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Organic solar cells (OSCs) have gained a rapid development in the past two decades and the power conversion efficiency (PCE)
of single-junction OSC has recently approached 20%. The novel materials and device engineering are two key factors of this
evolution. In this review, the device engineering, including morphology characterization and optimization, device physics,
flexible and large-area OSCs, and stability of OSCs are systematically summarized. In addition, the current challenges, problems
and future developments are also discussed.
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1 Introduction

Organic solar cells (OSCs) belong to a multidisciplinary field
composed of chemistry, materials science, physics, en-
gineering, efc. For a better reviewing of this field, we briefly
divide the research field of OSCs into two parts: material
science and device engineering. In our previous review, the
material science part of OSCs, including conjugated polymer
donors and acceptors, small molecular donors and acceptors,
and interface materials, was systematically summarized [1].
The nano-morphology of active layer is pivotal to the device
performance. An ideal bicontinuous interpenetrating net-
work nano-morphology of active layer can be usually ob-
tained by morphology optimization via additive treatment,
thermal annealing, efc., which can largely change the phase
separation and facilitate the charge transport and collection,
etc. Besides, the evolution of nano-morphology of active
layer can be characterized by optical microscopy (OM),
atomic force microscopy (AFM), transmission electron mi-
croscopy (TEM), photo-induced atomic force microscopy
(PiFM), resonant soft X-ray scattering (RSoXS), and grazing
incidence wide-angle X-ray scattering (GIWAXS), etc.
Moreover, the device physics, including interfacial electro-
nic structures and energy loss, is important for understanding
the working mechanism of OSCs, and thus helps to seek new
approaches to further improve the photovoltaic performance
of OSCs.

Nowadays, small area single-junction OSCs can achieve a
high PCE over 19% [2], which can meet the threshold of
commercialized application. For further practical applica-
tion, flexible OSCs and scaling-up of OSCs have attracted
much attention during the past several years. Besides, the
degradation and stability of OSCs are gradually becoming
more and more important. The PCEs of flexible and large-
area OSCs are usually lower than those of small area ones,
which can be attributed to electrical, geometric, optical and
other losses. The substrates, electrodes, interfacial layers,
and photoactive layers of flexible OSCs are the main re-
search topic for the further improvement of photovoltaic
performance. Besides, large-scaling up of OSCs is also fa-
cing challenges including the printing compatibility of the
material, printing technology, efc. At last, except for water
and oxygen, OSCs under operation encounter stresses of
light, heat and electric field, which will also lead to the
performance decays. All in all, these factors are vital for
future application of OSCs. Herein, we provide a detailed

review about the device engineering and hope that this re-
view could inspire more deep researches and push forward
the application of OSCs.

2 Morphology characterization and optimiza-
tion

In OSCs with bulk heterojunctions, exciton formation as well
as charge generation and diffusion occur in the photoactive
layer. Therefore, methods to observe and control the active
layer morphology have been continuously explored. The
observation of the active layer depends on the contrast of the
blend film, while the control of the morphology depends on
the molecular self- and hetero- interactions including the
solvent, which in turn are related to the molecular structures.
With the rapid development of nonfullerene acceptors
(NFA), it is essential to understand the relations between
morphology optimization and involved molecular structures.
In this section, we will focus on the effect of structures on
molecular interaction and packing of the donor or acceptor,
as well as the donor and acceptor phase composition and
distribution. We specifically consider the morphological
modification strategy in the nonfullerene era. Meanwhile,
this part based on the quantitative morphological parameters
satisfied by various characterization techniques will be
briefly introduced.

2.1 Morphology characterization

For bulk heterojunctions, the universal characterization
techniques include imaging and scattering. The readily
available imaging tools are OM, AFM, PiFM, and TEM.
These types of real-space data are easy to be intuitively
understood, and thus make these tools for fundamental
morphological characterization. AFM has an advantage in
observing surface roughness, PiFM can be used to distin-
guish the morphologies of donors and acceptors in the BHJ
active layer, and OM and TEM are usually applied in ob-
serving the composition or size distribution. Combining the
energy-filtered TEM and the contrast provided by electron
energy loss spectroscopy, quantitative compositional in-
formation can be obtained by model calculations [3,4].
However, this method is more complex and is used rarely. In
addition to the characterization techniques for the active
layer morphology of the OSCs, recently, cryogenic trans-
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mission electron microscopy (Cryo-TEM) has also been used
to characterize the aggregation of the donors and acceptors in
their blend solutions [5]. Besides, for morphology char-
acterization of the active layers, Raman spectroscopy was
employed to characterize the neat and blend films, especially
for the ternary active layers. The compatibility of used ma-
terials can be reflected from the Raman mapping image or
contact angle images [6,7].

RSoXS and GIWAXS are frequently used to probe poly-
mer blends, which can determine the molecular packing and
phase size distribution by averaging thousands of domains
and provide statistically meaningful information [8-10].
Again, scattering is unaffected by features in the device that
overlap each other in the 2D projection. For NFA based film,
GIWAXS is a sufficient tool to characterize molecular
stacking and crystallinity. The particular challenge in char-
acterizing phase composition arises from the greatly reduced
contrast between the blended materials, as relative to the film
using fullerenes as acceptors. This reduction in contrast is
due largely to the more similar C/H ratio and structural motif
ratio between the donor and NFA. Regarding this, the solid-
state NMR (ss-NMR) that yields nanoscale insight on local
order and composition as well as interfacial structures would
be a useful complementary method [11,12].

2.2 Morphology optimization

In this section, we will discuss recent advances in the mor-
phology control of the photoactive layers and organize the
optimization methods into two categories: thermodynamic
and kinetic optimization. Thermodynamic methods include
the control of interactions between self- and hetero-mole-
cules (e.g., acceptor and donor). Kinetic methods are various
controls of solution aggregation, film formation and post-
film treatment, which can modulate the crystallization and
phase separation to manage the final film morphology.

2.2.1 Thermodynamic optimization

We will divide the thermodynamic optimization into two
parts for the control of interactions between homologous and
heterologous molecules. Owing to the generally fused-ring-
conjugated structure of efficient NFAs, the small molecules
have a strong tendency to assemble in a stable thermo-
dynamic state. Therefore, modulating the intermolecular
interactions is an effective strategy to regulate the molecular
packing of acceptors [13]. In this regard, chemical structure
design is a simple and effective method, such as the in-
troduction of non-covalent interactions. For example, Li et
al. [14] demonstrated the presence of hydrogen bonds be-
tween the acceptors with hydroxyl groups could result in
superior molecular crystallinity compared with the counter-
part (ITIC) (Figure 1a—c). Moreover, the molecule with hy-
droxyl groups on both terminals (IT-DOH) shows stronger
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molecular packing along the backbone and n-m directions
than that with hydroxyl groups on one terminal only (IT-
OH), and thus yields a maximum efficiency of 12.5% for
non-annealed PBDB-T-based devices. Similarly, Zhan et al.
[15] achieved the modulation of molecule packing from 2-
dimensional to 3-dimensional structure by introducing
fluorine atoms into the end-group and benzene ring as side
chain of the fused ring acceptor-INIC, respectively. The
authors demonstrated by DFT calculations that the fluori-
nated FINIC dimers have four stable structures due to the
fluorine-atom-introduced interaction. This is the basis for the
formation of three-dimensional stacking in its single crystals.
Even though they did not observe a similar three-dimen-
sional structure in the corresponding polymer:NFA blends, it
was demonstrated by GIWAXS that the fluorinated blends
exhibited a superior crystallinity and face-on orientation.
This is attributed to the improved dimeric packing following
the fluorination of the end groups and side chains.

In addition to non-covalent interactions, the spatial steric
hindrance of the side chains can also influence the arrange-
ment characteristics of molecules, as reported by Zheng et al.
[16]. As presented in Figure 1d, they concluded that the
molecular orientation relative to the substrate changes from
edge-on to face-on when the side chain switches from n-cetyl
(85%) to 2-hexyldecyl (88%). Likewise, Peng et al. [17]
reported an effective strategy of platinum (II) complexation
to modulate the crystallinity of PSFTZ. It was shown in
Figure le that the bulky benzene ring on the platinum (II)
complex increases the steric hindrance along the polymer
main chain and inhibits the polymer aggregation strength,
resulting in improved device performance.

Interactions between homologous molecules generally
affect their alignment behavior such as ordering, orientation,
etc. [18,19]. The modulation of interactions between het-
erologous molecules will change their miscibility [20]. The
miscibility of the donor and acceptor, as one of the driving
forces for phase separation, tends to affect the domain size,
domain composition, efc. [21,22]. Recently, Lee’s group [23]
showed that the miscibility of the donor and acceptor also
affects the homogeneity of the morphology along the vertical
direction. They found that the phase characteristics in thick
films for the system with good miscibility are similar to those
in thin films, while the systems with poor miscibility show
significant differences (Figure 2a). Therefore, by miscibility
modulation, it is promising to achieve a uniform morpho-
logical distribution in the vertical direction in thick films.
This strategy offers the possibility for the preparation of
efficient thick film devices. Ade and Ye et al. [24,25] have
done a series of prominent works that illustrate how mis-
cibility controls phase separation and composition. They
established a quantitative relationship between amorphous-
amorphous interaction parameter (y,,) and the filling factor
(FF) of OSCs. This model relates the domain composition,
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Figure 1 (a—) GIWAXS images of ITIC, IT-OH, and IT-DOH films [14]. (d) GIWAXS images of thin film based on neat M3, neat M32 and their blends
with PM6 [16]. (e) The in-plane and out-of-plane line profiles of neat polymer films extracted from GIWAXS with different Pt ratio [17] (color online).

FF and y,,, which could be used as the basis for miscibility
testing and simulation methods that will reduce the trial and
error test. Besides, they proposed a framework of using
percolation threshold and quench depth to guide morphology
revolution via kinetic factors, which could be used to ac-
celerate the morphology optimization in various systems.
Interactions between heterologous molecules become
quite intricate in ternary and quaternary systems. In re-
sponse, rather than directly establishing quantitative frame-
work, inferences are often made based on comparative
device performance coupled with physics measurements,
molecular packing, phase separation or Hansen solubility
parameter calculations. Even so, the following summary of
empirical morphological optimization is still valuable. Li et
al. [26] added the strongly crystalline polymer guest P1 to
the classic PBDB-T:IT-M and PBDB-T:ITIC blends. The
excellent compatibility between P1 and PBDB-T sig-
nificantly improved the crystallinity of the blended film even
at a small P1 content of 5%, resulting in optimized FF of the
device exceeding 78%. This strategy of optimizing the host
morphology by considering both crystallinity and compat-
ibility has been widely applied in other systems and has been
proved to be an effective method for improving the mor-
phology and performance of multi-component systems
[27,28]. Similarly, Lu et al. [29] discovered a hidden mole-

cular packing structure in the ITIC:ITIC-Th blends. They
demonstrated that the packing regularity of this structure is
stronger than that in both pure references, which yields im-
proved carrier mobility and device performance. Moreover,
as demonstrated by Hou et al. [30], it is effective to introduce
interactions between the hosts and the guests by means of a
solid additive (we consider as guests). Modulation of this
interaction can optimize the nucleation potential of the ac-
ceptor molecules and thus improve their crystallinity.

Ma et al. [31] achieved balanced donor and acceptor
crystallinity in ternary blends by regulating the miscibility of
donors and acceptors. The authors reported that in the
PBDB-T:FOIC blade-coated film, PBDB-T and FOIC were
less compatible and formed a higher domain purity. As a
result, the crystallinity of the acceptor can be considerably
stronger than that of the donor under blade-coating induc-
tion, making the electron mobility higher than the hole mo-
bility. In contrast, in the PTB7-Th:FOIC system, where the
donor-acceptor compatibility is better than that of PBDB-T:
FOIC blends, the improved crystallinity of the acceptor un-
der scraping induction is not obvious. Based on the com-
patibility of these two systems and the characteristics of the
blade-induced crystallization, the authors obtained balanced
donor-acceptor crystallinity and carrier mobility by adjusting
the ratio of PBDB-T:PTB7-Th.
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Figure 2 (a) GIWAXS scattering profiles along the in-plane direction for blends with different thickness [23]. (b) Composition of mixed domain estimated
from R-SoXS for PM6:1T-4F blends that needed to be quenched close to the percolation threshold for best performance [25]. (c) The FOIC crystallinity
quantified from GIWAXS and carrier mobility at different PTB7-Th content [31]. (d) Illustration of the hierarchical morphology in BTR:NITI:PC; BM
blends [32]. The green circles represent PC;,BM, the navy rods represent NITI and the orange rods represent BTR (color online).

In addition to crystallinity optimization, an excellent re-
search case for optimizing phase separation was reported by
Zhu and Liu ef al. [32]. In this work, they used a strongly
crystalline small molecule donor-BTR, a weakly crystalline
small molecule acceptor-NITI, and a fullerene acceptor-
PC;,BM. The innovation of this project is the successful
construction of a hierarchical phase separation by exploiting
the compatibility differences of the three materials. Speci-
fically, the strong compatibility between BTR and NITI leads
to the tendency of remaining mixing. However, due to the
mismatch in crystallinity, the electrons in the NITI-domi-
nated regions cannot be efficiently transported and collected
by the electrodes, and thus the FF and device performance of
this system are modest. The authors then introduced PC,;
BM, which has weak intermolecular interactions and good
compatibility with NITI, but poor compatibility with BTR
due to strong intermolecular interactions. Therefore, under
the influence of intermolecular interactions, PC;,BM tends
to mix with NITI rather than BTR, resulting in a hierarchical
phase separation in the ternary system with BTR:NITI pro-
viding the D/A interface and NITI:PC;;BM providing the
electron transport channel (Figure 2d). This profile improves
the disadvantage of electron transport in NITI and avoids the
high voltage loss caused by the BTR:PC;,BM interface, thus
obtaining high voltage, FF and energy conversion efficiency
at the same time.

2.2.2 Kinetic optimization

In the previous section, we reviewed the efficient strategies
for optimizing morphology in binary and ternary systems
from the perspective of intermolecular interaction. In this
section, we will discuss the morphological optimization in
the film formation period from the kinetic point of view.
Based on the characteristics of solution-processed film, we
will divide them into three parts: solution state, film for-
mation state and post-film treatment, and discuss the influ-
ence of each part on the crystallization and phase separation

stages as well as on the final morphology.

Ma et al. discussed the regulation of molecular pre-ag-
gregation states in solutions. It should be noted that the
characterization of molecular aggregation states is currently
focused on dilute solutions at low concentrations, and there
remain difficulties in characterizing them for high con-
centration cases. Therefore, we only comment empirically on
the strategies for regulating the pre-aggregation state in so-
lution. Considering the interactions between solvent mole-
cules and solute molecules, the solvent is one of the principal
factors affecting the pre-aggregation state. The use of distinct
solutions to modulate the pre-aggregation state of molecules,
especially polymers, has become a widely used method for
morphology modulation [33-36]. Yan’s group [37,38] has
achieved a series of progress in this area, the most prominent
of which is the regulation of a class of polymers with tem-
perature-dependent aggregation properties. They used binary
solvent of CB and DCB, combining with solution tempera-
ture control, to regulate the aggregation state of PffBT4T-
20D. In addition, they used non-halogenated solvent 1,2,4-
trimethylbenzene (TMB) to modulate the aggregation state
and film orientation of PffBT4T-C4C,, (Figure 3a). The
combination of solvent and temperature management pro-
vides more scope for optimization in regulating the mole-
cular pre-aggregation states and has been broadly applied in
nonfullerene systems. For example, the crystallinity of mo-
lecules can be improved by exploiting the tendency of mo-
lecules to assemble spontaneously in the poor solvents. As
indicated in Figure 3b, Peng’s group [39] reported a strategy
that mainly affects the solution pre-aggregation behavior of
small molecules and modulates the crystallization mode and
crystallization intensity in the film by changing the rest time
of the solvent. This work shows the importance of the so-
lution pre-aggregation state in the morphological evolution
of thin film. The subsequent structural evolution during film
formation needs to be supported by in situ observations.

On the other hand, Ma et al. [40] showed that in addition to
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Figure 3 (a) GIWAXS images of PffBT4T-C4C,,:PC;;BM films processed with different solvents [38]. (b) Illustration of the solution-ageing process [39].
(c) GIWAXS images of PTzBI:N2200 blends under different solvent condition [40]. (d) TEM images of PTzBI-Si:N2200 blends processed with CB and

TMB and corresponding in-situ results [41] (color online).

the solubility difference caused by the solvent, the eva-
poration rate difference due to different boiling points also
affects the blend morphology under various fabrication
temperature. They compared the morphology and device
performance of PTzBI:N2200 blends processed with
MeTHF, MeTHF/DIO, CF, and CB solvents, and found that
the crystallization of N2200 could be effectively reduced in
MeTHEF case as depicted in Figure 3c. In fact, MeTHF, as a
poor solvent for N2200, can improve N2200 pre-aggregation
state in solution to some extent. However, considering the
low boiling point of MeTHF (~80 °C), it would significantly
shorten the film formation time and inhibit the crystal growth
of the polymer, thus obtaining a weakly crystalline and small
phase separation scale. A similar result was also found by
Liu and co-workers [41], who proposed that PTzBI-Si and
N2200 have good compatibility, so that a homogeneous
mixing state can be maintained in the solution state. There-
fore, the mixed morphology can be frozen in the earlier phase
separation stage and a moderate crystalline fiber network
will be maintained under MeTHF-processed condition
(Figure 3d). Such work highlights the importance of solvent
evaporation during morphological evolution.

Basically, owing to the processing temperature can influ-
ence the solvent evaporation rate and the solute aggregation,
it can also be considered to some extent that temperature

plays a solvent-like role. The advantage of the temperature
field is that it can be continuously regulated, so there is more
room for optimization in the film formation process. Ma’s
group [42,43] found that in slot-die coating, changing the
solution temperature and substrate temperature can modulate
thermodynamic state of the solution and the kinetic process
of crystallization. They reported that adjusting the solution
and base temperature can obtain similar pre-aggregation
states and crystallization kinetic processes even processed
with different solvents, resulting in similar active layer
morphology and device performance (Figure 4a, b). This
study is a critical finding for the future progress of OSCs in
terms of their scalable production and optimization.

In fact, the morphology of the film formation period is
influenced not only by the solvent evaporation rate but also
by phase separation behavior. The common phase separation
include liquid-liquid (L-L), liquid-solid (L-S), and solid-so-
lid (S-S) phase separation. In general, the factors that influ-
ence the phase separation mode are the composition, i.e., the
composition of the solvent and the composition of the donor
and acceptor. Janssen ef al. [44] showed by in-situ optical
measurements that binary solvent could cause the onset of
polymer aggregation to occur before L-L phase separation in
PDPP5T-based fullerene systems. In other words, the phase
separation behavior in binary solvents results from the dif-
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ference in evaporation rate and solubility capability of the
solvents. Therefore, the type and ratio of binary solvents can
be modulated to optimize the active layer morphology
(Figure 4c). For instance, Han et al. [45] introduced a binary
solvent CB:TCB to optimize the crystallization and vertical
phase separation of the active layer in P3HT:O-IDTBR
system. The authors showed that due to the higher boiling
point of TCB as well as its superior solubility for O-IDTBR,
the binary solvent was able to prolong the film formation
time and separate the crystallization processes of P3HT and
O-IDTBR compared with CB. The separated crystallization
processes prevent interference each other, resulting in highly
crystalline film.

After the vast majority of the solvent molecules have swept
away from the film, the molecular chain segments have al-
most lost their mobility. In this case, the main objective of
morphology optimization is to provide molecular motion
energy or to reduce the molecular motion potential. Com-
monly used methods are thermal or solvent evaporation an-
nealing to optimize the morphology by improving the phase
separation or crystallization of the blended film, and a de-
tailed description can be found in the literature [46—49].

Additives including solvent and solid additives can well
control the active layer morphology during the film de-
composition [48,50]. The first solvent additive was reported
by Peet et al. [51], P3BHT:PCyBM blend film display higher
photocurrent with the addition of n-octylthiol. Subsequently,

they used n-octanedithiol as the additives to promote the
phase separation of PCPDTBT:PC,,BM blend films, and the
PCE was boosted from 2.8% to 5.5% [52]. Rogers et al. [53]
conducted X-ray diffraction, and revealed that the solvent
additive could increase the crystalline of the donor polymers.
Further investigation indicate that other 1,8-di(R)octane
compounds (R can be thio-, chloro-, bromo-, iodo-, cyano-,
and acetate) could be also used as solvent additives. Nowa-
days, as shown in Figure 5, 1,8-diiodooctane (DIO), 1-
chloronaphthalene (1CN), diphenyl ether (DPE), etc. are the
normal used solvent additives. Similarly, solid additives are
also successfully developed. Generally speaking, due to the
different properties of host solvent and additives (such as
boiling point and solubility capability), the solvent additives
can much influence the phase morphology such as domain
size, molecular crystallinity and molecular orientation, thus
yielding enhanced photovoltaic performance. Additives can
also much improve the photovoltaic performance of NFAs-
based OSCs. Besides, thermal and solvent annealing as
commonly used post-film treatment methods can also adjust
the phase morphology [54], and ternary or quandary strategy
[55] are also used to improve the photovoltaic performance
of OSCs.

2.3 Outlook

In general, the means of morphology optimization are quite
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mature and can basically meet the demands of the current
system. Currently, the efficient system is also effective in
phase separation under a broader field, and hence the sub-
sequent morphology optimization needs to pay more atten-
tion to the molecular alignment, defect optimization, efc.
Furthermore, along with the rapid progress of NFAs based
device efficiency, the industrialization and future applica-
tions of OSCs should be highlighted. The stability of the
device is considered to be an important factor limiting its
application. In this context, future morphological studies of
OSCs should be focused on the questions encountered in
stability and industrial production. Harald et al. [56] have
presented a pioneer work in terms of molecular-diffusion-
dominated stability analysis in the mixed amorphous phases.
They related the elastic modulus of polymers and the glass
transition temperature of NFAs with enthalpy interaction
parameters and diffusion coefficients, and thus revealed that
the most stable systems were the most miscible one. For the
sake of detailed structure-property relations in terms of sta-
bility, the comprehensive study of the crystallization domain
and the analysis of the relationship between the optimal ef-
ficiency morphology and the stable morphology are en-
couraged.

On the other hand, the question of how to apply the ex-

perience of morphology optimization during the transition
from laboratory to manufactory and from small-area spin
coating to large-area printing has yet to be revealed. Gana-
pathysubramanian et al. [57] showed through modeling
calculations that there is still room for the improvement of
blade coating in terms of morphology optimization com-
pared with spin coating. Chen et al. [58] have made a pre-
liminary effort in this area by extracting a parameter that
describes the state of the printing process: the impulse cal-
culation. By comparing the impulse parameters of spin
coating and printing processes, it is possible to relate small-
area and large-area processes. Ma et al. [42] proposed that
for the similar blended film morphology and device effi-
ciency under different solvents processing, separately con-
trolling the pre-aggregation states and film formation
kinetics could be a practical approach.

3 Devices physics

3.1 Interfacial electronic structures in OSCs

The photophysical and charge transfer processes in semi-
conductor optoelectronic devices follow the basic rules drew
up by the band theory, which functionalize the devices and
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determine their merits. The intensive understanding of the
interfacial electronic structures is thus of paramount im-
portance in achieving high-performance OSCs. For example,
the open-circuit voltage strongly depends on the energy
difference between the highest occupied molecular orbital
level (HOMO) of the donor and the lowest unoccupied
molecular orbital level (LUMO) of the acceptor at donor/
acceptor (D/A) interface [59—-61]. The LUMO energy offset
at D/A interface provides driving force for exciton dis-
sociation, although recent studies announce its futility in
nonfullerene OSCs [41,62,63]. Meanwhile, the electronic
energetics at the electrode interface control charge collection
efficiency. The investigation on these interfacial physics
helps to quickly screen the appropriate D/A systems and
charge-selective contact towards the highly efficient OSCs.

Empirical assessment of the interfacial energy level
alignments, for example, by individually measuring and
comparing the energy levels of donors and acceptors, gen-
erally ignores the real situation of an organic-organic contact
where multiple factors influence the resulting interface en-
ergetics, such as (dark) ground state integer charge transfer
(ICT) [64], interface dipole potential step [65] and charge-
transfer complex [66]. This can possibly be one of the rea-
sons why the research community has yet to reach an
agreement concerning the typical role of energy level offset
between D/A in novel nonfullerene OSCs. The electronic
structures of the formed organic interfaces depend on the
interaction strength at the heterojunction. The solution-pro-
cessed organic/organic interfaces can be described by the
ICT model, where integer charge transfer occurs via tun-
neling without the presence of interfacial chemical interac-
tion [64]. The interface between organic layer and the
underlying substrates also follows this regime. The details of
the model and its applications in D/A and electrode inter-
faces will be introduced in the following sections. Mean-
while, we mainly focus on organic bulk heterojunction (BHJ)
interfaces considering the widely used architecture of OSCs.

The cyclic voltammetry (CV) with the advantages of
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economical and low barrier to entry can provide the values of
onset oxidation and onset reduction potentials as an esti-
mation of the ionization potential (IP) and electron affinity
(EA) of the materials, respectively. However, the scatter in
data points can be large when fitting the CV-derived energy
levels, hence undermining their credibility [67,68]. Reported
CV values vary even for the same material in the publica-
tions due to the different experimental environment, instru-
ment setup and data manipulation, which further make it
difficult to construct a solid interfacial energy level diagram
[61]. The photoelectron spectroscopy (PES) is one technol-
ogy that can directly measure the accurate IP/EA values in
ultrahigh vacuum.

The “directness” of PES is reflected by its fundamental
principle, the Einstein’s equation for photoelectric effect:
Egy=hv—Ey. An incident light with photon energy of hv
overcomes the electron binding energy (£3) if it is larger than
the work function (WF) of the sample, and concomitantly
triggers the electron emission from the surface with a kinetic
energy (E). Ultraviolet photoelectron spectroscopy (UPS)
and inverse photoelectron spectroscopy (IPES) are thus uti-
lized with ultraviolet light (usually He Ia with the photon
energy of 21.22 eV) and electron gun (5-10 eV) as the ex-
citation source to excite the frontier-occupied electronic
states and fulfill the frontier unoccupied electronic states of a
solid, respectively. Figure 6 shows the PES installation of
Qinye Bao’s group at East China Normal University,
Shanghai, China, and depicts the approach to access the
energy parameters from UPS and IPES. In UPS spectra, the
secondary-electron cutoff (E ) implies the highest binding
energy of the photoelectrons, that is, photoelectrons with the
lowest kinetic energy which determines the WF. Binding
energy of the HOMO onset equals the energy difference
between the Fermi level Er and HOMO (EFHOMO), giving the
IP by combining with the WF. IPES counts the emitted
photons from the sample when the electron decays into the
lower unoccupied states. The detector only allows the pho-
tons with a fixed energy, i.e., the bandpass energy (£,,), to
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Figure 6 Schematics of (a) PES installation at East China Normal University. (b) Data extraction method of UPS and IPES (color online).
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pass through the slit and then collects them. The detected
energetic position in the unoccupied states region relies on
changing the kinetic energy of the electron beam (Ey;,). Such
so-called “isochromat” mode of IPES can be interpreted by
the following equation: Ep = Ey;, — Ey,. The energy differ-
ence between the LUMO and Ep (EFLUMO) can be derived

from the onset of the IPES spectra, hence providing the EA
value.

The energy level alignment at the D:A BHJ interface can
be precisely described by the ICT model based on the results
from PES (Figure 7) [69]: (i) Eicr+, p <Eicr-, o, donor ICT+
state pins to acceptor ICT-state as a result of spontaneous
integer charge transfer, leading to a potential step A to
equilibrate the Fermi level; (ii) Eicrs, p & Eicr—, o, donor ICT+
state overlaps acceptor ICT-state with negligible A; (iii) Eicrs. p
>E\cr-, a» vacuum level alignment without charge transfer at
interface. The Ejcr; (Eicr) energy of the positive (negative)
ICT state is related to the smallest energy required to take
away one electron (the largest energy gained from adding
one electron) from (to) the organic semiconductor molecule
at the heterojunction interface producing the fully relaxed
state. The values of Ejcr,.- are determined by separately
conducting UPS measurement on donor and acceptor films
deposited on the different substrates with a large range of
WFs. Generally, PEDOT:PSS (PEDOT: poly(3,4-cthylene-
dioxythiophene); PSS: poly(styrenesulfonic acid)) with a
high WF (>5.1eV) and Al with a low WF (~3.7 eV) are
expected to result in Fermi level pinning to Ejcr, and Ejcr,
respectively. For the substrate with WF between the two
pinning energies, the organic films will present the same WF
with the substrate as there is negligible spontaneous charge
transfer at organic/substrate interface [70].

The typical dependence of the WF of an organic film and
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its substrate is like a reverse of letter “Z”, as shown in Figure
8a [70], which are well-known electron acceptors used in
OSCs. The obtained E;cp_ values for Cqy, C,,, PCyBM,
PC,;BM, bisPC¢BM, trisPCsBM, and IC¢,BA are 4.57,
4.65, 431, 4.35, 4.12, 3.95, and 4.05¢eV, respectively.
Comparing those values with the Ej-r, of a donor, for ex-
ample, rr-P3HT (4.0 eV), one can easily divide the hetero-
junction into the three cases (Figure 7), and thus draw a
predicted energy level diagram at D:A interface. When Ejcpy
<Eicr., a, the existence of interface dipole potential step A,
can significantly increase the effective energy gap AEDA
g. eff (defined as the IP, — EA, after the contact where A is
included), making bare comparison of these two values less
responsible for the V¢ determination. The formed ICT states
in the mid-gap act as trap sites to capture the oppositely-
charged polarons in Figure 8b. However, in the case of Ecr. p
~ Eicr- a, a slight difference with low density of ICT states
not only avoids ICT trap-assisted recombination, but also
facilitates the exciton dissociation by occupying the most
tightly bound sites in the (dark) ground state [71]. The same
scenario is true for a great deal of high-performing polymer
donors combining fullerene derivatives as acceptors [70]. In
a more comprehensive study focused on TQ1:PC;,BM bin-
ary blend, the E\cr. p and Ejcr., o are found both at 4.35 eV
(Figure 8c, d), which is the primary reason of the small V¢
loss of 0.25 eV observed in the corresponding OPV device
[69]. The most popular nonfullerene PM6:Y 6-based ternary
system also follows such criteria where the Ej-r, value of
PM6 was found to be 4.50 eV, perfectly matching the Ejcr
value of Y6 (4.34 eV), see Figure 8e, f [28].

Optimistically, we can thus propose a basic design rule for
achieving high performance OPVs with minimized Vo loss,
that is Ejcre, p ® Ejcr—, o. However, keep in mind that the
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Figure 7 Three cases for the energy level alignment at D:A interfaces as ICT models: (i) Eicr+. p<Eict-, a; (1) Eicr+. p ® Eicr—, a3 (ii) Ecrs p>Eicr—, a-
Reproduced with permission from [69] (color online).
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pinning energy for a molecular film may not remain same
when it interacts with another polymer or especially small
molecules, since the intermolecular order [72,73], crystal
orientation and defects in crystalline film [74,75], as well as
orbital hybridization [66] can possibly modify the energy
level alignment, and even invalidate the ICT model.

The fundamental principle of electrode design can be
proposed: the anode and cathode contact should pin the
Fermi level to Ejcr. p and Ejcr— 4 on each side of the active
layer; the ITO/PEDOT:PSS anode with a high WF (>5.1 eV)
usually needs no additional treatment, but many studies on
reducing the WF of the ITO/ZnO cathode in inverted device
are reported [76—80]. For the same reason, some strong WF
modifiers, such as conjugated electrolyte PFN-Br, are widely
employed to realize Fermi level pinning at the metal contact
[81-83]. Although the ICT model provides the basic re-
quirement for the electrode WF, the local concentration of D:
A blend near the interface can change the interfacial en-
ergetics [84,85]. Therefore, the detailed investigation on a
new electrode interface is still necessary beyond just pre-
diction in OSCs.

3.2 Energy loss in OSCs

The current state-of-the-art OSCs have external quantum
efficiencies (EQEs) about 90% and fill factor (FF) over 80%
[86—88]. Moreover, Ve of OSCs is still considerably lim-
ited, compared with that predicted by the Shockley-Queisser
(SQ) theory [89,90]. The main reason for the limited Vi in

OSCs was initially ascribed to the high energetic difference
(AE,) [91,92] between the singlet excited state (S1) of the
donor or the acceptor materials and the charge transfer (CT)
state [93,94] formed at the donor/acceptor interface, leading
to relaxation of the excited state, causing significant voltage
loss (V}ss) in OSCs, Previously, for fullerene OSCs, high
AE, (>0.3 eV) was required for achieving efficient dis-
sociation of excitons and realizing high photocurrent in
OSCs. However, with the development of NFA based OSCs,
efficient excitons dissociation can now be realized despite
AE4<0.1 eV [95].Therefore, AE s in current highly efficient
NFA-OSCs are generally very small, playing a much less
pivotal role in limiting Ve of OSCs.

The reduction of V) in the OSCs using NFAs is generally
over 0.5V [96,97], considerably higher than that of high-
efficiency inorganic or perovskite solar cells (<0.4 V) [98].
This is primarily due to the high non-radiative voltage loss
(V), a result of low electroluminescence external quantum
efficiency (EQEg;). The low EQEg; in OSCs could be as-
sociated with poor electronic contacts between the active
layer and the electrodes, giving rise to significant surface
recombination loss of charge carriers [99-101]. Therefore,
interlayer engineering [99,102,103], for an improved elec-
tronic property at the active layer/electrode interface, has
been playing an important role in reducing V,,, and improving
Voc of OSCs.

The electronic properties of CT states formed at the in-
terface between the donor and the acceptor molecules in the
active layer are also critically important in determining V,, in
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OSCs [93,94], because decay of photogenerated charge
carriers occurs via the transition from the CT state to the
ground state in OSCs [104]. Therefore, V,, or EQEg in
OSCs is often expressed as a function of the decay rate of CT
state [104], which is inversely proportional to CT state life-
time:

V.. =—kT/qIn(EQE )

EQEy =&,/ (k,+k,)

where & is the Boltzmann constant, ¢ is the elementary
charge, T is temperature, and k&, and k,, are the radiative and
non-radiative decay rates of CT state.

Increasing EQEg; for reduced V;, has been proven to be
highly challenging. Recently, it was demonstrated that re-
ducing AE, of the donor-acceptor systems could lead to in-
creased EQEg;, allowing to achieve very low V. (<0.2 eV)
in OSCs [95]. This made the low AE, blend systems parti-
cularly promising for achieving high efficiency solar cells.
However, many of the solar cells based on low AE, systems
suffer from inefficient exciton dissociation. Thus, a ternary
blend strategy was proposed to fine tune AE,, and to balance
V. and quantum efficiency loss in OSCs, allowing the rea-
lization of ¥, as low as <0.15 V for OSCs with high quantum
efficiency [105]. However, it was later suggested that the
increased EQEg; achieved in the low AE systems was re-
lated to increased £, [106], a result of strong hybridization of
the S1 state and CT state in blends, increasing the oscillator
strength for the CT to ground state transition. Therefore, this
method is expected to lead to increased radiative re-
combination voltage loss (V;), which is logarithmically de-
pendent on k,, and thus has limited impact on the overall V)
of OSCs. Besides, the high £, could also lead to reduced FF,
further limiting the performance of OSCs.

Therefore, to improve the performance of OSCs and to
achieve reduction in both V,, and V., k,, need to be reduced.
This is difficult due to the presence of high-frequency vi-
brational modes in organic materials [98,107], giving rise to
strong electronic coupling between the CT state and the
ground state, and thus, the high k,, in organic blends. Re-
cently, it has been demonstrated that increasing the energy of
CT states (E,) could lead to a reduced vibrational coupling
between the states, thereby, reducing k,, and increasing
EQEg;. Nevertheless, for harvesting light of solar cells, it is
undesired to use high E material systems, since the narrow
absorption spectrum, associated with the high E systems,
limits the photocurrent generation in the device.

To understand the impact of additional CT-state-related
parameters, a numerical recombination model was devel-
oped [107].The roles of the reorganization energies, transi-
tion oscillator strength, static dipole moments, as well as the
energy of CT states and the density of CT complex played a
role in determining the V., and the overall ¥}, were sys-
tematically studied in theory. A number of strategies to re-
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duce V, in OSCs were proposed, and reducing
reorganization energies and increasing the static dipole mo-
ment of CT states were predicted to be the most effective.
However, it is still unclear how one could achieve the re-
duced reorganization energies or increased dipole moment in
organic blends. Thus, an effective experimental strategy to
reduce £, and to achieve reduced V,, and ¥}, in OSCs is yet
to be developed.

4 Flexible organic solar cells

Flexible OSCs nowadays have attracted enormous attention
due to their excellent mechanical robustness, high power
conversion efficiency, and potential applications in wearable
and self-powered electronics [108—113]. With the rapid de-
velopment of photoactive layers, PCEs of flexible OSCs
have reached about 16% in the last few years [114]. The PCE
improvement of flexible OSCs is summarized in Figure 9.
The typical flexible device consists of a flexible substrate,
two electrodes, a photoactive layer, and two buffer layers.
Extensive efforts on these functional layers have been de-
voted to improving the performance of flexible OSCs, in-
cluding developing flexible transparent electrodes [115],
new organic photoactive semiconductors [116], and low-
temperature processed [117] and mechanically robust inter-
faces [118]. Every functional layer is crucial for efficient
device performance and mechanical flexibility of flexible
OSCs. In the following section, we provide an overview of
the research progress on substrates, electrodes, interfacial
layers, and photoactive layers in flexible OSCs.

4.1 Substrates

The flexible substrates play an important role in realizing
high-performance and mechanically stable flexible OSCs.
Several characteristics of flexible substrates are critical for
efficient flexible devices. (1) Optical properties: higher
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Figure 9 Summary of PCE development of the flexible OSCs.



Liu et al.

transparency represents more incident light into the active
layer. (2) Mechanical properties: flexible substrates should
hold their original functions after severe stress and strain. (3)
Thermal properties: the thermal properties of flexible sub-
strates would limit the highest preparing temperature. (4)
Surface roughness: low surface roughness avoids electrical
short-circuiting in the device.

Artificially synthetic polymers such as polyethylene ter-
ephthalate (PET) [119,120], polyethylene naphthalate (PEN)
[121], polyethersulfone (PES) [122,123], and polyimide (PI)
[124,125] are the most used substrates in flexible OSCs. PET
and PEN have advantages of high transparency, low-cost,
favorable bendability, and resistance to solvents [126]. PET
is the most accessible flexible substrate. However, their low
glass transition temperature (7,) makes the temperature of
the whole fabrication process no more than 150 °C, strongly
limiting their applications. The PET substrates will deform
during high-temperature treatment and the electrodes on the
substrates will be destroyed at the same time (Figure 10a, b)
[127]. Compared with PET and PEN substrates, PES is op-
tically clearer and has higher T, (223 °C) [128]. However,
high cost and poor solvent resistance limit its practical ap-
plications [129]. PI exhibits excellent thermal stability
among these substrates, which could tolerate a temperature
of more than 300 °C. Moreover, PI as a substrate can block
light of 350 nmwavelength in the UV range, which could
increase the illumination stability of OSCs [130]. However,
yellow color and high water absorption of PI are unbeneficial
to the OSCs [131]. All polymer substrates have a relatively
higher water vapor transmission rate (WVTR) or oxygen
transmission rate (OTR), which would lead to the poor long-
term stability of devices. Table 1 compares the typical
properties of flexible polymer substrates [132,133].

4.2 Flexible transparent electrode

Indium tin oxide (ITO) is a commonly employed transparent

Table 1 Comparison of flexible substrates
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conductor, which can offer high transmittance of ~90% with
low sheet resistance (Rg) of 10-25 Q/sq. The PCE of ITO-
based rigid OSCs have exceeded 18%. However, ITO is
brittle and prone to cracking, which limits its usage in high-
performance flexible OSCs.

The efficiency of flexible OSCs highly depends on the
flexible transparent electrodes (FTE) due to the different
optoelectronic performance between the FTE and the com-
mon rigid glass/ITO electrode. FTEs with potential appli-
cations should have the following characteristics: (1) mass-
production; (2) high transmittance and conductivity (o); (3)
high mechanical stability. Several emerging materials such
as conductive polymers, metal meshes, carbon nanotubes
(CNTs), graphene, and metal nanowires (Ag/Cu NWs) have
been explored as the next-generation FTE materials to re-
place ITO. In the following section, we will review the recent
reports on FTEs in the flexible OSCs and the performance of
the corresponding devices. The performance of re-
presentative FTE and photovoltaic parameters of corre-

Substrates PET PEN PES PI
Refractive index 1.66 1.5-1.75 1.66 1.7
Densty (g/cm3) 1.40 1.36 1.37 1.43
T, (°C) 78 123 223 >300
Melting temperature (°C) 115-258 270 - 250-452
Work temperature (°C) —50-150 - 223 >400
Youngs modules (GPa) 2-4 5-6 22 2-3
Tensile strength (MPa) 55-75 200-275 83 150-230
Compression strength (MPa) 80 - - 51
WVTR (g/(cm’ day)) 21 6.9 73 64
OTR (cm’/(cm’ day)) 6 2 235 22
Water absorption (%) 0.4-0.6 0.3-0.4 - 1.3-3.0
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sponding flexible OSCs are summarized in Table 2.

4.2.1 PET/ITO flexible electrodes

In the early stages of flexible OSCs development, conducting
metal oxides (MO) films such as ITO films and aluminum-
doped zinc oxide (AZO) films have been used as transparent
electrodes. In 2008, Jen et al. [141] fabricated a polyethylene
terephthalate (PET)/ITO-based flexible OSCs shows only
slightly reduced PCE (3.3%) in comparison to that of glass/
ITO-based rigid OSCs. However, the PET/ITO FTE will
crack during thermal treatment and bending test due to the
high crystallinity of ITO (Figure 11a) [142]. Chang et al.
[134] used Zn and Sn to replace 30% In of ITO to synthesize
amorphous Zng ;In, ,Sn, ;05 (a-ZITO), which could grow on
polyester substrates to prepare the FTE (Figure 11b). In
comparison to polycrystalline ITO film, a-ZITO micro-
structure shows grain-boundary-free and excellent adhesion
characteristics, giving continuous and uniform morphology
over several micrometers (Figure 11c). Thus, the a-ZITO-
based electrode shows a higher transparency (>80%), a lower
Rg (<20 Q/sq), and good mechanical flexibility (bending
radius of ~2.5 mm). As expected, the related flexible OSCs
demonstrates to have an improved bending durability re-
taining 85% of its initial PCE after 10-time bending cycles at
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a radius of 5 mm.

Although the PET/ITO flexible electrode has been suc-
cessfully used in the flexible OSCs, the sputtered electrode
makes them less cost-effective due to the use of high vacuum
equipment. The commercially available FTEs should be
prepared in a non-vacuum environment under favorable
thermochemical conditions to simultaneously reduce pro-
duction costs and further improve optoelectronic and me-
chanical properties.

4.2.2 Conducting polymer FTE

Conducting polymers with solution-processing ability and
intrinsic flexible nature, such as PEDOT, are attracting
considerable attentions. Usually, the PEDOT is doped with
PSS, and the negatively charged PSS allows PEDOT to be
dispersed in an aqueous solution and simultaneously serves
as the counterion for the positively charged PEDOT. How-
ever, the unfavorable conductivity (¢) of the resultant
PEDOT:PSS film as low as 1 S/cmseriously limited its ap-
plication as an FTE in flexible OSCs.

To increase the conductivity of PEDOT:PSS films, it was
usually doped with organic molecules in aqueous PEDOT:
PSS solution to enhance crystallization of PEDOT and post-
treated with polar organic acid to tune the phase separation

Table 2 Summary of photovoltaic parameters of high-performance flexible OSCs based on different electrode

Electrode FoM Active layer Voc (V) Jsce (mA/cmz) FF (%)  PCE (%) Ref.
Arylite/a-ZITO 80 PTB7:PC;BM 0.729 14.7 59.4 6.42 [134]
PET/PH1000 77 PM6:Y6:PC; BM 0.828 23.57 72.03 14.06 [135]
Pl@graphene 53 PM6:Y6 0.84 25.8 70 15.2 [125]

PET or PI/ MoOx/SWCNT/MoO, 11 PTB7:PC; BM 0.72 13.7 61 6.04 [136]
PET/ZnO/Cu(0O)/ZnO 214 PTB7-Th:PC; BM 0.78 16.52 57.91 7.5 [137]
PET/silver-mesh >1,000 PTB7-Th:O6T-4F:PC,;BM 0.694 26.65 65.75 12.16 [138]
PET/AgNWs (FlexAgNEs) 442 PTB7-Th:06T-4F:PC,;BM 0.699 26.99 69.7 13.15 [139]
PET/Em-Ag/AgNWs:AZO-SG 498 PBDB-T-2F:Y6 0.832 25.05 72.97 15.21 [140]
PL:PS spheres@ZnO@AgNWs 124 PM6:N3:PC, BM 0.84 25.0 76.5 16.1 [114]
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Figure 11 (a) Optical microscopy of the ITO layers on PET after annealing treatment [142]. (b) Device architecture of AryLite/a-ZITO-based flexible OSCs
(top); Rg of AryLite/ITO and AryLite/a-ZITO electrodes with different bending radii (bottom). (c¢) Optical microscopic and SEM cross-sectional images of

AryLite/ITO and AryLite/a-ZITO substrate [134] (color online).
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between the PEDOT and PSS components (Figure 12a). Bao
et al. [143] increase the conductivity of PEDOT:PSS film by
2-3 orders of magnitude by incorporating binary additives
including dimethyl sulfoxide (DMSO) and fluorosurfactant
Zonyl-FS300 (Zonyl). It was observed that the phase se-
paration/morphology between PEDOT and PSS was fine-
tuned, delivering a Rg of 46 Q/sq at 82% of transmittance.
The flexible OSCs based on this PEDOT:PSS shows a
comparable PCE with that of the rigid device based on ITO
electrode. Similarly, polar organic acid treatments are also
demonstrated to enable tuning the phase separation for im-
proving conductivity. The corrosive nature of acids, parti-
cularly for the strong acid, would easily make the plastic
substrates deformed. Therefore, a series of milder acids were
explored. Ge et al. [144] found that the methanesulfonic acid
(CH4SO;) could effectively remove the hydrophilic PSS
from PEDOT:PSS matrix on the PET substrate at room
temperature and induce PEDOT assembly with favorable
stacking. The resultant PET/PEDOT:PSS electrode si-
multaneously achieves high optical and electrical char-
acteristics (average transmittance > 90% in the range of
450-900 nm and ¢ = 2,860 S/cm), which promote PCE ex-
ceeding 10% for the related flexible OSCs that retained
~94% of its initial PCE after 1,000-cycle continuous bending
tests (bending radius of 5.6 mm, Figure 12b). To avoid the
corrosion of plastic substrates, the transfer-printing method
was also employed to prepare PEDOT:PSS-based FTE with
high conductivity (Figure 12¢) [145]. Lee et al. [146] re-
ported that the PEDOT:PSS film was treated with a strong
acid H,SO,, and was then transferred to a PEN substrate to
realize a high conductivity of 4,000 S/cm, high transmittance
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(T>90% in the visible region) and robust bending durability
(Figure 12d). However, some researchers found that the
PEDOT:PSS with weak acidity may also lead to the device
degradation during the storage. When the acid component
PSS was removed to a certain extent by treating it with
methanol or formic acid, the storage life time of the related
device was effectively extended [147].

Although the PEDOT:PSS-based FTEs have been de-
monstrated to present substantial potential application in
flexible OSCs, their parasitic absorption in the near-infrared
(NIR) region leads to serious loss of light transmittance,
which would significantly deteriorate PCEs. For example,
when using the ternary active layer of PM6:Y6:PC,BM with
extended absorption spectrum close to 1,000 nm, the re-
sultant flexible OSCs based on PET/methanesulfonic-acid-
treated PEDOT:PSS showed a dramatically decreased Jgc
compared with that of rigid glass/ITO-based device due to
the mismatched transmittance of PEDOT:PSS and absorp-
tion of the electrode particularly in the NIR region [135].
Herein, it is necessary to further optimize the transmittance
of FTE for pursing high efficiency.

4.2.3 Carbon materials-based flexible transparent elec-
trodes

(1) Graphene

Graphene is a long-range ordered hexagonal carbon structure
with an ultra-flat surface morphology. Because of its ex-
cellent photoelectric properties, mechanical stability, che-
mical stability and thermal stability, it has been considered as
a promising material to replace ITO in the preparation of
FTE. There are several methods to produce graphene sheets
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Figure 12 (a) TEM images of the pristine PEDOT:PSS films (left) and with acid treatments (right). (b) Comparison of square resistance and electrical
conductivity of the PEDOT:PSS with different treatments (left); Normalized PCEs of flexible devices in bending test (right) [144]. (c) Transfer printing
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such as chemical vapor deposition (CVD), mechanical ex-
foliation, epitaxial growth on SiC, chemical and liquid ex-
foliation. Among these techniques, CVD-
graphene presents more potential for fabricating FTEs to-
ward large scale and high conductivity. Unfortunately, it
seems to be impossible to directly grow CVD graphene on a
plastic substrate due to the extremely high growth tempera-
ture. Up to now, the graphene-based FTEs are typically
fabricated with the following two strategy: (1) the synthesis
of graphene on a catalytic metal substrate by CVD; (2)
transfer the grown graphene to a target flexible-substrate
using a supporting membrane such as polymethyl metha-
crylate (PMMA). However, the graphene and substrate
cannot maintain intimate contact under mechanical stress
due to the week van der Waals interaction between them.
Moreover, the graphene films usually exhibit higher Ry due
to defects in crystals and wrinkles during the transfer, which
is the biggest obstacle for its application in FTEs. To address
this issue, chemical doping and multilayer stack approaches
are explored to improve conductivity. Kong et al. [148]
modified the graphene with parylene as an interface layer by
a hot rolling process, and the parylene can not only enhance
the adhesion to graphene making less damage during the
transfer, but also enables to improve its conductivity by
doping graphene through Cl-containing parylene. The ob-
tained PET/EVA/parylene/two-stack graphene -electrode
showed a Rg below 300 Q/sq and a transmittance over 90%,
and the related flexible OSCs showed an even comparable
PCE to that of PET/ITO-based device. Moreover, Park et al.
[125] directly integrated PI on graphene (Figure 13a) for
assisting graphene growth. The Pl-assisted graphene (Pl@-
graphene) electrode exhibits an ultra-clean surface together
with a highest transmittance exceeding 92% and a Rg of
P1(200 nm)
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83 Q/sq (Figure 13b). In addition, this electrode well main-
tains the high flexibility and thermal stability of PI film and
graphene, contributing to a high-performance flexible OSCs
with a PCE of 15.2% and robust flexibility with retaining
over 90% of the initial PCE after 1,000-bending cycles at a
radius of 2 mm.This is also the highest reported PCE so far
for flexible OSCs based on graphene electrodes.

(2) Carbon nanotubes

Carbon nanotubes (CNTs) are also one of the most promising
carbon materials for their application in electronic devices
owing to their fine-tuned electrical properties such as
bandgaps and conductivities ranging from conductors to
semiconductors. Single-wall carbon nanotubes (SWCNTs)
are considered to be a good candidate for a FTE due to their
high transparency over a broad range of wavelengths along
with high conductivity. Chhowalla et al. [149] used solution-
processed SWCNTs to replace ITO as the electrode to fab-
ricate OSCs in 2005, and a comparable PCE with that of
ITO-based control devices was achieved, because the 3D
nature of the interface between the SWCNTs and the P3HT:
PCBM nanocomposite is beneficial for charge carrier ex-
traction. Later, Gruner et al. [150] utilized transfer-printing
method to prepare SWCNTs on PET substrate, and the re-
sultant FTE shows a transmittance of 85% at 550 nmand a Rg
of 200 Q/sq. The related flexible OSCs yield a PCE of 2.5%,
and the device performance can be well maintained even
after fold (inducing compressive or tensile strain). In 2005,
Matsuo et al. [136] introduced a way to fabricate efficient
and flexible CNT-based OSCs with the application of direct
and dry deposited SWCNT films and demonstrated the dual
functionality of thermally annealed MoO, on SWCNTs as
both FTE (MoO,-doped SWCNTs) and electron-blocking
layer (Figure 13c). The SWCNTs based OSCs exhibited a
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PCE of 6.04%, and retained its performance after 10 bending
cycles with radius of 5 mm.

Although the grapheme- and CNTs-based FTEs have been
successfully used in flexible OSCs, it seems that there is long
way toward application. As for graphene, it’s necessary to
develop solution-processed graphene films with high uni-
form and conductivity on a large scale. The CNTs should
relieve the trade-off between the transparency and the con-
ductivity.

4.2.4 Metal based flexible transparent electrodes

(1) Ultrathin metal

Considering the high parasitic absorption of PEDOT:PSS-
based electrodes and the complex fabrication process of
carbon-material electrodes, metal (i.e., Ag, Au, and Cu) with
ultrathin thickness and microstructure attracted considerable
attention as the potential alternatives to conventional ITO
owing to their high conductivity and transparency in the wide
range. Ultrathin metal films with the thickness of 10-25 nm,
prepared by vacuum thermal evaporation, present excellent
optoelectrical features and robust flexibility. However, the
growth of the ultrathin metal follows the Volmer-Weber

(@ y (c)

Large-area flexible device
(e) (
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nucleation mode, which is highly dependent on the substrate
nature. The poor adhesion of the plastic substrate is un-
favorable for nucleation and growth of the metal film, re-
sulting in a noncontinuous film with discrete islands and
random crevices. The rough morphology would decrease the
optical transparency and conductivity [151]. Fortunately, this
behavior can be mitigated by pre-depositing a layer of metal
oxide on the substrate surface, where the nucleation of de-
posited metal could be homogeneous and metal atom diffu-
sion rate is efficiently suppressed. Thus, recent research
efforts to designing ultrathin metal electrode have been de-
voted to the oxide/metal/oxide (OMO) structures. Yun et al.
[137] fabricate a continuous, smooth ultrathin copper via
limited copper oxidation with a trace amount of oxygen
(Figure 14a, b). They found that nanoscopic cluster migra-
tion could be substantially suppressed in weakly oxidized
(Cu(0)) films at the very early stages during Cu growth due
to obviously improved film wettability. As a result, the zinc
oxide (ZnO)/Cu(0)/ZnO electrode exhibits an average
transmittance of 83% (400-800 nm)and a R, of 9 Q/sq. A
flexible OSC based on the OMO electrode achieved a pro-
mising PCE of 7.5%, outperforming the flexible OSC
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counterpart based on ITO electrode and showing a ~10%
reduction in PCE even after bending at a radius of 1 mm.
Similarly, Song et al. [152] deposited a ZnO/ultrathin Ag/
ZnO on a 25-um cellophane, showing a Rg of 7.2 Q/sq and
transmittance of 81.7% in 400—800 nmregion accompanied
with excellent flexibility (Figure 14c). The resultant device
exhibited a PCE of 5.94% and maintained 92% of the initial
value after folding 35 cycles.

(2) Metal mesh

Metal meshes are usually fabricated on a plastic substrate by
different printing techniques, such as gravure printing with
an engraved plate, flexographic printing with a relief plate
and inkjet printing, which can precisely control the micro-
structure of metal meshes to fine tune the optoelectronic
properties including sheet resistance, transmittance. Li and
Chen et al. [153] developed a high-resolution embedded Ag
mesh pattern with 3-um-wide and 2-pum-thick Ag mesh lines
on PET substrate (Figure 14d). The Ag mesh/PET films with
the Ag coverage of 4.3% displayed a low Rg of ~0.5 €/sq and
high light transmittance of 85% (including PET substrate).
However, the obtained high transmittance is attributed to the
low surface coverage of Ag mesh, and the gaps between Ag
meshes will cause parasitic lateral current flow. Thus, a hy-
brid electrode consisting of high-resolution Ag mesh and
PHI1000 film was fabricated on PET substrate sequentially,
showing a fully coverage electrode with a low Rg of 1.2 Q/sq.
As expected, the average transmittance in the visible region
decreased to 80% in comparison with the bare Ag-mesh-
based FTE. However, the device still demonstrated a good
PCE of 5.85%, which is much higher than that of the device
based on PET/ITO electrode. This hybrid FTE could be also
fabricated by roll-to-roll printing technology [154]. Wei et al.
[138] demonstrated a large-area flexible OSC devices by
further reducing the optical and electrical losses in the
flexible substrate, and a promising PCE of 12.16% for the
single-junction cell (1 sz) has been attained, which is very
close to the PCE (12.37%) of the small area (0.04 cmz)rigid
device fabricated by spin coating process. This strategy
could further promote the module areas of flexible OSCs as
high as 25 and 50 cm’ for achieving excellent PCEs around
10% (Figure 14e) by slot-die method. It suggests that the
PET/Ag mesh electrode present a huge potential in the ap-
plication of flexible organic solar cells even comparable with
large-area printing technology. In addition, Ag-mesh-based
FTE can be fabricated by various printing technologies.
Someya et al. [155] utilize a reverse-offset printing process
to print a uniform and ultrathin Ag mesh (thickness of
100 nm) on ultra-flexible substrates. By fine-tuning the
space length of the mesh, a Rg of 17 Q/sq and an average
transmittance of 93.2% in the visible region was achieved
which even surpassed the photoelectric properties of sput-
tered ITO electrodes. This ultrathin FTE also exhibits su-
perior mechanical stability at a buckling structure, displaying
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only 16.6% and 10.6% change in Rg under 50% compression
and after 500 stretch/release strain cycles, respectively. The
flexible OSCs based on this electrode could also contribute a
PCE of 8.3%. Besides the printing technology, the metal
mesh electrode with high optical transmittance and con-
ductivity could be also fabricated by patterning the ultrathin
metal. Lee et al. [121] explored a conductive silver nano
networks (AgNN) on a flexible substrate by using a dry
etching pre-deposited thin metal film where a randomly
distributed nanofiber networks was selected as shadow
masks (Figure 14f). The transmittances of monolithic nano-
networks reach 94.4% accompanied with a Rg as low as
2.4 Q/sq. This FTE was also found to have high thermal,
environmental, and mechanical stabilities. As a result, based
on this electrode, the flexible OSCs without using any buffer
layer also achieve a high PCE, and the related device per-
formance was almost not changed after 3,000-time bending
cycles.

As above summary, the FTE based on metal mesh gen-
erally exhibits superior conductivity and transmittance
compared with those of carbon and conducting polymer
counterparts. However, the complex preparation process and
high-standard equipment greatly increase the preparation
costs. Therefore, how to prepare metal-based FTE by uti-
lizing solution-processing method is more practical.

(3) Metal nanowires

Metal nanowires (NWs) were usually synthesized by the
polyol reduction method. For example, AgNWs synthesized
by the reduction of AgNO; with ethylene glycol in the pre-
sence of structure-directing agents and steric stabilizers such
as polyvinylpyrrolidone (PVP). These provide superior ad-
vantages for fabricating FTE, including solution processa-
bility, high transparency, excellent conductivity and stability.
Cui et al. [156] prepared FTEs consisting of random-dis-
tributed AgNWSs by solution process. The resultant FTE
showed comparable transmittance in visible region with
metal-oxide thin films under the same Rg, where a solar
photon flux-weighted transmissivity (7g,,) reached 85%
accompanied with a Rg of 10 Q/sq. In addition, the bending
test has a slight influence on the Rg of FTE at a radius of
4 mm.However, the PVP ligands are hard to be removed, and
their insulating properties would create high contact re-
sistance at the NW/NW junctions, making it difficult to
obtain high conductivity at a low content of metal NWs.
Duan et al. [157] proposed a rapid electrochemical cleaning
strategy to thoroughly remove the surface PVP ligands, and
the conducting properties of the AgNWs thin films was ef-
ficiently enhanced, delivering a reduced Rg from 49 to 13 €/
sqwith a 90.91% transmittance at 550 nm.Besides, the
AgNWs-based FTEs usually present relatively rough sur-
face, which is unfavorable for the deposition of subsequent
active layer. For example, the AgNW networks can easily
penetrate the 100-nm-thick active layer, resulting in the
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short-circuit and poor performance. To overcome this pro-
blem, a hybrid electrode was proposed by coating a buffer
layer such as PEDOT:PSS or metal oxide on AgNWs. Lee et
al. [158] employed AgNWs and ZnO by the solution-pro-
cessing method to fabricat FTEs. The ZnO coated on
AgNWs film showed a Rg of 10 ©/sq, and a transmittance of
82% at 550 nm.The resultant flexible OSCs exhibit a com-
parable PCEs with that of rigid glass/ITO-based devices.
Mixing AgNWs with conducting polymer PH1000 is another
efficient way to adjust the surface morphology and con-
ductivity of the electrode, but the transmittance would be
reduced due to the high parasitic absorption of PH1000. Li et
al. [159] found that when blending PH1000 with AgNWs,
the content of PH1000 could be significantly reduced while
simultaneously realizing low Rg of 6 Q/sq, high transmit-
tance (86% at 550 nm)and smooth surface. Recently, a bio-
mimetic electrode based on AgNWs was proposed by using
the contact film transfer technique to mimick the internal
anatomy of the leaf [114]. By bottom-top solution-proces-
sing conductive AgNWs, transparent ZnO protecting layer,
light-scattering polystyrene (PS) spheres, and ultrathin
flexible PI substrate. The resultant electrode with smooth
surface topology (root mean square (RMS) ~2.4 nm), low Rg
(23.4 Q/sq) and high transparency (88.2%) with haze over
43% was simultaneously realized. The high haze is bene-
ficial for the effective scattering of the incident light, which
could increase the light utilization. Finally, the optimized
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flexible OSC with this electrode exhibited a record PCE of
16.1% at the published time, and 85% of its initial PCE was
retained even after 5,000 bending cycles at a bending radius
of 1.0 mm (Figure 15c, d).

Moreover, the conductivity of the AgNWs films is highly
dependent on AgNWs’ distribution and connection. To im-
prove the conductivity, external treatments such as thermal
annealing, selective growth of silver nanoparticles at the
NW-NW junction, joule heating, cold isostatic pressing,
capillary force effect, electroless-welding AgNWs networks
and hybrid AgNWs with other functional materials were
carried out. Among them, thermal treatments easily make the
plastic substrate distort due to the low glass transition tem-
perature of plastic substrate. Seo et al. [115] developed a cold
isostatic pressing (CIP) method that enabled intimate contact
between AgN'Ws, which could reduce Rg from 49.3 to 20.7
Q/sq and simultaneously possess an excellent transmittance
of 94.8% at 550 nmwavelength. The CIP electrode has a
lower resistance than that of the annealed AgNWs because
the low temperature processing could suppress oxidation of
surface AgNWs. Besides, CIP treated AgNWs electrode
shows a lower surface roughness, which can reduce the oc-
currence of short circuit and obtain higher device reprodu-
cibility. Recently, Li et al. [140] proposed a “welding”
concept to design an FTE by tightly binding the upper
electrode and the underlying substrate with embedded
AgNWs (Em-Ag) (Figure 15e—g), where the upper electrode
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consisting of solution-processed Al-doped ZnO (AZO) and
AgNWs network is well welded by utilizing the capillary
force effect and secondary growth of AZO (AZO-SG). The
welding FTE exhibits a reduction of the AgNWs junction site
resistance at relatively low temperature, which helps the Rg
decrease to ~18 Q/sq accompanied with the highest trans-
mittance of ~95% at 550 nmeven extending to the near-in-
frared region. The flexible OSCs based on this FTE exhibit a
record PCE of 15.21%, showing a consistent Jgc value with
the device based on glass/ITO electrode. Moreover, the
flexible OSCs could retain 75% of their initial PCE values
after 6,000 bending cycles at a bending radius of 4 mm and
81.7% after the device was completely folded. This en-
hancement in flexibility is ascribed to the increased adhesion
between the electrode and the substrate by the “welding”
strategy. Chen et al. [139] blended a polyelectrolyte poly
(sodium 4-styrenesulfonate) (PSSNa) with water-processed
AgNWs, where the PSSNa anions with ion electrostatic
charge repulsion preferentially adsorbed on AgNWs. The
weak repulsion force is conductive to stabilizing AgNWs in
aqueous solution without aggregation. Importantly, this
PSSNa-assisted AgNWs could directly deposit on a flexible
substrate to fabricate FTEs (FlexAgNEs) with mesh-like
patterns and high smoothness. As a result, FlexAgNEs shows
a Rg as low as 10 Q/sq and around 92% transmittance at
550 nm,and these excellent performance enables to fabricate
flexible tandem OSCs with high efficiency and robust me-
chanical stability.

Generally, there is a trade-off between the transparency
and the conductivity for FTEs, which makes the FTE hard to
achieve high transmittance and high conductivity at the same
time. To balance them for the potential application of FTE in
flexible OSCs, a quantitative standard by calculating the
figure of merit (FoM) was proposed according to the fol-
lowing equation:

-2
- [1 N zooopu)]

2R 0, .

where Z; is the impedance of free space (Z, = 377 Q), 4.
and o,,(4) are the direct current and optical conductivities of
the materials, respectively. The value of g4 /5,,(2) is defined
as being the FoM that is used to evaluate the performance of
FTE. The transmittance (7) of the FTE was measured at a
wavelength of 550 nm.The FoM values of the electrodes as
mentioned above were listed in Table 2.

After several years of the development, FTEs for flexible
OSCs have achieved fruitful results. However, during the
OSCs developed towards commercial application, traditional
electrodes with unfavorable opto-electrical properties ser-
iously prevent this proceeding. As shown in Figure 16, metal
oxide and conducting polymers based FTEs still suffer lower
FoM values; conducting polymers such as PEDOT:PSS ex-
hibit extremely strong water absorbing capacity and inherent
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Figure 16 Transmittance and Ry of different types of flexible transparent
electrodes: Metal oxide (circle); PEDOT:PSS (square); graphene (down
triangle); CNTs (up triangle); OMO (sphere); metal mesh (pentagon); NWs
(star). Curves with different FOM values are indicated by different colored
lines (color online).

parasitic absorption in the long-wavelength region; the pre-
paration of ultra-thin metals needs the high vacuum en-
vironment; the complex preparation process and low FoM of
carbon materials make them impossible to produce flexible
and transparent electrodes with stable performance on a large
scale. In comparison, the FTEs based on metal meshes and
NWs seem to be the best choice for future applications in
flexible OSCs. As for metal-mesh-based FTE, the geometry
of the metal mesh should be further precisely controlled to
obtain high transmittance, conductivity and smooth surface
by using cheap technology. As for AgNWs-based FTEs, how
to reduce contact resistance between NWs and increase the
reproducibility in large scale by solution process is highly
desirable. Meanwhile, the synthesis of high-quality AgNW
ink with weak aggregation, high stability, no ligand and
suitable viscosity is necessary for future commercial appli-
cation using printing technology.

4.3 Interfacial layers

Requirements are more stringent for interfacial layers in
flexible OSCs compared with those in rigid devices. Low-
temperature processing to avoid the destruction of flexible
polymer substrates (PET, for instance) and good mechanical
flexibility are desired in efficient flexible OSCs.

As for the electron-transporting layer, low-temperature-
processed metal oxides have been widely used in flexible
OSCs. Chen’s group [139] successfully employed room-
temperature-processed ZnO nanoparticles to fill the AgNW
network. A well-coverage AgNWs:ZnO was realized and the
flexible single-junction and tandem devices achieved PCE of
13.1% and 16.5%, respectively. Moreover, Li’s group [140]
fabricated flexible OSCs on the electrodes by combining the
embedded AgNWs substrate and AgNWs:AZO. The AZO
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was annealed at the temperature of 120 °C. Their single-
junction flexible OSCs show a high PCE of 15.21%. Though
ZnO works well in many flexible OSCs, it is essentially
brittle and tends to crack especially under high strain which
is detrimental to the mechanical robustness of the flexible
OSCs [161,162].

Mechanical flexibility is important for interfacial layers to
achieve good deformation cycling durability. Polymer in-
terfacial layers stand out due to their naturally excellent
flexibility. PEIE as a low-work function interfacial layer,
which could be processed at room temperature, has been
widely applied in fullerene-based OSCs [102]. Jiang ef al.
[161] employed a polymer of polyethylenimine ethoxylated
(PEIE) on Ag mesh/PEDOT:PSS stacks. Their ultrathin OSC
on Ag mesh/PEDOT:PSS/PEI showed much better flex-
ibility than the device on Ag mesh/ZnO (Figure 17a—c).
Though PEIE demonstrates excellent mechanical robustness,
it is prone to react with non-fullerene acceptors, which would
destroy the chemical and electronic structure of acceptors
[163,164]. Zhou’s group [165] introduced a strategy of in-
creasing the protonation of PEIE to produce flexible OSCs.
The PEIE showed more protonated N* processed from an
aqueous solution, which could work efficiently for non-
fullerene active layers. They achieved a flexible OSC with a
PCE of 12.5%. But the thickness of these polymer surface
modifiers like PEIE is required to be less than 10 nmdue to
their insulating nature. Zhou’s group [166] further in-
troduced zinc ions to chelate with PEI to increase its con-
ductivity and chemical stability. The new interfacial material
was donated as PEI-Zn. PEI-Zn showed thickness-in-
sensitive properties, which could be thick up to 100 nm.
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Meanwhile, PEI-Zn inherits the good flexibility of PEIE.
Cracks can be observed for the ZnO film after 500 times
continuous bending with a bending radius of 4 mm.While no
crack appeared on the surface of the PEI-Zn film after the
same bending conditions (Figure 17d—f). Furthermore, Zhou
et al. [167] demonstrated large-area flexible organic solar
modules showing the efficiency of 13% based on the Ag
grid/AgNWs/PEI-Zn transparent electrode. The polymer-
based PEI-Zn shows promising applications in printed
electronics and flexible electronics.

Conducting polymer PEDOT:PSS can work well as elec-
trodes and the hole-transporting layer in OSCs. PEDOT:PSS
is an ideal material for interfacial layers in flexible OSCs due
to their high flexibility, high electrical conductivity, low-
temperature production, and tunable work functions [168].
PEDOT:PSS AI 4083 (a formulation of PEDOT:PSS) is
generally employed as hole-transport layers. It can collabo-
rate with several flexible electrodes, such as AgNWs, gra-
phene, and PEDOT:PSS. Fan’s group [169] deposited Al
4083 on perchloric acid (HCIO,)-treated PEDOT:PSS elec-
trodes, achieving flexible OSCs with over 16% PCE. On
rough surfaces such as AgNWs and graphene, a layer of
highly conductive PEDOT:PSS (PH1000) is often needed to
smooth the surface. Ge’s group [170] employed PH1000 to
flatten the surface of graphene & AgNWs electrodes. An
extra layer of AI4083 was used as the hole-transporting
layer. Their flexible OSC demonstrated a PCE of 13.4%. But
there is a drawback of PEDOT:PSS that is low transmittance
in the spectral region over 600 nm, which will reduce the Jgc
of OSCs. This drawback will be further expanded when the
PEDOT:PSS films become thick.

Active layer
ZnO or
EOSILE  PEDOT:PSS/PEIE

Figure 17 (a) Structure of flexible OSCs. (b) Top-view (top) and cross-section (bottom) SEM images of Ag mesh/ZnO stacks. Ag mesh/ZnO before (top
left) and after (top right) peeling off are measured. Cracks are formed after peeling off. (¢) Top-view (top) and cross-section (bottom) SEM images of Ag
mesh/PEDOT:PSS/PEIE stacks [161]. (d) The changes of the resistance of the PES/ZnO and PES/PEI-Zn films under different bending radius. (e, f) SEM
images of the PEI-Zn and ZnO films on PES substrates (PES/PEI-Zn and PES/ZnO) after 500 times continuous bending with a bending radius of 4 mm.

Cracks appeared on the surface of ZnO films [166] (color online).
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4.4 Photoactive materials

To date, the most efficient OSCs have been fabricated with
polymer donors and small-molecule acceptors. Despite the
high PCEs, the small molecular acceptors have relatively
poor flexibility due to their brittle crystalline features [171].
To improve the flexibility of the OSCs based on small mo-
lecules, Han et al. [172] introduced insulating poly(aryl
ether) (PAE) resins into the PM6/Y6 binary system. The
devices with 30 wt% PAE retain the PCE of 15.17% and
exhibit enhanced 4.4-fold elongation at break (25.07%) than
those without PAE, showing impressive flexibility. After
bending at a radius of 10 mmfor 100 times, the flexible cells
with PAE remained unchanged, while the active layer
without PAE had distinct cracks on the film surface (Figure
18a—c). Though fullerene-based acceptors are considered to
be unfavorable on mechanical properties, Huang et al. [173]
found that the addition of a proper amount of PC;BM mo-
lecules slightly disrupted the crystallization of IEICO-4F.
The added PC;,BM was located in the amorphous region and
made the blend morphology with amorphous regions, which
improved film ductility and flexibility.

All-polymer solar cells based on polymer semiconductors
as both donors and acceptors have unique advantages over
the small molecule acceptors-based OSCs in mechanical
durability [174]. Kim’s group reported that the all-polymer
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active layer demonstrated significantly enhanced flexibility
compared with polymer/PCBM devices [175]. The all-
polymer layer exhibited maximum extensibility of 7.2% and
tensile modulus of 0.43 GPa,which were 60- and 470-fold
increase than the polymer/PCBM films, respectively (Figure
18d, e). To further improve the mechanical properties of all-
polymer solar cells, poly(dimethylsiloxane-co-methyl phe-
nethylsiloxane) (PDPS) was added into poly(6-fluoro-2,3-
bis-(3-octyloxyphenyl)quinoxaline-5,8-dyl-alt-thiophene-
2,5-diyl) (TQ-F):N2200 all-PSC matrix to control the inter-
calation behavior and nanocrystallite size in the polymer-
polymer blend by Chen and co-authors [176]. Samples with
10 wt% PDPS exhibited much improved mechanical dur-
ability with superior toughness values of up to 9.67 MJ/m’
and elongation at a break of 50.92%. Their flexible devices
on graphene electrodes showed a PCE of 5.60% and retained
90% of the initial PCE after bending 100 times with a
bending radius of 3.0 mm. The chemical structure, molecular
weight, dispersity, and thin-film morphology of active ma-
terials are all related to the mechanical properties [174].
Wang’s group [177] developed polymer acceptors with dif-
ferent bridging atoms and achieved a flexible all-polymer
solar cell with a PCE of 6.37%.

Though all-polymer active layers show excellent flex-
ibility and stretchability, most of the flexible OSCs are still
based on the nonfullerene small-molecule acceptors due to
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Figure 18 (a) Normalized PCEs as a function of bending cycles at a bending radius of 10 mm. Scanning electron microscopy images of the active layers
after bending at 10 mm for 100 cycles: (b) PM6/Y6 without PAEF; (c) PM6/Y6 with 30% PAEF [172]. Strain-stress curves (d) and toughness (e) of polymer:
PCBM and all-polymer blend films [175]. (f) Synthetic route for PDPS. (g) Strain-stress of blend films with different amounts of PDPS: (i) OPDPS, (ii)
10PDPS, (iii) 20PDPS, (iv) SOPDPS. (h) The PCEs of (i) OPDPS and (ii) 10PDPS based flexible all-polymer solar cells with bending cycles at a bending

radius of 3 mm [176] (color online).
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their high efficiency. The PCEs of all-polymer solar cells on
the rigid substrates have recently reached up to 15.4% [178].
There will be more flexible OSCs based on all-polymer
photoactive layers in the future.

4.5 Ultrathin and ultra-flexible organic solar cells

To evaluate the flexibility of flexible devices, cyclic bending
tests with a fixed bending radius are often conducted. For the
ultrathin flexible OSCs (the thickness of substrates is less
than 10 um), the conventional bending test is not suitable.
The ultrathin devices are transferred to a pre-strained elas-
tomer. The cell is at a flat or compressed state by stretching
and releasing the elastomer. Through the stretching and re-
leasing cycles, the mechanical flexibility of the ultrathin
device is measured. During bending, tensile and compression
stress are respectively experienced on the outer and inner
surfaces. By balancing the tensile and compression stress,
there is a neutral mechanical plane, where no stress is ap-
plied. The neutral plane is characterized by the distance b
from the substrates [179]. Figure 19a shows the multilayer
stacks from the substrate to the top later. £; and /; denote
Young’s moduli and thicknesses of the individual layers. The
position of b is given by [180]

n i h,-
£ el 1) 4
Z:lzlEihi

When bending at a radius of R, the strain &, at an arbitrary
position ( is the distance from the bottom surface) yields
[181]:

e =2 (3)

The thickness of flexible substrates mentioned above is
usually more than 100 um, while the total thickness of OSCs
including electrodes, buffer layers, and the photoactive layer
is less than 1 um, so the neutral plane is often located in the
substrate, and b is about half of the thickness of the substrate.
The strain of devices (7 is equal to the thickness of substrates)
can be simplified to ¢ = d,/(2R), where d, is the thickness of
the substrate. According to this equation, the device bears a
smaller strain at the same bending radius by choosing a
thinner substrate. In other words, the thinner devices could
ensure better bending stability. Several groups have fabri-
cated flexible OSCs on ultrathin substrates. Kaltenbrunner et
al. [182] reported an ultrathin OSC fabricated on 1.4-um-
thick PET and achieved a PCE of 4.2%. The ultrathin cell can
reversibly withstand extreme mechanical deformation with a
radius of 35 um. Recently, Zhou’s group [166] demonstrated
an ultrathin OSC on 1.4-pm-thick PEN with a PCE of 15.0%,
which is the best performance of ultrathin OSCs. The ul-
trathin cell shows nearly unchanged performance after de-
formation cycles at the compression ratio of 45%. The

b= 2)
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deformation test was carried out with the assistance of a pre-
stretched elastomer (Figure 19b—e). These ultrathin OSCs
could remain their performance under a bending radius of
tens of micrometers, showing excellent mechanical flex-
ibility. According to Eq. (2), it is possible to minimize the
degradation of the performance of the device by shifting the
active devices to the neutral plane. The Someya group [183]
fabricated the ultrathin solar cells sandwiched between two-
parylene substrates (Figure 19f). The two-parylene films not
only encapsulate the cells but also shift the position of the
neutral plane. As shown in Figure 19g, their cells with the
structure could bear 49% compression even with the brittle
transparent electrode of ITO.

5 Semitransparent organic solar cells

In recent years, semi-transparent organic solar cells (ST-
OSCs) have attracted significant attention due to their po-
tential from the internet of things (IoT) to building-integrated
photovoltaics (BIPV) [184,185]. Because of the structure of
molecular orbitals, organic photovoltaic materials possess
tailorable and discontinuous absorption characteristics
(Figure 20a) [186—188], which offers their unique advantage
for ST-OSCs. Partial photons can be captured by ST-OSCs
for electrical power supply, while partial ones can penetrate
ST-OSCs for daily requirements. There are two general
parameters used to evaluate the performance of ST-OSCs,
i.e., power conversion efficiency (PCE) and average visible
transmittance (AVT) [189]. In general, AVT is measured in
the visible wavelength range and defined as follows:

_ [TPG)sGydi)
PGS

where T is the transmittance, P is the photopic response
(determined by the spectral sensitivity of the human eye), S'is
the solar photon flux under AM 1.5G for window applica-
tions, and / is the wavelength.

To achieve high PCE and AVT, the main strategy is to
design narrow-bandgap (NBG) photovoltaic materials to
realize the absorption of infrared region photons and also to
keep the penetration of visible light through these materials.
Besides, ternary strategy is also used by an ultra-narrow
bandgap material as the third component via adjusting the
polymer donor content in the active layer containing a wide
bandgap polymer and narrow-bandgap small-molecular ac-
ceptor [190-192]. The precise control of the bandgap of the
photoactive layer is the prerequisite to realize the fine ad-
justment of PCE and AVT. In this section, we mainly provide
an overview of the research progress of the photoactive
materials of ST-OSCs, and the application of ST-OSCs be-
yond photovoltaics will be discussed.
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Figure 19 (a) Schematic of the flexible device under flat or bending states for analysis of bending strain. (b) Structure of the ultrathin OSC. (c) J-V
characteristics of an ultrathin device. (d) Evolution of photovoltaic parameters after different compressed-flat cycles of ultrathin cells. (¢) Ultrathin cells are
attached onto the pre-stretched VHB. The cells are at flat state. Two wires are in contacted with the anode and the cathode of the cell, separately [166].
(f) Schematic of the double-side-coated OPVs. The ultrathin solar cells are sandwiched between two-parylene substrates. (g) Picture of ultrathin solar cells

under different compression [183] (color online).

5.1 Polymer donors

Diketopyrrolopyrrole (DPP) unit is a widely used building
block of NBG polymer materials due to its strong m-m in-
teractions. Dou et al. [193] demonstrate efficient single and
tandem polymer solar cells featuring a NBG-conjugated
polymer PBDTT-DPP with a bandgap of 1.44 eV. Combin-
ing the highly transparent silver nanowire-metal oxide
composite conducting network as the rear transparent elec-
trode, a PCE of 4% was achieved for solution-processed ST-
0OSCs, in which maximum transparency of 66% was dis-
played at 550 nm [194]. PTB7-Th is another widely adopted
NBG donor for ST-OSCs. Chen et al. [195] reported an ac-
ceptor-donor-acceptor (A-D-A) structured non-fullerene ac-
ceptor (ACS8) based on IDT as the core, alkylthio-
substituted thiophene as the m-bridge and electron-with-
drawing IC2F as the end groups, with an ultra-narrow
bandgap (1.3 ¢V).ST-OSCs based on PTB7-Th:ACS8 ex-
hibited a PCE of 11.1% with an AVT of 28.6%. Su et al.
[196] reported ST-OSCs based on a trifluorinated polymer
donor PBFTT and a tetrachlorinated acceptor IT-4Cl. The
PBFTT:IT-4Cl pair showed matched energy levels, com-
plementary absorption spectra in the NIR region and a good
blend morphology. When ultra-thin Au was used as the
electrode of ST-OSCs, PCEs of 7.9%-9.1% with an AVT of
37.3%-27.6% were realized. In 2014, Chang et al. [197]

demonstrated tandem ST-OSCs utilizing the same donor
polymer blended with PC¢;BM or PC;,BM as active layers in
two sub-cells. Two polymers were used in this study: a
medium bandgap polymer poly(indacenodithiophene-co-
phananthrene-quinoxaline) (PIDT-phanQ) and an NBG
polymer PCPDTFBT. The ST-OSCs based on PIDT-phanQ
exhibited a PCE up to 8.5% with an AVT of ~40%.

5.2 Small-molecule acceptors

PCBM was chosen as the acceptor of ST-OSCs early [194].
However, the efficiency of PCBM-based ST-OSCs was poor
owing to the low utilization of solar spectra. In 2015, Zhan et
al. [198] demonstrated a non-fullerene acceptor ITIC, which
not only promotes the rapid development of non-fullerene
acceptors but also provides numerous narrow bandgap ac-
ceptors for ST-OSCs. Based on a strong electron-donating
group dithienocyclopentathieno[3,2-b]thiophene flanked by
strong electron-withdrawing group 1,1-dicyanomethylene-3-
indanone, an acceptor IHIC with a narrow optical bandgap of
1.38 eVwas synthesized and applied in ST-OSCs. Because of
the strong near-infrared absorption and high extinction
coefficients of IHIC, the ST-OSCs based on the blends of
PTB7-Th:IHIC exhibited a champion PCE of 9.77% with an
average AVT of 36% [199]. Through chlorination of the
molecular structure to enhance the intramolecular charge
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Figure 20 (a) Absorption spectra of organic photovoltaic materials with different bandgaps [186]. (b) Photograph of ST-OSCs with different photovoltaic
materials [200]. (c¢) Schematic illustration of ST-OSCs for agricultural application [211]. (d) Photographs of the length change of Mung beans under different
light conditions [211]. (e) Transmittance spectra of ST-OSCs with a dielectric mirror [208]. (f) Schematic illustration of ST-OSCs as a self-powered window
of buildings [208]. (g) Transmission spectra of ST-OSCs with localized and discontinuous wavelength [212] (color online).

transfer effect, Cui et al. [200] synthesized an NBG
(1.23 eV) non-fullerene acceptor IEICO-4Cl. The absorption
spectrum of the IEICO-4Cl is mainly located in the near-
infrared region, and a PCE of 8.38% with an AVT of 25.7%
was achieved in ST-OSCs with it as the acceptor. Meanwhile,
as shown in Figure 20b, when blended with different poly-
mer donors (J52, PBDB-T, and PTB7-Th), the colors of the
blend films can be tuned effectively. To increase the AVT, Li
et al. [201] designed and synthesized a chlorinated NBG
non-fullerene small molecule acceptor ID-4Cl and applied it
for the fabrication of ST-OSCs. The introduction of chlori-
nated end groups reduces the optical bandgap of the acceptor
and provides a strong absorption in the near-infrared region,
avoiding the sensitive visible region of human vision. As a
result, the ST-OSC based on PM6:ID-4C1 showed a PCE of
6.99% with an AVT of 43.7%.

Recently, the emergence of non-fullerene acceptor Y6 and
its derivatives provides promising acceptors for ST-OSCs

[202]. Hu et al. [203] reported ST-OSCs based on PM6:Y6,
in which the opaque OSCs and ST-OSCs exhibited high
PCEs of 15.7% and 12.37%, respectively. Li et al. [204]
developed ternary blends with alloy-like near-infrared (NIR)
acceptors, which are effective to improve device efficiency
while maintaining visible transmittance, resulting in a PCE
of 13.1% for ST-OSCs with an AVT of 22.4%. Zheng et al.
[205] reported a ladder-type dithienonaphthalene-based ac-
ceptor (DTNIF) with a high-lying LUMO energy level and
adopted it as a third component material in ternary OSCs, in
which a PCE of 13.49% is achieved when the AVT is
22.58%. Luo et al. [206] designed and synthesized an NBG
electron acceptor Y14 based on a new fused dithienothio-
phen[3,2-b]-pyrrolobenzotriazole (BTA-core). The ST-OSCs
based on PBDB-T:Y14 yielded a PCE of 12.67% with an
AVT of 23.69%, demonstrating that the NBG BTA-core-
based non-fullerene acceptors are promising candidates to-
ward high-performance ST-OSCs.
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5.3 Application beyond photovoltaics

ST-OSCs are deemed to be one of the most promising pho-
tovoltaic devices from IoT to BIPV due to their flexibility,
lightweight and transparency [183,207-210]. Within the AM
1.5 G solar spectrum, 47% and 51% of the solar energy are
distributed within the visible and the infrared region, re-
spectively. On the other hand, 10%—50% of visible trans-
mittance is suitable for the growth of lots of plants [184].
Therefore, ST-OSCs possess a great potential in agricultural
application. For instance, Liu ef al. [211] applied high-per-
formance flexible ST-OSCs as the roof and windows of a
“greenhouse” (Figure 20c). In this case, PTB7-Th was used
as the donor with different acceptors of IEICO-4F, FOIC and
F8IC, respectively. Infrared region photons can be captured
by ST-OSCs for electrical power supply; in the meantime,
visible light can penetrate solar cells for the plant growth. It
is found that the growth status of Mung beans under different
sunlight (sunlight filtered by ST-OSCs and normal sunlight)
had similar results, as shown in Figure 20d. Zhang et al.
[208] introduced a dielectric mirror to control the reflected
intensity of wavelength. The distribution of transmittance
intensity became more uniform (Figure 20e) and the color-
rendering index approached 100. Therefore, the ST-OSC has
potential as self-powered windows of buildings, as the il-
lustration presented in Figure 20f. Intriguingly, Wang et al.
[212] recently found that the transparent region of ST-OSCs
can match well with the absorption of chlorophyll a, as
shown in Figure 20g, when PB2TCl-0:BTP-eC9-4F was
used as the active layers of ST-OSCs. In other words, despite
tuning the molecular structure of organic photovoltaic ma-
terials, their absorption range can be designed, and conse-
quently, the ST-OSC can tailor the solar spectra targeting
different applications beyond photovoltaics.

6 Scaling-up of organic solar cells

With the rapid development of NFAs, a big progress of
small-area OSCs has been made in recent years. Nowadays,
scaling-up of the organic solar cells (OSCs) becomes the
most challenge for the commercialization of OSCs. This part
will introduce the printing technology for the large-area
OSCs, summarize the development of the rigid and flexible
large-area OSCs, and analyze the main challenges for the
development of large-area OSCs.

First of all, the solidification physics that controls the film
thickness and drying behavior of the active layer is the ne-
cessary background to discuss the challenge of scaling up
roll-to-roll (R2R) manufacturing. Spin-coating is now the
most commonly used thin film deposition technique in la-
boratories. As shown in Figure 21a, spin-coating is generally
carried out in two stages, and the final film thickness has no
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connection with the amount of distribution. Due to the cen-
trifugal force, the distributed fluid is ejected from the edge of
the substrate at a rate proportional to the cube of the film
thickness. When they are self-leveling, the thickness of re-
sulting film is uniform. Therefore, the waste of materials
caused by this method is also very serious. When the spray
rate is made smaller than the evaporation rate to reduce the
film thickness, a wet film is formed and it dried by eva-
poration. The centrifugal flow of the environment atmo-
sphere around the sample surface may cause the film to dry
quickly and make it unstable. However, the meniscus of the
film never crosses the substrate, so the spin coating is rela-
tively stable in terms of ink wetting characteristics.

In order to successfully transfer the small-area OSCs
prepared by a laboratory-scale process to the large-area
OSCs produced in industry, using solution-processing tech-
nology that mimics the industrial manufacturing process to
develop OSCs devices is very important. When using solu-
tion-processable organic semiconductors for cost-effective
large-scale solar panel production, the meniscus-guided
coating (MGC) method of blade coating, slot die coating, bar
coating and solution shearing illustrated in Figure 21b—f has
great potential to be used for large-scale OSC production
[213-215]. Since different technologies will lead to different
active layer morphologies, it is a challenge to find the ideal
coating technology to manufacture high-performance poly-
mer solar cells. When the air, solution and solid substrate
form a three-phase contact line, a meniscus at the interface of
liquid and air will appear. The rheological properties of
photoactive inks are important for controlling the ejection of
satellite-free droplets and inducing precipitation of crystal-
line polymers. Moreover, the appropriate solubility and

Bar-coating ..

Figure 21 (a) A schematic process of spin coating. (b) The schematic
illustration of the typical meniscus-guided coating. A schematic of (c) LbL
sequential blade coating, (d) slot-die coating, and (e) bar coating method.
(f) The atomic force microscope (AFM) images of active layers processed
by spin coating and slot-die coating [213-215] (color online).
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volatility of photoactive inks, which is linked to the dynamic
viscosity, can enhance the processability of the ink and avoid
nozzle clogging. The evaporation of the volatile solvent on
the meniscus causes the solution to flow outward to com-
pensate for the evaporation loss, thus leaving accumulated
non-volatile solutes near the contact line. This ring residue is
called a coffee stain or coffee ring. The coffee ring effect
(CRE) will cause uneven film deposition and thereby reduce
the performance of solution-processed devices. By using a
coating head which controls film deposition to make the
meniscus traverse the substrate, MGC is working to suppress
the CRE of the solution droplets. The fluid flow during blade
coating is usually composed of a major shear flow and a
minimal extension flow.

Blade coating is a simple and effective technology to
prepare large-area devices. It is a prototype tool for slot die
coating and a self-metering technique like spin coating. The
wet film thickness is determined by the blade speed and the
film viscosity. The change in wet film thickness is close to
~2/3 when using the horizontal dip-coating method or the
Landau-Levich regime, where v is the blade speed. Unlike
spin coating, this technology does not waste material because
it is easy to dispense the solution volume that matches the
final required film area, and the energy loss of the devices
processed by blade coating is less than the devices fabricated
by spin coating as shown in Figure 22a—c [216]. The stability
of the coating depends on the wetting characteristics of the
solution on the substrate, and the final film morphology
depends on the drying conditions (substrate temperature and
ambient gas flow) after the wet film is deposited. The sub-
strate temperature and ambient gas flow can affect the vo-
latilization efficiency of the ink solution, which has great
influence on the aggregation and crystalline orientation
properties of organic materials, leading to different mor-
phology when printing at different substrate temperatures
and ambient gas flow. Furthermore, the layer-by-layer (LbL)
sequential blade-coating method as shown in Figure 22d has
been developed [217,218]. Compared with the BHJ film, the
active layer film prepared by the LbL sequential blade-
coating method has a higher absorption coefficient, larger
domain size and vertical phase separation, which is con-
ducive to charge transport and extraction performance
(Figure 22e, f) [31,216,217]. As demonstrated in Figure 221, j,
blade-coating with a patterned squeegee is also effective in
changing the flow-induced conformation and increasing the
orientation ordering to lower the free energy barrier to nu-
cleation for increasing the nucleation density [219].

For industrial-scale deposition, slot-die coating, which can
deposit a striped patterned layer, is usually the most accurate
coating method for thin films associated with organic pho-
tovoltaics. The ink can be directly loaded into the coating
head under pressure and translated perpendicular to the
substrate to form a striped pattern. Slot-die coating is a pre-
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metered technology. Factors such as the viscosity of the
polymer ink, the coating speed and the thickness of the mask,
especially the solubility parameter strongly affect the mor-
phology of the slot-die coating film (Figure 22g, h) [220]. In
slot-die coating, the wet film thickness is determined by the
ratio of the solution delivery rate to the moving substrate
speed. Therefore, the resulting active layer film thickness is
easy to be controlled and the materials are saved. In this
technology, a series of web-speeds and solution rates can be
used to solve the technical instability (such as chattering)
caused by the wetting characteristics of the ink on the surface
of the solid substrate and the underside of the die. The final
film morphology by using this technology is determined by
the evolution of the wet film in the downstream dryer, which
is usually carried out under moderate heating (<100 °C).
Compared with spin-coating, although the slot-die coating
can save material, because the entire length of the dryer must
be determined to determine the film characteristics, the op-
timization requires the use of a large amount of material.

Some researchers have discovered that Hansen solubility
and temperature parameters can actually be used to de-
termine the appropriate solvent system to prepare active
layer films with excellent performance. Thus, they found that
a single solvent that can controllably dissolve the donor and
acceptor according to the process temperature can be used to
optimize the active layer film instead of a co-solvent system
that uses a host solvent and solvent additives. By using MGC
technology, the coating can be stacked layer by layer as
shown in Figure 22k [221]. The polymer donor coating ex-
hibits pre-aggregation of polymer chains with enhanced
molecular face-to-face orientation, which is beneficial to
improve the charge transport and Jgc. And the phase se-
paration and domain size are more appropriate compared
with the one-step-coated active layer film.

In addition to spin coating or MGC methods, there are also
various large-area coating methods. Spraying is a re-
presentative coating method to form a series of layers that
make up the OPV structure. Spraying is a non-contact, fast
and scalable coating technique in which ink is atomized
through a nozzle, and is compatible with solutions with
different viscosities. Due to its high-resolution printing
capabilities and its suitability for free-form manufacturing,
inkjet printing technology can be used to prepare solution-
processable OPV. However, there are still some unresolved
problems when preparing the inks from organic materials
like the inks is usually required to have appropriate viscosity
and surface tension, and the volatile solvents contained also
can cause the precipitation of crystalline polymers some-
times.

Doctor blade and slot-die coating are preferred processing
methods for laboratory researchers in the large-area printing
of organic solar cells because the ink formulation used, in-
cluding solvent, concentration, additives, can be optimized
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solvent in bilayer structure [31,216,217,219-221] (color online).

and transferred from spin-coating. However, doctor-blading
and spin-coating are basically different. Thereby, a big
challenge is how to achieve lab-to-manufacturing transla-
tion. To comprehensively describe the morphology evolution
during such a lab-to manufacturing translation process, a
quantitative transformation factor of shear impulse was
proposed by Chen et al. [58]. They confirmed the impulse
conversion factor between the traditional spin coating pro-
cess and the slot die coating through studying the ink con-
centration and the specific parameters in the film-making
process (Figure 23a—d). On the basis of the theory, the film
morphology could be optimized and compared with the spin-
coated films, and the efficiencies of the solar cell devices
based on the fullerene acceptor (PTB7-Th:PC;BM) and
nonfullerene acceptor (PBDB-T:ITIC) with an effective area
of 1.04 cm” reached 9.10% and 9.77%, and efficiencies of
the solar cell modules with an effective area of 15 cm” were
7.58% and 8.90%, respectively.

The film morphology and homogeneity of the large-area
films should be paid pay attention to the large-area OSCs.
Generally, the photoactive films were deposited at relatively
low temperature during the spin-coating. However, several
groups demonstrated the temperature both of solution and
substrate should be controlled at higher temperature during
doctor-blade and slot-die coating. Particularly, this was an
effective method to regulate the aggregation and crystal-
lization process of the NFA-involved films (Figure 23e-h)
[43]. Such a strategy was suitable to regulate the slot-die
coated films either with halogenated or hydrocarbon solvents
[42]. Besides fabrication temperature, the additives suitable
for doctor-blade coating were also different from those for
spin-coating. Among various additives, 1,8-diioddooctane
(DIO), 1,8-octanedithiol (ODT), and chloronaphthalene
(CN), the use of ODT allowed higher performance and de-
vice stability [222]. In addition, the NFA easily formed ex-
cessive aggregation in the doctor-blade or slot-die coated
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Figure 23 (a) Simulation protocol of PTB7-Th:PC,;;BM blend films. (b)

Picked slice from the Z-direction. (c) Time sequence snapshots of the PTB7-Th:

PC;,BM from CGMD simulation. (d) Time sequence snapshots of PBDB-T:ITIC blend from solution [58]. (e) The evolution of the UV-vis absorption spectra
during slot-die coating at different temperatures. (f) Normalized absorption at 622 nmduring slot-die coating at different temperatures. (g) Temperature
dependent drying process, (h) aggregation time of PM6 [42]. (i) GIWAXS 2D patterns of the spin-coated PM6:1T-4F, blade-coated PM6:IT-4F. (j) GIWAXS
2D patterns of the spin-coated PM6:1T-4F, blade-coated PM6:1T-4F:N2200. (k) Out of plane and in-plane profiles of the films [223]. (1) J-V curves of the
spin-coated (SC)-binary, doctor-blade coated (DC)-binary, SC-ternary, and DC-ternary device with the area of 1.05 cm’. Schematic diagram of the cor-
poration of ICBA lead to recover energy loss [216]. (m) LbL-based process of the organic solar modules. (n) J-V curves of the large-area modules.
(o) Histograms of the large modules with BJH and LbL strategy. (p) Series resistance of the devices. (q) Development of OSCs fabricated through spin-
coating and doctor-blade coating. (r) Distribution of the PCEs of the solar modules and the GFF values [217] (color online).

films and caused unexpected charge recombination. Huang
et al. [223] reported the additive of n-type polymer acceptor
N2200 have suppressed the aggregation of NFA, and ensured
an ideal morphology with appropriate domain size (Figure
23i-k). The slot-die coated device with 1 cm” area showed a
high performance of 15.1%. Similarly, Min and Chen ef al.
[216] demonstrated the introduction of ICBA in the photo-
active blend films could induce a desired morphology of the
active layer and overcome the undesirable nonradiative re-
combination, leading to an enhanced efficiency of 13.07%

(1.05 cm2) in the doctor-blade coated device relative to the
binary device (12.92%) (Figure 231). Further, the result
showed the formation of alloyed acceptor in ternary blend
films could enable the formation of pseudo-planar hetero-
junction [224]. In recent years, researchers also found that
LbL or sequential deposition can achieve comparable or even
better device efficiency than one-step coated organic films
since the sequential deposition of donors and acceptors can
greatly regulate the phase separation morphology. Moreover,
a wider range of solvents including non-halogen solvents can
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be selected to achieve high performance [221]. Min et al.
[217] demonstrated the LbL route was effective to lower the
scaling lag of large area devices. The PM6:Y6 device in the
3.3 and 11.52 cm” module showed a performance of 13.88%
and 11.86%, both higher than the devices fabricated from the
conventional method (12.06% and 10.15% for the 3.3 and
11.52 cm’ device) (Figure 23m-—r).

For large-area device fabricated by printing or coating, the
reproducibility is lower than the small-area device, because
the defects on the large-area thin films would cause leakage
current. Zhou et al. [225] demonstrated large-area tandem
device has higher defect tolerance than the single cells be-
cause the thickness of the tandem device is much higher than
the single device. For the 10.5 cm’ P3HT: ICBA device with
performance around 6.5%, the fabrication yield was over
90%. Similarly, high thickness-tolerability of the functional
layers also largely lowered the printing difficulties and im-
proved the device efficiency of large-area cells. Therefore,
several groups devoted to developing thickness-insensitive
materials. For example, Hou et al. [226] developed the BTP-
4Cl acceptor, which showed good large-area compatibility
and good processability. For the PM6:BTP-4Cl-12 hetero-
junction solar cells, the performance of 1 cm” device reached
15.5%. When the thickness of this heterojunction reached as
high as 1,000 nm, the performance of 4 cm” OSCs was
higher than 10% too [227]. Besides, a ternary strategy con-
taining two or more than two donors or acceptors in the
heterojunction layers increased the working thickness as well
[228,229]. Wei et al. [229] reported the ternary devices with
15% p-DTS(FBTTH,), exhibited a PCE of ~10.7% with the
thickness of 200—270 nm,which enabled an efficiency of
5.18% for a 20 cm® module. Chen et al. [230] demonstrated
the ternary pseudo planar heterojunction strategy could in-
duce favorable vertical phase separation during doctor-blade,
which enabled high-performance 1 cm’ devices.

Arising from longer time before drying, the morphology of
the film is more impacted by surface energy of the substrates
during large-area coating or printing. So, the interface layer
should meet a higher requirement for the large-area devices
than the small ones. Ji ef al. [231] found the device perfor-
mance and repeatability of the doctor-blade OSCs were in-
ferior to the spin-coated cells. Reducing the surface
roughness of the ZnO electron transporting layer enhanced
interface compatibility between the active layer and buffer
layers, and lowered the device decrease during upscaling. In
order to simplify the device preparation process, the interface
materials could be mixed with the active layer, and the in-
terface layer can be enriched at the interface through self-
assembly, and a high efficiency device can also be obtained.
Hou et al. [232] mixed the PFN interfacial layer material
with the PBDB-T:IT-M active layer material. After solvent
treatment, PFN was enriched at the bottom of the film and
formed a self-assembled electron transport layer, and the

Sci China Chem

obtained performance was comparable to the common de-
vices. The self-assembly strategy has been applied during
slot-die coating technique [233].

The large-area OSCs modules were formed through con-
necting the single cells in series and shunt (Figure 24a, b).
Therefore, the performance was not only decided by the
efficiency of single device, but also by the dead area between
the single cells. The larger the dead area is, the lower geo-
metric fill factor (GFF) of the module devices. Limited by
the conduction of the transparent conductive electrode, the
width of the stripe is usually limited around 1 cm. Due to the
high cost of the laser equipment; the dead area was still large
in most of the works. The two aspects above resulted in the
lag of module efficiency. Therefore, developing high quality
transparent conductive rigid and flexible electrode, and
lowering the dead width should be comprehensively studied.
The conventional ITO electrode was the most widely used
electrode for the large-area rigid OSCs. Besides glass/ITO
electrode, the thin metal electrode has smaller sheet re-
sistance and gave potential performance as well. Zhou et al.
[234] reported the efficiency of 10.24% for the 10 cm’ single
device with thin Ag layer transparent electrode. Though the
conventional ITO transparent electrode on the glass substrate
has good conduction with a sheet resistance around
10 Q/cm’, the flexible ITO electrode has always the sheet
resistance higher than 30 Q/em’. Such a large sheet re-
sistance would cause high electrical loss during upscaling of
the OSCs. Some candidates including metal grid
[138,153,235], metal nanowires [236], graphene electrode
have been developed for the use in large-area flexible OSCs.
These greatly pushed the development of the large-area
flexible OSCs.

Since the early report on scaling-up printing of OSCs
around the year of 2010 (Figure 24c) [237], great progress
has been made in the efficiency development for the large-
area OSCs. In 2019, Huang et a/ [238]. prepared a 216 cm’
PTB7-Th: PC;BM cell module with an efficiency of 5.6%,
and a semi-transparent cell with the same area also achieved
an efficiency of 4.5% (Figure 24d, e). In 2020, Brabec ef al.
[239] reported an organic solar cell module with an area
efficiency of 12.6% for 26 cm” and an efficiency of 11.7%
for 204 cm’, which is currently the highest efficiency for
organic solar cell modules. The performance of large-area
flexible OSCs is also developed quickly from 2016 due to the
development of the high-efficient NFAs. Till now, the re-
ported highest performance of the large-area flexible OSCs
for the single and module was 13.61% [236] and 10.09%
[138,240], respectively.

In all, both the large-area rigid and flexible OSCs have
obtained great breakthrough in recent years. The highest
performance is higher than 10% for the size of 100-200 cm’.
However, this size is still not large enough for the real ap-
plication. Though new materials have contributed mostly to
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high performance large-area OSCs in the recent past years,
some typical high-performance materials are not suitable for
large-area roll-to-roll printing. The morphology regulation
during large-area printing is still not mature. Therefore, the
printing compatibility of the materials and printing tech-
nology should be more concerned at present and in the fu-
ture.

7 Degradation and stability improvement of
organic solar cells

With the rapid development of PCE, the stability of OSCs
has become the next most critical issue before commercia-
lization [241-244]. OSCs are composed of multiple nan-
ometer organic or inorganic thin films. These nano-thin films
are susceptible to performance degradation under various
stress factors (Figure 25), such as water [245-247], oxygen
[248], light [249,250], thermal heating [251], and even
electric field [252,253], which leads to slow or fast perfor-
mance decay through different pathways [241,244,254].
Among these stress factors, water and oxygen can destroy
the cells irreversibly through the chemical oxidation of

various materials, which is even more severe when light il-
lumination is included. They react with metal electrodes
causing the corrosion of electrodes [245], or change the
electronic property of interfacial PEDOT:PSS layer by ab-
sorbing water [247], or oxidize conjugated organic semi-
conductors leading to the decomposition of organic materials
[248,255]. Since the chemical reaction of oxygen/water with
the materials of OSCs requires the contact of the cell with
oxygen/water, good encapsulation can separate the cell from
the oxygen/water and then suppress this degradation path-
way [255-258]. Different encapsulation methods can be seen
in the literatures. For example, Tsai and Chang [256] re-
ported the preparation of Al,O;/HfO, composite encapsula-
tion layers by atomic layer deposition (ALD) for P3HT:
PC¢BM cells. The 26 nmAl,O,/HfO, nano-composite en-
capsulating film showed a water vapor transmission rate
(WVTR) (<5 x 10* g/(m’ day)), successfully preventing the
aggression of O,/H,0, and the encapsulated cells retained
>70% of their initial PCE upon >10,000 h storage in the
accelerated aging condition of ambient air or upon >1,800 h
in a 65 °C/60% RH. Sapkota et al. [257] reported that flex-
ible P3HT:PC4,BM cells encapsulated between two barrier
films maintained >95% of their initial device performance
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after 1,000 h of aging under damp-heat conditions (85 °C/
85% RH) according to IEC standard. Very recently, a solu-
tion-processed multilayered barrier film was prepared by
depositing perhydropolysilazane (PHPS) ink and then con-
verted into a silica layer by deep UV irradiation. With this
solution-processed barrier layers, P3HT:PC;BM cells
showed an enhanced device lifetime in damp heat conditions
beyond 300 h [258].

In addition to water and oxygen, polymer solar cells under
operation encounter the stresses of light, heat, and electric
field, which will also lead to the performance decays. For
example, Guldi et al. [259] demonstrated that photon-in-
duced dimerization of PC4;BM happened for the fullerene-
based cells, which reduced the charge carrier mobility and
affected fill factor and short circuit current of OSCs. Ther-
mally induced morphology change within the photoactive
layer was proved to be another essential pathway for the
performance decay of fullerene [251,260,261] and non-
fullerene solar cells [262]. Yan et al. [263] demonstrated that
performance decay of the polymer solar cells is external
load-dependent, suggesting that the strength of the electric
field will influence the performance decay as well. Unlike
water and oxygen, light (for generating charges within the
photoactive layer), heat (temperature increasing under light
illumination), and electric fields (there be always internal
and external electric fields under operation) are inevitably
encountered when a cell is under operation. Also, these stress
factors cannot be isolated by encapsulation. Therefore, per-
formance decays of PSCs caused by light, heat and electric
field are considered as the inherent or intrinsic decay process
[254], which is closely related to the stability of materials
used and devices’ layered structure. Forrest et al. [264] re-

ported that thermally evaporated organic solar cells showed
an extrapolating lifetime of over 27,000 years, suggesting
that organic solar cells can be intrinsically stable enough for
application. However, most of the solution-processed poly-
mer solar cells showed a Ty, lifetime (at a time reach the
cell’s 80% of its initial performance) typically less than
1,000 h [265,266]. Therefore, it is still highly needed to
understand the intrinsic degradation processes of the PSCs
and to find proper ways to suppress these degradation pro-
cesses [241,242,244]. The following section will give a
summary on the latest research progress on the under-
standing the intrinsic degradation processes of the fullerene
and nonfullerene solar cells.

7.1 Degradation of fullerene-based solar cells

Depending on the acceptor used in the cells, polymer solar
cells can be classified into fullerene solar cells and non-
fullerene solar cells [267-269]. Owing to the different mo-
lecular structures, these two different types of cells showed
totally different degradation behaviors and mechanisms.
Fullerene solar cells are the most well studied OSCs [270],
not only the working principles, but also the degradation
pathway and mechanisms [254]. Based on the enormous
research efforts devoted in the last two decades, the intrinsic
degradation pathways of fullerene solar cells are well clar-
ified [242,254,268,271,272], which include (Figure 26): (1)
photodimerization of fullerene within the photoactive layer.
Guldi et al. [259] proved that the fullerene molecules un-
derwent dimerization, which decreased the inherent charge
carrier mobility and the consequent power conversion effi-
ciency. Heumueller and Yan et al. further proved that such a
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Figure 26 Degradation pathways and stability improvement methods for polymer:fullerene solar cells (color online).

photon dimerization process was morphology- [252] and
external load-dependent [263]. (2) Interfacial degradation.
Yan and Gu recently demonstrated that photon-induced re-
duction of Mo® happened on the polymer:fullerene cells
under operation, which significantly reduced the V- and FF
[273,274]. (3) Aggregation of fullerene molecules. Increased
temperature of the cell under operation will increases the
molecular motion within the photoactive layer. Owing to the
high crystalline nature of fullerene molecules, fullerene
molecules turned to aggregate under thermal stress, which
inherently reduced the charge generation and transporting
efficiency [275]. (4) Phase separation. Owing to the different
compatibility of the polymer donor and fullerene molecules,
the intermixed nanophases are not inherently stable. Li et al.
[276] proved that PffBT4T-20D:PC4;BM cells showed
dramatic performance decay even when the cells are stored
in the dark at room temperature, which was ascribed to the
spinodal donor-acceptor demixing. Also, it was reported that
the energy disorder will increase for the low crystalline
polymers under operation, which will lead to the decrease of
Voc as well [277,278].

In response to the degradation of device performance

caused by fullerene dimerization, Ma et al. [279,280] re-
ported the use of organic amines to quench the triplet of
fullerene molecules, so as to inhibit fullerene dimerization
(Figure 26). With this, Jy- decay was significantly sup-
pressed and device stability was greatly improved. A more
detailed comparison of the substitutes of piperazine deriva-
tives on the stabilization effect confirmed that the N-H bond
of piperazine enhanced the intermolecular interaction be-
tween fullerene and piperazine, which promoted the inter-
molecular charge transfer between these two components
[280]. Quantum calculations on the intermolecular binding
energy between oligothiophenes, PC¢BM, and piperazine
molecules revealed that piperazine molecules were pre-
ferentially localized at the polymer:fullerene interface,
which indicated that the photo dimerization of PCyqBM
mainly happened at the donor/acceptor interface, and the
organic amine serves as the targeting stabilizer at the inter-
face [281]. The proved interfacial photon reduction of MoO;
was reported to be suppressed by inserting a thin Cg, layer
[274]. In addition, using volatile piperazine as the additive
increases the concentration of fullerene on top of the pho-
toactive layer, which improves device stability as well [274].
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As for the molecule-aggregation-induced performance de-
cay, using polymer matrix with high glass transition tem-
perature T, [282], ternary strategy [283,284], is an effective
way to improve the morphology stability. Since high glass
transition temperature (7,) polymers exhibit low molecular
motion under 7, using high 7, polymer matrix could de-
celerate the morphology change and consequently slow
down the performance decay induced by the morphology
changes. For example, Bertho ef al. [282] found that when
heated at 110 °C, the low-T, MDMO-PPV:PC;;BM film
formed clear large-scale PC¢;BM crystals, whereas the high-
T, MDMOPPV:PC¢;BM film hardly formed crystals. Also,
using a third component which has a high co-crystallization
with either component of the photoactive layer is also able to
improve the morphology stability by “freezing” the nano
structure. Zhang et al. [285] reported the use of BTR as a
third component in PffBT4T-20D:PC,,BM solar cells. The
BTR can inhibit the excessive aggregation of PffBT4T-20D,
resulting in better device performance and stability. In ad-
dition to this, replacing PC4,BM with nonfullerene acceptor
IDTBR was found to be able to suppress the “burn-in” de-
gradation of the cell, which was ascribed to the good com-
patibility of NFA with polymers donor [286]. This is
considered to be a good way to improve device stability.

Owing to their low light absorption ability and difficulties
in chemical functionalization, fullerene acceptors are not the
leading molecular acceptors for OSCs at the current moment.
However, fullerene derivatives are still used in polymer solar
cells, either in tandem solar cells as the acceptor to achieve a
high Vo [287], or in ternary solar cells as the third com-
ponent to tune the morphology [135]. Although detailed
stabilization effect was not clarified, there are few researches
reporting that fullerene derivatives can simultaneously im-
prove power conversion efficiency and device stability in
polymer:nonfullerene solar cells [135,288,289], demon-
strating that the fullerene molecule could play an important
role in polymer:nonfullerene solar cells, and it is still
worthwhile to investigate the stabilization effect of fullerene
molecules.

7.2 Degradation of nonfullerene-based solar cells

Since the first report of high-performance A-D-A type NFA
for polymer solar cells in 2015 [198], the power conversion
efficiency of the NFA-based cells increased dramatically in
the last few years and high PCE of over 18% was recently
reported [290,291]. Direct comparison on the stability of
roll-coated fullerene and nonfullerene solar cells revealed
that the NFA-based cells showed better stability [292], in-
dicating a promising application of NFA cells. Even though
the degradation of NFA based cells was not fully investigated
as has been done on the fullerene cells, various degradation
pathways of the NFA cells were clarified, which include
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(Figure 27):

(1) Intrinsic instability of NFA molecules owing to the
C=C linker. Zhou et al. [293] reported that the C=C linker of
the NFA molecules can be easily attacked by nucleophiles,
such as organic amines, yielding the breaking of the C=C
bond. Brabec ef al. [294] compared the stability of the NFA
molecules with different substituents on the terminal ac-
ceptor moiety, and results showed that the methyl groups
increase the light induced decomposition of the NFA mole-
cules, while the fluorine substituents enhance the stability of
the NFA molecule against light illumination. The compar-
ison on the decomposition of NFA molecules with a different
m-conjugation core revealed that the conformation of the
molecules plays an important role in determining the stabi-
lity of the materials. Luke ef al. [295] demonstrated that the
structurally twisted O-IDFBR is more easily decomposed
than the planar O-IDTBR. Recently, Li et al. [296] reported
that structural confinement prevented the photoisomerization
of NFAs at the molecular level and in condensed solid,
helped enhancing the photochemical stabilities of molecules,
as well as the corresponding OSCs, providing an effective
guide line for developing high performance NFAs.

(2) Photon-induced decomposition of NFA at the metal
oxide interface. Zhou et al. [297] reported that the NFA
molecule IT-4F underwent decomposition on the ZnO sur-
face under UV light illumination, as seen from the decrease
of absorption intensity of the ZnO/IT-4F film. By mass
spectrometry (MS) and NMR analyses, they confirmed that
the decomposition of IT-4F mainly happened on the C=C
linker between the central donor and the terminal acceptor
moieties. Park et al. [298] also demonstrated that ITIC un-
derwent photo-decomposition under light illumination ow-
ing to the open C=C bond. By comparing the stability
difference of the NFA molecules on different ZnO surface,
Ma et al. [299] demonstrated that the photo-decomposition
rate of NFA under white light illumination is directly cor-
related to the light absorption ability of ZnO film. In com-
bination with MS and electron spin resonance (ESR)
measure, they proved that photon-generated hydroxyl radi-
cals on the ZnO surface are the reactive species causing the
decomposition of NFA molecules.

(3) Morphology changes of the photoactive layer. The
nanoscale phase separation of the donor and the acceptor
significantly influences the charge generation and transport.
Therefore, the change of nano-morphology of the photo-
active layer will cause performance changes of the cells
[300]. Brabec et al. [262] demonstrated that the initial nano-
morphology of the photoactive layer played an important
role in determining the performance and stability of the cells.
Under operation, reorganization of the conjugated polymer
chain and the formation of acceptor domains will induce
more traps within the photoactive layer, which will decrease
the FF of the cells. By using co-solvent additive to tune the
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Figure 27 Degradation pathways and stability improvement methods for polymer:nonfullerene solar cells (color online).

morphology of the photoactive layer, the stability of the cells
can be improved, demonstrating the device processing need
to be carefully optimized. Xin et al. [301] demonstrated that
the compatibility of the NFA molecules with the polymer
matrix was also related to the fluorine atoms on the terminal
acceptor moiety. They found that mF-ITIC showed the best
compatibility with polymer matrix, and therefore showed the
best performance stability, whereas the oF-ITIC showed the
poorest stability owing to the worst compatibility. But
nevertheless, owing to the close 2D planar molecular struc-
ture, the NFA molecules showed improved morphology
stability than fullerene molecules. Upama et al. [302] de-
monstrated that NFA-based cells showed rather stable nano-
morphology even under thermal annealing.

In response to the unstable C=C bond of the NFA mole-
cules, reducing the concentration of nucleophiles should be
able to increase the stability of the cells. For example, by
tuning the pH value of the PEI aqueous solution, Zhou et al.
[303] significantly increased the illumination stability of

NFA solar cells. Ma et al. [299,304] also reported the use of
Lewis acid treatment on ZnO surface, which also sig-
nificantly increase the stability of the NFA solar cells. Re-
placing high reactive ZnO with low photo-catalytic active
SnO,, or using more stable Y6 can also increased the stability
of the NFA cells [297,303]. However, since the open C=C
bond can be attacked by water/O, or other nucleophiles,
fusing the C=C bond should be the best way to increase the
stability of the polymer:NFA cells. Li et al. [305] reported
the synthesis of a new NFA molecule with a ring-locked C=C
bond, which showed improved intrinsic chemical and pho-
tochemical stability of acceptor molecules. Also, Zhu et al.
[306] reported also the synthesis of a new electron acceptor,
ITYM, which has an all-fused-ring structure. This type of all-
fused-ring electron acceptor (AFRA) showed extraordinary
stability against light illumination, demonstrating the stabi-
lization effect of the fusing C=C bond strategy. Besides, Yao
et al. [288] inserted a cross-linkable fullerene derivative (c-
PCBSD) between the ZnO and active layer and doped it into
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(c) Photostability of the ZnO and NDI-B devices [310]. (d) Normalized PCEs expressed as a function of light-soaking time under MPP tracking [309] (color

online).

the active layer of PM6:Y6, which not only isolated the re-
action of ZnO and Y6, but also stabilized the morphology of
the active layer, greatly improving the device stability. Stu-
dies have also shown that fullerene derivatives doped into the
active layer can be used as a sacrificial reagent to undergo
photocatalytic reaction with ZnO to improve device stability
[289].

In short summary, various degradation pathways and de-
tailed degradation mechanisms of polymer solar cells were
clarified based on the research results in the last few years.
With them, the methods to enhance the stability of the
polymer solar cells were developed, and the overall intrinsic
stability was greatly improved. For example, Yip ef al. [307]
reported a stable polymer solar cell based on PTB7-Th:EH-
IDT, which showed a high PCE of 9.17% and a long op-
erational lifetime (7g) over 2,000 h. By ZnO surface treat-
ment with PET, stable polymer solar cells with an
extrapolating life-time of over 4,000 h were reported [304].
By surface modification of ZnO with a monolayer of full-
erene, Yip et al. [308] reported also an extrapolating lifetime
of over 20 years. Recently, Min et al. [309] demonstrated by
using a third component of polymer PYT, the ternary all-
polymer solar cell (all-PSC) exhibited an impressively high
power conversion efficiency of 17.2% and the extrapolated
Ty lifetime of 20,500 hfor the ternary system was de-
termined (Figure 28). Besides, Hou et al. developed the
device using NDI-B as a cathode interlayer (CIL) exhibiting
a photovoltaic efficiency of 17.2% and retained 93% of its
initial PCE after continuous illumination for 1,800 h, sug-

gesting that a Ty, of over 1,800 h can be achieved under the
operating conditions [310]. Although more investigations on
the degradation mechanism of the high performance NFA
solar cells are still needed, with more knowledge on the
degradation mechanism of the cells, effective methods to
improve device performance will be established and the
lifetime of the polymer solar cells will be gradually in-
creased.

8 Conclusions

In this review, the device engineering of OSCs is systemi-
cally summarized, including morphology characterization
and optimization, devices physics, the fabrication of flexible
and large-area OSCs, and the stability of OSCs. In addition,
we also discussed the current challenge and problems of
device engineering. We hope that this review could provide
some useful perspectives for the development of OSCs de-
vice engineering and the in-depth study of device engineer-
ing will promote the commercial application of OSCs.
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