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ABSTRACT: Recently, the advent of non-fullerene acceptors (NFAs) made it possible for
organic solar cells (OSCs) to break the 10% efficiency barrier hardly attained by fullerene
acceptors (FAs). In the past five years alone, more than hundreds of NFAs with applications
in organic photovoltaics (OPVs) have been synthesized, enabling a notable current record
efficiency of above 15%. Hence, there is a shift in interest toward the use of NFAs in OPVs.
However, there has been little work on the stability of these new materials in devices. More
importantly, there is very little comparative work on the photostability of FA versus NFA
solar cells to ascertain the pros and cons of the two systems. Here, we show the
photostability of solar cells based on two workhorse acceptors, in both conventional and
inverted structures, namely, ITIC (as NFA) and [70]PCBM (as FA), blended with either
PBDB-T or PTB7-Th polymer. We found that, irrespective of the polymer, the cell structure,
or the initial efficiency, the [70]PCBM devices are more photostable than the ITIC ones. This observation, however, opposes
the assumption that NFA solar cells are more photochemically stable. These findings suggest that complementary absorption
should not take precedence in the design rules for the synthesis of new molecules and there is still work left to be done to
achieve stable and efficient OSCs.

KEYWORDS: Fullerene derivatives, Non-Fullerene acceptors, Degradation, Organic solar cells, Photostability

1. INTRODUCTION

Organic solar cell (OSC) technologies have evolved over the
years in terms of architecture, processing techniques, and most
especially the semiconductor materials used in the active
layers. The bulk heterojunction (BHJ) has proven so far to be
the best configuration for the active layer. The active layer
under this configuration is an interconnecting network of
donor (D) and acceptor (A) molecules, selected such that
there is an appropriate LUMO offset in their energy levels, thus
facilitating in part easy pathways for charge carrier extraction.
These molecules are usually polymers, small molecules, and/or
fullerene derivatives. The choice of these materials is crucial to
the performance of the devices in terms of efficiency and
stability. Previous works1−15 have been industrious in
improving the efficiency of organic semiconductor devices,
especially in the case of OSCs in tuning the donor material’s
compatibility with the fullerene acceptors (FA), mostly
[70]PCBM with an efficiency rarely reaching beyond
10%.12,13,16−18 However, because of the limited light
absorption of the fullerene derivatives in the visible range of
the solar spectrum, coupled with limitations in their energy
level tunability, the performance of OSCs has hit a bottleneck.
Scientists found alternatives in either polymers in what they
termed as “all polymer” solar cells19−22 or small molecules,
which they referred to as “non-fullerene/fullerene-free” solar
cells4,23−29 [e.g., 3,9-bis(2-methylene-(3-(1,1-dicyanomethy-
lene)-indanone))-5,5,11,11-tetrakis(4-hexylphenyl)-dithieno-

[2,3-d:2′,3′-d′]-s-indaceno[1,2-b:5,6-b′]dithiophene, ITIC,
based small molecule derivatives]. These novel acceptors
have boosted the power conversion efficiency (PCE) of OSCs
up to above 14% in single junction30−32 and 17.3% for
multijunction33 BHJ solar cells. This is made possible because
of the acclaimed properties of the non-fullerene acceptors
(NFA), namely, their easy synthesis, strong absorption, tunable
properties, and enhanced stability.34

While this new development is exciting, it is important to
point out that studies on device stability and its subsequent
improvement are lagging far behind. Recently, there have been
notable works on studying the stability of the best-performing
donor polymers blended with [70]PCBM.5,35−43 With the
advent of the NFAs currently outperforming FAs, the focus has
been on the device efficiency and little is done to understand
their device stability.29,31,44−46 It has been suggested that
current NFAs, for example, ITIC and its derivatives, can be
more thermally and photochemically stable than FAs,29,34 but
there have been no to a few studies to ascertain this
assumption. For example, IDTBR NFAs among others are
shown to be more stable.25,47,48 Even in such studies, the solar
cells are considered under their presumed optimal conditions;
that is, the FA-based cells are processed with additives
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(namely, 1,8-diiodooctane, DIO).47,48 It is known (and as
shown in the Supporting Information) that DIO negatively
affects photostability.43,49,50 Thus, a necessary prerequisite and
strong comparative study must consider both FA and NFA
solar cells under comparable optimum conditions without the
use of additives to understand the reason behind (i) the
photochemical degradation and (ii) differences in the
degradation pathways of FA and NFA solar cells in a
systematic way.
In this work, the role of the acceptors in the photo-

degradation of their respective solar cells is explored under 1
sun illumination at a constant temperature by active cooling in
an inert atmosphere in a glovebox, with both O2 and H2O
levels kept below 0.1 ppm. Thus, a comparative photostability
study between a fullerene derivative acceptor, [70]PCBM, and
the widely used non-fullerene small molecule acceptor, ITIC, is
performed in blends with the PBDB-T polymer. A second
polymer PTB7-Th, the famous BDT-TT polymer (also known
as PCE10), is used to corroborate the findings (see Figure S2).
The choice of acceptors is purely based on the fact that they
are commercially available and are workhorse materials in their
own category. All studied materials are shown in Figure 1 with

their energy levels. The photoinduced degradation behaviors of
the devices based on the two acceptors are studied via device
physics with a combination of measurement techniques such as
current−voltage characterization for monitoring changes in
efficiency, charge transport, and recombination processes;
UV−vis−NIR absorption for tracking changes in absorption;
atomic force microscopy (AFM) for detecting changes in
morphology; and transient photovoltage (TPV) together with
extraction measurement for monitoring changes in (ratio of)
rates of recombination and extraction. With these techniques,
the differences in performance, both in PCE and photo-
stability, of the small molecule acceptor (NFA) and the
fullerene derivative [70]PCBM (FA) are elucidated, and the
main reasons behind their instability are revealed.

2. RESULTS AND DISCUSSION
2.1. Performance: Power Conversion Efficiency.

Conventional solar cells, with active layers processed with
and without DIO, were fabricated as described in detail under
the section Experimental Procedures. Their current−voltage
characteristics were monitored under continuous 1 sun
illumination over time at a constant temperature of 295 K

by active cooling in an inert atmosphere in a glovebox, with
both O2 and H2O levels kept below 0.1 ppm, to evaluate their
performance in terms of efficiency and photostability. Some of
the devices were processed with DIO (3 vol % for the
[70]PCBM-based devices and 0.5 vol % for the ITIC-based
devices). DIO is known to help improve the efficiency of
OSCs. The best-performing PBDB-T:[70]PCBM solar cells
yielded 7.1% without DIO and 7.8% with DIO in PCE, while
the best-performing PBDBT:ITIC solar cells recorded 8.1%
without DIO and 7.6% with DIO. For devices without DIO,
the ITIC-based cells have outperformed the [70]PCBM-based
ones in efficiency, mainly because of the increment in the
short-circuit current density Jsc. The same trend is observed for
inverted solar cells with 8.6% for ITIC-based solar cells and
5.7% for [70]PCBM-based ones. The best current−voltage
parameters and average values of the PCEs are displayed in
Figure 2a and Table 1, while the count of PCE of all fabricated

devices is shown in Figure 2b with more than 50 conventional
PBDB-T-based devices (without DIO) for each type. As shown
in the Supporting Information and explained by recent
reports,29,51 this difference in performance is partly due to
the difference in the complementarity of the absorption of the
D and the A materials: PBDBT has an overlapping spectrum
with [70]PCBM, while it is complementary to the ITIC
spectrum in the visible range. There is a 100 nm redshifted
difference between the spectra of the two blends as seen in

Figure 1. Chemical structures of PBDB-T (a), PTB7-Th (b),
[70]PCBM (c), and ITIC (d) with their energy level diagrams (e).

Figure 2. Performance of PBDB-T-based solar cells: current−voltage
curves of best conventional solar cells with/without DIO (a); device
PCE statistics showing the PCE distribution with device structure and
total number of devices (b); evolution of current−voltage parameters
normalized to their initial values (at t = 0 min) under continuous
illumination (mean of about 20 devices each): PCE (c), Jsc (d), Voc
(e), and FF (f). The main loss in PCE is due to a loss in FF. conv.,
conventional; inv., inverted.
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Figure S1a,b. Not only does the PBDB-T:ITIC film absorb
more in the visible range than PBDB-T:[70]PCBM, but it also
strongly absorbs at longer wavelengths, especially up to 800
nm in the IR region. Next, the better performance of the ITIC
devices may also be explained by less trap-assisted recombi-
nation in their fresh devices compared to the [70]PCBM-based
fresh devices. Indeed, as derived from the Voc light intensity
dependence measurements in Figure S4, an ideality factor (n),
the lowest at 1.11, is obtained for ITIC devices, while 1.34 is

recorded for [70]PCBM devices. n KT
q
, the slope of the Voc

against varying light intensity, is a signature of the
recombination mechanisms present in a solar cell. If 1 < n <
2, then trap-assisted recombination is dominant.52 However,
an n of ∼1 means bimolecular recombination is dominant.
On the other hand, when PBDB-T is replaced in the blends

by PTB7-Th, the opposite trend is observed as clearly shown
by the current−voltage parameters in Table S1. That is more
current from [70]PCBM-based devices as compared to ITIC
ones. This observation is partly due, in this instance, to the
complementarity of the absorption spectra of [70]PCBM and
PTB7-Th and possibly due to the reduction in n for the
[70]PCBM devices with a value around 1.1.36,47

Turning to devices processed with DIO, the efficiency of
PBDB-T:ITIC devices reduced, while that of PBDB-T:
[70]PCBM increased. There is an increase in absorption
intensity for [70]PCBM-based devices upon addition of DIO,
as shown in Figure S1c. This results in higher Jsc, suggesting a
better balance in mobility and a smaller n of 1.23 compared to
1.34 of the [70]PCBM-based devices without DIO. Next,
ITIC-based devices with diiodooctane exhibited the complete
opposite effect with a reduction in absorption peaks (see
Figure S1d), with no apparent change in the ideality factor
(1.09). As a result, they exhibited lower short-circuit current
density. This partly explains the lower PCE of the ITIC
devices. The current−voltage parameters are displayed in
Table 1. Overall, the reported efficiencies especially for the
ITIC-based devices are relatively lower than those reported in
the literature29 because of differences in device fabrication
conditions. However, these initial efficiencies do not affect the
degradation behaviors.
2.2. Performance: Degradation and Stability. Figure 2

and Figure S2 display the degradation curves of the current−
voltage parameters of conventional solar cells without the
additive (DIO) fabricated in an inert environment and
measured in a glovebox with H2O and O2 levels below 0.1
ppm. Figure 3 displays the degradation curves of the current−
voltage parameters of inverted solar cells without DIO. Finally,

Figure S3 displays the curves of conventional solar cells with
DIO. The PCE degradation curves in Figure 2c reveal the same
trend for all types of devices, thus a gradual decay (which gets
accelerated in the presence of DIO in Figure S3) of the
efficiency that slows down over time, with the ITIC devices
losing more in PCE compared to the [70]PCBM ones. This is
indicative of the role played by the donor and the acceptors in
the degradation process. It is observed that ITIC-based devices
are less stable than [70]PCBM-based ones. Among the
current−voltage parameters, the FF accounts for the most
loss in the PCE decay. The finding that ITIC-based devices are
less stable than [70]PCBM-based ones is complementary to
the works by Cha et al. and Baran et al.,47,48 where they found
that the EH-IDTBR NFA-based devices are more stable than
the [70]PCBM-based ones. Thus, different NFA acceptor
molecules may show different behaviors. It is worth noting
that, in the study by Cha et al., a lamp without UV was used
during the exposure time and all considered devices in the two
studies were under their optimal conditions.48 Under such
conditions, the [70]PCBM devices were processed with DIO,
while the NFA ones were not. If this is the case, then two
factors in addition to the difference in molecules would explain
their observation, notably the absence of UV irradiation and
the absence of DIO in one type of device. However, the
observation is consistent with our devices with DIO, shown in
Figure S3a. The difference in decay curves is acceptor
dependence and so could be linked to D:A compatibility. In
the case of devices with DIO, it could be due to the
photoacidity of DIO and the formation of HI that could, in
turn, react with the donor or the acceptor (or even both)
materials as previously reported. These effects lead to a more
rapid PCE decay. Additionally, in the case of ITIC-based
devices with DIO, the changes in morphology also play a
critical role in the degradation pathways. Thus, bigger losses in

Table 1. Device Parameters of Cells under Study with Mean Values for the Cells Obtained for the Indicated Number of
Devices per Type Processed either from CB or from CB:DIO

device treatmenta Lb (nm) Jsc (A m−2) Voc (V) FF (%) PCE (PCEmn ± SD)c (%)

PBDB-T:ITICd conv., 100 °C, 10 min 100 142.0 0.887 65.9 8.1 (7.1± 0.5)
PBDB-T:ITICe conv., DIO, 100 °C, 10 min 100 135.7 0.898 62.0 7.6 (5.8 ± 1.4)
PBDB-T:[70]PCBMf conv. 100 118.1 0.870 69.9 7.1 (6.6± 0.3)
PBDB-T:[70]PCBMg conv., DIO 100 124.7 0.844 74.5 7.8 (7.3 ± 0.2)
PBDB-T:ITICh inv.,160 °C, 10 min 100 145.0 0.831 71.1 8.6 (8.1± 0.4)
PBDB-T:ITICi inv., DIO, 160 °C, 10 min 100 135.2 0.687 58.7 5.5 (4.7 ± 0.6)
PBDB-T:[70]PCBMj inv. 100 112.6 0.842 60.4 5.7 (5.0 ± 0.5)
PBDB-T:[70]PCBMk inv., DIO 100 128.6 0.765 64.5 6.4 (6.3 ± 0.04)

aconv.: conventional; inv.: inverted. bL: thickness. cmn: mean. d53 devices. e12 devices. f53 devices. g12 devices. h19 devices. i7 devices. j9 devices.
k3 devices.

Figure 3. Performance under continuous illumination of PBDB-T-
based inverted solar cells (average of three devices): average PCE (a)
and Jsc, Voc, FF (b). Also, in here, the main loss is due to FF especially
for the ITIC devices as can be seen.
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the current (Jsc in Figure S3c) and FF (in Figure S3b, a loss
more pronounced in the presence of DIO) for ITIC devices
were observed.
A closer look at the curves can only suggest the attenuation

of the degradation (i) by the polymer structural modification
(thus, changes in the backbone structure), (ii) by the
acceptors, (iii) by the interaction/compatibility of both D
and A, and/or (iv) by the reduction in mobility over time. The
first option cannot be the case as it would surely reflect in the
same degradation pathway and strength because the same
polymers are used with each of the acceptors. On the contrary,
in Figure 2c, PBDB-T:ITIC exhibited on average 22% PCE
decay compared to PBDB-T:[70]PCBM, which recorded 12%.
Similar trends were observed in Figure 3a for inverted solar
cells with an average of 19% decay for ITIC-based cells and
10% decay for [70]PCBM-based cells. Also, for PTB7-Th-
based conventional cells in Figure S2a, ITIC cells showed 38%
decay in PCE compared to 9% decay for [70]PCBM cells. For
cells processed with DIO, PBDB-T:ITIC shows 70% decay
compared to the 40% of PBDB-T:[70]PCBM cells. This
suggests that the acceptors play different roles in the
acceleration or stabilization of the photodegradation. Thus,
the acceptors themselves could play the role as stabilizers, or
perhaps it is their intricate compatibility with the donor
materials that slows down the photodegradation. To elucidate
this point, absorption, AFM, charge transport, TPV, and
extraction measurements were performed.
Photobleaching could be one of the reasons for the

degradation of the polymer that results in the disruption of
the π-conjugation. Absorption spectra of fresh and exposed
blend films presented in Figure S1e,f show no significant
changes over the period of exposure (2 h), explaining why we
have observed almost no changes in Jsc. Next, AFM was used to
check the changes in surface morphology upon light exposure.
The results show no apparent changes in the morphology of
the blend films without DIO in Figure 4. The surface

roughness before (Figure 4a) and after the exposure (Figure
4b) is about 1.3 nm for [70]PCBM-based devices on the 1 μm
scale. The ITIC-based films under irradiation show no real
changes in roughness on the same scale, with roughness from
3.1 (Figure 4c) to 3.5 nm (Figure 4d); however, the films seem
to have become a bit more fibrillar. Even so, with these small

changes, the observed degradation in the devices can be
considered not mainly due to nanomorphological changes.
Single carrier devices of both pristine and blend materials are

fabricated to check the changes in electron and hole transport
before and after exposure to light. Insights into changes in
mobility (a factor exhibited by the intricate compatibility
between the donor and acceptor materials) could be linked to
the difference in device degradation. The degree of changes in
mobility may be affected by the different interfaces used
between the transport layer and/or the electrodes. To avoid
this effect in the exposed devices, the active layers are
degraded/exposed to light before the top electrode evapo-
ration. The resulting current−voltage curves are presented in
Figure 5. Figure 5a,b presents the hole and electron current of
pristine materials before and after exposure, and the derived
mobilities from the space charge limited current (SCLC)
method are presented in Table 2. The electron currents of
pristine ITIC and [70]PCBM (not shown here, but shown in
our previous work36) show no change before and after light
exposure, suggesting no observable degradation of the acceptor
materials. However, a tiny decrease in hole current was
observed for PBDB-T, resulting in a decrease in hole mobility
of the pristine PBDB-T from 10 × 10−5 to 6 × 10−5 cm2 V−1

s−1. These observations suggest that PBDB-T degrades under
light exposure, while [70]PCBM and ITIC do not. Similar
degradation is observed in one of our earlier studies36 for
pristine PTB7-Th. However, it is more pronounced.
PBDB-T:[70]PCBM single carrier devices showed decreases

in electron and hole currents in Figure 5e,f, respectively,
reducing the electron mobility of the blend from 2.7 × 10−4 to
6.3 × 10−5 cm2 V−1 s−1 and the hole mobility from 10 × 10−5

to 4.5 × 10−5 cm2 V−1 s−1. As the decrease in electron mobility
was more significant, it resulted in more balanced charge
mobilities as depicted by the reduction in the ratio of
mobilities (μmax/μmin) from 2.7 toward unity (1.4). Thus,
charge transport could become more balanced in [70]PCBM-
based devices after light exposure. On the contrary, while the
hole current of ITIC-based blend remains almost constant in
Figure 5c, resulting in hole mobilities from 15 × 10−5 to 17 ×
10−5 cm2 V−1 s−1, the electron current shows a decrease (see
Figure 5d), leading to a reduction in electron mobility from 5.1
× 10−5 to 2.8 × 10−5 cm2 V−1 s−1. Such a decrease increases
μmax/μmin further away from unity from 2.9 to 6.1. As a result,
there is an imbalance in charge mobilities. This could mean
that some charges remain in the device, forming an undesirable
space charge that may oppose the flow of new charge carriers,
leading to less charge extraction during the exposure time
(photodegradation) and influencing the FF. This may explain
why [70]PCBM-based solar cells are more photostable over
time than the ITIC-based ones.
One reason for the reduction in electron currents of the

blends is attributed to the formation of radical species in the
active layer upon light exposure that acts as electron traps,
increasing trap-assisted recombination.36 To further investigate
this point, light intensity dependence Voc measurements were
performed on fresh and exposed (for 1 or 2 h) solar cells.
Figure S4 (left and right) displays partly the results, while
Figure S4 (bottom) and Table 2 show the average of the data.
The n of PBDB-T:ITIC solar cells remained largely constant
around 1.2 over time, indicating there was no increase in trap-
assisted recombination during light exposure. PBDB-T:
[70]PCBM-based cells on average demonstrated an increase
in n from 1.43 for fresh devices to about 1.51 after 2 h of light

Figure 4. AFM images on the 1 μm scale. PBDB-T:[70]PCBM cells:
fresh (a) and exposed (b); PBDB-T:ITIC cells: fresh (c) and exposed
(d).
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exposure, indicating an increase in trap-assisted recombination.
Thus, the results point to the fact that the observed
degradation in the devices, especially in the FF, is not due to
electron traps. If that were to be the case, then ITIC-based
devices should not have degraded at all. Thus, though traps
may have contributed in the PCE decay of [70]PCBM devices,
the main reason behind the differences in degradation
pathways of the two types of devices could be related to
how balanced the charge mobilities are during light exposure.
To further investigate the origin of reduction of FF under

light exposure, we performed transient measurements of
recombination and extraction rates (krec, kex) in both
[70]PCBM- and ITIC-based solar cells to measure the ratio
of the rate of recombination to that of extraction (krec/kex). It
has been shown in the literature that when krec/kex increases,
then the FF decreases.53 To measure the recombination rate,
we performed TPV measurements under open circuit, using a
small perturbation LED light intensity with a step function,
which causes an exponential decay of Voc due to recombination
of excess charge carriers.54 A high input impedance of the
oscilloscope (1 MΩ) was used to keep the device at open
circuit. TPV data of the solar cells are shown in the Supporting
Information (Figure S6). The recombination rates of the fresh
and the degraded devices at 1 sun, as shown in Table S2 for
PBDB-T:ITIC and PBDB-T:[70]PCBM, remained largely
constant at different LED light intensities, namely, 0.52 and
0.05 sun. The extraction rates were measured following the
experiment described elsewhere.55 First, the devices are kept
under steady-state conditions at higher light intensity. Then,
the light intensity is slightly reduced, while the bias voltage is
kept constant, which results in the extraction of extra

photogenerated charge carriers. The charge carrier extraction
rate is calculated by fitting an exponential function to the decay
of the current, carried out under different applied voltages,
shown in Figure S5. While the recombination rate stays almost
the same, the light exposure (at 1 sun for 2 h) causes a
reduction in the extraction rates for both types of blends due to
a lowering of the mobility of charge carriers (see Table S2).
This increases the krec/kex ratio. For example, krec/kex (at 0.52
sun) of the PBDB-T:ITIC solar cell increased from 0.114 for
the fresh device to 0.15 for the degraded device, while that of
the PBDB-T:[70]PCBM solar cell increased from 0.06 to
0.088. As a consequence of the increase in krec/kex, FF is
reduced from fresh to degraded devices upon light exposure.
The reduction in FF is more pronounced in the case of ITIC-
based devices, which originates from a larger ratio of μmax/μmin.
The highly unbalanced mobilities would cause the formation of
the space charges becoming dominant in ITIC devices, as
mentioned earlier.
Finally, to validate the obtained results by the transient

measurements, the current−voltage curves of the fresh and the
degraded devices (1 h) are fitted using a drift-diffusion
simulation.56 The fitting procedure consists of (i) scanning of a
combination of randomly picked parameters within a
reasonable range (see Table S3) and (ii) a fitting procedure
optimizing the root mean square (rms) errors of the key
performance parameters Jsc, Voc, and FF. All the best fits are
shown in Table S4 and have rms errors lower than 1%. Note
that only the relevant recombination model parameters,
namely, bimolecular recombination and trap-assisted Shock-
ley−Read−Hall recombination, are set as fitting parameters.

Figure 5. Current−voltage characteristics of fresh and exposed solar cells (1 h - red). Top row: hole-only (HO) devices of PBDB-T (a), PBDB-
T:ITIC (c), and PBDB-T:[70]PCBM (e). Bottom row: electron-only (EO) devices of ITIC (b), PBDB-T:ITIC (d), and PBDB-T:[70]PCBM (f).

Table 2. Average Mobilities in 10−5 cm2 V−1 s−1, the Ratio of Mobilities with Corresponding Average Fill Factor (FF), and
Average Ideality Factor (n) of Fresh and Exposed (1 and 2 h) Solar Cellsa

PBDB-T device μh fresh μh 1 h μe fresh μe 1 h max
min

μ
μ fresh FF fresh (%) max

min
μ

μ 1 h FF 1 h (%) n fresh n 1 h n 2 h

ITIC 15 17 5.1 2.8 2.9 63.9 6.1 56.8 1.19 1.20 1.19
[70]PCBM 10 4.5 27 6.3 2.7 67.8 1.4 63.7 1.43 1.49 1.51

ah is hole, e is electron, max is maximum, and min is minimum.
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The other parameters, such as thicknesses and mobilities, are
taken from the experiment.
The fitting in Figure 6 shows that the PBDB-T:ITIC cells

are adequately reproduced by only considering bimolecular
recombination (see Figure 6a). On the other hand, a small
number of traps had to be included to simulate the PBDB-T:
[70]PCBM cells properly in Figure 6b. These results are
consistent with the measured ideality factors close to 1 for
ITIC, indicating that bimolecular recombination is dominant
in the ITIC-based devices, and 1.4−1.5 for [70]PCBM, which
indicates the presence of both bimolecular and trap-assisted
recombinations in this case. From the Voc light intensity
dependence measurements shown in Figure S4, it is concluded
that recombination is not the main factor behind the observed
degradation. Similarly, all the recombination parameters (see
Table S4) do not change much upon exposure, which indicates
that the decay of the FF is not due to an increasing amount of
recombination. Rather, the extraction rates change with time,
pointing to changes in mobilities of the charge carriers. This is
also consistent with the almost constant recombination rate
obtained by the transient measurements. Also, as concluded
from the SCLC and transient measurements, the main
parameter responsible for the degradation of the FF is the
deterioration of the transport as both electron and hole
mobilities decrease upon exposure.

3. CONCLUSIONS
The study was designed to assess the role, if any, of the
fullerene derivative ([70]PCBM) and non-fullerene (ITIC)
acceptors in the photostability of their respective solar cells
with PBDB-T (and PTB7-Th). It also envisaged the
identification and explanation of the cause(s) of the
degradation. The experiments confirmed on the one hand
that, though ITIC-based solar cells when blended with PBDB-
T performed better in efficiency, they were poor for
photostability in comparison to [70]PCBM. On the other
hand, ITIC was less efficient and photostable than [70]PCBM
when blended with PTB7-Th. These findings indicate that,
irrespective of the device structure, the polymer, or the initial
efficiency, the [70]PCBM-based devices are more photostable
than the ITIC-based ones. We identified the FF as the
current−voltage parameter most responsible for the observed
photodegradation. We have also shown that trap-assisted
recombination cannot be the reason behind the observed
photodegradation in the FF, though it could contribute to the
degradation of the PCE of the [70]PCBM devices, because the
ITIC devices exhibiting the most loss in FF have lower initial
traps and do not show any increase in trap-assisted
recombination over the time of exposure. Changes in

mobilities upon light exposure are identified as the cause in
the decay of the FF and as such the main contributor to the
observed difference in the photodegradation of the solar cells.
Finally, these findings have important implications and
contribute to first steps toward the understanding of the
stability of fullerene and non-fullerene OSCs. They also
contribute toward the understanding of how the issues of
stability are more complex than originally assumed: the
apparent assumption that NFAs are more stable than FAs
may not be entirely true. Also, the findings reveal that
complementary absorption should not take precedence in the
design rules for the synthesis of new molecules as it appears to
be in the case for ITIC. Thus, there is still room for research
into organic materials, be it acceptor or donor, that would be
both efficient and stable.

4. EXPERIMENTAL PROCEDURES
4.1. Device and Film Fabrication. All materials and solvents

used in this work are commercially available: the fullerene acceptor,
[70]PCBM, is acquired from Solenne BV, the polymers, PBDB-T, and
PTB7-Th, and the non-fullerene acceptor, ITIC, are purchased from
Solarmer Energy Inc., while anhydrous chlorobenzene (CB) and
diiodooctane (DIO) are obtained from Sigma-Aldrich Co. LLB. For
single carrier devices and solar cells, the pristine polymer (15 mg) and
the blend of the polymer with the acceptor, either with [70]PCBM or
with ITIC in a ratio of 1:1 with a total weight of 20 mg, are dissolved
in 1 mL of anhydrous CB. When necessary, a solvent additive, DIO, is
added in v/v ratios of 3 vol % in the case of the blend with
[70]PCBM and 0.5 vol % in the case of ITIC blends. The solutions
are stirred overnight on a hot plate and kept at 40 °C. Prepatterned
ITO glass (or glass) substrates are successively cleaned with soap
water, in deionized water, by acetone and isopropanol in an ultrasonic
bath for at least 10 min in each of the solvents. They are then dried,
annealed for at least 10 min at 140 °C, and treated in a UV-ozone
oven for 20 min. Films are fabricated through spin-coating in a
glovebox. In the case of the conventional solar cells, a PEDOT:PSS
(VP AI4083, H.C. Starck) layer of thickness 50 nm is first spin-casted
in ambient conditions on the cleaned prepatterned ITO glass
substrate and subsequently dried at 140 °C for 10 min in an oven.
For the inverted solar cells, a ZnO layer of thickness 30 nm is spin-
coated from a sol−gel solution, prepared by dissolving zinc acetate
(109.67 mg) in 2-methoxyethanol (1mL) and ethanolamine (30.2
μL), atop the ITO substrates and subsequently annealed at 150 °C for
10−20 min. The blend solutions are then spin-coated atop the
PEDOT:PSS layer at 1500 rpm for 5 s and spin-dried for 60 s in a
glovebox in an inert atmosphere. The spin-coated ITIC-based films
are then annealed at 100 (for the conventional cells) or 160 °C (for
the inverted cells) for 10 min. The films are left in vacuum overnight
and at <10−7 mbar, and the devices eventually are finished by thermal
evaporation of LiF (1 nm) and Al (100 nm) for the conventional cells
or MoOx (10 nm) and Al or Ag (100 nm) for the inverted cells. The
final conventional device structure is ITO/PEDOT:PSS/Blend/LiF/

Figure 6. Experimental (dot) and drift-diffusion fitted (line) current−voltage curves for fresh and exposed (1 h) PBDB-T:ITIC (a) and PBDB-T:
[70]PCBM (b) solar cells.
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Al and that of the inverted cell is ITO/ZnO/Blend/MoOx/Al (or
Ag).
Single carrier devices are fabricated on glass substrates and kept in

vacuum overnight. The bottom contacts, Al (20 nm) for EO devices
and Cr (1 nm)/Au (20 nm) for HO devices, are thermally evaporated
at <10−7 mbar. The solutions are spin-coated at 1500 rpm for 5 s and
spin-dried for 60 s atop the substrates. The devices are finished by
thermal evaporation of the top contacts with EO devices having the
following structure Al/Blend/LiF/Al and HO devices having the
following structure Cr/Au/PBDB-T, pristine acceptor, or Blend/Pd/
Au. Finally, films of PBDB-T, pristine acceptor, [70]PCBM, or ITIC
and blends are fabricated by spin-coating on glass substrates for UV−
vis absorption and AFM measurements.
4.2. Characterization. 4.2.1. Current−Voltage Characteristics

and UV−Vis Absorption: Current−voltage characteristics of the solar
cells and the single carrier devices are taken as previously described.36

For the UV-degradation measurement, the cells are continuously
exposed to light in an inert atmosphere (with <0.1 ppm H2O and <0.1
ppm O2) for 2 h while being kept at ∼295 K by active cooling. In
contrast, for light intensity dependence measurement, the cells kept at
∼295 K are exposed to light calibrated with a long-pass filter to 1 sun
for 2 h, and the J−V sweeps are recorded with varying light intensity
using a set of neutral density filters coupled with the long-pass filter.
The absorption measurements are performed on the films in the
wavelength range of 300−900 nm with a UV-3600 Shimadzu UV−
vis−NIR spectrometer against a glass substrate as a reference.
4.2.2. Transient Measurements. For the transient experiments, the

samples are illuminated with a biased white light LED with a rise/fall
time of <200 ns and frequency of 100 Hz, with a pulse width of 5 ms.
The rise/fall time of the LED is tested using a photodiode with <2 ns
rise/ fall time. Subsequent transient signals are acquired using a digital
storage oscilloscope (Agilent DSO-X 3034A) with a 350 MHz
bandwidth and input resistance of 1 MΩ.
4.2.3. AFM Measurement. The AFM images shown in this paper

are obtained as previously described.36
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