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Stable interface adhesion and bending durability of flexible organic solar cells (FOSCs) is a basic requirement for its real application
in wearable electronics. Unfortunately, the device performance always degraded during continuous bending. Here, we revealed the
weak interface adhesion force between MoO; hole transporting layer (HTL) and the organic photoactive layer was the main reason
of poor bending durability. The insertion of an interface bonding layer with a thermoplastic elastomer, polystyrene-block-
poly(ethylene-ran-butylene)-block-polystyrene (SEBS) effectively improved the interface adhesion force of MoO3 HTL and the active
layer and decreased the modulus, which ensured higher than 90% of the initial efficiency remaining after 10000 bending.
Meanwhile, the FOSCs gave an efficiency of 14.18% and 16.15% for the PM6:Y6 and PM6:L8-BO devices, which was among the
highest performance of FOSCs. These results demonstrated the potential of improving the mechanical durability of FOSCs through

thermoplastic elastomer interface modification.
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INTRODUCTION

Recently, with the rapid development of flexible electronics, a
variety of wearable electronic devices have gradually entered our
lives, such as biosensors', electronic skins?, etc. The power
consumption of these devices is generally about 100-10 mW>,
At present, these devices are mostly powered by flexible batteries
or micro-supercapacitors®. But, frequent charging or replacement
of batteries is not convenient and will affect the service life of
devices. Therefore, it is urgent to develop renewable energy
technology to replace conventional batteries. Flexible organic
solar cells (FOSCs) are regarded as good choices for wearable
energy harvest due to their features of flexible®, light weight®,
patternable’, and high optical response under indoor light®°. In
recent years, due to the innovation of organic donors, accep-
tors'%'3, and interlayer materials'*'>, and the development of
device fabrication technology'®~'8, the performance of FOSCs has
improved rapidly'®2%. Currently, both the efficiency of single
FOSCs'822725 and large-area modules*® have achieved great
developments. Meanwhile, high-performance ultrathin flexible
OSCs has been integrated with sensor to detect physiological
signal, which can be attached to skins®’ or textiles?®. For the future
real application of FOSCs, besides device efficiency and long-term
stability, reasonable mechanical properties are also crucial.
Regarding flexible electronics, mechanical properties, including
bending resistance, stretch properties, and distortion resistance
are typical evaluation parameters®®. To improve the mechanical
properties of FOSCs, researchers have developed systematic
approaches to optimize and modify the flexible electrode3°-3°,
electron transporting layer (ETL)?%4%*3, and active layer*-',
which enabled improved mechanical properties. On the side of
the flexible electrode, Chen et al. prepared a high-quality flexible
conductive electrode (called FlexAgNE) by adding poly (sodium 4-
styrenesulfonate) (PSSNa) polyelectrolyte in AgNWs dispersion°.
The FOSCs based on FlexAgNE electrodes have high flexible

durability thanks to the tight bonding force between polyethylene
terephthalate and (PET) substrates, as well as the interaction of
ZnO NPs and PSSNa>'. Tang et al. imitated the internal structure of
leaves and prepared a composite electrode contained polyimide
(PI), polystyrene spheres, ZnO, and AgNWs with high optical and
mechanical properties>2. Similarly, Kim et al. obtained a composite
electrode with high mechanical properties by completely embed-
ding conductive polymer and AgNWs in colorless polyimide
substrate®?. Some simple methods like hot pressing®, and cold
isostatic pressure3® were used to increase the network connection
of AgNWs. Modifying AgNWs with conductive materials such as
graphene oxide®, MXene3’, PH1000%8, InSnTiO>3, and Al-doped
ZnO* could passivate AgNWs, avoid performance degradation,
and weld AgNWs. Regarding ETL, Zhou et al. reported a strategy
that chelated Zn?* with polyethylenimine (PEI) (called PEI-Zn)*',
which not only improved the bending resistance ability of ETL, but
also enhanced adhesion between the electron transporting layer
(ETL) and active layer, and ultimately improved the mechanical
stability of OSCs. Similarly, Chen et al. improved the mechanical
stability of ETL and its adhesion force to the active layer by adding
polydopamine (PDA) to zinc oxide®?.

In term of the organic photoactive layer, doping suitable third
component in the organic photoactive layer is considered to be a
feasible strategy to improve the mechanical stability of the films
and devices®**°, The insulating polymer could form an insulating
matrix in the doped active layer and improve the flexibility of
0SCs**>_Till now, polyolefin elastomer (POE)*¢, polystyrene-block-
poly(ethylene-ran-butylene)-block-polystyrene (SEBS)*”, N2200°’,
etc. have been used as the additive of the active layer. Although
many efforts were made to improve the mechanical property
through various material optimization approaches, the underlying
reason for device degradation during bending is not been
systematically studied yet. Besides, most of the preliminary works
focused on the bending durability of materials itself. Since OSC is a
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Fig. 1 Bending durability of inverted FOSCs. a Device structure and molecular structures of PM6 and Y6. Evolution of Vo, Jsc, FF, and PCE of
the FOSCs during continuous bending in inward and outward direction with bending radii of b 7.5, ¢ 5.0, and d 2.5 mm.

typical device with a sandwich structure, it is predictably that the
mechanical property of the interfaces between different functional
layers would also significantly impact the bending resistance®®.
Whereas, rare work investigated the relationship between interface
adhesion and device bending resistance.

In this work, the degradation mechanism of flexible organic
solar cells (FOSCs) during bending was systematically studied and
the main reason was revealed. We firstly demonstrated the
performance decrease was mainly due to the destruction of MoOs
due to poor interface adhesion between the MoOs; hole
transporting layer (HTL) and the organic photoactive layers. An
interface treating strategy to improve the interface adhesion force
between MoOs and the active layer was developed through
doping SEBS in the photoactive layer or modifying the active layer
with SEBS. The dramatically increased interface adhesion through
using SEBS as interface bonding layer pushed the improvement of
device bending durability, with 95% and 91% of initial efficiency
remaining after 5000 and 10000 times bending with a bend radius
of 5 mm. Meanwhile, high performance was maintained for the
SEBS modified device, and an efficiency of over 16% that among
the highest performance of FOSCs was achieved.

RESULT AND DISCUSSION
Degradation trend and the reason

First of all, we investigated the performance evolution of FOSCs
during bending. 0.64 cm? FOSCs with an inverted structure of
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PET/AgNWs/a-ZnO/ZnO NPs/active layer heterojunction (BHJ)/
MoOs/Al were fabricated according to previous work®”%, Here,
PM6:Y6 heterojunction with PM6 as electron donor and Y6 as
electron acceptor was used as the active layer. a-ZnO and ZnO
NPs were amorphous ZnO and ZnO nanoparticles layer,
respectively. The flexible substrate was 125 um thick. The device
structure and molecular structures are shown in Fig. 1a. An
optimized champion PCE of 14.83% was achieved for the 0.64
cm? PM6:Y6 FOSCs, which was one of the highest values among
the AgNWs-based FOSCs41-58-60,

The mechanical flexibility of FOSCs during bending in both
outward and inward directions at different bending radii was
exhibited in Fig. 1b. After 5000 continuous bending cycles, the
PET/AgNWs FOSCs showed good mechanical flexibility as the
bending radius was 7.5 mm, maintaining higher than 95% of initial
PCEs. As the radius decreased to 5 mm, 88% and 81% of initial
PCEs remained in inward and outward bending directions,
respectively. Similar results were observed during bending with
a radius of 2.5 mm. After 1500 bending cycles, only 85% and 75%
of initial PCE were retained for the inward and outward bending.
In all, in comparison with bending in the inward direction, the
device in outward bending showed more obvious damage,
implying device degradation is more serious when the device
suffered from tensile stress rather than compression stress, which
was similar to the previous reports®'®2, In addition, we can find
that both during inward or outward bending, the decline of short
circuit current density (Jsc) and fill factor (FF) took responsibility
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Fig.2 Surface morphologies of FOSC films before and after bending. SEM images of a, e PET/AgNWs film, b, f PET/AgNWSs/a- ZnO/ZnO NPs
film, ¢, g PET/AgNWs/a-ZnO/ZnO NPs/BHJ film, d, h PET/AgNWs/a-ZnO/ZnO NPs/BHJ/MoOs film before and after 1000 outward bending
cycles with a radius of 5 mm. The scale bar is 2 pm. Insets show the magnified SEM images. The scale bar of insets is 1 um.

for performance decrease, while open circuit voltage (Voc) almost
retained constant during bending. Take outward bending with a
radius of 5 mm for instance, Jsc and FF were reduced by 7.4% and
11.5%, respectively. With the bending radius decreased to 2.5 mm,
loss of FF was more obvious than Jsc. Specifically, Jsc was reduced
by 9.4% and FF was reduced by 17.4% respectively. The
corresponding J-V characteristics and performance parameters
before and after bending were summarized in Supplementary
Table 1. It was demonstrated that series resistance (R;) slightly
increased, and shunt resistance (R,,) dramatically decreased after
bending, which illustrated that the interface contact became
worse®®, In addition, Electrochemical Impedance Spectroscopy
(EIS) (Supplementary Fig. 1, Supplementary Table 2) showed the
devices after bending had higher transporting resistance (406.8 Q)
than that of the pristine device (24.5 Q). Although the interface
contact became worse, the energy level alignment of the device
did not change, which made V¢ keeping stable.

To further understand the origin of performance decay for these
AgNWs electrode-based OSCs, the individual functional layers and
the whole devices were bent for 1000 cycles with a bending radius
of 5mm, and the SEM images of these films before and after
bending were investigated and shown in Fig. 2. As shown in Fig.
2a—c and Supplementary Fig. 2a-c, negligible change was
observed for PET/AgNWs electrode, PET/AgNWs/a-ZnO/ZnO NPs,
and PET/AgNWSs/a-ZnO/ZnO NPs/BHJ (PM6:Y6) films after 1000
cycles bending, implying these functional layers offered superior
mechanical robustness during bending. However, obvious frac-
tures and exfoliation were observed in the MoOs films after 1000
cycles (Fig. 2h). Meanwhile, cracks in Al electrode were found in
the optical microscope photographs and SEM images of the
complete flexible devices and shown in Supplementary Fig. 2. A
similar phenomenon of MoOs; exfoliation was found in the case of
inward bending, but the damage of MoOs; and Al was much
milder (Supplementary Fig. 3). Some researchers confirmed that
the performance degradation of flexible devices with multilayers
structure under stress was mainly caused by the expansion of
films micro-cracks, which further caused the formation of large
crack and films peeling®?. The poor adhesion has been regarded
as a basic reason. To further prove the failure mechanism during
bending, PET/AgNWSs, PET/AgNWs/a-ZnO/ZnO NPs, PET/AgNWs/a-
Zn0O/ZnO NPs/PM6:Y6, and PET/AgNWs/a-ZnO/ZnO NPs/PM6:Y6/
MoOs films were pre-bended for 1000 cycles in prior to the
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fabrication of FOSCs. The corresponding devices named pre-
AgNWs, pre-ZnO, pre-BHJ, and pre-MoO3; OSCs stood the devices
with pre-bended AgNWs, pre-bended AgNWs/a-ZnO/ZnO NPs,
pre-bended AgNWSs/a-ZnO/ZnO NPs/PM6:Y6, and pre-bended
AgNWSs/a-ZnO/ZnO NPs/PM6:Y6/MoOs films, respectively. The
device performance parameters were summarized in Supplemen-
tary Table 3. In comparison with standard FOSCs, the pre-AgNWs,
pre-Zn0O, and pre-BHJ OSCs showed similar device performance.
On contrary, pre-MoO3; OSCs were short-circuited. This result was
similar to the devices with half-covered MoOs; HTL (Supplementary
Fig. 4), in which only half of the active layers were covered by
MoOs layer. These results definitely proved the destruction of the
MoOs layer is responsible for the mechanical invalidation of
FOSCs. Specifically, breakage or even exfoliation of the MoOs layer
caused poor interface contact and large transfer resistance
between MoO; and the active layer, resulting in a deadly decrease
in device performance.

Interface adhesion enhancement through introducing SEBS at
the interface of MoO; and active layer

As discussed above, the poor adhesion of MoOs with the organic
photoactive layer resulted in exfoliation of MoOs and Al electrode
during continuous bending cycles, therefore the enhancement of
interface adhesion force between MoO; and active layer could be
a possible strategy to improve the mechanical properties. To
improve the adhesion between MoOs and the active layer, and
reduce the occurrence of cracks in MoOs;, a thermoplastic
elastomer with good adhesion and mechanical properties,
styrene-ethylene-butylene-styrene copolymer (SEBS, Fig. 3a), was
selected as a bonding layer of the active layer and MoOs in this
work. SEBS has been widely used as a flexible substrate material in
flexible electronics, which has good flexibility®-%”. Herein, SEBS
was doped in the organic photoactive layers or deposited on the
top of active layers as an interface layer underneath the MoOs; HTL
(Fig. 3b). The adhesion force between MoOs; and active layer
films in these devices was evaluated by 3M tape peeling
experiment (Fig. 3c-e and Supplementary Fig. 5). As exhibited in
Fig. 3¢, the Al top electrode together with MoOs films (proved by
the XPS results, vide infra) was easily detached by 3 M tape for
the devices without SEBS due to the weak adhesion between the
active layer and MoOs. For the SEBS doped or SEBS interface
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Fig. 3 Qualitative characterization of adhesion improvement. a Molecular structure of SEBS, b Schematic diagram of SEBS-doping and
SEBS-interface strategies. Photographs of 3 M tape peeling measurement: ¢ PM6:Y6 d PM6:Y6:50%SEBS, and e PM6:Y6/SEBS (8 mg mL~"). XPS
spectra of the remained materials on the tapes that peeled from the f PM6:Y6, g PM6:Y6:50% SEBS, and h PM6:Y6/SEBS (8 mg mL™").

i—k Schematic diagram of the 3 M tape peeling measurement.

modified active layer with a low concentration, the Al electrode
and MoO; HTL were still peeled by 3 M tape (Supplementary Fig.
5a, b, d, e). However, as the doping concentration or modification
concentration increased to 50-100% or 8-12 mg mL~', the MoO;
HTL and Al electrode kept unchanged. The interface adhesion was
also accessed through cross-cut measurement, and the results
were shown in Supplementary Fig. 6. We found MoOs and the
top electrodes were totally peeled off from the active layer for
the pristine and 30% SEBS-doping devices. For the PM6:Y6:50%
SEBS and PM6:Y6/SEBS involved devices, more than 50% and 70%
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of the films were retained after 3 M tape peeling. According to
the industrial standard®®%°, the adhesion force level was 0 (0 or
30% SEBS doping), 2B (PM6:Y6:50%SEBS), and 3B (PM6:Y6/SEBS),
respectively.

The materials that peeled off from MoOs; and MoQOs/Al films by
3 M tapes were characterized by X-ray photoelectron spectroscopy
(XPS). Both for the PM6:Y6/M0oO5 and the PM6:Y6/MoO5/Al films
without SEBS (Fig. 3f), we could obviously find peaks from core
level of Mo 3d and Mo 3p that belonged to MoOs and S 3d peaks
attributed to the active layer, suggesting both MoO3 and partial of

Published in partnership with Nanjing Tech University
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Fig. 4 Device performance. a J-V characteristics and b EQE spectra of SEBS treated devices. ¢ Evolution of VOC, JSC, FF, and PCE after 5000
outward bending cycles with a radius of 5 mm for the PM6:Y6, PM6:Y6:50% SEBS, PM6:Y6:100%SEBS, and PM6:Y6/SEBS films-based flexible

devices. d Summary of bending durability of the FOSCs.

organic photoactive layers have been exfoliated. In contrast,
neither core level of Mo 3d/3p nor S 3d was detected in the SEBS-
doping and SEBS interface-based devices. Such a result strongly
proved the adhesion between the active layer and MoOs/Al was
significantly improved (Fig. 3j, k) after the introduction of SEBS.
Then, the PM6:Y6:50%SEBS/MoOs and PM6:Y6/SEBS/MoOs films
were also pre-bended for 1000 times with bending radius of
5mm. After 1000 pre-bending cycles, the Al top electrode was
deposited on these films to form a complete device. As shown in
Supplementary Table 4, these devices still presented a similar
device performance as the device with fresh BHJ/MoOs films. This
observation undoubtedly proved the SEBS-involved films could
sustain repeated mechanical bending. Figure 3i-k shows the
schematic diagram of different interface adhesion force for the
pristine films and SBSB-involved films.

Improved bending resistance of FOSCs

To investigate the effect of SEBS-doping and SEBS-interface
strategies on the performance of FOSCs, FOSCs devices with an
area of 0.64 cm? based on inverted structure were fabricated. The
J-V characteristics and EQE spectra of devices are shown in Fig. 43,
b and detailed performance parameters are listed in Table 1. The
pristine PM6:Y6 FOSCs showed an efficiency of ~15%. In the case
of SEBS doping, a slight decrease of Jsc from 2497 to
24.19 mA cm~2 was observed as SEBS doping content increased
from 0% to 50%, resulting in a decrease in power conversion
efficiency (PCE) from 14.83% to 14.10%. When SEBS content
dramatically increased to 100%, Jsc significantly reduced to
22.60mAcm~2, and FF also decreased from 69.51% to 67.23%,
which caused the decrease of PCE to 12.76%. Based on the above
results, we can find that the reduced PCE was mainly related to
the decrease of Jsc and FF. For the FOSCs based on SBES-interface
modification, there was no significant degradation of device
performance as long as the concentration of SEBS was lower than
8 mg mL™". As increasing concentration to 12 mg mL™", increased
thickness of the SEBS interface layer resulted in the decrease of FF.

Published in partnership with Nanjing Tech University

As an optimized concentration of 8 mg mL~", the thickness of
SEBS layer was about 5 nm as shown by the cross-sectional SEM
image (Supplementary Fig. 7). Such a thin SEBS films would not
influence the charge transporting. Actually, we found SEBS formed
a nanodot morphology on the top active layer rather than a
compact film. The device gave an open-circuit (Voc) of 0.814V, Jsc
of 24.82 mA cm™2, FF of 69.39%, and PCE of 14.13%. As mentioned
above, we know the PM6:Y6:50%SEBS and PM6:Y6/SEBS (8 mg
mL~") films have a strong adhesion force with MoO5; and MoQ5/Al.
Herein, we could see both PM6:Y6:50% SEBS and PM6:Y6/SEBS
(8 mg mL~")-based devices gave a comparable efficiency to the
pristine device, thereby it is reasonable to conclude that
introduction of SEBS could ensure high performance and
marvelous interface adhesion although SEBS is an insulator
material. The integrated Jsc (Fig. 4b) calculated over EQE spectra
was in good agreement with the J-V characteristics.

As previously demonstrated, 50%, 100% SEBS-doping, and
SEBS-interface modification provided a stronger interfacial adhe-
sion between MoOs and the active layer. Similarly, the mechanical
flexibility of PM6:Y6:50%SEBS/Mo0Os;, PM6:Y6:100%SEBS/MoOs,
and PM6:Y6/SEBS/Mo0Os-based FOSCs was studied with outward
bending direction and bending radius of 5mm, and the results
were shown in Fig. 4c and Supplementary Table 5. The undoped
PM6:Y6 devices remained 83% of initial PCE after 5000 bending
cycles. In comparison with the undoped devices, the FOSCs doped
with SEBS showed a slightly improved tendency with the addition
of SEBS content. The FOSCs with PM6:Y6:50%SEBS, PM6:Y6:100%
SEBS maintained about 85% and 87% of their initial PCE.
Excitingly, the PM6:Y6/SEBS/MoO5; FOSCs exhibited high bending
resistance during bending with a radius of 5 mm. Since the device
FF almost kept constant during 5000 bending cycles, the devices
still maintained 95% of the initial PCE. When the bending cycles
were prolonged to 10000 times, the devices maintained higher
than 91% of the initial PCE, which is one of the most stable
FOSCS19,23,26,30,31,35,37,39,50,58,70—86 (Flg 4d and Supplementary
Table 6). Meanwhile, as shown in Supplementary Table 5, the
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Table 1. Photovoltaic parameters of FOSCs with SEBS doped active layers or SEBS interface modified active layer.

Device Voc (V) Jsc (MA cm™2) FF (%) PCE,ve (%) PCEmax (%)
PM6:Y6 0.820 + 0.001 2497 £0.18 69.51+0.47 14.21+£0.20 14.83
PM6:Y6:5%SEBS 0.827 £ 0.001 24.66 = 0.58 69.24 +0.50 14.12+0.45 14.83
PM6:Y6:10%SEBS 0.825 +0.001 24.99 +0.80 69.40 = 0.59 14.30+0.17 14.26
PM6:Y6:30%SEBS 0.813 +£0.001 24.28 +0.29 69.94 +1.05 13.82+0.30 14.34
PM6:Y6:50%SEBS 0.810+0.001 24.19+0.34 69.40 +0.79 13.60+£0.23 14.10
PM6:Y6:100%SEBS 0.812+0.001 22.60+0.26 67.23+0.76 12.34+0.23 12.76
PM6:Y6/SEBS(2 mgmL™") 0.828 + 0.002 25.05+0.12 68.97 £ 1.36 14.21+£0.30 14.51
PM6:Y6/SEBS(4 mg mL~") 0.820 +0.001 24.84+0.17 68.98+0.73 14.05+0.12 14.22
PM6:Y6/SEBS(8 mg mL~") 0.814 +0.001 24.82+0.13 69.39+0.92 14.13+0.14 14.18
PM6:Y6/SEBS(12 mg mL™") 0.818 +0.001 23.46 +0.41 49.62+1.42 9.52+0.35 9.96
PM6:L8-BO 0.873 +0.001 25.05+0.47 74.09 £0.81 16.12+0.20 16.29
PM6:L8-BO/SEBS(8 mg mL™") 0.857 £ 0.002 24.42 +0.60 73.67£1.16 15.89+0.57 16.15

series resistance of the devices with SEBS-doping and SEBS-
interface modifying had almost no increase after bending,
indicating that the interface damage during bending was
successfully suppressed. Subsequently, we also tried to peel the
electrodes from the SEBS-involved devices through 3 M tape. It
was found the performance kept unchanged (Supplementary Fig.
8). Further, the optical microscope and SEM images of the devices
(Supplementary Fig. 9) only showed some small cracks in the
films, and no peeling of MoOs; and Al electrode was found.
It also could that the PM6:Y6:50%SEBS/MoOs; and PM6:Y6/
SEBS(8 mg mL~")/Mo0s films did not have exfoliation or cracks
on the surface after 1000 outward bending cycles. These results
proved that the interface adhesion between MoO; and the active
layer, and the mechanical stability of OSCs were enhanced
through SEBS interface modification.

To prove the generality of SBES modifying strategy, we also
fabricated PM6:L8-BO FOSCs, which could give a higher perfor-
mance. As showed by the J-V characteristics and performance
parameters, the SEBS modified FOSCs showed an efficiency of
16.15% for the 0.64 cm? device, which was comparable to the
control device and among one of the highest performances of
flexible 0SCs'8222385 The PM6:L8-BO FOSCs kept 93% of initial
efficiency after 10000 bending cycles (Supplementary Fig. 10).

As mentioned above, the dramatically improved interfacial
adhesion between MoOs and active layer had been proved by
doping 50%, 100% SEBS in BHJ films or introducing SEBS as an
interface layer between BHJ and MoOs, while the improvement of
bending resistance of FOSCs had a different trend. To explore the
reasons for different trends caused by the two different SEBS
treatment methods, atomic force microscope (AFM), grazing-
incidence wide-angle X-ray scattering (GIWAXS), and transmission
electron microscope (TEM) of these different films were investi-
gated. The AFM height and phase images were shown in
Supplementary Fig. 11. The PM6:Y6 binary blend film exhibited
relatively uniform and well-distributed film morphologies with a
root mean square (RMS) roughness of less than 1 nm (Supple-
mentary Fig. 11a). For SEBS-doping films, the RMS roughness of
blend films showed an increased tendency with the increase of
SEBS doping contents (Supplementary Fig. 11b-f). The RMS
roughness for 5%, 10%, 30%, 50%, and 100% doped blend films
are 1.4, 2.8, 19.4, 19.3, and 19.0 nm, respectively. Obviously, the
rapid increase of surface roughness was due to the increase of
SEBS aggregation, which could be confirmed by previously
reported work?”. As shown by AFM images, the brighter domains
in height images gradually become larger and continuous
with the increase of doping content, which might be due to
the formation of larger SEBS aggregation. On contrary, for
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SEBS-interface modified films, the surface of the SEBS-interface
film showed a granular morphology (Supplementary Fig. 11g) with
roughness as low as 0.6 nm, which was similar to the pure SEBS
film (Supplementary Fig. 12), indicating that SEBS was successfully
deposited on the active layer. In addition, SEBS formed a nanodot
morphology on the top of active layer. Whatever SEBS doping or
SEBS interface modification, the phase images of blend films
(Supplementary Fig. 11Th-m) showed enrichment of SEBS on the
surface of the film. For the SBEB doped films, SEBS formed large-
size enrichment and gradually formed a continuous film with the
increase of SEBS doping concentration. While for the SEBS
interface modification layer, the distribution of SEBS was more
uniform. Based on these observations, we could make a
conclusion that both in SEBS doping and SEBS interface
modification cases, SEBS would enrich the surface of the organic
photovoltaic layer as an interface glue.

TEM images of the SEBS doped PM6:Y6 films showed the
aggregation of SEBS in the bend films (Supplementary Fig. 13).
Besides, GIWAXS showed that SEBS doping doesn't affect the
molecular orientation and crystalline of polymer donor and
small-molecular acceptor (Supplementary Figs. 14, 15, and
Supplementary Table 7). Such a film morphology with a large
aggregation of SEBS and large surface roughness for the blend
films would lead to poor exciton dissociation and transporting
after continuous bending, consequently resulting in the decrease
of Jsc. Though the improved interface adhesion made device FF
more stable, finally only slight improvement of bending
durability was observed. On the contrary, the TEM images
(Supplementary Fig. 16) showed the modification of active layer
by SEBS didn't impact the nano morphology of the active layer,
which induced a stable Jsc during bending. Therefore, the SEBS
interface bonding layer involved devices exhibited a significant
improvement of bending durability.

Peak force quantitative nanomechanical mapping (PFQNM) was
used to reveal the effect of SEBS treatment on the adhesion and
elastic modulus of the films. As shown in Fig. 5a-¢, the film
without SEBS exhibited an interfacial adhesion of 9.38 nN. It
gradually increased to 25.55 nN with the increase of SEBS doping
concentration. When SEBS was deposited on the top of the active
layer as an interfacial layer, the interfacial adhesion dramatically
increased to 38.57 nN, exceeding 400% that of the w/o SEBS film
(Fig. 5d). Meanwhile, the elastic modulus decreased from 762 MPa
for the PM6:Y6 film to 459 and 470 MPa for the PM6:Y6:SEBS and
PM6:Y6/SEBS films, respectively (Fig. 5e-h). Higher interfacial
adhesion force and lower elastic modulus correspond to a tighter
interface contact and better tensile strength, providing a better
bending resistance. Therefore, the improved interfacial adhesion
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i Mechanism diagram of adhesion enhancement.

could be described for the following three reasons. First of all, the
formation of SEBS nanodots on the surface as shown
in Supplementary Fig. 12 would act as anchoring to strongly
connect the active layer and MoOs HTL. Second, hydrogen bonds
between SEBS, MoOs, and the active layer might be formed (Fig.
5i), which could effectively increase the interface adhesion.
Besides the enhanced interface adhesion force, the existence of
SEBS would also regulate the interface stress during bending. The
comparison of simulated stress distribution with and without SEBS
interface layer was presented in Supplementary Fig. 17. We found
the stress in the central region was much higher than that of the
edge region. However, the stress sharply decreased from 10° to
10* Nm~2 after SEBS interface modification. Such a decreased
stress would undoubtedly reduce the interface stress during
device fabrication and bending, which also contributed to the
improvement of interface bending resistance.

The operational stability of the devices during continuous
illumination and thermal stability at 85 °C were also monitored
(Supplementary Fig. 18). It was found that both the pristine and
SEBS involved devices showed ~10% performance degradation
after 200 h continuous illumination. Similarly, these two kinds of
devices showed ~30% degradation during thermal annealing at
85 °C. These observations indicated the introduction of SEBS at
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interface did not affect the operational and thermal stability of
the devices.

In conclusion, the bending durability and underlying reason
for performance degradation during bending for FOSCs were
systematically investigated. The decrease in fill factor and
efficiency of FOSCs was mainly attributed to the weak adhesion
force of the organic photoactive layer and MoOs; hole
transporting layer, which caused the peel off of MoOs; and
top electrode during bending. By doping SEBS into the active
layer or depositing a thin SEBS layer between MoOs; HTL and
the active layer, the adhesion between MoO; and the active
layer is greatly improved 3-4 times. Although SEBS can protect
MoOs; during bending, large SEBS aggregates in the blend film
resulted in decreasing of Jsc. Compared with the MoOs doping
strategy, the SEBS interface modification strategy was more
effective to improve the bending resistance due to stronger
interface hydrogen bond and retentive organic layer morphol-
ogy. The devices with SEBS interface modification maintained
higher than 90% of the initial performance after 10000 cycles of
outward bending with a radius of 5 mm. In addition, the FOSCs
with SEBS interface modification gave a comparable perfor-
mance of over 14% and 16% for the 0.64 cm? PM6:Y6 and
PM6:L8-BO FOSCs.

npj Flexible Electronics (2022) 56



npj

Z. Xu et al.

8

METHODS
Materials

Silver nanowires dispersed in deionized water and diluted with
isopropanol (IPA) were purchased from H&C Advanced Materials Ltd.
The zinc acetate was supplied by Aladdin Ltd. The 2-methoxyethanol was
purchased from J&K Scientific. Ethanol amine was purchased from Sigma-
Aldrich. The donor PM6, acceptor Y6 and L8-BO were purchased from
Solarmer Material Inc., Beijing. Chloroform (CF) was purchased from
Yonghua Chemical Co. Ltd. Cyclohexane was purchased from Sinopharm
Group. 1-chloronaphthalene (CN) was purchased from Sigma-Aldrich. 1,8-
diiodooctane (DIO) was purchased from J&K Scientific Ltd. Hydrogenated
styrene—ethylene/butylene-styrene (SEBS) block copolymer was pur-
chased from Gainshine Co., China. Cyclohexane was purchased from
Titan Scientific Co., Ltd.

Device fabrication

PET/AgNWs films are prepared by gravure printing®”. The a-ZnO layer was
fabricated through sol-gel route. Typically, 0.1 M sol-gel ZnO precursor
(prepared according to the literature®”) was deposited on the top of PET/
AgNWs through spin-coating at 2500 rpm for 30 s. After that, the film was
annealed at 150 °C for 30 min. Then, ZnO NP ETL (in CH;OH, 15mgmL~")
was spin-coated on the top of a-ZnO film at 2500 rpm for 30's, and the
films were annealed at 130 °C for 10 min. After that, films were transferred
into Ny-filled glove box to fabricate the active layer. For the SEBS doped
PM6:Y6 solar cells, the active layer solution was prepared by dissolving
donor PM6 and the non-fullerene acceptor Y6 in CF with a weight ratio of
1:1.2 and 0.5 vol% CN. SEBS was added in the form of SEBS solution which
was dissolved in CF in advance, the content of SEBS was defined as the
weight ratio of PM6. The mixed solution was stirred continuously at 50 °C
overnight. Then, the mixed solution (8 mgmL~" in CF) was spin-coated on
the ZnO NPs films. The active layer was annealed at 100°C for 10 min.
Finally, 20 nm MoO; and 150 nm Al were deposited on the active layer
through vacuum evaporation. For the PM6:L8-BO solar cells, the active
layer solution was prepared by dissolving donor PM6 and the non-
fullerene acceptor L8-BO in CF with a weight ratio of 1:1.2 and 0.25 vol%
DIO. Finally, 20 nm MoOs and 150 nm Al were deposited on the active layer
through vacuum evaporation For the PM6:Y6/SEBS and PM6:L8-BO/SEBS
solar cells, the active layer was spin-coated on the ZnO NPs film. SEBS was
pre-dissolved in cyclohexane with concentration of 2, 4, 8 and 12mgmL~",
respectively and spin-coated on the active layer. Then the film was
annealed at 100 °C for 10 min. Finally, 20 nm MoOs and 150 nm Al were
deposited on the active layer through vacuum evaporation. The area of
each device is 0.64 cm?.

Characterization

The current density-voltage (J-V) measurements were tested in an
N,-filled glove box with Keithley 2400 source meter under AM 1.5G
illumination (100 mWcm~2, Zolix SS150). The SEM images were
measured by S4800. XPS spectra of the remaining materials on tapes
after the stripping experiment were tested by PHI 5000 Versaprobe II.
AFM images of different films were tested by the Park XE-120
microscope coated with a Cr/Au conductive tip (NSC18, Mikromasch,
Tallinn, Estonia.). GIWAXS images of different active layers were
characterized by the Xeuss 3.0 with an X-ray wavelength of 1.341A
(Xeuss, France). EQE spectra were characterized with a halogen lamp
(Osram 64610), a monochromator (Zolix, Omni-A300), and a lock-in
amplifier. The absorption spectra of films were tested by a Lambda 750
UV/vis/NIR spectrophotometer (PerkinElmer). The 3 M tape peeling test
was carried out by pasting the 3 M tape on the top of the devices with an
applied force of 6 kPa. Subsequently, the sample was put on a universal
testing machine for peeling test with a peeling speed of 50 mm s~' and a
peeling direction of 180°. The stress distribution in the films was studied
through Finite Element Mathematical simulations.
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