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In situ near-ambient pressure X-ray photoelectron
spectroscopy reveals the effects of water, oxygen
and light on the stability of PM6:Y6 photoactive
layersT
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The power conversion efficiency of organic solar cells (OSCs) has taken a further leap in the past three
years owing to the emergence of Y6; however, their inferior stability hinders commercialization.
Understanding the ambient degradation mechanism of photovoltaic materials is a key component to
address this challenge. In this study, we first used in situ near-ambient pressure X-ray photoelectron
spectroscopy (NAP-XPS) to investigate the effects of water, oxygen and absorbed photons on the
stability of PM6 and Y6. The studied materials PM6 and Y6 show instability to oxygen and water,
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respectively, possibly due to the weak interaction between PM6 backbone sulphur and oxygen, and Y6
end cyano groups show instability to water. In addition, the stability of Y6 in blended PM6:Y6 films is
enhanced, which is confirmed by the performance of OSCs with blended or quasi-bilayer PM6:Y6
photoactive layers. Our findings reveal PM6 and Y6 degradation on ambient exposure and predict a
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Introduction

Transitioning the energy requirement of human civilization away
from fossil fuels and towards renewable solar energy is a world
priority, and potentially offers solutions to the problems of energy
crisis, carbon neutrality and environmental pollution. Organic
solar cells (OSCs) based on organic semiconductors have
attracted increasing attention owing to the advantages of low
cost, lightweight, flexibility, ease of fabrication and synthesis-
based tailoring depending on the purpose.'™ Progress has been
made in their research and development to pursue higher power
conversion efficiency (PCE) by using strategies such as exploiting
novel donor and non-fullerene acceptor materials,” "* improving
the morphology of photoactive layers (PALs),'®™"® integrating
ternary components into bulk heterojunction (BHJ) blends,"* "
optimizing the device structure with novel charge transport layers
and different fabrication processes.’®**' As a result, the PCE of
OSCs has been boosted from 10% to over 19% in recent years.
Nevertheless, the relatively low stability of OSCs is perhaps the
most prominent obstacle for commercialization.
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possible way to prevent the degradation of Y6 in OSCs.

The origins of the instability or degradation in OSCs are
related to a series of factors, which mostly come from the
operation of cells. Organic photo-active semiconductors are
easily affected by absorbed water and oxygen, resulting in a
change in the electronic structure even without strong chemical
interactions.”>** Moreover, water- and oxygen-induced oxida-
tion will affect the electrical and optical properties, e.g., decrease
in conductivity and bleaching of films.**** The low work func-
tion electrodes (e.g., Ca and Al) also suffer from performance
loss due to oxygen/water exposure. Insulating metal oxide layers
can be formed by water- and oxygen-induced oxidation, which
significantly hinders charge extraction in 0SCs.***’ Light and
heat are also considered to be significant factors in causing
performance degradation in OSCs. Specifically, the morphology
of the PAL is easily changed by the accumulation of heat,
whereas ultraviolet light is even much more harmful than heat,
as it will induce irreversible decomposition of organic semi-
conductor materials.”®**° A deeper understanding of the degra-
dation mechanism clearly is the key to improving OSC stability
and needs to be further explored.

As  2,2'-((2Z,2'Z)((12,13-bis(2-ethylhexyl)-3,9-diundecyl-12,13-
dihydro-[1,2,5]thiadiazolo[3,4-e]thieno[2",3":4’,5']thieno  [2/,3":
4,5]pyrrolo[3,2-g]thieno[2’,3":4,5]thieno[3,2-b]indole-2,10-diyl)bis-
(methanylylidene))bis(5,6-difluoro-3-oxo-2,3-dihydro-1H-indene-
2,1-diylidene))dimalononitrile (Y6) is the “star” fused-ring elec-
tron acceptor (FREA) material, and to a large degree, contributes
to the top PCE exceeding 19%. Y6 is therefore a material of
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particular interest for studying the stability of state-of-the-art
OSCs. Indeed, A-D-A type FREAs have an intrinsic instability
due to the strong electron-deficient characteristic of exocyclic
vinyl groups (C—C) as conjugated bridges to link the D unit with
the A unit.*'* Different types of photochemical reactions have
been demonstrated in ITIC-based FREAs by a combination of UV-
vis and IR spectroscopies.”® In this work, to further assess the
influence of ambient atmosphere on advanced OSC PALS’ stability,
we monitor the O, gas, water vapor and photon flux interaction
with poly](2,6-(4,8-bis(5-(2-ethylhexyl-3-fluoro)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"-¢'|dithiophene-4,8-dione)]  (PM6)
and Y6 films by in situ NAP-XPS, in which the in situ response
of organic materials to the external environment can be
detected. With the NAP-XPS method, we can precisely control
the environment of the organic films including the type of gas,
pressure and illumination while tracking the chemical modifi-
cation (core levels) and the corresponding effect on the electro-
nic structure (valence region). Our studies show, first, that water
and oxygen interact weakly with the backbone sulphur and
cyano groups of PM6 and Y6, respectively. Second, Y6 films
are more sensitive to O, gas and water vapor than PM6:Y6 blend
films typically featured in BH] OSCs. We tested our results and
conclusions on OPV devices based on blended PM6:Y6 PALs and
quasi-bilayer PM6/Y6 PALs, and the expected degradation
effects are confirmed.

Results and discussion

The chemical structures of the donor PM6, acceptor Y6 and
their UPS spectra are shown in Fig. S1 (ESIt). The light-
absorption spectra and energy levels of PM6 and Y6 are well
matched for use as PALs in OSCs. The stability of PM6 and Y6
neat films was investigated by sequentially exposing to O, gas
and water vapor at a pressure of about 1-2 mbar in the
darkness or under (non-UV) illumination. The exposure time
was controlled between 20 and 60 min before each spectrum
was recorded at the same pressure, and there was negligible
change observed in the core levels between the exposures
(Fig. S2, ESIf). The corresponding results of the core-level
spectra are shown in Fig. 1: C 1s and S 2p for both PM6 and
Y6, and N 1s and F 1s spectra in addition for Y6. The data for
the fresh samples are in good agreement with the core-level
spectra expected from the chemical structures of PM6 and Y6.

The C 1s spectra with fitted peaks of neat PM6 films (left panel in
Fig. 1a) measured in UHV show a symmetric hydrocarbon-like main
component at 284.5 eV due to C-C bonding in the side chains and
aromatic rings and few contributions from the C-S bond. We
assigned the weak component at approximately 286.3 eV as a
shake-up feature. The contributions from the C—0 and C-F bonds
are not clearly resolved as they overlap at approximately 288.5 eV.
When the PM6 films are exposed to O,, the main peak at 284.5 eV
shows no shift but there is a slight flattening of the shoulder at
about 286.3 eV. This spectral modification is more obvious after the
additional 10 min illumination by a white light-emitting diode
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(WLED, wavelength 400-700 nm), indicating that the chemical
environment of some of the C-S sites has been changed, causing
a shift in their binding energy. The C 1s spectra cannot fully be
recovered to the pristine PM6 state even after pumping out O,
reaching 107'® mbar. Exposure to water vapor shows similar
phenomena to O, modification of some of the
C-S sites.

The S 2p spectra show the S 2p3,,-2p4/, doublet with the S
2ps/, component at 163.9 eV, typical of sulphur in C-S bonds as
expected from the PM6 chemical structure. For films exposed to
O, or water vapor, we add to the S 2p spectra additional doublet
peaks at a higher binding energy with reasonable fitting, in
agreement with the C 1s core-level evolution. We assign this
additional doublet to the existence of S interacting with water
or O,. The experimental S 2p spectra and the fitted peaks are
shown in Fig. 1c, where the O,/water exposure-induced doublet
peaks are marked with S*. The relative peak areas are summar-
ized in Table 1 (fitting parameters are given in the ESIt). After
20 min of O, exposure, an S* doublet with about 20.1% of the
total intensity can be observed, reaching 21.2% after WLED
illumination. After pumping O, away, the S* doublet feature
decreases to 3.4%, which implies that the O, interaction is
largely reversible and, hence, weak. PM6 films are less sensitive
to water vapor exposure, as the fitting results show about 10.8%
and 11.6% total intensity of S* films upon exposure to water
vapor and WLED illumination, respectively. It should be noted
that no feature at ~168 eV is observed, indicating that sul-
phone groups (-SO37) are not formed at these timescales of
O,/water exposure under non-UV white-light illumination.

For Y6 films, a similar main component in PM6 can be
found in the C 1s spectra from C-C bonding in the side chains
and aromatic rings (Fig. 1b). However, the weak feature at
~286.3 eV of the Y6 films is slightly different with a more
extended shoulder, assigned to contribution from C-S bonds,
shake-up and the various bonds between C and N. The tail
feature at approximately 288.5 eV is from C—O0 and C-F bonds.
Unlike the PM6 films, the C 1s spectrum shows negligible
change of the shoulder peak after exposure to O,, water and
near-Infrared range (NIR, wavelength 800-950 nm) illumina-
tion. Two doublets are needed to fit the S 2p spectra of the Y6
films, with S 2p;/, components at 163.8 and 164.5 eV for S-C and
S-N bonds respectively. We see only slight changes in the S 2p
spectrum upon exposure to water, O, and illumination. Moreover,
the F 1s spectra at 686.8 eV also show no change. All the observed
results indicate that there is no detectable interaction of C, S, and F
in Y6 to O,/water exposure and illumination.

As shown in Fig. 1d, the N 1s spectrum of pristine Y6 films at
UHV can be deconvoluted with two main components at 398.4
and 399.6 eV, respectively, and a satellite peak at 401.7 eV.
Based on the chemical structure of the Y6 molecule, the filled
light blue peak is assigned to cyano groups (C=N), and the
other filled green peak is assigned to C-N and N-S bonds. The
green peak has slightly broader FWHM but similar spectral
weight as the blue one. The pink satellite feature at 401.7 eV is
assigned to shake-up.*® Upon exposure to O,, water and illumina-
tion, the N 1s spectrum undergoes obvious changes in the spectral
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Fig. 1 Evolution of core-level spectra: (a) C 1s of the PM6 film and (b) C 1s, S 2p, and F 1s of the Y6 film under different exposure conditions.
Deconvolution of the core-level spectral evolution of (c) XPS S 2p of the PM6 film and (d) N 1s of the Y6 film upon different exposure conditions.
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Table 1 Summary of the relative interacted peak areas to the whole
element peaks areas in percentage (e.g., S*/S* + S)

UHV O, Oylight UHV-Re H,0 H,0-light
Film Element (%) (%) (%) (%) (%) (%)
PM6 S 2p 0 20.1 21.2 3.4 10.8 11.6
Y6 N 1s 0 7.2 12.2 0 23.8 23.6
PM6:Y6 N 1s 0 3.8 11.8 0 12.5 30.5

features. One additional component located between the two main
features is needed to fit the N 1s spectra, which we use to track the
influence of the various types of exposures on the Y6 film. The extra
peak is labelled as C=N* as appearance of this feature coincides
with a decrease of the original N 1s cyano feature, indicating that
water interacts preferentially with this group. The relative percen-
tages of C=N* are summarized in Table 1. The percentage of
C=N* represents the relative change of the N 1s spectrum, i.e., the
percentage of N atoms that has been influenced by O,/water
exposure or light illumination. When the Y6 film is exposed to
0, and additional illumination, the C=N* peak percentage
reaches 7.2% and 12.2% respectively. After pumping O, down to
UHV, this feature disappears, indicating a reversible and hence
weak interaction between Y6 and O,. Water exposure induces a
larger C=N* percentage, 21.1%. The addition of illumination
slightly increases C==N~* further to 22.7%. This result indicates
that the Y6 film is more sensitive to water atmosphere than to O,.
In addition, we suspect that modification of the cyano groups can
affect the linked exocyclic vinyl groups, contributing to the breakage
of the D-A bridge, as reported in other FREA materials.*">*

XPS core-level spectra of PM6:Y6 blend films were studied as
well. The samples are divided into two groups, with and with-
out annealing, since annealing post treatments commonly used
in OSCs will strongly affect the morphology of the films, which
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may further make a difference in the interaction between water/
O, species and OSC materials. The C 1s and S 2p spectra for
annealed PM6:Y6 films are shown in Fig. S4a (ESIT). All spectra
show mixed features from both PM6 and Y6. The changes in the
C 1s and S 2p spectra under different exposures are weak and
very similar to the neat Y6 film. We focus on the evolution of
the N 1s spectrum, as shown in Fig. 2, since it best indicates the
stability of Y6 in the blended film. We carefully analysed the N
1s spectra, following the same guidelines of the neat Y6 film.
The two main peaks remain at similar binding energies to the
neat Y6 film at 398.32 and 399.6 eV in UHV, respectively, indicating
that most Y6 molecules are unaffected by exposure. There is an
additional N 1s feature (C=N¥) appearing upon O,/water expo-
sure in the fitted spectra. The relative percentage of this new
feature is summarized in Table 1. The N 1s spectra of PM6:Y6
films show significantly smaller influence by O, and water com-
pared to the neat Y6 films with values of 3.8% and 12.5%
respectively for the C=N* feature. We propose that the surround-
ing PM6 polymer phase will partially block the interaction between
water/O, and Y6. However, the interaction is strongly affected by
NIR illumination, whereupon the C=N* percentage reaches
11.8% and 30.5% for O, and water exposure, respectively. Similar
phenomena are observed in the as-cast un-annealed PM6:Y6 film,
as shown in Fig. S4b (ESIY).

We now explore if the modifications in the chemical
environment observed from the core-level spectra affect the
frontier electronic structures of PM6, Y6 and blend films. The
evolution of the valence band (VB) spectra upon different types
of exposures is shown in Fig. 3. The valence band spectra of
neat PM6 films show a strong and well-resolved feature at
~3.5 eV, whereas the frontier feature derived from the HOMO
is weak and lacks a sharp edge. When exposed to O, and
illumination, the frontier VB features all undergo modification,
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Fig. 2 Deconvolution of the N 1s core-level spectra of the PM6:Y6 blend film upon exposure to O,, water and illumination.
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Fig. 3 Evolution of the VB spectra of PM6,Y6 and blend films upon
exposure to O,, water and illumination.

most clearly visible in the 3.5 eV feature that becomes broader
with decreased intensity, indicating enhanced energy disorder
in the PM6 electronic structure. For O, exposure in the dark-
ness, we still observe a slight broadening of the 3.5 eV feature,
but the corresponding effect in the already initially weak and
less well-defined VB edge is not clearly visible. Nevertheless, the
broadening/smearing out of the frontier VB features is indica-
tive of increased energetic disorder. Like in the core-level
spectra, the second frontier peak is partially recovered when
pumping down back to UHV, suggesting that the energetic
disorder is induced by weak electrostatic interactions between
O, and sulphur groups rather than changes in morphology.
Water exposure has a much weaker effect on the frontier
valence electronic structure of PM6, essentially introducing
no further modification, in agreement with the PM6 film core
level results. In contrast, the valence band features located at
1.20, 2.18 and 3.38 eV for the Y6 films are clearly significantly
affected by O,, becoming smeared out when exposed to O, and
even more so upon light illumination. However, by pumping
down to UHV, the original VB structure can be almost com-
pletely recovered. This is in agreement with the Y6 N 1s core
level results. Water exposure also induces significant smearing
of the Y6 VB features, and the original spectrum is only partially
recovered when pumping out water. This follows the evolution of
the N 1s core level, where the original cyano feature at 398.4 eV
remains suppressed even after pumping out water down to UHV
(Fig. S5, ESIT). For the blended films, the valence band spectra
show only slight energetic broadening of the second frontier
feature upon O, exposure, with stronger modification in the
spectra when exposed to water and NIR illumination, consistent
with our observations from the N 1s spectra of blended films.
Based on the combined core level and valence band region
results, we propose that O, exposure primarily causes (rever-
sible) p-type doping®®®” that is enhanced by illumination and
that the effect is more pronounced for the PM6 donor than the
Y6 acceptor. O, is unlikely to affect p-type doped Y6 in the
absence of illumination due to its deep highest occupied
molecular orbital (HOMO) and lowest unoccupied molecular
orbital (LUMO), but the presence of O, in nanovoids can still
locally modify the electronic structure and induce trap states.
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Water exposure effects, however, are more significant for the Y6
acceptor than for the PM6 donor, possibly due to Y6 being a
FREA material with intrinsic fragile exocyclic vinyl groups. Note
that blending Y6 with PM6 improves the stability, with blended
PM6:Y6 PAL having better stability to both O, and water than
that of the “best” individual component films under the same
conditions. Furthermore, the results suggest that short-term
exposure does not lead to significant irreversible degradation.

To explore if the effects on the electronic structure observed
by NAP-XPS modify device performance, OSCs were fabricated
with different architectures of blended and quasi-bilayer PALs.
As shown in Fig. 4a, the devices adopt a conventional configu-
ration of indium tin oxide (ITO)/poly(3,4-ethylenedioxythiophene):
poly(styrene sulfonate) (PEDOT:PSS)/PAL/N,N'-bis{3-3(dimethyla-
mino)propylamino]propyl}perylene-3,4,9,10-tetracarboxylic dii-
mide (PDINN)/Ag, where PEDOT:PSS and PDINN served as the
anode and cathode interlayers, respectively. To explore the device
degradation caused by water and O,, OSCs without encapsulation
were separately stored in the darkness in a glovebox or a fume
hood, respectively.

The devices stored in a fume hood show extremely strong
degradation compared to the ones in the glovebox, as observed
from the summary of the time-dependent photovoltaic parameters
and current density-voltage (J-V) curves (Fig. 4a, b, and Fig. S6,
ESIY). In Fig. 4b, the data on the performance of N,-stored and air-
stored devices are drawn with solid and open circles respectively,
and the devices with blended PALs and bilayer PALs are drawn
with black and red curves, respectively. The glovebox-stored
devices retained more than 95% of their photovoltaic performance
with only slight degradation of open-circuit voltage (Voc), short-
circuit current (Jsc) and fill factor (FF) compared to the fresh state,
whereas the fume hood stored devices show more than 50%
reduction of PCE. We assume that most of the degradation is
caused by the diffusion of water and O, into the PALs from the
atmosphere. The blended PAlL-based devices show better Voc
stability towards air exposure, in agreement with the core level
and VB results. The Vo depends on the energy gap between the
HOMO level of the donor and the LUMO level of the acceptor in
the PAL. However, the inhomogeneous broadening of HOMO or
LUMO levels (energetic disorder) reduces the Voc due to the
accumulation of charge carries in the tail of the electronic density
of states.**™*° The bilayer PAL system with a neat Y6 phase at the
top layer suffers from more Vo loss caused by water/O,-induced
energetic disorders as expected, given the VB and N 1s core-level
spectra results. The J,. and FF evolve in the same way for the
blended and bilayer PAL-based devices.

Conclusions

In summary, we conducted in situ NAP-XPS to track the changes
in the OSC materials PM6 and Y6 under O,/water exposure and/
or illumination in real time. The results indicated that the
modification of the spectral features originates from the inter-
action between PM6, Y6 molecules and exposed O, or water
species, with relatively strong interaction of O, to PM6 and

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 (a) Scheme of water and O, diffusion into the OSC, and the corresponding J-V curves with blended and bilayer PALs stored in air. (b)

Performance evolution of OSCs with blended (black curve) and bilayer (red curve) PALs stored in a glovebox (N, — solid curve) and fume hood (air —

dashed curve) for 672 hours.

water to Y6. The main observation from the NAP-XPS results is
that sulphur is the main interaction site for PM6 and cyano
nitrogen for Y6. We propose that the evolution of the core-level
and VB spectra indicates reversible “p-doping” of PM6 for both
O,/water exposure, accelerated by illumination. In contrast, O,
exposure has a significantly weaker effect on Y6, but water
exposure leads to partially irreversible modifications of
chemical and VB structures for Y6. Additional results on
PM6:Y6 blend films revealed an enhanced stability of Y6 in
the darkness, which is consistent with the device data, where
blend OSCs better retain the original Voc. However, our results
indicated that the stability is still not sufficient to obtain high
PCE devices of PM6:Y6 PALs that have been exposed to air even
under dark conditions.
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