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smoothness, mechanical flexibility and etc.
Among various FTE materials such as conducting polymers, carbon nanotubes, graphene, metallic nanowires, and ultrathin
metal,[25,27–37] silver nanowire (AgNW) is
considered as one of the most promising
candidates due to its good conductivity, high
transmittance, excellent mechanical flexibility, and easy solution processability.[18,25,38]
In the past few years, great efforts have
focused on designing high-quality AgNWsbased FTEs suitable for flexible OPV
devices,[18,25,39] mainly with an inverted
device structure due to its compatibility
with future commercial applications along
with the generally more stable performance.
Recently, utilizing an ionic electrostatic
charge repulsion strategy via introducing a
polyelectrolyte into an AgNWs-water suspension, we have reported a high-quality FTE
(called FlexAgNE) and further demonstrated high-performance
flexible OPV devices with a series of different donor and acceptor
materials.[25] Thus, the flexible single-junction and tandem devices
achieved impressive PCEs of 13.1% and 16.5%, respectively, highly
comparable to those of rigid counterparts. Also, these flexible OPV
devices have demonstrated excellent mechanical flexibility/stability.[25] These results indicate that FlexAgNE holds great promise
as a superior FTE in high-efficiency systems. Note OPV area has
witnessed a great step forward in the last few years mainly due to
the newly emerging star acceptor Y6 and its derivatives, and the
rigid devices have demonstrated outstanding device performance
of over 17%.[9,10,13–17] Thus, it is natural and important to study the
performance of flexible OPV devices with these outstanding new
materials. Indeed, a few explorations have been made with Y6
and its derivatives for flexible devices and PCEs of 14–16% have
been reported.[18,20,23] In these works, FTEs were fabricated with
different approaches, including embedding AgNWs in UV-curing
resin and film transferring of AgNWs films coated with polystyrene (PS) spheres. Given the above results, to simplify the process,
we feel it is important to explore whether our FlexAgNEs, available
with an easy one-step water solution process, can be successfully
applied with the new and efficient Y6 and its derivative material
systems for high-performance flexible devices.
Regarding mechanical flexibility/stability, it is particularly
important for flexible OPVs when used in practical applications,
of which the key is the flexibility of FTE.[18–20,26] To increase the
compatibility with roll-to-roll production, fabricating mechanically robust FTEs through fully solution-processed approach is

Among the various advantages of organic photovoltaics (OPVs), the key one is
their ability to be a highly flexible renewable energy source. However, the power
conversion efficiencies for flexible OPV devices still lag behind those of their
rigid counterparts, and their mechanical stability cannot meet the requirements
for practical applications at present. These, in particular, depend on flexible
transparent electrodes (FTEs). Here, a high-quality FTE (called FlexAgNE),
with the simultaneously combined excellent characteristics, has been tested
with a series of efficient active materials for flexible OPV devices, and high
performance comparable with rigid counterparts has been achieved. In
addition, due to the synergistic effect of FlexAgNE and the upper ZnO transport
layer, including strong binding between the polyethylene terephthalate
substrate and a hydrophilic polyelectrolyte (the key component of FlexAgNE),
together with the capillary force effect of crossed silver nanowires and tight
filling of ZnO, the flexible devices demonstrate robust mechanical stability even
under extreme bending or folding conditions.

1. Introduction
Organic photovoltaics (OPVs) have attracted considerable attention owing to their unique advantages of lightweight, low cost,
large-area printing fabrication, and mechanical flexibility.[1–8]
Recently, power conversion efficiencies (PCEs) of over 17% have
been achieved for rigid single-junction OPV devices with the
conventional device structure (versus general lower PCEs when
using the inverted structure).[9–17] Noting that the flexibility is
the most distinguishing characteristic for OPVs that outweighs
the inorganic photovoltaic technologies based on crystal-silicon
and other thin films.[18–21] As the key component, flexible transparent electrode (FTE) plays a decisive role in flexible device
performance.[22–26] High-quality FTEs should simultaneously possess excellent opto-electrical properties, film uniformity, surface
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also highly desirable. In addition, though AgNWs-based FTEs
have been widely studied, previous works mainly focused on the
performance, such as opto-electrical property, surface smoothness, and flexibility.[38,40–43] However, so far, there has been
little discussion about the mechanism underlying the superior
mechanical robustness of AgNWs-based FTEs. Note that the
underlining mechanical robustness should include the entire
FTEs, that is, all the components and the binding/connection of
all these components. Hence, a comprehensive understanding
of the mechanism is also urgently required for future better
design of mechanically robust AgNWs-based FTEs.
In this work, based on our high-quality FlexAgNEs,[25] flexible
OPV devices have been fabricated and studied with the current
star acceptor Y6 and its derivatives. Importantly, comparable
performance with rigid counterparts has been achieved for all
the tested materials. In particular, the flexible single-junction
devices have offered a high PCE of 15.60%. In addition, flexible
devices display superior and robust mechanical stability even
under extreme bending or folding conditions. Furthermore, the
mechanism underlying the superior mechanical robustness of
these flexible devices has been thoroughly investigated, which is
mainly attributed to the synergistic effect of FlexAgNE and the
upper ZnO transport layer. Specifically, for FlexAgNE, strong
interaction of the hydrophilic polyelectrolyte with ozone-treated
polyethylene terephthalate (PET) substrate contributes to the
observed robust mechanical adhesion. Besides, the capillary
force effect of the crossed AgNWs junction and tight filling of
ZnO in the grid-like AgNWs network leads to a strong bonding
of AgNWs to substrate, which also reduces the impact of brittle
ZnO on flexibility. This comprehensive understanding would
guide future FTEs design to realize higher and more mechanically stable performance for flexible organic electronics.

2. Results and Discussion
With this high-quality FlexAgNE, flexible OPV devices were fabricated and studied with several typical Y6 and its derivatives
using an inverted device structure (Figure 1a). These materials,
commercially available, were selected because they exhibit
currently the best performance in the rigid devices.[11,12,44]
The detailed fabrication process is described in Supporting
Information. As depicted in Figure 1b, the work function of
FlexAgNE/ZnO (−4.33 eV) is comparable to that of ITO/ZnO
(−4.30 eV), indicating that the charge carriers could be injected
equally into FlexAgNE/ZnO and ITO/ZnO (Figure S1, Supporting Information). Also, the energy level of FlexAgNE/ZnO
matched very well with these active materials, which is beneficial for charge collection of the FlexAgNEs.
The current density versus voltage (J–V) curves of these flexible
devices and the corresponding rigid devices were characterized
and compared as presented in Figure 1c and Figure S2a,c, Supporting Information. The photovoltaic parameters of these corresponding devices are summarized in Table 1. The above results
demonstrated that high performance was successfully achieved
for flexible OPV devices based on these typical Y6-system materials (PM6:BTP-4F-12, PM6:Y6:PC61BM, and PM6:Y6), which
was highly comparable to those of the rigid counterparts. This is
consistent with our previous report (as shown in Table S1, Supporting Information),[25] demonstrating that our easily accessible
Adv. Funct. Mater. 2021, 31, 2010000

FlexAgNEs could also work well for these new material systems. For example, the flexible single-junction devices based on
PM6:BTP-4F-12 offered a high PCE of 15.60% with open circuit
voltage (Voc), short circuit current density (Jsc), and fill factor
(FF) of 0.837 V, 24.92 mA cm−2, and 74.8%, respectively. The
efficiency histograms of PM6:BTP-4F-12-based flexible devices is
shown in Figure 1c. Apparently, the flexible devices exhibited a
narrowed distribution of PCEs, demonstrating a good reproducibility for the flexible devices based on our FlexAgNEs. Among
these photovoltaic parameters, the same Voc for flexible devices
and rigid counterparts is attributed to the similar work function of FlexAgNE/ZnO and ITO/ZnO (Figure S1, Supporting
Information). Besides, outstanding FF values over 74% have
been achieved for these flexible devices, indicating negligible
leakage current but high rectification ratio of FlexAgNE, which
is attributed to its favorable grid-like pattern and smooth surface
morphology[25] (as shown in Figure S4, Supporting Information). In addition, the Jsc values were also confirmed by the corresponding external quantum efficiency (EQE) measurements
shown in Figure 1d and Figure S2b,d, Supporting Information.
The EQE spectrum of the glass/ITO-based reference device
has higher values in the wavelength range from 450 to 600 nm
compared with the PET/FlexAgNE-based flexible device. These
results can be attributed to the high absorption of the PET/FlexAgNE in the short-wavelength region, reducing the light absorption of the active layer. Besides, the value and pattern of EQE
spectrum for different blends are consistent with the absorption
spectra of the rigid counterparts, which are in agreement with
our previous results[25] (Figure S3, Supporting Information). All
these together make these flexible OPV devices based on FlexAgNEs with Y6 and its derivative systems achieve excellent and
comparable performance with rigid counterparts.
Large-area device performance is of vital importance for flexible devices being used in practical applications. Based on the
results discussed above at small area for the flexible devices,
large-area flexible devices (1 cm2) were further fabricated and
studied. As shown in Table S2, Supporting Information, these
devices with area of 1 cm2 also exhibit comparable performance
to those of the rigid devices. Note such a large-area flexible
device based on PM6:BTP-4F-12 yields an outstanding PCE of
12.86%, which is the highest PCE reported for large-area flexible OPVs so far.[18] These results indicate that from small-area
to large-scale devices, the performance is well maintained for
devices based on our FlexAgNEs, mainly ascribing to all the
combined excellent characteristics together for FlexAgNEs,
including the high conductivity, appropriate work function, and
smooth surface.[25,45] Overall, the above results clearly demonstrated that FlexAgNEs can be successfully applied with the
recently emerging efficient star acceptor Y6 and its derivative
systems for high-performance flexible devices.
With high performance of the relatively large-area flexible
devices, the device stability has been further studied. As shown
in Figure S5, Supporting Information, all the tested flexible
devices show rather high stability and small degradations,
with <5% of their initial values in terms of PCEs after testing
over 170 days. Note these stability results of flexible devices are
similar to those of the corresponding rigid devices. Thus, FlexAgNE does not lead to obvious PCE degradation, suggesting
FlexAgNE could be a promising candidate for future large-scale
production of flexible and stable organic electronics.
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Figure 1. a) Schematic of flexible OPV devices and molecular structures of PM6, Y6, BTP-4F-12, and PC61BM in active layers. b) Energy level diagram. c) J–V
curves of a typical device (PM6:BTP-4F-12) based on FlexAgNEs and rigid ITO electrodes; the inset shows the histograms of PCE from 30 flexible devices
based on PM6:BTP-4F-12 blend. d) EQE spectra and the integrated Jsc of a typical device (PM6:BTP-4F-12) based on FlexAgNEs and rigid ITO electrodes.

With excellent performance of these flexible OPV devices,
the mechanical flexibility with bending tests both in inward
and outward directions was tested for one typical system of
PM6:BTP-4F-12 (Figure 2a). Relative photovoltaic parameters
decay of the flexible device as a function of bending cycles at

a radius of 3 mm were presented in Figure 2b and Figure S5,
Supporting Information. After total continuous 1000 bending
cycles, the degradation of Voc was negligible (below 1%), and
Jsc and FF also still maintained over 96% and 94% of their
initial values (Figure S6, Supporting Information). Thus,

Table 1. Photovoltaic parameters of the OPV devices based on FlexAgNEs and rigid ITO electrodes with several typical Y6 and its derivative material
systems.
Jsc [mA cm−2]

FF [%]

PCEmax (PCEave) [%]a

0.837

24.92

74.8

15.60 (15.28)

0.837

25.60

74.7

16.01 (15.74)

0.837

24.70

74.5

15.40 (15.08)

ITO

0.837

25.54

74.8

15.99 (15.69)

FlexAgNE

0.829

24.87

74.3

15.32 (14.89)

ITO

0.829

25.43

74.5

15.71 (15.43)

Active layer

Electrode

PM6:BTP-4F-12

FlexAgNE
ITO
FlexAgNE

PM6:Y6:PC61BM
PM6:Y6

aThe

Voc [V]

average PCE values were calculated from 10 devices and the area of the devices is ≈4 mm2.
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Figure 2. a) Schematics of inward and outward bending tests. b) Relative PCE decay for flexible OPV devices as a function of bending cycles (R = 3 mm).
c) Relative PCE decay for flexible OPV devices as function of various bending radius (0–9 mm) after 1000 bending cycles.

PCEs retention of 91% and 93% were achieved in inward and
outward bending directions, respectively (Figure 2b). The
slightly reduced Jsc and FF might be due to the increased resistance and charge carrier recombination for flexible devices
after bending. Considering that the mechanical flexibility of
the active layer may be affected by the interfacial adhesion,[46]
to confirm the role of the PFN-Br layer, the mechanical flexibility of flexible devices without PFN-Br based on a typical
PM6:BTP-4F-12 active layer was further tested (Figure S7,
Supporting Information). After total continuous 1000 bending
cycles (R = 3 mm), the PCEs of flexible devices without PFN-Br
still retained 90% and 93% of the initial efficiencies in inward
and outward bending directions. These results are very similar
to those of the devices with PFN-Br (retentions of 91% and
93%), indicating the mechanical reliability of active layer was
not affected by the PFN-Br.
High mechanical stability under extreme bending or even
completely folding conditions for flexible OPV devices plays
a key role in long-time or cyclic use such as wearable devices,
which was further evaluated as depicted in Figure 2c. After 1000
bending cycles, the PCEs of flexible devices maintained well at
various bending radius (0–9 mm), and even with > 83% PCEs
retention at bending radius close to 0 mm in both bending
directions. These results indicated that FlexAgNEs possess
rather robust mechanical stability, which is consistent with its
undamaged film morphology and the entire electrode structure
after bending as discussed below.
To further understand the origin of the mechanical flexibility/stability of these flexible devices, morphology changes
for different functional layers and the entire electrode structure after 1000 bending cycles were investigated by scanning
electron microscopy (SEM). As shown in Figure 3a–f, very
few cracks are visible for FlexAgNE/ZnO and with the upper
active layer (PM6:BTP-4F-12), implying that these functional
layers offer superior mechanical robustness in both directions.
But after depositing with the top Ag electrode for complete
flexible devices, clear small cracks can be found from the top
Adv. Funct. Mater. 2021, 31, 2010000

Ag electrodes after 1000 bending cycles (Figure 3g,h). Thus, the
slightly degraded OPV performance after bending for the flexible devices as shown in Figure 2b,c is probably due to the
geometrical cracks (defects) of top Ag electrodes, not from the
FlexAgNE or FlexAgNE/ZnO layers.
To investigate the origin of the excellent mechanical robustness of FlexAgNE and FlexAgNE/ZnO, surface SEM images
of PET/AgNWs and PET/AgNWs/ZnO films without the
poly(sodium 4-styrenesulfonate) (PSSNa) were characterized after high cyclic bending as a reference. As shown in
Figure 4a,b, the red dotted box exhibits clear AgNWs fracture
and deep cracks of the ZnO film, which is significantly different
from the unchanged morphology for FlexAgNE and FlexAgNE/
ZnO layers (Figure 3a–d). These results are well consistent with
the corresponding cross-sectional SEM images (Figure 4c–f). As
shown in Figure 4c, the top AgNWs are more likely to be broken
after bending, which is probably caused by the large stresses for
the top AgNWs in the solvent evaporating and film formation
process. Besides, large holes and cracks are found in the PET/
AgNWs/ZnO layers (Figure 4d) with the loose ZnO nanoparticles in aggregated AgNWs. In contrast, no damage is observed
for FlexAgNE and FlexAgNE/ZnO layers via introducing PSSNa
(Figure 4e,f). For this different p
 henomenon in PET/AgNWs
and FlexAgNE, the possible reasons were proposed as follows.
1) After adding PSSNa to AgNWs suspension, PSS anions were
adsorbed on the AgNWs surface. 2) For FlexAgNE, due to electrostatic repulsion from PSS ions, AgNWs could be kept uniformly
dispersed during the film preparation process (Figure 4e). 3)
The grid-like AgNWs in close contact is favorable for forming a
tight ZnO film above it. In addition, considering the amphoteric
nature of ZnO, this should lead to the ionic interaction between
ZnO and PSS anions, which will eventually improve the reliability of the FlexAgNE/ZnO. With these, FlexAgNE/ZnO ultimately achieved a uniform and compact film, which exhibited
better mechanical stability than PET/AgNWs/ZnO. To further
analyze morphology changes for the interlayer space, focused
ion beam (FIB)-SEM was performed (Figure 4g–j), in which
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Figure 3. Surface SEM images of a,b) FlexAgNE, c,d) FlexAgNE/ZnO stacks, e,f) the active layer (PM6:BTP-4F-12) on top of FlexAgNE/ZnO/PFN-Br
layers, and g,h) the Ag electrode on top of flexible devices after 1000 bending cycles in inward or outward bending directions (R = 3 mm). The red
circles represent the small cracks from the top Ag electrodes after 1000 bending cycles, and the corresponding magnified images are shown in the
inserted images (top right of graphs).

Figure 4. Surface SEM images of a) PET/AgNWs and b) PET/AgNWs/ZnO stacks, prepared without the poly(sodium 4-styrenesulfonate) (PSSNa), after
1000 bending cycles in inward direction. c–f) Cross-section SEM images and g–j) FIB-SEM images of c,g) PET/AgNWs, d,h) PET/AgNWs/ZnO stacks, e,i) PET/
AgNWs@PSSNa (FlexAgNE, prepared with PSSNa), and f,j) FlexAgNE/ZnO stacks after 1000 bending cycles in inward direction (R = 3 mm). The red dotted
boxes exhibit clear AgNWs fracture or deep cracks of the ZnO film. The arrows highlight the observed AgNWs (red) and ZnO (yellow) components, respectively.
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all the components including PET, AgNWs, AgNWs@PSSNa,
and ZnO, can be clearly observed. After 1000 bending cycles,
while some shedding or loosening for both PET/AgNWs and
PET/AgNWs/ZnO layers were found (Figure 4g,h), but neither
delamination nor crack was observed for FlexAgNE or FlexAgNE/ZnO stacks. Furthermore, for PET/AgNWs, the AgNWs
were easy to peel off with tape, which are prone to delamination
and mechanical damage. In contrast, no obvious detachment
for FlexAgNE and FlexAgNE/ZnO was observed in mechanical
scratching adhesion test. Thus, the FlexAgNE and FlexAgNE/
ZnO stacks were rated as level 1 according to the national standards from 1 to 7 of the adhesion tests (Figure S8, Supporting
Information). Besides, the adhesive force for PET/AgNWs and
PET/FlexAgNE was further analyzed. PET/AgNWs has a relatively low adhesion force of 0.02 mN, whereas the force for
PET/FlexAgNE was dramatically increased to 0.1 mN. These
results fully demonstrate that both FlexAgNE and FlexAgNE/
ZnO exhibit strong adhesion together with superior mechanical
robustness, which is essential for high-performance flexible
electrode and organic electronics.
The mechanism underlying the superior mechanical robustness of FlexAgNE and FlexAgNE/ZnO stacks was thoroughly
investigated, which is mainly attributed to the synergistic effect
of FlexAgNE and the upper ZnO transport layer. Possible mechanism is offered in Figure 5a and summarized below: for FlexAgNE, the hydrogen bond and van der Waals bond would form
between the ozone-treated PET substrate and the hydrophilic
polyelectrolyte (PSSNa). The binding force was generated from
the interactions between sulfonic groups of PSSNa and hydroxyl
groups of ozone-treated PET. These intermolecular forces would

provide a strong adhesion interface.[47,48] In addition, with
evaporation of water, the capillary force effect would occur at
the crossed AgNWs junctions during film formation process,
which could tightly bind the crossed AgNWs and enhance the
mechanical robustness of AgNWs network (Figure 4e). Besides,
as solvent evaporates, ZnO nanoparticles would tightly aggregate
around AgNWs and completely fill into the void space of the gridlike AgNWs network (Figure 4f), leading to a strong bonding of
AgNWs to substrate. This also further reduces the impact of
brittle ZnO on flexibility.
Distribution of elements of FlexAgNE and FlexAgNE/ZnO
stacks provides further evidence for the above mechanism as
illustrated in Figure 5b–e and Figure S9, Supporting Information.
As characterized by transmission electron microscope (TEM)
with energy-dispersive X-ray spectroscopy (EDS), sulfur (S) element from PSSNa distributed homogeneously around Ag atom
(from AgNWs), demonstrating that PSSNa tightly surrounds the
AgNWs (Figure 5b,c and Figure S9a,b, Supporting Information).
Thus, with the strong bonding force between PSSNa and PET as
discussed above (Figure 5a), there should be a sufficient force for
sticking AgNWs onto PET substrate. In addition, the observed
large and uniform existence/distribution of zinc (Zn) element
(from ZnO) around AgNWs would offer a strong interaction and
bonding between ZnO and FlexAgNE layers in the combined
FlexAgNE/ZnO structure (Figure 5d,e and Figure S9c,d, Supporting Information). Consequently, due to all these contributions and the synergistic effect of each component, the combined
FlexAgNE/ZnO stacks achieved robust mechanical stability,
resulting in the high performance and mechanical robustness of
the flexible OPV devices studied in this work.

Figure 5. a) Schematic diagram of the mechanism: 1) the hydrogen bond effect between the PET substrate and the hydrophilic polyelectrolyte (PSSNa);
2) the capillary force effect of crossed AgNWs junction, and 3) tight and complete filling of ZnO in grid-like AgNWs network. b) TEM images for the
crossed AgNWs junction, which is cut from FlexAgNE using a FIB. c) EDS mapping of the sample in Figure 4b. d) TEM images for the crossed AgNWs
junction coated with ZnO (AgNWs/ZnO), which is cut from the FlexAgNE/ZnO stacks using a FIB. e) EDS mapping of the sample in Figure 4d.
Adv. Funct. Mater. 2021, 31, 2010000
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3. Conclusion
In summary, based on an easily-prepared high-quality FlexAgNEs, flexible OPV devices have been fabricated with the
newly emerging acceptor Y6 material systems and high performance comparable with rigid counterparts have been
demonstrated. In particular, the flexible single-junction
devices have offered a high PCE of 15.60%. Also, these flexible devices exhibit robust mechanical stability even under
extreme bending or folding conditions. Furthermore, the
mechanism underlying the superior mechanical robustness
of these flexible devices has been thoroughly investigated
for each part, which mainly ascribed to the synergistic effect
of FlexAgNEs and the upper ZnO transport layer, including
strong bonding of the h
ydrophilic polyelectrolyte (PSSNa)
with PET substrate, along with the capillary force effect of
crossed AgNWs and tight filling of ZnO. This comprehensive
understanding would guide future high-quality FTEs design
for higher and more mechanically stable performance for
flexible organic electronics. In light of the aforementioned
results, together with our previous report, we anticipate that
our FlexAgNEs could successfully be applied for other flexible
organic electronics, including light-emitting diodes and fieldeffect transistors.
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Supporting Information is available from the Wiley Online Library or
from the author.
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