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1. Introduction

Polymer solar cells (PSCs) are among 
the most promising approaches toward 
low-cost environmentally sustainable 
and renewable photovoltaic devices.[1–3] 
Through constant improvement in organic 
materials and device structure, power con-
version efficiencies (PCE) of more than 
10% at lab scale level and 7% at module 
level, respectively, could be reached, high-
lighting the potential of organic solar 
cells for applications in solar energy con-
version.[1–7] Despite these strong techno-
logical improvements, the insufficient 
stability is still a limiting factor for com-
mercialization of PSCs.[8–12] Thus one of 
the key challenges of PSC technology is 
to overcome thermal instability of organic 
solar cells. Industrial standards demand 
for high-throughput roll-to-roll processing 
that usually requires several heating steps 
at high temperature to evaporate solvents 
from the printed layers. As 140 °C marks 
the maximal temperature allowed for heat 

The use of fullerene as acceptor limits the thermal stability of organic solar 
cells at high temperatures as their diffusion inside the donor leads to phase 
separation via Ostwald ripening. Here it is reported that fullerene diffusion is 
fully suppressed at temperatures up to 140 °C in bulk heterojunctions based 
on the benzodithiophene-based polymer (the poly[[4,8-bis[(2-ethylhexyl)oxy]- 
benzo[1,2-b:4,5-b′]dithiophene-2,6-diyl][3-fluoro-2-[(2-ethylhexyl)carbonyl]- 
thieno[3,4-b]thiophenediyl]], (PTB7) in combination with the fullerene deriva-
tive [6,6]-phenyl-C71-butyric acid methyl ester (PC70BM). The blend stability is 
found independently of the presence of diiodooctane (DIO) used to optimize 
nanostructuration and in contrast to PTB7 blends using the smaller fullerene 
derivative PC70BM. The unprecedented thermal stability of PTB7:PC70BM 
layers is addressed to local minima in the mixing enthalpy of the blend 
forming stable phases that inhibit fullerene diffusion. Importantly, although 
the nanoscale morphology of DIO processed blends is thermally stable, cor-
responding devices show strong performance losses under thermal stress. 
Only by the use of a high temperature annealing step removing residual DIO 
from the device, remarkably stable high efficiency solar cells with perfor-
mance losses less than 10% after a continuous annealing at 140 °C over  
3 days are obtained. These results pave the way toward high temperature 
stable polymer solar cells using fullerene acceptors.
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processing of most used plastic substrates,[8] the development 
of materials and device structures resisting such high tempera-
tures can be considered as a major challenge for PSC produc-
tion. Thermal degradation of PSC devices is complex since 
performance losses can be related to degradation processes in 
each layer constituting the device, i.e., photoactive layer, inter-
facial layers (ILs), and electrodes.[8–12] The photoactive layer is 
usually considered as the main parameter controlling thermal 
stability of the solar cells. It is typically composed of a low-
bandgap polymer blended with soluble fullerene derivatives 
such as [6,6]-phenyl-C61-butyric acid methyl ester (PC60BM) 
or its larger analogue [6,6]-phenyl-C71-butyric acid methyl 
ester (PC70BM). The polymer blend is described as a bicon-
tinuous interpenetrating network of nanosized polymer- and 
fullerene-rich phases called a bulk heterojunction (BHJ). It is 
obtained by kinetically controlling a nonequilibrium state at 
the nanoscale during solution processing. As a consequence, 
BHJs are unstable under thermal stress as heat can drive phase 
separation toward micrometer-sized domains, which leads 
to loss in photocurrent.[8–10,13] The tendency of fullerenes to 
diffuse through the polymer phase resulting in the formation of 
large fullerene crystals via Ostwald ripening is regarded as the 
primary cause. Several techniques have been developed over the 
last decade to improve the thermal stability of polymer:fullerene 
blends including the use of high glass transition tempera-
ture polymers,[14] ternary blends with compatibilizers such as 
block copolymers,[15–17] amorphous fullerene derivatives,[18,19] 
donor–acceptor systems with enhanced interactions,[20,21] 
functionalized side chains on the polymer,[22] thermocleav-
able polymers,[23] light-induced fullerene polymerization,[24,25] 
and cross-linkable materials.[26,27] Furthermore, it was shown 
that mixtures of different fullerenes can improve the thermal 
stability of BHJs.[28–32] Despite an intense research, known tech-
niques to stabilize BHJs either reduce only partially thermal 
degradation or produce poor device efficiencies. So it is a 
primary challenge for processing of thermally stable fullerene-
based high-efficiency PSCs to identify novel strategies for inhib-
iting fullerene diffusion inside BHJs.

Many record-efficiency PSCs achieved in the last few years 
have been produced with donor polymers based on benzodith-
iophene (BDT).[30–35] Among BDT-based polymers, PTB7 is 
nowadays one of the most studied high-efficient low-bandgap 
donor. Numerous studies were dedicated to understand the 
nanoscale morphology of PBT7:fullerene blends.[33,34] Additives 
such as diiodooctane (DIO) are usually used to optimize the 
nanoscale morphology of the blend leading to PTB7-based solar 
cells with efficiencies up to of 9.2%.[35,36] The compatibility of 
PTB7 with air processing at large size together with the high 
efficiency makes it a promising model system.[5,6] However 
PTB7-based solar cells are generally known to degrade rapidly 
under thermal stress. It was shown that PTB7 blended with 
PC60BM forms thermally unstable BHJs that show pronounced 
formation of fullerene crystals under high temperature stress 
of 140 °C and 150 °C due to fast Ostwald ripening.[25,27] While 
thermal stability of PTB7:PC70BM blends was not yet studied 
in details, device using PTB7:PC70BM BHJs processed with 
DIO show already strong losses in performance at moderate 
annealing temperature of 80 °C–100 °C.[37] In contrast, solar 

cells using PTB7:PC70BM blends processed without DIO are 
reported to possess good thermal stability at 140 °C in the 
range of several minutes.[38,39] Similar results were obtained for 
solar cells using poly[(4,8-bis-(2-ethylhexyloxy)-benzo[1,2-b;4,5-
b]dithiophene)-2,6-diyl-alt-(4-(2-ethyl-hexanoyl)-thieno[3,4-b]-
thiopene)-2,6-diyl] (PBDTTT-C):PC70BM BHJs.[41] Yao et al.  
demonstrated that these devices using DIO already yield 
strong performance losses of 20% during short heating at 
70 °C, while thermal stability of devices processed without DIO 
was strongly increased and independent of temperature up to 
100 °C.[40] These results suggest that solvent additives such as 
DIO as third component of the BHJ has also to be taken into 
account when studying thermal stability of organic solar cells.

The focus of this work is to study the impact of the polymer 
blend composition on the thermal stability of high efficiency 
PTB7:fullerene PSCs at elevated temperature up to 140 °C. 
We processed devices up to square-centimeter size and inves-
tigated the thermal stability of both polymer blends and com-
plete devices as a function of fullerene size, i.e., PC70BM or 
PC60BM, and the use of DIO as additive. To gain a precise 
description of the thermal stability of the organic solar cells, 
complete devices were annealed in order to take into account 
the contribution of each component of the solar cell to the 
degradation processes. Additionally, annealing at 140 °C of 
complete devices is technologically highly relevant as the inte-
gration of PSCs into commercial products such as buildings, 
vehicles, and flexible devices may demand high temperature 
steps for thermal lamination. Our results show that PTB7 
blends using the larger fullerene derivate PC70BM form BHJ 
with excellent thermal stability, independently whether they are 
processed with or without DIO. Importantly these BHJs exhibit 
suppressed fullerene diffusion during annealing at 140 °C over 
24 h, which was revealed by means of nanoscale spectroscopic  
imaging making the visualization of the morphology at nano-
meter level possible. Understanding of this exceptional thermal 
stability of PTB7 blended with the larger fullerene derivate 
was obtained by studying the mixing enthalpy of the blend as 
a function of the fullerene mass ratio. In particular, molecular 
dynamics simulations suggest that the suppression of the 
fullerene diffusion inside BHJs can be explained by a favorable 
aggregation of the PC70BM with PTB7 at the molecular scale. 
We found in fact deep local minima in the mixing enthalpy of 
the PTB7:PC70BM blends, which corresponds to highly stable 
PTB7:PC70BM aggregates able to inhibit fullerene diffusion 
between polymer- and fullerene-enriched phases. In contrast, 
for the PTB7:PC60BM, this mechanism is severely reduced and 
insufficient to induce thermal stability. We further investigated 
the thermal stability of complete solar cells using PTB7:PC70BM 
BHJs processed with and without DIO, respectively. Our results 
reveal that although both BHJs are thermally stable, the pres-
ence of residual DIO inside the polymer blend induces strong 
device degradation during the thermal annealing of the solar 
cells up to 120 °C. However, removing DIO by a short high 
temperature annealing step at 140 °C from the device yields 
remarkably stable high-efficiency PTB7:PC70BM-based solar 
cells that show losses in device performance by less than 10% 
after continuous annealing at 140 °C of complete devices up to 
3 days.
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2. Results and Discussion

In the first section, we studied in detail the thermal stability, 
i.e., morphology changes of PTB7 polymer blends as a function 
of fullerene size by using either PC60BM or PC70BM as well as 
the use of DIO during blend processing. The chemical struc-
tures of PTB7, PC60BM, and PC70BM are provided in Figure 1. 
In the second section, we selected the thermally stable polymer 
blend, i.e., PTB7:PC70BM, to process solar cells and studied the 
performance of the corresponding devices under thermal stress 
as a function of annealing temperatures.

2.1. Thermal Stability of PTB7 Blends

The thermal stability of the polymer blends was first studied 
at the microscale using optical microscopy. Figure 1 com-
pares images from optical microscopy of PTB7:PC60BM and 
PTB7:PC70BM blend layers processed with DIO under different 
thermal annealing conditions. The blends were first dried 
under high vacuum during 12 h in order to remove DIO in 
accordance to literature.[5,41] The vacuum dried as-casted films 
are uniform without visible microscale features. The dark spots 
observed here are related to defects in the camera of the micro-
scope. After 1 h of annealing at 140 °C, the PTB7:PC60BM films 
show the formation of fullerene crystals that increase in size 
and number after further annealing for 1 d. This observation is 
in agreement with recent works on PTB7 blends.[25,27] In con-
trast, PTB7:PC70BM blends do not show any fullerene crystals 
visible by optical microscopy after one day thermal annealing 
at 140 °C. Importantly, the remarkable thermal stability of the 
PTB7:PC70BM blends was found to be independent of PC70BM 
purity (95% and 99%) and PTB7 batches. This clearly shows 
that there is a strong improvement in thermal stability of PTB7 
polymer blends using the larger fullerene derivative PC70BM. 
As shown in Figure S1 (Supporting Information), the increase 

in annealing temperature to 200 °C leads to the formation of 
fullerene crystals in both cases already after 1 h indicating that 
PTB7:PC70BM still behaves like a classical polymer blend with 
Ostwald ripening at temperature as high as 200 °C. We also 
investigated PTB7 blends processed without DIO under iden-
tical thermal stress. As shown in Figure 1 after annealing at 
140 °C for one day PTB7:PC60BM films show still the formation 
of large fullerene crystals, while PTB7:PC70BM films appear 
stable at this scale. This implies that the difference in thermal 
stability observed as a function of fullerene size is independent 
of DIO. We further questioned whether PTB7:PC60BM films 
resist thermal annealing at lower temperature. As shown in 
Figure S2 (Supporting Information), fullerene crystal forma-
tion can be still observed even if the temperature is reduced to 
100 °C. Thus, there is a large difference in thermal stability of 
the PBT7 blends depending on the fullerene size.

As optical images only give information about thermal 
stability of PTB7:PC70BM at macroscopic level, it is still pos-
sible that there are changes at the nanoscale induced by the 
140 °C annealing. Therefore, we applied scanning transmis-
sion electron microscopy combined with spatially resolved 
spectroscopic imaging (STEM-SI) of the low-energy loss to 
distinguish between donor and acceptor phases of the polymer 
blend down to nanoscale level. First, we present results of DIO 
processed as-casted blend layers. Figure 2a shows an annular 
dark-field STEM micrograph of as-casted blend layers. In gen-
eral, conventional imaging modes in TEM or STEM do not 
provide sufficient contrast due to low variations in density and 
elemental composition.[42] Instead, differences in optical excita-
tion spectra can be correlated to PC70BM- and PTB7-enriched 
domains. Thereby, peaks are fitted by Lorentzian model func-
tions to determine the center position.[43] The plasmon peak 
map for the as-casted blend in Figure 2b reveals that very small 
to medium-sized (3–50 nm) fullerene-enriched domains are 
present in blends processed with DIO. Using spatially resolved 
low-energy-loss spectra, a segmentation of the domains into 
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Figure 1. Optical images of PTB7:PC60BM and PTB7:PC70BM blends with and without DIO deposited onto ITO/PEDOT:PSS substrates and exposed to 
different thermal annealing steps (time, temperature); scale bar correspond to 50 µm. Chemical structures of PTB7, PC60BM, and PC70BM are provided.
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different material classes was carried out, enabling also iden-
tification of enriched and mixed phases. The spectral segmen-
tation was performed as previously applied for P3HT:PC60BM 
blends.[44] It yields the distribution of enriched (red and green 
colors in Figure 2) but also of the mixed phases (yellow color in 
Figure 2). Plasmon peak energies for mixed areas are 23.35 eV, 
which is approximately the center between the minimum and 
maximum presented in the map in Figure 2b. This implies 
that areas segmented as mixed phase will show a molecular 
PC70BM composition of around 45%, i.e., ≈52 wt% taking into 
account the higher molecular mass in comparison to the molec-
ular mass of PTB7 monomers. As seen in Figure 2c, as-casted 
blends consist of ≈26% domains of PC70BM enrichment, 36% 
of PTB7 enrichment, and a high fraction (38%) of mixed phases. 
We estimated the fullerene concentration of the PTB7 enriched 
domains to be of 27% as determined by STEM-SI analysis of 
PTB7:PC70BM layer processed without DIO (see Figure S3, 
Supporting Information). Indeed as such layers consist of large 
fullerene clusters embedded in polymer-enriched domains, it 
is therefore possible to estimate the fullerene concentration 
inside the polymer-enriched phase. This value corresponds to 
the maximum miscibility of PC70BM in PTB7 as reported in 
the literature.[33] Figure 2d–f shows the STEM-SI analysis of 
the PTB7:PC70BM blend processed with DIO annealed for 24 h 
at 140 °C. Importantly, very similar domain sizes and material 
compositions were found. To gain a deeper insight into poten-
tial morphological changes under thermal stress, we performed 
more STEM-SI analysis at three different sample positions of as-
casted and annealed blend layers as shown in Figure S4 and S5 
(Supporting Information). Importantly, the results reveal that 
the ratio of the three material phases is quasi-identical after 

the high-temperature annealing over 24 h as given in Table S1 
(Supporting Information). Furthermore, we still observe a large 
amount of very small fullerene enriched clusters (<10 nm in 
diameter) despite the long and high-temperature annealing. 
This finding indicates that the Ostwald-ripening mechanism is 
suppressed inside the PTB7:PC70BM blend at 140 °C. Identical 
behavior is found for PTB7:PC70BM blends processed without 
DIO as shown in Figure S6 (Supporting Information). In con-
trast, the PTB7:PC70BM blend nanoscale morphology after 
annealing at 200 °C for 1 h is dramatically altered with 500 nm 
sized fullerene domains and disappearance of small nanom-
eter-sized fullerene clusters as shown in Figure S7 (Supporting 
Information). This is in accordance with the appearance of 
large fullerene crystals in Figure S1 (Supporting Information) 
indicating a classical behavior of phase segregation via Ostwald 
ripening at 200 °C.

In order to understand the difference in thermal stability 
of polymer blends processed with PC60BM and PC70BM, 
respectively, and especially the lack of fullerene diffusion in 
PTB7:PC70BM blends, we consider first the possibility that spe-
cific PTB7 structures play a role in the mechanism. Indeed, it 
was proposed recently that fullerene diffusion is reduced in 
PTB7:PC70BM blends by formation of fibrillar PTB7 networks 
inside the blend.[33] Polymer blends based on different batches 
of PTB7 combined with PC70BM of 95% purity were analyzed. 
Indeed we also observed such fibrillar structures, but only in 
few PTB7:PC70BM samples, while most layers were found 
free of such structures. Figure S8 (Supporting Information) 
shows TEM images of such fibrillar networks, together with 
the STEM-SI analysis of the same blend. The morphological 
map of the STEM-SI analysis only shows a PTB7:PC70BM 
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Figure 2. Lateral view analysis of PTB7:PC70BM blends processed with DIO: a) Conventional annular dark-field STEM micrograph of the as-casted 
photoactive layer, b) plasmon peak map of the same area of observation showing the nanoscale materials phases (PC70BM rich in red with high 
plasmon peak energy and PTB7 rich in green with low energy), and c) segmentation of the same area into enriched and mixed domains. d–f) Same 
image information and analysis for the film annealed for 1 d at 140 °C. (Scale bars 50 nm).
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morphology similar to those shown in Figure 2 and not a 
fibrillar structure. This demonstrates that these networks are 
not composed of PTB7, but are rather related to impurities 
in some PTB7 batches. Furthermore, as BHJs were thermally 
stable at 140 °C for all studied PTB7 batches, our analyses 
clearly prove that fibrillar networks are not at the origin of the 
suppression of fullerene diffusion. Another parameter con-
trolling fullerene diffusion is the glass transition temperature 
Tg

blend of the blends.[45] Indeed annealing the BHJ above Tg
blend 

is considered to cause rapid formation of fullerene crystals 
being detrimental for device performance.[8–10,13] Typically, glass 
transition behavior is studied by differential scanning calorim-
etry (DSC),[46] but paracrystalline polymers such as PTB7 do 
not show a Tg.[47,48] DSC analysis of PTB7:PC70BM do not show 
phase transition up to 200 °C making it difficult to understand 
their thermal stability as demonstrated recently.[47] Further-
more, Tg depends on several factors such as thermal history of 
the sample, technique and thermal rate used for the measure-
ment,[49] thickness of the layers and substrate nature,[50] aggra-
vating the understanding of the thermal stability of PTB7-based 
polymer blends via DSC. Liu et al. studied bilayers of PC70BM 
and PTB7 that were thermally annealed at 150 °C.[33] They 
found that diffusion of fullerene into the PTB7 occurs until the 
thermodynamic limit of PC70BM solubility in PTB7 is reached.

Taking these results into account, we investigated the 
intrinsic thermodynamic stability of the PTB7 blends using the 
two fullerene derivatives PC60BM and PC70BM. For this pur-
pose molecular dynamics simulations were adopted to estimate 
the enthalpy of mixing of the polymer:fullerene blends.[51] As 
thermal stability was found independently of DIO, the solvent 
additive was not considered in the simulations. The enthalpy 
of mixing is a key thermodynamic para meter to measure the 
stability of a blend and it is defined as the energy gain per unit 
volume of mixture with respect to the two separate compo-
nents,[52] ∆H/Vm = (Em−EA−EB)/Vm where Vm and Em are the 
energy and the volume of the mixture, and EA and EB are the 
energies of the separated PTB7 and fullerene phases. According 
to the Flory–Huggins theory,[52] the free energy mixing includes 
also the configurational entropy (see Supporting Information) 
that is a known function of the concentration; however, this 
contribution is practically identical for the two blends so that 
the stability mainly depends on the enthalpy (further details 
can be found in Supporting Information) that can be calcu-
lated by molecular dynamics. To this aim it is first necessary 
to build the corresponding crystalline bulks for polymers and 
fullerenes and calculate the corresponding cohesive energies 
densities (CED) at equilibrium volumes. We found 241 MPa 
for the PTB7 polymer and 432 and 391 MPa for PC60BM and 
PC70BM, respectively. These values are in good agreement 
with experimental data from literature.[53] In order to study the 
enthalpy of mixing at different concentrations and to explore 
the possible morphologies of the blends, we generated ≈100 
systems formed by PTB7 and PC60BM (or PC70BM) molecules, 
with varying numbers of fullerenes and varying initial dispo-
sitions within the polymer. The systems were carefully equili-
brated by 10 ns long constant pressure and constant tempera-
ture annealing (NPT) at room conditions, during which aniso-
tropic volume fluctuations were allowed. In fact, polymer sys-
tems are known to have a complex configurational landscape 

that requires full relaxation and a suitable sampling of the 
configurational space.[51,54] Examples of molecular distribu-
tion inside the polymer blend at three different fullerene con-
centrations (i.e., mass ratios) are reported in Figure 3a. A rich 
statistics of configurations was obtained in this way enabling 
calculation of the energy as a function of the fullerene concen-
tration (see additional details in the Supporting Information). 
The whole range of concentrations has been explored including 
0% and 100% at which the mixing enthalpy is zero by defini-
tion. Since there is generally a demand of energy to form the 
blend, the lower ∆H/V indicates more stable systems.[52] As 
shown in Figure 3b we find that PTB7:PC70BM blends have 
generally lower mixing enthalpy than PTB7:PC60BM, which 
is in accordance with the higher thermal stability of the blend 
shown experimentally in Figure 1. This result can be attrib-
uted to the higher binding energy between the single PC70BM 
molecule and the PTB7 backbone (≈2.1 eV per fullerene for 
PC70BM versus 1.8 eV for PC60BM), to the higher cohesive 
energy of the PC70BM, and a better PC70BM organization with 
respect to the polymer backbone compared to PC60BM. Indeed, 
calculations suggest that the chains of PTB7 are better aligned 
in combination with PC70BM, probably due to an improved 
matching between the larger fullerene and the polymer units. 
This reduces the amount of polymer strain and thus the energy 
of mixing. More importantly, our calculations further show the 
existence of two local minima in the cohesive energy curves 
for both fullerenes. While the minima for PTB7:PC60BM 
are not pronounced and have still high enthalpy values (see 
Figure 3b), 50% of PC70BM content generates a deep minimum  
of ∆H/V indicating a highly stable phase in which the blend 
and the separate phases have similar enthalpy values and thus 
no driving force for phase separation exists. The low mixing 
enthalpy derives from the high fullerene/PTB7 interaction that 
leads to densely packed regions of fullerene molecules interca-
lated within the polymer. Figure 3a shows the corresponding 
fullerene organization inside the PTB7 blend using 50% of 
PC70BM content. The first minimum of ∆H/V observed at 25% 
(middle panel) corresponds qualitatively to a similar fullerene 
aggregation as in the high concentration regime (50%) but 
occurring only in separate regions of the polymer matrix as vis-
ualized in Figure 3a. In the case of 50% content, the fullerenes 
occupy the whole polymer system, which results in an optimal 
polymer alignment, a decrease of enthalpy and thus improve-
ment in stability. These results are in line with the STEM-SI 
analysis presented in Figure 2c,f, which show that the most 
frequently observed and thus most stable phase inside the 
PTB7:PC70BM blends corresponds to the mixed phase with an 
average fullerene concentration of ≈50%. Based on these results, 
we suggest that the densely intercalated polymer:fullerene (DIP) 
phases formed at 25% and 50%, respectively, may thermally 
stabilize the PTB7:PC70BM blend at 140 °C. Indeed changing 
the fullerene concentration inside these DIP phases will induce 
strain on the polymer that costs additional energy in the ∆H/V 
function.[55,56] As DIP phases always enclose fullerene-enriched 
phase inside the BHJ, they may thus act as barrier for fullerene 
diffusion and suppress phase separation via Ostwald ripening.

The calculated mixing enthalpy can be used to estimate 
qualitatively the relative thermal stability of the PTB7:PC70BM 
and PTB7:PC60BM blends. At 50% fullerene concentration, 
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the PC70BM blend is more stable than PC60BM with a differ-
ence D ≈ 10 MPa. In the spirit of the Flory–Huggins theory,[52] 
it can be defined a corresponding temperature difference 
∆T = DV0/(zkB), where V0 ≈ 1 nm3 is the fullerene volume and  
z is the number of effective polymer–fullerene molecular inter-
actions. By using z ≈ 12 (i.e., the coordination number of a hexa-
gonal close packed crystal) it is predicted ∆T ≈ 60 K. This value 
suggests that the difference in thermal stability between both 
blend is in the range of several tenths of °C. This estimation is 
in accordance with our experiments showing the PTB7:PC60BM 
blends are not stable at high temperatures between 100 °C and 
140 °C, although PTB7:PC70BM is stable at 140 °C.

2.2. Thermal Stability of PTB7:PC70BM-Based Solar Cells

After the demonstration of the thermal stability of 
PTB7:PC70BM layers at 140 °C, we focus in this part on 
thermal behavior of complete solar cells using PTB7:PC70BM 
processed with or without DIO as active layer. The insert in 
Figure 4a shows the device structure in which poly(3,4-ethyl-
enedioxythiophene) polystyrene sulfonate (PEDOT:PSS) and 
ZnO nanoparticle layers are used as hole and electron extrac-
tion layer, respectively, leading to high efficiency solar cells.[57] 
The completed solar cells were exposed to post-annealing at 

temperatures from 80 °C to 160 °C during 1 h to study their 
thermal degradation. Figure 4b depict the evolution of the J–V 
curves of the devices under thermal stress, while Table S2 (Sup-
porting Information) sums up the corresponding photovoltaic 
parameters. DIO-free solar cells show an average efficiency of 
3.3% without changes in performance for temperatures up to 
140 °C. A clear degradation is only observed for thermal stress 
of 160 °C. Devices processed with DIO show an average effi-
ciency of 7.4% for nonannealed layers similar to results in our 
former work.[57] However, although the blend morphology is 
stable up to 140 °C, we observed strong losses in device perfor-
mance of up to 40% for post-annealing from 80 °C to 120 °C. 
These losses are in line with reports in literature[38,39] and are 
mainly related to strong drops in short-circuit density (Jsc) and 
fill factor (FF), while the open-circuit voltage (Voc) stays con-
stant. In contrast, the device behavior is different for devices 
exposed to 140 °C. In this case, the thermal treatment induces 
an increase in Voc by typically 40 mV as well as a small increase 
in Jsc accompanied by a drop in FF from 65% to 58% leading 
to an almost unaltered efficiency of 7.2%. Even continuous 
annealing of the devices for 3 d at 140 °C did not significantly 
reduced the efficiency (PCE reduction < 10%) as shown in 
Figure 4c (black square) and Table S3 (Supporting Informa-
tion). Only further increase in annealing temperature to 160 °C 
commenced to degrade the solar cells. This behavior is identical 
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Figure 3. a) Calculated PTB7:PC70BM blend morphology and b) mixing energy as a function of fullerene (PC60BM or PC70BM) wt% inside the polymer 
blend.
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to the degradation of solar cells containing blends processed 
without DIO. Importantly, the device stability at 140 °C was 
found independently of PTB7 batches and fullerene purity and 
observed in a total number of more than 100 solar cells. We fur-
ther processed high-efficiency 1 cm2-sized solar cells as shown 
in Figure S9 and Table S4 (Supporting Information). We found 
identical thermal stability demonstrating the ability to upscale 
the discovered property of PTB7:PC70BM-based devices at large 
area. Thus, applying the post-annealing step at 140 °C, which is 
referred as PAS-140 in the following, leads to a unprecedented 
gain in thermal stability and a strong increase in Voc. Taking 
into account that DIO-free devices were found to be thermally 
stable at all temperatures up to 120 °C, we suppose that DIO 
still present inside the solar cells causes device degradation for 
annealing at moderate temperatures from 80 °C to 120 °C. It 
is important to mention that we apply a vacuum drying step to 
all polymer blends during device processing that is usually con-
sidered to remove the additives such as DIO from the blend. In 
order to validate the need of PAS-140 to fully remove DIO, we 
first treated DIO processed solar cells for 15 min with a PAS-
140 and measured the long-term stability of the device under 
permanent annealing at 80 °C. As it is highlighted in Figure 4c 
and Table S3 (Supporting Information), PAS-140 treated devices 
were stable over 7 d at 80 °C (PCE reduction < 4%), while the 

device without a PAS-140 step shows losses in performance of 
20% already after 1 h. We further verified the presence of DIO 
inside the blend by using electron energy-loss (EELS) analysis 
of vacuum dried as-casted and PAS-140-treated films. The EELS 
analysis of the iodine signal that can be directly addressed to 
DIO is shown in Figure S10 (Supporting Information) indi-
cating that indeed DIO is present inside the blend before 
annealing, while PAS-140 treated layers do not show any signal. 
Taking into account the sensitivity of EELS analysis in carbona-
ceous matrices,[58,59] we estimate the reduction in DIO down to 
a maximum mass fraction of ≈1‰ inside the blend layer. EEL 
spectra from both samples were acquired after ≈1 h in the high 
vacuum of the microscope to prevent potentially uncontrolled 
evaporation of DIO. We can thus conclude that the residual 
DIO is responsible for thermally induced degradation of device 
performance at temperatures below 140 °C, while a high tem-
perature treatment such as PAS-140 allows establishing a 
long-term stability up to 140 °C directly related to the intrinsic 
thermal stability of the BHJ itself.

It is worth to emphasis that the thermal stability of 
PTB7:PC70BM-based solar cells during thermal annealing at 
140 °C over days implies that ILs and the interfaces between 
these layers and the BHJs are electronically stable during this 
thermal stress. It is known that thermal annealing can lead to 
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Figure 4. a) Device structure of the polymer solar cells. b) J–V curves of PTB7:PC70BM solar cells, processed without DIO and with DIO, and exposed 
individually to a single post-annealing step during 1 h with temperatures ranging from 80 °C to 160 °C. c) Photovoltaic parameters (FF, Jsc, Voc, and 
PCE) of PTB7:PC70BM devices annealed continuously at 80 °C as a function of time for solar cells prepared without (red circles) and with an initial 
15 min thermal annealing step of 140 °C (blue triangles); black squares show data of PTB7:PC70BM devices annealed continuously at 140 °C during 
3 d using PC70BM of 95% purity.
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diffusion of metal ion of the electrode into the organic layer cre-
ating substantial leakage current.[17,18] Furthermore, chemical 
reactions at the metal/organic interface can alter the contact 
properties, forming interfacial dipole barriers and defect states 
that pin the Fermi level.[20,21] It is therefore likely that the sta-
bility of the devices largely benefits from the use of ZnO buffer 
layers that protect the polymer blend against thermally induced 
damages.

In order to understand the changes in the photovoltaic 
parameters observed during PAS-140, i.e., increase in Voc 
and decrease in FF, we applied STEM-SI to visualize vertical 
changes in morphology upon annealing. First, lamellar cross-
sections of DIO processed samples without and with annealing 
at 140 °C for 1 h and 1 d were prepared by focused ion-beam 
milling. STEM-SI measurements as shown in Figure 5a–d 
performed on these cross-sections show that after thermal 
annealing only a weak vertical segregation is present leading to 
PC70BM enrichment near the cathode region, i.e., at the inter-
face with the ZnO buffer layer. We suggest that the fullerene 
accumulation at the blend surface is related to the evaporation 
of DIO during the PAS-140 step. Since DIO has a high affinity 
to fullerenes, it is likely that the evaporation of DIO toward the 
device surface is responsible for fullerene diffusion toward the 
blend surface. As next step, we applied impedance spectros-
copy as efficient tool to study electronic changes of PSC under 
thermal stress.[37] Interfaces between the active layer and outer 
contacts also play a very important role in device operation and 
stability as shown recently.[37,57,60] The quality of an interface is 
influenced by potential charge accumulation and formation of 
leakage current, which depends on the concentration of donor 
and acceptor at the contacts.[61,62] Here, we observe that leakage 
current is reduced after PAS-140 accompanied by an increase 

in Voc. These electronic modifications were studied in details 
with impedance spectroscopy.[63] Full impedance analysis and 
capacitance voltage are discussed in the Supporting Informa-
tion in details, while only most relevant results are discussed 
here. For both annealed and nonannealed samples, we find that 
charge carrier extraction is highly efficient since the imped-
ance spectroscopy measurements mainly show the recom-
bination arc. However for the nonannealed devices (devices 
without PAS-140), an additional feature is observed in the low 
frequency region below 150 kHz, which suggests an accu-
mulation of charges due to less efficient carrier extraction in 
comparison to the annealed sample (Figure S11a, Supporting 
Information). This result is in agreement with the light-induced 
dipole observed by the Mott–Schottky analysis (Figure S11b, 
Supporting Information) where dipole generation is manifested 
as a shift of 150 mV of the linear region close to Voc. Overall, 
all of these results indicate that fullerenes diffuse to the ZnO 
interfaces during thermal annealing leading to the observed 
increase in Voc.

3. Conclusion

High-efficiency PSCs have been demonstrated that withstand 
temperatures of 140 °C for several days. We demonstrated that 
PTB7 blends using fullerene derivative PC70BM form stable 
BHJs in which fullerene diffusion is not observed up to temper-
ature of 140 °C. This can be addressed to local minima in the 
mixing enthalpy of the blend that corresponds to densely packed 
PTB7:PC70BM aggregates inside the mixed phases of the blends 
inhibiting fullerene diffusion between polymer- and fullerene-
enriched phases. By applying these thermally stable blends to 

devices, we demonstrate that the presence of 
residual additive DIO inside the blend gen-
erates strong losses in device performance 
at moderate thermal stress. After removing 
DIO from the device with a high-tempera-
ture annealing step, PTB7:PC70BM-based 
solar cells exhibit remarkably high tempera-
ture stability during permanent annealing at 
140 °C for several days, which can be directly 
related to the intrinsically stability of the 
polymer blend. We believe that our findings 
on suppression of fullerene diffusion inside 
BHJs will open new approaches for material 
design to improve thermal stability of organic 
solar cells.

4. Experimental Section
ZnO Nanoparticle Solutions: ZnO nanoparticles 

were prepared as published elsewhere.[57,64] Then 
solution of ZnO nanoparticles with 6 nm as average 
diameter were prepared by transferring the as 
synthesized ZnO nanoparticles from methanol 
to isopropanol (IPA) mixed with ethanolamine 
(0.2 vol%) (EA).[57] By this technique, cluster-free 
ZnO nanosphere solution in IPA of concentration of 
7.5 mg mL−1 was prepared.
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Figure 5. a) Annular dark-field image of the lamellar cross-section of the nonannealed device 
and b) corresponding plasmon peak map using STEM-SI (Scale bars 50 nm). c,d) Plasmon 
peak maps of cross-sections of devices annealed at 140 °C for c)1 h and d) 24 h (Scale bars 
25 nm); the photoactive layer was processed with DIO.
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Solar Cells Fabrication and Characterization: Solar cells using normal 
device structures were processed as follow. First ITO substrates 
(purchased from Lumtec, 15 Ohm sq−1) were thoroughly cleaned by 
sonication in acetone and ethanol followed by rinsing with water and 
sonication in IPA and applying ultraviolet-ozone for 10 min. A thin layer 
of poly(3,4-PEDOT:PSS) (CLEVIOSTM AI 4083) was spin-coated on the 
cleaned ITO precoated glass substrate at the speed of 4000 rpm for 60 s 
followed by heating on a hot-plate at 140 °C for 15 min. The substrates 
were then transferred to a nitrogen-filled glovebox. PTB7 (1-Materials) 
and PC70BM (99% and 95% purity purchased from Solenne and Nano-C, 
respectively) were mixed with a ratio of 1:1.5. The PTB7:PC70BM active 
blend layer, with a nominal thickness of 90 nm, was prepared by spin-
coating a mixed solvent of chlorobenzene/1,8-diiodoctane (97:3% 
by volume) solution (concentration, 25 mg mL−1 of PTB7:PC70BM) 
at 1 800 r.p.m. for 2 min. After dried in vacuum overnight, different 
concentration of ZnO nanoparticles in IPA and 0.2% (v/V) ethanol 
amine has been spin-coated on the top of active layers at 1500 rpm 
for 1 min and dried at hot plate at 80 °C for 5 min. In order to study 
the impact of ZnO layers in detail, we prepared sets of devices under 
identical conditions by only changing one parameter such as for 
example ZnO concentration in IPA. For processing the cathode, samples 
were put into a MBRAUN evaporator inside the glovebox, in which Al 
metal electrodes (100 nm) were thermally evaporated at 2 × 10−6 Torr 
pressure through a shadow mask defining the device area to 0.27 cm2 
(standard cells) and 1 cm2 (large area). The current density–voltage 
(J–V) characteristics of the devices were measured using a Keithley 
238 Source Measure Unit inside the glovebox using Lumtec substrates. 
Solar cell performance was measured by using a Newport class AAA 
1.5 Global solar simulator (Oriel Sol3ATM model n° 94043A) with an 
irradiation intensity of 100 mW cm−2. The light intensity was determined 
with a Si reference cell (Newport Company, Oriel n°94043A) calibrated 
by National Renewable Energy Laboratory (NREL). Spectral mismatch 
factors (M) were calculated according to a standard procedure[57] and 
M values of 1.02 was obtained for the PTB7:PC70BM devices. The value 
was used to correct the measured Jsc values of the solar cells to Jsc values 
corresponding to AM1.5G conditions. Shadow masks were used to well 
define the illuminated area to 0.27 × 1.0 cm2. Comparison of masked 
and unmasked solar cells gave consistent results with photocurrent 
increase by less 2% for unmasked devices. We present performance 
of the best devices, while average PCEs were obtained with standard 
deviation analysis calculated using nine devices. External quantum 
efficiency measurements were performed in air using a homemade 
setup consisting of a Keithley 238 Source Measure Unit and Newport 
monochromator. Light intensity was measured with a calibrated Si-diode 
from Newport Company.

Electronic Characterization of the ZnO Interfaces in Complete Solar 
Cells: Impedance spectroscopy measurements were performed using 
an Autolab PGSTAT-30 equipped with a frequency analyzer module. A 
small voltage perturbation (20 mV rms) is applied at frequencies from 
1 MHz to 1 Hz. Measurements were carried out under 1 sun light 
intensity calibrated with a monocrystalline silicon photodiode sweeping 
the DC voltage in the range 0 to Voc. Recombination resistance (Rrec) and 
chemical capacitance (Cµ) are directly extracted from the high-frequency 
region as previously reported[57] and the contact resistance under low 
frequencies.

Morphological Analysis of Blend Layers: Optical microscope analyses 
were performed with a confocal laser scanning microscope (LSM710 
Zeiss). Polymer blends were deposited by spin coating on glass 
substrates with identical deposition parameters us used in solar cells 
and exposed to different annealing temperatures in air. For lateral, 
morphological analysis, photoactive layers prepared on PEDOT:PSS 
were floated on top of a deionized water surface followed by collection 
of pieces using a standard electron microscopy sample grid covered 
with a holey carbon film (QUANTIFOIL). Dark-field and spectroscopic 
measurements were performed using a Titan 60-300 microscope 
(FEI), equipped with an Enfinium (Gatan) spectrometer, and operated 
at an acceleration voltage of 120 kV in scanning transmission mode. 
This allows acquisition of a low-energy-loss spectrum for each scan 

position with high energy-resolution and including the zero-loss 
peak information for computing single-scattering distributions by 
Fourier-log deconvolution. Before recording spectral imaging data sets, 
the scanned areas were exposed to a constant, small electron dose to 
avoid varying amounts of initial damage for different samples, which 
could influence the electronic structure of the organic semiconductors 
and thus the optical excitation signals. This ensures that material 
contrast based on plasmon maps is insensitive to varying damage 
induced signals. For spectral data sets the step size for the scanning 
was set to 3 nm with a dwell time of 0.5 ms. The resulting dose was 
250 e per Å2. The convergence angle was set to 10 mrad to increase 
the probe diameter and contrast in dark-field imaging. The collection 
angle was set to 40 mrad. Spectral imaging data sets were imported 
into HyperSpy (http://hyperspy.org), an open-source Python library 
for interactive data analysis of multidimensional data. With HyperSpy 
all following data treatment steps were realized. First, shifts between 
spectra were corrected followed by Fourier-log deconvolution using 
a custom script. Second, plasmon peaks were fitted by a Lorentzian 
function, in the interval of 12–32 eV. The resulting model parameters 
include one parameter for the peak center. This center positions were 
stored in a map and color coded to visualize compositional variations 
at the nanoscale. For segmentation of the multidimensional data sets, 
the deconvolved data were imported into ilastik, an interactive tool for 
image classification, segmentation, and analysis.[65] Segmentation into 
three classes was done as described elsewhere[44] applying a nonlinear 
technique for dimensionality reduction. Cross-sections were prepared 
using a Helios Nanolab 650 (FEI), a DualBeam system for ion-milling 
and high-resolution scanning electron microscopy. To record electron 
energy-loss spectra of iodine signal from the DIO (see Supporting 
Information), the same microscope and spectrometer were used.

Molecular Dynamics Methods: The PTB7 polymer, PC60BM, and 
PC70BM fullerene derivatives have been modeled using the General 
Amber Force Field (GAFF)[66] successfully applied to study organic[67] 
as well as organic-inorganic systems.[68] The atomic partial charges 
were calculated according to the standard AM1-BCC method [am1-bcc] 
and the dispersive (i.e., van der Waals) interactions (both intra-and 
intermolecular) were described by the sum of two-body Lennard–Jones 
contributions, with Amber force field parameters.

Model potential molecular dynamics simulations were performed by 
using the NAMD 2.0 molecular simulations package.[69] The equations of 
motion of atoms were integrated by using the Velocity Verlet algorithm 
with a time step as small as 1.0 fs. Multiple time stepping was used, with 
short-range nonbonded interactions calculated every two time steps and 
full electrostatics evaluated every four time steps. All the electrostatic 
contributions were computed by the Particle Mesh Ewald (PME) sum 
method,[70] with grid spacing of 1 Å. Temperature was controlled by 
Langevin thermostat with damping coefficient of 1 ps−1.

Rigid bonds conditions were applied for the hydrogens and the atoms 
to which they are bonded. The VMD 1.9 molecular visualization program 
has been used to analyze the trajectories.[54] The PTB7 bulk consists of 
20 regioregular PTB7 chains of length ≈12 nanometer and periodically 
replicated along the backbone to mimic an infinite chain. Equilibration 
at room temperature and pressure was obtained by annealing by the 
Langevin thermostat and barostat[71] (constant pressure constant 
temperature NPT ensemble) with anisotropic cell fluctuations for 
1 ns. The fullerene bulks were composed by 32 molecules and built 
accordingly to the conformation described in Casalegno et al.[72] for both 
the species, and relaxed with the same procedure used for PTB7. The 
cohesive energy density (CED), has been calculated by subtracting at 
the energy of the relaxed systems those of the isolated molecules and 
dividing for the equilibrated volume.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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