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We present a systematic study of the intrinsic photostability of ITIC derivative acceptors, namely ITIC,
ITIC-Th and ITIC-4F, in solution, in layers and in blends with donor polymers such as PBDB-T (also
known as PCE12) or its fluorinated derivative PBDB-T-2F (known as PM6). We followed the evolution of
the absorption spectra of ITIC derivative acceptors and blends under constant irradiation using different
light sources (AM1.5 solar simulator, SUNTest or LED). Any interaction with oxygen under illumination
was avoided by placing the solutions and thin films under inert conditions, ie. nitrogen or vacuum.
While donor polymers are highly photostable, all three NFAs show a common photodegradation process
with the formation of photoproducts and molecular structure modifications under light exposure.
Compared to the solutions where the degradation kinetics are very fast, the degradation in films is
significantly slowed down. The corresponding photodegradation process including a cis—trans isomeri-
sation of end groups is found to be common for all ITIC derivatives and independent of the light source.
In blends, photodegradation is directly attributable to the acceptor, but varies according to the deriva-
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different temperatures, and we show that the thermally induced packing and crystallinity of the ITIC
derivatives dominate the photostability of the blends. We finally investigate the photostability of organic

solar cells based on thermally annealed PM6:ITIC-4F blend layers.
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over 36% under indoor light.* This brings PSCs into the realm
of industrially relevant emerging photovoltaic (PV) technologies

Introduction

In recent years, polymer solar cells (PSCs) have shown tremen-
dous increases in performance. They reached power conversion
efficiencies (PCE) of over 19% under simulated sunlight'* and
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since they can be produced at low-cost and with a low environ-
mental impact. They also show appealing features such as
flexibility, light weight and colour tuning."® The recent
improvement of the performances in PSCs is mainly due to
the development of novel non-fullerene acceptors (NFA),””® the
improvement of donor polymers® " and the strategy of using
multiple components in blends.'” Today, it still seems realistic
to increase the efficiency of PSCs further beyond 20% by
chemically engineering the materials’®*" but current perfor-
mance levels already make it possible to envisage innovative
photovoltaic applications such as energy collection systems for
powering connected objects or applications such as glazing in
buildings and agrivoltaic sectors.’® Motivated by these perspec-
tives, research has started to address key industrial requirements
such as large-scale processability, cost reduction in material
production, and long-term stability of the technology.’* In this
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(@) Molecular structure of acceptor molecules ITIC, ITIC-Th and ITIC-4F and donor polymers PCE12 (PBDB-T) and PM6 (PBDB-T-2F).

(b) Normalized absorption spectra of thin films based on organic molecules (right Y axis) compared to different light sources, AM1.5 for the standard
solar spectrum emitted by the sun with an integrated power of 1000 W m~2 (100 mW cm™2), energy spectrum of the SUNTest and LED illumination. The

hatched area indicates UV light below 400 nm cut by an UV-filter.

context, the photostability of the materials and some highly
efficient PSCs has been studied in more detail,"” leading to the
identification of degradation mechanisms of NFAs under different
stress conditions.’®>* Among NFA materials, the photostability of
indacenodithienothiophene (IDTT)-based electron acceptors, such
as ITIC and its derivatives ITIC-4F and ITIC-Th, has been inten-
sively studied in recent years with encouraging work on the
photostability of solar cells highlighting a very high stability
depending on the chemical structure of ITIC derivatives. Indeed,
solar cells using ITIC-4F and ITIC-Th as acceptors in blend with a
donor polymer PBDB-T show device stabilities with an extrapolated
Tgo up of 11000 h, while ITIC based solar cells degrade much
faster suggesting a molecular-dependent photodegradation of the
polymer blend."” Fig. 1(a) shows the chemical structures of ITIC,
ITIC-4F, ITIC-Th together with the donor polymer PBDB-T named
PCE12 and its fluorinated derivative PBDB-T-2F named PM6
(see the ESIt for chemical names). However, recent studies on
the photodegradation mechanism of ITIC derivatives in solution
have shown that ITIC is significantly more stable than ITIC-4F**
showing an opposite trend to the photostability of the corres-
ponding PSCs."” Interestingly, photostability studies of ITIC deri-
vatives carried out in films, in air, have shown that there is a strong
effect of crystalline order, and more specifically polymorphism, on
the photooxidation rates of NFAs.>> Thus, these studies suggest
that there is a rather complex relationship between molecular
structure, crystalline order and intrinsic photostability of ITIC
derivatives, which requires further studies to complete the picture
of the photodegradation of these NFAs.

In this work, we have studied the intrinsic photostability of
ITIC derivatives, namely ITIC, ITIC-Th and ITIC-4F in solution,
in single layers and in blends with polymers i.e. PBDB-T (PCE12) or
its fluorinated derivative PBDB-T-2F (PM6) (Fig. 1(a)). We focused
on the potential changes in photodegradation of the NFA polymer
blend due to donor-acceptor interactions and ordering. For this
purpose, we applied a setup of advanced methods to study the film
morphology including GIWAXS (Grazing-Incidence Wide-Angle

This journal is © The Royal Society of Chemistry 2024

X-ray Scattering), analytical TEM (ATEM) and Raman spectroscopy.
Our results reveal that the intrinsic photostability of all three
molecules is very similar in solution, but shows strong variation
as a function of molecule structure when studied in films. Inter-
estingly, when the NFAs are mixed with a donor polymer, we again
observe changes in the photodegradation rates between the three
ITIC derivatives, suggesting that there are indeed molecular inde-
pendent parameters that directly influence the degradation path-
ways. A detailed analysis of the crystalline order in pure films and
in polymer blends allowed us to attribute the variation in photo-
degradation mainly to changes in the crystalline order. Impor-
tantly, further enhancement of the crystalline order by thermal
annealing shows that the photostability of all three NFAs is mainly
determined by the polymorphs, while the subtle changes in the
chemical structure of the ITIC derivatives studied have only a small
effect. We also show that there is a common photodegradation
process for all molecules, including a cis-trans isomerisation of
the 2-(3-oxo-2,3-dihydroinden-1-ylidene)malononitrile (INCN) end
groups. This process is independent of the light source used,
i.e. AM1.5 or LED (Fig. 1(b)). Overall, the enhancement of crystal-
line order within the acceptor phase is found to be essential to
suppress or slow down the cis—trans isomerisation, allowing the
photostability of all ITIC derivatives to be improved by over an
order of magnitude.

Results and discussion
Photostability of NFAs in solution

As a first photodegradation study, we performed a stability test of
the three ITIC molecules in chlorobenzene solutions. Fig. 2(a)
shows the evolution of the absorption spectra for the three NFAs
upon constant irradiation using an AM1.5 light source (25 °C,
1000 W m™ ). The initial absorption spectrum of each molecule is
characterized by a main band located between 550 and 750 nm,
composed of a shoulder at 600 nm and a maximum around

J. Mater. Chem. C, 2024,12, 4130-4141 | 4131
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Fig. 2 Evolution of absorption spectra of ITIC, ITIC-Th and ITIC-4F: (a) in solution under constant UV filtered AM1.5 illumination and (b) in layers under
constant UV filtered SUNTest illumination. (c) Corresponding FTIR spectra of initial layers and after 500 h under constant UV filtered AML.5 illumination.

670 nm corresponding to the Ay, and Ay, transitions, respec-
tively.>® During illumination, the Ay_ band shows a rapid decrease
in intensity, whereas the A,, band shows a less pronounced
decrease in absorption. This behaviour is identical for all three
molecules. After 24 h, we observe an almost complete disappear-
ance of the Ay, transition. In parallel, a new band appears
between 450 and 550 nm, which increases in intensity as the
Ay, transition decreases. These spectral features, which are iden-
tical for the three molecules, suggest the formation of photopro-
ducts and molecular structure modifications under light exposure.
Recent work by Perepichka et al.>* analysed the photodegradation
of ITIC and ITIC-4F in solution and showed that two isomeric
photoproducts P; and P, are formed upon exposure to light
(see Fig. S1(a), ESIt). The degradation mechanism was considered
to be a cis-trans isomerisation of the terminal groups, followed by
an electrocyclic reaction between the INCN moiety and the thio-
phene ring, followed by a 1,5-sigmatropic hydride shift (see
Fig. S1(b), ESIf). The photoproduct P; was identified as an
asymmetric isomer of ITIC-4F with a subsequent 1,5-hydride shift,
while P, is the fully fused photoproduct after the isomerization of
the second INCN unit. In a more recent article from the same
group, this mechanism was confirmed and a Diels-Alder cyclo-
addition of singlet oxygen was evidenced when the thiophene was

4132 | J Mater. Chem. C, 2024, 12, 4130-4141

replaced by a furan.”® In their initial work, Perepishka et al
showed that the absorption of the photoproduct P, is found blue
shifted with respect to the main absorption peak at 510 nm. Our
observations are fully consistent with the ones of Perepishka et al.
and thus we attributed the absorption band between 450 and
550 nm to the formation of P,. We found that all three molecules
have similar degradation rates over the first 10 hours, while the
rate of degradation of ITIC accelerates over the last 14 hours.
However, the general degradation mechanism related to the
photoinduced isomerization can be considered as common for
all three ITIC derivatives on the basis of the variation of their
absorption spectra in solution and the conclusion of previous
studies.

Photostability of NFAs and donor polymers in thin films

To further investigate the degradation of the NFA molecules
and donor polymers in the solid state, the photostability of
pure films under UV-filtered SUNTest illumination was inves-
tigated. The films of pure NFAs and polymers were deposited in
a glove box atmosphere on inert substrates (glass and KBr) and
thermally annealed at 100 °C for solvent evaporation. Prior to
light soaking, the films were vacuum sealed in the absence of
oxygen and water. The photodegradation of acceptor and donor

This journal is © The Royal Society of Chemistry 2024
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pure films was studied over exposure times up to 500 h using
UV-Vis absorption and FTIR spectroscopy. The evolution of the
absorption and FTIR spectra as a function of time exposure is
shown in Fig. 2(b) and (c), respectively. Films based on ITIC
derivatives show very similar absorption spectra, consisting
mainly of a large band in the visible region extending to the
near infrared with two peaks corresponding to the A,_; and A
transitions. The maximum absorption of Ay, is observed at
705 nm for ITIC, 698 nm for ITIC-Th and 720 nm for ITIC-4F.
Within the first 100 hours of exposure, the Ay, band degrades
faster than the A,_; band, whereas with longer exposure, both
Aoo and Ay, are degraded almost equally. In parallel, we
observe the formation of a band between 450 and 550 nm that
can be attributed to the formation of P,. After 500 h under
illumination, the two initial bands have almost completely
disappeared for ITIC-4F and ITIC-Th, and although they can
still be distinguished for ITIC, the absorption band corres-
ponding to P,, with a maximum around 520 nm, is dominant in
all the three dyes.

FTIR analysis was used to study in detail the modification of
the structure of the NFAs upon irradiation (Fig. 2(c)). For the
ITIC films, a peak at 1702 cm ™' can be observed, corresponding
to the unsaturated carbonyl stretching vibrations (C=0) of the
INCN units. This peak is common to all ITIC derivatives
and decreases in intensity with exposure time. The signal at
1702 cm™ ' progressively shifts towards higher wavenumbers
and a new signal at 1716 cm™ " is clearly distinguishable after
500 hours under light. This suggests that the carbonyl group is
not degraded during light soaking, but rather that there is a
change in its chemical environment. A shift in the carbonyl
signal towards higher wavenumbers was also observed by Park
et al.'® for ITIC layers deposited on ZnO and exposed to UV
light. In this case, a more significant shift at 1732 cm™" was
found. This shift was attributed to the saturation of the vinyl
group connected to the INCN after the reaction with hydroxyl
radicals. The hydroxyl radicals were formed by degradation of
water at the interface with ZnO under UV light. Perepichka et al.
stated that the vinylene bridge is not the immediate reaction
centre.”* Therefore, the shift of the carbonyl group observed in
the IR spectra, in the absence of water and oxygen, can be
attributed to an electrocyclic reaction involving the vinyl bridge
and the INCN moiety. In addition, we note that the C=N peak
at 2220 cm~ ' decreases upon illumination, which also corre-
lates with the cyano group being affected by the degradation
process. These results suggest an identical transformation of
the three molecules in films, with cis-trans isomerisation of the
terminal groups as the starting point for the phototransforma-
tion. Compared to the solutions where the degradation kinetics
are very fast, the degradation in thin films is significantly
slowed down. The complete photo-transformation of the mole-
cules occurs on a time scale of 500 hours.

Previous studies have claimed the remarkable stability of
ITIC derivatives under LED light. In fact, the strong absorption
dips in the absorption spectra of pure films of the three
ITIC derivatives have never been seen before in photostability
tests using LED light."”** To confirm that the degradation

This journal is © The Royal Society of Chemistry 2024
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mechanism observed here is not dependent on the light source,
the stability of the ITIC layers was investigated under LED
illumination (see Fig. 1(b) for the light source spectrum).
As shown in Fig. S2 (see ESIt), the Ay, band of ITIC decreases
continuously over the exposure time, and the shoulder between
450 nm and 550 nm corresponding to the photoproducts starts
to form. The degradation mechanism is identical under LED
light and therefore independent of the light source, although
LED light leads to a much slower process compared to SUNTest
illumination which can be mainly attributed to the reduced
amount of photons range absorbed by the NFAs under these
conditions (see Fig. 1(b)).

Following this study, it seemed important to study the
intrinsic stability of donor polymers in order to gain a better
understanding of the degradation phenomena that can occur
in blends. As a next step, we investigated the photostability of
the donor by studying the evolution of the absorption and IR
spectra of the donor polymer films under SUNTest illumination
as shown in Fig. S3 (see ESIt). Importantly, the absorption and
FTIR spectra of both polymers are almost unchanged after
400 h, demonstrating excellent photostability of the polymers
under illumination in the absence of oxygen. This is consistent
with recent results on ageing under LED light'”** and under UV
light." There is therefore a marked difference in photostability
between donor and acceptor materials. Fig. 3(a) summarizes
the degradation kinetics of NFAs and polymers based on
absorption by plotting the evolution of the low energy band
for each material as a function of illumination time. The results
were confirmed by plotting the diminution in the intensity of
the peak at 2220 cm ™" related to the C-N vibrational signal of
the corresponding FTIR spectra (see Fig. S4(a), in the ESIf).
Interestingly, the degradation rates of ITIC and ITIC-4F films
are comparable, while ITIC-Th shows the highest degradation
rate. Furthermore, the stability in pure films for each of the
three NFAs does not match that found in the solution, suggest-
ing that another parameter leads to the variation in the
intrinsic photostability.

Photostability of blend films

We have already seen that the degradation kinetics of donor
and acceptor materials are quite different when studied in pure
films under identical conditions. Similar degradation experi-
ments were then carried out on the polymer blends typically
used to make high-efficiency organic solar cells. Blends
composed of PCE12:ITIC, PCE12:ITIC-Th, PCE12:ITIC-4F and
PM6:ITIC-4F were processed with a D : A ratio of 1: 1. Compared
to pure films, the interpretation of the absorption spectra of
blends is more complex as they are composed of both donor
and acceptor absorption bands. As an example, Fig. S5 (in ESIT)
shows the spectrum of the PCE12:ITIC blend, with three peaks
in the visible range compared to the spectrum of PCE12 and
ITIC. In the mixture, only the low energy band located at
around 700 nm can be attributed to the A, absorption of
ITIC, while the maximum absorption peak located at around
640 nm is the result of the addition of the absorption bands of
the two materials (Ay_; of the acceptor and ICT of the donor).

J. Mater. Chem. C, 2024, 12, 4130-4141 | 4133
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Fig. 3 Time evolution of absorption spectra of pure material films (a) and
PM6:ITIC-4F, PCE12:ITIC-4F, PCE12:ITIC and PCE12:ITIC-Th blends (b).
The values were taken from the Ag_q peak corresponding to the degrada-
tion of the NFA under constant UV filtered SUNTest illumination in the
absence of oxygen.

Fig. S6 (see ESI{) shows the time evolution of the absorption
spectra of all blends during light soaking under constant UV-
filtered SUNTest illumination. The light-induced changes in
the NFA absorption range are much less pronounced for all
blends compared to pure NFA films. This direct observation
can be attributed to a filtering or screening effect of the
polymer which reduces the number of absorbed photons in
the spectral region of common absorption. The inner-filter
effect is similar for all blends because PM6 and PCE12 have
identical molar extinction coefficient spectra as their chemical
structure differing by only two fluor atoms. To further clarify
whether the polymer retains the same high stability within the
blend, IR spectra at 1600-1700 cm ™' of blends and pure donor
polymer films were compared (see Fig. S7, in ESIt). The vibra-
tional signal at 1648 cm ™" is only observable in the spectra of the
two polymers, PCE12 and PM6, and corresponds to the vibration
of the two carbonyl groups of the dithiophene dione unit. This
signal remained unchanged under light exposure for the polymer
mixtures. We can therefore conclude that both polymers, in the
blends, have an unchanged high photostability.

Therefore, we suggest that any changes in the absorption
spectra of the blends can only be attributed to the degradation

4134 | J Mater. Chem. C, 2024, 12, 4130-4141
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of the NFAs during the interval time of this study. With respect
to the Ay, absorption peaks in the spectra shown in Fig. S6
(ESIt), the blend samples behave similarly, showing a loss of
absorption and a shoulder formation in the 450-550 nm region.
In the case of ITIC-Th which is the less stable material when
studied in film, we can clearly see a better stability in blends.
Reporting the evolution of the absorption (Fig. 3(b)) highlights
that the PM6:ITIC-4F blend is clearly the most stable, as
expressed by a lower overall degradation of the A,_o absorption
band of the NFA. In this case, we cannot see the spectral
signature of the formation of photoproducts P, after 400 h.
To investigate whether the higher stability of ITIC-4F in PM6:1-
TIC-4F blends is only related to the mixing with PM6, we also
prepared PCE12:ITIC-4F blends and studied their photodegra-
dation as shown in Fig. S6 (see the ESIT). Again, the stability of
ITIC-4F in blends with PCE12 was found to be significantly
better than that of the film alone. This proves that the mecha-
nism of stabilization of ITIC-4F in blends is independent of the
polymer. Fig. 3(b) compares the degradation rate of the four
blends. During the first 100 h, all blends show a similar
degradation rate, whereas after 200 h, the ITIC-4F based blends
show lower losses compared to the ITIC and ITIC-Th based
blends. The same tendency has been observed by plotting the
diminution in the intensity of the peak at 2216 cm™" of the
corresponding FTIR spectra (see Fig. S4(b), in the ESIY).

To understand the origin of the difference in photostability
of the three NFA based blends, it is important to remember that
the photodegradation of the three ITIC derivatives starts with a
photoinduced cis-trans isomerisation of the end groups invol-
ving a twist of the INCN unit on the vinyl bridge. Crystallinity
plays an important role in determining molecular packing and
it has been shown that molecules with higher crystallinity also
have shorter n-r stacking distances.”””® At shorter n—n stacking
distances, molecular motions are restricted by intermolecular
steric hindrance and thus photoinduced isomerisation of the
molecule is less favourable.>® It is therefore possible that
changes in the photostability of the three NFAs are related to
differences in molecular packing inside the blend.

Morphological analysis of blend films

In order to obtain more information about the crystallinity and
ordering of the ITIC derivatives, a series of experiments using
advanced analytical techniques, including GIWAXS, Raman
spectroscopy and analytical TEM analysis, were carried out on
ITIC and ITIC-4F pure materials in film and in blends. The 1D
in-plane profiles of these films are shown in Fig. 4(a). In the
case of pure films, ITIC shows a (100) lamellar diffraction peak,
indicating a crystalline organisation, whereas ITIC-4F is amor-
phous. It is important to note that the films were deposited on
glass substrates or on a ZnO buffer layer and post-annealed at a
relatively low temperature (100 °C). Under these conditions,
ITIC-4F films were found to be amorphous, whereas an order-
ing was observed for films deposited under other conditions®®
and annealed at higher temperatures. For pure polymer films,
PCE12 and PM6 show a strong (100) lamellar diffraction peak at
¢.=0.345 A" (d = 1.82 nm) and ¢, = 0.323 A" (d = 1.94 nm) in

This journal is © The Royal Society of Chemistry 2024
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(a) 2D-GIXRD profiles of pure material and blend layers at 100 °C. (b) Gaussian fitting of the IP (100) peak of the blend layers. (c) Material

distribution map of blend layers at 100 °C obtained by ATEM from bright-field TEM images of corresponding areas (in blue: polymers and in red:

acceptors).

the out-of-plane direction, respectively (see Fig. S8(a), ESIt).
It is attributed to an edge-on lamellar stacking of PCE12 and
PM6. For PCE12, with a marked (100) peak in the in-plane
direction, the polymer chains are also oriented with a face-on
orientation. In the case of polymer blends, the overlap of the
n-7 scattering reflections of PCE12 and PM6 with those of ITIC
and ITIC-4F, respectively, makes it difficult to distinguish the
contribution of polymer and NFA in the (100) lamellar diffrac-
tion peak. However, a Gaussian fit highlights the presence of a
shoulder in the (100) peak of both blends that can be associated
with the diffraction peak of the NFAs as shown in the deconvo-
lution of Fig. 4(b). Table S1 (ESIt) gives the peak position (gyy),
the peak area and the full width at half maximum (FWMH)
values of each contribution of each material resulting from the
Gaussian fit. The d-spacing and the crystal coherence length
(CCL) of pure film materials and blend layers are calculated
from these data. In PCE12:ITIC blend (after 100 °C thermal
annealing), the d-spacing value of each material increases with
respect to the pure materials. However, for the PM6:ITIC-4F
blend, the d-spacing value of PM6 remains constant with the
addition of a contribution of ordered ITIC-4F crystallites. In the
case of ITIC-4F, the amorphous state in pure film materials is
transformed into a crystalline order with d = 1.93 nm and CCl =
0.63 nm in the PM6:ITIC-4F blend.These results show that
mixing the NFAs with the polymers changes their crystalline
order, which can affect the photodegradation rate, as previously
shown in photo-oxidation studies of pure film materials.>

This journal is © The Royal Society of Chemistry 2024

To gain deeper insight into the blend morphology, we
performed analytical TEM (ATEM), which has been previously
applied to study ITIC polymorphism within polymer blends
with PCE12.*' Details on processing and analyzing data by
ATEM, electron energy spectra of pure polymer and NFAs can
be found in previous works.>"*> In the case of ITIC, a high
degree of crystallinity was found in both pure materials and
blend films like in a recent work.>®> ATEM analysis also reveals
differences in the crystalline organisation of ITIC when com-
paring pure film and blended films. Indeed, there is a distribu-
tion of lamellar spacing with a d-spacing ranging from 1.9 nm
to 2.1 nm in films of pure materials, which changes to a
dominant d-spacing of 2.1 nm when ITIC is blended with
PCE12 (Fig. 4(c)). In the case of ITIC-4F, which is amorphous
in pure films, ATEM images of PM6:ITIC-4F films show the
formation of a crystalline organisation, but on rather short
length scales. In comparison to ITIC, there is no dominant
lamellar spacing in the PM6:ITIC-4F blend but rather a large
distribution from 1.8 nm to 2.1 nm signals. From these
analyses, some conclusions can be drawn about the relation-
ship between photostability and crystallinity of ITIC derivatives.
Considering that the photostability of ITIC was similar in pure
films and polymer blends, the results suggest that the observed
rather small increase in the degree of crystallinity and unifor-
mity of d-spacing does not change the photodegradation rate of
this molecule. In contrast, ITIC-4F undergoes a clear transition
from an amorphous state in pure films to ordered domains
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when mixed with the polymer. The polymer-induced increase in
the crystalline order of ITIC-4F was also recently demonstrated
when blended with PM6 so the observed photostability
enhancement of ITIC-4F in PM6:ITIC-4F blend may also origi-
nate from crystal order.>® Interestingly, Ciammaruchi et al
recently reported a large set of different polymorphisms in ITIC
and ITIC-4F layers for specific thermal annealing treatments
that modified the photostability of the molecules in air.>®

Therefore, in the next part of our study, we first subjected
the PM6:ITIC-4F blend and the pure PM6 and ITIC-4F layers
to thermal annealing at different temperatures to see whether
the crystalline order affects the photostability under the same
conditions as for untreated layers.

Morphology of highly ordered ITIC-4F films and PM6:ITIC-4F
polymer blends

For this purpose, temperatures between 100 °C and 200 °C were
applied to the layers after deposition. Fig. S9 (in ESIt) shows
the absorption spectra of PM6 and ITIC-4F films as well as the
corresponding blend as a function of thermal annealing tem-
perature. While the absorption spectra of PM6 are not affected
by thermal annealing, a strong red shift of about 41 nm of the
low energy band is observed for both the pure ITIC-4F film and
the PM6:ITIC-4F blend annealed at 200 °C. The red-shifted and
narrower ITIC-4F peaks indicate an increase in thermal-
induced aggregation and thus better organization of molecules,
where predominance J-like aggregates in ITIC-4F films have
been reported.***?

To further analyse the thermally induced aggregation of
ITIC-4F, AFM, 2D-GIXD and Raman spectroscopy analyses were
performed on the annealed layers. The AFM images in Fig. S10
(in ESIT) show the clear difference between the as-cast, 100 °C
and 150 °C annealed layers compared with layers annealed at
200 °C. We found that thermal annealing up to 150 °C has no
effect on the surface morphology, since at all three tempera-
tures (as-cast, 100 °C and 150 °C), all layers have the same
roughness of about 1.56 nm and are composed of similar
“fibril” structures. In contrast, annealing at 200 °C induces
larger round aggregates and an increase in roughness to
2.58 nm.

Additional 2D-GIXD measurements of the same layers help
us to better understand the evolution of ITIC-4F aggregation
with temperature in blends (Fig. 5). We compare the in-plane
and out-of-plane intensity profiles of 100 °C, 150 °C and 200 °C
annealed layers in Fig. S8(b) (in ESIt).

From UV-Vis and AFM, there is no evidence of increased
crystallinity at temperatures below 200 °C, but the intensity
profiles from 2D-GIXD show the evolution of the aggregation of
ITIC-4F at each temperature and reveal that thermal annealing
strongly enhances the crystallinity of the films, expressed by
much brighter and sharper peaks. The bottom of Table S1
(ESIT) shows the values of the Gaussian fit of the (100) in-plane
peaks for PM6:ITIC-4F blends annealed at 150 °C and 200 °C.
The contribution of ITIC-4F is even evident at 200 °C by the
appearance of two separate peaks (see Fig. 5). While the
d-spacing of the PM6 polymer chain is constant over
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Fig. 5 2D-GIXRD profiles of PM6:ITIC-4F films as function of thermal
annealing temperature.

temperature at a value of 2.12-2.15 nm, the most significant
change is observed for ITIC-4F at 200 °C with a reduced
d-spacing of 1.57 nm. In addition, a CCL of 2.38 nm highlights
the formation of crystallites three times larger than at 100 °C or
150 °C (CCL = 0.63-0.75 nm). These two observations indicate
that annealing the blend at 200 °C induces the formation of
larger and denser ITIC-4F crystallites. Nevertheless, the typical
diffraction peak (100) assigned to ITIC-4F is as intense and
narrow in the out-of-plane as in the in-plane profiles at 200 °C,
suggesting edge-on and face-on lamellar orientation of the
ITIC-4F crystallites. The face-on orientation of the crystallites
at 200 °C is also highlighted by an intense (010) diffraction peak
(g. = 1.86 A™") in the out-of-plane direction corresponding to
the short n-n stacking distance of the closely packed ITIC-4F
(d = 0.33 nm (Fig. S8(b), ESIY).

In order to gain a deeper insight into the ordering of
polymer and acceptors, Raman analysis was additionally per-
formed on mixed layers at the three temperatures and on pure
PM6 and ITIC-4F layers as references. Raman can probe mole-
cular conformation as well as chemical structure as it is
sensitive to the polarisable electron density, e.g. pi- conjugated
systems, providing important information on structural and
morphological changes in semi-crystalline materials*® The
Raman spectra of ITIC-4F and PM6 materials as well as blends
are shown in Fig. S11 (in the ESIt) and Fig. 6, respectively.
In Fig. S11 (ESIt), it can be seen that PM6 shows specific peak
structures that can be attributed to the formation of crystalline
order in the polymer independently of the thermal treatment.
In contrast, the pure ITIC-4F films only show highly crystalline
structures at 200 °C. At 200 °C, both PM6 and ITIC-4F films
exhibit highly crystalline structures in agreement with the
results obtained using GIWAXS. In particular, crystalline ITIC-
4F films show the signals of the C-C intra-ring stretching mode
at 1248 cm ' and the fused phenyl ring at 1600 cm .
In addition, peaks at 970 cm ™', 1138 ecm ™', 1285 cm ' and
1340 cm™ ! are assigned to ITIC-4F, while peaks at 1075 cm ™'
and 1230 cm™ " can be attributed to the PM6 polymer alone.
Finally, peaks in the 1400-1550 cm ™" region are a contribution
from both materials. These identifications allow us to assign

This journal is © The Royal Society of Chemistry 2024
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the different peaks in the spectrum of the blend to PM6 or ITIC-
4F. The spectra of the PM6:ITIC-4F blend as a function of
annealing temperature are shown in Fig. 6. Interestingly, we
find several Raman peaks already in the as-cast layers, indicat-
ing the formation of a crystalline order in the mixture at room
temperature. Increasing the annealing temperature causes
small changes, only the intensity of two signals at 1248 cm ™"
and 970 cm ' (indicated by red arrows) increases with tem-
perature. These results suggest that there is a blend induced
increase in ordering, i.e. an increase in crystallinity of both PM6
and ITIC-4F, not only due to temperature but also due to
interactions of ITIC-4F and PM6 within the blend. Together
with the GIWAXS results presented above, we show here that
the thermal annealing of the pure films and blend layers,
together with the interaction with the polymer PM6, has
resulted in an increased crystallinity of ITIC-4F.

Photostability of highly ordered ITIC-4F films and PM6:ITIC-4F
polymer blends

After confirming the presence of ITIC-4F crystallites in the pure
layer at 200 °C and in the blends, the layers were subjected to

View Article Online
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photodegradation studies to analyse the effect of the enhanced
crystallinity on the stability of ITIC-4F. The evolution of the
absorption spectra of the degraded layers under light exposure
is shown in Fig. 7(a) and Fig. S12 (in the ESIY). It can be clearly
seen in Fig. S12 (ESIt) that the stability of the pure ITIC-4F
annealed at 200 °C is greatly improved, as only 30% of the loss
of the A, peak is observed after more than 700 h compared to
the ITIC-4F layer processed at 100 °C as shown in Fig. 2, which
shows the total degradation of the initial absorbance and the
formation of P, after only 500 h of illumination. The stability is
confirmed by the IR spectra, with almost no change in the
C=O0 vibration peak at 1702 cm™". This signal was shifted to
1716 cm™' for ITIC-4F processed at 100 °C. We then investi-
gated the stability of ITIC-4F within the PM6:ITIC-4F blends by
varying the annealing temperature from 100 °C to 200 °C. As
shown in Fig. 7(b), the stability of the PM6:ITIC-4F blends, and
therefore of ITIC-4F, is progressively improved with increasing
annealing temperature. All these results indicate the impor-
tance of crystalline order in improving the photostability of
ITIC-4F, both in pure films and in blends.

Photostability polymer blends based on ITIC and ITIC-Th

We then applied the same approach, ie. inducing improved
crystallinity by thermal annealing, to ITIC and ITIC-Th and
their respective blends with the PCE12 polymer to see if their
stability was also improved by crystalline order. Based on
previously reported study on charge transport properties in
ITIC derivatives, optimized annealing temperatures for ITIC
and ITIC-Th were 240 °C and 200 °C, respectively.’® The
absorption spectra of PCE12 polymer, ITIC and ITIC-Th and
PCE12:ITIC and PCE12:ITIC-Th blends as a function of anneal-
ing temperature are shown in Fig. S13 (in the ESIY). A red shift
of the A,_, band and an increase in the ratio between the A,_,
and A,_; peaks at high annealing temperatures are observed for
ITIC and ITIC-Th, as previously observed for ITIC-4F and
reported in the section above. ITIC-Th layers annealed at
150 °C show increased absorbance and a narrow Ay, peak,
while the layer annealed at 200 °C shows decreased intensity.
In the case of ITIC annealed at 240 °C, the intensity of the
absorption spectra decreases but the ratio between A, and
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Fig. 7 UV-visible absorption spectra of PM6:ITIC-4F blends at 100 °C and 200 °C under constant UV filtered SUNTest illumination (a) and time evolution
of absorption spectra of PM6:ITIC-4F blends as a function of thermal annealing temperature (b). In (b), the values were taken from the Ag_o peak
corresponding to the degradation of the NFA under constant UV filtered SUNTest illumination.
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Ay, increases. As observed for ITIC-4F layers annealed at
200 °C, a redshifted and narrower peak is a clear indication
of more ordered ITIC aggregates. The evolution of the absorp-
tion spectra under constant SUNTest illumination of annealed
ITIC and ITIC-Th layers is presented in Fig. S14 (in ESIY).
Importantly, ITIC layers annealed at 240 °C retained 74% of
the initial absorbance after 590 h, while ITIC annealed at 100 °C
was completely converted in P, after 500 h as shown before. The
same stability enhancement is observed for thermally annealed
ITIC-Th layers, which maintain 90% of the initial absorption
upon 590 h illumination compared to a complete photo-
transformation after 500 h when annealed at 100 °C as shown
in Fig. 2. FTIR spectra of ITIC annealed at 240 °C and ITIC-Th at
200 °C confirm the improved stability as the intensity of most
peaks is less reduced and the shift of the C—O0 vibration peak
at 1702 cm™ ' is suppressed.

In the case of the blended layers, the evolution of the
absorption spectra of both PCE12:ITIC and PCE12:ITIC-Th
blends is shown in Fig. S15 (in ESIt). The PCE12:ITIC blend
shows a loss of about 15% of the initial absorption spectrum
of the A,_, peak after 286 h, but after this period no changes are
observed up to 700 h. This result suggests that the initial
degradation that is observed for 286 h is essentially related to
the degradation of ITIC in the residual amorphous regions
within the films. By suppressing photoinduced isomerisation
in the ordered domains, the mixture is strongly stabilised and
no significant degradation occurs after 286 h. The FTIR spectra
of PCE12:ITIC blends annealed at 240 °C support the previous
observations and confirm the improved stability of the blend.
Fig. S.16 (in the ESIt) shows the degradation kinetics of
PCE12:ITIC and PCE12:ITIC-Th films annealed at 100 °C,
150 °C, 200 °C and 240 °C, showing greatly improved stability
after high temperature annealing. Our results highlight the
general relationship between the crystallinity of NFAs in the
ITIC family and the improved photochemical stability in pure
material films and, more importantly, in blends.

Photovoltaics properties of polymer blends based on ITIC-4F

Films casted from o-xylene were implemented as the active
layer in an inverted device structure (glass/ITO/ZnO/PM6:ITIC-
4F/Mo0O;/Ag) to evaluate the performance and phtostability of
the solar cells as a function of annealing temperature. Blend
layers were annealed at 100 °C, 150 °C or 200 °C before the
thermal evaporation of the interfacial layer and the top elec-
trode. A reference device based on a complete device post-
annealed at 100 °C during 10 minutes was realized also. The
devices were encapsulated before being placed in a SUNTest for
photodegradation experiments. The initial performances (PCE,
Jses Voo and FF) of four systems are listed in Table S2 (ESIY).
Compared to the reference device, the thermal annealing
at high temperatures of the active layer critically affects the
performances. V,. decreases continuously from 0.88 V to 0.68 V
for the annealing from 100 °C to 200 °C, while J. is slightly
increased, except for the highest temperature. The efficiency
value (PCE) decreases strongly to 6.6% at 200 °C due to a very
low FF and V,.. This drastic decline may be a consequence of
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Fig. 8 PCE as a function of illumination time for encapsulated solar cells
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the strong aggregation and larger domains formed by ITIC-4F
at such temperature, which increases charge recombination.
Furthermore, the high temperature annealing may degrade the
interface between the ETL ZnO and the blend. Interestingly,
annealing at 100 °C has different effects depending on the step
in which it is applied. Annealing at 100 °C of the complete
device typically increases the FF and delivers a PCE of more
than 11%, while 100 °C annealing applied only to the ITO/ZnO/
Active layer delivers only 10% efficiency. These results suggest a
possible different interaction with the interfacial layers during
the annealing step.

Performance evolution of PM6:ITIC-4F based solar cells at
each annealing temperature is presented in Fig. 8. First, we
notice a different behavior of the devices that have been post-
annealed at 100 °C, which corresponds to optimal process
conditions, compared to cells processed with annealing only
of the active layer at 100 °C. The latter exhibit better stability
with only 10% losses in PCE after 150 h of constant illumina-
tion, while the annealing of the complete device leads to solar
cells that degrade much faster with performance losses of 30%
of the initial efficiency. Devices with the active layer annealed at
150 °C exhibit the same evolution than devices using annealing
of the complete device, while the device using the active layer
annealed at 200 °C degrades faster. Importantly, all the devices
exhibit very stable Js. while major losses are caused by losses in
FF and V,. (Fig. S17, ESIT). The cause of the faster degradation
of 200 °C annealed active layer based solar cells is not clear but
it may arise from interfacial reaction with ZnO at high anneal-
ing temperature or due to the increased roughness of the active
layer which may affect the quality of the subsequent MoO;/Ag
electrode and thus device stability.

Conclusion

In previous studies, it has been shown that the photostability of
ITIC-based OSCs depends on the nature of the side chains and

This journal is © The Royal Society of Chemistry 2024
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end groups, and changes in the microstructure of the blends
have also been identified as strongly influencing the photo-
stability of ITIC-4F-based solar cells.'”*” In this work, we were
able to show that the intrinsic photostability of three NFAs
from the ITIC family strongly varies between solution, pure
material and blend films. In particular, we have annealed
blends at temperatures of up to 200 °C, which has never been
done before. Thanks to our results, we have obtained a better
understanding of the relationships that exist between the
molecular structure and the crystalline order to the intrinsic
stability of NFAs. We find that the low photostability of the
three ITIC derivatives in pure films is comparable whatever the
difference between the molecules. However, when these NFA
molecules are studied in the presence of a donor polymer, we
observe significant differences, especially in the case of ITIC-4F,
which exhibits greatly enhanced stability. Our results indicated
polymer-induced crystallisation of ITIC-4F within the blend,
which was confirmed by several characterisation techniques.

We found that the stability of the ITIC derivatives within the
blends or in layers of pure material is completely dominated by
the crystalline order of the NFA. It has been shown that high
temperature annealing (typically above 150 °C) can increase the
packing and crystallinity of ITIC derivatives in pure films and
blends, resulting in much better photostability of the films.

Our results confirm the observations of Perepichka et al.**
who showed that the photodegradation process of ITIC deriva-
tives is based on a cis-trans isomerisation step of the INCN end
groups and a rearrangement. By increasing the molecular order
in the acceptor phase, the cis-trans isomerisation of the INCN
group is slowed or even inhibited due to strong intermolecular
interactions and steric hindrance in the crystalline phase.
Given that INCN end groups are used in a wide range of NFAs,
including the Y-NFA family, our results indicate the importance
of crystal order for the production of highly stable NFA PSCs.

These results reveal that enhancing crystallinity in ITIC
derivatives renders these NFA materials more photostable in
polymer blends. However, the organic solar cells using more
photostable blends are surprisingly less stable under light
soaking than those that have faster intrinsic degradation. This
result shows that the photostability of organic solar cells is
complex and degradation of the devices in our study is not
primarily governed by the photostability of the blends but
rather driven by other degradation paths. Thus, the intrinsic
photostability of active materials is an important key function
but not necessarily sufficient to gain stable solar cells.

Experimental

Solutions and films preparation

ITIC, ITIC-4F, ITIC-Th and PBDB-T (PCE12), PBDB-T-2F (PM6)
were purchased from 1-Materials, while o-xylene and chloro-
benzene were acquired from Sigma-Aldrich. To prepare pure
material solutions, a quantity of 10 mg ml~' for polymer
donors and 20 mg ml~" for acceptors were prepared in chloro-
benzene and stirred overnight at room temperature or 60 °C

This journal is © The Royal Society of Chemistry 2024
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depending on the molecule. For blend solutions, a mixture in a
weight ratio of 1:1 was prepared at a total concentration of
20 mg ml~*. For PCE12:ITIC and PCE12:ITIC-Th, the blends
were prepared in chlorobenzene and stirred at 60 °C. The
PM6:ITIC-4F blend was prepared in o-xylene and stirred at
room temperature, while the PCE12:ITIC-4F blend was pre-
pared in chlorobenzene and stirred at room temperature. All
blend solutions were stirred overnight. For UV-Vis and FTIR
samples, glass and KBr substrates were used, respectively. The
solutions were then spin-coated on top of cleaned substrates
under an inert atmosphere in a glove box, films were subse-
quently annealed at 100 °C for 10 min to eliminate residual
solvent.

Photodegradation in solution

The solutions for the stability test were prepared inside a
nitrogen-filled glove-box using anhydrous and high purity
solvents. The total concentration of the solutions was fixed to
0.05 mg ml "' (5% vv/v from a mother solution of 1 mg ml ") for
all ITIC derivatives. The solutions were then transferred to
transparent glass vials and illuminated from the bottom using
a solar simulator at 1 Sun intensity AM1.5G light. UV light
below 400 nm was cut off with an industrial UV filter placed
between the source of light and the solutions to avoid UV-
induced degradation of the molecules and solvents. The
absorption spectra of solutions were measured before illumina-
tion (named 0 h) and at different time periods using a UV-Vis-
near infrared Spectrophotometer Cary 5000. For measure-
ments, the solutions were taken out of the glove box to be
transferred to a quartz cuvette and measured their UV-Vis
spectra, then the solution was again transferred to the glass
vial to continue degradation inside the glove box. Here it is
important to note that, after each measurement and before
continuing the light exposure, the vials were filled again with
nitrogen to avoid interactions with oxygen during illumination.

Photodegradation in pure material films and polymer blends

All films were placed in a sample holder that allowed measur-
ing the same spot in the film during characterization. Films
were sealed under inert conditions in a glass tube under a
vacuum. Photodegradation experiments were performed using
a SUNTest CPS/XLS Atlas device designed to simulate the AM1.5
spectrum. UV light below 400 nm was cut off with an industrial
UV filter. The black standard temperature was set at 60 °C,
which corresponds to a chamber temperature of around 35 °C.
Irradiation provided by a xenon lamp from Atlas (NXE1700) was
set at 1000 W m ™2 in the UV-visible domain. Photodegradation
experiments were also performed using white LED light from a
homemade set-up. The films were characterized before degra-
dation and at different time periods during illumination.
UV-visible spectra were obtained using a Shimadzu UV-2600
spectrophotometer equipped with an integrating sphere. The
absorbance of the samples was measured and integrated with
the 200-1000 nm range. Infrared transmission spectra were
recorded using a Thermo Scientific Nicolet 6700 spectrophoto-
meter purged with dry air (32 acquisitions summation with
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4 cm™"' resolution). The sample holder used for the films
allowed measuring the same spot in the film. An average of 2
to 3 films have been tested.

Characterization of organic films

The surface morphology of the blend layers was investigated by
AFM (NTEGRA from NT-MIDT) in semi-contact mode using
the silicon tips (MikroMash) with a theoretical resonant fre-
quency of 150 kHz and a force constant of 5.4 N m~ "' at room
temperature. Thin films were further analyzed with high-
brightness synchrotron radiation at BL19B2 in SPring-8 (Japan).
GIWAXS (Grazing-Incidence Wide-Angle X-ray Scattering) mea-
surements were performed using a high-sensitive 2D X-ray
detector (PILATUS 300K). The incident angle and wavelength
of X-rays were 0.13° and 0.100 nm, respectively. The crystal
coherence length (CCL) values were extracted by the Scherer
equation:*®

K
e Bcosl (1)

where 7 is the ordered (crystalline) domains mean size, here
defined as CCL, K is a constant (dimensionless shape factor)
close to unity. The shape factor is typically equal to 0.9, 4 is the
wavelength of the X-ray, f§ is the FWHM of the diffraction peak
in radians after subtracting the instrumental line broadening
and 0 is the Bragg angle. For Raman spectroscopy measure-
ments, pure (PM6 and ITIC-4F) and PM6:ITIC-4F BH] layers are
deposited on ZnO buffer layers. The technique uses a source
of monochromatic light, usually from a laser in the visible,
near-infrared, or near ultraviolet. The laser light interacts with
molecular vibrations, phonons or other excitations in the
system, resulting in the energy of the laser photons being
shifted up or down. Raman microprobe measurements were
done using an HR800-UV Horiba-Jobin Yvon spectrometer
coupled with an Olympus metallographic microscope. The
measured spectra were obtained using as excitation the red
line of a He-Ne laser (1 = 632.8 nm). Raman spectrometer
calibration was performed before every Raman experience with
a monocrystalline Silicon wafer. The Si-Si vibration mode at
520.7 cm™ " was used as a reference.

Solar cell fabrication and I-V measurement

PM6:ITIC-4F ink was prepared in o-xylene (96.5% oxylene +
3.5% tetralin) at a total concentration of 20 mg ml~" in ratio
1:1 and stirred at 50 °C overnight. ITO-coated glass (sheet
resistance 10-15 Q per square) purchased from LUMTEC were
sequentially cleaned with deionized water, acetone and isopro-
panol under sonication for 15 min each, dried with argon and
then treated in a UV-ozone oven for 15 min at 80 °C. All the
devices were fabricated in inverted structure ITO/ZnO/Active
Layer/MoO;/Ag. The znO layer was spin-coated in air from a
1% v/v solution in isopropanol at 5000 rpm followed by thermal
annealing at 120 °C for 10 min. The substrates were then
transferred to an N,-filled glovebox where a blend film of
~100 nm thickness was spin-coated at 2200 rpm for 2 min
on top of ZnO films. At this stage of solar cell fabrication,
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thermal annealing was applied at different temperatures
(100, 150 or 200 °C) for 10 min. Finally, 5 nm of MoO; and
100 nm of Ag were deposited by thermal evaporation under a
mask to define an active area of 0.27 cm?. The current density-
voltage characterization of the devices under the AM1.5G light
solar simulator (Newport Sol3A Class AAA) was recorded using a
Keithley 238 source meter unit inside the glove box. The
illumination intensity of the light source was calibrated to
100 mW cm > using a standard silicon solar cell (Newport
Company, Oriel no. 94043A) calibrated by the National Renew-
able Energy Laboratory (NREL). A reference device based on a
complete device post-annealed at 100 °C for 10 minutes was
realized. Before solar cell stability, the devices were encapsu-
lated using DELO epoxy glue KATIOBOND LP655 and a glass
substrate. The glue was cured using AM1.5 light containing UV.
After encapsulation, the cells are kept one day inside the
glovebox to dry before air exposure. For the stability test, the
devices were protected individually with a 400 nm UV filter. The
photodegration experiments were performed in a SUNTest
XXL+ Atlas where the performances (PCE, Jy, Vo and FF) were
constantly measured using a Keithley 238 Source Measure Unit.
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