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We present the outdoor performance of six Y-NFA-based organic solar cells in the
hot and sunny climate of Saudi Arabia for a period of 60 days. By employing
specifically designed platforms for photostability and outdoor-stability
measurements, we provide chemical design guidelines of Y-NFAs for achieving
outdoor stable organic solar cells, which can promote the scale-up of Y-NFA-
based organic solar cells for outdoor applications.

Xu et al., Joule 7, 2135-2151
September 20, 2023 © 2023 Elsevier Inc.
https://doi.org/10.1016/j.joule.2023.07.003



mailto:derya.baran@kaust.edu.sa
https://doi.org/10.1016/j.joule.2023.07.003
http://crossmark.crossref.org/dialog/?doi=10.1016/j.joule.2023.07.003&domain=pdf

Joule

¢? CellPress

Dissecting the structure-stability relationship
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for real-world solar cell applications
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Maxime Babics," Shahidul Alam," Diego Rosas Villalva," Sri Harish Kumar Paleti,’-¢ Julien Gorenflot,’
Christoph Herok,® Nicolas Ramos,* Joel Troughton,” Anirudh Sharma,’ Todd B. Marder,”
Bernd Engels,® Jaime Martin,**> Stefaan De Wolf," Frédéric Laquai,’ and Derya Baran'-&*

SUMMARY

Despite striking progress toward improving the photovoltaic (PV)
performance of organic solar cells (OSCs) with recent Y-series
non-fullerene acceptors (Y-NFAs), knowledge about their outdoor
performance under real-world conditions and photodegradation
mechanisms remains elusive, which is urgently needed to close the
lab-to-fab gap of OSCs. Herein, for the first time, we study the struc-
ture-outdoor-stability relationship of Y-NFAs. We show that Y-NFAs
with long internal side-chains exhibit high energy barriers for photo-
isomerization, and fluorinated end-groups can enhance the struc-
tural confinement to inhibit the photodegradation pathway and
thereby improve device stability. Furthermore, the performance
loss of Y-NFA-based OSCs under illumination is mainly driven by
increased trap-assisted recombination over time. The structure-sta-
bility correlation and demonstration of outdoor performance of
these state-of-the-art Y-NFA cells provided in this study highlight
molecular engineering of device stability control to minimize power
output losses in real-world climates.

INTRODUCTION

Organic solar cells (OSCs) have attracted extensive attention because of their light
weight, mechanical flexibility, semitransparency, environmentally friendly process-
ing, and large-area manufacturing properties.’”” In view of these unique advan-
tages, solution-processed OSCs represent a transformative solar technology with
excellent potential for various applications, such as powering internet of things
(IoT) devices, integration into buildings, facades, and net-zero greenhouses
for agriculture.>'? In the past few years, efforts have been devoted to designing
non-fullerene acceptors (NFAs) with an A-D-A configuration (where A is acceptor
and D is donor) to boost power conversion efficiencies (PCEs),"* "¢ and the
discovery of Y-series NFAs (Y-NFAs) began a new era for high-efficiency
OSCs."""” Although PCEs of the state-of-the-art OSCs have reached levels of
19% via rational molecular design of Y-NFAs,?°?? a fundamental understanding
of the relationship between the molecular structure and stability of Y-NFAs
remains elusive for applications. Furthermore, the performance of these state-of-
the-art Y-NFAs cells under real-world operating conditions is still unclear, and
insight is urgently needed to understand the commercial potential of OSC
technology.

CONTEXT & SCALE

The emergence of Y-series non-
fullerene acceptors (Y-NFAs) has
attracted huge attention. Y-NFA-
based organic solar cells (OSCs)
show excellent potential for
various outdoor applications,
such as building integrated
photovoltaic (PV) windows and
net-zero greenhouses. However,
their performance in real-world
climates has not been
documented so far. Herein, we
report outdoor performance of
Y-series solar cells and reveal
correlations between molecular
structure and outdoor stability of
Y-NFAs for the first time. We
elucidate how outdoor stability of
Y-NFA cells in hot Saudi climates
is strongly connected to their
photostability at 300 K.
Fluorinated end-groups and long
internal side-chains in Y-NFAs can
suppress the photodegradation
pathway and thereby enhance
outdoor stability. A photostable
Y-NFA system that prevents light-
induced degradation would be
required to achieve commercial
viability for outdoor applications.
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Device lifetime under real-world operating conditions of photovoltaic (PV) technol-
ogies is mainly affected by ambient moisture and oxygen ingress, light, and
heat.?* ¢ Diffusion of oxygen and moisture into PV devices in real-world climates
can be suppressed through successful encapsulation processes.”’ For heat-induced
degradation of Y-NFA-based solar cells, a molecular architecture with a high glass
transition temperature that prevents the diffusion of Y-NFAs is required to achieve
thermally stable OSCs.?®*! For light-induced degradation of NFAs, cis-trans isom-
erization of vinyl groups under illumination is an important degradation pathway for
the A-D-A type NFAs, followed by epoxide formation or electrocyclization with an
isomeric photodegradation product.*>"*> Such a conformational change is attrib-
uted to the photodegradation process and observed across the families of A-D-A
type NFAs including IDTBR, IDFBR, ITIC, and IEICO-series NFAs (detailed chemical
structures in Figure S$1).°%%7%° Generally, Y-NFAs are more photostable than ITIC-
series NFAs, and the cis-trans isomerization of vinyl groups in Y-NFAs could be sup-
pressed to a certain extent because of the steric effect induced by outer side-chains
(Figure 1A).?>2*3> Nonetheless, Y-NFAs still exhibit non-negligible degradation be-
haviors and suffer from device performance loss under illumination. Recently, Wang
and coworkers investigated the correlation between the side-chains of NFAs and
their chemical, morphological, and photostability using ZnO as the electron extrac-
tion layer.>’” Jen et al. found that the large structural hinderance induced by the outer
side-chains in Y-NFAs improves thermal stability of the devices, and the Y-NFA with
brominated thiophene side-chains (large side-group torsion) yielded decent photo-
stability in devices.’® However, the intrinsic correlation between structure-photost-
ability of Y-NFAs excluding ZnO-induced photocatalytic degradation, remains
elusive. Thus, in-depth investigation of light-induced degradation of Y-NFAs is of
great importance for understanding structure-stability relationships of the state-
of-the-art OSCs.

Performance loss of OSCs in real-world climates would provide device stability data
and guide the research community,””*° which can narrow the lab-to-fab gap. To
gather reliable outdoor stability results, an outdoor lifetime testing platform needs
to be constructed that is able to measure devices following the International Summit
on Organic Photovoltaic Stability (ISOS) protocols.*® In the past few years, only
limited studies on the outdoor performance of NFA-based OSCs have been re-
ported. Greenbank et al. compared the outdoor degradation behavior of ITIC-
and fullerene-based devices, and Josey et al. investigated the outdoor performance
of devices based on boron subphthalocyanine acceptors.”’** However, the device
efficiencies in these reported studies are less than 8%, which is not representative of
state-of-the-art OSCs and lags far behind the development of Y-NFAs. Recently, In-
gands and coworkers reported the outdoor stability of the laminated organic
PV modules using all-polymer blends (PYF-T-o as acceptor, polymerized Y-NFA
with thiophene units).*® Thus far, the correlation between molecular structures
of Y-NFAs and their outdoor stability is still unclear, reflecting the limited
understanding of how a photostable Y-NFA shapes the resulting outdoor perfor-
mance and how molecular structures govern the outdoor stability of Y-NFA cells.
Therefore, exploration of structure-stability relationships and outdoor performance
of these state-of-the-art Y-NFAs will further promote the scaling up of OSCs.

In this work, we establish design guidelines for Y-NFAs by studying the structure-sta-
bility behavior of Y-NFAs with poly[(2,6-(4,8-bis(5-(2-ethylhexyl-3-fluoro)thiophen-2-
yl)-benzo[1,2b:4,5-b’ldithiophene))-alt-(5,5-(1",3'-di-2-thienyl-5",7"-bis(2-ethylhexyl)
benzo[1’,2'-c:4’,5'c']dithiophene-4,8-dione)] (PMé) as the donor (for the materials
and chemical structures, see Figure S1). First, we investigated the photostability
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Figure 1. Photovoltaic performance and photostability results
(A) Photostability measurement chamber and conventional device structure.
(B) Chemical structures of Y6, Y7, BTP-BO-4Cl, and BTP-eC9.

(C) J-Vcurves on champion devices based on the different acceptors. Photovoltaic parameters of these Y-NFA:PM6-based devices are given in Table S2.

The J-V curves were obtained every 10 min.

(D) J-V curves during 1,000 h of continuous illumination. The J,. values are normalized to the respective J,c att = 0.

(E) PV parameters during photostability tests. The PV parameters are normalized to the respective PV parameters at t = 0.

behavior of OSCs based on different Y-NFAs: Y6, Y7, BTP-BO-4Cl, and BTP-
eC9."/1¢ These Y-NFAs enable us to compare the influence of different end-
groups, internal side-chains, and outer side-chains on the photodegradation
behaviors of Y-NFAs. We found that the degradation of fill factor (FF) in the J-V char-
acteristics is the main manifestation of a lack of photostability at the device level,
which results from the enhanced light-induced trap-assisted recombination as iden-
tified by light-intensity dependence measurements and time-delayed collection
field (TDCF) characterizations. Through transition-state calculations, we show that
a long internal side-chain endows Y-NFAs with high energy barriers for the rotation
of end-groups and inhibits the photodegradation pathway, which agrees well with
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device performance. This concept is further demonstrated by using two other
Y-NFAs: N3 and Y12 bearing longer internal side-chains exhibiting better photo-
stability than Y6.*"“® Lastly, we evaluated and compared the outdoor performance
of the Y-NFA-based OSCs following the ISOS-O-2 protocol (outdoor sunlight as light
source with environmental temperature and humidity and loading at open-circuit
condition).”* With the help of our custom-designed, cost-effective, and open-source
hardware-software stability platform, we are able to track lab-scale devices reliably.
We demonstrate that the proposed structure-photostability relationships of Y-NFA
cells (temperature ~300 K) are also relatable to their outdoor stability in hot Saudi
climates. Importantly, the structure-stability correlation and demonstration of out-
door performance of Y-NFA cells provided by this study highlight that molecular
engineering on outdoor stability is one of the key factors to minimize losses of output
power in OSC under real-world operating conditions.

RESULTS AND DISCUSSION

A photograph of the photostability measurement for observing the light-induced
degradation of solar cells under controlled lab-environment conditions is presented
in Figure TA. Conventional architecture solar cells were held in a metallic chamber
under continuous light generated from a plasma lamp system in an N, atmosphere.
In comparison with the commonly used light-emitting diodes (LEDs) and metal
halide lamps, the spectrum of the plasma lamp used in this study includes UV and
infrared light, which is close to the standard AM 1.5G solar irradiation (Table S1; Fig-
ure S2) and also correlates with the solar-harvesting behavior of Y-NFAs. The cooling
system maintained the devices at ca. 300 K to eliminate heat-induced degradation,
and continuous N flow was used to prevent water and oxygen ingress. The photo-
stability results were automatically collected by a computer in 10-min intervals and
gathered following the ISOS-L-1 protocol (solar simulator as light source with
controlled temperature and humidity, loading at open circuit).”* Figure 1A shows
the structural architecture of Y-NFAs: dithienothiophen[3.2-b]-pyrrolobenzothiadia-
zole (BTP) core with different end-groups and internal and outer alkyl side-chains. To
identify the influence of structural factors, we initially selected four acceptors: Y6, Y7,
BTP-BO-4Cl, and BTP-eC9 (Figure 1B). Comparison between Y6 and Y7 can reveal
the difference between the fluorinated and chlorinated end-groups. Y7 has shorter
internal side-chains than BTP-BO-4Cl, and BTP-BO-4Cl has longer outer side-chains
than BTP-eC9 (revealing the effects of the length and location of side-chains). In the
presence of oxygen, donor polymers such as PMé act as weak links in the photo-
stability of Y-NFA-based devices.””*° In the absence of oxygen (under conditions
such as photostability testing according to ISOS-L-1 or devices with high-quality
encapsulation), some groups have reported that Y-NFA-based devices show
photodegradation behavior in both PMé and Y6.°'~>* In this work, to investigate sys-
tematically the degradation behaviors of Y-NFAs under illumination covering
both UV-vis-NIR (ultraviolet-visible-near-infrared) light, we used the same batch
of PMé as the donor and fabricated conventional devices, indium-tin-oxide (ITO,
180 nm)/poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS,
30 nm)/PMé6:Y-NFAs (~100 nm)/perylene diimide functionalized with amino N-oxide
(PDINO, 10 nm)/Ag (100 nm), for the photostability measurements and characteriza-
tion. The photoactive layers were all treated with an identical thermal annealing
process (100°C for 10 min), and no additives were involved to prevent any further
potential influence on photostability. The selection of PDINO is based on our photo-
stability results and is shown to be the most stable candidate among the studied
electron transport layers in Figure S3. As shown in Figures 1C and S4 and
Table S2, the devices based on these acceptors all exhibit similarly high PCEs
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ranging from 15.3% to 16.2%, which are representative for analyzing their photo-
stability behaviors.

Figure 1D depicts the changes in J-V curves during 1,000 h of illumination for the four
Y-NFA-based devices (the averaged PCE changes based on five devices of each
type; Figure S5). Normalized PCE, open-circuit voltage (Voc), short-circuit current
(Jsc), and FF are shown in Figure 1E. Device lifetimes (Tgo, representing the time a
device can retain >80% of its initial PCE) of the Yé6-, Y7-, BTP-BO-4Cl-, and BTP-
eC9-based devices are 107, 79, 205, and 205 h, respectively. After the initial burn-
in period, the drop of Voc becomes much slower. However, alongside Jsc dropping
mildly, the FF dropping is still fast and becomes the main reason for the PCE loss. In
comparison with the devices with Y6, BTP-BO-4Cl, and BTP-eC9, the device fabri-
cated from Y7 with chlorinated end-groups and short internal side-chains exhibits
the highest rate of PCE loss, retaining only 56% of its initial PCE after 1,000 h of
illumination. T4 for the Y7-based devices is 664 h, which is much shorter than the
ones from the other three Y-NFA devices (T¢o > 1,000 h). The devices fabricated
with BTP-BO-4Cl and BTP-eC9 have similar photodegradation behaviors, indicating
that the length of the outer side-chain (from —-C11H;3 to —CyH15) has a negligible ef-
fect on the photostability of Y-NFAs. It is worth mentioning that Jen et al. recently
showed that local-isomerized conjugated outer side groups with large steric effect
can balance the efficiency and photostability of the OSCs.>® For the alkyl side-chains
in this study, the Y-NFA with fluorinated end-groups and longer internal side-chains
exhibits better photostability than its counterparts.

We further utilized fresh and aged devices after 300 h of illumination to investigate
the photodegradation mechanism. Photocurrent density (Jyp) vs. effective voltage
(Vo) measurements were involved in comparing the exciton dissociation probabil-
ity. The exciton dissociation efficiency, P(E,T) is extracted from the Jyp-Vegr curves
(Figure S6) and summarized in Figure 2A. All of the fresh devices exhibit high
P(E,T) values: 95.5% for Y6, 95.0% for Y7, 97.3% for BTP-BO-4Cl, and 96.1% for
BTP-eC9-based devices, which agree well with their high PCEs. After illumination,
the Y7-based device, as the most unstable device, exhibits the lowest P(E,T) value
(88.1%) among all the four Y-NFA devices. To gain additional insight into the charge
transport behavior before and after illumination, photo-induced charge carrier
extraction by linearly increasing voltage (photo-CELIV) measurements were em-
ployed (Figures 2B and $7).%¢ Similar to the P(E,T) results, all four devices exhibit
decreased charge carrier mobilities after illumination. The changes of Jsc with
respect to light intensity are plotted on logarithmic scales (Figure S8), and the slopes
(a) of the fitting lines are summarized in Figure 2C. For all of the Y-NFA-based
devices, « values are basically unchanged before and after photoaging (around
0.96 and close to 1), indicating that bimolecular recombination is not the main
reason for the performance degradation. However, the values of the ideality factor
(n) calculated from Voc vs. light-intensity curves (Figure S9) show significant
differences between the fresh and aged devices. As presented in Figure 2D, the
n values of fresh devices based on Y6, Y7, BTP-BO-4Cl, and BTP-eC9 are all close
to 1. After 300-h illumination, the n values of all aged devices are significantly
increased, indicating trap-assisted recombination.

To elucidate further differences in geminate recombination and bimolecular recom-
bination prior to and after photoaging, we performed TDCF measurements varying
the pre-bias during photoexcitation (Figure S10).>” The normalized total extracted
charge at different pre-bias voltages (Vye) is plotted in Figure 2E to compare gemi-
nate recombination in fresh and aged devices. We note that even fresh devices

¢? CellPress

Joule 7, 2135-2151, September 20, 2023 2139




- ¢? CellPress

Joule
Article

A 100 B 4
I Fresh ~—~ | W Fresh
[ Aged | Aged
96 955 S3t
9 e
< ]
92.6
ozt L 2| 22
wi e 1.7
S— i
Q
88| 51-
a
5]
=
84 0
Yé BTP-BO-4CI BTP-eC9 Y6 BTP-BO-4CI BTP-eC9
c 12 — D 1.6 e
I Fres Jse % Pygn® I Fres Voe x N(KTIQ)IN(Pygny)
1 Aged I Aged L3
141 1.37
010 49650969 0.965 0.968 0.969 0.969 0.969 0.969 )
> > 1.29
© ©
S >12} e
Sosl £
1.05
1.02
I
0.6
Yé BTP-BO-4CI BTP-eC9 BTP-BO-4CI BTP-eC9
E
Y6 Y7 BTP-BO-4Cl BTP-eC9
10F o, e ° o
) o&@ﬁ dgf%?ow. : ‘.:..“ " & Co Q?
03 SRS . °y, 200 29;:0
X % P %
g W =
v "0 -
o8l [% ?:;.)C
4 N &
@ Fresh %
< Aged
0'6 ' L L 1 1 1 1 1 1 L L L
-1 [} 1 -1 0 1 -1 0 1 -1 0 1
Bias Voltage (V)
F
BTP-BO-4ClI
10°
)
Y 1010
o oof Fresh Aged
g o ® EH O Q
o - * o Qm
0" A L Qg
—_—— Qe fit]
Yereon = 1.04 % 107 cm¥s Yeresh = 2.48 x 10" cm¥/s Yeresh = 2.96 x 10 cm¥/s Yeresh = 2.86 x 10 cm¥/s
Tagea = 0.90 % 107 cm¥s Tagea = 4.08 x 107" cm¥s Yagea = 325 x 10" cms Yagea = 259 x 10" cms
10° -12 " "

10°®

107

10°® 107

Figure 2. Physical mechanisms of the fresh and aged devices
(A) P(E,T) values of the fresh and aged devices.

(B) Mobilities of the fresh and aged devices extracted from photo-CELIV measurements.
(C and D) « values and n values before and after illumination.

(E) Total extracted charge as a function of the applied pre-bias during laser excitation at 532 nm, normalized to the maximum Q. around —1 V. The

pulse fluence was 0.03 pJ/cm? and the time delay was 15 ns.

(F) Qtots Qcoit, and Qe as a function of the delay time during laser excitation at 532 nm. The pulse fluence was 0.1 nJ/ecm?. Bimolecular recombination

coefficients extracted from TDCF measurements.
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Figure 3. DFT calculations and morphological characteristics

(A) Rotation modes of the end-group in Y-NFAs.

(B) Energy profiles for the reaction pathways and the molecular geometries of component a. Activation energy values are given in Table S4, and the
imaginary vibrational modes for the transition states are shown in Figure S20. Considering the long side-chains in Y-NFAs, we also performed
dispersion-corrected DFT calculations (DFT-D3), and the results are summarized in Table S4. The excited singlet state pathway is shown in Figure S21
and Table S5 (discussion in Note S5).

(C and D) GIWAXS patterns and 1D cut-lines of the Y6 and Y7 neat films.

(E) Device lifetimes (Tgo) of the PM6:Y-NFA cells. Photostability of the N3- and Y12-based devices, see Figure S25.

exhibit an electric field dependence of charge generation, which is smallest for
Yé-based devices. However, for all four systems, the electric field dependence of
charge generation is virtually unaffected by aging. Therefore, changes in the field
dependence and fraction of geminate charge recombination cannot account
for the decreased FF observed in aged devices. Thus, we further investigated
non-geminate charge pair recombination via TDCF in fresh and aged devices. We
obtained the bimolecular recombination coefficient, v, by fitting the total charge
collected, Q1. which had not recombined after pulsed laser excitation as a function
of the delay time, ty, prior to the application of the extraction voltage. Here, Qg
is corrected for the amount of charge, Qy, that manages to escape the device prior
to tq, although kept at Voce:

2

Qeolityeaty = Qeolley) = — Opre(td+At) - Qpre(td) - YQC:%AE
where A and d represent the device area and active layer thickness, respectively.
Typically, the y values extracted from TDCF measurements are of the order
~107"" cm3 577 for high-efficiency Y-NFAs.>’*? As shown in Figure 2F, v values
of the fresh devices based on Y6, BTP-BO-4Cl, and BTP-eC9 range from 1.04 to
2.96 x 107" cm?® s7’, indicating increased bimolecular recombination compared
with literature-reported values of high-efficiency devices. We hypothesize that
this is due to the preparation protocol used here for the devices, which did not
include any additives or post-processing treatments. Moreover, the v values of
the fresh and aged devices all exhibit very small changes. Taking into account
the results of light-intensity-dependent Jsc and Voc measurements and the results
of the TDCF experiments, it appears that light-induced trap-assisted recombina-
tion constitutes the most significant contribution to the FF decrease. A notable
exception is the following: for the Y7-based device only, a slightly larger increase
of the y value suggests that additional recombination losses may worsen the FF
degradation. In fact, the performance of PM6:Y-NFA-based devices is comparably
stable at room temperature (shelf life stability in Figure S11, only 5% to ~10% per-
formance loss after 300 h)°°%? Therefore, the increased recombination and PCE
losses observed in the photostability measurements (Figure 1E) appear to be pri-
marily related to the possible chemical structural change caused by continuous
illumination.

As shown in Figure 3A, it has been reported that the vinyl groups in NFAs undergo
photoisomerization followed by electrocyclic reaction under illumination.?%3%3>
Theoretically, the existence of outer side-chains in Y-NFAs could limit the photoiso-
merization process in comparison with ITIC, IEICO, and IDTBR-series NFAs (Fig-
ure $1).%2%335 Herein, we observe that Y-NFAs still exhibit photodegradation under
illumination. Figure S12 shows Raman spectra of the Y6 neat films before and after
photoaging. There is a quenching of the peaks from 1,100 to 1,450 cm™" and slightly
increased peaks at ~1,590 and ~1,690 cm~" after 100 h of illumination as observed
experimentally. These changes agree well with the density functional theory (DFT)-

simulated Raman spectra and reported studies,?** confirming that the twisting and
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loss of conjugation between core and end-group could be the reason for the photo-
degradation (Figures S13-S15). Such structural changes and photodegradation
behaviors are also observed from the "H-NMR (nuclear magnetic resonance) spectra
(Figure S16). However, for the neat Y-NFA films, it is difficult to quantify the photo-
degradation rate by NMR techniques due to variations in thickness and aggregation
properties of different Y-NFAs, as shown in Figure S16A. Generally, there are two
different rotation modes of the vinyl group in A-D-A-type NFAs, as presented in
Figure 3A. The first one is a cis-trans isomerization (1 — 3 — 4) that leads to the for-
mation of a cyclic byproduct between the dicyanomethylene unit and the thiophene
ring, which was identified by Perepichka et al.?” The second one is an alternative but
similar isomerization (1 — 2) that leads to the formation of a pyran ring, which is
considered to be another product (not a primary degradation product) by Kim
et al. (as summarized in Figure S15).>> We then simulated NMR spectra for the
possible photodegradation products of Y6 (Figure S17). The results of Raman and
NMR spectra show that the photodegradation pathway most frequently follows
the isomerization direction of 1 — 3 — 4, which agrees well with the reported
work (Note S1).%° We also measured the UV-vis absorption of these Y-NFAs before
and after photoaging under a plasma lamp (including both UV and NIR light). As
shown in Figure S18, these Y-NFAs exhibit decreased UV-vis absorption behaviors
after illumination due to the breakage of conjugation with vinyl groups (Note S2).
To confirm the link between the chemical degradation pathway of Y-NFAs and the
performance loss of the devices, we simulated the UV-vis absorption spectra (Fig-
ure S19) and photophysical properties of the possible degradation products of
Y6.5%7%" As shown in Table S3, the degradation products result in increased ener-
getic disorders, which can lead to increased trap-mediated recombination. Addi-
tionally, the increased singlet-triplet energy gaps caused by the degradation prod-
ucts could result in more triplet-mediated recombination. Both of these effects
induced by the photodegradation products can contribute to a decline in device

performance (Note §3).32:63.65.67

To understand the end-group and side-chain effects on photostability of Y-NFAs at
the molecular level, DFT-predicted activation energies along with the reaction path
(at the CAM-B3LYP/6-31G(d,p) level of theory) were performed. Herein, as shown in
Figure 3B and Table S4, we calculated the transition states following both of the two
photoisomerization pathways. The structures of Y-NFAs for transition-state calcula-
tions are truncated after the benzothiadiazole core to minimize the computational
cost (discussion in Note S4). Generally, the triplet states (T4) in organic semiconduc-
tors have longer intrinsic lifetimes than the first excited singlet states (S1).°%¢” It is
also known that the formation of T; through the back charge transfer pathway in
PM6:Y6 blends is responsible for the dominant (non-geminate) charge recombina-
tion and even device degradation.®® Therefore, compared with the S; pathway,
the Ty pathway is likely to be more relevant for photoisomerization degradation
(see Note S5 for a detailed discussion of the Sy and Ty pathways). Herein, higher acti-
vation barriers are predicted for the Y-NFAs with long internal side-chains (com-
pound c) compared with the ones with short internal side-chains (compounds a
and b) for the TS(1-2), TS(1-3), and TS(3-4) along the ground state (Sg) and T path-
ways. This indicates that the internal side-chain can effectively hinder the rotation of
the end-groups in Y-NFAs because of the steric effect. Considering the long, soft
side-chains in Y-NFAs, we also performed transition-state calculations incorporating
the empirical atom-atom dispersion corrections (DFT-D3).”° As shown in Table 54, in
comparison with the short internal side-chains, the long internal side-chains still yield
high energy barriers along with the reaction paths. The results from transition-state
calculations show that the activation energy for photoisomerization required for the
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derivative with fluorinated end-groups (compound a) is quite similar to the one with
chlorinated end-groups (compound b).

Grazing incidence wide-angle X-ray scattering (GIWAXS) measurements were per-
formed to check the structural confinement effect in condensed films (Figure S22;
Table S6; Note Sé). As shown in Figures 3C and 3D, although these Y-NFAs have
similar m-1 stacking distances in the out-of-plane (OOP) direction, Yé with fluori-
nated end-groups exhibit stronger m-7 stacking intensities both in OOP and in-
plane (IP) directions and also smaller d-spacing in the IP direction in the condensed
films than their counterparts with chlorinated end-groups (GIWAXS results for the Y7
and BTP-BO-4Cl films; Figure S23). Such dense molecular packing can provide struc-
tural confinement in the condensed solid and suppress the photoisomerization of
Y-NFAs under illumination. In addition, fluorine is the most electronegative element
in the periodic table; its Pauling electronegativity is 4.0, which is higher than that of
chlorine (3.2).”" It is known that fluorinated aromatic units can induce strong mt-stack-
ing interactions in conjugated molecular systems, which was first reported by Patrick
and Prosser.”?’? We further calculated the electrostatic maps of the fluorinated and
chlorinated Y-NFAs. As shown in Figure 524, compared with the chlorinated Y-NFA,
the fluorinated Y-NFA shows more positively charged phenyl and negatively
charged halogen atoms in the end-groups, which is induced by the strong elec-
tron-withdrawing effect of the fluorine. Recently, Kim et al. also reported that the
calculated quadrupole moment of Y6 (191.7 eag?) is higher than the one of Y7
(175.7 eap?), and such fluorine-induced strong coupling and quadrupole-quadru-
pole interactions in BHJ blends could prevent the photodegradation of end-groups
and enhance the photostability of NFAs.*> We also summarized the quadrupole
moments of another 16 different NFAs with fluorinated and chlorinated end-groups
from the previous work.”* As shown in Figure $24, the quadrupole moments of NFAs
with F-end-groups are both higher than those with Cl-end-groups. Such large quad-
rupole moments enable strong intermolecular interactions, leading to the strong
confinement of end-groups and suppressing the photodegradation pathway.

Following the above structural guidance, we fabricated devices based on the
Y-NFAs with F-end-groups and longer internal side-chains: N3 and Y12 (the molec-
ular structures in Figure S1) to examine the structure-stability relationship. The N3-
and Y12-based devices also exhibit similarly high PCEs of 15.4% and 15.5%
(Table S1), respectively, which are representative for comparing their photostability
behaviors (see the J-V curves in Figure S4 and the photostability results in Fig-
ure S25). As shown in Figure 3E, with fluorinated end-groups, devices based on
longer internal side-chain showed better stability. Compared with Yé-based de-
vices, N3- and Y12-based devices both exhibited higher device Tgo lifetimes of
348 and 837 h, respectively. Moreover, the Y-NFAs with fluorinated end-groups
(Y6 and Y12) are also more photostable than the ones with chlorinated end-groups
(Y7 and BTP-BO-4CI). The structure-stability relationship in Figure 3E agrees well
with our DFT and GIWAXS analyses.

Finally, we evaluated the outdoor performance of these Y-NFA-based devices. The
devices were encapsulated in thermoplastic polyurethane to prevent the diffusion of
water and oxygen into the PV devices.”’ The outdoor measurements were carried
out using our specially designed equipment as shown in Figure 4A, namely, a
multi-channel source-measure unit based on our open-source source meter unit
(nSMU, https://certification.oshwa.org/sa000002.html) calibrated against a Keithley
2400 SMU (for the fabrication and experimental details, see supplemental informa-
tion and Figure 526).”° J-V curves of the devices were recorded at time intervals of
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10 min. The devices were maintained under open-circuit conditions during the time
gaps. Figure 4A also depicts the power output (maximum power point) of devices at
different times during the first 4 weeks. Results for longer times are shown in Fig-
ure S27. To compare the outdoor stability of these Y-NFA cells (the weather
data—solar irradiance and air temperature from 30™ March to 30 May; see Fig-
ure S28), we normalized the power output by the highest value on the first day of
each device and connected the peaks of each day (Figure 4B). The devices fabri-
cated using Y12 and N3 with long internal side-chains remain the two most stable
cells, which is similar to their indoor photostability behavior. Moreover, the devices
fabricated using the Y-NFAs with fluorinated end groups (Y6 and Y12) still show
higher outdoor stability than the chlorinated ones (Y7 and BTP-BO-4Cl). We
observed that the BTP-eC9-based device suffered more power output losses than
the BTP-BO-4Cl cell in 1 month. The difference mainly comes from the strong
burn-in behavior of the BTP-eC9-based device in the first 2 days. By normalizing
the third-day maximum power output value, the BTP-BO-4Cl- and BTP-eC9-based
devices still have similar degradation rates (Figure $29), indicating that the length
of the outer side-chain (<Cy1H3 and =CyH19) has a negligible effect on their outdoor
stability.

We further compared the parameter changes of Y12-based devices (the most stable
one) and Y7-based devices (the most unstable one) in the first 2 weeks under outdoor
conditions (Figure 4C). The maximum V¢ obtained at the highest light irradiance,
usually at noon, remains stable for the Y12-based device but decreases gradually
for the Y7-based device. Their Jsc degradation behaviors are similar and can be
further seen in the normalized Jsc-date graph (Figure S30). For Y7-based devices,
the maximum FF (per day) rapidly dropped from 59.1% to 41.6% after 2 weeks, which
could be attributed to the increased recombination losses caused by illumination as
exhibited in the photodegradation devices. As a result, the Y12-based device retains
85.3% of its initial power output (per day) after 4 weeks of working under outdoor
conditions, which is 1.8 times the retained power output from the Y7-based device
(Figure S31).

The temperature of solar cells can reach 65°C-75°C under hot Saudi climates,”®’’
and thermal stress is another factor that degrades OSC devices under outdoor con-
ditions. To correlate further molecular structure with outdoor stability of Y-NFAs,
following the Ade-O'Connor-Ghasemi stability framework,”®?” we plotted glass
transition temperature (Tg) of the Y-NFAs together with their photostability and out-
door stability behaviors in Figure 4D (T4 database in Figure S32 and Table S7). It is
shown that thermal stability of Y-NFAs is connected to T,.”” % Interestingly, we
observe that there is an inverse correlation between thermal stability and outdoor
stability when changing the internal side-chain of Y-NFAs. This is due to the fact
that long alkyl side-chains can decrease the Ty of Y-NFAs: Y6 > N3 > Y12 and
Y7 > BTP-eC9 > BTP-BO-4CI. In contrast, the steric effect induced by long internal
side-chains can suppress the photodegradation pathway of Y-NFAs and thereby
improve the photostability of Y-NFA-based solar cells. These results demonstrate
that the outdoor stability of Y-NFA-based OSCs with thermal stress under hot Saudi
climate is still strongly related to their photostability behaviors under the illumina-
tion (temperature ~300 K). Moreover, F-end-groups can improve both the thermal
stability and photostability of Y-NFAs. Although BTP-BO-4Cl shows similar degrada-
tion behaviors to those of Y6 during the photostability measurements (ISOS-L-1), the
Yé6-based devices still exhibit better stability than the BTP-BO-4Cl cell under out-
door conditions, which is due to the improved T by the F-end- groups in Y6.”
We then conducted the thermal stability measurements of the devices at 65°C
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and 85°C to further clarify the role of heat-induced degradation on the outdoor sta-
bility of these Y-NFA-based cells. It is worth mentioning that heat stress not only in-
duces morphology-related degradation but also has a thermal activation effect on
the photo-induced chemical degradation of organic materials,”® both of which can
affect the outdoor stability of OSCs. As shown in Figure S33 (Note S7), Yé-based de-
vices are more thermally stable than Y7- and BTP-BO-4Cl-based devices, which can
lead to improved outdoor stability. Therefore, the use of a high T4 Y-NFA with low
diffusion properties and stable morphology when blended with polymer donors
can still benefit the outdoor stability of OSCs. Overall, as shown in Figures 4E and
4F, rational molecular engineering of end-groups and internal side-chains can effi-
ciently improve the outdoor stability of Y-NFA cells. The devices fabricated using
Y-NFAs (such as Y12) with fluorinated end-groups and long internal alkyl side-chains
exhibit good outdoor stability under real-world operating conditions, showing their
potential for outdoor applications.

The lessons and outcomes from the photo- and outdoor stability are as follows. For
photostability behaviors of the PM6:Y-NFA-based devices, light-induced chemical
structural change is the main reason for the performance loss. Stabilizing the vinyl
groups in Y-NFAs is an effective strategy for improving the photostability, such as
through the induced steric effect of long internal alkyl side-chains, fluorinated end-
group-induced structural confinement in the solid state, and the use of ring-locked
end-groups with specific molecular design.”” Successful encapsulation can effec-
tively prevent oxygen and moisture from degrading PV devices.”” Under outdoor
conditions, solar irradiation and heat are the two main environmental stresses for
OSC devices. As observed experimentally, utilizing a strategy for improving both
thermal and photostability (introducing fluorinated end-groups) will result in an
effective enhancement of outdoor stability for the devices. Our study paves
the way for further research on the impact of solar irradiation and heat stress on
the outdoor stability of OSCs, which is crucial for scaling up and commercial
applications.

Conclusions

We show that the photodegradation of Y-NFA-based OSCs is mainly driven by light-
induced trap formation, whereas the change in bimolecular or geminate recombina-
tion is limited. The long internal side-chain in Y-NFAs induces high energy barriers
for cis-trans photoisomerization at the molecular level, and F-end-groups can
enhance the structural confinement effect in films. Consequently, devices fabricated
using Y12 with fluorinated end-groups and long internal side-chains are more photo-
stable than the other Y-NFA cells. We evaluated the outdoor performance of the
encapsulated Y-NFA solar cells by real-time measurement under the Saudi climate
via our open-source, affordable pSMU equipment. We demonstrate that the out-
door stability of Y-NFA cells is mainly affected by solar radiation-induced degrada-
tion in the hot Saudi climate and still correlates strongly with their photostability
behaviors at 300 K. In comparison with Cl-end-groups, F-end-groups can simulta-
neously enhance photostability and Ty, and thereby stabilize the outdoor perfor-
mance of Y-NFA solar cells. Although the long internal side-chain decreases the
Ty of Y-NFAs, the induced steric effect enhances photostability and still leads to
improved outdoor stability of Y-NFA solar cells. The structure-outdoor-stability
correlations of Y-NFA cells in this work emphasize the importance of exploring
Y-NFAs with stable power output in real-world climates and demonstrate the com-
mercial potential of Y-NFA-based OSCs, thus accelerating the translation of OSC
technology.
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EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources should be directed to and will be ful-
filled by the lead contact, Derya Baran (derya.baran@kaust.edu.sa).

Materials availability
This study did not generate new, unique reagents.

Data and code availability

The outdoor-stability database for the Y-NFA-based devices is available in the sup-
plemental information (Data S1). The data that support the findings of this study are
available from the corresponding authors upon reasonable request.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.joule.
2023.07.003.
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