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Degradation of Polymer Solar Cells: Knowledge Learned

from the Polymer:Fullerene Solar Cells

Lingpeng Yan* and Chang-Qi Ma*

Although power conversion efficiency (PCE) of polymer solar cells (PSCs) has
exceeded 18%, the lifetime of PSCs is far away from satisfactory and has become
the most critical issue before the commercialization of PSCs. Understanding the
degradation mechanism and finding the proper way to suppress the degradation
process are of high interests for PSC research. Polymer:fullerene solar cells
(PFSCs) have a long research history and the working principle is well-
understood, so they are good models for the degradation mechanism study. This
mini-review summarizes the latest research progress of the PFSCs’ degradation
studies. Based on the results achieved, one can identify the extrinsic and intrinsic
stress factors that cause different degradation processes. Degradation pathways
of the PFSCs at different positions in the cells will be discussed in detail,
including the electrode, the buffer layer, and the photoactive layer. Special
emphasis will be put on various degradation processes of the photoactive
layers. In the meantime, the methods to suppress the degradation processes
will be presented accordingly. This mini-review gives a comprehensive insight
into the degradation mechanism and stability-improvement strategies of
PFSCs, which has important guiding significance for the stability-improvement

systems[6’7] and aerospace aircraft,® etc.
PSCs have witnessed tremendous progress
in the last decades, and the power conver-
sion efficiency (PCE) has exceeded 18%,
making the PSCs even more commercially
relevant.”'®) However, the operation life-
time of PSCs is still far away from suffi-
cient for practical applications. Therefore,
systematically exploring and understand-
ing the degradation mechanism of PSCs
and proposing effective methods to stabi-
lize device performance are the most criti-
cal issues of PSCs.

In the history of PSCs, fullerene deriva-
tives play an important role. Since the dis-
covery of fullerene Cgg and Cy, (Figure 1) in
the year 1985, this new type of carbon
allotrope received intensive research inter-
est due to their unique physical and chem-
ical properties. In 1995. Heeger and
co-workers reported the first PSCs using

research of PSCs.

1. Introduction

With the advantages of lightweight, flexibility, translucency, and
ease of large-area printing fabrication,'"™ polymer solar cells
(PSCs) are recognized as a promising green energy technology
in the next future. PSCs have shown great application potentials
in indoor microelectronics,””! building integrated photovoltaic
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Cso and its derivatives [6,6]-phenyl-Cgq-

butyric acid methyl ester (PCgBM) as

the electron acceptor in blending with

the polymer donor, poly(2-methoxy-5-
(2/-ethylhexyloxy)-1,4-phenylene  vinylene) ~ (MEH-PPV).'?
Since then, conjugated polymer:fullerene blends are widely
investigated, and various high-performance polymer donors
and fullerene electron acceptors, such as poly(3-hexylthiophene)
(P3HT),™®!  poly(4,4-dialkyl-cyclopenta[2,1-b:3,4-b’|dithiophene-
alt-2,1,3-benzothiadiazole) (PCPDTBT),[M] poly
[(4,8-bis-(2-ethylhexyloxy)-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),l"®) PM6,1"! [6,6]-phenyl-C;;-butyric
acid methyl ester (PC,;BM),!"”) [6.6] Diphenyl-C62-bis (butyric
acid methyl ester) (Bis-PCg;BM),!'® 17,17 4/ 4" tetrahydro-di[1,4]
methanonaphthaleno[5,6]fullerene-C60 (ICBA)!"” were developed
(Figure 1), and high PCE of more than 10% were reported in
these polymer:fullerene solar cells (PFSCs).”! With the develop-
ment of high-performance A-D-A type nonfullerene electron
acceptor,?’! the PCE of polymermon-fullerene solar cells
(PNFSCs) exceeds that of fullerene-based cells in the year 2016.
Even though fullerene derivatives are still used in ternary
solar cells, such as PBDB-T:IT-M:bis-PC,,BM,** PM6: 2,2'-
(22,2Z)~((12,13-bis(2-ethylhexyl)-3,9-diundecyl-12,13-dihydro-[1,2,5]
thiadiazolo[3,4-e]thieno[2”,3":4,5]thieno[2’,3":4,5]pyrrolo[3,2-g]
thieno[2’,3":4,5]thieno[3,2-bjindole-2,10-diyl) bis(methanylylidene))
bis(5,6-difluoro-3-oxo-2,3-dihydro-1 H-indene-2,1-diylidene))
dimalononitrile ~ (Y6):PC;;BM,!*)  PBDB-T-2F:Y6:PC;;BM,*°!
and tandem PSCsi??® due to their capability of morphology
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Figure 1. Chemical structure of some typical conjugated polymer donors and fullerene acceptors.

tuning and high open-circuit voltage (Voc) provided in
the cell.

It should be pointed out that the fullerene derivatives not only
play an irreplaceable role in the development of high-efficiency
PSCs but also in understanding the working principle of PSCs.
For example, using atomic force microscopy (AFM) and trans-
mission electron microscopy (TEM) imaging of the polymer:ful-
lerene blend film, scientists revealed the nanophase separation of
the donor and acceptor within the blend films?*=!; by quanti-
tively analyzing the influence of the fullerene lowest unoccupied
molecular orbital (LUMO) energy on the Voc of the final cell,
Ohkita and co-workers confirmed that Vo of the cell is directly
related to the energy gap between the highest occupied molecular
orbital (HOMO) of the donor and the LUMO of the acceptor®%,;
by dissolving the fullerene crystalline domains with a high point
good solvent-hexane, Yang and co-workers proved that high boil-
ing point solvent additives can improve the nano phase separa-
tion within the blend films.**! As the working principle of PFSCs
is well understood, this type of solar cells is excellent model cells
for the PSCs degradation mechanism studies. The stability study
of PFSCs started even in the time when poly phenylenevinylene
(PPV) was mianly used as the polymer donor. For example,
Neugebauer et al. studied the photostability of poly
(2-methoxy-5-  (3’,7’-dimethyloctyloxy)-1,4-phenylenevinylene
(MDMO-PPV):PC¢BM cells under light illumination and con-
firmed that photooxidation of PPV molecules is the main reason
for the performance decay of the cells,** whereas Loos and co-
workers reported the thermal stability of MDMO-PPV:PCs;BM
cells at the different annealing temperatures.?%3>! Since then,
performance decay processes of PFSCs were widely investigated
and various degradation mechanisms were clarified. In this
review article, we first clarify the types of degradation processes
according to the stress factors and then discuss various degrada-
tion pathways in detail according to the position of the degrada-
tion. Methods that can suppress the degradation process will be
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included in the same section when discussing the degradation
process, which should be able to help the readers to get a
comprehensive overview of the different degradation behaviors
of PSCs.

2. Degradation Processes of PFSCs

Many studies have demonstrated that degradation of PSCs
results from the different degradation processes induced by var-
ious factors, including oxygen and water,**=#! light irradia-
tion,?*™*Y thermal heating,>*?*! and electrical stresses.****!
Among these degradation processes, the decays of PSCs caused
by water and/or oxygen in the atmosphere, in principle, can be
suppressed by effective encapsulation (Figure 2). Therefore, the
degradation process caused by water and/or oxygen can be con-
sidered as the extrinsic degradation process. Other degradation
processes caused by light illumination, thermal heating, electri-
cal stress, etc., can neither be avoided during PSCs’ operation nor
suppressed by encapsulation. Therefore, such decay processes
are considered intrinsic degradation processes that depend on
the stability of the materials and the device’s layer structure.
The only way to improve the intrinsic stability is to optimize
the materials and device structure carefully. When the extrinsic
degradation is eliminated by a perfect encapsulation, the materi-
als and device structure of PSCs determine the maximum work-
ing life of the device, that is, the upper limit of the cell’s lifetime.
Knowing these, one can conclude that the intrinsic stability of the
PSCs determines the upper limit of cells’ lifetime, whereas
extrinsic degradation processes will significantly lower the oper-
ation lifetime of PSCs than the upper lifetime limit.
Understanding the degradation mechanism of PSCs and finding
the proper method to suppress both degradation processes are
essential for achieving a high operation lifetime of PSCs.
PSCs are usually multilayer structures and each functional
layer has a thickness of around 10-100 hundred nanometers."**l
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Figure 2. Various stress factors leading to the degradation of PSCs.

Such a nano-thin-film structure makes PSC more sensitive to the
various stress factors than the traditional silicon or compound
thin-film solar cells. Both intrinsic and extrinsic degradation pro-
cesses can be found for the PSCs, and the degradation processes
might happen on various positions, including the electro-
des,?”* the interface layer,***”) and the photoactive layer.[*#*°!
In the following section, we will describe the well-known extrin-
sic and intrinsic degradation processes of the PSCs.

2.1. Extrinsic Degradation of PSC Caused by Water and Oxygen

If a PSC without encapsulation is operating in the atmosphere,
the first problem concerning PSCs stability is the damage of
materials by water and oxygen. When water and oxygen contact
the cell directly, reactive reagents can penetrate into the PSCs
through the pinholes of the metal electrode and/or the edges
of the cells, causing the degradation of the electrode or the func-
tional layer by the following-up chemical reaction.*® The pene-
trated water and oxygen will oxidize the metal electrode forming
a metal oxide interlayer between the electrode and photoactive
layer,®”! which hinders the charge injection at the interface
and causes an S-shaped J-V curve of PSCs.”® When water
and oxygen reach the electrode buffer layer, such as poly(3,4-
ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT:PSS),>'*
Mo0;,%% Zn0,P* LiF, and Ca,® both physical and chemical
interactions of water and oxygen with these buffer layers will
change the work function of the buffer layer and consequently
decrease the device performance. Actually, diffusion of water
and oxygen into the photoactive layer were also reported.>®
The chemical reaction of water and oxygen with conjugated
organic semiconductor, especially under light illumination, dra-
matically causes the fast performance decay of the cells.?*>257]
It should be pointed out that oxidization of fullerene molecules
was also reported in PFSCs; even fullerene is a typically electron
acceptor,®® which would also cause the performance decay of
solar cells through the creation of charge recombination sites
within the photoactive layer. Interestingly, severe aggregation
of fullerene molecules caused by water and oxygen was also
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reported,”® indicating that the influence of water and oxygen
on the stability of PSCs can be complicated, and case study
is highly needed for different type of cells.

As water and oxygen are external chemicals for the PSCs and
direct contact is necessary to initiate PSCs decay, isolating water
and oxygen from the cell with proper encapsulation can stop the
decomposition process chain and suppress the undesired degra-
dation of PSCs. As learned from the mature encapsulation tech-
nology for organic light-emitting diodes (OLED), many effective
encapsulation materials have been used in PSCs, including
organic®**? and organic-inorganic hybrid materials.**** For
example, Sapkota et al. reported that PSCs with a structure of
Cr/Al/Cr/P3HT:PCs;BM/PEDOT:PSS/metal-grid encapsulated
with a nonpolar (pressure sensitive adhesive [PSA] with an unspec-
ified barrier film) flexible barrier film can maintain 90% and 80%
of their initial performance after aging for 12 000 h under contin-
uous illumination at ambient air (50 °C and 6% RH).”® Romero-
Gomez et al. incorporated a dielectric multilayer stack of MgF,/
MoO; (550nm) to semitransparent PTB7-PC;;BM solar cell
and ultimately increased the shelf lifetime close to ten times.*”!
Tsai and Chang utilized atomic layer deposition (ALD) to deposit
a 26 nm ALD Al,O;/HfO, composite layer, which showed a low
water-vapor transmission rate of (WVTR) <5 x 10™*gm™*day .
The composite layer effectively isolates water and oxygen from the
cell, and the P3HT:PCyBM solar cells maintained >70% of their
initial PCE upon >1800h in a 65°C/60% RH.[* Gleason and
co-workers reported the use of a composite layer consisting
poly(divinylbenzene) (PDVB) and a CeO, UV-screening layer to
encapsulate the PSCs, which effectively improve the stability
(~5-fold increase on the halflife) of PSCs (40°C, in the air).**!
Table 1 summarizes the stability of some typical encapsulated
PFSCs. It can be seen that the commonly used encapsulating
materials for PFSCs are organic, innorgaic, and organic-inorganic
hybrid materials, and a good encapsulation can successfully sup-
press the PSCs’ extrinsic degradation processes. However, as
encapsulation cost is still high, the development of highly stable
conjugated organic semiconductors and reducing the encapsula-
tion cost are still highly needed for the PSC community.
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Table 1. Summary of the stability of typical encapsulated PFSCs and unencapsulated PNFSCs.
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PSCs  Active area  Device structure  PCE [%] Encapsulation materials Aging condition Life time Ref.
types
Rigid ~ Small area ITO/PEDOT:PSS/ 3.62 Al,O3/HfO, nanolaminated film  In ambient light at 28 °C and 60% Tso=>600h [196]
PFSCs P3HT: PC¢BM/AI overcoated relative humidity
with an epoxy resin protection layer
Small area  ITO/ZnO/P3HT: 2.83 UV resin (400 mm) encapsulation In air The PCE degrades by 20.5%  [197]
PCe1BM/PEDOT: with ZnO buffer layer after 672 h.
PSS -+ PTE/A
0.12 cm?*  ITO/ZnO/P3HT: 2.78 poly(perfluorodecylmethacrylate) In an air ambient Reduction of 23.3% after [198]
PCe1BM/PEDOT: (PFDMA) 456 h of air exposure
PSS/Ag
0.16 cm*  ITO/PEDOT:PSS/ 29 Ultrathin AlO, In ambient air, under Retained 30% efficiency [199]
P3HT: PCqsBM/AI constant indoor illumination. after 2000 h of air exposure
Small area  ITO/ZnO/PEIE/ 7.53 SiNx/SiOx barrier film In ambient air (relative humidity: Remained above 86% of [200]
PTB7: PC;0BM/ 40-60%; temperature: about 25 °C) the initial value even after 2000 h
MoOs;/Ag of storage in air
0.1 cm®  ITO/ZnO/P3HT: 2.96  Deposition of a perhydropolysilazane Under continuous irradiation in Lose around 29% of the initial  [201]
PC¢BM/PEDOT: (PHPS) ink and its subsequent ambient air in the chamber performance within 350 h.
PSS/Ag conversion into a silica layer of a sun simulator.
by deep UV irradiation
0.078 cm®*  ITO/ZnO/PEIE/ 4.16 Reduced graphene oxide (rGO)/PEN  Temperature of 25 +5°C and Maintains photovoltaic [202]
P3HT: PCs1BM/ films RH of 100%. performance as high as 88%
MoO;/Ag of the initial efficiency
after 28 days.
Flexible 0.28 cm?  ITO/ZnO/P3HT: 2.5 PET/Inorgaic layer/PVA/inorganic In an ambient atmosphere at 35 °C Reduce the power loss [203]
PFSCs PCe1BM/PEDOT: layer, under AM 1.5 illumination of over 450 h to less than 10%
PSS/Ag inorgic layer prepared from PHPS about 1000 W m~2,
186cm?  Ag grid electrode/ 1.62 Encapsulated between two sheets of - ISOS-D-1, Tgo=2800h [204]
PEDOT:PSS/ZnO/ Amcor barrier foil using a UV curable I1SOS-D-2, Tgo = 5000 h;
P3HT: PC¢BM/ adhesive from DELO. 1SOS-LL,Tgo = 5000 h;
PEDOT: PSS/Ag 1SOS-L-2,Tgo = 5000 h;
1SOS-0,Tgo = 5000 h;
17.1 cm?®  ITO/PEDOT:PSS/ 0.035 PEN + Super barrier In the dark, under ambient air Ts4=3000h [205]
MDMO-PPV: (alternating transparent layers of SiOx (20-25°C; 35-50%
PCs1BM/AI and PECVD deposited organosilicon). relative humidity)
70-100 cm®  Ag grid/PEDOT: 0.86 Laminating the modules between I1SOS-0 Maintained 95% of the initial  [206]
PSS/ZnO/P3HT: two PET sheets (125 pm) of the barrier performance after 1year of
PCe1BM/PEDOT: foil with the use of a UV outdoor testing
PSS/Ag grid curable adhesive
50 cm? PET/ITO/ZnO/ 0.84 Consists of 3 M Ultra barrier solar Outdoor exposure at CSIRO’s A shelf-life of more than [207]
P3HT: PC¢BM/ film barrier encapsulant layers site in Clayton, Victoria 5 years, and no evidence of
PEDOT:PSS/Ag laminated onto the front and back (37.91° S, 145.14° E) degradation after 13 months’
faces of the printed module, together exposure under outdoor conditions
with an edge-sealing tape to provide
additional moisture barrier.
Rigid 0.04cm?  ITO/ZnO/PT2:EH- 13.47 Unencapsulated devices Storage in air, humidity = 40% After storage in air after 2350h,  [66]
PNFSCs INIC3/POE/Ag solar cell still remained 91.2% of
initial PCE values.
Small area 1TO/ZnO/PBDB-T: 8 - Under N, without moisture, an array Promising extrapolated operational [67]

ITIC-2F/MoOx/Al

of white LEDs was used as light
source (without UV) with intensity

equivalent to 1 sun

lifetime approaching 10 years

ATime that reaches a% of its initial PCE.

Energy Technol. 2021, 2000920

2000920 (4 of 21)

© 2021 Wiley-VCH GmbH


http://www.advancedsciencenews.com
http://www.entechnol.de

ADVANCED
SCIENCE NEWS

Energy Technology

rsion, Storage, Di

www.advancedsciencenews.com

Studies have shown that PSCs using nonfullerenes instead of
fullerene as acceptors show better stability than PFSCs.[*”)
Although there are few studies on the air stability of PNFSCs
at present,[“] studies showed that PNFSCs in an inert atmo-
sphere exhibit extremely long working stability, and the device
life were predicted to be 10 years.[”) In addition, people are also
exploring the use of additives to improve the stability of PSCs. As
the reactive oxygen radicals formed under light illumination in
the ambient atmosphere, the use of reactive oxygen or radical
scavenger was also reported to improve the stability of the poly-
mer:fullerene cells. For example, Turkovic et al. reported the use
of a hindered phenol, Arenox A76, as the additive in the P3HT:
PC41BM cells, which effectively reduce the radicals within the
photoactive layer and a three times increase in the accumulated
power generation (APG) was measured for the cell with the phe-
nol stabilizer.®® After that, they doped a hydroperoxide decom-
poser (Advapak NEO-1120) into photoactive layer, which
effectively decrease the formed free radicals emerging from
homolytic split of hydroperoxides, and ultimately improve the
device stability.®! Moreover, they use the UV absorber 2(4,6-
diphenyl1,3,5triazin2yl)5[(hexyl)oxy]phenol as the stabilizing
additive, which also reduces the free radicals in photoactive layer,
resulting in improved device stability.”” Following this, the
same research group introduced a small molecule B-carotene
as a freeradical quencher to PTB7:PC;;BM and P3HT:
PCq;BM solar cells, which can also effectively improve the effi-
ciency and stability of the device.”" In short summary, by know-
ing the chemical degradation mechanism, one should be able to
find a proper additive to suppress the degradation process.

2.2. Intrinsic Degradation of PFSCs

In contrast to PSCs’ extrinsic degradation, the intrinsic degrada-
tion processes are induced by those unavoidable factors such as
light irradiation, thermal heating, or electric field when the cell is
under operation.**! As mentioned earlier, such degradation pro-
cesses can not be suppressed by external encapsulation, and the
stability of PSCs can only be improved by materials and device
structure optimization. Therefore, understanding PSCs’ intrinsic
degradation mechanism could give important guidelines for the
synthesis of highly stable materials and the optimization of the
device structure.

As light illumination is the most essential step for a solar cell,
light-induced degradations of PSCs have to be investigated very
carefully. Unlike in inorganic semiconductor-based solar cells,
where light illumination generates free chargers within the
semiconductors layer, light absorption by a PSC generates
high-energy excitons within the photoactive layer, where the
electron-hole pairs are bonded together by the Coulomb attrac-
tion.”>73] The relative long lifetime and energy of excitons
could induce the following up chemical reaction of the organic
molecules, that could lead to the decomposition of the photoac-
tive layer.*>”*7> More severely, photooxidation of the organic
compounds would happen when oxygen or water molecules
are diffused into the photoactive layer, which will dramatically
increase the photon bleaching of the photoactive layer, and
decrease the lifetime of the cells. Interestingly, McGehee and
co-workers”® and Li and co-workers!””7% proved that fullerene
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molecules are able to slow down the photooxidation of the
organic semiconductors, and this could be a useful way in
improving the stability of PSCs. Nevertheless, as discussed ear-
lier, such a photooxidation of the organic compounds by water
and oxygen using proper encapsulation.

In a bulk heterojunction solar cell, nano phase separation of
the donor and acceptor determines the charge generation and
separation rate.®®!l Therefore, a stabilized nanomorphology
is necessary to achieve a stable PSC. The bicontinuous phase
morphology of photoactive layer of PSCs is reported to be
formed through spinodal demixing and subsequent crystalliza-
tion of the donor and acceptor.®B? Moreover, the fraction of
higher ordered polymer domains is affected by the fullerene dis-
tribution over the film thickness as well as the substrate and air
interface, especially for the heated films.®*! Moreover, organic
polymers are typically not fully crystallized materials and molec-
ular motion can never stop at operation temperature, nanomor-
phology changes of the photoactive layer is theoretically
unavoidable. Knowing that molecular motion is dependent on
the temperature, therefore nanomorphology changes induced
by thermal heating is the second important intrinsic degradation
pathways for PSCs.B*#5) When fullerene acceptors is blended
with an amorphous polymer, that crystallization of fullerene
molecules happens when the polymer blend was heated.?%*!
However, when fullerene acceptor is blended with an semicrys-
talline polymer, such as P3HT, due to the crystallization of poly-
mer, thermal-induced morphology changes of the polymer
blend turns to be complicated.”" Therefore, thermal stability
of the PSCs is also highly dependent on the nature of organic
materials in the cells.

Last but not the least is the electric-field-induced degradation
of the PSCs. Although electric-field-induced degradations of
perovskite solar cells were reported in the literature,®®®”] and
degradation behaviors of perovskite solar cells under different
bias are suggested to be the standard for the stability test,®® there
is no direct reported on the electric-field-induced degradation of
PSCs. Recently, both Brabec and our research groups found that
PSCs exhibit an external-load-dependent degradation behav-
ior.**7% It is therefore expectable that electric field could also
induce the degradation of PSCs.

3. Various Degradation Pathways of the PFSCs

3.1. Degradation of the Top Metal Electrode

The most widely used metal electrode for PSCs are silver (Ag)
and aluminum (Al). It is known that thin Al film can be oxidized
by water and oxygen due to its low work function (4.0-4.3 V).
Therefore, corrosion of the Al electrode is one of the main
reasons that cause the extrinsic degradation of PSCs.*? Ag
has a higher work function (4.7 eV) than AL’ Therefore, Ag
electrode should be more stable than Al electrode in against
water and oxygen.”*! On the other hand, the high work function
of the Ag electrode makes it more suitable for hole injection than
electrode injection. Therefore, Ag electrode is usually used in
structure inverted PSCs as the anode.”®?* However, by inserting
an interfacial modification layer of polyethylenimine (PEI) (or
polyethylenimine ethoxylated [PEIE]), the work function of Ag
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electrode can be reduced to 3.6-3.7 eV, making Ag electrode
suitable for use as the cathode in PSCs as well. Nevertheless,
using proper encapsulation, the chemical corrosion of the top
electrode can be suppressed, and the stability of the cell can
be significantly improved.'*”!

However, even in an environment without water and oxygen,
electrodes of PSCs might decay slowly under light illumination
and/or electric field stress, which leads to the performance decay
of the PSCs. The first pathway for the top electrode decay is
the migration of metal atoms during operation. Hoppe and
co-workers reported that the Ag atoms could penetrate through
the PEDOT:PSS and the photoactive layer driven by electromi-
gration at the electric field (Figure 3), leading to shunts within
the cell.”?! Also, for the cells with Al electrode, metal penetration
was also reported, which leads to the fast performance decay of
the cells.®? Such metal atoms migrations, on the one hand,
change the energy levels of the buffer layer and thus affect
the charge extraction and transfer processes, on the other hand,
will form traps in the photoactive layer and create significant
charge recombination.

As the change of metal electrode’s work function and the
migration of metal atoms are not avoidable, the long-term stabil-
ity of PSCs using a metal electrode could be a problem.
Therefore, searching for electric-field insensitive top electrode
is still highly needed for PSCs. Recently, carbon electrodes have
been reported in perovskite solar cells to improve device stabil-
ity.*®%¥ Due to its excellent chemical and physical stability, car-
bon electrode could also be good for use in PSCs."*” However,
due to the low conductivity of carbon electrodes and the poor
interfacial connection between the buffer layer and the carbon
electrode, the performance of this type of cell is still lower than
the metal electrode-based cells.

3.2. Degradation of the Electrode Buffer Layer

The electrode buffer layer that is inerted between the electrode
and the photoactive layer displays multiple functions in PSCs,
including charge selection at the interface, adjusting the elec-
tronic band alignment within the cell, and isolating the metal
electrode from the photoactive layer. Measuring the change in
the buffer layer during aging is quite challenging as the buffer
layer is typically under the metal electrode.

opaque

(a)

Silver

' PEDOT:PSS

ITO-glass
Figure 3. Ag electrode penetrates through the PEDOT:PSS into the photo-

active layer, causing shunts of PSCs. Adapted with permission.l®?
Copyright 2012, The Royal Society of Chemistry.
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Experimentally, one can remove the top electrode and the buffer
layer of the aged cell and then redeposit a new buffer layer and
the top electrode. If the cell with refreshed buffer layer and top
electrode showed performance recovery, one can confirm that
decay of the buffer layer is the main reason for the solar cell per-
formance decay.[*®*71919% With this method, many interfacial
layer decays were clearly clarified, including the interfacial diffu-
sion,*”! and the interfacial chemical reaction.['°1102]

3.2.1. Cathode Buffer Layer

According to the interlayer’s charge-transporting capability, the
buffer layer can be classified as cathode buffer layer and anode
buffer layer, which facilitates electron and hole transporting. LiF
is the most widely used electron buffer layer material for the alu-
minum electrode in conventional PSCs.['*'* The insertion of
LiF layer can simultaneously increase the Voc and FF of the
cell.191%5) However, LiF was reported to be easily dissociated
and the Li™ can diffuse into the photoactive layer,["%*~1%! espe-
cially when the cell is heated, causing a serious performance
decay of PSCs. Lee and Jeon studied the aging behavior of
PSCs with the structure of ITO/PEDOT:PSS/P3HT:PCsBM/
LiF/ALM They found that LiF is dissociated into Li™ and F~
during deposition of Al and the produced Li* will diffuse into
the photoactive layer during lifetime test (Figure 4a), which cause
significant reduction in Voc, Jsc, and PCE of PSCs. With the
same device structure of PSCs, Chen and co-workers also found
that preannealing will cause LiF diffuse into the P3HT:PC4;BM
active layers of PSCs, which decrease the crystallinity of P3HT
and ultimately lead to a decline of device performance.'*”!
Our previous research also proved that when the LiF-based
P3HT:PCs;BM solar cells are heated at 80°, its device perfor-
mance will decay to 80% of the initial performance within
42 h."%® Other more stable cathode buffer materials were then
developed for PSCs, including metal oxidel%2119 and carbon
materials.[1%% 111112

ZnO is the most efficient electronic buffer layer used in
inverted PSCs due to the advantages of ease of synthesis, good
electron mobility as well as good solution processability.***1*
ZnO is even used in roll-to-roll printed large-area cells."
Unlike LiF, atoms in ZnO is more strongly bonded.
Therefore, ZnO-based PSCs showed a greatly improved thermal
stability than the LiF-based cell.'® However, the solution-
processed ZnO layer usually contains many defects, such as dan-
gling bonds,*”! adsorbed oxygen.!'*®'% PSCs based on the ZnO
layer usually exhibit an S-shaped J-V curve yielding poor device
performance. Such an unsatisfied interfacial charge injection
and transportation can be improved by UV irradiation, which
was attributed to the release of absorbed oxygen under UV illu-
mination. As absorption and deabsorption of oxygen is revers-
ible, our results revealed that the S-shaped J-V curves will
appear after the solar cells are stored in the dark for a period
of time."®”) Moreover, Wu and co-workers found that excessive
UV irradiation of ZnO-based PSCs can cause the V¢ of PSCs
with a device structure of ITO/ZnO/P3HT:PCsBM/M00O;3/Ag to
decay rapidly."?"! They associated the decay of PSCs to the
continuous UV irradiation that reduced the hole-blocking ability
of ZnO. Similarly, Katz and co-workers found that the
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Figure 4. a) Li* penetrates into the photoactive layer, causing a serious performance decay of PSCs. Adapted with permission."® Copyright 2012,
Elsevier B.V. b) Continuous UV irradiation reduces the hole-blocking ability of ZnO. Reproduced with permission.*! Copyright 2019, WILEY-VCH.

concentrated sunlight irradiation will lead generation of
shunts in the ZnO hole-blocking layer of PSCs with a
device structure of ITO/ZnO/P3HT:PCyBM/PEDOT:PSS/Ag
(Figure 4b). Interestingly, they reported that such shunts within
the ZnO layer could be prevented by electrical treatment (short
pulses of the reverse bias).[**! Olson and co-workers investigated
the stability of PSCs with a device structure of ITO/ZnO/P3HT:
ICBA/Mo003/Ag based on ZnO prepared from different precur-
sors (zinc acetate (ZnAc) and diethylzinc (deZn)) and found that
the presence of Zni defects on the surface of ZnO would affect
the device stability.mz] In addition to ZnO, SnO, was also used as
the cathode buffer layer in PSCs showing improved stability.'*”!
Other than these metal oxide, Tan and co-workers used titanium
(diisopropoxide)-bis-(2,4-pentanedionate) (TIPD) as an electron
buffer layer of PBDTBDD:ITIC-M solar cells, which was found
to be able to tune the vertical phase separation of the photoactive
layer, and simultaneously improve the efficiency and stability of
the cell.'?’]

As surface defects of ZnO are the main reason causing the
performance decay of the PSCs, using organic ligands to passiv-
ate the surface defects is proposed to be an effective way to
improve the stability of the PSCs having ZnO buffer layer.'2*12*!
For example, Xiao and co-workers reported that doping bis (tri-
fluoromethane)sulfonimide lithium salt (Li-TFSI) into ZnO film
can increase the electrical conductivity and charge-extraction abil-
ity of ZnO and also can improve the device stability of PSCs
consisting of ITO/PEDOT:PSS/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):PC,;BM/ZnO + Li-TFSI/AL)."** We
recently proved that using a nanocomposite of ZnO together
with poly [(9,9-bis(3’-(N,N-dimethylamino)propyl)-2,7-fluorene)-
alt- 2,7-(9,9-dioctyl)-fluorene] (PFN) as ETL of PSCs can simulta-
neously improve the efficiency and stability of PSCs
(Figure 5a).'2%! Moreover, we synthesized a 3-aminopropyltrime-
thoxysilane (APTMS)-capped ZnO (ZnO@APTMS) nanopar-
ticles and utilized them as ETL of inverted PSCs (Figure 5b).
The capping of ZnO with APTMS not only suppressed the
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light-soaking effect but also improved the stability of devices.!'*”)

Interestingly, such surface-decorated ZnO nanoparticles are
found to be able to improve the long-term and thermal stability
of perovskite solar cells as well, clearly demonstrating the concept
of developing highly stable metal oxide for use in new-generation
thin-film solar cells.!'*”!

In addition to metal oxide, carbon quantum dots (CQDs) are
also found to be a good cathode materials for use in PSCs. For
example, we recently replaced LiF with high-crystallinity carbon
quantum dots (C-CQDs) as the electron-transport layer of con-
ventional PSCs (Figure 6). Finally, C-CQDs-based devices
achieve performance comparable to LiF devices, and the thermal
stability has been greatly improved. The Tgy of C-CQDs-based
solar cell was more three times longer than that of LiF-based devi-
ces.['%® It is worth pointed that, during the experiment, we found
that the PSCs only treated with methanol (solvent of C-CQDs)
without inserting the electron-transport layer also showed higher
thermal stability, but their device performance is far worse than
C-CQDs and LiF-based devices. In addition, we utilized N,S-
doped carbon quantum dots (N,S-CQDs) to dop ZnO and used
the ZnO:N,S-CQDs as the electron-transport layer of inverted
PSCs consisting of ITO/ZnO:N,S-CQDs/PTB7-Th:PC,,BM/
MoOs/Al. The doping of N,S-CQDs successfully passivated
the surface defects of ZnO, which successfully eliminated the
light-soaking effect of device.l'”® Furthermore, we used CQDs
to induce the growth of ZnO crystals and successfully synthe-
sized ZnO-coated CQDs (CQDs@ZnO) nanoparticles, which
suppressed defects of ZnO and improved device performance
of CQDs@ZnO-based solar cells consisting of ITO/
CQDs@ZnO/PMGIT-4F /MoO5/AL!%)

(@)

CoHs
PTB7

C4Ho

www.entechnol.de

3.2.2. Anode Buffer Layer

Poly(3 4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS)
is a common hole-transport layer for PSCs,*%13!
even though PEDOT:PSS has quite a few drawbacks that affect
the stability of PSCs. PEDOT:PSS is a highly acidic mixture with
a pH of 1-3. Such an acidic nature would corrode the ITO
electrode yielding In*" ions that can easily diffuse into the
photoactive layer and cause performance decay.'*? Norrman
et al. reported that PSS will undergo phase separation and even
diffuse into the C12-PSV/C60 photoactive layer and react with
C12-PSV."*3 Vitoratos et al. reported that the conductivity of
PEDOT:PSS will decrease with increasing temperature.'**
They attributed the thermal instability of the PEDOT:PSS layer
to the conformation changes.

MoOs is widely used as the hole-transport layer in inverted
PSCs due to its high work function, high hydrophobicity, and
good oxidation resistance.'*>'**) Numerous research works
reported that MoO; can serve as an interface layer to effectively
improve PSCs’ stability.”>°*3”l However, there are also reports
revealing that MoO; may cause the degradation of the PSCs
when the cell is under continuous light illumination.
Chambon and co-workers found that MoOs reacts with Ag elec-
trodes under heating, resulting in Voc decay of PSCs."*®! Such
degradation process can be suppressed by replacing Ag with Al
Hany and co-workers reported that Mo>" is formed in MoO;
layer during illumination, which decrease the work fuction of
MoO; and result in an unfavorable change in the energy align-
ment, resulting in the performance decay of PSCs."**! Our
recent work found that the proportion of Mo®>" in MoO; will
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o [ —a—LiF
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Figure 6. a) CQD replaces LiF as the electron-transport layer of standard structure PSCs, greatly improving; b) the thermal stability of the device; c) the
molecular structures of P3HT, PTB7, PC;;BM, and PCgBM. Adapted with permission.[ws] Copyright 2016, Elsevier B.V.
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Figure 7. a) The proportion of Mo®>" in P3HT/MoO; films increases with the prolonged illumination time. b) Schematic diagram of interfacial photo-
chemical reduction of MoOs; by P3HT that causes decay of the cell. Adapted with permission.' Copyright 2020, American Chemical Society.

increase with the extension of the illumination time.'*"1%%
Subsequent comparative experiments proved that MoO; and
P3HT undergo a light-induced reduction reaction, and part of
Mo®" in MoOs is reduced by P3HT to Mo, which causes
charge recombination at the interface and ultimately lead to
the decay of Voc and FF of P3HT:PC¢BM PSCs.!'™?
Moreover, we further confirmed that the light-induced reduction
reaction mainly occurs at the P3HT/MoO; interface.'®" The
light-induced reduction reaction decrease the work function of
MoOs, thereby weakening the dipole at the P3HT/MoOj; inter-
face, and ultimately affecting the charge transport over time
(Figure 7). Therefore, we designed to insert a layer of C60
(1.5-3 nm) between the photoactive layer and MoO; to isolate
the contact between MoO; and P3HT, and finally effectively
improve the stability of P3HT:bis-PCs;BM solar cells.!'*" In addi-
tion, the mentioned issues of MoOjs-induced degradation of
PSCs can also be alleviated by a change in deposition technique.
Ahmadpour et al. recently used reactive sputtering instead of
thermal evaporation to deposit MoOs film, which enables more
precise tuning of MoOj; properties.[*% It has been shown that the
stability of PSCs can be significantly raised (as compared with the
standard thermally evaporated MoOs) using superoxidized
MoO;, films grown by reactive sputtering and recrystallized
at elevated temperatures.

3.3. Degradation of the Photoactive Layer

3.3.1. Triplet Excitons Related Fullerene Dimerization

For fullerene-based PSCs, especially for PC¢;BM-based solar cell,
the most critical factor affecting their lifetime is the dimerization

PCBM

1Sun, N,

of fullerene molecules. Fullerene Cgo molecules were reported to
undergo a [2 + 2] cycloaddition reactions to form dimers even in
an inert atmosphere or vacuum,'**}! and this process is
reversible at high temperature (T>100°C)."** Similarly,
PCs;BM also undergoes dimerization during illumination
(Figure 8),"**! which causes the short circuit (Jsc) of PSCs to
decline by 20-50% in a short time.[***®) The typical feature
of PC¢;BM dimer formation in the aged PSCs is that the
increased absorption band at 320nm (Figure 9c), while the
EQE response at 350-450nm is weakened.'*””*) In addition,
PCs;BM dimer can also be detected by high-performance liquid
chromatography (HPLC) (Figure 9d),"**”*) Raman, and FTIR
spectroscopy.[147’148]

The formation of fullerene dimers causing the Jsc decay of
PSCs is ascribed to two different ways: one is that the formation
of PCy;BM dimers affects the charge separation at the interface
of donor and acceptor, and the other one is that PCs;BM dimers
act as exciton traps in the photoactive layer. McGehee and co-
workers systematically investigated the dimerization of
PCs;BM and found that the nanomorphology of the photoactive
layer and the electrical bias significantly affected the dimerization
reaction.*?) Our previous research work also found that P3HT:
PCsBM solar cells exhibit significant external load-dependent
decay behavior. That is, the cell’s decay rate is directly related
to the external load attached to the cell during aging
(Figure 10a).”) This is because the external load will affect
the concentration of excitons in the solar cell and a high concen-
tration of excitons will accelerate the dimerization of PC¢;BM
(Figure 10b). Such an exciton concentration-dependent degrada-
tion process implies that the dimerization process is triplet exci-
tons related (Figure 11).1421*%!

Figure 8. Dimerization of PCsBM. Adapted with permission.l'**! Copyright 2017, Royal Society of Chemistry.
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Figure 9. HPLC spectra of PC¢;BM dimer under illumination and redissolved (left). UV-vis absorption changes of the PC¢;BM films under light illumi-
nation (right). Adapted with permission.*? Copyright 2016, Royal Society of Chemistry.
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Figure 10. a) External load-dependent degradation of P3HT:PCg;BM solar cells and b) the corresponding energy band alignment of the photoactive layer
under different load conditions. Adapted with permission.l””! Copyright 2017, Royal Society of Chemistry.
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Figure 11. Proposed energy diagram of P3HT:PCg;BM under light illumi-
nation. Formation of PCs1BM dimer is directly related to the triplet state of
PCq1BM.

Based on the understanding of the mechanism of fullerene
dimerization, we first reported using piperazine as the stabilizer
in PFSCs.”>1%151 This is based on the understanding that
organic amine can quench the triplet of fullerene molecules.!"*%
Our experiment confirmed that piperazine doping can be applied
to different PFSCs, including P3HT:PCs;BM, PTB7-Th:PC4;BM
and poly[(5,6-difluoro-2,1,3-benzothiadiazol-4,7-diyl)-alt-(3,3" -
di(2-octyldodecyl)-2,2',5",2”,5",2"'-quaterthiophen-5,5"-diyl)]
(PffBT4T-20D):PC4;BM.["*% Detailed analysis with electron spin
resonance spectroscopy (ESR) and transient current technology
(CELIV) confirmed that piperazine doping is able to increase the
concentration of fullerene anions in the photoactive layers, which
is originated from the photon-induced electron transfer between
piperazine and fullerene molecules™® (Figure 12). By systemat-
ically investigating the influence of the molecular structure of
piperazine derivatives on the stabilization effect of the piperazine
compounds, we proved that the N—H is the essential unit
that brings the piperazine closer to fullerene molecule through
intermolecular H-bonding (Figure 13)."*" It is worth pointing
out that as a cheap and often used material for electron buffer
layer of PSCs, PEI also has excellent stability enhancement
effects.!>?!

/ \-
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s ,”}\.uozs H-N  N-H s. T\ s ol e
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Figure 12. Molecular interaction of piperazine with PCs1BM and P3HT.
Adapted with permission.l">% Copyright 2019, Royal Society of Chemistry.
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In addition, Li and co-workers reported that in the case of
unencapsulated environment, the triplet fullerene excitons are
easily quenched by oxygen to generate highly reactive singlet oxy-
gen, which will cause severe photooxidation of the PC¢;BM.!***
Moreover, Durrant and co-workers!"** and Turkovic et al.’!
found that fullerene or polymer triplets can sensitize singlet oxy-
gen which then further initiate the radical oxidation chain, result-
ing in performance degradation of PSCs. Therefore, whether in
an inert atmosphere or in the air, trilept fullerene excitons have a
negative impact on the performance of PFSCs.

3.3.2. Morphological Change

Except for the fullerene dimerization, the changes in nanomor-
phology of the photoactive layer is another key factor leading to
the performance decay. The morphological changes in the photo-
active layer are mainly due to two reasons. On the one hand,
high-temperature heating causes excessive crystallization or
aggregation of the polymer or fullerene,*”*>%! and on the other
hand, the severe phase separation of the polymer and fullerene
due to their poor compatibility.l**'*”) Excessive changes in the
morphology of PSCs will damage the interpenetrating network
structure of bulk heterojunction, thereby reducing the effective
contact area, which will hinder the separation and transmission
of charges, and ultimately cause degradation of device
performance.**®!

When a PSC is exposed to the sunlight under operation, the
surface temperature can reach up to 80 °C. Such a high temper-
ature will unavoidably change the morphology of the photoactive
layer. The effect of thermal heating on device performance has
two sides. When polymer film is heated at a temperature higher
than its glass transition temperature (Tg), the polymer
might crystallize, yielding highly crystalline phase, which helps
in achieving high charge-carrier mobility. For example, Ocko
and co-workers found that only when annealing at a high
temperature higher than the T, of poly[[9-(1-octylnonyl)-9H
carbazole-2,7-diyl]-2,5-thiophenediyl-2,1,3-benzothiadiazole-4,7-
diyl-2,5-thiophenediyl] (PCDTBT), a unique bilayer crystalline
structure can be obtained, which has high crystallinity and
mobility."*”! However, long-time thermal annealing would also
lead to the over-crystallization of the polymer blend, which
would reduce the performance of the cells. McGehee and co-
workers found that both P3HT:PC;;BM and PCDTBT:
PC7;BM solar cells exhibit a thermal degradation begin at their
Tg.W] They proved that due to the increased mobility of the poly-
mer at high temperature, it will adhere to the back contact to
form an electron blocking layer, which ultimately leads to a
Voc decay of device. Bertho et al. found that when heated at
110°, the low-T; MDMO-PPV:PC;BM film formed clear
large-scale PCq¢;BM crystals, whereas the high-T, MDMO-
PPV:PC4,BM film hardly formed crystals.>®

The increase in polymer mobility above T, not only promotes
the migration and crystallization of the polymer but also accel-
erates the aggregation or crystallization of fullerenes.['%*-16%
The exciton diffusion length of organic semiconductors is typi-
cally 5-10 nm.!***1%* Therefore, the ideal donor-acceptor phase
separation within the photoactive layer should be few nano-
meters. However, the size of fullerene crystals formed at high
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Figure 13. Stabilization effect of piperazine in PFSCs, the key H-bonding between fullerene and piperazine molecues. Adapted with permission.l'>"

Copyright 2020, American Chemical Society.

temperatures can even reach micrometer size, which seriously
affects the electron transfer and charge separation within the
PSCs. The continuous crystallization of fullerene molecules will
then result in significant degradation of the device performance.
Miiller and co-workers studied the effect of temperature on the
crystallization of PC7;BM, and the results showed that when
the heating temperature is lower than the T, of the polymer,

the crystallization of PCs;BM is inhibited, whereas crystallization
of PC7;BM dramatically when the sample is heated above the
T, of the polymer."®” Durrant and co-workers also confirmed
the same results (Figure 14). Interestingly, they found that
short-term illumination of the photoactive layer is beneficial to
inhibit the crystallization of PCg¢;BM, which was ascribed to
the formation of PC¢BM dimmers.*! It is worth pointing

83°C

130°C

140°C 150°C 180°C

Figure 14. SEM diagrams of PC¢;BM crystals under different heating temperatures in dark and illumination environment. Adapted with permission.!*"

Copyright 2014, Royal Society of Chemistry.
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out that high-temperature heating can promote the dissociation
of PC¢BM dimer. Therefore, heating the photoactive polymer
layer will eventually lead to the performance decay of the cell.
Our recent research work on the thermal stability of P3HT:
PC41BM solar cells found that moderate high-temperature heat-
ing can promote the dissociation of PC4;BM dimers and make
PSCs achieve ultrahigh thermal stability, whereas higher temper-
ature heating will cause serious performance decay of PSCs.['%!

The morphology change in the photoactive layer was not only
found for the film under thermal heating, donor—acceptor dem-
ixing in the PffBT4T-20D:PC¢BM solar cells was also found
even they are kept at room temperature (Figure 15).*! This is
ascribed to the low miscibility of the donor and acceptor mole-
cules, which will cause the spontaneous phase separation of the
photoactive layer even in solid-state. Furthermore, Li and co-
workers proposed to use spinodal interaction parameter
Xspinodal t0 quantify the calculate the miscibility of the donor
and acceptor materials in PSCs. Interestingly, the authors also
found that piperazine doping is able to stabilize the mixed amor-
phous phases and finally improved the stability of solar cells.[*”)

McGehee and co-workers found that crystalline polymer
donors exhibit higher stability than amorphous polymers.[**®!
The high degree of crystallinity is beneficial to inhibit the forma-
tion of the traps in the photoactive layer and can also prevent the
polymer from being oxidized. To solve the problem that the intro-
duction of diiodooctane (DIO) additives will lead to the instability
of PSCs, Chen and co-workers used a halogen-free solvent 1,4-
butanedithiol (BT) to replace DIO as additive of PTB7-Th:
PC,;BM solar cells.’®”! The use of BT can increase the T, of
PTB7-Th and finally effectively improve the device’s stability.
Muller reviewed the influence of polymer molecular structure
on its T, and finally pointed out that polymer donor should have
a moderate T, to realize flexible device preparation and applica-
tion of PSCs.["®* The T, of polymer donor should be less than the
experimental annealing temperature to optimize the morphology
of the photoactive layer by the thermal annealing process, and a
higher T, is also required to ensure higher device stability.
Therefore, it is necessary to consider the processing temperature
and the stability of PSCs while increasing the T, of the polymer
donors.

www.entechnol.de

In addition to using high T, polymer, scientists found that ter-
nary approach can also improve the morphological stability of the
photoactive layer of PSCs. The original intention of the ternary
approach was to broaden the absorption spectrum of the photo-
active layer to improve the efficiency of PSCs, but it was surpris-
ing and pleasant to find that the construction of the ternary
photoactive layer structure can also stabilize the morphology
and structure of the photoactive layer at the same time, and
finally realize the stability improve of device. Chen et al
designed a 1D/2A ternary system (PBDB-T:PC;;BM: 3,9-bis
(2-methylene-(3-(1,1-dicyanomethylene)-indanone))-5,5,11,11-
tetrakis(4-hexylphenyl)-dith-ieno[2,3-d:2’,3’-d]-s-indaceno
[1,2-b:5,6-b’]dith-iophene (ITIC)) PSC. This ternary structure
results in cascade energy levels, broadened light-harvesting,
modulated electron mobility, high exciton dissociation, and
reduced recombination, which ultimately effectively improves
device performance.**”! More importantly, the photoactive layer
of the ternary structure has a wide thickness tolerance
(200-510 nm), and has better thermal stability than each binary
device. Yang and co-workers introduced an n-type poly
[(N,N’-bis(2-octyldodecyl)-naphthalene-1,4,5,8-bis(dicarboximide)-
2,6-diyl)-alt-5,5-(2,2-bithiophene)] (P(NDI20D-T2)) macromolecu-
lar additive to the photoactive layer of PTB7-Th:PC,,BM solar cells,
which on the one hand improves the device performance; on the
other hand, it locks the morphology of the photoactive layer and
greatly improves the stability of device.'’*'”" Shen and co-work-
ers introduced a nonfullerene acceptor IDT-OT into the PBDB-T:
PC;;BM binary blend system PSCs to form a stable alloy acceptor
structure, which effectively improve both the performance and
thermal stability of PSCs.!"”? Another novel strategy is to construct
molecular lock structure to stabilize the morphology of the photo-
active layer. Zhan and co-workers doped a 4,4’-Biphenol (BPO)
small molecule into the photoactive layer. The doped BPO can
be connected to the F-containing polymer donors through hydro-
gen bonding to form a molecular lock structure (Figure 16), which
simultaneously inhibits the excessive aggregation of polymers and
fullerenes, and ultimately improves the device stability.'”* In
addition, recent studies have also shown that the ternary approach
can also effectively improves the stability of PNFSCs. For example,
Zhang and co-workers designed a 2D/1A ternary system
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1.0 ‘4 | 29900044, 220 K, stored in vacuum 1 @ PSHT:PCBM S
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Figure 15. a) Degradation of PffBT4T-20D:PCgBM cells under continuous light illumination; b) decay of Jsc of the cell at different conditions; c) polymer
donor/PC¢;BM liquid (melt) solid transition diagrams. Reproduced with permission under the terms of the Creative Commons CC BY license.*”!

Copyright 2017, the Authors. Published by Nature Communications.

Energy Technol. 2021, 2000920

2000920 (13 of 21)

© 2021 Wiley-VCH GmbH


http://www.advancedsciencenews.com
http://www.entechnol.de

ADVANCED
SCIENCE NEWS

Energy Technology

ion, Conversion, Storage, Distribution

www.advancedsciencenews.com

CHg

PTB7-th FIB7

P3HT

PBDTTT-C-T

www.entechnol.de

Freeze the morphology of ~ Promote aggregation of
active layer polymer

Better Stability Higher Efficiency

“== Donor

&~ BPO

{:{ Hydrogen bond

PC7n1BM

Figure 16. a) Molecular structures of PTB7, PTB7-th, PffBT4T-20D, p-DTS(FBTTh,),, PBDTTT-C-T, P3HT, and BPO. b) Doping BPO to construct a
molecular lock structure to stabilize the morphology of the photoactive layer. Reproduced with permission.l'’®! Copyright 2016, WILEY-VCH.

(poly[4,8-bis(5-(2-ethylhexyl)thiophen-2-yl)benzo[1,2-b;4,5-b0]-
dithiophene-2,6-diyl-alt-(4-(2-ethylhexyl)-3-fluorothieno[3,4-b]-
thiophene-)-2-carboxylate-2-6-diyl] (PBDTTT-ET-T):PCDTBT:
ITIC) solar cells.'’* The optimized ternary system broadens
the photon barvesting and stabilizes the morphology of photo-
active layer, thereby simultaneously improving the perfor-
mance and air stability of PSCs. Recently, we also designed
a ternary system (PBDB-T:ITIC: (5Z,50Z)-5,5 0-((7,7
0-(9,9-dioctyl-9H-fluorene-2,7-diyl)bis(benzo[c]1,2,5] thiadia-
zole-7,4-diyl))-bis(methanylylidene))bis(3-ethyl-2-thioxothia-
zolidin-4-one) (FBR)) solar cell based on a acceptor alloy
structure (ITIC:FBR).'?! The introduced FBR and ITIC
form an alloy structure, which not only increase the Vo¢
but also effectively improve the stability of PSCs. These
results proved that the ternary strategy has an effective
stability improvement effect for both PFSCs and PNFSCs.

3.3.3. High Boiling Point Solvent

DIO is an additive commonly used in fullerene-based PSCs to
adjust the morphology to achieve a high PCE.[*>7¢177]
However, many precious studies have reported that after doping
with DIO, various PSCs, including PBDTTTEFT:PC,,BM,!"7#l
PTB7-PC,,BM,["7*18  pPTB7.-Th:PC,;BM, and PBDBT:
PC;;BM!"8Y show poor stability. In the early stage, it is believed
that the short thermal annealing cannot remove the residual DIO
in the photoactive layer due to its higher boiling point. Recently,
Kopidakis and co-workers proved that the residual DIO in photo-
active layer can act as a radical initiator to accelerate the photo-
oxidation process of the polymer donor (Figure 17).I'*! Treating
the polymer blend with high-temperature annealing (170°/
30 min) or under high vacuum can effectively remove DIO,
which significantly improves the stability of PSCs. Moreover,
Heumueller and co-workers recently discovered that DIO decom-
posed under ultraviolet light, which produce free radicals and

Energy Technol. 2021, 2000920
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react with PC;;BM, causing the degradation of device perfor-
mance (Figure 18).'®?! Knowing that the residual DIO might ini-
tiate the decomposition of conjugated polymers, eliminating
DIO in photoactive layer or replacing light-stable additives
should be one way to improve the stability of solar cells. For
example, Chen and co-workers used a halogen-free solvent BT
to replace DIO as additive of PTB7-Th:PC,;BM solar cells, which
ultimately effectively improved the stability of PSCs."*”)

3.3.4. Energy Disorder

Numerous studies reported that the photoinduced Vo loss of
PSCs is raleted to the energy disorder of the photoactive layer,
especially for PSCs based on amorphous pomlymers.!*4¢18%!
In the early stage, there are two possible mechanism responsible
for the photoinduced Voc loss of PSCs (Figure 19). The first
mechanism is that continuous illumination induce the inceased
trap-assisted recombination in the photoactive layer, which
reduces the charge-carrier density and leads to a decrease in
Voc Of PSCs. The second mechanism is that the density of states
(DOS) of photoactive layer broadens during the PSCs aging pro-
cess, while the carrier density is unchanged. In this way, the

NN * = - |/\/\/\/\ * ._
Sz Sz

(-BDT-TT-) (-BDT-TT-)

Figure 17. Photolysis of DIO and the reaction of decomposition of DIO
with polymer donor. Adapted with permission.l"®® Copyright 2016,
American Chemical Society.
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Figure 19. a,b) Two aging pathways leading to the Voc loss of PSCs.
Reproduced with permission.['8! Copyright 2015, WILEY-VCH.

widened DOS filled with the same number of carrier will cause a
loss in Voc. In view of this, McGehee and co-workers compared
the recombination rate, carrier densities, and DOS of PCDTBT:
PC7;BM solar cells before and after aged and proved that the pho-
toinduced Vo loss of PSCs is caused by a redistribution of
charge carriers in a broader DOS.I"*! Furthermore, they found
that PSCs based on crystalline materials with high carrier density
are more stable aginst disorder-induced Vo loss, which were
also proved in their another work.'*® In addition, Durrant
and co-workers reported that the burn-in degradation of the
P{fBT4T-20D:PC;;BM solar cell is related to the trap-state for-
mation of the photoactive layer, and using nonfullerene acceptor
can inhibit the formation of trap states in the photoactive
layer."®" In general, a lot of studies have shown that trap states
in the photoactive layer will increase the DOS, which is consid-
ered to be the main reason for the decay of PSCs, especially for
the Voc loss,'8318518¢ and using highly crystalline polymer
donors or nonfullerene acceptors can suppress the disorder-
induced device decay.

3.3.5. Other Factors that Influence the Stability of PSCs
Fullerene Radicals: Gao and co-workers found that continuous

illumination causes the oxidization of PC;;BM in the poly
[2,3-bis-(3-octyloxyphenyl)quinoxaline-5,8-diyl-altthiophene-2,5-diyl]
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(TQ1):PC5,BM solar cells, which not only leads to the recombina-
tion of charges but also leads to energetic disorder, and finally
causes the Voc decay of device."®” Moreover, Troshin and
co-workers found that the dimerization of PCs;BM in the encapsu-
lated PCDTBT:PCs,BM solar cells has little effect on the perfor-
mance of the solar cells.*”) After comparative experiments, they
believed that the generation of light-induced fullerene radicals
might be another reason for the degradation of PSCs.

Impurities in the Polymers: Although various purification steps
have been carried out during the preparation of polymer materi-
als, trace amount of palladium-, tin-, and halogen-containing
impurities will inevitably remain within the final polymer prod-
ucts."8 199 Also the plastic syringes used for the preparation of
polymer solution for cells fabrication will introduce silicone and
siloxane impurities into the photoactive layer as well.'°1%%
These impurities will affect the initial performance and also
the stability of the cells. For example, Camaioni et al. reported
that the residual palladium comes from polymerization/purifica-
tion process will reduce the hole mobility of the polymer
donor poly{[40-(9,9-bis(2-ethylhexyl)fluoren-2-y1)-20,10,30-
benzothiadiazole-7,70-diyl]-co-[20-(9,9-bis(2-ethylhexyl)fluoren-2-yl)
thien-7,50-diyl]} (PFB-co-FT), and also decrease the device perfor-
mance of PSCs based on PFB-co-FT:PC¢;BM blends.**® Rivaton
and co-workers found that low-regioregular P3HT with high num-
ber of impurities is more likely to be photooxidized than crystalline
P3HT. The photooxidation of P3HT leads to the formation of low-
molecular-weight carboxylic acids, which can diffuse and migrate
out of the polymer films, resulting the poor perperformance of
P3HT film."** Ohkita and co-workers studied the light-induced
degradation of P3HT:ICBA solar cells and found that bromine
residuals at P3HT chain ends leads to the formation of trap sites
in P3HT domains, which decrease the charge collection of photo-
active layer and ultimately caused the degradation of device perfor-
mance.?” The research results of McGehee have further proved
these results. Using size exclusion chromatography (SEC) to
remove low-molecular weight species of poly (benzo [1, 2-b: 4,
5-b’] dithiophene-thieno [3, 4-c] pyrrole-4, 6-dione) (PBDTIPD)
in the photoactive layer can significantly improve the shelf stability
of Jsc of device.[*! In view of the serious negative effects of residual
impurities on the efficiency and stability of PSCs, it is of great
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significance to develop a method for detecting impurities.
Therefore, Darling and co-workers reported a method for tracing
impurities in PSCs using synchrotron-based X-ray fluorescence,
which can not only to identify which impurities are present but
also to quantitatively measure their concentration

4. Conclusion and Outlook

In summary, based on the research results on the degradation of
PFSCs, we can classify the degradation processes of PSCs into
two different types: the extrinsic and the intrinsic degradation
processes. The extrinsic degradation processes of PSCs are
mainly ascribed to the chemical reaction of water and oxygen
with various functional layers. Blocking the reactive water and
oxygen from the cell with proper encapsulation is the most effec-
tive way to suppress the extrinsic degradation processes. In con-
trast, the intrinsic degradation of PSCs induced by light
illumination, thermal heating, and electronic bias are more com-
plicated and they cannot be suppressed by external encapsula-
tion. As the intrinsic degradation process will determine the
longest lifetime of PSCs, it is more important to understand
the intrinsic degradation mechanism and to find a way to
improve the intrinsic stability.

As summarized in Table 2, intrinsic degradation of PSCs
might happen to the electrode, the buffer layer, and the photo-
active layers. Interface atoms or molecules diffusion is the most
significant pathway for the degradation of the electrode and the
buffer layers, which could on the one hand cause the change of
work functions of these two layers, on the other hand yield more
pronounced interfacial charge recombination. Using a more sta-
Dble carbon electrode or with proper interfacial modification could
partially solve the problem. However, as the layer thickness of the

www.entechnol.de

buffer is limited to dozens of nanometer, developing an efficient
interfacial layer with high working thickness could be another
solution for this issue.

There are several decay pathways for the photoactive layer of
the PSC when it is under operation. Light-induced dimerization,
morphology change of the photoactive layer, photochemical
decomposition initiated by the residue high boiling point solvent,
broadening of the DOS are among the most important degrada-
tion pathways for the photoactive layer. Dimerization of fullerene
molecules under light illumination was proved to be one of the
main intrinsic degradation pathways for the PFSCs. The dimer-
ization of fullerene is fullerent triplet correlated process.
Therefore, using organic amine to quench the high-energy triple
state of fullerene is an effective way to solve this problem.
Improving the nanomorphology stability of the polymer blend
using high T, polymers, ternary organic blend systems, as well
as cross-linkable materials, could be the way to solve this issue.
As the residue halogenated additive might cause the degradation
of the photoactive layer as well, avoiding using these solvent
additives or completely removing the additive is highly
recommended.

Overall, the experiences learned from the PFSCs are highly
helpful in understanding the degradation of the PNFSCs.
Although no photon dimerization can be found in the nonfuller-
ene acceptor, other degradation pathways, such as interfacial deg-
radation, morphology changes, and chemical decomposition of
the photoactive layer caused by the solvent additives, could be
found as well in the nonfullerene solar cells. It is highly expect-
able that the stability of the PNFSCs can also be improved after
understanding the specific degradation pathways of these high-
performance solar cells. Therefore, in our opinion, to improve
the stability of PNFSCs, we must first understand their degrada-
tion mechanism by investigating their aging behavior, and then

Table 2. Summary of intrinsic degradation and solution strategies of each functional layer of PFSCs.

Functional layer Aging factors

Resolution strategy

of PSCs

Top metal Migration of metal (Ag, Al) atoms Searching for electric-field insensitive top electrode,
electrode such as carbon electrodes

Electrode Cathode Li* of LiF diffuse into the photoactive layer; Replace or modify the unstable cathode buffer materials

buffer layer buffer layer

Anode buffer layer

ZnO contains many defects

Highly acidic PEDOT:PSS corrode the ITO electrode;

Replace anode buffer materials or insert a barrier layer

PSS of PEDOT:PSS undergo phase separation and
even diffuse into photoactive layer;

MoOj; reacts with Ag electrodes under heating;

light-induced reduction reaction of MoOs3;

Photoactive layer

Morphological change

High boiling point solvent

Energy disorder
Other factors Fullerene radicals

Impurities in the polymer

Triplet excitons related fullerene dimerization

Fullerene triplet passivator doping or using nonfullerene acceptor

Using polymer donor with high T, and crystallinity;
constructive a stable BHJ structure;
ternary approach

Eliminating high boiling point solvent in photoactive layer or
replacing light-stable additives

Using of high-crystalline polymer or nonfullerene acceptor
Doping stabilizing additives or using nonfullerene

Purification of polymers
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block their aging path from both the interface layer and the
photoactive layer based on their degradation mechanism.
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