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Organic solar cells (OSCs) based on nonfullerene acceptors (NFAs) have made significant
breakthrough in their device performance, now achieving a power conversion efficiency of
~18% for single junction devices, driven by the rapid development in their molecular design
and device engineering in recent years. However, achieving long-term stability remains a major
challenge to overcome for their commercialization, due significantly to the current lack of
understanding of their degradation mechanisms as well as the design rules for enhancing their
stability. In this review, we focus specifically on the recent progress on understanding the
degradation mechanisms and enhancing the stability of high performance NFA-based OSCs.

We first provide an overview of the recent advances in the molecular design and device
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engineering of several classes of high performance NFA-based OSCs for various targeted
applications, before presenting a critical review of the different degradation mechanisms
identified through photochemical-, photo-, and morphological degradation pathways. Potential
strategies to address these degradation mechanisms for further stability enhancement, from
molecular design, interfacial engineering and morphology control perspectives, are also
discussed. Finally, an outlook will be given highlighting the remaining key challenges toward

achieving the long-term stability of NFA-OSCs.

1. Introduction

As one of the most promising next generation photovoltaic (PV) technologies, organic solar
cells (OSCs) have attracted enormous attention over the past two decades. OSCs, which are
based on organic molecular semiconductors, possess a number of key advantages compared to
their inorganic counterparts (e.g. silicon, GaAs), including good band-gap tunability, ease of

(1] These advantages have

processing, low-cost, lightweight and mechanical flexibility
established OSCs as a highly versatile photovoltaic technology, enabling a range of new target
applications such as building integrated PV, vehicle integrated PV, power-generating windows
and self-powered electronics.

Compared to their inorganic counterparts, organic semiconductors often possess low dielectric
constant (~4), resulting in tightly bound excitons with a strong coulomb binding energy of ~0.5-
1eV™. To overcome this problem, efficient OSCs often utilize the so-called bulk heterojunction
(BHJ) configuration in their photoactive layers™ that contains a mixture of electron-donating
(donor) and electron-accepting (acceptor) molecules to form a nanoscale blend morphology,
which not only provides a sufficient driving force for excitons dissociation, but also percolated

pathways for efficient charge transport and extraction while avoiding excessive charge

recombination.
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Fullerenes and their derivatives have been widely used as electron acceptors and played an
important role in development of OSCs in the past 20 years. Their three-dimensional molecular
structures make them suitable materials for BHJ structures, while their delocalized lowest
unoccupied molecular orbital (LUMO) electronic structure leads to high electron mobility.
Upon blending with donor molecules such as compatible conjugated polymers, they can form
effective percolation critical for high-efficiency OSC devices.!*®! However, fullerene acceptor-
based organic solar cells encounter a limited efficiency due to a number of limitations of
fullerene acceptors. Fullerene acceptors have a weak absorption especially in the ultraviolet
visible and near-infrared spectrum due to their highly symmetrical chemical structure and poor
synthetic flexibility, which greatly limits the photocurrent generation of fullerene acceptor-
OSCs. Moreover, the energy levels of fullerenes are relatively fixed and difficult to alter,
reducing their potential to operate well with energetically different donor polymers. In addition,
some studies have shown that a number of degradation mechanisms of fullerene acceptor-OSCs
under various environmental conditions are related to the high sensitivity of fullerene acceptors
to light and oxygen, as well as their tendency to form detrimental macroscopic aggregates under
thermal stress”!%. Therefore, there has been a strong need for alternative electron acceptor
materials to improve OSC performance (efficiency and stability) further and hence to exploit
the commercialization potential of OSCs.

Organic nonfullerene acceptors (NFA), in the form of small molecules, have recently been
developed to overcome these limitations of fullerene acceptors. The greater synthetic flexibility
allows for excellent tunability of their electron affinity and bandgap, offering great potential in
the design of efficient OSCs for different targeted applications such as high-performance indoor

14,15]

organic photovoltaic!' '3 and semitransparent devices with high transmission! through

optimization of their absorption spectra. This new molecular energy level engineering also

promotes vigorous research efforts in the development of matching polymer donors for NFAs,

which is an equally important consideration towards high performance nonfullerene OSCs.!¢
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18] For example, complementary absorption and morphology control are both crucial for
achieving efficient charge generation and separation processes, while adjustment of their
molecular orbital energetics enables the development of OSCs with high open-circuit voltages

(19201 Dye to the rapid development in their molecular design and

and minimal voltage losses.
device engineering over the past few years, NFA-based OSCs have made a breakthrough in
achieving high power conversion efficiency (PCE) currently exceeding almost ~18% in single
junction NFA-based OSCs, 2! already significantly surpassing those based on fullerene
acceptors.

The emergence of new NFA materials is exciting, however most of the synthetic efforts have
been made on achieving high device efficiency, with relatively little attention being paid to
understanding their degradation mechanisms and enhancing their stability, thereby still limiting
their commercialization potential. In this review, we focus specifically on the recent progress
on understanding the degradation mechanisms and enhancing the stability of NFA-OSCs. We
first provide a summary of the recent advances in the molecular design of NFA, in particular
three main families (ITIC, IDTBR, and Y6) showing high OSC performance, followed by
summarizing the recent development of new device structures including interfacial engineering,
and the development of NFA for other targeted applications; We then provide a critical review
of the different degradation mechanisms identified for NFA-based OSCs, including
photochemical-, photo-, and morphological-stability, followed by in-depth discussions on the
potential strategies to address these degradation mechanisms for further stability enhancement,
from of molecular design, interfacial engineering and morphology control perspectives. In the
end, we provide an outlook of the remaining key challenges toward achieving the long-term

stability of NFA-OSCs.
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2. Recent Progress in Device Performance

In this section, we summarize the recent progress in the development of high performance NFA-
based OSCs for various targeted applications. We stress in particular the extensive research
activities dedicated to the optimization of their materials and device design resulting in rapid
advances in the performance of several classes of NFA-based OSC systems, thus highlighting
the urgent need to understand their degradation mechanisms and improve their long-term

stability, on the other hand, in order to substantially enhance their commercialization potential.

2.1. Molecular design of nonfullerene acceptors for high-performing OSCs

The molecular design of NFA have played a critical role in driving the rapid efficiency
enhancement of NFA-based OSCs. Compared to fullerenes, the synthetic flexibility of NFAs
offers a greater potential in further optimization of their optical (optical bandgap, absorption
strength and spectral range), energetic (LUMO and HOMO energy levels) and structural
properties (tendency to crystallise, molecular packing) for various target applications through
further adjustment of their molecular structures. Sections 2.1.1-2.1.3 recapitulate the recent
development in the molecular design of three classes of NFA, namely ITIC, IDTBR and Y6

families.

2.1.1. ITIC family

In 2015, Lin et al. reported high performance OSCs based on a nonfullerene electron acceptor
ITIC (Figure 1), achieving power conversion efficiencies rivalling those based on fullerenes
acceptors. This acceptor-donor-acceptor (A-D-A) structured nonfullerene acceptor (NFA) has
a rigid center indacenodithieno[3,2-b]thiophene (IDTT) as electron-donating unit, end-capped
with two electron-deficient 2-(3-0x0-2,3-dihydroinden-1-ylidene)malononitrile (INCN) groups.

The push-pull structure of ITIC facilitates intramolecular charge transfer (ICT) between IDTT
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and INCN, resulting in a broad and strong absorption of ITIC in the region of 500-800 nm,

peaking at 702 nm. The highest occupied molecular orbital (HOMO) and lowest unoccupied

molecular orbital (LUMO) energy levels of ITIC films were estimated to be -5.48 and -3.83 eV

opt

respectively, with a narrow optical bandgap (E,

) of 1.59 eV. The ideal energetic, optical and

electrical properties of ITIC result in a device PCE of 6.58% in blend with poly[4,8-bis(5-(2-
ethylhexyl)thiophen-2-yl)benzo[1,2-b;4,5-b'|dithiophene-2,6-diyl-alt-(4-(2-ethylhexyl)-3-
fluorothieno|[3,4-b]thiophene-)-2-carboxylate-2-6-diyl)] (PTB7-Th) as the donor polymer,
comparable to its fullerene based counterpart (7.29%).1?2] After that, several high performance
OSCs based on the ITIC NFA have been reported. Gao et al. reported an ITIC-based OSC using
benzodithiophene—alt—fluorobenzotriazole copolymer (J51) as an electron donor, which
exhibits an improved PCE of 9.07% with a Voc of 0.81 V, a Jsc of 16.33 mA/cm? and FF of
68%. Such improved device performance was attributed to the complementary absorption of
the donor and acceptor, suitable energy levels, optimal nanoscale-phase-separated
interpenetrating network and balanced electron and hole mobilities of the photoactive layer.[**!
Qin et al. demonstrated a poly[(4,4’-bis(2-butyloctoxycarbonyl-[2,2’-bithiophene]-5,5-diyl)-
alt-(2,2’-bithiophene-5,5’-diyl)] (PDCBT):ITIC-based OSC obtaining a PCE of 10.05% with a
Voc of 0.94 V, Jsc of 16.50 mA/cm? and FF of 65.57%.1*Y), owing to the complementary
absorption of PDCBT in the short-wavelength region (400-650 nm) with a deep HOMO energy
level of -5.31 eV, in conjunction with an optimized nanoscale morphology of photoactive layer.
Zhao et al. demonstrated a poly[(2,6-(4,8-bis(5-(2-ethylhexyl)thiophen-2-yl)-benzo[1,2-b:4,5-
b’]dithiophene))-alt-(5,5-(1°,3’-di-2-thienyl-5°,7’-bis(2-ethylhexyl)benzo[1°,2°-c:4’,5’-
c¢’]dithiophene-4,8-dione))] (PBDB-T): ITIC-based OSC achieving an average PCE of 10.68%,
with a Voc of 0.90V, Jsc of 16.73 mA/cm? and FF of 70.8%, attributing to the broad absorption
and well matched energy levels of the PBDB-T:ITIC blend.!* To further increase the Voc of

nonfullerene OSCs, Bin et al. decreased the HOMO energy levels of the NFA by introducing
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trialkylsilyl substituents on the bithienyl-benzodithiophene (BDTT) unit of the 2D- conjugated
D-A copolymer based on the BDTT donor unit and fluorine-substituted benzotriazole (FBTA)
acceptor unit. The HOMO energy level of the synthesized donor J71 was decreased to -5.40 eV
and its absorption extinction coefficient was enhanced due to the interaction between ¢* (Si)—
7*(C) bond and the trialkylsilyl substitution, resulting in a higher Voc of 0.94 V with a Jsc of
17.40 mA/cm?, achieving a PCE of 11.2% for J71:ITIC-based OSCs.?®! Xu et al. developed a
wide-bandgap (over 2.07 eV) donor poly(2-(5-(4,8-bis(5-((2-butyloctyl)thio)thiophen-2-
yl)benzo[ 1,2-b:4,5-b'|dithiophen-2-yl)-4-octylthiophen-2-yl)-5-(4-octylthiophen-2-yl)-1,3,4-
thiadiazole) (PBDTS-TDZ) with a HOMO energy level of -5.39 eV, which matches well with
the narrow-bandgap ITIC acceptor, resulting in strongly complementary light absorption of the
donor and acceptor in the region of 300-800 nm. The resulting PBDTS-TDZ:ITIC-based OSCs
exhibit a high Voc of 1.10 V and a small energy loss (Eioss) of 0.48 eV, with a Jsc of 17.78
mA/cm? and a device PCE of 12.35%.27!

The HOMO and LUMO energy levels and the absorption spectra of the ITIC-based NFA can
be effectively adjusted through alterations of their molecular structure. ITIC has a high HOMO
energy level of -5.48 eV, which does not match well with wide-bandgap donors with HOMO
energy levels deeper than -5.4 eV such as PDBT-T1 due to a small HOMO energy offset.
Besides, the electron mobility of ITIC (2.6 x 10~* cm? V! s71) is still lower than that of fullerene
acceptors (107 cm? V! s71), which requires further improvement.?®! Lin et al. developed the
ITIC-Th (Figure 1) NFA by replacing the phenyl side chains with thienyl side chains. ITIC-Th
exhibits lower LUMO (-3.93 eV) and HOMO (-5.66) energy levels compared to ITIC, which

match well both with the narrow-bandgap donor PTB7-Th (Eg=1.58 eV) and wide-bandgap

donor PDBT-TI(Egptzl.SS eV), resulting in a PCE of 8.5% and 9.3% respectively. The

introduction of phenyl side chains increases the intramolecular interaction, results in an

enhanced electron mobility of 6.1 x 10~* cm? V! s7! and facilitates the n-m stacking and charge
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transport in ITIC-Th.?® Yang et al. synthesized the m-ITIC (Figure 1) NFA through further
manipulation of the side chains of ITIC with meta-alkyl-phenyl substitution. The change of
side-chain position results in little effect on the HOMO (-3.82 eV) and LUMO (-5.52 eV)
energy levels but improves the self-organization and crystallinity, resulting in enhanced
electron mobility and stronger light absorption than ITIC. As a result, a higher PCE of 11.49%
was obtained for the 2D-conjugated benzodithiophenealt-fluorobenzotriazole copolymer with
alkylthio side-chain (J61):m-ITIC-based OSCs with a Voc of 0.902 V, Jsc of 18.31 mA/cm?
and FF of 69.55%, compared to a PCE of 10.57% of corresponding J61:1TIC-based OSCs.!*"!
ITIC has an A-D-A molecular structure, where the electron transport property is determined by
the stacking of electron-deficient end groups which provide the main electron transport
channels.*” It was also found that the electron density of the LUMO energy level is distributed
throughout the end groups, while the electron density distribution of the HOMO is mainly
located on the central donor unit.?%*!) Therefore, many research groups have focused on the
end group engineering of the ITIC molecular structure in order to further adjust its LUMO
energy level and therefore enhance device efficiency. Yao et al. developed a new NFA, namely
ITCC (Figure 1), by introducing thienyl-fused indanone as end groups on ITIC. The LUMO
energy level of ITCC is elevated to -3.76 eV, resulting in a high Voc of 1.01 V. Besides, ITCC
shows a closer m—r stacking distance and a higher electron mobility (9.26 x 10™* cm? V! s71)
compared to ITIC, and a PCE of 11.0% was obtained by blending with the PBDB-T donor
polymer.% Li et al. developed a new NFA, namely IT-M, by introducing one methyl group to
the end group of ITIC (Figure 1), lifting the LUMO energy level (-3.35) by 0.06 eV than ITIC
(-3.41). PBDB-T:IT-M-based OSCs exhibit a PCE of 11.48% with a Voc 0f 0.94 V, Jsc of 16.75
mA/cm? and an FF of 73.5%, compared to PBDB-T:ITIC-based OSCs which have a PCE of
10.68% with a Voc of 0.90 V.1 Apart from the modification of the molecular energy levels,
the adjustment of intramolecular electron push-pull effect by introducing electron pushing or

drawing groups into the end groups of ITIC can also enhance the photovoltaic performance. Li
8
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et al. synthesized a new NFA, namely IT-4F (Figure 1), by introducing fluorine atoms into the
end groups of ITIC, which results in enhanced intramolecular electron effect in IT-4F compared
to ITIC. IT-4F exhibits an optimal miscibility with the donor polymer 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'-c'|dithiophene-4,8-dione)] (PBDB-TF/PM6),
resulting in a high FF of 75% in PM6:IT-4F OSCs due to a high domain purity. The enhanced
ICT effect causes red-shifted absorption spectrum of IT-4F with a low Egap=1.50 eV, achieving

a PCE of 13.3% in conjunction with a high Jsc (20.39 mA/cm?) of PM6:IT-4F-based OSC.2!

2.1.2. IDTBR family

In 2016, Holliday et al **reported a new family of A-D-A structured nonfullerene acceptors
based on the previously developed 5,5'-[(9,9-Dioctyl-9H-fluorene-2,7-diyl)bis(2,1,3-
benzothiadiazole-7,4-diylmethylidyne)]bis[3-ethyl-2-thioxo-4-thiazolidinone] (FBR) NFAB4,
Despite the promising PCE achieved by the poly(3-hexylthiophene) (P3HT):FBR blend system,
the spectral overlap of FBR with P3HT, as well as the high recombination rates due to its
suboptimal blend morphology, has significantly limited photocurrent. The IDTBR family NFA
were designed to be spectrally complementary to P3HT with an A2=A1-D-A1=A2 molecular
structure with two different acceptor units (A1, benzothiaziadole and A2, rhodanine), and an
indacenodithiophene core, replacing the fluorene core of FBR. Two of the widely established
IDTBR family NFA, named EH-IDTBR and O-IDTBR (Figure 2), were developed using
branched 2-ethylhexyl chains and n-octyl chains in the alkylated core respectively. Compared
to FBR, IDTBR has a planar molecular structure, which results in increased conjugation. This
effect, in conjunction with the electron-rich thiophene core, leads to a raised HOMO energy
level with a red-shift in the absorption spectrum of IDTBR. The HOMO/LUMO levels for O-
IDTBR and EH-IDTBR are -5.51/-3.88 ¢V and -5.58/-3.90 eV respectively, both exhibiting

significantly enhanced light absorption than PCBM, with absorption maxima at 650 nm. The
9
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n-octyl chains allow for a more crystalline structure in O-IDTBR with a red shift in the
absorption spectrum than EH-IDTBR, further reflected by the EQE spectra of the devices
presented in this study!®*). Promising PCE values of 6.3% and 6% were obtained for lab-scale
OSCs based on P3HT:O-IDTBR and P3HT:EH-IDTBR respectively. Recently, An et al 1]
reported a PCE of 7.1%, with a Voc of 0.73 V, Jsc of 12.91 mA/cm?and FF of 75.09% for
P3HT:O-IDTBR devices using the non-halogenated solvent 0-MA/1-MN. Badgujar et al. (¢
reported a device PCE of 7.09%, with a Voc of 1.06 V, Jsc of 12.1 mA/cm? and FF of 55%
based on the BDT3TR:O-IDTBR blend system, comparable to the BDT3TR:PC70BM blend
system with a PCE of 7.14%, Voc of 0.9 V, Jsc of 10.98 mA/cm? and FF of 70%. Cha et al.3”!
performed a comparative study of the performance and stability of OSCs based on the PffBT4T-
20D:PC7:BM and P{ffBT4T-20D:EH-IDTBR blend systems, and found that the PffBT4T-
20D:EH-IDTBR device exhibit a comparable PCE of 9.5% to its fullerene counterpart
(PCE~10.9%). Hu et al.B®! investigated the effect of low boiling point solvent additive
processing upon the performance of OSCs based on the PTB7-Th:EH-IDTBR blend system,
and achieved an efficiency of 10.81% and 11.36% using 1,1-dimethoxyethylbenzene (DMB)

and 6-mercapto-1-hexanol (MHA) respectively.
2.1.3. Y6 family

In 2019, Yuan et al. reported a new class of NFA acceptor, namely Y6 (Figure 3), achieving a
PCE of 15.7%. Different from ITIC and IDTBR family, the Y6 family of NFA acceptor has a
A-DA'D-A structure, which is composed of a 2, 1, 3-benzothiadiazole (BT)-core-based central
unit dithienothiophen[3.2-b]-pyrrolobenzothiadiazole (TPBT) and 2-(5,6-difluoro-3-oxo0-2,3-
dihydro-1H-inden-1-ylidene)malononitrile (2FIC) end units. The stronger electron-deficient
BT is used as the central core and thienothiophene (TT) is used as the end group of the central
fused ring in order to enhance the electron mobility and broaden the light absorption. Alkyl side

chains on the nitrogen atoms in the central core of Y6 at the same side are used to prevent over
10
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aggregation of molecules and maintain intramolecular contact for efficient charge transport.
The use of 2FIC flanking units enhances absorption and promotes intermolecular interactions
and thereby facilitates charge transport. The absorption spectrum of Y6 films reaches maximum
at around 810 nm, which further extends to 1100 nm corresponding to the near infrared region

with a low optical Egap 0f 1.33 eV. The HOMO and LUMO energy levels of Y6 were estimated
to be—5.65 eV and —4.10 eV respectively. By blending with the medium-bandgap (Egpt=1.81

eV) polymer donor PM6, which has a complementary absorption with Y6, a PCE of 15.6%
have been achieved with a Voc of 0.83 V, Jsc of 25.3 mA/cm? and FF of 74.8%.1"! Jiang et al.
and Luo et al. optimized the branching position of the alkyl chains on the pyrrole motif in Y6
by replacing the 2"4-position branched alkyl chain with a 3™-position branched alkyl chains on
the pyrrole motif and synthesized the N3 or Y6-C2 acceptor (Figure 3). The change in
branching position of the alkyl-side-chain has little effect on the optical and electrochemical
properties of the acceptor with similar absorption spectra and energy levels, but results in better
packing, improved crystallinity and therefore better charge transport property with an enhanced
electron mobility of 3.94 x 10* cm? V™! s7! of N3 compared to Y6 (3.12 x 10™* cm? V! s7).
As a result, PM6:N3 based OSCs achieved a higher PCE of 15.79% compared to PM6:Y6
(15.04%), with the highly ordered structure, better crystallization characteristics, longer carrier
drift length and a more balanced electron/hole mobility (pe/pun=1) in the PM6:N3 blend
system.[40-41]

Halogenation of the electron accepting units can further enhance the ICT effects and reduce the
bandgap of NFA. 1241 Cui et al. reported a chlorinated low bandgap acceptor BTP-4Cl (Figure
3) by replacing the fluorine atoms in Y6 with chlorine atoms. The HOMO and LUMO energy
levels of BTP-4Cl are downshifted from —5.60 to —5.65 eV and —3.55 to —3.63 eV respectively,
resulting in a redshift of 20 nm in optical absorption of BTP-4Cl compared to Y6. Although the

BTP-4Cl shows a lower LUMO level, a PCE of 16.1% with a higher Voc 0f 0.87 V was obtained

11
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for PM6:BTP-4Cl-based OSCs compared to their Y6-based counterpart (0.83 V), which is

attributed to a low non-radiation energy loss (0.206 eV) in PM6:BTP-4Cl based OSCs.!'”) Cui
et al. further conducted side-chain engineering of the BTP-4Cl NFA, replacing the alkyl side
chains (2-ethylhexyl) with the longer side chain 2-butyloctyl, forming a new NFA BTP-4Cl-12
(Figure 3). BTP-4CI-12 exhibit balanced solution processability and aggregation, resulting in
a PCE of 16.6% based on Y6:BTP-4Cl-12 OSCs due to an optimal blend morphology favoring

s.1* In addition to the central alkyl chains on nitrogen

efficient transport of the charge carrier
atoms, there are also two alkyl chains with electron carbon atoms on the edge of the bithiophene
units. Cui et al. shortened the n-undecyl (C11) to n-nonyl (C9) on the edge of BTP-4C1-BO
where the alkyl chains of EH on the pyrrole rings was replaced with 2-bultyloctyl (BO), forming
the BTP-eC9 (Figure 3) NFA which exhibits suitable solubility and enhanced intermolecular
ordering. The resulting PM6:BTP-eC9-based device yielded an out-performing PCE of 17.4%,
due to an optimal blend morphology which favors efficient transport and suppressed
recombination of charge carriers.[*”] Despite the outstanding device performance achieved for
Y6-based OSCs, there is only a limited range of donor polymers matching the low-bandgap Y6
and its derivatives. Recently, Liu et al. reported a wide bandgap polymer D18, which has a deep
HOMO energy level (-5.51 eV) with strong electron-withdrawing capability and large

1

molecular planes. D18 exhibits an enhanced hole mobility of 1.59 x 102 ¢m? V! s and a

balanced charge carrier transport (pe/pn=1.06) in blend with Y6, resulting a record PCE of 17.67%

with a Voc of 0.97 V, Jsc of 27.31mA/cm?and FF of 75.5%.2!1

2.2. NFA for unconventional targeted applications
2.2.1. High-performance indoor organic photovoltaics

Recently, indoor organic photovoltaics have attracted much attention due to their capability in

powering small electronic devices and sensors, especially driven by the rapid development of

12
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the Internet of Things (IoT), whose components such as indoor sensors, micro-controllers and
communication modules usually require self-sustained power suppliers. The absorption spectra
of organic semiconductors can be facilely adjusted by altering their molecular structure,
offering great potential in matching their absorption with the emission spectra of various indoor
light sources such as light-emitting diodes (LEDs) and fluorescent lamps (FL) in a typical range
0f 400 ~ 750 nm. Compared with fullerene acceptors with limited light absorption in the visible
region, the synthetic flexibility of NFA offers outstanding potential in modulating optical
bandgap and molecular energy levels to maximize light absorption and Voc, which is necessary
to achieve high-performing indoor organic photovoltaics.[***”) Dayneko et al. developed a
twisted N-annulated perylene diimide dimer (tPDI;N-EH) (Figure 4), which exhibits enhanced
optical absorption in the region of 400 ~ 600 nm. When blended with a polymer donor
(PPDT2FBT), whose absorption is strongly complementary to that of tPDIbN-EH, the resulting
organic photovoltaics exhibited a PCE of 10.2% under warm white LED illumination at 10000
1x, with an absorption range from 400 to 700 nm that overlaps well with the spectrum of the

indoor light source.[*8 Ding et al. demonstrated an all-polymer organic photovoltaics containing

a polymer acceptor PBN-10 (Figure 4) with Egp “of1.95 eV and a polymer donor CD1 with

Eopt

g 0f1.93 eV. The boron-nitrogen coordination bonds (B«—N) in PBN-10 facilitate a medium

bandgap with tunable LUMO and HOMO energy levels, resulting in a high Voc of 1.14V and
an average PCE of 25.2% under FL at 1000 Ix .[*! Cui et al. fabricated an organic photovoltaics
with a wide-bandgap NFA ITCC and donor polymer PM6 in order to maximize the overlap
between the absorption spectra of the device with the emission spectrum of the indoor light
source while still maintaining a high Voc. The resulting PM6:ITCC-based device achieved an
PCE of 22.0% with a Voc of 0.962 V under 1000 1x LED illumination.l'” Later, Cui et al.

designed an A-D-A structured NFA 10-4Cl (Figure 4) with Egpt of 1.80 eV, with a strong

absorption spectrum ranging from 450 to 700 nm. A 1 cm? PM6:10-4Cl-based device was

13
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fabricated, achieving an outstanding PCE of 26.1% with a high Voc of 1.10 V under a white
LED lamp at 1000 lx, owing to well-matched absorption spectrum with the indoor light source

in conjunction with a low energy loss of less than below 0.6 eV. ']

2.2.2 High-performance semitransparent OSCs

Another unique characteristic of OSCs is their potential to achieve semitransparency, which has
significant prospects in Building Integrated Photovoltaics (BIPV) applications, such as power-
generating windows, curtains, architectural and fashion applications. A major challenge for
semitransparent OSCs (ST-OSCs) is to simultaneously achieve high device performance and
high average visible transmittance (AVT). It was proposed that an ideal active layer for high-
performance ST-OSCs should exhibit strong near infrared (NIR) absorption but weak
absorption of visible light.') NFA can achieve an extended absorption in the NIR region

compared to fullerene acceptors due to the ICT effect from the electron-donating moiety to the

electron-deficient groups;-andithas-been-demeonstrated-that the-enhaneed JCTcansignificantly
extend-the-absorption-spectra-of the-materials-in-the NIRregion,!'*! thereby possessing great

potential in obtaining semitransparent OSCs with high performance. Wang et al. designed a
NIR NFA, namely IHIC (Figure 4), which has a A-D-A molecular structure based on the strong
electron-donating group dithienocyclopentathieno[3,2-b]thiophene end-capped with the strong

electron-withdrawing unit INCN to enhance the ICT effect, resulting in a high extinction

coefficient of 1.6 X 10°M~1cm™? in the absorption range of 600-900 nm with a narrow E;ptof

es: The resulting IHIC-based
ST-OSCs achieved a relatively high PCE of 9.77% with a high AVT of 36%.['%! Cui et al.

incorporated chlorination into the IEICO NFA to enhance the ICT effect and obtained an

14



WILEY-VCH

ultranarrow-bandgap (EgptZI .23 eV) NFA IEICO-4Cl (Figure 4), which mains absorption in

the range of 745-945 nm with very weak absorption in the region of 370—740 nm. Fhe-eolorof

sueh-as PTB7-Th, PBDB-TandJ52- A ST-OSC based on PTB7-Th:IEICO-4Cl was fabricated,

reaching a PCE of 8.38% with AVT 0f25.6%.°% Li et al. demonstrated a NFA BT-CIC (Figure
4) by introducing chlorine atoms into BT-IC at 5,6-positions of the 2-(3-0x0-2,3-dihydroinden-
1-ylidene)-malononitrile. The introduction of Cl atoms effectively lowers the energy gap by

enhancing the ICT effect, leading to a red-shift of 60 nm in absorption spectrum compared to
BT-IC. The PTB7-Th:BT-CIC-based ST-OSCs show a PCE of 7.1% with AVT of around 43%
from 400 to 650 nm.!! Besides, many ultranarrow-bandgap NFA with Egpt of around 1.32 eV
have been reported, such as FOIC,2! ATT-2,15% and ACS8P* (Figure 4), which show strong
absorption in the range of 600-950 nm. The FOIC, ATT-2 and ACS8-based ST-OSCs exhibit
PCEs of 10.3%, 7.7% and 10.4% respectively in blend with the PTB7-Th donor polymer, with

AVT of around 37%.

2.3. Device Engineering of NFA OSCs

In this section, we summarize the recent progress in the optimization of device design to enable
the demonstration of high performance NFA-based OSCs. We cover in particular the recent
development of novel device interlayers and structures with good compatibility with NFA-
based OSC systems, including several classes of emerging interlayers, as well as new device

structures including ternary blend, tandem, integrated and printed large area devices.

2.3.1. Interlayers

In addition to the molecular design of photoactive materials, the development of interlayer has

been considered as a significant research area to achieve high device performance and stability
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in OSCs.[>7 Interface engineering — the means of optimizing interfacial properties — is
typically implemented by introducing interlayers between the photoactive layer and electrodes
in OSC devices in which the photoactive layer is sandwiched between the anode and
cathode.l8%%1 The materials with electron transport (hole blocking) capability can be used as
electron transport layer (ETL) whereas the materials with hole transport (electron blocking)
capability can be used as hole transport layer (HTL). While the primary role of the interlayer is
to endow the devices with charge selectivity, the chemical (or electrochemical) properties
associated with the degradation induced by the external sources (e.g., oxygen and water) and
chemical interaction with NFAs are also important prerequisites for stable OSCs.
Polyelectrolytes are polymers equipped with ionic functional groups at the side chain, which
can be classified according to their backbone structure — nonconjugated and conjugated
polyelectrolyte.[®1:92] Due to the presence of polar ionic functionality, polyelectrolytes are
soluble in polar solvents, such as alcohol and water, and insoluble in common organic solvents,
thereby endowing orthogonal solubility with a photoactive layer. In addition, ionic pairs (i.e.,
cation and anion) of polyelectrolytes are self-assembled on electronic materials to form
interfacial dipoles, which significantly modify the surface work function (WF) through vacuum
level shift.[®*%4 Such advantages together with room-temperature solution processability create
opportunities for broad applications of polyelectrolytes as interlayers in organic electronics.
The amine-containing nonconjugated polyelectrolytes, polyethyleneimine (PEI) and
ethoxylated PEI (PEIE) have been intensively investigated as ETLs due to their very high
density of amine groups in its molecular structure, enabling a large degree of energy level
tuning.[%3-%6] Notably, Zhou et al. first reported both PEI and PEIE providing a universal method
to produce low surface WFs of various electronic materials, such as ITO, Au, Ag, Al
PEDOT:PSS, and graphene.!%’! Due to the favorable energetic alignment for electron collection,
the PEI and PEIE performed very well in the fullerene acceptor-based OSCs; however, these

amine-based polyelectrolytes can chemically interact with NFA, which degrades the
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intramolecular charge transfer processes of the NFA molecules. A recent study reported that
chemical reaction can occur between PEI (also PEIE) and ITIC molecules, which is also likely
in part to be linked to the interfacial reaction caused by the PEDOT:PSS.[*"-6°l When PEI makes
contact with ITIC, PEI can act as a nucleophile with the carbonyl (C=0) groups in INCN,
causing the structural change of ITIC and breaking intramolecular nt-electron overlap within the
molecule (Figure 5a). The bleaching of the absorption peak and concomitant color change
reflects the degradation of the electronic structure of ITIC. As a result, the devices with PEI
ETL exhibited a PCE of 7.06%, which is inferior to the devices with zinc oxide (ZnO) ETL
(9.71%).

To tackle this problem, a new approach to mitigating chemical reaction has been proposed,
which is implemented by dissolving PEIE in aqueous solution.””! The PEIE in aqueous solution
showed a higher degree of protonation which tends to deactivate the chemical reaction between
PEIE and IEICO-4F. In contrast, protic alcohol solvents such as isopropanol, ethanol, and
methanol promote less protonation of PEIE, which might be attributed to their dielectric
constants of 17.9 (isopropanol), 24.5 (ethanol), 32.7 (methanol), and 80.1 (water). The PTB7-
Th:2,2'-[[4,4,9,9-Tetrakis(4-hexylphenyl)-4,9-dihydro-s-indaceno[ 1,2-b:5,6-b'|dithiophene-
2,7-diyl]bis[[4-[(2-ethylhexyl)oxy]-5,2-thiophenediyl|methylidyne(5,6-difluoro-3-oxo-1H-
indene-2,1(3H)-diylidene)]]bis[propanedinitrile] (IEICO-4F) devices with isopropanol
processed PEIE showed a PCE of 9.4% with a Voc of 0.69 V, Jsc of 25.6 mA ¢cm™ and FF of
0.53. Interestingly, PEIE processed from aqueous solution enables high device performance,
generating a PCE of 13.2% with a Voc of 0.70, Jsc of 27.2 mA c¢cm™ and FF of 0.69. On the
other hand, different from the simple polyelectrolyte approach, Huang et al. developed a cross-
linkable block copolymer consisting of hydrophobic poly(n-butyl acrylate) block-hydrophilic
poly(N-vinyl-1,2,4-triazole), which offers not only interfacial dipoles but also
solvent/photo/thermal resistance.”!! The devices with block copolymer ETL produced a PCE

of 8.03% and retained 80% of their performances under thermal stress of 60 °C of 1000 h or
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continuous 1 sun illumination for 1000 h, outperforming the devices with conventional ETL.
Overall, these results suggest that cross-linked block copolymer can be used as a new ETL for
realizing efficient and stable OSCs.

With respect to ease of processing, a major bottleneck in adopting polyelectrolyte-based
interlayers for printable OSCs lies in the extremely high sensitivity of device performance to
interlayer thickness.!”?% In general, the optimal interlayer thickness is less than 10 nm, beyond
which device performance will significantly deteriorate as the interlayer thickness is further
increased, which is attributed to the insulating nature of nonconjugated polyelectrolytes. In
contrast, conjugated polyelectrolytes (CPEs) are relatively free from this problem by providing
good electron transporting capabilities. Indeed, depending on how the molecular structure is
controlled, the electron mobility of CPEs can be greatly adjusted, which is beneficial for
improving the compatibility with the printing process.

In 2014, Zhang et al. first demonstrated thickness-insensitive small-molecule-based ETLs.[”*]
The PDINO, which has a perylene diimides (PDI) central core and amino N-oxide terminal
substituent, can be used as an ETL for efficient OSCs, as PDINO possesses high conductivity
of ~10° S ecm™ and fine work function tuning capability. As a result, PTB7:PC7;BM BHJ
coupled with the PDINO ETL showed prominent PCEs as high as 8.05-8.24% within a wide
range of the PDI-interlayer thickness (1025 nm). The molecular structure of PDINO was
further modified by performing amine group functionalization to the PDI derivative, namely
PDINN, for use as an electron transport layer.[*”! Compared to the PDINO, the secondary amine
in the side chain of PDINN can provide enhanced dipole moment to generate lower WF and
form hydrogen bonding with the photoactive materials, which helps to establish better electrical
and physical contact between PDINN and photoactive layer. The introduction of PDINN into
OSCs with PM6:Y6 supports a high PCE level of 17.23%. Recently, Sun et al. have developed
a naphthalene diimide (NDI)-based water/alcohol soluble CPE (PFN-2TNDI) as a ETL.I’®

Different from conventional polyelectrolyte ETLs such as poly[(9,9-bis(30-(N,N-
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dimethylamino)-propyl)-2,7-fluorene)-alt-2,7-(9,9-dioctylfluorene)]  (PFN), PFN-2TNDI

offered electron accepting capability, in which photoinduced electron transfer occurs at
donor/PFN-2TNDI interfaces, confirmed by photoluminescence (PL) and charge modulated
electro absorption spectroscopy. This is attributed to the electronic properties of NDI moiety.
More importantly, the favorable energy level and self-doping effect of PFN-2TNDI facilitate
efficient electron transport, enabling high device performance even with thick PFN-2TNDI
ETL (Figure 5b). First, PFN-2TNDI possesses deep LUMO levels that are deeper than those
of NFA, which is beneficial for electron transport. However, the shallow LUMO level of PFN
leads to a substantial energy barrier between PFN and NFA, which makes the PFN ETL more
susceptible to thickness. Second, the self-doping effect of PFN-2TNDI greatly improves
conductivity, reducing the sensitivity of OSC performance to thickness. As a result, using
PBDB-T:ITIC, PCEs of 11.1% and 9.8% with 5 nm and 33 nm of PFN-2TNDI were achieved
respectively, which is higher than that of PFN-based devices with a PCE of 8.6%. Given that
NDI yields improved electron transport mobility, Kang et al. synthesized NDI-based small
molecular electrolytes such as (N,N-dimethylamino) propyl NDI (NDI-N) and (N,N-dimethyl-
N-ethylammonium)propyl NDI (NDI-Br), which exhibits additional advantage of high
crystallinity, endowing ETL with enhanced electron transporting properties (Figure 5¢).l’”! The
OSC performances with PM6:IT-4F blend were in turn significantly improved from 10.1%
(methanol treatment) to 13.9% (NDI-N ETL) and 11.5% (NDI-Br ETL). Interestingly, with the
incorporation of an NDI-N, the devices showed an excellent tolerance to thickness variation,
producing 11.6% and 10.2% with 30 nm and 50 nm of NDI-N layers respectively. Further, by
using a blade-coating method, large-area OSCs (1 cm?) were successfully fabricated yielding a
high PCE of 13.2%. OSCs whose performance is relatively insensitive to the ETL thickness
offer higher compatibility with continuous printing processes, further allowing for more reliable

device fabrication.
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As another major field of ETL, important research progress has been made in the stability of
OSCs using metal oxides. Jiang et al. suggested that the ZnO ETL can deteriorate the
photoactive layer by causing a photocatalytic reaction under UV illumination, and showed that
the use of SnO: can mitigate this problem.[®¥) When ZnO/IT-4F film was exposed to the AM
1.5 light, IT-4F molecule was decomposed by photocatalytic activity of ZnO, as evident from
the observation of disappearance of the intramolecular charge transfer absorption band, whereas
IT-4F with SnO> showed no distinguishable change in absorption spectra under same
environmental conditions. This is because SnO; has a wider bandgap than that of ZnO,
rendering it optically inactive to general solar irradiation.

In contrast to the ETL for electron selective contacts, electrolytes with hole selectivity (i.e.,
HTL) have also been developed.®*7! The conducting polymer PEDOT:PSS is the most
commonly used HTL due to its excellent hole selective and transporting properties. However,
the inherent acidic and hygroscopic nature of PEDOT:PSS severely challenges the long-term
stability of the devices. Motivated from the PEDOT:PSS, it was recently revealed that some
weakly doped CPEs can be used as stable HTL in NFA OSCs. The partial oxidation of
conjugated backbone induces the alteration of electronic structure and the formation of the
molecular dipole that follows opposite direction to the n-type (pristine) counterparts, which
brings about upward vacuum level shift, thereby affording p-type characteristics. The notable
features of this system are broad WF tunability, orthogonal solvent processability, pH-neutrality,
and homogeneous electrical conductivity, promoting their applications as an HTL for OSCs.
Although many important studies have been reported on the use of CPE-based HTL in OSCs
with fullerene acceptors, it is rare to find the cases where p-type CPE is applied to an NFA OSC.
This is because recent donor polymers are designed to have a deep HOMO level to achieve high
Voc, which makes forming Ohmic contact for hole carriers more difficult. To address this issue,
Cui et al. proposed a new approach to modulate the molecular energy level of anionic CPEs,

PCP-x (x = H, Li, Na, K, Cs).”® The WF tunability of PCP-x was determined by the type of
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the counter-ions: the self-doping effect can be enhanced as the size of counter-ion is decreased
(Figure 5d). As a result, PCP-x CPEs shift the WF of the ITO from 4.78 to 5.11 eV by changing
counter-ion from Cs to H, and the OSCs with PCP-H-modified anode exhibited the highest PCE

of 12.8%, where a ploy[4-(5-(4,8-bis(5-(2-ethylhexyl)-4-fluorothiophen-2-yl)benzo[ 1,2-b:4,5-

b']dithiophen-2-yl)thiophen-2-yl)-5,6-difluoro-2-(2-hexyldecyl)-7-(thiophen-2-yl)-2H-

benzo[d][1,2,3]triazole] (J52—2F):IT-4F functions as a photoactive layer. In addition to the side
chain engineering on ionic groups, fluorination and ionic substitution on the PCP-Na produced
PCP-2F-Li that further increased the WF of ITO from 4.86 to 5.0 eV, as compared to PCP-Na.
Furthermore, fluorination reduces the absorption tails from 550 to 900 nm, where the
photoactive layer main absorbs, which is beneficial for better photocurrent generation. As an
extension of their research, using PCP-2F-Li and PBDB-TF:IT-4F as pH-neutral HTL and
photoactive layer, respectively, highly efficient OSCs were demonstrated in both small and
large-area (1 cm?), yielding 12.7% and 10.6% respectively.®”] To achieve high efficiency in
OSCs with p-type CPE-based HTL, synthetic strategies for the preparation of doped-
polyelectrolytes with deeper HOMO levels and concurrently high hole transport capability were

found to be important.

Recently, in addition to metal oxides, 2D materials have been actively studied as alternatives
to overcome the disadvantages of PEDOT:PSS. Lin et al. proved for the first time that 2D
transition metal disulfide, such as WS> and MoS,, can be used as HTL of organic solar cells.['%]
By adopting simple and cost-effective liquid exfoliation method, monolayer/bilayer flakes of
WS, were formed, which provides good surface coverage of the ITO electrode. As a result,
PEDOT:PSS-free OSCs of ITO/WS2/PM6:Y 6:PC71BM/PFN-B1/Al exhibited a PCE of 17%.

Analysis of the optical and recombination characteristics revealed that enhanced performance

1s most likely ascribed to the photonic structure and reduced bimolecular recombination losses
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in WS»>-based devices. These results suggest that 2D materials could be potential HTL for

efficient and stable OSC applications.
2.3.2. Ternary OSCs with enhanced performance and stability

The OSCs beyond one pair of a donor-acceptor binary blend — so-called ternary blend — have
emerged as a promising strategy to simultaneously improve device efficiency and stability. By
integrating multiple donor or acceptor materials, light absorption bandwidth can be broadened,
which is particularly important in OSCs because typical organic semiconductors exhibited
intrinsically narrow absorption window. Although the construction of multi-junction type OSCs
by stacking sub-cells with complementary absorption is an effective way to harvest broad solar
spectrum, difficulties in processing of complicated structures have been a major obstacle that
increases the complexity of device fabrication. On the other hand, complementary electronic
energy levels (i.e., HOMO and LUMO) of additional component facilitates charge transport via
the formation of favorable cascade energetic alignment. As illustrated in Figure 6, depending
on the operational mechanism, the origins of performance enhancement in the ternary blend
can be elucidated as follows: 1) charge transfer: additional donor or acceptor are introduced as
a third component that provides complimentary energy level to form cascade energetic
alignment, which improves light harvesting and photocurrent generation via the charge transfer
mechanism; (ii) energy transfer: the energy of the third component can be transferred to or from
the binary system as the emission of energy donor and the absorption of energy acceptor are
spectrally overlapped, which means that this mechanism is unlikely to participate in the direct
charge generation; (iii) parallel linkage: the third component forms its own binary BHJ blend
network with the dominant acceptor, which likely acts as an independent cell and is connected
in parallel with an original binary blend; (iv) alloy type: the donor or acceptor with good
miscibility and compatibility could be electronically coupled, leading to a new intermediate

energy state with average values of frontier orbital (i.e., HOMO and LUMO) levels. In
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accordance with the fundamental mechanisms, controlling the microstructure/nanomorphology
is critical for determining the charge transport/recombination dynamics and is even more
challenging because of the increased complexity in the system. Although many important
contributions have been made in the development of ternary OSCs,!!°! recent NFA-based
ternary OSCs that achieve simultaneously enhanced efficiency and stability will be mainly
introduced in this section. 1021131

Baran et al. reported ternary blend OSCs with enhanced efficiency and stability by combining
donor polymers, P3HT or PTB-Th, with two NFA, IDTBR and 5,5'-[(6,12-dihydro-6, 6,12,12-
tetraoctylindeno[ 1,2-b]fluorene-2,8-diyl)bis(2,1,3-benzoth iadiazole-7,4-
diylmethylidyne)]bis[3-ethyl-2-thioxo-4-thiazolidino ne (IDFBR).!'®! The ternary blend of
P3HT:IDTBR:IDFBR (1:0.7:0.3) presented a PCE of 7.7 £ 0.1%, thus outperforming both
binary counterparts, PSHT:IDTBR and P3HT:IDFBR, which exhibited a PCE of 6.3 + 0.1%
and 4.5 + 0.1% respectively. By replacing P3HT with PTB7-Th, the ternary OSC produced an
impressive PCE of 11.0%. The introduction of 30% IDFBR changes the microstructure,
mitigating IDTBR aggregation and creating an optimal phase separation in the ternary blend
networks. Moreover, the ternary blend OSC exhibited enhanced operational stability, with the
ternary P3HT:IDTBR:IDFBR (1:0.7:0.3) blend device maintained 80% of its PCE during the
air stability test for 1200 h, whereas the binary P3HT:IDTBR (1:1) blend showed more
pronounced degradation, retaining 70%. In contrast, the reference P3HT:PCsBM blend lost
more than half of its efficiency after stability test. For the photostability test under standard
illumination condition of 100 mW cm™ without encapsulation, PSHT:IDTBR:IDFBR device
retained 85% of its initial PCE for 90 h, whereas P3HT:IDTBR and P3HT:IDFBR devices
rapidly degraded, losing more than half of their PCEs. In addition to IDTBR, ITIC is one of the
most widely used NFA 103:196.107] perylene diimides (PDIs) NFA that yields large n-aggregation
in solid state due to their high molecular planarity could enhance the efficiency and stability of

PTB7-Th:ITIC devices.'*! In terms of photon harvest, ITIC and PDI display complementary
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absorption. More importantly, such molecules also have a complementary relationship in
morphology formation; the existence of PDI molecules affects the intermolecular interaction
between PTB7-Th and ITIC and help to form desirable interpenetrating networks to facilitate
charge transport, while ITIC makes PDI more miscible with PTB-Th by inhibiting PDI
aggregation. With the optimized PDI/ITIC ratio of 3:7 (w/w), PTB7-Th:ITIC:PDI ternary blend
OSCs yielded a PCE of 8.64%, higher than that of PTB7-Th:ITIC (7.51%) and PTB7-Th:PDI
(3.70%) binary blends. Remarkably, devices fabricated under ambient condition showed
comparable efficiency of 7.09%, suggesting excellent air stability of this ternary blend.

It was further found that two compatible polymer donors can also lead to a simultaneous

5.1 By introducing

enhancement in both efficiency and stability in ternary NFA OSC
PCDTBT as a third component into PBDTTT-EF-T:ITIC, the device performance was
improved from 7.90% to 9.53%. Interestingly, Forster resonance energy transfer (FRET) from
PCDTBT to PBDTTT-EF-T can be a possible origin for photocurrent increase, which is
evidenced by the monotonous increase in PL intensity of PBDTTT-EF-T host polymer with
increasing PCDTBT loading. The ternary blend also showed comprehensive enhancement in
stability against air, thermal and photo induced degradations, which is mainly attributed to the
interlocked morphology in the ternary films. The positive effect of the addition of a polymer
acceptor as a third component was reported by An et al.l'%7l When N2200 was incorporated into
the PBDB-T:ITIC system, the photon harvest and nanomorphology of the photoactive layer
was enhanced, which was reflected by the EQE spectra and recombination kinetics.

It is interesting to note that fullerene acceptor additives also offer the potential for better
performance in terms of efficiency and stability in NFA OSCs.l'% 1131 Doumon et al.
demonstrated efficient and photostable D:A;:A> type ternary blend OSCs by incorporating
PC71BM as the third component in PBDB-T:TIC.'"! By carefully tuning the Ai:A>

(ITIC:PC71BM) blend ratio, it was found that a small amount of PCBM (from 10% to 30%)

significantly improves the photostability without compromising device efficiency. The
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resilience of the ternary blend to photodegradation is ascribed to its high durability of crystalline
and molecular packing structure, which is reflected in AFM, GIWAXS and charge transport
studies. Further, PC71BM was successfully incorporated as the guest acceptor into the host
binary blend of PBT1-C and IT-4F (Figure 7a).''% As a result, PCE is significantly increased
from 11.0% for PBDT1-C:IT-4F to 12.2% for PBT1-C:IT-4F:PC71BM (1:1:0.2), resulting from
the combined benefits of improved charge separation/transport and suppressed trap-assisted
recombination. More importantly, due to the good compatibility of PC71BM with the host
materials (PBT1-C and IT-4F), this ternary system exhibited excellent tolerance to the loading
of the PC71BM component, maintaining high PCEs over 11.2% through the whole blend ratios.
Recently, the narrow bandgap IEICO-4F have been widely applied in ternary blend OSC
research due to its capability in absorbing the near-infrared region, which occupies a large
portion of sunlight.['"!"113] Despite this advantage, OSCs based on IEICO-4F NFA generally
show a shortcoming of poor device stability. Several pioneering studies have been devoted to
resolving such degradation problem using the ternary blend approach. Shi et al. reported
considerable enhancements in both PCE and stability of J52:IEICO-4F OSCs by adding the
PC71BM acceptor.!'!!! The high electron mobility of PC71BM contributed simultaneously to the
suppressed recombination, balanced electron/hole mobilities and improved charge collection,
which substantially increases the PCE from 9.21% for J52:IEICO-4F (1:1.5) binary blends to
10.68% for J52:IEICO-4F:PC71BM (1:0.9:0.6) ternary blends. Notably, it was observed that
this approach provided another merit of better photostability. The PCE of the J52:IEICO-4F
device reduced by about 50% after 100 h of white light exposure, while the J52:IEICO-
4F:PC71BM device retained more than 80% of its initial PCE. Based on optical engineering,
ternary OSCs with wavelength-selective harvesting properties were applied to greenhouse
applications; for example, chlorophyll of green plants has a localized absorption for red and
blue lights. Zhu et al. investigated the origin of the morphological degradation of PTB7-

Th:IEICO-4F OSCs,!''?! attributing the instability of PTB7-Th:IEICO-4F devices and
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stabilization in PTB7-Th:IEICO-4F:PC71BM devices to morphological changes , which can be
interpreted in terms of thermodynamics. It was revealed that the hypomiscibility of IEICO-4F
with PTB7-Th induces spontaneous phase segregation of IEICO-4F upon device aging, leading
to isolated morphological traps and eventually percolation failure in the mixed region (Figure
7b). Such morphological instability can be largely restrained by the introduction of a third
component; for example, PC7:BM not only possesses a hypermiscibility of 48 vol% in the
PTB7-Th donor polymer matrix at or beyond the percolation threshold, but is also partly
miscible with aggregated IEICO-4F NFA molecules, which is beneficial for achieving efficient
and stable OSCs. More recently, Lee et al. further enhanced the device stability of PTB7-
Th:IEICO-4F:PC7BM ternary blend OSCs by adding less PC7iBM than previously used.[!!?]
Although the PCE of OSCs with a conventional PTB7-Th:IEICO-4F binary blend dropped to
less than half of its original value after less than 50 h of exposure to light, the ternary PTB7-
Th:IEICO-4F:PC71BM device remained approximately 80% of the original value after 500 h
under the same condition, implying that ternary blend with PC71BM as the third component is
more photostable than the binary counterpart.

On the other hand, studies on simultaneous improvement of efficiency and stability through a
combination of two nonfullerene acceptors have been reported by Xue et al.l'% Using the
narrow bandgap F8IC and mid-bandgap IDT-2BR together with PTB7-Th donor,
complementary absorption with a broad photoresponse beyond 1000 nm was achieved in
ternary OSCs. It was found that ternary OSCs employing a 20% IDT-2BR content provided the
highest PCE of 12.1%, resulting from the combined effects of reduced voltage loss, enhanced
light absorption in the short-wavelength region and energy transfer from IDT-2BR to F8IC
(Figure 7¢). Moreover, both F8IC and IDT-2BR exhibited favorable face-on molecular packing,
which is beneficial for vertical charge transport, thereby leading to higher carrier mobilities and
balanced charge transport. The ternary blend device showed a prolonged lifetime under air-

stability and thermal stability tests compared to the binary blend device. As a fundamentally
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different approach, Du et al. presented an effective method through adjustments of the charge
transfer state exciton dynamics, such as exciton diffusion, dissociation and charge
recombination processes, achieved by the introduction of a delayed fluorescence emitter 3,4-
bis(4-(diphenylamino)phenyl) acenaphtho[1,2-b]pyrazine-8,9-dicarbonitrile (APDC-TPDA) in
PM6:Y6 OSCs.['% Due to the large overlap between the PL of APDC-TPDA and absorption
of PM6, the long lifetime singlet excitons of APDC-TPDA can be transferred to the donors via
Forster resonance process, endowing the ternary OSC with better exciton utilization (diffusion
and dissociation) and therefore enhanced Jsc value (Figure 7d). As a result, the ternary OSC
based on PM6:Y6:10% APDC-TPDA yielded a high PCE of 16.96%, which is superior to that
of the control device (15.24%). Furthermore, the ternary device retains about 96% of its initial
PCE after 55 days of storage in ambient condition (T of 25 °C, RH of 25%, room light),
compared to 82% of the initial PCE remained in the control device. It was suggested that the
improved stability in the ternary OSC is likely related to the morphology and charge
thermodynamic process: APDC-TPDA molecules are located at the donor/acceptor, which
improves the film morphology, while delayed fluorescence is beneficial to enhance the exciton

utilization.
2.3.3. Tandem and integrated NFA OSCs

Constructing a tandem structure is one of the most obvious ways of advancing the efficiency of
solar cells by mitigating losses that come from photon transmission and thermalization,!!!4-122!
Typically, tandem solar cells are made by stacking the multiple absorbers with complementary
absorption spectra and by introducing so-called a recombination layer that comprises of the
combined bilayer of p-type and n-type electronic materials between the sub-cells. Recently, the
highest efficiency of 17.3% has been reported in tandem OSCs using PBDB-T:F-M and PTB7-
Th:06T-4F:PC71BM as front sub-cell and back sub-cell photoactive layers, respectively, and it

is theoretically predicted that efficiency of over 18% can be achieved through a combination of
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existing materials.!'?>!24] The efficiency of tandem OSCs has been stagnant at ~10-11% for
several years!!2>"12) but has recently started to rise sharply with the advent of NFA.[13%133] Since
there are several review articles on tandem solar cells with fullerene acceptor, we will more
focus on the recently reported NFA-related tandem OSCs.

Compared with fullerene acceptors, synthetic diversity of NFA enables a rational molecular
design to control the electronic and optical properties, allowing sophisticated optical
engineering on tandem OSCs. In 2017, Cui et al. reported over 13% efficiency tandem OSCs
based on a new NFA, 3,9-bis((Z2)-1-(6-(dicyanomethylene)-2-methyl-5,6-dihydro-6H-
cyclopenta[b]thiophen-6-one-5-yl)ethylene)-5,5,11,11-tetrakis(4-hexylphenyl)dithieno[2,3-
d:2’,3'-d']-sindaceno[1,2-b:5,6-b']dithiophene (ITCC-M) with an optical bandgap (E.°"") of 1.68
eV for the front cells and IEICO with an E°" of 1.36 to fabricate the back cells (Figure 8a).[**]
The individual sub-cells showed low energy loss and complementary photoresponse spectra. In
addition, a recombination layer comprised of ZnO nanoparticle and pH-neutral self-doped
conductive polymer, PCP-Na, further reduce the voltage loss in tandem OSCs, resulting in a
low voltage loss of less than 0.02 V. Two NFA named F-M with an Eg°" of 1.65 ¢V and NOBDT
with an E¢°' of 1.39 eV were designed by Zhang et al., covering a whole absorption range from
300 to 900 nm when blended with PBDB-T and PTB7-Th, respectively.!'* With the guidance
of optical simulation and following systematic optimization of the thickness of each layer, an
outstanding PCE of 14.11% was achieved. Liu et al. reported efficient tandem OSCs by
adopting a new wide-bandgap NFA, TfIF-4FIC that has an E,°" of 1.61 eV.[!3%! The TfIF-4FIC
offered a PCE of 13.1% with a high Voc of 0.98 V and a Jsc of 17.6 mA ¢cm™ when PBDB-TF
is selected as the donor. By using PTB7-Th:PCDTBT:IEICO-4F as the back sub-cell, a PCE of
15% was obtained (Figure 8b). More recently, Firdaus et al. synthesized two new NFA, namely
IDTA and IDTTA, with E," of 1.90 and 1.75 eV, respectively.['**) With the aid of optical-

electrical modelling, the best performing tandem OSCs with PBDB-T:IDTTA as the front cell
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and PTB7-Th:IEIC-4F as the back cell produced a high PCE of 15%, with a Voc of 1.65 V, a

Jsc of 13.6 mA cm™, and a FF of 0.67 (Figure 8c).

Perovskite/BHJ integrated solar cells are being investigated as another promising application
area of OSCs.!'¥10 Different from the conventional tandem cells that are comprised of
physically separated sub-cells, perovskite and BHJ layers are monolithically stacked without
any recombination layers to establish the integrated structure. Despite the theoretical

predictions of ideal bandgap with a 33% efficiency limit,['41-143]

most perovskite solar cells
showed their best performances with an E°"' of 1.5-1.6 eV, which causes a significant
transmission loss in the near-infrared region. The approach of expanding the absorption region
utilizing a near-infrared-absorbing BHJ can improve the efficiency of perovskite solar cell by
maintaining the Voc and FF values but selectively increasing the photocurrent of the
devices.['**1%5] For proper device operation, both perovskite and BHJ layers should allow
ambipolar transport with high electron and hole mobilities. Initially, integrated solar cell
research has been devoted to extending the light absorption bandwidth via incorporation of
narrow bandgap polymer:fullerene acceptor-based photoactive layer.[!21-123:128.129] However,
EQE of perovskite/BHJ integrated solar cells is still limited due to the relatively small amount
of donor loading in BHJ and therefore resultant low gain in the near-infrared region, as reflected
in the EQE of the OSC itself. Recently, several researchers have turned to their attention to the
NFA-based OSCs to address this issue.

By integrating a narrow bandgap NFA, IEICO, along with PBDTTT-E-T on a
methylammonium lead iodide (MAPDI3) perovskite layer, the photoresponse of the EQE was
extended to 930 nm and enhanced over 50% in the near-infrared region, leading to an
impressive Js over 24 mA ¢cm2.1*®) Further, Wang and co-workers focused on the vertical
component distribution within PBDB-T:IEICO layer to produce a bi-continuous
interpenetrating network by simply optimizing their donor:acceptor blend ratio.['*”) The PCE

of MAPbI3/PBDB-T:IEICO (1:0.7) is 15.47%, surpassing the reference cell of MAPbIz/PBDB-
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T:IEICO (1:1) with a PCE of 12.63%. Chen et al. reported a record J value of 28.06 mA cm™
in a perovskite/BHJ solar cells by integrating a ternary organic blend of S1:Y6:PCBM.'*®! The
perovskite has an E.°" of 1.6 €V, which is corresponding to the onset of EQE at ~775 nm, while
absorption of the BHJ film extends up to ~980 nm (Figure 8d). Although distinct
photoresponse was observed in perovskite with Y6:PCBM layer, overall improvement in the
Jsc 1s negligible, which is attributed to the inefficient charge transfer between Y6 and PCBM.
Such a problem was solved by adding p-type polymer S1, endowing the BHJ photoactive layer
with enough driving force for charge separation and hole transport. Finally, a high PCE 0f20.61%
together with a Voc of 1.09 V and a FF of 0.673 was achieved, which is among the highest

values reported for perovskite/BHJ integrated solar cells.
2.3.4. Printed large-area NFA-based OSCs

A final step towards the ultimate goal of NFA technology would be the fabrication of highly
efficient large-area OSCs via printing techniques that are compatible with high-throughput
continuous roll-to-roll process.'**71531 A wide range of solution-based methods have been
implemented for the deposition of organic BHJ layer, with spin coating as the most commonly
used technique in lab-scale devices. Despite its availability and simplicity, spin coating is
inevitably wasteful, cost-prohibitive, and not scalable for the mass production. Accordingly,
many research efforts have been continuously paid to developing the optimal printing process
that minimizes the efficiency losses when transitioning from high efficiency small area to
printed large-area by understanding the solvent drying dynamics and resultant morphology
evolution mechanism.!'>% Based on the studies to date, it seems that the device optimization
process through the printing process needs to be finely adjusted according to the molecular
structure and the properties of the photoactive blends.!!37-161]

In 2018, Ye and co-workers reported blade-coated OSCs using new photoactive blend of FTAZ

with IT-M and halogen-free solvent without processing additive.!'®2] From the comparative
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study of different hydrocarbon solvent system, toluene, o-xylene, and 1,2,4-trimethylbenzene,
quantified morphological parameters, including n—n coherence length, face-on orientation, and
domain purity were altered, which correlates well with the performance of the printed devices
(Figure 9a). As a result of the identification of the solvent-morphology-performance relations,
a PCE 0f 9.8% was achieved in large-area (0.56 cm?) OSCs fabricated by blade-coating method.
The blade-printed NFA OSCs was further investigated using PTB7-Th:ITIC system by Lin and
co-workers.['® It was found that the addition of 0.6 vol% of high boiling point additive 1,8-
diiodooctane endows the doctor-bladed photoactive layer with slow morphological evolution
that contributes to the facile migration of ITIC molecules, leading to a favorable nanoscale
phase separation (Figure 9b). The PCEs of 9.5% and 7.6% were realized in printed
conventional devices and in flexible large-area (2.03 cm?) ITO-free OSCs, respectively.
Recently, a low-cost processing method, soft porous blade printing, was developed for printable
NFA OSCs.!'%4 Interestingly, filter paper was able to perform as printing blade that possesses
inherent porous microstructure which offers high shear rates and thereby facilitates the
molecular orientation of photoactive materials. The resulting printed devices exhibited high
PCEs of 11.85% and 14.75% for PTQ10:IDIC and PM6:Y6, respectively. On the other hand,
the blade-coating method has a drawback; the slow solidification gives a higher chance to cause
phase aggregation. When Dong et al. added a polymer additive N2200 to PM6:Y6 BHJ,
excessive aggregation of NFA in the printed photoactive layer was effectively suppressed,

achieving a high PCE of 15.1% in large-area OSCs (1.0 cm?).[1%]

The research results presented in the above section addressed the development of blade
technique for BHJ layer coatings. The solution processing of BHJ organic photoactive material
blends is an efficient way to produce a phase-separated nanoscale morphology, but this method
still has some disadvantages; BHJ morphology is difficult to control and is highly sensitive to

various factors, such as material properties and processing condition, which makes this
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approach only applicable to individual photoactive systems. In addition, optimized BHJ
morphology is typically in a metastable state and therefore prone to maintain a thermodynamic
equilibrium, resulting in phase aggregation. Recently, Sun et al. developed a layer-by-layer
(LbL) coating technique to deposit an organic photoactive layer to address this issue.[!*] In-
depth, comprehensive analyses revealed that LbL-bladed blend exhibited not only
thermodynamically favourable nanomorphology with appropriate domain size, but also desired
hierarchical morphology with a vertical phase segregation. In addition, the devices with LbL-
constructed photoactive layer exhibited improved photo- and thermal stability compared with

those of bladed-BHJ counterparts.

3. Toward Superior stability of NFA-based OSCs

3.1 Stability and degradation mechanisms under various stress conditions

Although NFA have undergone rapid advance in their molecular design resulting in significant
breakthroughs in the performance of OSCs, long-term stability remains a critical consideration
for the commercialization of NFA OSCs. While promising lifetime have been demonstrated for

s,37-167.168] the origin

some NFA based OSC systems under certain environment stress condition
of such improvement often remains unclear and, more importantly, there remains a lack of
concrete molecular design rules to enhance the stability of NFA-based OSCs. In this section,
an up-to-date overview of the recent research progress on the stability studies of NFA OSCs is
summarized, highlighting the degradation mechanisms of different NFA-based OSC systems
under illumination in air (photochemical), illumination in inert atmosphere (photostability) and
thermal (morphological) stress conditions. It is worth to note that although not specifically
introduced in this section, electrochemical stability dealing with the structural stability of

molecules under electric field stress, is important in terms of operational stability. However,

the hint is that electrochemical stability is known to be related to the backbone planarity of the
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(169.170] T this respect, it will

molecule, which has a profound effect on photochemical stability.
also be interesting to study the link between photochemical stability and electrochemical

stability.
3.1.1 Photochemical stability

The rapid degradation of device performance under combined exposure to illumination, oxygen
and humidity has been widely recognized as a long-standing challenge for OSCs, which can
hinder the long term device stability in several ways initiated by the ingress of oxygen and
water into the device as illustrated in Figure 10a. Chemical corrosion of ITO and low work
function Al/Ca will create an insulating metal oxide layer between the electrode and the
photoactive layer, eventually leading to S-shape J-V curve of the device.!'”!! Molecular oxygen
that penetrates into the active layer can cause photo-oxidation reactions of the donor and
acceptor segments, which may further deteriorate charge carrier kinetics and device

[172] Employing encapsulation is an effective strategy to block the oxygen and

performance.
water permeating pathways and therefore increase the photochemical stability of OSCs.
However, in addition to significantly increased fabrication cost, commonly used encapsulation
materials such as epoxy resin and glass usually introduce harmful solvents and create additional
mechanical stress, and rigid glass has poor compatibility with flexible devices.!'”*! While the
limited chemical stability of device electrodes could effective mitigated through the adoption
of more stable electrode materials, suitable hydrophobic buffer layers and inverted device

[68.174] enhancing the intrinsic photochemical stability of the photoactive materials,

architecture,
on which only limited progress has been made to date, is a key strategy to mitigate the
photochemical degradation of OSCs.

Photooxidation of the acceptor molecules induced by the exposure to light and oxygen has been

identified as a major photochemical degradation pathway for OSCs, with oxygen atoms

occupying the C=C bonds in the acceptor molecule leading to a change in the molecular
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structure and energy levels. Such reaction has been well investigated for fullerene molecules,
with the formation of epoxides and carbonyls on the Ceo cage both identified as the
photochemical degradation products.>>!° The photooxidation of NFA molecules is relatively
less understood, which requires further analysis. Taking ITIC for example, photo-oxidation
reaction may occur at multiple sites of the molecular structure (Figure 10b), including the
double bonds between the donor and acceptor units, on the thiophene or bithiophene outlying
central building blocks and side chains. Upon exposure to light and oxygen, oxygen atoms can
be chemically attached to the ITIC molecule by forming new hydroxyl and carbonyl groups,
thereby causing an increase in C-O bonding as well as scissoring of the macromolecular chain
bond and destruction of the nt-conjugated system of the ITIC backbone, resulting in a dramatic
change in its molecular structure upon photooxidation.!'’”! Such photooxidation of ITIC is
found to have a significant impact on the device performance (blended with J71), with a PCE
loss of 70% - 100% upon only 30 minutes of exposure to light and air depending on the choice
of device structure and interlayers.!!””! Luke et al. performed a comparative study of the
photochemical stability of two structurally similar NFA molecules, namely O-IDTBR, which
has a planar molecular structure and O-IDFBR, which has a non-planar molecular structure
with a dihedral angle of 33°. It was found that the photo-oxidation of NFA molecules involves
three phases:[!’% i) A photoinduced conformational change first occurs (i.e. torsion about the
core-benzothiadiazole dihedral), induced by noncovalent interactions with molecular oxygen,
followed by ii) photo-oxidation or fragmentation of the molecular backbone, leading to
bleaching of the chromophore. Finally, iii) the chromophores of the NFA molecules are
completely bleached.

It is found that the photo-oxidation process can be mediated by the triplet exciton kinetics with
the formation of singlet oxygen, which has been well studied for fullerene and polymer

177][178

donors.! I For example, the PCBM triplets can be formed via intersystem crossing from

the PCBM singlet state after the absorption of photons, and these triplet states can be quenched
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by molecular oxygen to generate highly reactive singlet oxygen.[!” While the triplet-mediated
photo-oxidation study of NFA is limited, Y6 is found to be a triplet acceptor and therefore may
suffer from severe photo-oxidation process in air.[!”!) Another photochemical degradation
pathway is through the formation of superoxide (O2") radical ions via photoinduced transfer of
electrons from the acceptor to molecular oxygen, which in turn react with both the donor and

(1801 Speller et al.

acceptor in the active layer resulting in severe photochemical degradation.
reported that the photochemical degradation of OSCs through the pathway of superoxide
formation is strongly dependent upon the energetics of the acceptor. Specifically, it was found
that (see Figure 10 c-d) a shallow LUMO level of the acceptor (e.g. IDTBR family) above a
threshold (3.75 eV) facilitates the transfer of electrons to molecular oxygen to form superoxide,
which further reacts with both the electron donors and acceptors. For electron acceptors with
deeper LUMO levels (e.g. PCBM), this process is energetically less favorable and is therefore
suppressed. This process appears to be general and is independent of whether fullerene
acceptors or NFA are used. In addition, electrons at the LUMO level of the acceptor can also
originate from direct photoexcitation of the acceptor and is therefore more likely to occur in
NFA blend films due to their typically stronger optical absorption than that of fullerene

acceptors.! 18!

3.1.2 Photostability in inert atmosphere

Under constant illumination in inert atmosphere, OSCs usually exhibit a steep decrease in PCE
within the initial degradation period (typically within several tens to hundreds of hours),
followed by a more gradual degradation over the longer period. This initial fast degradation is
typically referred to as “burn-in”. The origin of burn-in degradation of fullerene based OSCs
has been widely investigated, with photoinduced fullerene dimerization, blend demixing and
disorder-induced losses identified as potential degradation mechanisms.?7-182183] Recently,

there have been increasing studies of the photostability and burn-in degradation behaviour
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NFA-based OSCs. Du et al. investigated the photostability of OSCs based on blends of PBDB-

T with several ITIC NFA, namely ITIC, IT-4F, ITIC-M, ITIC-DM and ITIC-Th, in comparison
with OSCs based on with PBDB-T:PCBM blend. It is found that subtle changes in the molecular
side chain and end groups of ITIC family NFA can induce significant impact upon the
photostability of the resultant OSCs, primarily linked to the breaking of conjugation leading to
increased energetic traps. Interestingly, fluorination of the end-group was found to stabilise the
NFA molecule against photodegradation, while adding methyl groups displayed an opposite
trend, although the origin of which requires further investigation. The authors further observed
a change in the molecular orientation of ITIC orientation in the blend from face-on to edge-on
upon illumination, suggesting that morphological change may also be linked with the
photodegradation of ITIC-based NFA OSCs.!!3%

In addition to the light-induced molecular change, recent studies indicate that the interlayer can
introduce additional degradation pathways to NFA through photocatalytic reactions.!'®>- 11 Tt
was found that the vinyl group of enone in ITIC can undergo a radical addition reaction with
the hydroxyl radicals on the ZnO surface (typical defects under UV light irradiation for low-
temperature and solution processed ZnO), and this ITIC radical intermediate can further
decompose to other fragments or attack the enone group of another ITIC molecule to form
dimerized ITIC (see evidence in Figure 11a). Such photocatalytic reaction can retard electron
transport and lead to significant local charge accumulation and recombination at the ZnO
interface, resulting in reduced FF and Voc and severe burn-in degradation under 1 sun light
soaking with the PCE of encapsulated PBDB-T:ITIC OSCs losing more than 30% of their initial
value within the first 50 h.['2] This ZnO assisted photocatalytic reaction appears to be a general
cause for the severe burn-in degradation of NFA OSCs, since cutting off the ZnO/active layer
contact can rectify the overall device stability. 193] Wang et al. reported that such interfacial
reaction resulted burn-in degradation can be aggravated by the change of the blend morphology.

A vertical phase stratification between PBDB-T and ITIC was obseved in the BHJ photoactive
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layer of PBDB-T:ITIC OSCs during photo degradation, revealed by depth profiling XPS

measurement of the vertical distribution of the PBDB-T and ITIC components.[%®! The relative
amount of ITIC and PBDB-T can be indicated by the ratio of the Nis XPS peak area to the Szp
XPS peak area (N1s/S2p), since Nis core level in XPS is unique to the ITIC film, and Szp exists
in ITIC and PBDB-T film. As shown in Figure 11b, the Nis/Szp ratio of the bottom surfaces
increases along the degradation time, while the ratio of the top surfaces decreases, implying the
exisitence of a PBDB-T-rich region toward the upper surface and an ITIC-rich region near the
vicinity of the bottom surface of the OSC (inset of Figure 11b). Such vertical phase
stratefication is found to cause reduced charge percolation pathways and increased bimolecular
recombination losses, thereby resulting in deteriorated device performance upon
photodegradation.

Notably, recent advances in the molecular design of NFA have resulted in the demonstration of
a number of burn-in free OSC systems achieving superior long-term stability (e.g. estimated
liftimes > 10 years), thereby representing a significant technological breakthrough in

37,167,184

overcoming the stability challenges of OSCs.! 1 These progress will be further discussed

in the following sections.
3.1.3 Morphological stability

Morphological stability of the photoactive layer is a crucial consideration to ensure the stable
operation of OSCs under illumination or thermal stress. While thermally induced
aggregation/crystallization, phase demixing and vertical stratification have been identified as
potential degradation pathways of fullerene-based OSCs through the detrimental effects on
charge separation and transport, morphological degradation of NFA based OSCs under
illumination or thermal stress has received relatively little attention to date. It has been reported

that miscibility of the donor and the acceptor, as well as the crystallinity of the NFA, play a
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decisive role in the morphological stability of NFA-based OSCs, which will be discussed in

detail below.

Miscibility: Xiao et al. reported that NFA OSCs based on the PTB7-Th donor and EH-IDT
acceptor possess high efficiency of 9.17% and excellent photostability with a lifetime Tgo of
2132 h, while the devices based on ITIC and IDIC acceptors exhibit both lower performance
(PCE of 7.28% and 6.12%, respectively) and poorer photostability (Tso of 221 h and 558 h,
respectively). Since no chemical change was identified, morphology change after illumination
was considered the main origin for the severe burn-in degradation of ITIC and IDIC based
devices. Investigation of the degradation mechanisms indicate that the morphological
degradation is strongly linked with the miscibility between the donor and acceptor, which can
be described by the Flory-Huggins interaction parameters as shown in Table 4. With less
positive Flory-Huggins interaction parameters, the donor:acceptor blends show better
miscibility, consistent with the higher morphological stability and device photostability of
PTB7-Th:EH-IDT devices than the PTB7-Th:ITIC and PTB7-Th:IDIC devices. It was further
found that the poorer miscibility between PTB7-Th and ITIC/IDIC also affects the exciton
generation and dissociation kinetics as shown in Table 4, where the PCE10:ITIC and
PCEI10:IDIC devices show smaller maximum exciton generation rate (Gmax) and exciton
dissociation probability (P(E,T)) than PTB7-Th:EH-IDT devices before and after 500 h of

photoaging, which further lead to poorer device performance.!'**

Crystallinity: It is found that casting PBDB-T:INPIC-4F under solvent vapor can prolong the
molecular organization time, causing the polycrystals of INPIC-4F molecules to grow into
pronounced spherulites, resulting in enlarged phase separation. Reducing the molecular
organization time by casting the films on a hot substrate can suppress the polycrystalline
structure and enhance the face-on n-m stacking of INPIC-4F, leading to fine nanoscale

[195] As shown in Figure 12a, ITIC crystallizes in a profoundly different way with
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fullerenes and it undergoes a glass-crystal transition considerably below its Tg, i.e. forming low-
temperature polymorph I nanocrystals through a diffusion-limited crystallization process in the
regime of 0.8Tg < Tamn < Tg. The resulting fine-grained nanostructure does not evolve further
with time and hence is characterized by a high degree of thermal stability. Instead, above T,
and below T, the low temperature polymorph melts, and micrometer-sized crystals of a high-
temperature polymorph II crystals develop, enabled by more rapid diffusion and hence long-
range mass transport. This leads to a detrimental decrease in photovoltaic performance.!'*®! The
different crystal growth situation under low and high temperatures are further confirmed by the
polarized optical microscopy images (Figure 12b), which indicates that below Ty (~180 °C)
only nanometer-sized crystallites can be observed, while above Ty micro spherulites
corresponding to polymorph II are discerned. These two types polymorphs lead to different
OSC device performance and stability as indicated in Figure 12c-d. When the annealing
temperature is close to or above 180 °C, the device PCEs gradually deteriorate. With increasing
annealing time, PCE of the 210 °C annealed devices drops from ~7% to ~5% in 10 min, while
PCE of'the 160°C annealed devices drops to similar value in 1000 min showing a higher thermal
stability. The above results indicate that diffusion-limited crystallization of nonfullerene
acceptors below Ty is an effective method to improve the long-term stability of OSCs.[1¢]

The miscibility of donor/acceptor and crystallinity of the acceptors should synergistically affect
the thermal stability of the photoactive layer. Schematics of the possible scenarios of
morphology evolution in an upper critical solution temperature (UCST) polymer: small
molecular acceptors (SMA) blend with an amorphous donor and crystallizable NFA with a low
and an optimal miscibility are illustrated in Figure 13. Severe burn-in degradation can be
expected when the optimal morphology is quenched near the percolation threshold and is far
from the miscibility gap, referred to as a “‘low-"" or ‘‘hypo-miscibility’’ system. On the other
hand, a device with a miscibility gap close to the percolation threshold (Figure 13b) during the

normal device operation conditions is referred to as ‘optimal miscibility’’ and is expected to
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exhibit a relatively stable morphology and thus lower or slower burn-in degradation. It is known
that thermal annealing can boost the efficiency of many OSCs; however, heating may accelerate
the transition of the morphology from the meta-stable miscibility gap to the liquidus or directly
and simultaneously lead to crystallization failure as a result of nucleation or growth of SMA
crystals. The propensity for this transition to occur will depend on Tg, which is an indicator of
the degree of vitrification at room temperature. Conceptually, there are three main classes of
systems for crystallizable NFA: class I systems that are unstable as a result of demixing and
crystallization (low T, case in Figure 13a), class II systems that have meta-stable mixed
domains but can crystallize (low T, case in Figure 13b), and class III systems that are
kinetically stabilized irrespective of whether they are meta-stable or not (high Ty cases). Class
IIT can be subdivided into class IIla when a hypo-miscibility system is vitrified and class IIIb

when an optimal miscibility, meta-stable system is vitrified.['”]
3.1.4 Deterioration of charge carrier kinetics

In the view of device physics, the formation of trap states caused by structural defects, trapped
oxygen, local disorder, and organic/inorganic impurities is one of the major possible origins
responsible for the degradation of OSCs.['%201) Sych trap states are usually energetically
located in the bandgap and play a negative role in affecting the device operational stability in
the following ways: 1) lower the charge carrier mobility due to the charge trapping/detrapping
processes; 2) influence the field distribution inside the device and 3) act as recombination
centers. In particular, it was proposed that FF losses observed in many photodegraded NFA
OSCs can be linked to increased trap state density and concomitant charge trapping into the
intra-bandgap tail states, assigning the non-ideal behavior with reaction rate greater than an
ideal 2nd order bimolecular recombination.?°?) Moreover, tail-state profile broadening arising

from structural defects or disorders may increase the population of deep-trapped charges, in
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which immobile charge carriers in the localized states require thermal excitation to reach the
mobility edge to become mobile,[200:-203-205]

The trap state density and energetic distribution of tail states can be assessed by the transient
photovoltage (TPV) and charge extraction (CE) measurements. The energetic distribution of
tail states is driven by the slope of charge carrier density n versus Voc. Cha et al. investigated
the charge carrier density and recombination dynamics of OSC devices using representative
fullerene acceptor and NFA BHIJ systems based on PffBT4T-20D:PC71BM and PffBT4T-
20D:EH-IDTBR.P7 It was found that the PffBT4T-20D:PC7BM OSC undergo
photodegradation upon exposure to illumination 60 h, in conjunction with a 50% increase in
charge carrier density as compared with fresh devices, implying an increase in the density of
electronic trap states, considering that the charge carrier density is mainly presented in the
shallow trap states. Furthermore, this result is coincident with the observation of extended
carrier lifetime, resulting from increased charge trapping. For PffBT4T-20D:EH-IDTBR,
however, there was little variation in both CE and TPV results between fresh and aged devices.
Gasparini et al. also explored the photoinduced loss mechanisms of P3HT:IDTBR and
P3HT:PCBM systems using TPV measurement to derive the charge carrier density lifetime t

1671 The aim of this approach is to explore the change in

and charge carrier density n.!
recombination order R between fresh and aged devices. The relationship between T and n, T =
To(no/n)*, where A is a recombination exponent, can determine the recombination order R (R =
A + 1). The fresh and photoaged P3HT:PCBM devices exhibited an R value of 2.3 and 3.0
respectively, compared to 2.1 and 2.7 for fresh and photoaged P3HT:IDTBR, in which a
deviation of the recombination behavior from an ideal 2nd order recombination (R = 2) can be
assigned to the trap state formation in photoaged OSCs. However, more disordered charge
transport is evident from the higher recombination order observed in P3HT:PCBM, which is

considered as responsible for the subtle drop in Voc during light soaking. In contrast to

P3HT:PCBM where the miscible PCBM diffuses into polymer phase to decrease the
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crystallinity of P3HT, P3HT:IDTBR formed purer domains with higher polymer crystallinity,
leading to lower susceptibility to light-induced trap formation. Interestingly, Xiao et al. found
that some NFA such as ITIC, IDIC and EH-IDT follow the opposite trend — that is, inferior
stability with poor donor-acceptor miscibility.!'*! PTB7-Th:EH-IDT OSCs have an excellent
morphological durability against photodegradation, which is attributed to the good miscibility
of PTB7-Th and EH-IDT. However, because of the poor miscibility of ITIC and IDIC with
PTB7-Th, their BHJ photoactive layers underwent severe morphological degradation, resulting
in severe recombination losses with increased trap states. In addition to the donor-acceptor
miscibility, significance of end-group/side-chain engineering of the NFA on the photostability
of OSCs has also been reported.['®! The fluorination of the end-group is beneficial for
stabilizing the NFA molecular orientation during photoaging, whereas NFA with methyl group
are vulnerable to photo-induced chemical degradation, resulting in increased energetic traps

and therefore accelerated device degradation.
3.1.5 Stability under low light condition

One of the most important markets for indoor organic photovoltaics is to replace small batteries
that power sensors to reduce the maintenance of wireless devices. To replace the battery market
of the IoT, such as the replacement of small batteries powering sensors, the PCE of the indoor
organic photovoltaics device should be higher than 20% under 500 Ix and generate a power
output of about 30pW/cm?, and indoor organic photovoltaics devices must be stable enough to
maintain at least 80% of its initial efficiency for more than 10 years.?%¢!

An important point to consider for indoor energy harvesting is that indoor light sources (e.g.

incandescent bulb, FL, and LED) usually lack the UV portion!!*2?7-2%8] that have been identified

as a factor of deterioration of OSCs. It has been revealed that the UV light exposure appears to

209-212 [209

change the molecular! I and micro-structure!?®! of organic BHJ blends which can cause

the formation of defect/trap states and initiate the degradation of device performance. On the
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other hand, Patel et al. argued that the deterioration of device interlayer, induced by UV light,
is the main cause of degradation, rather than a change in the BHJ photoactive layer.!*!*!
Therefore, studies on the stability of indoor organic photovoltaics are likely to be less relevant
to UV-induced degradation mechanisms. Nevertheless, owing to the generally complicated
indoor environments, the effect of various stress factors such as oxygen, illumination,
temperature, and humidity on the stability of indoor organic photovoltaics should be
investigated and mitigated. Cui et al. investigated the photostability of indoor organic
photovoltaics based on the PM6:10-4Cl1 nonfullerene blend system under continuous indoor
illumination at a temperature of 25-30 °C with a relative humidity of 40-60% as shown in
Figure 14a. It was found that encapsulated 10-4Cl-based organic photovoltaics devices remain
their original PCE after 1000 hours, showing an excellent photostability.['!! The authors further
fabricated indoor organic photovoltaics based on three different blend systems PM6:PC71BM,
PM6:1T-4F and PM6:ITCC, obtaining a PCE of 17.2%, 19.6% and 21.2% with an output
power of 26.0 uW/cm?, 29.6 pW/cm? and 32.0 uW/cm? respectively.?'*) Furthermore, their
stability was tested under both continuous weak (2700 K LED) and strong (white LED)
illumination (Figure 14b), with all three devices undergoing minimal degradation under weak
illumination with less than 10% reduction in PCE after 500 hours. However, all devices
exhibited dramatic degradation under strong illumination, retaining less than 15% of their initial
PCEs after 160 hours. Since a mild thermal stress was present at ~ 45 °C during degradation
due to the strong illumination, dark thermal stability test of the devices under 45 °C was
undertaken as a control experiment as shown in Figure 14c. It was found that after 160 hours
of thermal ageing, all indoor organic photovoltaics devices suffered a drop of PCE, with a PCE
loss of around 60%, 40% and 20% for the PM6:PC7:BM, PM6:1T-4F and PM6:ITCC devices

2141 The findings suggest that both the strong illumination and thermal stress can

respectively.!
contribute to the degradation of the indoor organic photovoltaics devices,!'?! with fullerene-

based indoor organic photovoltaics (such as PM6:PC71BM) suffering a more severe degradation
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compared to NFA-based devices (such as PM6:ITCC and PM6:1T-4F). Park et al. studied the
thermal stability of PM6:IT-4F and PBDB-TSCI:IT-4F-based indoor organic photovoltaics at
100 °C under an inert atmosphere. As shown in Figure 14d, a PCE loss of 25% was observed
for PM6:1T-4F devices, in comparison to a PCE loss of only 5% for PBDB-TSCL:IT-4F devices.
The better thermal stability of PBDB-TSCLIT-4F organic photovoltaics was attributed to a
more stable blend morphology of the photoactive layer, with no significant change in the blend
morphology upon thermal degradation.[>!3! The findings therefore suggest that ensuring good
intrinsic photostability of the photoactive materials, in addition to a stable blend morphology
of the photoactive layer, particularly under thermal stress conditions relevant to various indoor
environments, are both critical considerations in order to achieve long term stability of indoor
organic photovoltaics.

Indoor organic photovoltaics may operate under high-humidity environments, and device
degradation caused by moisture could be another major degradation pathway of indoor organic
photovoltaics, especially for unencapsulated devices. It has been widely established that certain
moisture sensitive electrode and interlayer materials such as PEDOT:PSS and calcium can
cause rapid degradation or failure of organic photovoltaics. Such degradation pathway can be
effectively alleviated by encapsulation or use of more moisture-stable electrode and interlayer

2161 While it is reasonable to expect that indoor organic photovoltaics may share some

materials.!
similar degradation mechanisms to those for outdoor applications, additional degradation
mechanisms may exist resulting from the different requirements of materials and device design,

as well as the different operating environments. Further research is needed to fully understand

the stability and degradation mechanisms of indoor organic photovoltaics.
3.2 Methods toward stable NFA devices

One of the main scientific questions in the current research landscape of NFA is about

understanding and meeting the requirements to achieve highly stable OSC performances in
44



WILEY-VCH

devices and controlling degradation mechanisms related to various operating environments.
Even if the requirements for long OSC lifetime still need to be fully understood, recent works
have investigated these aspects and pinpointed some favorable characteristics in terms of NFA
molecular design, BHJ morphology and device architecture to ensure stable device operations.
Before addressing specific examples, it is relevant to give an overview of the most common
and useful experimental techniques to assess OSCs stability and to investigate the origin of
degradation mechanisms. Table 5 summarizes a large number of them with an explanation of
the type of information about the samples provided by each. In the most frequent measurement
protocol for all these techniques, the samples are probed before and after a period of aging (e.g.
dark, light, thermal...) to identify the changes in materials properties or device behavior due to
the degradation processes involved. Another option is the continuous measurement at regular
intervals during the aging time, for example commonly used to monitor the evolution of
photovoltaic parameters.

Summarizing the most relevant literature produced with the help of these experimental tools,
the current landscape of the understanding of the key parameters for achieving long lifetime in
NFA-based OSC is presented in this section. This takes into account the requirements for
molecular structure and energetics of the molecules, interfacial properties in the device and BHJ

optimal morphology.
3.2.1. Molecular structures

Energy level: The triggering of oxygen-induced chemical reactions, widely studied as common
route for OSC degradation as described above, is closely related to NFA molecular properties,
in particular to energetics. To overcome the electrochemical oxidation, NFA should own low-
lying LUMO energy level below -4.0 eV.[>!] For instance, two NFA materials IDT(TCV), and
IDTT(TCV), and polymer PTB7-Th based OSC devices exhibited superior stability of more

than 1000 h under dark ambient conditions without encapsulation, in which IDT(TCV), and
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IDTT(TCV)2 own LUMO levels of -4.18 eV and -4.06 eV, respectively. While the devices only

exhibit PCEs of around 3% due to a big voltage loss, '8 a redesign of the NFA with deeper
LUMO energy levels, as well as their matching donor polymers with deepened HOMO levels
to compensate the Voc loss, might be a promising route toward the development of both
efficient and environmentally stable NFA OSCs.[!81]

Chemical structure: Chemical structure of NFA is a key parameter to control the different
mechanisms of degradation. For example, in a work by Guo et al. comparing different NFA
molecules, a series of films were found to photo-bleach at substantially different rates varying
from minutes to days. Figure 15a provides the photo-bleaching rates of NFA and fullerene
derivatives films during continuous illumination with a xenon arc lamp exposed to an ambient
atmosphere.['”> It is found that the photo-bleaching rates of the investigated NFA with the
exception of IDIC-4F, IDIC-4Cl, O-IDTBR and I-IDTBTRh are slower than those of PCBM
and PC71BM. A large variety of NFA have been developed over the last years by different
routes of molecular engineering focusing on the key constituent components of typical NFA
chemical structure. These includes tailoring of donor units, acceptor units, conjugated bridges
or side chains and heteroatom substitutions, developed to tune the blend morphology and
improve the optoelectronic properties. Based on this view, the differences of photo-bleaching
rates in these NFA presented in Figure 15a can provide some promising inspiration for NFA
design:!'7) 1) the NFA based on chlorine-substituted end groups are much more stable than
fluorine-substituted acceptor units in fused-ring electron acceptor (FREA); 2) end-capping
groups methyl-INCN, dimethyl-INCN, and CPTCN as well as methyl-CPTCN and CI-CPTCN
may not be able to enhance the photo-oxidation stability of FREAs; 3) O-IDTBR based on two
dual acceptor units is more stable than IDIC based on INCN as the end group; 4) in the donor
units, replacing common central building blocks with other units with stronger electron-
donating ability is an useful way to suppress photo-bleaching of FREAs; 5) ITIC based on

alkylbenzene units as side chains is more stable than the alkylthiophene-substituted ITIC-Th
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molecule.

In addition to the structural design of NFA, the pure chemical role of end groups and side chains
in ITIC derivatives is also crucial for OSC stability, with reports from Du et al. of much longer
lifetime of IT-4F and ITIC-Th in comparison to methylated ITIC-M and ITIC-DM.!"34 The
device stability tests (Figure 15b) under continuous illumination in dry N> atmosphere show
that the OSCs based on IT-4F and ITIC-Th achieve an excellent extrapolated Tgo lifetime of up
to 11000 h and 9500 h, respectively (corresponding to an operational lifetime around 10 years).
Conversely, for solar cells based on ITIC, ITIC-M and ITIC-DM, increased energetic traps lead
to higher recombination order and thus decreased Jsc and FF. Fluorination of the end-group
stabilizes molecules against light soaking, while adding methyl groups shows a clear opposite
trend. The ITIC-DM molecule with four methyl groups exhibits the worst photostability due to
combined effect of chemical and morphological change during light illumination.!'3! However,
on a shorter timescale Doumon et al.[>!”! show the opposite results, with fluorinated ITIC less
stable than methylated counterpart due to imbalanced electron-hole mobilities. Interestingly,
this is only verified in conventional device structure, suggesting that OSC architecture and
interfaces play an important role on photo-stability. It is concluded that in order to achieve high
device stability as well as good performance, organic photoactive materials require stable
aromatic structures and the absence of chemically vulnerable functional groups. The
photoactivity of the molecule can also be limited by specific localized modifications onto the
NFA structure. Examples include end-group chlorination — more than fluorination —, the
presence of two contiguous acceptor blocks such as in O-IDTBR and the increase of electron-
donating character of the central unit.'’*! Interestingly, both shortening and elongation of the
seven-fused-ring core structure of ITIC are found to decrease the photo-oxidation rate,
respectively in six-unit-core IHIC and eight-ring F8IC, C8IC and TS8IC.

Molecular conformation: Research attention has also been focused on the conformation of the

molecular structure to effectively improve NFA photo-oxidation stability. As shown in Figure
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15a, a-IDTBTRh based on angular a-IDT subunit exhibits an extraordinarily high photo-
bleaching rate of 287%, while the I-IDTBTRh based on linear 1-IDT only show a small photo-

e.['73] Another demonstration

bleaching rate of 0.04%, about four orders of magnitude differenc
of the importance of molecular conformation for stability is shown by the comparison of two
isomers of ITIC-based acceptor with fluorine atoms at the ortho-alkyl (oF-ITIC) and meta-alkyl
(mF-ITIC) positions. The two of them show different device thermal stability when blended
with polymer PBTIBDTT. The mF-ITIC shows the best thermal stability, retaining 92% of its
initial PCE after thermal annealing for 96 h at 150 °C, while ITIC and oF-ITIC based devices
only preserve 82% and 67% of their initial efficiencies, respectively.[?”) This is due to that the
crystallinity of oF-ITIC and mF-ITIC was weakened due to side-chain fluorinations with mF-
ITIC showing the least crystallinity. The reduction of crystallinity is beneficial for improving
the thermal stability due to the weak driving force to form large aggregations in both pure film
and blend film. Both ITIC and oF-ITIC pure films indeed showed numerous aggregations. The
findings also provide an important insight and a possible avenue for improving the
photostability of NFA by enhancing the molecular conformation stability. For example, the in-
situ accelerated photo-irradiation study of the Y6, ITIC and O-IDTBR materials under N>
exhibited that both IDTBR and ITIC showed significant changes in their molecular vibrational
spectra, while no major changes in the vibrational spectra of Y6 indicating its superior

2211 The global potential energy minimum for Y6 molecule from DFT

photochemical stability.!
calculation appears only at dihedral angle of 0°, strongly favorable with respect to the local
minimum at 180°, which is higher in energy by 0.4 eV (Figure 16). Conversely, for ITIC and
IDTBR the potential energy for 0° and 180° configurations are equivalent. This indicates the
conformational uniformity and rigidity specific of Y6 in comparison to other A-D-A NFAs.
The origin of Y6 conformational rigidity, and therefore high chemical stability, is the presence

of its alkyl side chain on the outer core that restricts end-group rotation by acting as a

conformation locker. Different synthetic routes are available to optimize NFA design to ensure
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molecular rigidity, since a planar and rigid backbone prone to form highly crystalline films is a

key to extend OSC lifetime. For example, this can be achieved by conformational lockers*?*~

2241 and avoiding steric hindrances between A-D building blocks. In fact, photo-induced
distortion is found to be accelerated by an initially twisted backbone (e.g. IDFBR versus
IDTBR).['7®) These examples also suggest that BT unit in A-A-D-A-A calamitic acceptors can
be a possible trigger of photochemical reactions.

Antioxidizing processing: The use of stabilizers such as antioxidizing agents to regulate the
detrimental chemical reactions and inhibit the photo-oxidation of the photoactive materials may
be a promising strategy to enhance the stability of NFA OSCs, considering the successful
application of several stabilizers in biology, perovskite solar cells (PSCs) and polymer:fullerene

229] tea

OSCs.[1782252281 For example, the inexpensive natural antioxidants uric acid,!
polyphenol®*” and ascorbic acid?*! have been used in tin-based PSCs to prevent the oxidation
Sn**, thereby resulting in significantly improved device stability. It has been found that a set of
structurally varied hindered phenols can stabilize the lifetime of P3HT:PCBM devices without
compromising their performance, owing to the hydrogen donation and radical scavenging
properties of hindered phenols which can significantly reduce the radicals within the
photoactive layer.[?*?l Although there are only limited studies in the application of natural
antioxidants in NFA, employing a suitable antioxidant can be a general and efficient method to
improve OSC photochemical stability, as indicated by its reaction mechanism as shown in
Figure 17a. For polymers or NFA, there are mainly three reactive sites: alkene-based units,
cyclopentadiene based units (e.g. thiophene) and alkyl chain based units. The quenchers or
stabilizers can effectively inhibit the presence of reactive oxygen species (ROS), thereby
avoiding the decomposition of pristine polymers or NFA (RH). In addition, under illumination,
free RH radicals are formed. R* (carbon centered radical formed by H-abstraction) will quickly

react with ground state molecular oxygen, Oz, forming chain-initiating, oxygen-centered

radicals, which further react to form hydroperoxides by hydrogen abstraction and thus open a
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second cycle. Antioxidants can be introduced to induce termination steps for autoxidation,
forming stable radicals that suppress the autoxidation cycles.!!”>2332341 Guo et al. reported the
positive effects of several common stabilizers on the environmental stability of NFA films and
OSCs. Selected stabilizers S1-S6 (see Figure 17b for molecular structures) were firstly added
to ITIC pristine films with a concentration of 2 wt%, followed by continuous irradiation of the
NFA films under light in air. As shown by the bleaching of the absorbance spectra over
degradation time (Figure 17¢), all the additive doped ITIC films exhibited improved stability
than the pristine film, with S6 (a nickel chelate) the best quencher of ROS among these six
stabilizers. Then S6 was introduced to a wider range of NFA as a stabilizer, including IDIC,
IT-4F and O-IDTBR, at the same concentration of 2 wt% as ITIC. Photo-oxidation studies of
these S6-doped NFA films reveal the beneficial role of S6 in protecting all the investigated
NFA films against photochemical degradation (Figure 17d), suggesting the use of stabilizers
as a general strategy for the stability enhancement of NFA OSCs. The role of S6 in improving
the photochemical stability of NFA OSCs was further demonstrated by the degradation studies
of the unencapsulated J71:ITIC OSCs (employing 2wt% of S6) under one sun illumination in
air. While the introduction of S6 induced a slight decrease of initial PCE together with lower
Jsc and FF due to increased trap-assisted recombination, the normalized PCE (Figure 17e)
shows that the S6 doped devices exhibit higher stability under light and oxygen compared to
the ones without S6. The findings further indicate that additional research efforts are needed to
further optimize the choice and processing conditions of stabilizers in order to overcome the
challenge in enhancing the stability of NFA OSCs without compromising their

performance.!!”!

3.2.2. Interfacial stability

As discussed above, the reaction between NFA materials and commonly used interlayers such
as PEDOT:PSS and ZnO aggravated the device degradation. To address such problems, several
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research attempts have been made to avoid the direct reaction of the interactional layers. For
example, in addition to the commonly used MoOs interlayer,!®8 the ZnO/polymer bilayer ETL
concept was proposed for an efficient and stable inverted structure of NFA OSC by Park et
al.?**) Two types of quarterthiophene-containing polyimides (PIs) were synthesized based on
the different moieties of pyromellitic dianhydride (PMDA) and cyclobutane-1,2,3,4-
tetracarboxylic dianhydride (CTCDA), which were used as an additional layer on ZnO.
Interestingly, improved efficiency and stability were found to be dependent on the conformation
of polyimides; the performance was enhanced by the PMDA-PI with a stretched chain structure
but degraded by the CTCDA-PI with a bended chain structure. Surface modification of ZnO
with self-assembled monolayers (SAMs) is also a good strategy to promote interfacial stability
in inverted NFA OSCs. Liu et al. developed SAMs with different functionalized end groups.**®!
The self-assembly of the SAM molecules on ZnO induces the molecular dipole at the surface
and thereby allows the effective modulation of energy levels, which brings the advantage of
performance improvement. In addition, ZnO/SAM hybrid ETL supports the prolonged
photostability of NFA OSCs, which is attributed to the passivation of photocatalytic activities
of ZnO by SAM. In a further effort to stabilize ZnO/BHIJ heterointerfaces, a fullerene
functionalized SAM (Ce0-SAM) has also been utilized by Xu et al. to passivate ZnO surface.!!**]
The Cs0-SAM has a dual function; it not only suppresses the charge recombination via surface
trap passivation, but also stabilizes the BHJ morphology by reducing the surface energy of ZnO
for better wetting of the active layer. Notably, under one sun illumination condition, an
extrapolated Tgo lifetime of 34,000 hours was achieved for the OSCs with inverted device
structure of ITO/ZnO/Ceso-SAM/PTB7-Th:IEICO-4F/M0O3/Ag. Given an estimated solar
irradiance of 1500 kWh/(m? year), this is equivalent to 22 years of estimated lifetime. Another
important method is modifying ZnO with doping elements. The PTB7-Th:IT-4F device
maintained more than 80% of their initial efficiency after 1000 h storage in the dark upon using

the lithium modified ZnO electron transport layer. Li atoms replace zinc interstitials (Zn;)
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defects, thereby passivating them, prohibiting the adsorption of corrosive agents and boosting
the stability of the Li-modified ZnO-based OSCs.[?*"! It is further found that the interfacial
chemical reaction is found to be more severe in OSCs with a conventional device structure of
glass/ITO/PEDOT:PSS/active-layer/ZnO/Ag than that with an inverted device structure of
(glass/ITO/ZnO/active layer/MoO3/Ag) owing to the high sensitivity of the INCN moieties in
the ITIC molecule to acidic environment as well as the acidic nature of PEDOT:PSS. [681238]
Such interfacial chemical reaction can be effectively mitigated through the use of alternative
interlayer materials to PEDOT:PSS, development of neutral analogues and introduction of

28] These findings highlight that careful engineering of the whole device

barrier layers.!
architecture, not only limited to the BHJ, is required for addressing the degradation mechanisms
and achieving superior long-term stability of NFA OSCs.

In contrast to the other intrinsic degradation mechanisms, interfacial instability is also
associated with external sources, which are possibly originated from the degradation of
interlayer and/or interfacial contact properties at the interfaces between constituent layers.?*%
2441 Seo et al. demonstrated hybrid ETL by mixing poly(2-ethyl-2-oxazoline) (PEOz) into the

2351 Importantly, ZnO:PEOz film with a nano-crater morphology at the

ZnO precursor solution.!
surface enables the formation of mechanically interlocking interfaces, which enhances adhesion
with PBDB-T:ITIC BHJ layer and thereby prolongs device lifetime under continuous
illumination. Recently, the same group developed sulfur/nitrogen-enriched polyimide as a
stable interlayer for inverted NFA OSCs.?*®) The presence of interlayer could effectively
compensate the oxygen deficiency in ZnO to protect the organic molecules from reactive
oxygen, stabilizing the ZnO/BHJ heterointerfaces. Based on this view, replacing and modifying
the electrode with more stable materials can be valid methods toward stable OSCs, such as the

PEDOT:PSS:S-silver nanowires (AgNMs) electrode, Cu grid/graphene hybrid electrode and

Al/Ag double-layer electrode.!!7+247]
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3.2.3. Morphology

The thermal and light induced morphology instability is another important factor that leads to
OSC device degradation. Different strategies can be adopted in order to stabilize the active
layer, with examples like thermal annealing, solvent annealing and additive loading or
fabrication of ternary OCSs, which will be illustrated in detail in this section.

Thermal treatments: One of the most readily available strategies to tune and stabilize BHJ
morphology is through thermal annealing of the D-A blend. In particular, the boundary
amorphous region between D and A domains seems to be the main target to control for better
OSCs stability, as analyzed by Du et al.>*®! In fact, in the process of light-induced phase
segregation of BHIJ, the relatively large size of ITIC-like acceptors determines low molecular
diffusivity and slow migration dynamics. In the amorphous mixed D-A interfacial region, this
results in the formation of small isolated NFA nano-aggregates during polymer reorganization,
which don’t contribute to percolation pathways for charge extraction. This is brought forward
as the main origin of FF and Jsc losses in PM6:IT-4F solar cells. The mechanisms is intrinsically
different from light-induced segregation in fullerene counterparts, in which the small PCBM
molecules move out of the polymer matrix in larger clusters, affecting mostly photocurrent
generation but without creation of morphological traps. In this context, the initial improvement
of photoactive layer quality by processing optimization is crucial to achieve a robust blend
morphology towards these processes. For example, thermal annealing over 150°C or using
solvent additive processing can aid the formation of more ordered and neater boundary regions
less sensitive to photo-induced reorganization. This specific regime of diffusion-limited
crystallization typical for calamitic NFA,!”® possibly further assisted by the mutual m-m
interactions, is also the key origin for the superior thermal stability of fullerene-free OSCs. In
fact, PBDB-T:ITIC blends below ~180°C only show local morphological reorganization with

the formation of nanometric clusters not deteriorating OSC operation, as opposed to the
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formation of detrimental large-scale fullerene aggregates.!*** Upama et al. reported that PBDB-
T:ITIC blend films thermally treated at 80 °C can form an optimum blend morphology with
nano-fibril pattern, which not only favors a higher dielectric constant for efficient exciton

dissociation, but also superior shelf-life stability. 5%

Additive processing: Solvent additives such as 1,8-diiodooctane (DIO) is usually used to adjust
the nanomorphology of active layer and further to improve the charge generation, transport and
recombination. However, this method has been shown to be unfavorable for the device stability
because the residual DIO, which has a slow evaporation rate, can lead to large aggregation of
the photoactive layer under thermal annealing (Figure 18a).>!l Ye et al. demonstrated a
method of removing the residual DIO additives in PBDTTT-C-T:PCBM blend system with low
boiling point ‘inert’ solvent-methanol. After spin-coating inert solvents for the PBDTTT-C-
T/PCBM system, the morphological stability is enhanced and efficiency reproducibility is
increased obviously from 7.07 £0.27% to 7.53 + 0.12%.[*°*) Yu et al. developed a series of
volatilizable solid additives (SAs) for NFA OSCs, which own a similar chemical structure to
that of the end-groups of the A-D-A acceptor IT-4F and can be well mixed with IT-4F acting
as small bridges to enhance the n-stacking between the two IT-4F molecules. More importantly
(taking one of the synthesized SA-1 for example, structure see inset of Figure 18b), SA-1 is
volatile under thermal annealing and it can vanish from the blend upon thermal treatment at
140 °C for 10 min, leaving more room for the self-assembly of IT-4F and forming a more
condensed and ordered molecular arrangement. The strong m—m interaction among IT-4F
molecules enable better charge transport, improving the electron mobility of IT-4F films by
approximately one order of magnitude from 2.0 x 10 cm?*/Vsto 1.4 x 10> cm?/Vs . This further
simultaneously enhances Jsc and FF of PM6:1T-4F OSC devices, leading to an increased PCE
of 13.8%, which is comparable to those using DIO as an additive (12.2%). According to the
photostability study of the encapsulated devices in air under AM 1.5 illumination for 130 h

(Figure 18b), the devices processed with SA-1 show enhanced stability in comparison to those
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with DIO additive. In addition, they exhibit tolerance to thickness variation of the active layer
and good reproducibility. More attractively, the synthesized SAs can be used as a universal
additive for a broad range of OSC blend systems based on A-D-A structured NFA, such as ITIC,
ITCC, IT-2F, IT-M and IEICO, with an improvement in active layer morphology and device
performance and stability analogous to that of PBDB-T:IT-4F devices observed in all of these
A-D-A acceptor based OSC devices.!?>3! Other alternative additives to replace DIO have also
been developed, with numerous materials including lower boiling point additives, polymer
additives and small molecule additives.!>*72%%

Among them, the non-volatile additives can both enhance the morphological stability and
mechanical stability by constructing structural stabilization in the active layer,!*>*! even though
the morphological stability and device ductility are usually anticorrelated, and more stretchable

1971 For example, Han et al. proposed a universal method

device is likely to be less stable.!
through the construction of insulating poly(aryl ether) (PAE) matrices in the active layer.
Typical PAE resins, such as poly(aryl ether ketone) containing furan moiety (PAEF) and
poly(aryl ether nitrile) (PAEN), possess a highly twisted stiff backbone without any side chains
(see Figure 19a) to simultaneously obtain high Tg, thermal stability and heat-resistant
properties.'*>>! When a controlled amount of PAEF resin (0 to 30%) is introduced to benchmark
PM6/Y6 OSCs, charge transfer can occur across the PAEF matrices in the active layer by the
tunneling effect without changing the charge transport channels. The resulting devices with 5
wt% PAEEF exhibit a higher PCE of 16.13% compared to15.44% of pristine devices. Since the
PAE resins own highly twisted and stiff backbone without any soft side chains, it can restrain
the migration of molecular chains in the active layer and therefore result in improved device
thermal stability. After heating at 85 °C in N»-filled glovebox for 24 h without encapsulation,
the PCEs of the devices with 5 wt% PAEEF resin retain at 54% of its initial value, significantly

higher than that for the devices without PAEF resin (PCEs drop to 33% of their initial value).

In addition, the twisted polymer chains of PAE resins give a strong chain entanglement effect,
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preventing the chain-sliding effect of donor/acceptor molecules. Introducing the PAEF matrices
into the BHJ layer can enhance the mechanical property with greatly enhanced elongation at a
break strain of 25.07% (with 30 wt% PAEF), which is 4.4-fold higher than the pristine PM6/Y6
film (Figure 19b). The devices with 30 wt% PAEF resin also exhibit superior flexibility
remaining ~73% of its initial value after bending for 500 cycles at a radius of 10 mm, while the
control device only retains at ~39% of its initial value after the same bending cycle, with deep
cracks observed on the film surface. To demonstrate the universality of the PAE insulting
matrices, stability of the OSCs with different PAEF and PAEN resins are further investigated
at 85 °C for 100 h or at room temperature for 24 days in N> filled glovebox. As shown in Figure
19¢-d, the devices processed with PAE matrices also exhibit superior stability to the ones
without PAE. These results demonstrate that heat-resistant PAE resins serve as supporting
matrices with a tunneling effect into OSCs, thereby capable of simultaneously achieving
improved device flexibility and stability without sacrificing photovoltaic performance, which
may play an important role in the development of stable and flexible electronics.?**! It is found
that the poly-(pentafluorostyrene) (PPFS) polymer, which possesses a high dielectric constant,
can also act as a morphological locking-in agent in the PBDB-TTS:ITIC active layer,
contributing to a more stable morphology. As a result, the PPFS processed device showed both
enhanced thermal stability and storage stability compared to DIO processed device.[>>®!

D-A compatibility and ternary OCSs: Another crucial requirement to preserve a stable BHJ
morphology to extend OSCs lifetime is the careful selection of compatible donor and acceptor

[176.184] that light-induced segregation of D

blend components. It is shown in numerous works
and A domains is a typical mechanism triggered by light and heat, with major consequences on
Jsc and FF. The selection of well-matched polymer:SM pairs is therefore determinant to
maintain original device performances under light and thermal stresses. For example, the burn-

in free aging pattern with only 10% PCE loss over 2000 hr for PZHT:IDTBR devices!'®” is not

merely due to the intrinsic chemical stability of the materials, but especially to the preservation
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of crystalline quality of both components upon blending with the creation of neat interfaces.
This mitigates the formation of light-induced interfacial traps which negatively affect the FF.
The superior chemical stability in conjunction with robustness towards trap formation and
phase segregation for IDTBR derivatives is also observed for other systems, such as PffBT4T-
20D:EH-IDTBR, which shows excellent light and thermal stability with burn-in free
behavior.®7! In this context, it is important to clarify the difficulty to disentangle thermal and
photo-degradation on morphology, since the exposure to light would inevitably lead to a local
temperature increase causing D-A domain reorganization. This is evident from recent research
by Yin and collaborators,>>”) showing how the introduction of a third polymeric component is
crucial to control FF losses. In particular, both electron transport and heat diffusion in PBDB-
T:ITIC-M and PBDB-TF:IT-4F systems are found to be improved upon addition of a secondary
N2200 acceptor moiety through its long polymeric chains, limiting energetic traps and local
temperature increase at the same time. N2200 is known as beneficial for thermal and light
stability also in other ternary blends,!***! due to morphology optimization with fibril-like texture
providing a good channel for electron transport. In general, the ternary approach is often
reported as highly robust towards photodegradation, under the condition that the third
component is carefully chosen to match the other two. A pioneering work from Baran et al.[!%%]
shows that the addition of small amount of IDFBR in P3HT:IDTBR photoactive layers can
penetrate in both components so that intermixed P3HT:IDFBR and IDTBR:IDFBR regions co-
exist with crystalline P3HT and IDTBR domains (Figure 20a). This morphological
configuration and its influence on energetics not only enhance exciton lifetime and optimize
the cascade effect in the ternary system, but also determine better dark and light stability with
respect to the binary counterpart. However, the third moiety should not be too miscible with the
host D:A blend but rather able to partially segregate, to preserve pure domains and an optimum
degree of crystallinity. This crucial trade-off is demonstrated by comparing F-IXIC and CI-

IXIC embedded in J101:MelC matrix.[?* In a process governed by the relative surface energy
57



WILEY-VCH
of the three components, CI-IXIC is highly miscible with both J101 and MelC, while F-IXIC

mostly localizes at J101:MelC interfaces in small pure aggregates, creating efficient pathways
for exciton dissociation and transport (Figure 20b). This leads to superior morphological
stability, with almost 100% of PCE retained after hundreds of hours in light or at 85°C. Another
recent demonstration of the beneficial effect of a third component comes from a study by
Gasparini and co-workers,?®”) where the addition of O-IDTBR in PM6:Y6 OSCs is not only
found to result in an improvement in FF and Jsc of fresh devices, but also reduce the PCE loss
from 40% to almost zero across more than 200 h under 1 sun illumination in nitrogen
atmosphere. In this case the highly crystalline O-IDTBR is selectively mixing with Y6, which
is capable of extracting the trapped carriers from both blend components.

In standard binary D-A systems, the delicate trade-off between initial intermixing and
aggregation is crucial for a stable BHJ morphology. While a too finely mixed blend negatively
affects stability of donor polymer, for example accelerating photo-oxidation in P3HT-based

5,171 a high degree of segregation is detrimental to the mechanical properties of BHJ

system
OSCs due to the scarce ductility of highly crystalline domains.”®!l A ternary approach
combining the polymer:NFA host with a PC7iBM third component®®!) is found to be an
effective strategy to achieve balanced phase intermixing and aggregation, since small fullerene
molecules can easily mix and render the blend more amorphous while preserving good carrier
transport thanks to their excellent electron mobility, thereby resulting in superior robustness to
bending and compressing cycles for applications in stretchable OSCs.

Other strategies for morphology stabilization: In addition to morphology optimization that is
strongly dependent on the choice of NFA acceptors and their matching donors and processing
conditions, several other factors are reported to have a strong impact upon the light, dark and
thermal stability of NFA OSCs. For example, the donor polymer moiety is found to play a

crucial rule in tuning the blend molecular packing. Recent studies show that regiorandom

copolymers with lower crystallinity is beneficial for the exciton dissociation and charge carrier
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mobility with respect to their regioregular counterparts, resulting in significantly reduced burn-
in degradation.**2! Donor polymers based on benzodifuran (BDF) units instead of the widely-
explored benzodithiophene (BDT) units can also improve BHJ morphology thanks to their
greater rigidity and stronger intermolecular interactions, with 90% PCE preserved after 1800h
of storage in air (42% humidity) for L2: TTPT-T-4F.[®3] Selective solubility and crystallization
through the choice of appropriate solvents is also important to tune the blend nanomorphology
through the formation of purer domains for reduced recombination and enhanced thermal
stability, as is shown by An et al. for P3HT:O-IDTBR NFA OSCs that employed non-

halogenated solvents (2-methylanisole) rather than chlorobenzene as the processing solvent.[*”]
3.3. Lab-scale vs large-area module stability testing standards (ISOS)

To transfer OSCs technology in real-world applications, an appropriate assessment of solar cell
stability in relevant degradation conditions is a paramount requirement. Whereas a general
agreement on testing protocols was set in 2011 by the International Summit on Organic solar
cell Stability (ISOS), the lifetime extrapolation of NFA OSCs still relies on small-scale lab-
based experiments in very specific conditions so that a co-ordination within the NFA research
community is urgently needed. ISOS standard®**¥ defines four regimes of testing conditions,
namely dark storage, outdoor, indoor weathering, and thermal or solar/thermal/humidity
cycling, with dark storage and indoor weathering accounting for most of the published data. To
allow the largest possible number of research groups to carry out stability tests according to
comparable and repeatable standards, each category is differentiated into three stages of
increasing sophistication in temperature and humidity control. From basic level, requiring very
little technology for environment control and measurements, to intermediate, needing source
measure units, calibrated solar simulators, and further equipment available in average
laboratories, up to advanced level with a thorough control of testing conditions and measuring

procedures only accessible to certified labs. To allow for result reproducibility it is important
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to report all experimental parameters that can influence the ageing process, in particular
temperature, humidity, environment, electrical load and light source. The latter can be chosen
among different options, but only xenon arc or metal halide lamps with filters are recommended
as able to reproduce the daylight spectrum. Fluorescence lamps with 200-1000 Ix illuminance
are suggested for low light stability tests to reproduce common conditions of indoor lighting.
However, in the current landscape of OSCs fields every research group chooses freely the most
suitable or readily available light source for their aims. To faithfully represent the effect of
sunlight exposure in terms of photochemical, electrical and thermal processes, it is paramount
to include all spectral components of sunlight-UV, visible and IR. Moreover, consensus should
be established in the definition of reported OSCs lifetime. ISOS criteria advise to report at least
the performances at four notable times: To, soon after fabrication, Ts, an arbitrary time marking
the end of stabilization, Tgo and Tsgo, when 20% of initial performance is lost respectively from
To and Ts (see scheme in Figure 21) Usually Ts is considered the turning point between
exponential and linear decays at the end of burn-in phase, but more rigorous consensus should
be established on its definition, since its identification is currently highly qualitative. Other
determinant testing conditions that need to be included in any stability report and target for
further standardization are device encapsulation, contacts, active area and masking, substrate
and electrode characteristics and any meaningful handling condition. In this context, the
standards emerging from ISOS are quite broad and the most rigorous requirements in terms of
degradation and measurement protocol are just put forward as suggestions, so that in practice
every research group applies specific conditions which are still far from being comparable. In
terms of light sources for lab weathering, AM1.5G spectra from xenon arc or metal halide lamps
according to ISOS indications are largely used,[!9%112:175:176.181.2601 byt 450 visible-only LED
arrays!!67184248.257) and UV AiltersP719221%1 are commonly reported. Degradation can be
performed in airl'°>!7% or in dry nitrogen atmosphere, [*7-112:167:219:248.260.265] [yt 150 controlled

amount of oxygen can be introduced!'3%! or a comparison between dark in air and inert in light
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conditions can be made to identify the main degradation process.!'”> The temperature is usually
reported as a range, referring to it as stable if it is kept below a threshold of “ambient” conditions
— usually 30-50°C.[37:175.176.184.219.265] The testing time also depends on the specific focus of the

1751811 ¢

experiment, from the scale of minutes to investigate photochemical reaction 0

5 [112:167.184.192.248] Nevertheless, for highly stable

thousands of hours for extended lifetime studie
systems Tgo is seldom measured but rather extrapolated from the efficiency evolution.[!841%]
Hereby, it should be noticed that the ISOS standardization mostly aims at assessing device
lifetime (e.g. Tgo) for industrial and commercial application, defining the reliability of
photovoltaic performance. On the other hand, research on OSCs is also interested in
understanding the origin of degradation mechanisms and their characteristics in different NFA-
based systems, so that the use of specific light sources or environmental conditions, even if not
complying with ISOS standards, can be important to investigate relevant phenomena.

In a recent work from Madsen group, stability tests with different ISOS protocols are
compared®®], namely ISOS-L-2 and ISOS-O-1. The former (lab weathering) is typically
employed in lab-scale experiments to elucidate photostability of promising high-efficiency
blends in controlled temperature and illumination conditions, while the latter (outdoor) is
mainly useful to assess robustness of large area devices suitable for scalable applications even
without impressive PCE. In this study, sheet-to-sheet slot-die fabricated PBDB-T:ITIC cells
with conventional architecture (typically utilized in industrial manufacturing) are tested outdoor,
while spin-coated inverted-structure counterparts are degraded indoor under a solar simulator
mimicking outdoor light cycle. Interestingly, it is found that ISOS-O-1 conditions result in
reversible degradation mostly affecting Voc and Jsc, while for ISOS-L-2 permanent
performance decay is observed especially from FF, linearly dependent on light intensity. The
authors suggest this strictly links to device architecture, with the PEDOT:PSS top layer
(conventional) possibly more stable towards the light-induced interactions with the active layer

occurring for MoOs (inverted). These interactions could result in interfacial trap state formation
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for inverted architecture, which negatively affect device stability. The study encourages the
awareness of the connection between OSCs lifetime and experimental conditions and
underlines that a poor stability in lab-designed set-ups is not in contrast with robustness of large-
area devices for commercial applications.

Another crucial topic to face for extraction of meaningful stability data from experiments is the
assessment of how closely the controlled conditions defined by ISOS standards mirror the on-
field ageing processes in practical applications. In a review of the state-of-art on OSCs outdoor
testing protocols,?”! Zhang et al. give an overview of the main points to sort out in terms of
testing method to achieve a reproducible stability assessment and a clear comparison to real-
world conditions. Whereas dark storage simulates quite closely the phenomena happening
outdoor with main degradation mechanisms from oxygen and water penetration into devices,
the extrapolation of photo-induced aging is less straightforward. Few attempts have been made
to create a conversion system between different ISOS standards (like the so-called “o-

2681 and to understand how they speed up real-world degradation through extreme lab

diagram”)!
conditions (defining specific “acceleration factors”),!*! but the wide variety of climate
situations found in different countries makes a consistent reference frame extremely
challenging, so that even outdoor testing can be not representative of general processes. The
main factors to consider for lifetime extrapolation are mainly the impossibility to control the
exact radiation characteristics, temperature and moisture, as well as their daily and seasonal
variations in real-world conditions. Even though NFA are generally less affected by humidity
and heat than fullerene counterparts, these factors modify stability patterns.!?¢”! At the same
time the increasing power density of solar radiation strongly influences Jsc in OSCs, from a
trade-off between trap-state filling and carrier density increase.[?*”-?’%27!] In particular, outside

the 800-1100 W/m? power density range around AM1.5G reference non-linear dependence

between irradiance and performance is reported.
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4. Key Challenges

In this final section, we aim to discuss the key challenges on enhancing the stability of
nonfullerene acceptor based solar cells. We first discuss the origin of degradation of OCSs, and
secondly show how molecular properties and device performance are fundamentally linked,

then move on to discussing the key challenges.
4.1 Identifying molecular origin of degradation

The photon-to-electricity conversion process in organic molecular solar cells undergoes a few
steps: (a) absorption; (b) exciton diffusion; (c) charge transfer; (d) CT state separation; (e)

).[3272

charge transport; (f) charge collection (see Figure 22 1 The photon absorption of organic

molecules depends on the size of pi-conjugation, planarity, persistence length, molecular

273-275 The efficiency of exciton diffusion relies on the size of donor-

packing, and crystallinity.
acceptor domain and the exciton diffusion length.>*) D-A domain size is mostly determined
by the morphology, while the diffusion length is controlled by the lifetime of excitons hence
the coupling between excited and ground states as well as by the relative probability of non-
radiative decay. The rate of charge transfer, if we are under weak coupling limit, is determined
by the coupling between local excited (LE) state and CT state, energetic offset between LE and
CT state, and reorganization energies, according to Marcus theory.?’®! The efficiency of CT

[277-279

exciton separation depends on the CT state lifetime, I coupling between CT state and

2801 and

charge separated (CS) state, delocalization of electron in acceptor or hole in donor!
relative availability of states. The charge transport process is determined by coupling between
adjacent molecules,'*®!! degree of trapping and de-trapping,?*?%3! and free charge carrier
lifetime. Charge collection efficiency relies on the degree of interfacial defects, the size of

extraction barrier, and the surface velocity.[*®* In a simpler picture, we can describe those

operation processes as the competition between charge transfer (or transport after free charges
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are generated) and recombination after photo-absorption. Charge transfer process, on one hand,
involves the charge transfer from local excited state to charge transfer state (often called exciton
diffusion), charge transfer from CT state to charge separated state (often called charge
separation), and the charge transfer within the same molecule clusters (often called free charge
carrier transport), and finally charge transfer from active materials to electrodes (often called
collection). Recombination, on the other hand, undergoes the decay of local excitons (failure of
forming CT states), decay of CT state excitons, and finally the decay of free charge carriers
both inside the devices and at the contact interfaces.

Fundamentally, those rates of recombination and charge transfer could be determined by the
molecular structure of donor and acceptor and their orientations and interactions with each other
and with the environment, although accurate determination of those rates remain
challenging!?’¥l. Therefore, the change of molecular properties over time is a primary factor
controlling changes in device operation, therefore the stability of organic molecular solar cells,
and a link between molecular properties and device level properties is expected in the order of

§[9:10

consequential influences: molecular propertie 1 (photochemical stability) — morphological

195-197.2201 (morphological stability) — device properties!** 2! (electrical stability).

properties!
Here, we aim to discuss the key challenges from three main aspects: molecular design,

morphology, and device physics. We also briefly comment on the practical challenges in the

end.
4.2 Designing NFA molecular design structure towards improved OSCs stability

The first step towards superior stability is the intrinsic stability of molecule. In this context, the
routes worth being explored are numerous, with various aspects to be taken into account such
as NFA chemical structure (e.g. heteroatom substitution), molecular conformation, structural

rigidity, symmetry and energetics. Even if the record-performing NFA of Y6 family still do not

[260]

provide exceptional operational stability in devices,'”> recent evidences demonstrate its highly
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rigid structure controlled by outer core alkyl chains conformational locking.?*!! This suggests
an outlook of further tuning of the A-D-A-D-A molecular structure, for a thorough

(! but also in ensuring

understanding of the role of side chains not only in boosting efficiency,
long device lifetime. Since the alkene linkage between the donor-acceptor building blocks
present in the most relevant NFA structures (IDTBR, ITIC, Y6) has been pointed out as the
starting point of chemical degradation,!'’®! an important challenge for molecular engineering is
the development of new synthetic strategies for conjugated NFA structures possibly free from
this weak linkage or with powerful non-covalent bonds to stabilize it. In this context, Y6
molecular design is also interesting for 3D design opening up pathways for charge transport in

2851 This characteristic is particularly evident

multiple directions influenced by packing motifs.!
in the emerging families of 3D conjugated NFA such as the star-shaped oligomers, 286281 where
the molecular geometry can be finely tailored by the choice of specific conjugated arms to
control twisting!**®! and with several examples showing promising thermal stability.!**¢! In this
aspect, a promising direction for investigation is the role of 3D transport in enhancing charge
separation and making OSCs more robust towards degradation processes.

Another complementary aspect to work on for extending device lifetime is the accurate tuning
of NFA energy levels through molecular structure modification. Particular attention is deserved
by the LUMO, given its role in controlling degradation processes such as photo-oxidation.[!8!]
The design of NFA with a deep LUMO is a viable way to reduce the impact of this mechanism.
This can be realized without compromising charge separation thanks to the small D-A energy

offset sufficient for exciton dissociation in numerous NFA-polymer blends,?”"!

even though
donor energy levels need to be tuned accordingly to preserve a high Voc.

As the organic molecules in the photoactive layer of OSCs inevitably contact the interlayer,
contribution of interfacial stability may become increasingly important for determining the

device lifetime. It has been found that interlayer with ionic characteristics, such as PEI and

PEDOT:PSS, can react with NFA and cause chemical reaction, which eventually gives rise to
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the degradation of electronic properties of NFA. Based on the studies for the identification of
the possible undesirable reaction, it can be suggested that interlayers should possess higher
chemical inertness to passivate their chemical reactivities by substituting reactive ionic groups
(mostly proton) with less reactive counterparts while maintaining charge selective functionality.
From the viewpoint of NFA molecular design, the chemical stability has ample room for further
improvement. Most of the state-of-the-art NFA have adopted an electron-pushing and electron-
pulling alternating structural design to induce strong intramolecular charge transfer effects; A-
D-A type for ITIC and IDTBR family, and A-DA'D-A type for Y6 family. The vinylene group,
particularly in these molecular structures, play an important role in not only endowing the
molecule with conformational flexibility, but also connecting the central core unit with
electron-deficient end-group to preserve conjugation along the entire NFA molecule. However,
such a bridging vinyl linkers are prone to chemical reactions and can be a trigger for degradation
following exposure to reactive species. Unravelling the nature of these chemical interaction and
following structural modification would be the first important step towards a realization of the

chemically stable NFA.
4.3 Optimizing BHJ morphology

Another significant challenge lies in morphological stability, which is widely known to have a
strong influence on the charge carrier kinetics of OSCs, including exciton dissociation, charge
transport and recombination (see Figure 22d). It has been reported that some fullerene-based
OSC systems, such as PffBT4T-20D:PCBM, can suffer from severe burn-in degradation due
to spinodal demixing of the donor and acceptor phases even under modest thermal stress,
primarily caused by the low miscibility between the donor and acceptor resulting in a metastable
blend morphology.!'®3) While such degradation may be less likely to occur at least in some
NFA-based OSCs owing to their improved morphological stability than their fullerene-based

counterparts,**1%8] further investigation is needed in order to establish the relationship between
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the morphological stability (e.g. the demixing behaviour) of NFA-based OSCs and their
molecular and device design.!>!

It is established that the blend nanomorphology of OSCs is metastable and readily moves
toward a thermodynamic equilibrium state, which is strongly mediated by the miscibility of the
donor and acceptor.!?®*! There is still a lack of understanding of thermodynamic factors affecting
morphology degradation of NFA-based OSCs. It should be noted that post-treatments such as
thermal annealing, additive and solvent vapor annealing, may also cause the nucleation of
crystallizable SMA in the initial blends. Because of the additional chemical potential of the
SMA crystals, this nucleation will promote the growth of crystals, thereby forming large

(2241 This happens more often in photovoltaic

crystals by depleting the mixed domain over time.
systems where high crystallization and phase separation had occurred during the solution
casting process, with further activation of the materials towards structural rearrangements going
beyond the optimal morphology for charge generation and collection. Although some burn-in
free NFA-based OSCs with a higher thermal and oxidative stability than the widely studied
fullerene acceptors have been reported, >34 it is not clear whether a longer lifetime can be
achieved, and whether any new hypo miscible nonfullerene SMA-based blend systems may
suffer from thermodynamics driven morphology instability. Therefore, it is urgently needed to
explore some strategies, together with NFA molecular design, to avoid the long-term device

instability caused by the thermodynamically unstable bulk heterojunction morphology of NFA-

based blend systems.
4.4 Understanding fundamental device physics

Molecular and morphological changes during a degradation process cause the reduction of

device performance, which is most commonly characterized using the knowledge from device

290

physics, for example, nonradiative voltage loss!**"! (Figure 22b), trap states!!** 2! trapping

and de-trapping behavior?°?% (Figure 22¢). The knowledge on the device-physics level of
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the degradation is useful but not enough to identify the origin of the losses, since fundamentally
molecular property is the origin as we discussed above. This brings up another big challenge
for future stability studies, that is to develop understanding and reasoning connecting molecular
properties to device properties, which would possibly serve as the key to identify major
degradation mechanisms and develop the guidelines for achieving simultaneously superior
efficiency and stability. For example, how much nonradiative voltage loss is caused by free
charge collection relative to CT state recombination, how to quantify the density and depth of
trap states by the changes of molecular property and by morphological change, and how to
distinguish the loss by morphological change from molecular property changes, how to
distinguish disorder of charge separated states from CT states, and other related scientific
questions. With the emergence of Y-family NFA acceptors,l>!2°12%2] 3 special focus on the
structure-stability relationship should be considered as one of the design rules for novel NFA
acceptors. It will be a combined effort by theoretical/experimental chemists and physicist to

answer these questions.
4.5 Manufacturing cost and fabrication process

Having discussed the fundamental challenges towards highly efficient and stable OSCs, here
we go on to briefly discuss the practical challenges related to the fabrication of OSCs at an
industrial level, and a more comprehensive discussion on this topic can be found in the recent
reviews by Ma et al.***) and Brabec et al.l*”¥ To ensure a smooth transition from laboratory
devices to industry modules, capability in the large scale synthesis of low cost materials
(including active materials, substrates, interlayers, electrodes) and rapid production of large
area organic thin films with good tolerance to thickness variations is required. The cost of
materials remains a major hurdle to overcome on the research and development of nonfullerene
OSCs toward a truly low-cost technology. For example, PM6 is currently sold at a cost ~2687

US dollars per gram, and the materials cost related to the fabrication of nonfullerene OSCs (e.g.
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ITO) remains rather high.?**! Furthermore, state of the art nonfullerene OSCs usually require
the addition of processing additives and/or post/pre-treatment (such as thermal annealing and
solvent vapor annealing), thereby significantly compromising their compatibility with low cost
and large scale industrial manufacturing. The development of low-cost materials, device
architectures and processing routes is therefore urgently required before any mass production
at an industrial level is carried out and should be considered equally important as the stability
and efficiency of OSCs. However, the chemical versatility of NFA provides great potential for
multi-objective optimization and makes NFA possible to be a class of auxiliary materials to

solve the internal performance, cost and stability of a material. 24

5. Conclusion

In this review, we have discussed the recent progress on the NFA OSCs based on critical
research achievements in the stability of the devices. It has been revealed that many important
factors that greatly influence the performance of the OSCs, such as NFA molecular design, BHJ
morphology, and device engineering, are also found to be important in determining the device
stability. In the last section, we finally suggested key challenging points to overcome for
realizing highly stable OSCs. Although many challenges still remain to be resolved before
widespread adoption of NFA OSCs in photovoltaics is feasible, gradual progress will bring a
bright future. We hope that this review proves useful in fostering the development of the stable

NFA OSCs.
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Figures

Figure 1. Chemical structures of ITIC-family NFA.
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Figure 2. Chemical structures of IDTBR-family NFA (Sigma-Aldrich)
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Figure 3. Chemical structures of Y6-family NFA.
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Figure 4. Chemical structures of NFA for indoor and semitransparent applications.

&5



Ny M\Lw 4
M

™
PEI

photoactive layer electron transport layer

interfacial dipole

Thick PFN

polarization

WILEY-VCH

Ag N2200
Work function

PCP-Cs 478

——  PCP-K — 481

M=H,Li,Na K, Cs PCP.Na —— 498

Figure 5. Polyelectrolytes for NFA OSCs. a) Schematic illustration depicting the chemical
interaction between PEI and ITIC. Reproduced with permission.[”l Copyright 2018, Royal
Society of Chemistry. b) Comparison of energy levels of PFN and PFN-2TNDI and their charge
transport mechanisms. Reproduced with permission.’®! Copyright 2017, Royal Society of
Chemistry. ¢) Interfacial dipole formation and exciton dissociation at the BHJ/NDI-N interface.
Adapted with permission.[””) Copyright 2019, Elsevier. d) Schematic illustration representing
self-doping effect. Reproduced with permission.[”®! Copyright 2018, American Chemical

Society.
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Figure 6. Operating mechanism of ternary blend OSCs: charge transfer mechanism (top left),
energy transfer mechanism (top right), parallel-linkage model (bottom left), and alloy-like
model (bottom right). Reproduced with permission.?*! Copyright 2015, Springer Nature.
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Figure 7. Ternary and quaternary OSCs. a) Chemical structures of the materials (left) and
corresponding energy level diagram (right) used in ternary blend. a) Adapted with
permission.[!1% Copyright 2019, WILEY-VCH. b) Phase diagram for the hypomiscible and
hypermiscible blends (left) and comparative schematics of morphology evolution between
binary and ternary blends (right). Reproduced with permission.!''?! Copyright 2019, WILEY-
VCH. c) Energy transfer between two NFA in ternary blend. d) UV-vis absorption and PL
spectra (left) and charge transfer mechanism in parallel-alloy quaternary blend. Adapted with
permission.'" Copyright 2018, Royal Society of Chemistry. d) Operational mechanism

diagram of the ternary blend OSCs. Reproduced with permission.!'%! Copyright 2020, WILEY -
VCH.
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Figure 8. Tandem OSCs and perovskite/BHJ integrated solar cells. a,b) Device structure of
tandem OSCs. a) Adapted with permission.!'*! Copyright 2017, American Chemical Society.
b) Reproduced with permission. 3% Copyright 2019, WILEY-VCH. ¢) Prediction of PCE of
tandem OSCs based on optical-electrical modeling. Adapted with permission.!'3®! Copyright
2020, Royal Society of Chemistry. d) Device structure of perovskite/BHJ integrated solar cells
and corresponding EQE spectrum. Reproduced with permission.['*8) Copyright 2019, American
Chemical Society.
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Figure 9. Printed large-area NFA OSCs. a) Effect of processing solvent on OSC performance
fabricated by scalable blade-coating method. Adapted with permission.!'62! Copyright 2018,
WILEY-VCH. b) Effect of processing additive on the morphology of printed BHJ film.
Adapted with permission.!'®*) Copyright 2018, WILEY-VCH.
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Figure 10. a) Schematic illustration of oxidative and water induced degradation pathways.
Reproduced with permission.!'’?! Copyright 2020, Elsevier. b) Primary photooxidation reaction
sites in ITIC. Adapted with permission.l'”>] Copyright 2019, Royal Society of Chemistry. c)
Fractional losses of the P3HT absorbance peaks in blend films after 8 h of exposure under
AMI.5G illumination in dry air (RH <40%) as a function of the measured LUMO level of the
acceptors, fitted with exponential growth function y = yo + Ae(®*9%_d) proposed degradation
mechanism, namely, the photodegradation of P3HT caused by the formation of superoxide
(O27) via electron transfer from the LUMO levels of the acceptors to molecular oxygen (O>),
which has an electron affinity (EA) of 3.75 eV. Reproduced with permission.['8!] Copyright
2019, American Chemical Society.
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Figure 11. a) MALDI-TOF mass spectra of ITIC and 10 min UV treated ITIC on ZnO.
Reproduced with permission.'®?! Copyright 2019, Royal Society of Chemistry. b) The
evolution of the Ns/Sop ratios, obtained for the bottom and top surfaces of the PBDB-T:ITIC
blend layer, as function of the aging time. Inset illustrates the presence of a PBDB-T-rich upper
surface and an ITIC-rich bottom surface in the binary blend PBDB-T:ITIC layer. Reproduced
with permission.[®®! Copyright 2019, WILEY-VCH.
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Figure 12. a) Schematic illustrating isothermal crystallization of ITIC molecules (blue) within
a matrix at various temperatures, with concentric yellow circles illustrating the accessible
volume. b) Polarized optical microscopy images and DSC heating thermogram of PBDB-
T:ITIC blend annealed at 100 to 240 °C for 10 min. ¢) PCE of the PBDB-T:ITIC solar cells
with active layers annealed for 10 min at temperatures up to 210 °C. d) PCE evolution with
annealing time at 160 °C or 210 °C for the PBDB-T:ITIC solar cells. Adapted with
permission.!'*®! Copyright 2019, American Chemical Society.
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Figure 14. a) Photovoltaic characteristics of encapsulated PM6:10-4Cl organic photovoltaics
as a function of time under continuous indoor light illumination. Reproduced with
permission.!'!) Copyright 2019, Springer Nature. b)The stability of three encapsulated organic
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under 45°C in dark.[*'*) Reproduced with permission.!*'* Copyright 2019, WILEY-VCH. d)
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Copyright 2020, American Chemical Society.
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Figure 15. a) Photo-bleaching rate of acceptor materials, including nonfullerene acceptors and

fullerene derivatives. Reproduced with permissio

Il.[175

I Copyright 2019, Royal Society of

Chemistry. b) The device stability under continuous illumination in a dry nitrogen atmosphere
(A-D) Jsc (A), Voc (B), FF (C), and PCE (D).["* It can be seen that fluorination and thienyl
side chains provide the highest stability, while dimethylation gives the shortest lifetime with
strong burn-in. Adapted with permission.!'3%! Copyright 2019, Elsevier.
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Figure 16. Potential energy scans as a function of dihedral angle (red arrow) of a) Y6, b)
ITIC and ¢) IDTBR NFA, calculated using DFT at the B3LYP level of theory with a basis set
of 6-31G(d,p). Reproduced with permission.!??!! Copyright 2020, Royal Society of Chemistry.

mn .S N S
o ‘l e ”\
e

-g-‘-t.i.". 1.04e

R

QUL = Hydroperoxde decomposer I’

Q.

ot
T

Norm Absorbance
o
[-.]
|
(]
3 >y
Ny /
‘v-'/o
®
Norrnallzod:CE
a

0.4+ —u— IT-4F:S6 0.4
4 IDIC N
0.2 —+-DIC:SB .
—o- OADTBR 029 o-ror
—eo—O-IDTBR:S6 & —o-2wt% S6
0.0 T T 0.0 T T T T T
0 4 8 12 00 05 10 15 20 25
Time (h) Time (h)

Figure 17. Suppressing photo-oxidation of NFA and their blends as well as relevant devices
through stabilizers. a) Autoxidation cycle of NFA and their primary reactive sites as well as the
points of attack of stabilizing additives. b) The chemical structures of several stabilizers. c)
Degradation kinetics of light-soaked ITIC pristine films in air without and with the 2wt%
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stabilizers. d) Degradation kinetics of NFA IDIC, IT-4F and O-IDTBR without and with 2 wt%
S6 in air under illumination with a solar simulator. €) Depiction of the temporal evolution of
PCE of unencapsulated devices with a device structure of ITO/ZnO/J71:ITIC/MoO3/Ag which
were continuously light soaked in dry air using a solar simulator. Reproduced with
permission.!!’*! Copyright 2019, Royal Society of Chemistry.
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Figure 18. a) AFM height image and 3D images of PM6:1T-4F films with DIO or SA-1, for which the
casted active layer was annealed after 24 h standing. The DIO processed film exhibits large aggregations
with high surface roughness of 41.9 nm. The aged film with SA-1 still exhibits smooth and uniform
morphology. b) Photo-stability of PM6:1T-4F-based devices with DIO or SA-1 (encapsulated in air, AM
1.5 radiation to illumination of 100 mW/cm? for 130 h). The inset displays the molecular structure of
SA-1. Reproduced with permission.!>>* Copyright 2018, Springer Nature.
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with permission.l** Copyright 2020, WILEY-VCH.
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Figure 20. Morphologies of different ternary BHJs. a) P3HT:IDTBR blend with IDFBR third
component forming mixed regions with both donor and acceptor as well as small-scale
aggregates. Reproduced with permission.['%) Copyright 2017, Springer Nature. b) J1101:MelC
morphology modified by addition of F-IXIC or CI-IXIC acceptors. The former is able to
segregate at interfaces and create pure domains, while the latter is finely intermixed in the
binary host. Reproduced with permission.**) Copyright 2020, Elsevier.

PCE

Time

96



WILEY-VCH

Figure 21. Schematic of the time evolution of PCE during any stability test, with the indication
of the relevant times and efficiencies to report according to ISOS suggestions. Reproduced with
permission.!?* Copyright 2011, Elsevier.
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Figure 22. Photovoltaic processes in OSCs. a) Exciton and charge generation processes. b)

Possible origins of energy loss and their impacts on the Voc. Adapted with permission.

[296]

Copyright 2017, Elsevier. c) Charge trapping/detrapping processes under different trap state
density and distribution conditions. Reproduced with permission.!*?!! Copyright 2020, Royal

Society of Chemistry. d) Schematic of CT state formation and recombination.
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Table 1. Detailed photovoltaic parameters of OSCs based on ITIC and NFA derived from

ITIC.

Blend system PCE Jsc Voc FF
(%) (mA/em?) V) (%)

PTB7-Th:ITIC 6.58 14.21 0.81 59.1

J51:TIC 9.07 16.33 0.81 68

PDCBT:ITIC 10.05 16.50 0.94 65.57

PBDB-T:ITIC 10.68 16.73 0.90 70.8

J71:TIC 11.2 17.40 0.94 68.09
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PBDTS-TDZ:ITIC 12.8 17.78 1.10 65.4
PTB7-Th:ITIC-Th 8.5 15.95 0.80 68.0
PDBT-T1:TIC-Th 9.3 16.17 0.88 67.1
J61:m-ITIC 11.49 18.31 0.90 69.55
PBDB-T:ITCC 11.0 15.2 1.01 71
PBDB-T:IT-M 11.48 11.48 0.94 73.5
PM6:IT-4F 13.3 20.39 0.87 75

Table 2. Detailed photovoltaic parameters of OSCs based on IDTBR NFA.

Blend system PCE Jsc Voc FF
(%) (mA/cm?) ) (%)
P3HT:O-IDTBR 7.1 12.91 0.73 75.09
P3HT:EH-IDTBR 6.0 12.1 0.76 62
BDT3TR:O-IDTBR 7.09 12.1 1.06 55
PIBT4T-20D:EH- 9.5 14.65 1.08 60
IDTBR
PTB7-Th:O-IDTBR 11.36 18.77 1.02 59.88

Table 3. Detailed photovoltaic parameters of OSCs based on Y6 and NFA derived from Y6.

Blend system PCE Jsc Voc FF

(%) (mA/cm?) V) (%)
PM6:Y6 15.6 25.3 0.83 74.8
PM6:N3 15.79 25.64 0.85 73.9
PM6:BTP-4Cl 16.1 25.2 0.87 73.7
PM6:BTP-4Cl-12 16.6 25.6 0.86 77.6
PM6:BTP-eC9 17.4 25.9 0.84 81.1
D18:Y6 17.67 27.31 0.97 75.5
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Table 4. Maximum exciton generation rate (Gmax) and exciton dissociation probability (P(E,T))
for the studied devices before and after 500 h of photoaging. Parameters of a and b in the fits (y
= ax + bx?) of melting point depression versus volume fraction and the Flory—Huggins
interaction parameters for the PTB7-Th:ITIC, PTB7-Th:IDIC and PTB7-Th:EH-IDT blends
determined by DSC measurement. Adapted with permission.['**! Copyright 2019, WILEY-

VCH.
D/A Gran[* 102 cm3s] PET) Flory H::grr;selztrzractlon
Fresh Aged Fresh Aged a[x b [x Xdonor,acceptor

104 10]

PTB7-Th:ITIC 9.75 9.18 90.2% 68.3% - - 1.81
1.400 2.533

PTB7-Th:IDIC 9.40 9.00 854% 81.6% 1.367 1.239 0.90

PTB7-Th:EH-IDT 10.22 9.91 90.2% 89.9% 0.672 0.248 0.37

Table 5. Summary of the main experimental techniques utilized for stability assessment and

investigation of degradation mechanisms in OSC devices and thin films.

Technique Probe

Probed system

Information (before/after or during
degradation)

J-V scan Electrical

EQE Light

Light intensity (1) dependent  Electrical

JscVoc

TPV Electrical

Charge extraction Electrical

SCLC Electrical

Photo-CELIV Electrical

Impedance spectroscopy Electrical

Device

Device

Device

Device

Device

Electron/Hole-only
device
Device

Device
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Evolution of photovoltaic parameters (Jsc,
Voc, FF, PCE). The dependency of Jyn = Ji-dg
(difference between J in light and dark) on
Ve = Vo-V (difference between V(J,»=0) and
applied V) gives information on charge
generation rate G

Changes in photon-to-electron conversion
efficiency in specific spectral ranges
identifies the species mostly involved in
degradation by processes such as
chromophore bleaching

Jsc-1%, with a<1 indicative of bimolecular
recombination; Voc-log(l) with slope nkT/q,
where n=1 is typical of ideal bimolecular
recombination and n=2 indicates trap-
assisted recombination. The evolution of a
and n allows to study the recombination and
trapping upon aging

Charge carrier lifetime dependency on Voc at
different illumination, in combination with CE
allows to calculate recombination order (due
to energetic disorder, morphological defects
and traps)

Charge carrier density dependency on Voc at
different illumination, in combination with
TPV allows to calculate recombination order
(due to energetic disorder, morphological
defects and traps)

Evolution of y and pn/ge balance

Evolution of py and un/pe balance, bimolecular
recombination coefficient 3, presence of
dispersive transport

Changes in resistive and capacitive behavior
(series, transport, recombination resistances;
chemical and dielectric capacitances).
Carrier diffusivity and mobility can be
extracted. Evolution upon aging reveals
change in transport and recombination
regimes



Electroluminescence

Photoluminescence

Time resolved-PL

Absorption

TAS

Raman spectroscopy

FTIR

GIWAXS/GISAXS

AFM

APS/UPS

Ccv

MALDI-TOF/NMR

DSC/FSC

Electrical

Light (laser)

Light (laser)

Light (UV-Vis)

Light

Light (laser)

Light

Light (X-rays)
Tip (Van der Waals

interactions)
Light (UV)

Electrochemical

Electric/Magnetic field

Thermal

Device

Film bulk

Film bulk

Film bulk

Film bulk

Film bulk

Film bulk

Film surface

Film surface

Film surface

Film bulk

Film bulk

Film bulk
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Evolution of emissive species allows to
investigate CT states, phase separation,
presence of traps

PL evolution monitors phase separation in
blends, energy transfer, molecular distortion
and fragmentation

Evolution of carrier lifetime informs on
changes in recombination mechanisms and
presence of traps. Study of interfacial traps
in layered samples also possible

Evolution of absorption properties reveals
chromophore bleaching or changes in
morphology such as directional
rearrangement

Evolution of excitonic/polaronic species and
their lifetime, recombination mechanisms,
information about traps, aggregation,
morphology

Changes in vibrational modes reveal
evolution of molecular conformation,
aggregation, charge distribution over
molecule and processes like molecular
distortion, conjugation loss, fragmentation
and oxidation

Evolution of vibrational modes reveals
changes in molecular conformation,
morphology, conjugation and processes like
oxidation and distortion

Crystallinity, -1m stacking, molecular
assembly, aggregation size

Changes in surface morphology and texture,
nanoscale aggregation

Changes in surface and interfacial energetics
by oxidation, conjugation loss, distortion...
Tail state density evolution related to
changes in energetic disorder and trap
density

Changes in energetics by oxidation,
molecular distortion, conjugation loss...
Evolution of chemical composition,
fragmentation, appearance of degradation
products, chemical reactions such as
oxidation

State transitions (melting, crystallization,
glass), changes in crystallinity, transitions
between polymorphs, aggregation, phase
segregation in blends
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‘ Stability of OPV

The stability of organic solar cells is an issue we need to resolve based on knowledge from
both molecular and device physics to deliver a structure-stability relationship helping on
molecular design, yet, the current status is far from realised. In this review, we discuss recent
progresses and challenges towards stable organic solar cells.
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