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ABSTRACT 

Organic solar cells recently achieved efficiencies of over 18% and are well on their way to practical 

applications, but still considerable stability issues need to be overcome. One major problem 

emerges from the electron transport material zinc oxide (ZnO), which is mainly used in the inverted 

device architecture and decomposes many high performance nonfullerene acceptors due to its 

photocatalytic activity. In this work we add three different fullerene derivatives – PC71BM, ICMA 

and BisPCBM – to an inverted binary PBDB-TF:IT-4F system in order to suppress the 

photocatalytic degradation of IT-4F on ZnO via the radical scavenging abilities of the fullerenes. 

We demonstrate that the addition of 5% fullerene not only increases the performance of the binary 

PBDB-TF:IT-4F system, but also significantly improves the device lifetime under UV illumination 

in inert atmosphere. While the binary devices lose 20% of their initial efficiency after only 3 hours, 

this time is increased fivefold for the most promising ternary devices with ICMA. We attribute 

this improvement to a reduced photocatalytic decomposition of IT-4F in the ternary system, which 

results in a decreased recombination. We propose that the added fullerenes protect the IT-4F by 

acting as a sacrificial reagent, and thereby suppress the trap state formation. Furthermore, we show 

that the protective effect of the most promising fullerene ICMA is transferable to two other binary 

systems PBDB-TF:BTP-4F and PTB7-Th:IT-4F. Importantly, this effect can also increase the air 

stability of PBDB-TF:IT-4F. This work demonstrates that the addition of fullerene derivatives is 

a transferable and straightforward strategy to improve the stability of organic solar cells. 
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1. INTRODUCTION 

With efficiencies reaching over 18%,1–3 organic solar cells (OSCs) have become serious 

competitors for state-of-the art inorganic solar cells. This is especially true because their properties 

such as lightweight, low cost, sustainable materials and flexibility allow them to open entirely new 

markets. For commercial applications, however, not only the efficiency has to be convincing, but 

also the stability must be sufficiently high, which is not yet the case for many high-performance 

OSC systems. A major degradation influence, which of course cannot be avoided, is light. Nearly 

all organic solar cells show an initial fast degradation when being exposed to light the first time, 

which is referred to as a burn-in.4,5 

This initial light-induced degradation can have two fundamentally different causes of either 

morphological or molecular nature. Morphological changes occur when the energy introduced into 

the OSC by light causes diffusion6 or recrystallization of components, thus resulting in a loss of 

the optimal interpenetrating network of the bulk heterojunction (BHJ).7–9 Molecular changes occur 

when the incident light breaks chemical bonds directly10 or activates reactions of the components 

with each other,11,12 with impurities,13 or with interlayers.14 

An inverted architecture is normally considered being more stable for devices containing 

fullerene acceptors.15,16 However, for nonfullerene acceptors the inverted geometry brings up new 

stability issues. Especially, the electron transport layer (ETL) ZnO, which is commonly used in 

inverted devices, can cause stability problems.17 ZnO is known as photocatalyst for the degradation 

of organic compounds and, for example, is used for water purification.18–20 Upon irradiation with 

UV light, electron-hole pairs are created in the ZnO, which then can either react directly with 

adsorbed pollutants or form reactive oxygen species (e.g. OH, O ) with the surrounding water, 

which act as mobile, potent oxidizing agents and decompose dissolved pollutants.20  
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This photocatalytic reactivity of ZnO, which is very desirable for water purification, can have a 

detrimental effect in organic solar cells.14,21,22 The organic molecules, which are located adjacent 

to the ZnO layer, can be reduced or oxidized directly due to the photoinduced charge carriers in 

ZnO.20 Furthermore, as a result of the manufacturing process, water and oxygen are adsorbed on 

the ZnO surface,23,24 which again can form mobile, reactive oxygen species that attack the active 

materials.25   

Nonfullerene acceptors have been shown to be particularly susceptible to the destructive 

influence of ZnO,14,21 since they usually contain end groups like indandione (e.g. ITIC, IT-4F, 

IEICO-4F) or rhodanine (e.g. IDFBR) that are connected to the core by a non-aromatic double 

bond, which is vulnerable to addition reactions. It has been demonstrated that IT-4F, ITIC and 

IEICO-4F films coated on a ZnO substrate undergo complete photobleaching in less than 100 

hours when exposed to UV illumination.14 A more detailed investigation with ITIC revealed that 

the excitation of ZnO causes an addition reaction of radical oxygen species to the vinyl bond in 

ITIC and dimerization of ITIC was also detected.21 In a solar cell, this process causes a loss of 

absorption and more importantly, the degraded molecules can act as charge traps and thus as 

recombination centers. 

The use of UV filters in front of the solar cells could solve the degradation problem by 

suppressing the photocatalytic activity of ZnO, however, this is not a reasonable option due to ZnO 

suffering from the so-called light-soaking issue.26 Photovoltaics containing ZnO as ETL need UV 

illumination to passivate defect states on the surface of the ZnO and to reach their optimum 

performance. It is assumed that those defect states originate from the chemisorption of oxygen on 

the ZnO surface, which traps electrons from the ZnO conduction band by forming O  species and 

thus creates a depletion layer and band bending next to the interface.27 This results in a barrier for 
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electron injection or extraction and consequently in an s-shaped current density-voltage curve (JV-

curve), which causes a reduced fill factor. UV illumination generates electron-hole pairs in the 

ZnO which help desorbing the oxygen due to the holes recombining with O  and forming O2 

again.27 This results in a decrease of the injection/extraction barrier and the recovery of the 

performance of the solar cell.  

A more promising way to suppress the detrimental influence of ZnO on the absorbing materials 

is to introduce a protective interlayer between ETL and absorbing layer.22,28,29 For example, a thin 

pyrene-bodipy based layer on top of ZnO was shown to significantly increase the device lifetime 

under illumination for both PBDB-TF:IT-4F and PTB7-Th:PC71BM systems, respectively.22  

However, this method of using a protective layer increases the complexity in manufacturing the 

solar cells due to the additional layer and thereby would also increase the potential cost of the OSC 

manufacturing. A much simpler approach would be to suppress the UV aging due to ZnO by 

directly adding a protective third compound to the binary absorber mixture of the active layer. 

Promising candidates for this approach are fullerenes, since they are well known radical 

scavengers30,31 and already established materials for OSCs.  

In this work, we use a ternary approach to investigate the influence of three different fullerene 

derivatives, namely PC71BM, ICMA and BisPCBM, on the UV stability of inverted binary solar 

cells consisting of the donor PBDB-TF and the acceptor IT-4F (all systematic names can be found 

in the experimental part). The fullerene derivatives are found to significantly slow down the UV-

induced aging of the binary system, mainly due to decreased losses of the fill factor. It is shown 

that the addition of fullerenes reduces the formation of defect states, which emerge due to the 

photocatalytic degradation of IT-4F on the electron transport layer ZnO. In the present work, a 
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mechanism is proposed that explains the protective effect of the fullerenes with their radical 

scavenging abilities, suppressing the detrimental influence of ZnO.  
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2. RESULTS AND DISCUSSION 

2.1 Performance of ternary OSCs  

In Figure 1a the molecular structures of the used materials are illustrated. The corresponding 

energy levels are provided in Figure S1. Binary and ternary organic solar cells were built in an 

inverted architecture with ZnO as the ETL and MoOx as the hole transport layer (HTL), as 

illustrated in Figure 1b. For the binary blend, the polymeric donor PBDB-TF and the small 

molecule acceptor IT-4F were used in a 1:1 weight ratio. For the ternary blends 5 wt% of PC71BM, 

ICMA or BisPCBM were added, respectively. A weight ratio of 5% was found to achieve the 

highest power conversion efficiency (PCE) values for all three ternary blends, as illustrated in 

Figure S2.  

Inverted binary OSCs with PBDB-TF:IT-4F have been reported to yield champion efficiencies 

between 12% to 13% ,14,32 however, since the aim of this study was to compare the device stability 

of binary and ternary solar cells, the PCE was not extensively optimized, but all cells were built 

following a standardized procedure. 

The PCE distribution of the binary and the three different ternary systems is shown in Figure 1c, 

the corresponding distributions of the open-circuit voltage (VOC), short-circuit current density (JSC) 

and fill factor (FF) can be found in Figure S3. For each system, 30 individual cells fabricated in 

three different experimental batches are presented. The associated average and record photovoltaic 

performance parameters are summarized in Table 1. The binary reference system on average 

achieved an efficiency of 8.8%, with a VOC of 0.83 V, a JSC of 16.9 mAcm-2 and a FF of 64%. The 

addition of 5% fullerene derivative had a positive effect for all three studied fullerenes and resulted 

in an average PCE improvement of 6%, 10%, and 7% for PC71BM, ICMA and BisPCBM, 

respectively, compared to the binary system. This improvement originates mainly from an 
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increased JSC and FF, whereas the VOC remains nearly unchanged with the addition of the third 

component. As can be seen from the absorption coefficients of the binary and ternary blends in 

Figure S4, the fullerenes do not significantly improve the absorption of the different solar cells. 

However, in the external quantum efficiency (EQE) spectra, shown in Figure 1d, a difference 

becomes visible. In the wavelength region from 500 to 800nm, the EQE of all ternary cells is 

higher than that of the binary cell, with the ternary ICMA showing the strongest increase. This 

region corresponds to the absorption range of IT-4F (Figure S4), and thus suggests that the 

fullerenes improve charge transport from the acceptor. This effect probably also accounts for the 

enhanced FF, since the addition of fullerenes is known to result in an increased and more balanced 

charge carrier mobility.33,34 
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 Figure 1. a) Chemical structures of all used active layer materials, b) inverted device architecture 

of all built OSCs, c) PCE distribution (from 30 individual solar cells each) of the binary and the 

three ternary systems with added fullerenes as indicated, and d) the respective external quantum 

efficiency spectra (EQE) of the best cells with corresponding integrated photocurrents. 
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Table 1. Maximum and average values (in brackets) of performance parameters for binary and 

ternary devices from 30 cells conducted in three different experimental rounds. 

 PCE 

(%) 

VOC 

(V) 

JSC 

(mA cm-2) 

FF 

(%) 

PBDB-TF:IT-4F 10.2 (8.8 ± 1.0) 0.85 (0.83 ± 0.02) 17.3 (16.9 ± 1.3) 69 (64 ± 4) 

PBDB-TF:IT-4F   
+ 5% PC71BM 

10.5 (9.3 ± 0.8) 0.83 (0.82 ± 0.01) 17.7 (17.4 ± 0.5) 71 (66 ± 4) 

PBDB-TF:IT-4F 
+ 5% ICMA 

10.8 (9.7 ± 0.8) 0.83 (0.83 ± 0.01) 17.7 (17.4 ± 0.5) 73 (69 ± 4) 

PBDB-TF:IT-4F 
+ 5% BisPCBM 

10.8 (9.4 ± 0.8) 0.84 (0.83 ± 0.01) 17.8 (17.0 ± 1.0) 72 (67 ± 4) 
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2.2 UV stability of binary and ternary cells 

The UV stability of binary and ternary cells was examined by exposing them to a continuous 

UV illumination in a nitrogen atmosphere. A UV LED emitting at 365nm was used as the light 

source and its intensity was calibrated to match the intensity of the UV part (300-400nm) of one 

sun radiation. At regular time intervals, a JV-curve was measured under a white light LED to 

determine the change in the performance of the solar cells. The spectra of all used light sources 

can be found in Figure S5. 

In Figure 2a the aging of the four different systems during 30 hours of continuous UV 

illumination is presented. For every system three individual cells were averaged, and all data points 

were normalized to the performance of the respective fresh devices. The PCE curves for all devices 

show a typical burn-in behavior4 with an exponential decay of the efficiency in the first few hours. 

However, it is evident that the addition of the fullerenes significantly reduces the burn-in, and thus 

increases the device lifetime in all cases. The lifetime is usually defined as the time after which 

the device has lost 20% of its initial efficiency (so called T80 lifetime).15 For the binary cells this 

time is only three hours, while it is more than doubled by the addition of PC71BM (7h) and 

BisPCBM (6h). For the cells with ICMA even a fivefold T80 lifetime (16h) is achieved. 

The degradation of the PCE for all four systems is mainly from FF losses, with rather small 

losses in VOC and JSC. The fill factor is also the parameter that experiences the strongest stability 

improvement through the addition of the fullerenes, with ICMA showing the most pronounced 

effect and PC71BM and BisPCBM behaving very similar. Interestingly, the stability of the VOC and 

JSC values is also improved to the greatest extent by the addition of ICMA, followed by PC71BM 

and BisPCBM with a similar effect.   
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To examine if the observed stabilization effect scales with the amount of added fullerene, ternary 

devices with different ratios of the most promising candidate ICMA were built and aged under the 

same conditions for 120 hours. The degradation over time for VOC and FF, which are the two 

performance parameters with the most distinct aging effect, is shown in Figure 2b. The 

corresponding PCE and JSC curves can be found in Figure S6. It is obvious that the stabilizing 

effect of ICMA depends on the fullerene content, but already amounts as small as 1.25wt% result 

in a significantly improved stability. Furthermore, the stabilizing effect seems to saturate with an 

increasing ratio of ICMA. Since the performance of fresh devices decreases when 10% or more 

ICMA is added, 5% ICMA was chosen as the best trade-off between reaching a high device 

efficiency and a long device stability. 
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Figure 2. a) UV stability of the photovoltaic parameters of binary and ternary devices (averaged 

over 3 devices each) as a function of time. b) UV stability of VOC and FF as a function of time for 

binary PBDB-TF:IT-4F cells and ternary cells with different ratios of ICMA.  



 

 14

2.3 Characterization of fresh and aged devices 

To investigate the origin of the UV instability of the binary system and to understand the 

stabilizing effect of the three added fullerenes, various characterization methods were performed 

to compare the fresh devices with the corresponding devices aged for 24 hours under UV 

illumination.  

Already a first look at the JV-curves of fresh and aged devices shows a striking difference. As 

depicted in Figure 3a, the JV-curves of the three fresh ternary devices are very similar to the one 

of the fresh binary devices. However, the aged binary devices not only show a much higher fill 

factor loss (Figure 2a), but above all a strongly increased series resistance. On average, the fresh 

binary devices have a series resistance (RS) of 6.7 Ω cm2, whereas aged devices show a series 

resistance of 19.6 Ω cm2, which corresponds to an increase of almost 200%. Meanwhile, RS only 

increased by about 60% for the aged ternary devices compared to the fresh ones. The strong 

increase of RS in binary devices indicates that the aging might be interface-related and that the 

fullerenes have a protective function in the ternary devices.  

To learn more about the observed losses in JSC, UV-vis spectroscopy and EQE measurements 

were performed for fresh and aged devices. As shown in Figure S7a, all systems experience a small 

loss in absorption, which is most pronounced for the binary system, and which mainly seems to 

come from the absorption region of IT-4F (550-800nm). Remarkably, the EQEs of the binary fresh 

and aged devices (Figure S7b) do not reflect this loss. While the EQEs of the ternary systems 

remain nearly unchanged after the UV exposure, the aged binary system shows a small loss over 

the entire wavelength range, what is more clearly visible when the EQE difference is plotted, as in 

Figure S7c. Since the main aging induced current losses in all systems occur at around maximum 

power point (see Figure 3a) and not for the JSC, voltage-dependent EQE was performed 
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additionally. By measuring the cells biased with 0.6V, the changes in current density for fresh and 

aged cells become more obvious, as depicted in Figure 3b (see Figure S7d for EQE differences). 

The EQEs of all fresh devices biased with 0.6V are very similar, however, after 24h of UV 

illumination the binary and ternary EQEs differ greatly from each other. They all show a loss over 

the whole wavelength region, but this loss is much larger for the binary system. This finding 

suggests that although during the aging the IT-4F is partly attacked, it is not the absorption loss 

but another dominant process that reduces the exciton harvesting all over the spectrum. This 

process apparently is slowed down by the addition of the fullerene derivatives.  

Furthermore, since the main PCE losses for all systems originate from the fill factor, light 

intensity dependent JV-measurements and Fourier-transform photocurrent spectroscopy (FTPS) 

were carried out in order to study the recombination behavior of fresh and aged devices.35 

In Figure 3c the light intensity dependence of the VOC is depicted for all four systems, fresh and 

after 24 hours of UV aging. According to VOC ~ nkT / e ∙ ln(I) the VOC is linearly dependent on the 

natural logarithm of the light intensity I and the slope corresponds to the product of the ideality 

factor n, the Boltzmann constant k and the temperature T.36 An ideality factor of one hereby 

signifies a recombination mechanism that is exclusively bimolecular, while for only 

monomolecular recombination the ideality factor is two.37 The fresh devices all have a rather 

similar ideality factor between 1.24 and 1.27, and all devices show an increased ideality factor 

after exposure to UV illumination. However, the extent of this increase is quite different. While 

the ideality factor of the binary system increases from 1.26 to 1.43, the ternary systems with ICMA 

and BisPCBM exhibit 40% less increase of n compared to the binary one. The ideality factor of 

the ternary system with PC71BM increases in a similar way as the binary one. 
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The FTPS results of the fresh and aged devices are depicted in Figure 3d. The spectral region 

from 900 to 1450nm (sub-band gap) can be divided into two parts.38,39 The part between 900-

1000nm is attributed to the absorption of band tail states and is mainly related to the energetic 

disorder of the bulk. The part from 1000nm upwards, which has a much lower slope, can be 

assigned to the absorption of defect states. The FTPS results of all fresh devices are quite similar, 

but for the aged devices differences emerge in both regions. In the absorption region of the band 

tail states, all aged systems show a small shift to lower energies, suggesting an increased energetic 

disorder. The more remarkable feature, however, is the change in the defect state region. Here, the 

aged binary system shows a strongly increased current from defect state absorption, while the aged 

ternary devices feature a substantially smaller increase. We note that the extent of this increase 

corresponds to the observed ranking in the stability of the systems with the ICMA device being 

the most stable device and showing the least increase. 

These findings suggest that a large share of the binary system aging is caused by increased trap-

assisted recombination and that the addition of the fullerenes, especially ICMA, partly suppresses 

this effect.  
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Figure 3. Characterization of the fresh binary/ternary devices and of the same devices aged for 24 

hours under UV light. a) JV characteristics under illumination, b) voltage-dependent EQE-spectra 

at a bias of 0.6V, c) light intensity dependence of VOC, and d) FTPS measurements of binary 

PBDB-TF:IT-4F (black) and ternary devices with added PC71BM (blue), ICMA (red), and 

BisPCBM (green). Fresh devices are shown with dashed lines/empty symbols and 24h UV aged 

ones with solid lines/filled symbols. 

To examine whether morphological changes are the reason for the emergence of traps, grazing-

incidence wide-angle and small-angle X-ray scattering (GIWAXS and GISAXS) measurements 

were performed for the binary and ternary blends. The 2D GIWAXS data of the fresh and aged 
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blends are shown in Figure S8, the corresponding out-of-plane and in-plane cake cuts are presented 

in Figure 4a and Figure 4b. In all GIWAXS patterns, the (100) diffraction peak at q ≈ 3.2nm-1 is 

visible, indicating a high crystallinity of the polymer PBDB-TF.40 Additionally, the in-plane cuts 

show a broad diffraction peak between q ≈ 12nm-1 and 18nm-1, which is attributed to the (010) 

Bragg peak of crystalline PBDB-TF.40 No significant differences are visible in the line cuts, neither 

between the binary and ternary devices nor between the fresh and aged ones. To additionally 

investigate possible changes on larger length scales addressing domain sizes and distributions, an 

in-depth analysis of the 2D GISAXS data was performed by modeling the intensity curves 

resulting from horizontal line cuts in the Yoneda region. To account for the different length-scales 

of the domains, the data is modeled with three cylindrically-shaped substructures, according to the 

local monodisperse approximation (LMA) in the framework of the distorted wave Born 

approximation (DWBA).41–43 The 2D GISAXS data and all LMA-DWBA fit parameters can be 

found in Figure S9 and Table S1. The intensity cuts and their modeled fits, as shown in Figure 4c, 

are very similar for fresh and aged films of the binary and ternary blends. A closer look at the fit 

parameters (Table S1) confirms that indeed radius and center-to-center domain distances for the 

three different length-scales are the same within the error bars. For the medium sized substructures, 

it is noticeable that the intensity-weighted proportion in the fit increases somewhat after the aging. 

However, since this is the case for all four systems, this increase cannot be the reason for the 

different aging behavior. Therefore, both GIWAXS and GISAXS measurements indicate that no 

morphological changes are responsible for the improved aging behavior of the fullerene containing 

devices. Interestingly, such stability of the PBDB-TF:IT-4F film morphology is in contrast to 

similar systems studied in operando experiments. For example, Wienhold et al. observed in PBDB-
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T-SF:IT-4F OSCs a JSC driven aging, which was caused by a reduction of interfaces per cross 

section area.44
 

 

Figure 4. Normalized a) out-of-plane and b) in-plane cake cuts of the 2D GIWAXS data and c) 

horizontal line cuts of 2D GISAXS data at the critical angle of 0.1° (symbols) and the 

corresponding fits of binary PBDB-TF:IT-4F (black lines) and ternary devices with added PC71BM 

(blue), ICMA (red), and BisPCBM (green). Fresh devices are shown with light colors and 24h UV 

aged ones with darker colors. The curves are shifted along the y-axis for clarity of the presentation.  
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2.4 Origin of UV aging and explanation for the protective effect of the fullerenes 

 

 Figure 5. a) PCE as a function of time for binary PBDB-TF:IT-4F devices aged for 30 hours 

under different conditions. Devices were aged in nitrogen atmosphere either under a UV LED 

calibrated to the UV part of one sun radiation (black), under a white light LED calibrated to one 

sun radiation (grey) or in the dark on a hotplate at 85°C (light grey). For each condition the average 

of three individual devices is shown. b) FF as a function of time during continuous UV 

illumination for binary devices with a ZnO ETL (black), binary devices with a SnO2 ETL (grey), 

ternary ICMA devices (red), and binary devices with an ICMA interlayer between ZnO and BHJ 

(orange). c) Difference of UV-vis spectra of fresh blends and blends aged for 24 hours under UV 
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illumination for a binary blend on glass (dotted black) and on ZnO (solid black) and for a ternary 

ICMA blend on glass (dotted red) and on ZnO (solid red). d) Raman spectra of ICMA that was 

aged on glass (blue) and on ZnO (red) as a film, scraped off and measured as powder. 

In this work, the GIWAXS and GISAXS results indicate that the different aging behavior of 

binary and ternary systems is not morphology related. However, there might be morphological 

changes that are not clearly visible in GIWAXS and GISAXS, for example on very small scales 

or in amorphous regions. Moreover, adding fullerenes as the third compound has been shown to 

stabilize the microstructure of binary blends against recrystallization and phase separation and thus 

increasing the stability.45,46 

Therefore, in order to further ensure that the origin of the aging process of the binary PBDB-

TF:IT-4F system is not morphological, the UV aging was compared to two other aging conditions. 

On the one hand, the binary system under nitrogen was exposed to a white light LED, which has 

been calibrated to one sun (≈100 mW cm-2) and therefore emits a much higher overall intensity 

than the used UV LED (≈4.6 mW cm-2). The spectra of the used LEDs can be found in Figure S5. 

On the other hand, the binary device was thermally aged at 85°C under nitrogen atmosphere. In 

contrast to chemical aging, degradation of the binary blend that is caused by morphological 

changes, such as recrystallization or diffusion, should mainly depend on the amount of energy 

absorbed. Consequently, if the aging resulted from morphological modifications, the aging due to 

the white LED or the elevated temperature would show a similar or worse behavior as the UV 

LED aging, since the overall absorbed energy is higher (see absorption spectra in Figure S4). 

However, such a similar behavior cannot be observed in the obtained time-dependent PCE 

curves, as shown in Figure 5a. The corresponding VOC, JSC and FF curves can be found in Figure 

S10. The binary cells exposed to the white light LED and to the increased temperature both show 
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a considerably slower loss of efficiency than the one exposed to the UV LED. This clearly 

demonstrates that the mechanism of the observed aging under UV illumination is dependent on 

the wavelength of the LED. In addition to the GIWAXS and GISAXS findings, it is taken as a 

strong indication for the UV aging being a molecular rather than a morphological degradation 

process, in contrast to other findings about white light aging of PBDB-TF:IT-4F devices.8 

One possible molecular degradation pathway of active layer materials, already shown by several 

groups,47–49 arises from the presence of the additive DIO, which was also used for the 

manufacturing of the cells in this work. In particular, it was demonstrated that residual DIO under 

the influence of UV illumination can form radicals, that attack and decompose the acceptor 

material ITIC.49 This mechanism could also be transferable to the ITIC derivative IT-4F used here. 

To investigate whether the observed aging trends of binary and ternary cells are related to the 

additive used, binary PBDB-TF:IT-4F cells and ternary PBDB-TF:IT-4F:ICMA cells were 

prepared without DIO (see Table S2 for performance parameters) and aged under the same 

conditions. As visible in Figure S11, the aging trends for binary and ternary cells with and without 

DIO are quite comparable. The binary cells without DIO age slightly slower than with DIO and 

this difference could well be due to a detrimental influence of the additive. However, more 

importantly, the fullerene ICMA has the same stabilizing effect with and without DIO, which 

proves that ICMA slows down an aging process that is clearly not related to the additive DIO. 

Other possible causes of chemical and non-morphological aging processes are linked to the 

interfaces with the transport layers. To investigate this, binary devices were built with SnO2 instead 

of ZnO as an ETL. SnO2 has a larger band gap than ZnO and does not absorb at the wavelength 

used for the UV aging, as shown in the UV-vis spectra in Figure S12. Therefore, UV-induced 

aging processes, which originate from the ETL, can be excluded when using SnO2. The 
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performance parameters of these cells can be found in Table S3. The SnO2-based cells were built 

using the same recipe as for the ZnO-based cells, although the efficiency is worse, mainly due to 

a smaller JSC and FF. Afterward, they were aged under the same conditions as those used for the 

ZnO-based cells. Remarkably, their aging behavior is different from that of the ZnO-based binary 

cells, as shown in Figure 5b and Figure S13. Especially, the aging of the FF is significantly slowed 

down and resembles more the curve of the ternary cell with ICMA. However, there seems to be 

another process, that causes the VOC to age faster and therefore decrease the stability of the system. 

Nevertheless, this slower aging of the binary system on SnO2 is a strong indication that the ZnO 

interlayer is the reason for a photocatalytic degradation process in the binary devices.  

To prove that the fullerene implemented in the bulk photoactive layer really suppresses this 

proposed degradation at the interface, binary cells were built with a thin interlayer of ICMA in 

between ZnO and photoactive layer (for details see experimental section). The device performance 

after UV aging is also shown in Figure 5b and Figure S13. It is evident that the aging behavior of 

the ternary ICMA devices and the devices with ICMA interlayer is very similar and that in both 

cases the stability compared to the binary devices is improved in the same way. This finding proves 

that ICMA suppresses an interface related degradation process, which even works when ICMA is 

mixed into the active layer. 

In order to understand what this UV-induced molecular degradation process at the interface 

looks like and what causes it, the UV-vis spectra of the fresh and aged thin films of the binary and 

ternary ICMA blend were more closely examined. In Figure 5c we present the difference in 

absorption of the fresh and aged films, normalized to the intensities of the fresh films. Interestingly, 

the respective films on glass (dotted lines) show no change in absorption after aging, indicating a 

good UV stability of the pristine molecules. However, if a ZnO layer is present underneath the 
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films, the absorption is changed after UV illumination. Both the binary and the ternary blend show 

an absorption loss between 550-850nm (the absorption range of IT-4F), that is more pronounced 

for the binary blend, and an absorption increase between 350-550nm. Such an absorption loss of 

IT-4F or ITIC containing blends on top of ZnO has also been observed by other groups and has 

been attributed to photocatalytic degradation of the nonfullerene acceptor on the ZnO.14,50 The 

absorption increase between 350nm and 550nm is assumed to be caused by the degradation 

products.14 Obviously, the addition of ICMA, respectively the other fullerenes, suppresses the 

ZnO-induced photocatalytic degradation of IT-4F.  

To get an indication of how the fullerenes protect the other active layer materials and whether 

they themselves are altered in the process, thin layers of ICMA on glass and on ZnO were aged 

under UV, scraped off and the obtained powder was analyzed with Raman spectroscopy. The two 

spectra, shown in Figure 5d, are very similar and show the same peaks as pristine ICMA, namely 

several small peaks between 700cm-1 and 1480cm-1,  which can be attributed to various vibrations 

of C-H groups and two larger features from vibrations of C60 at 1462cm-1 and 1572cm-1, where the 

former comes from the symmetric C=C stretching.51 A closer look at this region reveals that for 

the ICMA aged on ZnO those two peaks experience a broadening towards smaller wave numbers, 

indicating the slight expansion of some bonds in the C60, which could for example happen due to 

an addition reaction of an electronegative functional group to a C=C bond. Thus, these results are 

a clear evidence that ZnO can cause UV-induced molecular changes to a fullerene.   

Combining these observations with the finding that the main difference in UV stability of binary 

and ternary cells comes from a different trap density, the following explanation for the stabilizing 

effect of the fullerenes is proposed and schematically depicted in Figure 6: Upon UV illumination, 

an electron-hole pair is excited in the ZnO, which can interact with species that are adsorbed on 
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the surface of ZnO.23 This results in the generation of reactive oxygen species,20 symbolized here 

as an OH-radical, which can then attack the vulnerable vinyl bonds of the IT-4F (Figure 6a), and 

thus destroy the conjugation in the small molecule acceptor.14 The degraded IT-4F firstly absorbs 

less, which leads to a small decrease in JSC of the binary cell. Secondly, and more importantly, the 

degraded IT-4F acts as a recombination center and therefore strongly reduces the fill factor of the 

binary devices. The added fullerene, depicted here as ICMA, acts as a radical scavenger and can 

catch several of those reactive oxygen species,30,31 and thus, protects the IT-4F molecule from 

chemical degradation (Figure 6b). The fullerenes with their large delocalized systems and good 

electron accepting properties can stabilize radicals and, therefore, do not act as recombination 

center.    

To understand the different effects of the three used fullerenes on the UV stability of the binary 

blend (ICMA>PC71BM>BisPCBM), the location of the fullerenes in the ternary blend must be 

considered. For this reason, contact angle measurements of all pristine components were 

performed with water and glycerol and the surface energy was calculated according to the Wu 

model.52 The results are summarized in Table S4.  The surface energy of ICMA (40.3 mN m-1) is 

much higher than the values of PBDB-TF (18.0 mN m-1) and IT-4F (24.5 mN m-1), and therefore 

it is expected to demix from the host system during film preparation and accumulate at the ZnO 

interface, while the lower surface energy components accumulate at the air surface to reduce the 

total energy.53 Consequently, ICMA can trap the reactive oxygen species on the ZnO surface more 

efficiently and the protective effect is high. On the other hand, the surface energies of BisPCBM 

(27.8 mN m-1) and PC71BM (30.6 mN m-1) are only somewhat higher than those of the binary host, 

which means that they do not demix to the same extent and thus show a smaller protective effect 

than ICMA. 
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Figure 6. Scheme of the proposed mechanism for the ZnO-induced aging process in binary and 

ternary devices. UV light generates an electron-hole-pair in the ZnO, which reacts with species 

adsorbed on the ZnO surface. Reactive oxygen species, as for example OH-radicals, are created, 

which then can attack the vulnerable vinyl bonds of IT-4F (a). The deteriorated IT-4F acts as 

recombination center. ICMA protects IT-4F as sacrificial reagent and radical scavenger (b). Due 

to the large delocalized system, it can stabilize radicals, thus not acting as recombination center. 

 

2.5 Transferability of the protective effect 

In order to examine whether the protective effect of the fullerenes is transferable, two other 

binary systems were chosen. On the one hand, PBDB-TF was combined with another nonfullerene 

acceptor BTP-4F and on the other hand IT-4F was combined with another polymer PTB7-Th. In 
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both cases, corresponding ternary devices containing additionally 5% ICMA were also built. The 

average performance parameters of all devices can be found in Table S5. Next, binary and ternary 

devices then were exposed to the same UV aging conditions as described above for the PBDB-

TF:IT-4F system.  

As visible from Figure 7a, the PBDB-TF:BTP-4F binary cells show the exact same aging 

behavior as the PBDB-TF:IT-4F system and, most importantly, the addition of ICMA has the same 

stabilizing effect, which mainly comes from reduced losses in FF and VOC (Figure S14). The UV 

stability of the PTB7-Th:IT-4F binary devices, shown in Figure 7b, demonstrate also a burn-in 

behavior which is comparable to the PBDB-TF:IT-4F system and furthermore, the added ICMA 

in the ternary cells slows down the aging. However, in this system the protective effect of the 

fullerene is not as strong as for PBDB-TF:IT-4F and PBDB-TF:BTP-4F, which could be related 

to a different miscibility of the PTB7-Th polymer with the acceptors IT-4F and ICMA.   

Remarkably, this protective effect can not only be transferred to other materials systems, but 

even to other aging conditions. Binary devices based on PBDB-TF:IT-4F and the corresponding 

ternary devices with additional 5% ICMA were exposed to air for 24 hours in the dark. The PCE 

as a function of time, presented in Figure 7c, clearly reveals that the addition of ICMA significantly 

slows down the PCE loss, which likewise mainly originates from smaller losses in FF and VOC, 

while the JSC remains nearly unchanged in both devices (Figure S14). In agreement with our 

photostability results, the  better air-stability of the ternary device also suggest that ICMA acts as 

a radical scavenger for oxygen radicals diffusing into the active layer and consequently suppresses 

the oxidation of the ZnO surface.54 However, further investigations, which are beyond the scope 

of this work, will be necessary to elucidate the detailed mechanism of this effect. 
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Figure 7. a,b) UV stability of the PCE as a function of time for binary PBDB-TF:BTP-4F devices 

and PTB7-Th:IT-4F devices and the corresponding ternary devices containing additionally 5% 

ICMA. c) Air stability of the PCE as a function of time for binary PBDB-TF:IT-4F devices and 

the corresponding ternary device with 5% ICMA. For all systems four individual devices were 

averaged and normalized to the respective fresh device. 

 

3. CONCLUSIONS 

In conclusion, we successfully demonstrated that the efficiency and UV photostability of a 

PBDB-TF:IT-4F based OSC can be improved by simply incorporating different fullerene 

derivatives into the bulk heterojunction, resulting in an up to fivefold increased lifetime without 

affecting the active layer morphology or negatively impacting on the PCE. Upon UV illumination, 

devices without fullerenes showed a rapidly decreasing fill factor due to increasing monomolecular 

recombination, which is attributed to the photocatalytic degradation of IT-4F at the ZnO interface. 

Based on the light intensity-dependent VOC and FTPS results, the fullerenes protect IT-4F from the 

detrimental influence of ZnO by acting as radical scavengers and, thus, suppressing the emergence 
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of trap states. Furthermore, we showed that the protective effect of fullerenes is transferable to 

OSCs based on different polymers and nonfullerene acceptors and even significantly increases the 

air stability. This work illustrates that a ternary approach – compared to additional protective 

interlayers – provides a simple and versatile method to protect nonfullerene acceptors from the 

photocatalytic activity of ZnO and increase the photostability of inverted organic solar cells.  
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4. EXPERIMENTAL SECTION 

Materials. ITO substrates with 15 Ωcm2 were purchased from Kintec. The ZnO nanoparticle 

dispersion (Avantama-N10) was purchased from Avantama AG. Poly[(2,6-(4,8-bis(5-(2-

ethylhexyl)thiophen-2-yl)-benzo[1,2-b:4,5-b′]dithiophene))-alt-(5,5-(1′,3′-di-2-thienyl-5′,7′-

bis(2-ethylhexyl)benzo[1′,2′-c:4′,5′-c′]dithiophene-4,8-dione))] (denoted PBDB-TF, sometimes 

called PBDB-T-2FF or PM6), 3,9-bis(2-methylene-((3-(1,1-dicyanomethylene)-6,7-difluoro)-

indanone))-5,5,11,11-tetrakis(4-hexylphenyl)-dithieno[2,3-d:2′,3′-d′]-s-indaceno[1,2-b:5,6-

b′]dithiophene (IT-4F) and 2,2'-((2Z,2'Z)-((12,13-bis(2-ethylhexyl)-3,9-diundecyl-12,13-dihydro-

[1,2,5]thiadiazolo[3,4-e]thieno[2",3’':4’,5']thieno[2',3':4,5]pyrrolo[3,2-g]thieno[2',3':4,5]thieno 

[3,2-b]indole-2,10-diyl)bis(methanylylidene))bis(5,6-difluoro-3-oxo-2,3-dihydro-1H-indene-2,1-

diylidene))dimalononitrile (denoted BTP-4F, sometimes called Y6) were provided by Solarmer. 

Poly[4,8-bis(5-(2-ethylhexyl)thiophen-2-yl)benzo[1,2-b;4,5-b']dithiophene-2,6-diyl-alt-(4-(2-

ethylhexyl)-3-fluorothieno[3,4-b]thiophene-)-2-carboxylate-2-6-diyl)] (denoted PTB7-Th, 

sometimes called PCE10) was purchased from 1-Material. [6,6]-Phenyl-C71-butyric acid methyl 

ester (PC71BM), indene-C60 monoadduct (ICMA) and bis(1-[3-(methoxycarbonyl)propyl]-1-

phenyl)-[6,6]C62 (BisPCBM) with a purity of >99% were obtained from Solenne BV. 

Chlorobenzene, 1,8-diiodooctane (DIO), and 1-chloronaphthalene were purchased from Sigma 

Aldrich. 

Device Fabrication. ITO substrates were cleaned with detergent and ultrasonicated in water, 

acetone and isopropanol for 10 min. The substrates were then dried under a nitrogen flow and 

plasma cleaned for 20 min. A 40nm ZnO layer was spin coated (1400rpm for 60s) and annealed 

for 10min at 120°C in air. Subsequently, the substrates were moved to a nitrogen glovebox. For 

the active layer solutions, all compounds were dissolved separately, then mixed and stirred 
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overnight. For the PBDB-TF:IT-4F binary active layer a 1:1 weight ratio with a total concentration 

of 20 mg ml-1 in chlorobenzene was prepared. For the corresponding ternary active layers, 5wt% 

of PC71BM, ICMA or BisPCBM was added (dissolved in chlorobenzene with 20 mg mL-1 

concentration), resulting in a ratio of approximately 1:1:0.05. The ICMA solution was heated to 

70°C to completely dissolve prior to mixing. At a time 30min before spin coating, v/v 0.5% DIO 

was added and then all active layers were dynamically spin coated with a two-step program, first 

900 rpm for 5s followed by 4000rpm for 60s. For the binary devices with an ICMA interlayer a 

20 mg mL-1 ICMA solution at 70°C was dynamically spin coated (1000rpm for 60s) on top of 

ZnO, followed by an annealing at 120°C for 15min. Subsequently, the PBDB-TF:IT-4F layer was 

spin coated as explained before. For the PTB7-Th:IT-4F binary active layer a 1:1.5 weight ratio 

with a total concentration of 20 mg ml-1 in chlorobenzene was prepared, and for the corresponding 

ternary active layer 5wt% of ICMA was added (20 mg mL-1 in chlorobenzene). Also, v/v 0.5% 

DIO was added 30min before spin coating the active layer (1500rpm for 60s). For the PBDB-

TF:BTP-4F binary active layer a 1:1.2 weight ratio with a total concentration of 16 mg mL-1 in 

chloroform was prepared, and for the corresponding ternary active layer 5wt% of ICMA was added 

(16mg mL-1 in chloroform). 30min before spin coating v/v 0.5% 1-chloronaphthalene was added 

and the mixture was spin coated with 3000rpm for 30s.  Finally, on top of all devices 10nm of 

MoOx and 100nm of Ag were evaporated through a mask.  

Characterization Techniques. JV-measurements were performed using a Keithley 2401 

source-measure unit and a Newport ABA solar simulator, which was calibrated to AM1.5G using 

a Fraunhofer silicon diode. UV-vis spectra of the thin films on glass substrates were recorded with 

a Perkin Elmer Lambda 1050 instrument, using an integrating sphere and an InGaAs detector. 

EQE measurements were performed with a home-built setup using a 150 W Xe short arc lamp 
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(LOT Oriel) combined with a monochromator (Horiba microHR) and two Si-diodes (Hamamatsu) 

to calibrate the photon flux and compensate for light intensity fluctuations. For voltage-dependent 

EQE measurements a potentiostat (Metrohm Autolab) was used to apply voltage and 

simultaneously measure current. Light intensity dependent JV-curves were measured using a 

Keithley 2401 source-measure unit and a white light LED as light source. A Si-photodiode was 

used to control the light intensity. FTPS measurements were done with a modified Bruker Vertex 

70 FTIR instrument by focusing light from a tungsten halogen lamp through a CaF2 beam splitter 

with integrated gold mirrors to illuminate the devices under short-circuit conditions. The current 

from the devices was amplified with a FEMTO DHPCA-100 current amplifier, passed through an 

analog-to-digital converter, and fed back to the FTIR instrument for Fourier transformation. Every 

measurement was averaged over 10000 scans for noise reduction and then scaled to the respective 

EQE signals, which were obtained separately. FT-Raman powder measurements were done with 

a RAM II extension of the Bruker Vertex 70 with a germanium detector at an excitation wavelength 

of 1064 nm and a laser power of 50mW. GIWAXS and GISAXS measurements were performed 

at the P03 beamline at DESY55 (Hamburg, Germany) at an energy of 12.85 keV. For GIWAXS a 

Pilatus 300k detector (Dectris) was used and the data were obtained at an incident angle of 0.32° 

and a sample detector distance (SDD) of 287mm. 2D-GIWAXS data were corrected and evaluated 

with the software GIXSGUI.56 For GISAXS a Lambda pixel detector (DESY) was used and the 

data were obtained at an incident angle of 0.32° and an SDD of 3554mm. Data evaluation was 

performed with the open source Python program DPDAK. Horizontal line cuts were made at the 

critical angle of PBDB-TF (0.1° for 12.85 keV). 

Stability Testing. All device photostability tests were performed in a nitrogen filled glovebox 

with water and oxygen levels <1ppm. The illumination with UV light or white light LED was 
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performed through the glass substrate and a shadow mask with 6.25 mm2. The devices were aged 

under a 365nm UV LED (Thorlabs), which was calibrated with a Si-diode (Hamamatsu) to match 

the UV part of AM1.5G (300-400nm, corresponds to 4.6 mW cm-2). For the JV-measurements a 

Keithley 2401 was used and the devices were illuminated with a white light LED, which was also 

calibrated to 1 sun with a Si-diode. For the air stability tests, devices were aged under dark 

condition in air at a constant temperature of 20°C.   
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