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Abstract 

The analysis of organic materials such as phenyl-C61-butyric acid methyl ester (PC61BM) by 
depth profiling is typically fraught with difficulty due to the fragile nature of the sample. In this 
work we utilise a gas cluster ion source for the controlled depth profiling of organic materials 
that would historically have been too fragile to analyse and obtain quantitative compositional 
data through the whole thickness of the film. In particular we examine the oxygen diffusion 
and photo-oxidation kinetics of one of the most commonly used electron acceptor materials 
for many organic optoelectronic applications, namely PC61BM, in both neat films and in 
blends with polystyrene. Exposure to AM1.5G light and air under ambient conditions, results 
in a higher level of surface oxidation of blended PC61BM:polystyrene than is observed for 
either pure control film. Gas cluster ion source depth profiling further confirms that this 
oxidation is strongest at the extreme surface, but that over time elevated oxygen levels 
associated with oxidised organic species are observed to penetrate through the whole 
blended film. The results presented herein provide further insights on the environmental 
stability of fullerene based organic optoelectronic devices. 

Graphical Abstract 
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Organic materials are being increasingly used in a diverse range of optoelectronics. The 
myriad range of structural permutations and the potential for low cost use and manufacture 
provide a powerful research drive. One such material is Phenyl-C61-butyric acid methyl 
ester (PC61BM), which has found wide use due to its solubility in chlorobenzene, 
compatibility with upscaling, and the flexibility of the resultant layers. Whilst most widely 
used in organic photovoltaics (OPV), it is also used as a component layer in perovskite 
photovoltaics[1], photodetectors[2] and transistors[3]. Whilst large research efforts have 
been dedicated to improving the efficiency of such optoelectronic devices, there is a growing 
concern that their practical use may be limited by their environmental stability, which could in 
turn limit their commercial exploitation[4–6].  

A problem in elucidating the degradation mechanisms of PC61BM has been its relative 
stability compared to other materials present in the device. In many cases relatively rapid 
degradation of other materials limits the device lifetime[7–9]. Due to this clear degradation, 
less attention has been paid to the influence of the PC61BM itself, which has often been 
assumed to be stable. However, it has been noted previously that C60 molecules themselves 
are unstable to oxidation under illumination[10–12]. 

The structure of PC61BM films becomes extremely complex when the fullerene is blended 
with a second organic polymer material to form the bulk heterojunction structure typically 
used in OPV materials[13]. Now multiple phases are present at the surface: fullerene, 
polymer and fullerene/polymer interfaces or blends, and hence even subtle changes in 
manufacturing can have profound influence on lifetime[14,15]. Further, even for pure OPV 
material films, degradation has been noted to vary based on density and as such lifetime is 
enhanced by ordered crystalline domains[16]. 

Many studies have previously focussed on bulk techniques for the study of these material 
systems. In this work we consider a bulk technique to be any that has a penetration depth in 
the order of >100 nm, i.e. any technique that would be expected to sample the whole ~100 
nm thick organic active layer in a single experiment. As such ‘bulk’ would include all 
transmission optical techniques such as UV-visible spectroscopy or quantum efficiency 
measurements. Additionally techniques with penetration depths in the order of micrometres 
such as Fourier transfer infrared (FT-IR), Raman or energy dispersive X-ray spectroscopy 
(EDS/EDX) are considered bulk. However, all of these techniques share some extremely 
advantageous qualities. Firstly, they are experimentally simple, utilising commonly available 
laboratory equipment and are well understood analytical techniques. Secondly, they often 
show very strong changes in the device materials, with unambiguous interpretation.  

A limitation to these techniques however, is that monitoring the bulk material in such a 
manner may not accurately reflect the realities of materials where the primary mechanism of 
device failure is interfacial. For instance, a significant lag in response is expected for the 
above techniques to monitoring oxidative degradation mechanisms where the oxidation 
occurs primarily at a surface and gradually penetrates into the bulk. Thus devices might be 
expected to fail even though no significant changes are observed in the bulk material 
properties. 

Utilising surface techniques such as x-ray photoelectron spectroscopy (XPS), ultraviolet 
photoelectron spectroscopy (UPS) or surface ion mass spectrometry (SIMS) for the study of 
organic optoelectronic materials such as PC61BM is expected to offer some benefits in 
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studying such failure mechanisms[17,18], for instance in cases when components migrate to 
the surface[19–23] or oxidative effects occur at the top surface[24]. However, these surface 
analysis techniques are often experimentally complex. All require ultrahigh vacuum (UHV) 
conditions and their small sampling depth (<<10 nm) leaves them susceptible to surface 
contamination artefacts. Additionally, some effects such as preferential vertical segregation 
of film components during manufacture might result in this small surface region not 
accurately representing the bulk material composition. 

A classic experiment for XPS or SIMS to negate the influence of surface contaminants or 
identify variable depth chemistry is to utilise a series of monatomic ion beam etches that strip 
away the extreme surface of a sample enabling the construction of a depth profile. Such 
depth profiles have found only limited applicability for OPV materials, however, as depth 
profiles have historically been prone to an extremely significant problem: some materials, 
including most organics, are very easily damaged by the incident ion beam used during the 
etching process. In such cases the incident ions are of sufficient energy to penetrate deep 
into the material and induce two common experimental artefacts: (a) embedding of incident 
ions into the material results in a bias to the composition as the incident ions themselves 
become incorporated into the material of study[25], or (b)  the tendency for the studied 
materials to gradually reduce to a zero oxidation state[26,27]. This second artefact is 
particularly damaging for the study of OPV materials as organic structures lose oxygen and 
carbon tends to form graphite-like structures[28]. Even where XPS and SIMS are used to 
study devices, these artefacts have resulted in complicated experimental design to generate 
reliable quantitative data[29]. 

Gas cluster ion sources (GCIS) utilise large clusters of charged ions and are noted in the 
surface science literature for their relatively mild etching that helps to preserve the materials 
from experimental artefacts. Typical cluster sizes of ~500 up to several thousand atoms 
reduce the average kinetic energy of each individual atom in the etching beam from the keV 
range to the eV range. Molecular dynamics simulations show that craters formed by each 
individual collision are only a few nm deep with less penetration into the bulk material[30,31].  

Although GCIS has been utilised on a wide range of organic systems, the focus has often 
been on important fundamentals, such as sputter yields [32–34]. However, as the availability 
of GCIS sources is increasing, more applied studies are possible, such as utilising elemental 
depth profiles to understand vertical segregation in all-polymer OPV blends[35,36], and 
these compare well with similar studies using low energy monatomic argon [37]. A 
particularly strong vein of GCIS-XPS work has been carried out by the Park group who have 
studied PEDOT:PSS for solar applications including: (1) assessment of the stability of 
PEDOT:PSS in DSSC electrodes[38]; (2) The energetics of a buried PEDOT:PSS-
pentacene interface[39]; (3) A an extension of their work to the energetics PEDOT:PSS-
pentacene with an additional PC71BM layer[40]. The above applications share a common 
requirement for strong structural retention of the residual layers remaining on the substrate 
during the depth profile and utilise pristine materials.  

The study of degradation is potentially even more complex however and has received only 
limited study in the literature[41]. Prior to degradation materials with high purity are expected 
to give strong reproducibility and, additionally, the relatively small number of functional 
groups present initially will minimise peak overlap and broadening in the high resolution XPS 
spectra. For a highly pure sample of a material such as PC61BM, the XPS spectra can be 
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predicted in advance based solely on the chemical structure. However degradation will be 
expected to result in the formation of unknown species, and the oxygenation of various 
carbon atoms will result in a multiplicity of similar carbon and oxygen environments 
overlapping and thus broadening peaks.  

Data analysis is further complicated by the presence of other potentially unstable donors that 
can degrade alongside the PC61BM material of interest, which generates a need for a stable 
partner material in order to isolate the role of oxidation of PCBM from other components in 
the device. Several authors have noted that PC61BM and polystyrene (PS) are readily 
miscible[42,43] with the addition of PS aiding the formation of stable films, modification of 
crystal domains[44], simplification of processing[45], or even inclusion in devices to modify 
morphology[46]. Indeed, additions of PS to PC61BM films are being considered as an 
advantageous development in their own right for perovskite type solar cells, where the 
improved quality of the film results in open circuit voltage improvements to the finished 
device[47]. PS has also long been noted to be stable even under hundreds of hours of 
accelerated light soaking[48].  

In addition to these unknowns, the study of OPV materials during oxidation is traditionally 
severely hampered during depth profiling with monatomic etching as the oxygen content is 
impossible to quantify directly due to the large ion beam induced damage to the material 
being studied.  

In this paper we will demonstrate that GCIS-XPS depth profiling can be used to overcome 
the inherent fragility of materials such as PC61BM as they undergo photo-oxidation in air 
under 1 sun illumination. We extend the study to a complex blended degrading system of 
PC61BM with photostable PS, more typical of OPV systems that typically include a 
polymer/fullerene intermixed phase in addition to the relatively pure fullerene phase. We 
quantify the introduction of oxygen into the PC61BM film and demonstrate the use of GCIS-
XPS analysis to follow the resultant oxidation of the film bulk as a function of time.  
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2. Experimental 

Films were prepared using Phenyl-C61-butyric acid methyl ester (PC61BM, Solenne BV) and 
polystyrene (PS, MW = 210,000 g/mol, polydispersity ~ 2.0, Scientific Polymer Products, 
Inc.). In a typical experiment 24 mg/ml of PC61BM was dissolved in chloroform (Sigma 
Aldrich). Where PS- PC61BM films are used, 8 mg/ml PS was first dissolved in 
chlorobenzene (Sigma Aldrich) and PC61BM powder added such that 40% (w/w) PC61BM is 
present in the final film. The solutions were then coated onto indium tin oxide (ITO) coated 
glass substrates (KINTEC Company) by spin coating. Typically 35 µl of solution was spun at 
800 RPM for 60 s, under 2000 RPM/s acceleration. After the subsequent depth profiling by 
XPS the film thickness of all samples was confirmed using a Dektak 150 stylus profilometer, 
which indicated a film thickness of 96 ± 9 nm across the whole population. Photo-aging 
experiments under the laboratory ambient atmosphere was carried out by placing the 
samples under a solar simulator of 0.93 Sun AM1.5G (with a KG5 filter) illumination under 
laboratory ambient conditions (25 ± 3 °C, 37 ± 4 % relative humidity) and exposing samples 
for the times noted in the text (Figure 1a). The temperature of the films was measured in situ 
as 34-37 °C using a type K thermocouple, with the relative humidity in the solar simulator 
measured as 12 ± 1 %. No barrier films were present to protect the organic film. In order to 
limit external contamination all samples were prepared in a glove box, transferred to a 
sealed solar simulator and transferred into the XPS with minimal handling and avoiding 
plastic tools/containers.  

XPS measurements were carried out on an Axis Supra instrument (Kratos Analytical, UK) 
using a monochromated Al Kα source with a 15 mA emission current and total power of 225 
W, which gives ~ 300 x 700 µm analysis area. The instrument work function is calibrated via 
Ag, Au & Cu standards. The integral charge neutraliser was used as a default, although 
samples were mounted with the ITO connected to ground in order to minimise potential 
charging issues. A sharp main C(1s) peak (FWHM ~0.8-0.9 eV) is typically observed at 
284.0 eV for a pristine PC61BM. For degrading samples in particular charge correction to this 
position is sometimes required. In all cases wide scans with a pass energy of 160 eV were 
recorded, followed by high resolution data with a pass energy of 20 eV, 0.1 eV step size and 
dwell time of 250 ms. 

During depth profile experiments, the base pressure in the instrument is typically ~5 x 10-9 
Torr, with the pressure in the analysis chamber rising as Ar is introduced into the chamber. 
In a typical experiment the beam energy and cluster size were set as noted in the text, and 
set to raster over a 2 x 2 mm area. The Kratos Minibeam 6 Gas Cluster Ion Source is 
equipped with a Wien filter that prohibits any clusters with mass <50 atoms exiting the gun, 
and gives a typical Gaussian distribution with FWHM of ~10% of the mass (±25 atoms in this 
instance). The cluster source is typically optimised for etching with 10 kV Ar+

500 clusters and 
gave an ion beam current of 12.7 nA. For the full film depth profiles 2.5 kV Ar+

500 clusters 
were used, with a measured ion beam current of 3.6 nA. In order to limit contributions from 
outside the crater, a 110 µm diameter aperture is used on the detector side of the 
instrument, and the pass energy increased to 40 eV to compensate for the resultant loss of 
signal. After a period of etching, typically 30-90 s, high resolution data were recorded and 
the process repeated (Figure 1b). One sweep is sufficient to collect C(1s) data, and three 
sweeps for O(1s). Appearance of In(3d) peaks and the emergence of a third low energy 
O(1s) peak is taken to indicate that the buried ITO has been reached and the experiments 
are terminated at this point. In order to account for any etch rate variability, the crater depths 
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were measured by profilometry and the data is presented as a function of measured crater 
depth. Typical crater depths and associated etch rates are noted in Table S1 along with film 
Ra. 

Quantification was carried out using CasaXPS (Version 2.3.17dev6.4k), using Shirley 
backgrounds. For simplicity the GL(30) lineshape is retained when analysing depth profiles 
as it better represents the degrading materials that form the bulk of data in this paper. It 
should be noted however that a lineshape with a higher Lorentzian component, e.g. GL(70) 
– GL(80) will more adequately models the edge of the pristine PC61BM between ~283-282 
eV. We also initially constrained the relative positions of peaks in the O(1s) and C(1s) 
envelopes as observed elsewhere[49], noting that our main C(1s) peak is observed at 284.0 
eV and not 285.3 eV. Similarly, the FWHM of the photoelectron peaks, not including the 
broad high energy π-π* shake up feature, were initially constrained so that all were equal. 
As materials degrade the various observed peaks become extremely broad due to the 
multiplicity of chemical environments that develop, and the constraints on the synthetic 
components have to be relaxed slightly to fit to the experimental data. The CxHy peak at 
284.8 eV, that represents contributions from the PC61BM side chain and PS polymer chain, 
requires tight positional and FWHM constraint in all models however to prevent excessive 
shifting and broadening. 

Attenuated total reflection – Fourier transform infrared (ATR-FTIR) spectra were acquired on 
a FTIR spectrometer (Perkin Elmer Frontier) with a Germanium ATR top plate with crystal 
diameter 1.3 mm. 1 x 1 cm photo-aged films were removed from the substrate and placed 
directly onto the ATR crystal for analysis. The spectra were processed from raw data that 
consisted of 64 scans and 1 cm-1 resolution. The spectra were baseline corrected in the 
Spectrum 10 software. Subsequently, the FTIR absorbance of the ester stretch of the 
PC61BM side chain at 1737 cm-1 was used to normalise the data. 

 

Figure 1. Schematic of a typical experiment (a) PC61BM or PS- PC61BM films are exposed to 
AM1.5G light under laboratory ambient conditions, which results in degradation (b) Various 
argon beams are used to etch the substrate, gradually removing top layers to expose 
underlying materials. 
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3. Results and Discussion 

3.1 Surface Chemistry of Photoxidising Films 

PC61BM and PS-PC61BM surfaces were first studied. Typical C(1s) and O(1s) envelopes for 
the top surfaces of pristine and aged PC61BM are presented in Figure 2. For fresh, as-
produced, PC61BM surfaces a sharp main peak centred at 284 eV is observed, along with 
several smaller peaks (Figure 2a and Table 1). These have previously been observed in 
synchrotron studies as being from the oxygenated carbon species in the ester group on the 
PC61BM side-chain, with the broad π→π* loss peak that is characteristic of sp2 hybridised 
systems[49]. A slight excess of O=C-O is noted over the expected 1.4%. This excess is 
believed to be due partly to contamination (see later Section 3.2) and partly due to the 
presence of the overlapping loss peak. After photo-aging in air for 1920 min (Figure 2d), the 
sharp C60 peak is still dominant, although broadened peaks attributed to oxidised carbon 
species in the high energy tail are now more prominent. Unfortunately, it is not possible to 
differentiate oxidation of the C60 cage from oxidation of the side-chain based purely on XPS 
data. Similar results are obtained for the PS-PC61BM model system initially (Figure 2b), 
although the influence of aging is more stark as the main 284 eV peak is significantly less 
dominant, and there is a significant increase in the oxidised carbon species on aging (Figure 
2e) compared to PC61BM. This is a surprise, as the PS has been selected for its stability 
under the conditions of study, and control experiments with photo-aged PS films do not 
result in significant oxidation (Figure 2c, 2f). Thus, whilst the PS-PC61BM system is expected 
to oxidise less than a pure PC61BM film, surface data suggest that it is oxidising more than 
either component individually. 

Figure 2. Typical C(1s) envelopes at the surfaces of PC61BM materials. Top row: fresh films 
of (a) PC61BM, (b) PS-PC61BM, (c) PS. Second row: films aged for 1920 min light soaking in 
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air (d) PC61BM, (e) PS-PC61BM, (f) PS. The insets on Fig 2a, 2b & 2c are vertically scaled to 
highlight the subtle features at higher binding energy in the C(1s) envelope. 

 

     Typical Compositions (Atomic %) 

E
lem

ent 

P
osition 
(eV

) 

A
ssignm

ent 

Predicted 
PC61BM 

Fresh 
PC61BM 

1920 min 
Aged 

PC61BM 

Fresh 
PS-

PC61BM 

1920 min 
Aged PS-
PC61BM 

C(1s) 284.0 C60 89.2 84.0 75.1 82.1 39.0 

C(1s) 284.8 CxHy 5.4 4.8 6.1 10.2 14.8 
C(1s) 286.1 C-O 1.4 1.6 4.4 1.0 12.4 
C(1s) 288.3 O=C-O 1.4 2.9 4.6 0.4 10.9 
C(1s) 289.9 π→π* - 4.4 5.4 4.9 3.0 

O(1s) 529.4 ITO 
substrate N/A not 

observed 
not 

observed 
not 

observed 
not 

observed 
O(1s) 531.1 C-O-C 1.4 1.1 1.9 0.8 11.4 
O(1s) 532.6 C=O 1.4 1.1 2.4 0.6 8.5 

Table 1. Typical C(1s) and O(1s) envelope peak fittings for the surface of PC61BM materials. 

No significant shift of the peaks is observed in the O(1s) envelope, which is primarily defined 
by the two peaks for the ether-like and carbonyl oxygen atoms in the ester group on the 
PC61BM side chain (Table 1). Although two separate oxygen environments are observed in 
the O(1s) envelope, it should be noted that only very low levels of oxygen are generally 
observed for either PC61BM or the PS-PC61BM system before aging. The surface oxidation 
after photo-aging is particularly pronounced for the PS-PC61BM model system, where the 
surface oxygen content is 1.4 At% initially and rises to 19.9 At% on aging. A smaller 
increase in the oxygen content from 2.2 At% to 4.3 At% is observed on aging of PC61BM 
alone. It should be noted that the combination of increased oxygen signal with the 
corresponding increase in oxidised species at 286.1 & 288.3 eV in the C(1s) envelope 
confirms that the organic species are oxidising in both cases, and that the increase in 
oxygen signal is not due to simple adsorption of oxygen into the organic matrix.  

Given the unexpectedly high levels of photo-oxidation in the PS-PC61BM data, the surface 
was monitored as a function of time (Figure 3). After remaining stable for 120 mins, the 
surface O(1s) signal is again observed to increase markedly on sample photo-aging, and a 
low level, noisy N(1s) peak is also noted (Figure 3a & b). Again, the increase in total oxygen 
is matched by increases in the oxidised carbon components at 286.1 & 288.3 eV in the C(1s) 
envelope, which confirms oxidation rather than adsorption. The two initial low intensity O(1s) 
peaks observed in the PC61BM become a single strong broad signal on aging, which 
suggests multiple similar chemical states may be present for oxygen. Unfortunately, it has 
been previously calculated that a wide range of O(1s) peak positions are possible depending 
on the location of the oxidation on the PC61BM molecule[50], with similarly complex results 
also previously noted for the oxidation of PC71BM[17]. This suggests that the simple two 
peak fitting of the O(1s) envelope used in Table 1 is a significant simplification of the true 
complex system once oxidation has occurred.  
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The level of oxidation, particularly in the PS-PC61BM system, is extremely high. Whilst 19.9 
% oxygen sounds fanciful at first, similar results were seen by Kettle et al by XPS[17]. Reese 
et al noted oxidation of PC61BM molecules via matrix assisted laser desorption/ionisation 
time-of-flight mass spectroscopy (MALDI). In addition the molecular ion at m/z = 910 for 
PC61BM, they note a series of mass fragments with m/z 910 + n*16, where n=1-8, 
suggesting that up to eight additional oxygen atoms are present on the   PC61BM molecule 
and that the extremely high level of oxygen observed could be consistent with oxidation of 
the C60 cage itself[51]. Unfortunately MALDI requires dissolving the whole film for MS study, 
so oxidation at the surface vs. the bulk cannot be differentiated. An extensive synthesis by 
Xiao et al also demonstrates that the cage itself possesses a rich potential for 
functionalisation and eventual opening under mild conditions once initial oxidised species 
are generated[52]. The current authors suggest that under such conditions severe damage 
would be expected to the structure of the materials and that the disruption of the C60 cage in 
particular would be expected to have a profound detrimental effect on the molecular orbitals 
in the molecule and hence on the performance in a full optoelectronic device.  

 

Figure 3. Relationship between the surface oxidation and the duration of light soaking for 
PS-PC61BM. (a) Evolution of the O(1s) envelope and (b) surface elemental concentrations of 
oxygen, nitrogen and oxidised carbon species. 

The PS-PC61BM layers were also examined by FTIR (Figure 4), which confirmed significant 
changes to the PC61BM molecule. The carbonyl region shows evolution of a shoulder at 
~1780 cm-1 and a more general broadening of the PC61BM ester carbonyl. Previously a 
study of PC61BM and C60 photodegradation[10] has shown changes in this region are due to 
the appearance at 1782 cm-1 and 1745 cm-1 of a broad double degradation peak in addition 
to the strong initial PC61BM ester peak at 1737 cm-1. Given that the 1782 cm-1 peak grows 
consistently, and given that the appearance of broad hydroxyls in the 3500-3000 cm-1 region 
is only occasional and inconsistent, this is assumed to be a strained ring ketone. Additionally 
the peaks in this region have been observed to increase in intensity over time for similar 
systems under photo-aging [18]. The change is pronounced for PS-PC61BM, which again 
suggests significant degradation. Under identical photo-aging conditions, PS shows little 
surface oxidation and no bulk oxygen content by XPS. It can also be seen in Figure 4 that 
the sharp peaks associated with the aromatic side chain in the polystyrene[53] at 1601 cm-1, 
1584 cm-1 and 1542 cm-1 are retained, albeit atop an increasingly complex baseline as time 
progresses.  
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Figure 4. Evolution of carbonyl peaks during photo-aging in air for PS-PC61BM films as 
measured by ATR-FTIR. 

3.2 GCIS-XPS Depth Profiling of Organic and Blend Films 

The relative similarity of the XPS surface data with the FT-IR bulk data suggests that the 
oxidation has proceeded considerably. If a diffusion limited hypothesis is correct then it is 
implied that oxygen diffuses into the bulk of a blended PS-PC61BM system relatively quickly. 
To further examine this, GCIS was used to examine the oxygen penetration into the film bulk 
by producing a depth profile through the organic layers. 

Initially it was necessary to confirm that a PC61BM film could be consistently etched without 
loss of structure. As expected, PC61BM etched with a monatomic 5 keV Ar+ beam does 
indeed show significant loss of oxygen. Lower energy 0.5 kV Ar+ etching shows much better 
structural retentionwith 2.26 % oxygen retained (Table 2 and Figure S1), confirming that low 
energy monatomic argon etches are effective in reducing, but not completely eliminating, ion 
beam induced damage in organic systems[37]. This can be contrasted with the gas cluster 
modes which gradually show a greater structure retention in the C(1s) high energy tail and a 
sharpening of the main C60/benzene contribution at 284 eV. By contrast there is a clear loss 
of  the C-O, O-C=O and π→π* contributions at higher acceleration voltages (Figure 5). At 
the same time, gradually smaller contributions from O(1s) are seen with higher acceleration 
voltages. The oxygen content of the 2.5 kV Ar+

500 etched sample is 2.66 At%, which 
compares well with the 2.70 At% expected from the PC61BM structure, with little chemical 
reduction of the carbon. Indeed, the 5 kV and 2.5 kV acceleration voltages actually show an 
increase in the amount of surface oxygen compared to the unetched sample, which is 
attributed to the removal of adventitious surface carbon contaminants present in the as 
produced film. Argon inclusion in the etched film is observed for the monoatomic 5 kV Ar+ 
beam, and also to a lesser degree with the higher acceleration voltages applied to Ar+

500 
clusters. The relatively mild etches allowed by gas cluster sources are ideal for organic 
systems that are often severely damaged by incident Ar+ beams [28,40,54], although it 
should be noted that the low energy per Ar atom will also give reduced etch rates compared 
to higher energy beams. The improved structural retention preserves the subtle quantitative 
information and allows GCIS argon cluster sources to perform experiments that were 
previously impossible – one such experiment is following oxidation as it moves through an 
organic material.  
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         Ar+
500 Cluster Acceleration Voltage 

Element PC61BM As 
Produced 

5 kV 
Ar+ 

0.5 kV 
Ar+ 20 kV 15 kV 10 kV 5 kV 2.5 kV 

O 2.70 2.20 0.99 2.26 0.51 0.81 1.71 2.48 2.66 

C 97.3 97.8 97.7 97.7 99.5 99.1 98.3 97.5 97.3 

Ar 0 N/A 1.30 N/A 0.04 0.06 N/A N/A N/A 
Table 2. Surface stoichiometry of a fresh PC61BM film after five minutes exposure to typical 
argon etching beams. 

Figure 5. Detail showing evolution of the C(1s) envelope with decreasing acceleration 
voltage for Ar+

500 clusters. (a) A shows a typical PC61BM surface and synthetic components 
prior to etching (b) The surface after 300 s Ar+

500 cluster etching with 20 kV (red), 15 kV 
(orange), 10 kV (yellow), 5 kV (green) and 2.5 kV (blue). Dashed lines represent the 
synthetic components after 300 s etching with 2.5 kV clusters – note the reduction of the O-
C=O component which indicates its surface excess is in part due contamination. 
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The optimal cluster etching mode was established as an acceleration voltage of 2.5 kV for 
Ar+

500 clusters. Figure 6 presents a typical series of depth profiles for fresh PS-PC61BM blend 
(Figure 6a,b). Very low surface oxidation is observed, and the depth profile proceeds 
through the bulk film showing ~1 At% oxygen in the bulk. Individual C(1s) envelopes in the 
bulk strongly resemble the PS-PC61BM observed previously (Figure 2b), and little oxygen is 
observed until the onset of the ITO O(1s) signals from the substrate at a depth of 85 nm 
(Figure 6b, 7). By contrast much higher oxygen levels are observed in the bulk PS-PC61BM 
after 1920 min photo-aging in air (Figure 6c,d, 7). The bulk composition of the layer is 
profoundly altered by considerable oxygen ingress into the material. Initially adventitious 
surface contamination is removed, resulting in an increase in the observed oxygen signal. 
After 480 mins exposure to AM1.5G light, there is only a subtle bulk change, but with longer 
exposure the amount of oxygen in the bulk film increases, particularly close to the top 
surface of the PS-PC61BM. The individual spectra closer to the buried ITO interface tend to 
be more PS-PC61BM-like, suggesting that the degradation is most severe at the top surface 
and that the limited ingress of oxygen into the bulk prevents more severe damage as depth 
increases. Additionally, no evidence is noted of degradation of the underlying ITO layer, or of 
indium migration into the organic film which has been reported as indicating an ITO failure 
mechanism[55]. 

Interestingly, for 1920 minute photo-aged PS or PC61BM layers this same scale of oxidation 
is not observed in the bulk. No O(1s) signal is observed at all for PS below the top surface 
with only a minor increase in O(1s) signal for PC61BM to 3.9 ± 0.5 At% below the top 
surface, which suggests that the PS-PC61BM blended film is less stable than either PS or 
PC61BM individually. Pristine PC61BM films have previously been observed to form 
aggregated clusters which shrink in size when blended with PS, and also that some PC61BM 
clusters are entrapped within polystyrene composites[42,46] which would provide additional 
interfaces that could be attacked. The extremely complex and extended interfaces formed 
between different domains in the polymer blends typically used in OPV devices offer a ready 
potential pathway for oxygen (and nitrogen) ingress into blended films that is not available to 
either pure material. Morphological control of blended materials for OPV is a significant field 
in its own right, with the morphology of films sensitive to numerous factors such as subtle 
chemical or physical interactions between the various components and various kinetic or 
thermodynamic parameters during manufacture[13]. It is also interesting to note that 
previous work on degradation via GCIS did not observe the same level of oxidation, although 
this previous study looked at light and oxygen/humidity separately, rather than photo-
oxidation in air[41].  

PC61BM photo-oxidation in optoelectronic devices, particularly the high oxidation observed in 
the blended structures representative of OPV devices, has important implications for device 
stability. Indeed PC61BM remains widely used in OPV, and as a layer in perovskite PV 
devices due to its simple application via spin coating, low temperature processing, high 
device efficiency, but all of these positive characteristics are moot for industrial scale up if 
the material itself is unstable. Even in blend systems where the PC61BM is observed to 
improve the lifetime, photo-oxidation is still observed and DFT suggests a drop in the LUMO 
even where the C60 cage remains intact[51] and, given demonstrated C60 cage opening after 
heavy oxidation under synthetic chemistry conditions[52], it is plausible that even this 
assumption underestimates the damage to the molecule. Finally, it should be noted that 
analysis of films in isolation will not represent the full spectrum of either device protection or 
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potential degradation routes. In full devices the PC61BM or blended fullerene layer will be 
protected somewhat from photo-oxidation by further layers and encapsulation which would 
be expected to extend lifetime by limiting oxygen ingress[29]. Indeed it has been 
demonstrated that oxygen diffusion into films occurs relatively slowly over several hours, 
whilst the reaction of oxygen within a film occurs over minutes[56]. This diffusion limitation is 
evident both in 1) the observed preferential reaction of the surface and relatively slow 
penetration into the bulk blended films, and 2) the relatively surface limited oxidation in pure 
materials. 

Ultimately, fine control of manufacturing parameters to limit oxygen ingress and improve the 
lifetime OPV devices is beyond the scope this paper, but its potential importance is 
underlined by the observed deep penetration of oxygen into the bulk PS-PC61BM film. GCIS-
XPS has a wide potential to be applied to both organic material oxidation and morphology as 
it eliminates experimental artefacts and allows quantitative studies to be performed. Hence, 
over several batches of films aged to ~1920 min up to 20 At% oxygen was observed deep 
into the bulk of PS-PC61BM, presumably depending on subtle morphological variability 
during manufacture. Eliminating such material degradation will be critical for device survival 
in real world environments, and the subtle control of GCIS methods opens a new viable 
route to quantification. 
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Figure 6. Typical waterfall plots through PS-PC61BM materials. Fresh PS-PC61BM (a) C(1s) 
envelope evolution, (b) O(1s) envelope evolution. Photo-aged PS-PC61BM (c) C(1s) 
envelope evolution, (d) O(1s) envelope evolution. 
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Figure 7. Evolution of oxygen within the blended film bulk as a function of exposure time to 
AM1.5 light.  
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Conclusions 

The use of GCIS-XPS to monitor the oxidation of the optoelectronic material PC61BM is 
demonstrated. Using low acceleration voltages results in strong structural retention and thus 
allows high resolution XPS envelopes to be studied at all depths. The oxygen migration 
through an organic material has been monitored as a function of time during film 
degradation. Counter-intuitively, mixing the relatively photo-stable materials PS and PC61BM 
results in a much less stable film that photo-oxidises into the bulk rather than only at the 
extreme surface and indicates the potential for GCIS-XPS to extend depth profiling studies 
even to fragile oxidised organic systems.  
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Highlights 
 
 

• Oxidation of the fullerene PCBM under light in lab ambient conditions is noted. 
• The scale of oxidation is observed to increase when PCBM is blended with a stable 

polymer. 
• Stability of PCBM to gas cluster ion source etching is demonstrated. 
• Depth profiling confirms that oxidation penetrates into the bulk for PCBM-polymer 

blends. 


