
This is an Accepted Manuscript, which has been through the 
Royal Society of Chemistry peer review process and has been 
accepted for publication.

Accepted Manuscripts are published online shortly after 
acceptance, before technical editing, formatting and proof reading. 
Using this free service, authors can make their results available 
to the community, in citable form, before we publish the edited 
article. We will replace this Accepted Manuscript with the edited 
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the 
Information for Authors.

Please note that technical editing may introduce minor changes 
to the text and/or graphics, which may alter content. The journal’s 
standard Terms & Conditions and the Ethical guidelines still 
apply. In no event shall the Royal Society of Chemistry be held 
responsible for any errors or omissions in this Accepted Manuscript 
or any consequences arising from the use of any information it 
contains. 

Accepted Manuscript

www.rsc.org/pccp

PCCP

http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/


1 

 

Photo-degradation in air of the active layer components in a 

thiophene-quinoxaline copolymer:fullerene solar cell. 

 

Rickard Hansson,
a
 Camilla Lindqvist,

a
 Leif K. E. Ericsson,

a
 Andreas Opitz,

b
 Ergang Wang,

c
 

Ellen Moons
a
 

 
aDepartment of Engineering and Physics, Karlstad University, 65188 Karlstad, Sweden 
bDepartment of Physics, Humboldt-Universität zu Berlin, 12489 Berlin, Germany 
cDepartment of Chemistry and Chemical Engineering, Chalmers University of Technology, 

41296 Göteborg, Sweden 

 

Abstract 

We have studied the photo-degradation in air of a blend of [6,6]-phenyl-C61-butyric acid 

methyl ester (PCBM) and poly[2,3-bis-(3-octyloxyphenyl)quinoxaline-5,8-diyl-alt-thiophene-

2,5-diyl] (TQ1), and how the photo-degradation affects the solar cell performance. Using 

near-edge X-ray absorption fine structure (NEXAFS) spectroscopy, changes to the electronic 

structure of TQ1 and PCBM caused by illumination in ambient air are investigated and 

compared between the pristine materials and the blend. The NEXAFS spectra show that the 

unoccupied molecular orbitals of TQ1 are not significantly changed by the exposure of 

pristine TQ1 to light in air, whereas those of PCBM are severely affected as a result of photo-

induced degradation of PCBM. Furthermore, the photo-degradation of PCBM is accelerated 

by blending it with TQ1. While the NEXAFS spectrum of TQ1 remains unchanged upon 

illumination in air, its valence band spectrum shows that the occupied molecular orbitals are 

weakly affected. Yet, UV-Vis absorption spectra demonstrate photo-bleaching of TQ1, which 

is attenuated in the presence of PCBM in blend films. Illumination of the active layer of 

TQ1:PCBM solar cells prior to cathode deposition causes severe losses in electrical 

performance.
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1.  Introduction 

Polymer solar cells are a promising alternative to conventional solar cell technologies due to 

their compatibility with printing techniques, mechanical flexibility and the possibility to 

produce light-weight modules. Power conversion efficiencies (PCE) have been steadily 

increasing over the last decades and single junction devices are now showing a PCE above 

10%.1, 2 This makes stability one of the most important current challenges in the field of 

polymer solar cell research.3, 4 

The active layer of a polymer solar cell typically consists of a mixture of an electron donating 

conjugated polymer and an electron accepting fullerene derivative. One of the most 

commonly used fullerene derivatives is [6,6]-phenyl-C61-butyric acid methyl ester (PCBM, 

Figure 1). 

The degradation of the electrical performance of polymer solar cells is a complex 

phenomenon that involves several chemical and physical processes in different parts of the 

device. The donor and acceptor components, the active layer morphology, as well as the 

interlayers and electrode materials have all been shown to take part in device degradation.4-8 

The electrical degradation of polymer solar cells is often assigned to ingress of oxygen and/or 

water into the device. Oxygen can both dope the photoactive layer components and assist in 

photochemical oxidation reactions that cause a decrease in performance.9 

The photo-degradation of the light-absorbing electron donor material has been investigated 

for a number of well-known polymers.10-15 In most polymer/fullerene blends reported so far 

the polymer photo-oxidizes when exposed to light in ambient conditions.16, 17 Reese et al. 

showed that a film of the common donor polymer poly-hexylthiophene (P3HT) photo-

bleaches, while accompanied by PCBM in a blend, the photo-bleaching is inhibited.17 Also X-

ray absorption spectroscopy shows that blending with PCBM slows down the degradation of 

P3HT by a factor of 3.18 In a recent study by Tournebize et al., however, the stabilization of 
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P3HT by PCBM at short illumination times (<10h) is interpreted as due to morphological 

reorganization of the components in the active layer, while photochemical degradation was 

dominant over reorganization at longer illuminations times.19 It is however unlikely that such 

morphological reorganization is dominant in polymer systems with higher glass transition 

temperature. Based on the studied degradation mechanisms, several polymers have been 

suggested that have a better resistance towards photochemical degradation,13, 14 and some 

rules of thumb for photochemical stability of polymers were formulated by Manceau et al.11 

As increasingly stable polymers are being developed, the importance of studying the other 

component of the active layer, i.e. the fullerene derivative, becomes more and more apparent. 

Poly[2,3-bis-(3-octyloxyphenyl)quinoxaline-5,8-diyl-alt-thiophene-2,5-diyl] (TQ1, Figure 1) 

is a polymer20 that has demonstrated a high PCE of 7%21 and a substantially improved 

chemical stability compared to P3HT.14 This makes TQ1 suitable for the present study where 

we want to distinguish the degradation of the fullerene derivative from that of the polymer.  

The stability of PCBM has previously been studied by Reese et al. who observed oxidation of 

PCBM upon exposure of a P3HT:PCBM blend film to white light in ambient air for 1000 

hours.17 By using Fourier transform infrared spectroscopy, Chambon et al. showed that the 

photo-oxidation of PCBM mainly involves the oxidation of the C60 moiety.22 Yamane et al. 

have studied the photo-oxidation of PCBM in blends with P3HT, using matrix-assisted laser 

desorption/ionization time-of-flight (MALDI-TOF) mass spectrometry, their findings 

suggesting that PCBM is stabilized by P3HT.23 Recently, the effect of light exposure in air on 

the electronic structure of PCBM was studied by Anselmo et al. using a combination of near-

edge X-ray absorption fine structure (NEXAFS) spectroscopy and X-ray photoelectron 

spectroscopy.24 Considerable changes to both the occupied and unoccupied molecular states 

were found, meaning that the surface of a PCBM thin film is significantly affected by 

exposure to light in ambient air. The question remains how this surface degradation of pristine 
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PCBM compares to that of PCBM in a blend, as the one used in a solar cell device, as well as 

how the photo-degradation of the active layer components affects the solar cell performance. 

Here we report on the photo-induced changes to the electronic structure of PCBM and TQ1, 

in their pristine forms as well as in a blend, and we evaluate the effect of the degradation on 

the solar cell performance. 

  

2. Experimental Section 

2.1  Materials 

The synthesis of TQ1 is described elsewhere.20 The number average (Mn) and weight average 

(Mw) molecular weights, determined by size exclusion chromatography relative to polystyrene 

standards, were Mn = 34 kg/mol and Mw = 91 kg/mol. The eluent was 1,2,4-trichlorobenzene 

and the working temperature 135°C. The mass density of TQ1 is estimated to be 1 g/cm3. 

PCBM (purity > 99.5 %) was purchased from Solenne BV (The Netherlands). Reported mass 

density values for PCBM range from 1.3-1.6 g/cm3.25-27 Here the value of 1.5 g/cm3 is used. 

Poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) (Clevios P VP AI 

4083) was purchased from Heraeus Precious Metals GmbH & Co. KG. 

Chlorobenzene (analytical grade) was purchased from Merck KGaA and was used as 

received. 

For the NEXAFS and valence band characterizations, substrates were cut from silicon wafers 

(n-type, (001) orientation and resistivity 0.001-0.003 Ωcm) and cleaned using the standard 

RCA-method,28-30 without the final HF-etching step in order to leave the surface hydrophilic. 

For UV-Vis characterization, glass substrates, also cleaned using the RCA-method, were 

used. 

For solar cells, patterned ITO-coated glass substrates from Kintec Company, China, with a 

200 nm thick ITO layer with sheet resistivity 10 Ω/sq were used, which were cleaned in 
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isopropanol in an ultrasonic bath for 60 min and subsequently UV-ozone treated for 20 

minutes. 

 

2.2 Sample preparation 

Blend solutions of TQ1:PCBM were prepared in chlorobenzene in a 1:3 weight/weight ratio, 

except for the UV-Vis blend sample where a 10:1 ratio was also used. 

The highest efficiencies for TQ1-based solar cells were reported for [6,6]-phenyl C71-butyric 

acid methyl ester (PC70BM) as the electron acceptor and for solution formulations involving 

high vapour pressure solvents and additives.21 Apart from giving high efficiencies, such 

solution formulations also give films with high TQ1 surface concentrations.31 Since our 

objective here is to investigate how the PCBM at the surface of the active layer is affected by 

the exposure to air and light, we do, rather than aiming at the highest possible efficiencies, 

choose a solution formulation that will lead to a non-negligible surface concentration of 

PCBM in the blend film that can be detected by its NEXAFS resonances. We also chose 

PCBM rather than PC70BM as the acceptor material since the NEXAFS π* resonances of 

PCBM overlap less with those of TQ1 than is the case for PC70BM. Note that this choice will 

lead to lower device performance compared to PC70BM.20 

The active layer was deposited by spincoating in a protected N2 atmosphere (<0.1 ppm O2, 

<0.1 ppm H2O) inside a glove box (M.Braun Inertgas-Systeme GmbH) at 750 rpm for 100 s. 

In addition to the blend films, films of pristine TQ1 and pristine PCBM (solutions in 

chlorobenzene) were also prepared by spincoating.  

For NEXAFS spectroscopy, valence band spectroscopy and solar cells, a 50 nm PEDOT:PSS 

layer was spincoated on the substrates after filtering it through a 0.45 µm nylon filter. The 

PEDOT:PSS covered substrates were annealed at 120°C for 20 minutes in a vacuum oven 

under low vacuum to remove any remaining water. 
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The film thicknesses were measured by scanning across a scratch in the film with the tip of an 

AFM (Nanoscope IIIa Multimode, Veeco Metrology group) in tapping mode, using a Si tip. 

The film thickness of pristine TQ1, pristine PCBM and all blends was 90 ± 5 nm. 

Light exposure was performed in air using AM 1.5 illumination from a solar simulator 

(Sol2A, model 94022A, Oriel Instruments, USA). 

For the solar cell fabrication, the top electrodes were deposited by subsequent thermal 

evaporation of 0.3 nm LiF and 100 nm Al on of the unexposed active layers as well as on the 

light-exposed active layers. (Univex 350 G, Oerlikon Leybold Vacuum GmbH). The 

deposition rates were 0.5 Å/s for LiF and 1Å/s for Al and the pressure was in the range of 10-6 

mbar during the evaporation. 

 

2.3 Characterization 

NEXAFS spectroscopy and X-ray photoelectron spectroscopy were carried out at beamline 

D1011 of the MAX-IV National Laboratory for Synchrotron Radiation in Lund, Sweden. All 

NEXAFS spectra were collected near the C1s absorption edge in the photon energy range 

276-327 eV at 55° incident angle with respect to the sample surface. Total electron yield 

(TEY) spectra were obtained by measuring the sample drain current. Reference spectra were 

recorded on a gold coated mica sample (Georg Albert, PVD-Beschichtungen) that had been 

cleaned in-situ by sputtering with argon. All NEXAFS spectra were divided by the gold 

spectrum and normalized in the high photon energy region.32, 33 The photon energy scale was 

calibrated by measuring the spectrum of highly ordered pyrolytic graphite (HOPG) and using 

the position of the exciton resonance at 291.65 eV as an energy reference.34 The C1s 

NEXAFS spectrum from a metal grid was measured simultaneously to all the samples and 

used to compensate for any drift in photon energy from the monochromator. 
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The surface composition of the blend films was obtained from the NEXAFS spectra by 

finding the linear combination of the pure components’ spectra that best matched the 

spectrum of the blend. The coefficients in that linear combination then give the volume ratio 

of the components.35 This assumes that the pure components do not react in the blend forming 

new components and that the electron scattering length is similar in both components. No 

degradation of the samples due to exposure to the X-ray beam was observed during the 

NEXAFS measurements. 

X-ray photoelectron spectroscopy was used to collect the valence band spectra of TQ1 films 

using a photon energy of 150 eV and a SCIENTA SES200 electron-energy analyzer. Spectra 

were collected in normal emission and were energy calibrated with respect to the Fermi level 

measured on a gold surface that had been cleaned in situ by argon sputtering. 

UV-Vis absorption measurements on the TQ1 and blend films were performed in 

transmission mode using a Cary 5000 UV-Vis-NIR spectrophotometer (Agilent 

Technologies).  

The current-voltage characteristics of the solar cells were measured in the dark as well as 

under illumination (AM 1.5) using a Keithley 2636A Dual-channel SourceMeter, in a sealed 

cell. The cell is filled with N2 slightly above atmospheric pressure and has a window made of 

a 2 mm thick poly(methyl methacrylate) (PMMA) sheet. No spectral correction was made for 

any UV light absorption by the PMMA. When extracting the photovoltaic parameters, the 

data points were interpolated using a cubic spline. The series resistance was obtained by 

fitting the higher voltage part of the forward dark curve to the Shockley equation: 
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where j is the current density, j0 the reverse bias saturation current density, e the electron 

charge, V the applied voltage, Rs the series resistance, n the ideality factor, kB Boltzmann’s 

constant, and T the absolute temperature, with j0, RS and n being the fitting parameters. 

 

3. Results 

C1s NEXAFS spectra of thin films of pristine TQ1, pristine PCBM and a TQ1:PCBM 1:3 

w/w blend, before and after exposure to AM1.5 light in air for different times are shown in 

Figure 2. As can be seen in Figure 2a, the TQ1 spectrum is not significantly affected by 

exposure to light in air. The PCBM spectrum, on the other hand, is strongly affected by this 

exposure. The intensity of the π* resonances at 284.5 eV, 285.8 eV and 286.2 eV are reduced, 

while the peak at 288.4 eV grows with increasing exposure time, in agreement with what has 

been reported by Anselmo et al.24 By density functional theory, the peak at 284.5 eV has 

earlier been assigned to the C60 fullerene and phenyl moieties of PCBM, while the peaks at 

285.8 eV and 286.2 eV mainly arise from the C60 cage.36 The peak at 288.4 eV arises from 

transitions to σ* molecular orbitals,37 and it contains contributions from the side chain as well 

as from the fullerene cage.36 The observed changes in the PCBM NEXAFS spectra upon light 

exposure in air imply double bonds being broken and single bonds being formed, i.e. a 

transition from sp2 to sp3 hybridized carbon. The NEXAFS spectrum of the TQ1:PCBM 

blend, shown in Figure 2c, consists of contributions from PCBM and TQ1, and is also 

modified by the light exposure in air; in particular in the π* region where the resonances 

corresponding to PCBM decrease in intensity with increased exposure time. 

The valence band spectrum of TQ1, before and after exposure to light in air, is shown in 

Figure 3a. The onset of the valence band is not affected by the exposure. With increasing 

exposure time, the intensity of the peak at binding energy 3 eV is reduced. This peak can be 

assigned to the highest occupied molecular orbital (HOMO) of the polymer.  
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Figure 3b shows UV-Vis absorption spectra of pristine TQ1 after different exposure times to 

light in air. The absorption peak intensities decrease with increasing exposure time due to 

photo-bleaching of the polymer, and there are no significant energy shifts. Also, the low and 

high energy peaks decrease at slightly different rates. Figure 3c shows the remaining 

absorbance calculated from the low energy absorption peak of pristine TQ1 films and TQ1 

with 10 wt% PCBM for the different exposure times. For longer exposure times it can be seen 

that adding 10 wt% PCBM slows down the photo-bleaching of TQ1, in agreement with what 

has previously been reported by Tromholt et al.38 

Fitting the unexposed TQ1:PCBM 1:3 w/w blend NEXAFS spectrum in Figure 2c to a linear 

combination of the pristine components’ spectra gives a surface composition of 32% (vol) 

PCBM (fit shown in the supplementary information). This result is in agreement with what 

was shown in previous studies, i.e. that the surface of TQ1:PC70BM films is TQ1-enriched.31 

The PCBM component in the NEXAFS spectrum of a TQ1:PCBM blend films that has been 

exposed to light in air can be extracted from the blend spectrum by subtracting the TQ1 

component from the unexposed blend spectrum, using the fact that the NEXAFS spectrum of 

pristine TQ1 is unaffected by the exposure (Figure 2a). This is also justified by the UV-Vis 

measurements that show that PCBM protects TQ1 from photo-bleaching (Figure 3). Since the 

NEXAFS spectrum of pristine TQ1 is not significantly affected by light exposure in air, we 

can assume that the TQ1 component in a blend with PCBM is likely to be affected even less. 

Figure 4a shows C1s NEXAFS spectra of the PCBM component in TQ1:PCBM blends, 

unexposed as well as exposed to light in air for different times. These spectra were obtained 

by subtracting the TQ1 component from the NEXAFS spectra of the blends, shown in Figure 

2c. Comparing the effect of the exposure on the NEXAFS spectrum of PCBM in a blend film 

(Figure 4a) to that of pristine PCBM (Figure 2b), it can be seen that the decrease in relative 

peak intensity resulting from the exposure is larger for PCBM in a blend with TQ1 than for 
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pristine PCBM. The relative peak area of the π* resonance at 284.5 eV as a function of 

exposure time is shown in Figure 4b for pristine PCBM and the PCBM component in the 

blend. It is clear that the PCBM component in the blend is affected much stronger by the 

exposure than pristine PCBM. 

Figure 5 shows JV-curves, measured under AM 1.5 illumination, of 

ITO/PEDOT:PSS/TQ1:PCBM/LiF/Al solar cells whose active layer has been exposed to light 

in air for different times prior to the cathode deposition. The curves for the best performing 

devices are shown in Figure 5. The photovoltaic parameters (mean values ± standard 

deviations, each for 16 devices) are presented in Table 1. All photovoltaic parameters 

decrease by the exposure, but it is the photocurrent that is most severely affected. The JSC is 

reduced by a factor of 2 after 2 hours of exposure while the VOC decreased by 17% and FF by 

30%. Analysis of the dark JV-curves (Figure S1, supplementary information) also revealed 

that the series resistance in the device increases with exposure time. After 19 hours the solar 

cell efficiency is almost zero. 

AFM images (supplementary information, Figure S2) show that the exposure to light in air 

has no discernible effect on the lateral morphology of the film surface. 

 

4. Discussion 

The changes to the NEXAFS spectrum of pristine TQ1 after exposure to AM1.5 light in air 

for different times (Figure 2a) are negligible which tells us that the empty molecular states of 

the TQ1 molecule have a high photo-stability, also compared to other conjugated polymers. 

However, the photo-bleaching of the UV-Vis spectrum of TQ1 upon exposure to white light 

and air shows that the optical properties of TQ1 are far from stable. This is in agreement with 

Henriksson et al. who observed photo-bleaching of TQ1 and assigned it to chain scission due 

to photo-induced oxidation.13 According to Henriksson et al., the low energy absorption peak 
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of TQ1 originates from the absorption of aromatic structures while the high energy absorption 

peak is due to intramolecular charge transfer along the backbone of the polymer.13 The 

exposure to light in air also results in a small shift of the low energy absorption peak towards 

higher energies. Density functional theory calculations by Hedström et al. have shown that the 

low energy absorption peak of TQ1 shifts to higher energies for shorter oligomers (oligomer 

sizes n<10).39 Comparing the shift (~30 nm) observed in our experiments with the calculated 

shifts, this would indicate that TQ1 is cut into quite short segments, which should likely affect 

also the electrical properties. The inclusion of 10 wt% PCBM into a TQ1 matrix enhances the 

stability towards photo-bleaching of the polymer (Figure 3c). This is in agreement with the 

reports by Reese et al. for P3HT where the addition of PCBM also slows down the photo-

bleaching of P3HT.17 We also observe changes to the valence band spectrum of TQ1 upon 

light exposure in air, and note that the decrease in relative peak intensity of the HOMO (90% 

remaining intensity after 2 h and 75% after 19 h) is similar in size to the decrease in relative 

peak intensity of the low energy absorption peak in the UV-Vis spectra (94% remaining 

intensity after 2 h and 80% after 23 h). Comparing the effect observed in the valence band and 

NEXAFS spectrum indicates that the lowest unoccupied molecular orbital (LUMO) of TQ1 is 

less susceptible to chemical alterations of the polymer molecules than the HOMO. 

In contrast to TQ1, the changes to the NEXAFS spectrum of pristine PCBM after exposure to 

AM1.5 light in air for different times (Figure 2b) are significant. Also, comparing the photo-

induced changes in the valence band of TQ1 (Figure 3a) to the substantial changes to the 

valence band spectrum of PCBM reported by Anselmo et al,24 clearly proves that the surface 

of PCBM degrades faster than the surface of TQ1. 

How the NEXAFS spectrum of a TQ1:PCBM blend is affected by illumination in air is shown 

in Figure 2c. Upon increased exposure, the PCBM-related resonances in the blend spectrum 

become weaker. This could have two possible causes: 1) Exposure to light changes the 
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vertical composition of the blend, as observed for P3HT:PCBM blends by Tournebize et al.,19 

or 2) PCBM in the blend degrades upon exposure, as it does in its pristine form. The first 

reason is less likely to occur for TQ1, because first, the glass transition temperature of P3HT 

is below room temperature,40 whereas that of TQ1 is 100°C,41 hence substantially higher 

temperatures are needed to trigger any diffusion in a TQ1:PCBM blend than in a 

P3HT:PCBM blend. Secondly, if the decreased intensity of the PCBM-related resonances in 

the exposed blends compared to unexposed ones were a result of PCBM diffusing from the 

surface into the film, then the spectra shown in Figure 4a would not look like that of pure 

PCBM. The same TQ1 component (namely that of the unexposed blend) is subtracted from 

each blend spectrum to give the spectra shown in Figure 4a, so if PCBM had diffused from 

the surface into the film, more TQ1 would reside in the surface layer and there would be a 

remaining TQ1 component visible in the spectra. Since this is clearly not the case, as can be 

seen by comparing Figure 2 and 4a, we can confidently exclude alternative 1. Therefore we 

conclude that PCBM in the blend with TQ1 degrades upon exposure, just like PCBM does on 

its own.  

To compare the degradation rates of pristine PCBM and PCBM in the blend, the PCBM 

component in the NEXAFS spectrum of the blend is extracted by subtracting the TQ1 

component of the unexposed blend (obtained from the fit shown in Figure S3 in the 

supplementary information) from the blend spectrum. Doing so, it is assumed here that TQ1 

does not degrade in the blend. As stated earlier, this assumption is justified by two things: 

first, the NEXAFS spectrum of pristine TQ1 is unaffected by the exposure, and secondly, the 

UV-Vis experiments (Figure 3b and c) show that when TQ1 is in a blend with PCBM, the 

PCBM protects the TQ1 from degradation. It is worth noting, though, that when the TQ1 

component is subtracted from the blend spectra, what remains is the PCBM component and 
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the residual from the fit, but as can be seen (Figure S3, supplementary information), the 

residual is minimal. 

The resulting effect of illumination in air on the PCBM component in a TQ1:PCBM blend can 

be seen in the NEXAFS spectra in Figure 4. Comparing this to the NEXAFS spectrum of 

pristine PCBM (Figure 2b), it is clear that PCBM in a blend with TQ1 degrades faster (Figure 

4b) by light and air exposure than pristine PCBM. This is rationalized by the additional light 

absorption by TQ1 and subsequent electron transfer to the PCBM. Due to the extended 

absorption spectrum of TQ1 in the visible region, electrons are transferred to PCBM in the 

blend even by light with wavelengths in other regions of the solar spectrum (visible light up to 

700 nm) where pristine PCBM does not absorb. Reese et al. have previously attributed 

degradation of PCBM in a blend with P3HT to the photo-excitation of P3HT followed by 

photo-oxidation of PCBM.17 In a recent study by Yamane et al., the photo-oxidation of 

PCBM in blends with P3HT was investigated using matrix-assisted laser 

desorption/ionization time-of-flight (MALDI-TOF) mass spectrometry, their findings 

suggesting that PCBM is stabilized by P3HT.23 What we concluded here from UV-VIS 

absorption and NEXAFS spectroscopy for TQ1 is the opposite to the conclusion of Yamane et 

al. On the other hand, TQ1 has been shown to have five times higher chemical stability than 

P3HT,14 and looking at the NEXAFS and valence band spectra of pristine TQ1 and PCBM 

exposed to light in air, TQ1 is clearly more stable than PCBM, which suggests that, in the 

blend, it is PCBM rather than TQ1 that suffers worst from the exposure to light in air. 

The effect of the active layers materials degradation on the solar cell device performance is 

illustrated by the JV-curves in Figure 5. It is apparent that exposing the active layer to light in 

air before depositing the top electrode has a negative impact on the device performance. 

Considering how the empty states of the PCBM component in the surface layer of the blend 

were dramatically altered by the light exposure in air, it is not surprising that the device 
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performance is also affected. The relative decrease in JSC is significantly larger than the 

decrease in absorption due to the exposure to light in air of a TQ1:PCBM 1:3 w/w film (see 

Figure S4, supplementary information). Other effects than the photo-bleaching must therefore 

also play an important role in the degradation of the solar cell performance. At the surface of 

the active layer, where the interface with the low work function electrode (LiF/Al) is made, 

electrons are extracted during the solar cell operation. Hence, if the electron-accepting 

material (PCBM) is destroyed at that interface, poor electron collection is to be expected, 

contributing to a lower JSC and higher RS.  

 

5. Conclusions 

The photo-stability of the electronic structure of TQ1 in air surpasses that of PCBM. The 

LUMO of PCBM quickly changes upon exposure to light in air whereas that of TQ1 does not. 

PCBM blended with TQ1 photo-degrades at a higher rate than pristine PCBM, rationalized by 

the broader absorption spectrum of TQ1 and subsequent electron transfer to PCBM. Solar 

cells whose active layers have been exposed to light in air prior to the deposition of the top 

electrode show significantly reduced performance. Contributing factors to the decreased 

performance are the decreased absorption of TQ1 and the degradation of the electronic 

structure of PCBM in the blend film at the electron collecting interface. 
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Table 1. Device parameters of the photovoltaic devices of 

ITO/PEDOT:PSS/TQ1:PCBM/LiF/Al unexposed to light and air as well as exposed to AM1.5 

light in air for different times. Mean values ± standard deviations, each from 16 devices are 

shown. 

Exposure time JSC (mA/cm2) VOC (V) FF (%) RS (Ω cm2) PCE (%) 

Unexposed 3.50 ± 0.28 0.88 ± 0.02 57.8 ± 1.7 2.8 ± 0.6 1.77 ± 0.19 

0.5 h 2.39 ± 0.14 0.80 ± 0.01 48.7 ± 2.9 4.3 ± 1.0 0.93 ± 0.09 

2 h 1.75 ± 0.21 0.73 ± 0.02 40.2 ± 1.5 7.0 ± 1.0 0.52 ± 0.09 

19 h 0.13 ± 0.03 0.47 ± 0.02 27.7 ± 0.7 115 ± 44 0.017 ± 0.004 
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Figure 1. Molecular structures of TQ1 and PCBM 
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Figure 2. C1s NEXAFS spectra (TEY) of spincoated films of a) pristine TQ1, b) pristine 

PCBM and c) a TQ1:PCBM 1:3 w/w blend  unexposed to air and light (black), and exposed to 

air and AM1.5 light for different times (orange and blue).  
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Figure 3.  Valence band (a) and UV-Vis absorption spectra (b) of pristine TQ1 films, 

unexposed to air and light (black), and after different exposure times to AM1.5 light in air 

(red to yellow). c) Remaining absorbance, calculated from the area under the low energy 

absorption peak for pristine TQ1 (blue diamonds) and a TQ1:PCBM 9:1 w/w blend (purple 

circles) after different exposure times to AM1.5 light in air. 
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Figure 4. a) C1s NEXAFS spectral component originating from PCBM, extracted by 

subtraction of the TQ1 spectral contribution from experimental NEXAFS spectra of the 

TQ1:PCBM 1:3 blend films (Figure 2c) exposed to light and air for different times. b) 

Remaining relative peak area of the π* peak of PCBM at 284.5 eV for pristine PCBM (red 

squares) and the PCBM component of a TQ1:PCBM 1:3 w/w blend (purple circles) after 

different exposure times to light in air. 
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Figure 5. Current-voltage characteristics measured under AM 1.5 illumination of the best 

performing ITO/PEDOT:PSS/TQ1:PCBM/LiF/Al devices, unexposed to light and air, as well 

as exposed to light in air for different times prior to the cathode deposition.  
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