
www.advmat.de

1908305 (1 of 9) © 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

CommuniCation

Unraveling the Microstructure-Related Device Stability 
for Polymer Solar Cells Based on Nonfullerene Small-
Molecular Acceptors

Xiaoyan Du, Thomas Heumueller, Wolfgang Gruber, Osbel Almora, Andrej Classen, 
Jianfei Qu, Feng He, Tobias Unruh, Ning Li,* and Christoph J. Brabec*

DOI: 10.1002/adma.201908305

As the power conversion efficiency (PCE) of organic solar cells (OSCs) 
has surpassed the 17% baseline, the long-term stability of highly efficient 
OSCs is essential for the practical application of this photovoltaic tech-
nology. Here, the photostability and possible degradation mechanisms of 
three state-of-the-art polymer donors with a commonly used nonfullerene 
acceptor (NFA), IT-4F, are investigated. The active-layer materials show 
excellent intrinsic photostability. The initial morphology, in particular the 
mixed region, causes degradation predominantly in the fill factor (FF) under 
illumination. Electron traps are formed due to the reorganization of poly-
mers and diffusion-limited aggregation of NFAs to assemble small isolated 
acceptor domains under illumination. These electron traps lead to losses 
mainly in FF, which is in contradistinction to the degradation mechanisms 
observed for fullerene-based OSCs. Control of the composition of NFAs 
close to the thermodynamic equilibrium limit while keeping adequate elec-
tron percolation and improving the initial polymer and NFA ordering are of 
the essence to stabilize the FF in NFA-based solar cells, which may be the 
key tactics to develop next-generation OSCs with high efficiency as well as 
excellent stability.
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The power conversion efficiency (PCE) 
of organic solar cells (OSCs) has been 
significantly improved with the develop-
ment of nonfullerene acceptors (NFAs).[1] 
Certificated PCE of over 17% has been 
reported.[2] Long-term photostability is 
critical for commercialization of this 
photovoltaic technology. However, under-
standing of degradation mechanisms is 
much lagging behind the PCE thriving. 
Identification of degradation mechanisms 
will definitely contribute to materials 
design rules for highly efficient and stable 
OSCs.[3–5]

Compared to extrinsic instabilities, e.g., 
chemical reaction with oxygen (with or 
without light)[6] and water,[7] the intrinsic 
materials stability against light and the 
microstructure changes upon external 
stress are most relevant in the phase of 
new materials development. Most of the 
stability studies so far have been focused 
on fullerene-based OSCs,[7–10] while for 
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unstable NFA-based OSCs, understanding of the degradation 
mechanism is still limited. For NFA-based systems, prom-
ising photostability has been demonstrated for many-systems 
including P3HT:IDTBR,[11] PCE10 with EH-IDTBR,[12] or 
IEICO-4F,[13] PffBT4T-2OD:EH-IDTBR,[14] single-component 
devices[15] as well as ITIC derivatives.[4,16] However, studies 
up to date indicated that the light stability of NFA systems is 
strongly materials-dependent.[4,17] As a general trend, degrada-
tion of NFA systems is different compared to those based on 
fullerene derivatives. For example, JSC degradation as a result 
of materials incompatibility[8,9,18–20] or fullerene dimeriza-
tion[21,22] has been revealed for several polymer:phenyl-C61-bu-
tyric acid methyl ester (PCBM) combinations. Open circuit 
voltage (VOC) losses are observed which is related to density 
of states broadening at the donor and acceptor interface and 
depend much on polymer crystallinity.[23,24] In strong contrast, 
fill factor (FF) degradation dominated the losses in several of 
the reported degradation of NFA-based systems, while VOC 
and JSC maintained almost unchanged during the degradation 
process.[11,25] The mechanism behind is yet to be elucidated.

Previously we have shown that photostability of OSCs based 
on PBDB-T and a series of ITIC derivatives significantly depends 
on the NFA molecular engineering on side chains and end 
groups.[4] Most importantly, devices based on 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))] (PBDB-T) as polymer donor (D) and 
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) (previously 

termed as ITIC-2F) as electron acceptor (A) showed the best 
light stability after a burn-in loss in FF with an extrapolated  
T80 lifetime (80% of the initial PCE) reaching 11 000 h. How-
ever, due to energy level mismatch of the PBDB-T with IT-4F, 
device performance was low (≈8%). Fluorination and chlorina-
tion of the thiophene unit of the benzodithiophene (BDT) side 
chains leads to PBDB-T-2F (PM6) and PBDB-T-2Cl (PM7) with 
deeper lying frontier molecular orbitals and increased PCE 
> 13%.[26,27]

In this work, we investigate photostability of OSCs incorpo-
rating fluorinated (PM6) and chlorinated (PM7) polymer donors 
and IT-4F as an acceptor under the same condition as previously 
reported[4] (i.e., under inert atmosphere and white light-emitting 
diode (LED) illumination). Similar to many other NFA-based 
material systems but different from fullerene-based OSCs, the 
degradation is dominated by FF loss, which is attributed to the 
formation of local isolated NFA aggregates in the mixed region 
due to materials incompatibility and diffusion-limited aggrega-
tion of IT-4F. It is evidenced that increasing molecular ordering 
using either solvent additives or thermal stress on the active 
layer can effectively improve the morphological stability of these  
IT-4F-based OSCs under illumination.

Figure 1 shows the chemical structure of polymer donors 
(PBDB-T, PM6, and PM7) and IT-4F investigated in this work. 
By replacing PBDB-T with PM6 or PM7, both JSC and VOC of 
OSCs could be significantly improved, as shown in Figure 1b; 
and Table S1 (Supporting Information). We demonstrated pre-
viously that the stability of photoactive materials could be fast 
and reliably analyzed by measuring space-charge-limited cur-
rent of hole-only or electron-only devices under illumination.[4] 
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Figure 1. a) Chemical structure of PBDB-T, PM6, PM7, and IT-4F used in this work. b) Current density–voltage characteristics of solar cells based on 
different polymers blended with IT-4F in inverted structure. c) Photostability of hole-only devices based on the investigated polymer materials aged 
under white LED illumination for 70 h.
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The stability of pristine photoactive materials, for instance ITIC-
derivatives, could be directly related to the stability of OSCs. As 
IT-4F exhibits excellent stability in electron-only devices,[4] we 
investigated the stability of three polymer donors in the same 
way in hole-only devices (indium tin oxide (ITO)/poly(3,4-
ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS)/
polymer donor/MoOx/Ag) under illumination provided by 
white LEDs (spectra shown in Figure S1, Supporting Informa-
tion). The devices were kept under dry nitrogen with oxygen and 
water level below 0.5 ppm. No obvious degradation was observed 
after ≈70 h illumination as shown in Figure 1c. Under extended 
illumination up to ≈360 h (relevant to significant performance 
degradation of OSCs discussed later), both PBDB-T and PM6 
based hole-only devices showed minor changes as shown in 
Figure S2 (Supporting Information). These results demonstrate 
excellent intrinsic photostability of all polymers under measured 
condition relevant to the solar cells stability test.

Device stability under continuous LED illumination for opti-
mized devices based on three different polymers is shown in 
Figure 2. First of all, all devices showed rather stabilized JSC 
and VOC. The degradation in PCE is mainly from FF losses, 
which is significantly different from fullerene-based devices, 
for which JSC and VOC losses are normally observed.[8,9] All 
three groups of devices showed burn-in losses in FF. Unlike 
the stabilized FF for PBDB-T-based devices, FF continuously 
decreased and remained only ≈80% after ≈1400 h illumination 
for both PM6- and PM7-based devices. This result is consistent 

with the previously reported degradation trend.[26] T80 lifetime 
for PM6- and PM7-based solar cells were estimated to be less 
than 1300 h, which is significantly reduced compared to that of 
PBDB-T-based devices (over 11 000 h).[4]

As PM6 and PM7-based solar cells exhibited very similar deg-
radation behavior under illumination, we selected PM6:IT-4F  
for further systematic investigation. In general, for highly effi-
cient organic photovoltaics (OPV) material systems, geminate 
recombination (recombination of bound electron–hole pairs) 
is significantly reduced and FF is the competition between 
bimolecular recombination and charge extraction.[28,30] To gain 
deeper insight into the charge recombination changes due to 
aging, charge carrier lifetime (measured by transient photo-
voltage, Figure S3, Supporting Information) as a function of 
charge carrier density (from charge extraction, Figure S3, Sup-
porting Information) for fresh and aged PM6:IT-4F was investi-
gated (Figure 3a). The recombination order (R) increased from 
≈2 for fresh devices to 2.7 for aged devices. Increased recombi-
nation order in OSCs has been linked to trap-mediated recombi-
nation[31–34] and/or reduced mobility.[35] The mobility measured 
by photoinduced charge carrier extraction by linearly increasing 
voltage (Photo-CELIV) decreased from 1.1 × 10−4 cm2 V−1 s−1 for 
fresh cells to 6.1 × 10−5 cm2 V−1 s−1 for aged devices. Meanwhile, 
more dispersive transport was observed as shown in the delay-
time variated Photo-CELIV (Figure 3b; and Figures S4 and S5, 
Supporting Information), which indicates existence of trapped 
charge carriers. To distinguish electron and hole mobility 
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Figure 2. Photostability of devices based on PBDB-T, PM6, and PM7 blended with IT-4F in a weight ratio of 1:1 under continuous LED illumination 
and room temperature. a–c) Recorded current–voltage curves (with normalized initial short-circuit current density) and d) photovoltaics parameters 
(averaged over 6 devices) as a function of time for devices based on different photoactive layers as indicated in the legend. T80 (80% of the initial PCE) 
lifetime for PM6- and PM7-based solar cells are indicated.
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changes due to aging, electron-only (ITO/ZnO/AL/Ca/Al) and 
hole-only (ITO/PEDOT:PSS/AL/MoOx/Ag) devices were fabri-
cated and their stability were measured under the same con-
dition as for solar cells. The time-dependent J–V curves were 
shown in Figure S6 (Supporting Information), with extracted 
electron and hole mobility after different aging time shown 
in Figure 3c; and Table S2 (Supporting Information). Hole 
mobility remained relatively constant after a fast degradation 
to ≈95% of its initial value within ≈100 h. In contrast, electron 
mobility showed a continuous degradation to only ≈50% of 
its initial value after ≈600 h illumination. The FF degradation 
originates most probably from the decreased and increasingly 
unbalanced electron and hole mobility, especially in the weak 
electric field condition close to open-circuit. The same trend 
of J–V curves (Figure 2a–c) evolution has been reproduced in 
analytical simulations by solely decreasing mobility.[35] Bartes-
aghi et al. have developed a semiquantitative expressions of FF 
dependence on a figure of merit θ, which quantifies the ratio 
of recombination and extraction based on device and materials 
parameters including recombination rate, generation rate, film 
thickness, charge carrier mobility as well as internal voltage.[28] 
θ of the fresh and aged solar cells based on PM6:IT-4F was cal-
culated and correlated with FF (Figure 3d; and Table S3, Sup-
porting Information). By comparing with θ obtained by solely 

varying mobility, it is obvious that the solar cells investigated 
here are limited by charge carrier mobility. Decreasing charge 
carrier mobility significantly reduced FF.

Mobility changes might originate from morphological 
traps[36] or chemical defects.[37] Here, we can exclude the 
chemical defects due to oxygen and water as well as intrinsic 
materials photostability issues. Grazing-incidence wide-angle 
X-ray scattering (GIWAXS) measurements were performed in 
order to gain deeper insights into morphological changes for 
PM6:IT-4F before and after aging under illumination, as shown 
in Figure 3; and Figures S7–S9 (Supporting Information).  
By comparing with the GIWAXS patterns of pristine polymer 
and IT-4F films, it is clear that polymer formed domains with 
high crystallinity (strong (100) diffraction and higher order dif-
fraction peaks), while IT-4F domains are relatively less ordered 
(broad and weak diffraction intensity). After light aging, no 
significant difference was observed in GIWAXS in-plane direc-
tion. In out-of-plane direction, (100) peak at q≈3.2 nm−1 (from 
polymer crystals with edge-on orientation) showed a slight 
shift to a lower q≈3.1 nm−1 with only minor increase in inten-
sity. Overall GIWAXS measured before and after aging did not 
significantly change. The stable crystalline polymer domains 
correlate well with relatively stable hole mobility.[38] A contin-
uous decrease of electron mobility indicates more changes in 
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Figure 3. Transport and morphology investigation of PM6:IT-4F before and after aging test. a) Charge carrier lifetime as a function of charge carrier 
density. Recombination order (R) is indicated in the legend. b) Photo-CELIV with delay time of 1 µs. c) Electron and hole mobility measured as function 
of illumination time for electron-only and hole-only devices, respectively. Solid lines are single exponential decay fit of the experimental data. d) FF as a 
function of θ (figure of merit for competition between charge carrier extraction and recombination) calculated according to ref. [28]. Here the data points 
calculated from PM6:IT-4F were marked as 4-point-stars. The vertical dot lines indicate θ calculated from assumed mobility of 1 × 10−3 cm2 V−1 s−1, 
5 × 10−4 cm2 V−1 s−1, and 1 × 10−5 cm2 V−1 s−1 with other parameters keeping the same as for fresh PM6:IT-4F solar cells. e) In-plane and out-of-plane 
GIWAXS line cuts. f) GISAXS profiles (solid and open sphere: experiment data) and fit (solid and dot line) using Schulz–Zimm/DAB model.[29]
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the acceptor-related domains, including acceptor-rich domains 
and the amorphous mixed region. Grazing-incidence small-
angle X-ray scattering (GISAXS) measurements were further 
performed as shown in Figure 3f; and Figure S10 (Supporting 
Information). A decreased slope in the range < 0.1 nm−1 was 
observed for aged films. Fitting with Schulz–Zimm/Debye–
Anderson–Brumberger (DAB) model[29] revealed a slightly 
decreased correlation length (average spacing between different 
domains) from 18.9 ± 0.7 nm for the fresh film to 17.9 ± 0.7 nm 
after aging. However, the changes in the correlation length are 
in the same range with the error bar. These minor changes 
in GISAXS profiles but significant FF losses indicate that the 
underlying morphological changes are in a small scale in the 
mixed region which do not change the scattering contrast in 
GISAXS measurement but still play a significant role for elec-
tron transport.

Morphology for NFA systems is to a large extent governed 
by complex interplay among crystallization, diffusion, and 
demixing of the components, which is strongly materials-
dependent.[39] In the PM6:IT-4F blend, the initial morphology 
formation is dominated by polymer aggregation/crystalliza-
tion.[26] To evaluate the morphology evolution in the mixed 
region, miscibility between the three polymers with IT-4F was 
estimated by comparing the surface energy of each plain film 
as shown in Figure S11 and Table S4 (Supporting Information). 
The much higher surface energy of IT-4F (≈39 mN m−1) com-
pared to all three polymers (≈26 mN m−1) indicates that in each 
polymer:IT-4F blend, demixing is thermodynamically favorable, 
which is consistent with the extremely low thermodynamic 
equilibrium compositions of IT-4F (weight percentage ≈7%) 
when blended with PM6 as reported by Ye et al.[40] It is also 
important to note that for strongly immiscible components, in 
order to optimize the device performance, it is critical to kineti-
cally quench the composition away from the thermodynamic 
equilibrium state for adequate percolation. For the investigated 
system, the percolation limit of the acceptors was reported to 
be ≈20% (weight percentage).[40] Following the trend observed 
for fullerene-based systems, incompatibility between donor and 
acceptor normally leads to phase separation even under dark, 
and significantly reduces interface areas and then JSC.[8] How-
ever, the incompatibility between PM6 and IT-4F is significantly 
influencing FF rather than JSC, which is in stark contrast com-
pared to previously reported fullerene-based systems.[9,18] To 
understand these differences, it should be noted that NFAs, as 
anisotropic small molecules, showed several orders of magni-
tude lower diffusion coefficient than those of isotropic fullerene 
derivatives.[39,41,42] One hypothesis is that in the mixed regions, 
due to reorganization of polymer chains and diffusion-limited 
NFA aggregation, small-scale isolated IT-4F domains below the 
percolation threshold are formed.[43] These small scale isolated 
IT-4F domains might broaden the density of states and reduce 
electron mobility under weak electric field, which mainly  
affects FF.[35]

Morphological related instability is expected to be largely 
dependent on the initial active-layer nanostructure. The effect 
of initial morphology changes by removing 1,8-diiodooctane 
(DIO) as a processing additive on the light stability were further 
investigated for devices based on PM6:IT-4F and PM7:IT-4F.  
Removing DIO from solvent processing leads to more 

disordered domains according to literature.[44] In this work,  
UV–vis spectra (Figure 4a) and GIWAXS (Figure S9, Sup-
porting Information) proved that the ordering of both polymer 
and aggregated IT-4F domains were reduced when processed 
without DIO as solvent additive. For devices with less ordered 
donor and acceptor domains, a lower FF and JSC were observed 
(Table S1, Supporting Information). The low FF is mainly due 
to low charge carrier mobility (6.5 × 10−5 cm2 V−1 s−1). The 
higher VOC (0.85 vs 0.79 V for PM6-based OSCs) is a result 
of the higher bandgap (Figure 4a) as well as a higher charge 
transfer states energy (electroluminescence spectra shown in 
Figure S12, Supporting Information) due to the less aggregated 
IT-4F domains. Photostability of PM6-based devices is shown 
in Figure 4b,c. A much faster decay in FF was observed (below 
80% after 150 h), which was also accompanied by similar 
amount of drop in JSC. This trend is consistent in both cases of 
PM6 and PM7-based devices (Figure S13, Supporting Informa-
tion). The results further confirm that the degradation in FF is 
rather morphology-related.

A detailed recombination/transport and morphology anal-
ysis on PM6-based devices before and after aging were per-
formed. It is noted that the initial morphology changes from 
more to less ordered domains do not change the recombination 
behavior as ideal bimolecular recombination for the fresh solar 
cells (Figure 4d; and Figure S14, Supporting Information). The 
higher recombination order of 3 after aging was again linked to 
strongly increased trap-assisted recombination and/or reduced 
mobility.[34] Photo-CELIV indicated significant losses of charge 
carriers within 1 µs. The traps were also evidenced in Photo-
CELIV (Figure 4e; and Figure S15, Supporting Information) 
as long lived charge carriers. Mott–Schottky analysis[45] of the 
impedance spectra (Figure 4f) showed significantly increased 
trap density to 5 × 10−16 cm−3 for aged solar cells. Increased 
sub-bandgap absorption was observed in sensitive photocurrent 
spectroscopy (Figure S16, Supporting Information). No signifi-
cant changes were observed in GIWAXS and GISAXS measure-
ment after aging (Figure 4g,h; and Figures S17 and S18), which 
is similar to devices processed with DIO. It is noted that the 
difference in initial film morphology significantly influences 
degradation rate. Devices with less ordered polymer and NFA 
aggregates showed much faster accumulation of trap states and 
correspondingly faster decrease in both FF and JSC.

Improving ordering of donor and acceptor domains are 
believed to suppress the structural instability. In addition, this 
structural instability and resulted electron traps most probably 
happen in the amorphous mixed regions with formation of 
local isolated domains. To investigate the local structural insta-
bility, we further tested the stability of solar cells with macro-
scopically large acceptor components (D:A weight ratio of 1:4, 
statistics of photovoltaic parameters in Figure S19, Supporting 
Information). Donor and acceptor aggregations/ordering were 
modulated by thermal stress (from room temperature up to 
200 °C) on the active layer before the deposition of top elec-
trode. The initial morphology differences significantly influ-
enced the photostability of the respective devices as shown in 
Figures S20 and S21 (Supporting Information). Decay rate was 
extracted by fitting the FF stability curves using single expo-
nential decay fitting (exp(-t/τ), decay rate: 1/τ, Figure S21, Sup-
porting Information). Optical bandgap determined from Tauc 
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plot of the film absorption spectra (Figure S22, Supporting 
Information) was used as an indicator for molecular ordering 
of IT-4F. For active layers without and with 100 °C annealing 
for 10 min, both FF and JSC decreased in a relatively high 
rate. Preannealing active layers at 150 and 200 °C can sig-
nificantly slow down FF and JSC decay. These results indicate 

that improving molecular ordering of the blend by thermal 
annealing can also improve morphological stability. It is noted 
that for devices annealed at 150 °C, which only showed local 
molecular reorganization (small changes in the absorption  
onset and microstructure (Figures S23 and S24, Supporting Infor-
mation)) for better charge transport (increased FF, Figure S19,  

Adv. Mater. 2020, 32, 1908305

Figure 4. a) UV–vis absorption spectra of PM6:IT-4F films processed with or without DIO as solvent additive. b) Recorded current–voltage curves 
(with normalized initial short-circuit current density) and c) the evolution of photovoltaics parameters of devices with active layer processed without 
DIO as solvent additive. d) Charge carrier lifetime as a function of charge carrier density. Recombination order is indicated in the legend. e) Photo-
CELIV with delay time of 1 µs. Inset shows the scheme of density of states before and after aging. Short lines are indications of discrete mole-
cular energy levels. Arrows showed the hoping of trapped charge carriers to the transport level (gray dot line). f) Mott–Schottky plots (C−2–V) of 
solar cells in the dark. Trap density for aged solar cells was extracted from the fitting (black dot line) of the experimental results. g) In-plane and 
out-of-plane GIWAXS line cut. h) GISAXS profiles (solid and open sphere: experiment data) and fit (solid and dot line) using Schulz–Zimm/DAB 
model.[29] Correlation length extracted from GISAXS fits for qy > 0.06 nm−1 using SASfit is 21.5 ± 1.9 nm for fresh film and 20.5 ± 0.9 nm for aged 
film. i) FF decay rate as a function of the active-layer bandgap for solar cells based on PM6:IT-4F active layer processed under different conditions:  
D:A ratio 1:1 and processed with or without DIO with active layer annealed at 100 °C, or D:A ratio 1:4 with active layer annealed at different temperature.
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Supporting Information), the stability is significantly enhanced. 
Thus, it can be concluded that if the electron percolation is 
guaranteed, increasing the ordering of IT-4F can effectively 
suppress local structural instability. Thermal stability of the 
solar cells prepared under optimized condition was also tested 
(Figures S25 and S26, Supporting Information). At 65 °C, all 
devices are stable within 60 h. When tested under 85 °C, all 
OSCs showed FF dominated performance losses. In addition, 
the thermal stability of PM6-based OSCs showed a degrada-
tion rate depending on initial morphology as has been observed 
under illumination, i.e., improving molecular ordering can 
slow down the FF losses. These results indicate that degrada-
tion under light- and thermal-stress originates from the same 
morphological instability. It is noted that the degradation rate 
is different under light and thermal stress, which depends on 
many factors, e.g., temperature, light intensity and so on.

Fullerene derivative- (e.g., PCE11:PCBM[8]) and NFA-based 
systems exhibit distinct microstructure degradation mecha-
nisms as we schematically illustrated in Scheme 1. We used 
a simplified three-phase model for comparison: crystalline 
polymer domains, ordered aggregated acceptor domains, as 
well as mixed region with disordered acceptors and randomly 
distributed polymer chains. For PCE11:PCBM domains, the 
mixed regions undergo demixing even at room temperature in 
the dark due to diffusion of PCBM out of the polymer matrix. 
This demixing leads to serious JSC losses due to reduced D:A 
interfaces as well as moderate FF losses due to break down 
of percolation threshold.[8,39,46] While in NFA systems studied 
here, due to low NFA diffusion,[43] aggregation/reorganization 
of polymers and acceptors only lead to local crystallization/
aggregation of NFAs in a small scale. These small aggregates 
in the amorphous domains significantly reduced electron 

percolation, broadened density of states, 
and increased electron trapping probability, 
which finally lead to long-term losses in FF. 
Depending on the mobility, JSC can also be 
influenced to different extent. The influence 
from these local NFA aggregation signifi-
cantly depends on the preordering of NFAs 
in mixed regions. For films featuring initially 
disordered NFAs with composition far away 
from the thermodynamic equilibrium in the 
mixed region, aggregation/reorganization of 
both polymers and NFAs as well as low dif-
fusion of acceptors leads to morphological 
traps, which result in severe charge trapping 
and recombination losses. The morpho-
logical changes mainly reduce FF, while JSC 
can also be affected when severe traps are 
formed. Depending on the interplay between 
the initial morphology in the mixed region, 
the materials compatibility and the diffusion 
of NFAs, this morphological changes can 
either cause burn-in losses of FF in a short-
term or a long-term continuous degradation. 
Considering that low molecular diffusion 
coefficient is a common feature for NFAs, 
we believe that the morphological-related 
instability observed here can be relevant in 

general for FF losses in many reported NFA-based OSCs, for 
instance IDTBR[11] and ITIC-derivatives.[4]

In summary, photostability and degradation mechanisms 
of OSCs based on PBDB-T derivatives as electron donors and 
IT-4F as electron acceptor were systematically investigated. 
While PBDB-T-based devices were stabilized after burn-in 
losses, both PM6 and PM7-based devices showed continuous 
degradation in FF, leading to significantly reduced opera-
tional lifetime. Excellent light stability of the hole-only devices 
based on the polymers ruled out intrinsic photoinstability as 
a potential mechanism. Degradation rate of PM6- and PM7-
based devices was strongly related to the initial thin film mor-
phology. Increasing molecular ordering by solvent additives 
or thermal stress could significantly increase morphological 
and device photostability. In contrary to reduced interfaces in 
PCE11:PCBM-based systems due to diffusion and agglomera-
tion of PCBM out of polymer matrix, diffusion of IT-4F was 
strongly restricted within the polymer matrix, which most 
probably leads to small scale isolated domains as morpho-
logical traps. In order to achieve stable and high-performance 
organic solar cells under illumination, it is essential to engineer 
the mixed regions from both thin film formation kinetics and 
materials intrinsic properties, e.g., materials compatibility and 
NFA diffusion constant.

In order to accelerate the development of OSCs with both 
high performance and stability, a fast and reliable way of 
screening materials with high stability is in high demand. We 
propose a guideline for screening materials with high stability 
in the following aspects: 1) IV measurement of single carrier 
devices based on either donor or acceptor [4] thin films under 
different aging conditions can give a fast and reliable evalua-
tion of the materials’ intrinsic photo- and/or thermal-stability. 

Scheme 1. Schematic representation of morphology changes of the mixed region for previ-
ously reported PCE11:PCBM system[8,18] (under dark or light) and the polymer:IT-4F systems 
under illumination. Due to diffusion of PCBM out of the polymer matrix, demixing in the 
amorphous regions for PCE11:PCBM system reduces D/A interfaces and hence photocurrent 
generation. In PM6:IT-4F mixed regions, small-scale isolated NFA domains might formed as 
a result of polymer aggregation/reorganization and low diffusion coefficient of IT-4F. These 
isolated domains act as morphological traps for electron transport and cause long-term  
FF degradation.
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2) Device structure has to be both chemically and mechani-
cally robust in order to fully exclude the potential degradation 
induced by interface layers. Changing initial thin film mor-
phology and comparing the degradation rate can also help to 
distinguish morphological and interface instability. 3) To speed 
up the screening speed, increased levels of stress can be uti-
lized for both OSCs and single carrier devices, e.g., concen-
trated light, thermal stress at elevated temperature, light plus 
heat, environmental conditions including water and oxygen, 
and so on.
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