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Progress Toward Stable Organic Solar Cells

Newayemedhin A. Tegegne, Leonato T. Nchinda, and Tjaart P. . Kriiger*

Organic solar cells (OSCs) are suitable candidates for next-generation
renewable energy sources due to their low cost of production and flexibility.
Their power conversion efficiency has improved significantly to about 20% in

areas inexpensively and fast.['-3! This, com-
bined with little material consumption
(~1 g organic semiconductor per m?), low-
temperature processing, and compatibility

both single- and multi-junction devices due to the tremendous work in
optimizing the synthesis of novel active-layer materials while improving
device fabrication. Despite a few reports predicting a 20-year lifetime for OSC
devices, their stability currently lags behind their commercialization. This
Review discusses the issues that impair OSC stability and how to mitigate
them. While emphasizing the importance of the International Summit on
Organic Photovoltaic Stability (ISOS) protocols, an overview of recent
advancements in OSC power conversion efficiency (PCE) and lifetime is
provided. Finally, fundamental challenges to developing high-performance
and stable OSCs are discussed along with general recommendations for

improving the stability of OSCs.

1. Introduction

Organic solar cells (OSCs) provide a unique opportunity for
a cost-efficient energy-generation technology due to their solu-
tion processability and mechanical flexibility, enabling mass pro-
duction with simple roll-to-roll techniques. Their main advan-
tages are, in particular, their use of abundant, non-toxic raw
organic semiconductor materials that can be tailored to spe-
cific applications and the use of manufacturing technologies—
primarily solution processing—that are capable of coating large
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with flexible substrates, enable lightweight
devices made in roll-to-roll production and
a large versatility in applications. Based on
these properties, OSCs may become the
world’s cheapest source of energy. Con-
certed research has also witnessed a con-
siderable improvement in the power con-
version efficiency (PCE) of OSCs, regularly
exceeding the milestone of 10%.1*7] The
champion devices with PCEs approaching
and even exceeding 20% in single-junction
devices® 1}l and over 20%'* in tandem
devices exceed the efficiency of commer-
cial thin-film inorganic solar cells" and
are close to the best-performing thin-film
solar cells."®) These advantages, together
with the recorded high efficiencies, make OSCs the most ad-
vanced clean energy sources that are near commercialization.

The major impediment to the commercialization and
widespread use of OSCs is their limited stability, evidenced
by a considerable drop in efficiency over time. Degradation in
OSCs can either be intrinsic, observed as spontaneous changes
in the active layer, electrodes, or interfaces between the layers,
or extrinsic, caused by light, water, oxygen, elevated temper-
atures, and/or mechanical stress.'’] The past ~two decades
have witnessed an enormous effort to a deep understanding
and mitigation of the degradation mechanisms in OSCs, which
has led to a considerable improvement in their stability from
a few minutes to a potential lifetime reaching over 10 years
in the laboratory.'®! Structural engineering of donor (D) and
acceptor (A) polymeric semiconductors to improve both their
efficiency and stability has also been at the forefront of OSC
research. Emphasis on their energy levels aimed at developing
low band-gap materials to prevent oxidation has provided insight
into degradation originating from the formation of reactive
oxygen species (ROS). Another major research focus has been
on the stabilization of the active-layer morphology, given that
it is thermodynamically unstable and usually evolves to a more
stable state over time. Techniques such as crosslinking, solvent
additives, and the use of structurally stable D/A materials are
among the strategies that have been employed to enhance the
active-layer morphology, thereby improving the overall stability
of OSC devices. The interfacial layers have also been an im-
portant research topic to enhance OSC stability as they directly
influence the dynamics and collection of photogenerated charge
carriers.!1922
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In this Review, recent developments in understanding the
degradation of OSCs and strategies to limit their impact are sum-
marized by focusing on each of the device layers. In Section 3,
we explore the mechanisms that influence the stability of OSCs.
The key reasons for reduced OSC lifetimes are highlighted as
oxygen and water intrusion (Section 3.1.1), light exposure (Sec-
tion 3.1.2), heating (Section 3.1.3), and unstable morphology of
especially the active layer (Section 3.2). The importance of each
OSClayer in the overall device degradation and various strategies
to enhance each layer’s stability are examined in Section 4. For
easy comparability of results from different research laboratories,
the ISOS protocols are described in Section 5.1, while highlight-
ing the recent progress made in improving the PCE and lifetime
of OSCs (Section 5.2). Finally, some fundamental challenges and
prospects toward OSC commercialization are proposed in Sec-
tion 6.

2. Working Principle of OSCs

OSCs are photovoltaic (PV) devices in which z-conjugated
electron-donating and electron-accepting materials are sand-
wiched between two electrodes of opposite polarity. These conju-
gated polymers are characterized by alternating single and dou-
ble bonds in their molecular structure, creating an extended z-
conjugated system. This extended conjugation allows for a sig-
nificant overlap of molecular orbitals along the polymer chain,
enhancing the probability of electronic transitions and, conse-
quently, the oscillator strength, which is directly related to the
absorption efficiency. The absorption spectra of conjugated poly-
mers are characterized by intense and broad bands. Their high
absorption intensity can be attributed to extended z-conjugation,
while their broad bandwidths result from their molecular het-
erogeneity, structural disorder, and the multitude of available vi-
bronic transitions. These optical properties make z-conjugated
polymers versatile materials for applications in optoelectronic
devices, where their absorption characteristics are crucial for
efficient light absorption and emission. A further increase in
the absorption of OSC active layers can be realized by using
non-fullerene acceptors (NFAs) instead of the commonly used
fullerene acceptors, the inclusion of a third component, stacking
of polymers with different optical band gaps in a tandem cell, and
the use of plasmonic nanoparticles.[?324]

2.1. Charge Generation and Transport

Photon absorption by an OSC results in the creation of a tightly
bound electron-hole pair commonly known as an exciton with a
binding energy of about 0.2—1 eV.[®®] Once the neutral exciton is
generated, it has to diffuse to the D/A interface to dissociate into
positive and negative charge carriers. The D/A interface should
thus be within the diffusion length of the exciton, which is typi-
cally below 20 nm. The availability of a D/A interface within the
exciton diffusion length inspired the bulk heterojunction (BHJ)
concept, a recommended alternative to the bilayer device struc-
ture that comprises a layer of donor material on top of an accep-
tor material. In a bilayer device, only excitons created 10-20 nm
below the D/A contact (i.e., within the exciton diffusion length)
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have a high probability of dissociating into free charges. This lim-
itation significantly hampers the efficiency of charge photogener-
ation. In contrast, a BH]J is characterized by an interpenetrating
network of donor and acceptor domains, which allows a consid-
erable enhancement in exciton dissociation due to the greatly in-
creased D/A interfacial area within the photoactive layer.

The process of charge photogeneration following photon ab-
sorption in these devices resembles that of natural photosyn-
thetic systems that convert sunlight into electron-hole pairs in the
photochemical reaction centers. The four major steps of charge
photogeneration in OSCs are exciton generation, exciton migra-
tion to a D/A interface, free charge generation across the in-
terface, and charge transport. This is subsequently followed by
charge collection by the electrodes to generate electricity. The
PCE of OSCs depends on the efficiency of each of these pro-
cesses. The long-term stability of OSCs can therefore be greatly
improved if each of the processes is unaffected by external and
internal stresses.

Free charge generation at the D/A interface involves multiple
steps, as depicted in Figure 1. The first step involves partial dis-
sociation of the exciton, forming a so-called charge-transfer (CT)
state across the interface, which comprises a partial donor cation
(D*) and a partial acceptor anion (A~) that are strongly Coulom-
bically bound. The CT state can be considered a mixture between
a pure excitonic and a fully charge-separated (CS) state, where in
the former case (i.e., the exciton), the electron and hole are in the
same donor molecule, while in the latter case (i.e., the CS state),
the hole still resides in the highest occupied molecular orbital
(HOMO) of the donor but the electron occupies the lowest un-
occupied molecular orbital (LUMO) of the acceptor, i.e., an elec-
tron is fully transferred. The relaxed CT state typically has lower
energy than the preceding singlet exciton state; hence, an isoen-
ergetic transition to the CT state populates higher vibrational lev-
els, known as a hot CT state (CT%*). If full charge separation oc-
curs immediately, i.e., before thermalization of the CT state, a hot
charge-separated state (CS*) is populated. Charge separation may
also occur from the lowest CT state after thermalization before or
after intersystem crossing (ISC). These processes compete with
geminate recombination from the singlet (!CT) or triplet (*CT)
states. Ideally, the CS* state migrates away from the D/A interface
while it relaxes thermally, consequently separating the charge car-
riers. If they do not leave the interface, a CT state may again be
formed across the interface, populating the lowest CT state, from
where geminate recombination may occur. There is also a possi-
bility that the free charges may decay by bimolecular recombina-
tion while transported through the corresponding materials (the
electrons in the acceptor, and the hole in the donor). If this does
not happen before they are collected by the electrodes, an exter-
nal circuit is formed, thus generating electricity. The completely
unbound electron-hole pairs have an energy that is equivalent to
the sum of the ionization potential of the donor and the electron
affinity of the acceptor.

In contrast to conventional inorganic crystalline semiconduc-
tors, the morphology of OSC materials is more disordered and
generally amorphous. Thus, instead of band transport, charge
transport happens by “hopping” between the localized states
within the active layer.””] During this process, traps in the active
layer—Tlikely caused by defects, phase discontinuity, morphologi-
cal disorder, and so forth—may prevent charges from reaching
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Figure 1. Main processes involved in charge photogeneration, shown in a qualitative electronic-state diagram. S, represents the donor’s singlet ground
state (i.e., HOMO), while S, represents the first singlet excited state (excitonic state, i.e., LUMO). Intermolecular charge transfer (CT) at the D/A interface
generates CT states, where the D molecules have a hole and the A molecules have an electron. 'CT and CT represent, respectively, the lowest singlet
and triplet CT states, while CT* and CS* denote excited (“hot”) levels of the CT and charge-separated (CS) manifolds, respectively. The final state is the
lowest-energy CS state, in which the holes and electrons have been completely separated. The k; terms denote competing relaxation and electron-transfer
rates. hv: Photoexcitation to singlet exciton (S;). k°T: Exciton dissociation to form the hot charge-transfer (CT) state. kCT : Thermal relaxation of the
CT state. k;sc: Spin mixing of the 'CT and 3CT states. Kiripler: Geminate recombination of the 3CT to the triplet exciton, T1 kGR Geminate recombination
of the 'CT state back to the ground state, So kes+: Dissociation of the hot CT state into a fully charge-separated (CS) state. k¢s: Dissociation of the
thermally relaxed CT state into the CS state. km : Thermal relaxation of the CS state and migration away from the D/A interface, resulting in an increase
in state degeneracy (entropy) and charge |oca||zat|on on lower energy sites (traps, etc.). kgg: Bimolecular recombination of the CS state. Adapted with

permission.!28] Copyright 2009, American Chemical Society.

the electrodes and instead force them to recombine. Non-
geminate recombination—the recombination of an electron and
a hole from separate excitons—can also result from surface traps,
improper contact between the active layer and electrodes, or even
the extraction of a counterion charge carrier by a correspond-
ing electrode.

Charge carrier mobility is also an important parameter in
determining the efficiency of charge carrier transport. Organic
semiconductors have low charge carrier mobilities—typically in
the range of 10™* — 107> cm? V! s71. The active layer is therefore
kept thin (~100 nm) to allow carriers to reach electrodes within
their lifetime. Balancing charge mobilities is crucial to avoid sig-
nificant space-charge effects, which occur when the mobility val-
ues of holes and electrons differ by 2 to 3 orders of magnitude,
thus hampering charge extraction.!?] Surface recombination and
interface dipoles can also cause a “double-dipoles” phenomenon,
further limiting charge extraction.[?]

2.2. Device Structure of OSCs
The device architecture of OSCs determines the charge collec-

tion paths. In the normal (traditional) geometry, the holes are
collected by the high-work-function (WF) electrode, while the po-
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larity is the opposite in the inverted geometry (see Figure 2).
High-WF transparent oxides such as indium tin oxide (ITO)
are coated with a hole-transport layer (HTL) in the traditional
geometry, allowing hole collection by the electrode, while an
electron-transport layer (ETL) such as zinc oxide (ZnO) is de-
posited on top of ITO in the inverted geometry, as shown in
Figure 2. The HTLs and ETLs are deposited in the traditional
and inverted geometry, respectively, before the deposition of the
top electrode (e.g., Al, Ag) to cap the device. In both struc-
tures, the active layer is sandwiched between the transparent
ITO electrode and the top metal electrode (e.g., Al, Ag). How-
ever, due to the energy mismatch between the electrodes and
the active layer, charge extraction and recombination may be im-
peded and the charge-separated free carriers tend to recombine
at the active layer/electrode interfaces when there is no selec-
tivity for charge collection.3! These issues are commonly ad-
dressed by adding interface layers between the active layer and
electrodes to suppress charge recombination. To this end, ETLs
are used to help transport electrons while blocking holes, and
HTLs do the opposite: transport holes and stop electrons. The in-
sertion of ETLs and HTLs also forms Ohmic contacts at the inter-
faces, reducing energy barriers for charge transport and tuning
the different polarities of OSCs, which contribute to enhanced
efficiencies.
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Figure 2. Schematic representations and band energy diagrams for the normal ((a) and (b), respectively) and inverted ((c) and (d), respectively) con-

figurations of OSCs.

In the standard or normal ITO/HTL/active layer/ETL/metal
structure, ITO serves as the anode, and a low-WF metal (e.g., Al or
Ca) on top of the device serves as the cathode. For example, in the
case of the well-known blend of poly(3-hexylthiophene-2,5-diyl)
and [6,6]-phenyl-C71 butyric acid methyl ester (P3HT:PC,,BM) as
the active layer, electrons are transported from P3HT to PCBM,
which are selectively transported by the ETL and collected by the
cathode. On the other hand, holes are left in P3HT domains
and selectively transported by the poly(styrene sulfonic acid)-
doped poly(3,4-ethylenedioxythiophene) (PEDOT:PSS) HTL and
extracted by the ITO anode. This structure, however, has in-
trinsic device instability concerns. The low-WF metals deposited
on top are particularly sensitive to oxygen and moisture, ren-
dering them easily oxidized and corroded, thus exposing the
active layers to rapid degradation in air.’*** Furthermore, PE-
DOT:PSS is commonly employed as the HTL, with benefits such
as transparency, solution processing, and high conductivity.34%]
However, the high acidic and hygroscopic nature of PSS can
eventually compromise device performance by etching the ITO
at the bottom over time.**] Additionally, in the presence of
external stress, such as high temperatures of about 65 °C,
fullerenes and donor polymers aggregate, and the adhesion of
polymers to the upper electrode creates a barrier to electron ex-
traction, as reported by Sachs—Quintana et al., after they ob-
served a recovery in efficiency upon peeling off the aged elec-
trode and re-evaporating a new one.3!l To avoid this degrada-
tion phenomenon in the normal structure, an inverted struc-
ture is employed, where holes are extracted from the upper
electrode.
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Looking at the inverted ITO/ETL/active layer/HTL/metal
structure, ITO acts as the cathode and the top metal (e.g., Ag or
Au) as an anode, determined by the selectivity of the electron-
and hole-transport layers. In the P3HT:PC,;BM model system,
electrons are transferred from P3HT to PC,, BM, transported via
the ETL (e.g., ZnO), and extracted by the bottom ITO cathode,
while the HTL (e.g., MoO,) selectively transports the holes left in
P3HT domains to the top anode for charge collection. Generally,
solution-processable ETLs like ZnO, TiO,, and SnO, are used to
reduce the energy barrier, while HTLs such as MoO, and WO, are
deposited on the active layer.3*’] Alternatives that can be used
as interface layers, such as conjugated or non-conjugated organic
materials like PFN and PEIE, can also contribute to large efficien-
cies in OSC devices. Nonetheless, when looking at stability issues
critical for OSC commercialization, metal oxides with higher op-
erational stability are preferred for practical applications. In con-
trast to the normal structure, the inverted configuration elimi-
nates the need for PEDOT:PSS at the ITO surface while using
an air-stable high-WF metal as the top anode. This effectively
alleviates the degradation issue of the top electrode. Although
there is no significant difference in efficiency between normal
and inverted structures, a careful review of OSC stability suggests
that an inverted architecture is the better option for future OSC
applications.

3. OSC Degradation Factors and Mechanisms

The overall degradation of OSCs is determined by the degra-
dation of each layer and their interfaces, where the main
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mechanism by which OSCs lose their operation lifetime may be
different across devices. The degradation can be either extrinsic
due to water and air ingress, irradiation, and mechanical stress,
or intrinsic due to a thermodynamically unstable morphology
and/or diffusion among the layers. Intrinsic factors are those
that occur spontaneously, without external stimuli, and are prin-
cipally driven by the materials’ inherent features. Intrinsic degra-
dation would thus be relevant for OSCs that are thermally isolated
and kept in an inert atmosphere, free from mechanical stresses.
This division between external and internal degradation factors
does not imply mutually exclusive factors; instead, the different
degradation mechanisms often promote one another or operate
together. In this Section, we summarize recent progress in our
understanding of the degradation mechanisms in OSCs.

3.1. Extrinsic Factors of Degradation

OSCs without encapsulation generally experience significant ex-
trinsic degradation in an ambient atmosphere due to exposure to
oxygen and water as well as mechanical stress. Light illumination
expedites the degradation due to photochemical mechanisms,
most of which involve oxidation, that can degrade each of the
OSC layers. Encapsulated devices still experience thermal degra-
dation resulting from ambient temperature fluctuations, where
significant heating can arise from direct and indirect solar radia-
tion (including sources such as electron-hole recombination).

3.1.1. Oxygen and Water Ingress

In unencapsulated OSC devices prepared and characterized un-
der ambient conditions, oxygen and water penetrate deep into
the OSC through defects. The water molecules permeating the
device can penetrate the active layer, forming trap states that re-
duce the charge photogeneration in the device due to its low
ionization energy.*®) In particular, water diffusion into the ac-
tive layer leads to the formation of OH™ in the backbone struc-
ture of the polymers, giving rise to polymer swelling and move-
ment. In most cases, active-layer materials are chemically un-
stable when in contact with water. Fullerene acceptors, specifi-
cally, are reported to undergo an irreversibly strong modification
of their HOMO structure.®! In sharp contrast, NFAs undergo
minor reversible changes that leave their energy levels largely
unaffected.*”]

Water intrusion is particularly facilitated when the hygroscopic
PEDOT:PSS blend is employed as HTL. This leads to a change in
its morphology and properties, such as shifting its work function
toward the vacuum level, thus hampering charge extraction. Ad-
ditionally, the Al electrode in the standard design may become
oxidized as a result of water vapor diffusion via the PEDOT:PSS
layer.*!l Furthermore, oxidation of the cathode after water ingress
occurs frequently from the edges, resulting in a reduction in the
active area and, consequently, in PCE. Water infiltration causes
OSC degradation, which results in an S-shaped current-voltage
(I-V) curve due to worsened charge extraction, finally destroy-
ing the device’s performance. Another degradation mechanism
caused by water infiltration is layer delamination, which in-
cludes the PEDOT:PSS/active-layer interfaces.[*?] Furthermore,
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the active-layer area is reduced due to water penetration,*3] which
oxidizes the top electrode predominantly through the reaction of
water with the HTL/active-layer interface, ultimately reducing de-
vice performance.**] Decreasing the wettability of PEDOT:PSS
reduces its hygroscopic character, which prevents water diffusion
in and out. Anionic perfluorinated ionomer (PFI) additives used
in PEDOT:PSS were found to limit water intrusion, boosting both
the efficiency and stability of the device.**] Aside from the hygro-
scopic PEDOT:PSS, a recent study has found that a ZnO ETL is
unstable in water, forming large polymer aggregates in the active
layer as a result of its poor chemical stability in water.[*®]

Oxygen penetration is another common extrinsic degradation
factor known to considerably reduce the lifetime of OSCs. The
main oxygen-induced degradation mechanisms are photooxida-
tion of the active-layer materials (see Section 3.1.2) and oxidation
of the low-WF electrodes, while elevated temperatures usually ex-
pedite the reactions. Oxidation of the low-WF electrodes results
in the formation of metal-oxide layers with reduced conductivity.
These (partially) insulating layers form charge extraction barriers
between the metal electrodes and active layer.*”-*1 As a result,
oxygen and water can then infiltrate into the active layer and the
entire device via the electrode pinholes or grain boundaries.

OSCs undergo oxidation even in the dark due to p-type doping
of O, on polymer donors, resulting in excess mobile holes and the
formation of a charge extraction barrier layer for electrons.[*3:4]
This process is reversible in vacuum or inert atmospheres and
does not involve chemical oxidation of the materials. However,
when exposed to both light and O,, permanent absorption bleach-
ing occurs due to the degradation of conjugated bonds and the
loss of chromophores, as demonstrated by Fourier-transform in-
frared spectroscopy measurements.l**>2] This oxidation reaction
starts with free radical diffusion and progresses to side-chain
degradation, resulting in a considerable decrease in photon ab-
sorption (photobleaching) and a decrease in the short-circuit cur-
rent density, J ;. Increased recombination and trap density, and
the formation of bandgap defects may also be observed.

Device encapsulation using glass or plastic layers is a common
strategy to minimize oxygen and water ingress. Glass is an effec-
tive material to suppress water permeability because, although
molecular water readily diffuses into glass, the water molecules
react with the glass matrix to form immobile hydroxyl groups.>*!
In the case of silica glass, the dissolved water molecules form
SiOH groups inside the glass. In contrast, molecular oxygen does
not readily react or interact with the glass matrix but diffuses
through the glass, albeit at a relatively slow rate.’*] An addi-
tional, slower permeability component results from oxygen diffu-
sion through vacancy and interstitial sites in the glass matrix.[>
Therefore, unlike water, oxygen degradation is difficult to control,
even with the best encapsulation. Plastics are generally consider-
ably less effective encapsulation materials as oxygen and water
have a relatively high permeability through polymers.

Oxidation of the active layer can be reduced by increasing
the thickness of the encapsulating layer (since oxygen diffusion
through glass, in particular, is relatively slow), using more crys-
talline polymers with denser layers (as they are more resistant
to oxidation), removing unstable side-chains that are easily oxi-
dized, using acceptors with deeper LUMO levels, and adding get-
ter materials to absorb unwanted 0,.15°] As for the electrodes and
interface layers, the use of high-WF metals such as silver and gold
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Figure 3. Main photooxidation mechanisms in OSCs. a) Primary photooxidation reactions in polymers—Type 1and Type 2 reactions—between an active-
layer polymer and molecular oxygen, shown in a Jablonski diagram. The Type 1 reaction (electron transfer) takes place either from the triplet state (T;) or,
less likely, from the singlet state (S;, LUMO). Solid red arrows denote electron transfer, while dotted arrows represent transitions to the respective radical
states. The Type 2 reaction (energy transfer to molecular oxygen) takes place from T;. The main competing photophysical processes are represented by
differently colored arrows. Yellow dotted arrows denote vibrational relaxation. ISC, intersystem crossing. b) Some secondary photooxidation mechanisms
of polymers. See text for details. Reproduced with permission.[”] Copyright 2017, Royal Society of Chemistry.

instead of low-WF metals can help prevent deterioration as they
are not easily oxidized. Also, increasing the thickness of the elec-
trode and replacing PEDOT:PSS with hydrophobic materials can
improve OSC protection and stability, respectively.>®]

3.1.2. Photodegradation

Generally, a fast initial PV performance loss is observed when
most OSCs operate under light illumination, typically referred
to as burn-in losses, and varies among materials.[****! Photoox-
idation of the photoactive layers is the most common degrada-
tion mechanism in OSCs. The photooxidation mechanisms have
been well-established for macromolecular commodity polymers
and are equally applicable to conjugated polymers. Both donor
and acceptor materials can undergo photooxidation—conjugated
polymers as well as molecules (like fullerene). The initial step
of photooxidation of a light-sensitive polymer or molecule oc-
curs through a direct reaction of the polymer or molecule in its
excited state with molecular oxygen and proceeds through one
of two pathways, called Type 1 and Type 2 reactions, as shown
in Figure 3a. In both Type 1 and 2 reactions, the excited poly-
mer or molecule acts as a photosensitizer. In the following, the
mechanisms will be described for polymers but hold equally
for molecules.

The Type 1 pathway occurs when an electron is transferred
from the polymer to molecular oxygen to form a polymer cation
(P**) and a superoxide anion radical (O} or O, (*I1,)). The Type 1
reaction is more likely to occur when the polymer is in a triplet
state but electron transfer from the polymer singlet state can
also take place. O, in particular, is reasonably reactive and can
initiate radical reactions to produce more ROS. Specifically, O
can be reduced to form hydrogen peroxide (H,0,) or, in the
presence of moisture, can be protonated to form the hydroper-
oxide radical HO;. These ROS can readily initiate chain reac-
tions with the donor or acceptor materials, especially with rad-

Adv. Optical Mater. 2025, 13, 2402257 2402257 (6 Of27)

icals on the polymer chain, which usually involve further oxida-
tion reactions, leading to the degradation of the organic compo-
nents within the solar cell. Electron spin resonance (ESR) is a
useful method to detect radical-mediated photodegradation in z-
conjugated polymers.[®! To mitigate photooxidation, researchers
often explore materials or strategies that can inhibit the photoin-
duced electron-transfer process or scavenge the superoxide ions
or other ROS that are formed. In polymer:fullerene blends, the
formation of O3 is usually inhibited due to the low LUMO level
of PCBM.

The Type 2 pathway is fundamentally different because it in-
volves energy transfer instead of electron transfer. This pathway
involves the transfer of the excitation energy from the polymer’s
excited triplet state (T;) to molecular oxygen in its ground state,
which is a triplet state (O, or 02(32;)), thereby exciting the oxy-
gen to its 02(122) singlet state, which is very short-lived, and de-
cays immediately to the lower singlet state O,("A,). Singlet oxy-
gen is also a highly reactive species that can react with various
components, leading to the degradation of the active layer and
a decrease in the overall performance of the device. Degrada-
tion in polymer:fullerene blends is predominantly driven by the
Type 2 pathway—triplet-induced singlet oxygen generation via
the polymer!®! or the fullerene acceptor.!*¢*] Once singlet oxy-
gen is formed, it can initiate many reactions or be added to a
polymer through a Diels—Alder cycloaddition reaction, creating
an intermediate endoperoxide, which subsequently decomposes
the polymer.[%]

The probability of Type 1 and 2 reactions is determined by their
relative rates compared to the other decay processes of the elec-
tronic excited states. Specifically, ISC and electron transfer from
S; (LUMO) compete with fluorescence and internal conversion,
while electron and energy transfer to molecular oxygen from T,
compete with phosphorescence and delayed fluorescence.

Photo-oxidative degradation of polymers usually starts with an
initiating radical that forms through a Type 1 reaction or reac-
tion of the polymer (P) with ROS, leading to a chain of further
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oxidation reactions that decompose the polymer into smaller rad-
icals. In most cases, the polymer side chains are targeted first
before the degradation proceeds to the backbone structure.[¢]
Figure 3b considers one such carbon center (RH) in a polymer
chain that degrades into a carbon-centered radical (R°) through
oxidation. This radical readily reacts with molecular oxygen (*0,)
to form a chain-initiating peroxyl radical (ROO®). Reduction of
ROO* forms hydroxyperoxide (ROOH) and usually additional
radicals through the reaction ROO* + RH — ROOH + R*. ROOH
is very photolabile and easily decomposes into free radicals that
can attack the polymer, for example, by abstracting hydrogen
from another carbon center in the polymer. In a conjugated poly-
mer, ROOH can be formed when a C=C bond is epoxidized
through an ene-reaction with ROS—usually singlet oxygen (*O,)
(Figure 3D, lower right).

The probability of primary and secondary photooxidation reac-
tions can be significantly reduced by using antioxidants such as -
carotene, which readily react with radicals, singlet oxygen, or with
the triplet states of the photosensitized polymers or molecules,
thus deactivating singlet oxygen(®”%®] or quenching the sensi-
tizer’s triplet state before energy or electron transfer to O, can
occur.’’] Furthermore, stabilizers such as nickel chelate S6 were
found to significantly suppress photooxidation.[®!

Photoinduced degradation can also occur in the absence of
oxygen, where the high-energy radiation reaching the earth’s
surface (ultraviolet (UV), specifically UV-A, UV-B, and gamma
rays) can break certain chemical bonds. This process is known
as radiolytic degradation. For example, blue light can break C—N
bonds, UV-A radiation can break C—N bonds as well as C—C,
C—0, and C—H bonds, while all these bonds as well as O=0
and O—H bonds can be ruptured by UV-B radiation. In addition,
gamma radiation can ionize atoms by causing electron ejection.
Subsequently, chain scission in the polymers due to the cleav-
age of, for example, C—C and C—O bonds results in the cre-
ation of free radicals that can further decompose the polymer.
In P3HT, saturation of the aromatic rings by the alkyl side chains
by light-induced degradation in the absence of oxygen was also
found to decrease the conjugation length, leading to a loss in
absorbance.[”!

Since light-induced degradation is different for each of the
active-layer materials, the energy-level alignment between the
donor and the acceptor materials changes, which leads to excess
recombination. Additionally, it was discovered that oxygen dop-
ing in the presence of light significantly lowers OSC performance
due to unbalanced CT as the hole mobility rises as a result of the
p-doping.”!] Wang et al. reported that light soaking increases dis-
order that leads to the rapid formation of trapped polaron pairs
that eventually destroys the charge generation in PM6:Y6-based
0SCs.”?l Diiodooctane (DIO) is a widely used additive to con-
trol the aggregation effect of PCBM in the active layer, resulting
in a much-improved morphology. However, this molecule under-
goes photolysis in the presence of UV light, generating reactive
iodine and an iodooctane radical that can react with the polymer
backbone to produce HI, which aggressively attacks the polymer
chain.l”3]

Photochemical reactions can also lead to chemical structure
evolution or chain breakage, decreasing the optical density of
the active layer and its absorption capability. This evolution can
be tracked, for example, by measuring in-situ ultraviolet—visible
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(UV=VIS) absorption under illumination and can involve the
degradation of various materials over a large time range, from
seconds to hours. Infrared (IR) spectroscopy has also been used
to probe changes in chemical structure, such as the reduction
of conjugated bonds and the appearance of new groups like car-
bonyl and ester bonds.[50-5274]

3.1.3. Thermal Degradation

OSCs working under continuous irradiation are prone to
thermally-induced degradation as the device temperature is
raised above the ambient condition. Thermal effects can be
significant because, according to the Arrhenius equation, re-
action rates have an exponential temperature dependence but
only an approximately linear dependence on oxygen and UV-
light exposure.!”] The thermal properties of the materials, mainly
their glass transition temperature (T,), crystallization, and phase
transition, play a crucial role in the thermal stability of the de-
vice. The main thermally-induced degradation mechanisms in-
clude diffusion of the electrodes, buffer layers, and/or active-layer
materials, thus inevitably modifying the morphology of the ac-
tive layer, which is detrimental to the charge generation process.
The active-layer morphology of a device can evolve into a network
that does not favor charge generation mainly due to the crystal-
lization of the components and their miscibility following ther-
mal degradation.’®’”] When the miscibility between donor and
acceptor materials is low, especially at higher temperatures, the
donor (or acceptor) tends to aggregate and form larger-size clus-
ters or domains, which may surpass the exciton diffusion length
or charge transport length.[%078]

Amorphous materials usually have better thermal stability due
to the reduced crystallinity in the active-layer morphology in
devices.’*! Furthermore, T, of polymers is a critical parame-
ter that dictates their molecular organization during solidifica-
tion, which is mainly controlled by the backbone geometry and
their side chains. Photoactive materials heated above T, become
mobile, causing a rapid coarsening and growth of large-sized
crystals.l?!l Heating also creates pinholes in the active layer that
negatively affect the charge carrier transport and collection.!””]
Moreover, thermally-induced coarsening and creation of fibril
structures lead to an increased roughness that disrupts the inter-
penetrating network,I”77>81] and at times lead to delamination of
the electrodes and/or interfacial layers.

The core idea of BH] OSCs involves a well-mixed donor-
acceptor percolation microstructure for efficient charge genera-
tion at interfaces and charge extraction near electrodes. On the
other hand, large-size pure phases can boost geminate recom-
bination and impede charge generation, as excitons may not
reach D/A interfaces within their lifetime, resulting in severe ini-
tial degradation and potentially causing burn-in.[#2-84 Moreover,
thermal cyclic chemical reactions that include chain scission may
also degrade the device. Thermo-oxidation of active-layer materi-
als is another well-documented degradation mechanism in OSCs
that causes chain scission and ring opening.®>%] Exposure of
the polymers to an elevated temperature leads to chain breakage.
Thermal degradation of polymers is usually associated with chain
scission followed by radical formation, which initiates the degra-
dation until the final termination stage, in which two compounds
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with unpaired electrons form an inactive product, similar to the
photooxidation reactions depicted in Figure 3(b).

3.1.4. Mechanical Degradation

OSCs must be made with outstanding, stable mechanical re-
silience in order to ensure their use in flexible and wearable ap-
plications. The mechanical response to stress differs from poly-
mer to polymer and is determined mainly by the intermolecular
and surface forces in the devices. The adhesion between the sub-
strate and the film determines the strain at which cracks appear
in the device, a common measure of the mechanical stability of
the device. Amorphous structures are more flexible and less brit-
tle than crystalline structures, giving them better mechanical sta-
bility. However, the prerequisites for high PCE in OSCs, such as
extreme crystallinity and long conjugation lengths, do not guar-
antee that the materials will be durable mechanically.

One of the mechanical degradation mechanisms is due to a
weak D/A interface with reduced polymer entanglement and den-
sity, resulting in poor resistance against crack growth and phase
separation between the two components, hence poor mechani-
cal stability.!¥”] Hence, the mechanical robustness of the active-
layer materials of OSCs should be carefully selected by the addi-
tion of freezing components!®! and proper defect engineering. %8
Furthermore, the formation of poor active-layer morphology due
to crystallinity changes!® when the polymer chains align them-
selves to the direction of the strain and change from face-on to
edge-on stacking or vice versa are among the few degradation
processes that are deleterious to the mechanical robustness of the
device.l*2l Moreover, the adhesion between each of the layers of an
OSC is sensitive to mechanical deformation that leads to degra-
dation. For instance, crack formation in the electrodes can lead
to delamination, which will subsequently kill the device’s perfor-
mance. Ref. [90] provides a detailed overview of the mechanical
robustness of OSCs and strategies for achieving mechanical sta-

bility.

3.2. Intrinsic Factors of Degradation

External degradation factors such as diffusion of water and oxy-
gen into the device can be reduced by the use of proper encap-
sulation. In contrast, intrinsic degradation, which includes the
evolution of undesirable chemical properties as well as molecu-
lar arrangements at the device interfaces and within the active
layer, occurs even when the encapsulation is perfect.!

The active layer of an OSC is metastable due to material diffu-
sion, which leads to undesirable phase separation. Several intrin-
sic limitations contribute to this instability, including the spin-
coating process’s dependence on the complex kinetics of donor
and acceptor materials. Achieving a balance between pure phase
and phase-separated domains often results in an intrinsically un-
stable morphology. During spin coating, the bulk heterojunc-
tion morphology of OSCs is kinetically frozen, remaining far
from thermodynamic equilibrium.l”>*3] Consequently, the mor-
phology evolves toward its thermodynamically stable state, which
often does not support efficient charge generation. Even encap-
sulated devices can suffer degradation over time, as topological

Adv. Optical Mater. 2025, 13, 2402257 2402257 (8 of 27)

www.advopticalmat.de

changes due to phase separation worsen, leading to vertically sep-
arated components within the active layer. Despite the degrada-
tion linked to intrinsic morphological instability, certain devices
such as those based on PM6:Y6 have shown only slight degra-
dation after 30 days of storage in the dark.** Achieving thicker
active layers (on the order of several hundred nm) is essential
for OSC commercialization. However, optimizing the morphol-
ogy in thick active layers is particularly challenging, as maintain-
ing vertical phase separation becomes more difficult. Cai et al.
reported a 300 nm thick polymer solar cell (PSC) based on a PM6
donor and BTP-eC9 and L8-BO-F acceptors. Through a sequen-
tial layer-by-layer deposition method, they achieved vertically op-
timized phase separation, which led to an increased exciton dif-
fusion length and a PCE of 17.31%.1! Polymers with good sol-
ubility and controlled molecular aggregation allow acceptors to
permeate the polymer layer, thereby increasing the D/A interface
and achieving optimized vertical phase separation.[*®! The verti-
cal phase distribution of the constituents can evolve into a more
stable distribution. The vertical distribution of the components in
the active layer of an OSC determines its charge transport and re-
combination characteristics, hence strongly influencing its PCE.
The interaction parameter ¢ between the polymer and the accep-
tor is an important parameter determining this vertical phase
separation. Strong interaction between the active-layer materials
tends to cause surface-directed phase segregation, while weak in-
teraction counteracts this vertical phase separation. Many OSCs
show an evolution of this vertical phase separation with time.[*”]

In addition to the morphology of the active layer, another in-
trinsic instability arises from the diffusion of materials at the
interfaces into the photoactive layer. This highlights the impor-
tance of controlling the thermodynamic instability of the trans-
port layers and electrodes to ensure the overall stability of the
device.l®®]. For example, a PM6:N3 OSC with a stable active layer
experienced instability due to the diffusion of atoms from the
charge transport layers and electrodes into the active layer.[*”]
The authors recommended further investigation into the insta-
bility of these interfaces and electrodes to enhance device stabil-
ity. It is worth noting that atom diffusion from the electrode and
buffer layers can occur even in encapsulated devices kept in con-
trolled environments. Such diffusion can alter the energy levels
of the buffer layers and electrodes, leading to the formation of
traps that promote charge recombination. Intrinsic chemical in-
stability of the materials used in OSCs can also lead to degra-
dation, including the chemical reaction between constituents.
For instance, a well-documented intrinsic degradation in non-
fullerene-based OSCs includes the photo-catalytic activity of ZnO
toward the small molecule dye ITIC, which can result in the for-
mation of reactive oxygen species that degrade the dye and ulti-
mately reduce the solar cell’s efficiency.['®!

4. Stability-Enhancement Strategies for OSCs

The enormous effort to improve the efficiency of OSCs has
brought forth champion performances exceeding 20% both in
single- and multi-junction solar cells.%1%2] However, the lim-
ited stability of these devices is still hindering their commer-
cialization. In this Section, recently published reports on strate-
gies aimed at limiting OSC degradation are reviewed. The degra-
dation of OSCs is a complex process that can be caused by
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Figure 4. Commonly used strategies to improve OSC stability.

chemical degradation of the active-layer materials, the ETL and
HTL, the electrodes, and/or the interfaces between each pair of
layers. Figure 4 gives a summary of the methods discussed in this
Section that can be used to enhance the stability of OSC devices.

4.1. Active-Layer Stability

The active layer of OSCs is the absorber that plays the main role in
charge generation, making its stability of paramount importance.
The donor and acceptor materials in the active layer should be
stable to ensure the stability of the device. Hence, a proper choice
of these materials is crucial.

4.1.1. Acceptor Materials

Molecular structure modification of both the acceptors and
donors has been reported to improve the stability of OSCs.[103-108]
The long-employed buckyball fullerene acceptors have excel-
lent electron mobility and high electron affinity.'%! However,
these acceptors suffer from dimerization and aggregation!!1%111]
when exposed to external stressors such as light, which dras-
tically reduces the PCE of fullerene-based solar cells. Some
of the efforts to improve their stabilities include structural
engineering!'%112) and the addition of crosslinkable donor mate-
rials to inhibit the aggregation of the fullerene acceptors./106:113]
The stability of P3HT:PCBM-based solar cells could be stabilized
by adding 8% of poly(ethylene glycol) (PEG)-capped fullerene
PCBM-PEG and [6,6]-phenyl-C61 butyric acid pentafluorophenyl
ester (PC¢, BPF).[''* Zhang et al. also reported the effectiveness
of the recently employed novel fullerene derivative acceptors:
a pyrrolidinofullerene (PyF5) and a methanofullerene (FAP1)
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(structures shown in Figure 5a), used in improving the ther-
mal stability of devices, as the devices maintained over 93%
of their initial PCE while the corresponding devices prepared
with PC,,BM maintained only 19%.1'%1 The authors attributed
this exceptional stability to the better miscibility of the modi-
fied fullerene acceptors with the donor polymer PTB7-Th. UV-
crosslinkable polymers based on PPDBT2FBT were found to in-
hibit the aggregation of PC,; BM in the film, maintaining its mor-
phology such that the PCE of the devices was sustained after
40 h of thermal stress at 120 °C.1%! The same study showed
that this method additionally improved the photostability of
the device. Polymerizable fullerene acrylates utilized in P3HT-
based OSCs were also found to provide the device with signifi-
cantly improved thermal stability while performing comparably
to PC,;BM-based reference cells.''?] The best-performing acry-
lated fullerene-based device could retain 99.7% of its initial effi-
ciency, whereas the reference device had only 11.8% remaining
PCE after 35 h of heat treatment at 150 °C, owing to the poly-
merizable fullerenes becoming insoluble due to heating and then
freezing the active-layer morphology.

The PCE of OSCs has increased enormously in the past
fifteen years, thanks to the introduction of NFAs.''] Unlike
fullerene acceptors, this family of acceptors absorbs light in
the VIS-NIR region of the solar spectrum, increasing the so-
lar harvest of NFA-based devices and producing high PCE
exceeding 19%.18101102] Thege acceptors can more easily be
chemically modified than fullerene acceptors because of their
anisotropic structure, which has improved both their PCE and
stability.[18:103-105.116-118] Refg [119, 120] detail the synthesis prin-
ciples of numerous NFAs used in OSCs, while ref. [121] fo-
cuses specifically on fused-ring electron acceptors, highlight-
ing their structural variability. Among NFA, a vast number of
molecular modifications on ITIC derivatives have been devoted to
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Figure 5. Chemical structures of a) novel fullerene acceptors!'%] and b) molecular modifications on ITIC derivatives! '8! for improved PCE and stability
in OSCs. Reproduced with permission.l'31%8] Copyright 2017, Wiley-VCH and 2019 Elsevier.

improving both the PCE and stability of NFA-based OSCs.[%%122]
Du et al. reported a potential lifetime approaching 10 years with
ITIC-family-based OSCs."81 As shown in Figure 5b, a subtle
molecular structure modification of ITIC on its side chain or
end-groups resulted in a different photostability; for example,
fluorination and methylation of the end groups were respec-
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tively found to stabilize and destabilize the molecules from light
soaking.[*®! The authors also discovered fluorination of both the
donor and acceptor units as a route for stable OSCs. Crystal-
lization of ITIC in a D/A BH]J blend is one of the factors that
has hampered the stability of NFA-based OSCs due to phase
separation, which significantly reduces photogeneration in the
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device. Xin et al. found that the crystallinity of ITIC can be mod-
ified by fluorinating the acceptor at the ortho- and meta-alkyl
positions of the phenyl side chains, giving rise to oF-ITIC and
mF-ITIC, respectively.!® After 96 h of annealing at 150 °C,
the PCE of OSCs with PBTIDBTT:ITIC, PBDTIDBTT:oF-ITIC,
and PBDTIDBTT:mF-ITIC dropped by 18, 33, and 8%, respec-
tively, due to the high crystallinity of oF-ITIC and ITIC, which
favored aggregate formation due to thermal stress.'*] Further-
more, a comprehensive stability-structure relationship of fam-
ilies of ITIC-based acceptors with fused, semi-fused, and non-
fused molecular structures indicated that a thick brick-like struc-
ture could be created in a non-fused NFA, PTIC.[1%] This dense
structure inhibits photoisomerization, which occurs when the
C=C and C—C bonds rotate concurrently, making the C=C bond
more reactive to photodegradation, allowing ITIC-based poly-
mers to retain 72% of their initial PCE while fused and semi-
fused polymers could retain only 20-30% after 500 h of irradia-
tion due to significantly reduced trap-assisted recombination in
the non-fused NFA-based device. Similarly, the molecular pack-
ing of ITIC was successfully tuned by replacing two of the sul-
phur atoms in its core unit with selenium, increasing its inter-
molecular interaction and significantly increasing the lifetime of
the NFA-based device to 5600 h compared to 400 h for ITIC.['%3]

Apart from ITIC, the most widely used NFA, alternative
small molecule and polymer NFAs that succeeded in deliver-
ing stable devices include NOE10 (a linear oligoethylene oxide
side-chain modified naphthalene diimide-based polymer), TBD-
PDI-Se, N2200, Y6, and IDTBR (a rhodanine-terminated small
molecule acceptor).l1%124127] The work of Clarke et al. revealed
that the photostability of O-IDTBR, EH-IDTBR was superior
compared to ITIC, and ITIC-M as the latter suffers from signif-
icant degradation due to the twisting and breakage of chemical
bonds that result in undesirable conformations for charge gen-
eration and transport.!'?] Chlorination was able to prevent NFA,
like Y6, from self-assembling. This enhanced the thermal stabil-
ity of the PM6:Y6-based device since the chlorinated acceptor’s
backbone conformation remained unchanged over an extended
100-h annealing period at 100 °C.[1%]

Another major improvement is the use of two acceptors in a
ternary blend to effectively combine the benefits of the two ac-
ceptors, such as a larger absorption cross-section of the NFA
and excellent electron mobility of fullerene-based acceptors. Such
ternary blends have the additional benefit of improving the sta-
bility of OSCs.[110128-133] The evolution of trap-assisted recombi-
nation in IEICO-4F-based fullerene-free solar cells due to pho-
todegradation could be retarded by adding 10% PC,, BM to the ac-
tive layer of PTB7-Th:IECO-4F, which resulted in a ternary blend
with a remaining PCE that increased from 50% to 80% after 500 h
of irradiation.['*] Interestingly, this finding revealed that the im-
provement was due to the synergistic interaction between the
components rather than the stability of the single components.
In another work, the addition of PCBM to an all-polymer solar
cell based on PBDTTTPD: P(NDI2HD-T) revealed that the sta-
bility of the ternary blend devices deteriorated with increasing
PCBM concentration.['') A small percentage (30%) was found
to be an optimum concentration of the fullerene to improve the
performance of the ternary device while maintaining comparable
stability with the binary all-polymer solar cells. However, upon
increasing the concentration of PCBM, it was found that a small
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portion of PCBM nucleated to form large aggregates that impede
charge percolation, resulting in a high loss of PCE with ther-
mal stress. Similarly, the addition of crystalline acceptors such as
PZ1 and O-IDTBR was found to inhibit the aggregation of non-
fullerene acceptors and reduce trap-assisted recombination, thus
maintaining the PCE of the devices over a longer period,[12%13%]
indicating that the incorporation of a third component in binary
devices may serve as an important strategy in enhancing the sta-
bility of OCSs. Another all-polymer ternary blend comprising two
donors and a single acceptor unit, PBDT-TAZ:PTB7-Th:NOE10,
revealed burn-in-free thermal stability and retained 98% of its
initial PCE after 300 h of heating at 65 °C.['>*] This excellent
stability was mainly attributed to NEO10, which has a stable
morphology.

An important challenge with NFAs is the photocatalytic reac-
tivity of ZnO, a common ETL material in inverted device struc-
tures (see Section 2.2). Charge carriers generated in ZnO upon
UV photon absorption can reduce or oxidize adjacent molecules
directly or via the formation of ROS. The T, lifetime due to this
rapid degradation could be increased five-fold by using ICBA as a
fullerene additive in a binary blend of PBDB-TF:IT-4F OSCs.[!33]

Tailoring the structure of acceptors to tune their LUMO level
is another strategy to stabilize OSCs. The LUMO level of accep-
tors controls triplet-mediated singlet oxygen generation in OSCs.
Distler et al. reported that a fullerene with a LUMO energy of
—3.75 eV presented P3HT:fullerene-based OSCs with optimal
stability.['**] A comprehensive work of Speller et al. highlights
the importance of the LUMO of the acceptors in suppressing
triplet-mediated singlet oxygen generation in BH] OSCs where a
deep-lying LUMO level was found to favorably inhibit such degra-
dation, as shown in Figure 6b.'3%] Two additional functions of
fullerene that further enhance the stability of OSCs are its radi-
cal scavenging function, which similarly depends on its LUMO
level, and its UV-light-screening function, which inhibits pho-
toinduced chain breaking in the polymers.

4.1.2. Donor Materials

In both fullerene- and NFA-based OSCs, the contribution of the
conjugated polymer or small molecule donor to both stability and
performance is significant. Hence, considerable effort has been
invested in introducing new polymer structures to improve OSC
devices in terms of both PCE and stability. The donor:acceptor
BHJ active layer can be stable if both the donor and the ac-
ceptor are stable while maintaining an interpenetrating-network
morphology.

The stability of donor polymers can be improved by engi-
neering the side chains, albeit to a limited extent. The solubil-
ity of polymers is strongly dependent on the side chains with
varying lengths, locations, bulkiness, and kinds, which will ul-
timately affect both PCE and OSC stability. However, side-chain
breakage caused by deterioration is a common scenario and can
result in the creation of charge traps that can lead to further
degradation. A UV-light degradation study on four PBDTTT-
based polymers, each of which comprises benzodithiophene-co-
thienothiophene (BDT-TT) as the backbone and a different type
of side chain (structures shown in Figure 5), found that OSCs
containing alkoxy side-chain substituted polymers are more
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Figure 6. a) Fractional losses of P3HT absorbance peaks in blend films after 8 h of exposure under AM1.5G illumination in dry air (RH < 40%) as
a function of the measured LUMO level of the acceptors, fitted with an exponential growth function y = y, + Ae®—%0)/* (red line) and b) proposed

degradation mechanism, namely, the photodegradation of P3HT caused by the formation of superoxide (O

5) via electron transfer from the LUMO

levels of the acceptors to molecular oxygen (O,), which has an electron affinity of 3.75 eV. Reproduced with permission.['*3] Copyright 2019, American
Chemical Society. ¢) Donor HOMO and photooxidation: maximum radical species concentration per repeating unit (as a measure of oxidation) versus
electrochemical oxidation potential (related to the HOMO energy). Reproduced with permission.l'3¢] Copyright 2021, European Chemical Societies.
d) Schematic illustration of morphological evolution with thermal stress. Reproduced with permission.['37] Copyright 2017, Royal Society of Chemistry.

stable than those having alkylthienyl-substituted polymers, possi-
bly due to a photochemical reaction induced by the UV light.['37]
The authors determined that the photochemical reaction of the
alkylthienyl side chains could result in polymer disintegration,
thus impeding charge transport and consequently the stability
of the devices. This effect was, however, less significant with
the alkoxy-substituted polymers. A follow-up study reported that
the generation of free radicals and deep traps may explain the
faster degradation of the PBDTTT polymers with alkylthienyl
side chains.[3¥] Desalegn et al. demonstrated the importance of
optimizing the alkyl side-chain length to control the stability of
thiophene-bridged thieno-thiophene polymers against thermal
stress.[1*?1 Oxidation of the backbone structure of a donor poly-
mer could be inhibited by using antioxidant side chains such as
butylated-hydroxytoluene units.l'*% Saito and Osaka reported the
effect of regularity in the placement of side chains. By demon-
strating the difference in their work, they found that less regular
side chain placement maintains the structural ordering of the ac-
tive layer during thermal degradation, successfully lowering the
degradation of the device compared to the device based on a poly-
mer with regularly placed side chains.l’®! In addition to the side

Adv. Optical Mater. 2025, 13, 2402257 2402257 (12 Of27)

chains, the atom that the side chain is attached to on the main
backbone was found to influence the stability of the OSCs.[}*!],
Apart from common side chains like alkyl or alkoxy groups, fluo-
rination, sulfonylation, and chlorination'*?! are often employed
to improve the performance of OSCs mainly by improving the
Voc- However, these substitutions might worsen the UV-stability
of the device.['**]

Rigidifying the active-layer morphology using chemical
crosslinkers has been identified as another viable route to en-
hance the stability of OSCs. Bromide, vinyl, acrylate, azide,
and oxetane are popular crosslinking units.['*! Yang et al. re-
cently reported that crosslinking of PTPDBDT-based OSCs led
to a considerable enhancement in both the PCE (from 7.56%
to 12.18%) and the stability.'**¥) Another study showed that
OSCs containing a vinyl-functionalized PBDTTPD polymer with
a 2.5% vinyl content retained 91% of their initial PCE after ther-
mal treatment at 150 °C for 40 h, which was markedly bet-
ter than devices containing non-crosslinked polymers.[1%! Sim-
ilarly, vinyl-functionalization of a D:A polymer blend consisting
of benzodithiophene-thienopyrroledione (BDT-TPD) and naph-
thalenediimide (NDI) units, respectively, substantially slowed
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down the long-term thermal stress-induced degradation due to
the stabilization of the morphology.'*!

The crystallinity of polymers can be one of the factors driv-
ing optimal phase segregation in donor-/acceptor-based OSCs,
which is a determining factor for the final PCE of the device. This
was demonstrated using two photostable donors with different
polymer crystallinities: the more crystalline polymer was found
to be more photostable due to its better electron and hole mobil-
ity resulting from fewer charge traps.['*’] However, only a limited
amount of crystallization favors stability because excessive aggre-
gation of one of the domains in the active layer hampers exciton
dissociation and charge transport.[}*®]

The electrochemical oxidation potential of polymers plays a
crucial role in the photooxidation of the material. An electron
spin resonance (ESR) study on 16 polymers, each with a different
HOMO energy level, revealed a linear anticorrelation between
the onset of oxidation of the conjugated polymers and their pho-
tooxidation tendency (Figure 6¢), suggesting polymers with deep-
lying HOMO energy levels are less susceptible to photooxidation
and may considerably enhance the photostability of devices.[**°]
A number of strategies including coupling weak donor units!'*!
and introduction of strong electronegative atoms such as fluorine
and chlorine can effectively increase the delocalized electrons in
the backbone resulting in a deeper HOMO level,[1*-152] which
consequently may reduce photooxidation of the polymers.['>3]

4.1.3. Active-Layer Morphology

The chemical breakdown of the donor and acceptor and the evo-
lution of the morphology, which does not favor both charge gen-
eration and transport, are the two main degrading processes in
the active layer. An exciton generated must reach a D/A interface
within its diffusion length to dissociate into free charge carriers.
These charge carriers will be able to reach the electrode if there
is an uninterrupted percolation path toward the respective elec-
trode. However, the morphology of the active layer is generally a
metastable state that readily evolves to a thermodynamically sta-
ble state even at room temperature.!!>1%]

The main approaches used in limiting the evolution of the
active-layer morphology include molecular structure engineer-
ing of both donor and acceptor units, reduction of their crys-
tallinity, crosslinking of the active-layer materials, and inter-
face engineering.[106146156157] Eor example, the mobility of poly-
mers above the glass transition temperature (T,) and subse-
quent thermal degradation can be restricted by creating a poly-
mer network that stabilizes the active layer’s morphology due
to an increased T,. Hydrogen bonding within the polymer net-
works has been identified as an effective mechanism for pro-
ducing rigid polymer fibers with high T,, which enhances ther-
mal stability.[**®! Additionally, this process can initiate a molecu-
lar lock that promotes polymer aggregation, effectively “freezing”
the active layer’s morphology.[*>"]

Various studies have shown that the addition of a third com-
ponent to form a ternary blend stabilizes the morphology of
the active layer by inhibiting aggregation!'?®! and enhancing the
crystallinity,['28132] while at the same time providing an optimized
charge thermodynamic process with delayed fluorescence.!*¢"]
However, an opposite trend was observed when adding a high
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concentration of PCBM as a third component in a binary all-
polymer OSC, where the formation of PCBM crystallites dras-
tically reduced the D/A interface and led to a significant drop in
PCE.['1]. The schematics of the evolution of such morphology
are shown in Figure 7a. This change in the phase separation in
OSCs with PCBM is mainly attributed to the high diffusion coef-
ficient of the isotropic fullerene acceptors.!'”]

In NFAs, de-mixing from the intermixed region of the active
layer due to degradation is not visible due to their much smaller
diffusion coefficient.''”! As aggregation and/or crystallization in
these devices only cause local crystallization of the NFA on a
small scale, which is not easily identifiable using common tech-
niques, morphological evolution in these situations is not evi-
dent. However, these small aggregates have a considerable im-
pact on the device’s electron mobility, leading to an electron trap
thatlowers the FF. Du etal.’s schematic clearly shows the local ag-
gregation of NFA in contrast to the FA, which forms large phase-
separated aggregates that reduce the D/A interfaces, as depicted
in Figure 7b.11]

In contrast to the typically utilized D/A-based devices, a frozen
morphology could be achieved through the one-pot synthesis of
a multicomponent polymer photoactive layer for OSCs, which is
both highly efficient and stable with a Ty lifetime of more than
1000 h.11%1 Tn these single-component OSCs, aggregation of each
component is highly reduced, promoting entanglement of each
chain and endowing the three-in-one polymer (e.g., PM6-D18-b-
PYIT-based device) with superior efficiency and stability than the
corresponding binary- and ternary-component-based devices.['®?]

4.2. Electron- and Hole-Transport Layers

In an OSC, the active layer sandwiched between two symmet-
ric electrodes forms a Schottky barrier due to the difference
in work functions, which often results in a significant loss in
Vo 1193194 To alleviate this issue, electron- and h