.

Electron only devices

Glass substrates containing a predefined layer (E70 nm) of
indium doped tin oxide (ITO) were ultrasonicated in an acetone
bath, and subsequently in an IPA bath, for 10 minutes, respectively.
The substrates were dried using nitrogen. Titanium dioxide (TiO2)
films were deposited onto the ITO by spin coating of a precursor
solution containing 70 mL titanium isopropoxide, 55 mL ethanol-
amine and 1 mL 2-methoxyethanol. The substrates were
sintered in an oven for 1 hour at 500 1C. The resulting TiO2

film is approximately 20 nm think. The pre-degraded PCBM was
spun onto the substrates with a target film thickness of around
80 nm. The back contact was applied by thermal annealing
under high vacuum (o5 � 10�6 Torr). Calcium (Ca) was
evaporated at a rate 1 Å s�1 with a final thickness of around
30 nm. A thick layer of aluminium was subsequently evaporated
at a rate of 20 Å s�1 with a resulting layer thickness of 150 nm.
The resulting electron-only device had the following device
architecture: glass/ITO/TiO2/PCBM/Ca/Al. The devices were stored
and measured under inert atmosphere (N2) and in the dark.

SCLC measurements

The current density–voltage (J–V) curves were recorded using a
source measurement unit (SMU) using a slow scan rate to
ensure that the device was in a steady-state condition. J–V
curves were recorded in both forward (0 - 5 V) and in reverse
(0 - �5 V) bias. Since no difference in the magnitude or the
shape of the current was observed irrespective of bias polarity,
the presence of built-in voltages across the device can be ruled
out. The J–V curves were analysed using a commercially available
drift-diffusion solver called Advanced Semiconductor Analysis
(ASA). The software uses a multiple trapping-release model which
assumes that all charge carriers must be released from charge
traps to the transport level in order to contribute to the current.
Traps were modelled using a Gaussian distribution of states
below the conduction band edge, where we allowed for the
Gaussian density and the trap level to vary while the Gaussian
standard deviation was set to 0.1 eV. To fit the experimental J–V
curves with the model we allowed the trap density, trap depth,
electron band mobility and barrier for electron injection to vary
simultaneously.
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