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High Efficiency and Stable Flexible Organic Solar Cells
Facilitated by Light Sensitive Hydrophilic-to-Hydrophobic
Converting Surface Modification of the Flexible Barrier Films

Yang Chen, Chao Yue, Wei Xiong, Yunfei Han, Hui Xu, Ke Shui, Shutao Yang, Jian Qin,
Lianping Zhang, Zhiyun Li, Yabin Zhang, Wei-Shi Li,* Chang-Qi Ma,* and Qun Luo*

With the advantages of high efficiency and flexibility, the flexible organic solar
cells (FOSCs) showed great application in wearable electronics. However,
degradation of device performance due to the infiltration of water and oxygen
into the flexible substrate becomes the main obstacle to its development. The
traditional encapsulation with a sandwich structure would reduce the optical
and mechanical properties of the devices and increase the device’s weight. In
this work, a strategy of in situ fabrication of highly efficient and long-term
stable FOSCs on the highly transparent barrier film (BF) substrates is
developed. A kind of light-sensitive material, o-nitrobenzyl alcohol derivatives,
which can convert from hydrophilic to hydrophobic, is induced to improve the
wettability of AgNWs on the substrate and enable the printing fabrication of a
uniform AgNWs transparent electrode. After light conversion, the NBE films
are converted to hydrophobic, which sufficiently improved the barrier
property. The efficiency of the BF/NBE devices reached 16.33% and retained
80% of its initial value after being stored in the air for 600 h, which is
compared to the grid devices with the glass substrate. Besides, due to the
superior mechanical properties and thin thickness, the in situ FOSCs with
barrier substrates exhibited excellent mechanical bending durability.

1. Introduction

Flexible organic solar cells (FOSCs) have great potential in
portable and wearable electronics due to their advantages of high
efficiency,[1–3] flexibility,[4–11] light weight,[12–15] and compatibil-
ity with Roll-to-Roll processes.[16–18] At present, the power con-
version efficiency (PCE) of FOSCs has developed quickly, with
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a maximum PCE of the small area de-
vice above 19%,[19] which is nearly satisfy-
ing the application requirement. However,
the long-term stability of FOSCs remains
a critical challenge for their large-scale
commercialization.[20,21] Unlike the rigid
devices with glass substrates, the FOSCs
used plastic substrates.[22,23] The glass sub-
strate is naturally an excellent water and
oxygen barrier material,[24,25] while most
of the plastic substrates, i.e., polyethylene
terephthalate (PET), polyethylene naphtha-
late (PEN), polyimide (PI), etc., exhibit poor
water prevention properties, which is the
main reason for the poor stability of the
FOSCs relative to the rigid devices.[26–29]

Therefore, developing an advanced encap-
sulation strategy or substrate engineering
approach to mitigate moisture is essen-
tial for realizing the commercial poten-
tial of FOSCs for practical applications.
To improve the stability of flexible de-
vices, several strategies, including encap-
sulation of the device through atomic

layer deposition (ALD) or chemical vapor deposition (CVD), have
been developed. For instance, Chen et al.[30] encapsulated the
OSC devices with poly(divinylbenzene) (PDVB) film from the
top of the devices through CVD. After encapsulation, the device
efficiency showed less than 8% degradation. Similarly, Chang
et al.[31] deposited Al2O3 film onto polyethylene terephthalate
(PET) substrate as the encapsulation layer for glass devices.
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The encapsulation layer showed excellent moisture and oxygen
barrier properties, with an oxygen transmission rate (OTR) of
1.9 × 10−3 cm3 m−2 day−1 and a water vapor transmission rate
(WVTR) of 9.0 × 10−4 g m−2 day−1. Thanks to the good water
barrier property of the Al2O3 encapsulation layer and the glass
substrate, the devices showed negligible degradation after be-
ing exposed to the ambiance (30 °C, 65% relative humidity) for
more than 40 days.[32] Another common strategy involves encap-
sulating the devices with flexible encapsulation barrier films via
a sandwiched encapsulation structure.[33,34] For instance, Zheng
et al.[35] utilized a surface-tethered nanostructured fluorinated
molecular protection layer to encapsulate the stretchable polymer
semiconductors. These fluorinated films exhibited enhanced re-
sistance to degradation under the ambient environment and si-
multaneously served effectively against the absorption and diffu-
sion of water or biofluids within the polymer substrate. With this
method, surface-fluorinated devices sustained a high mobility of
1 cm2 V−1 s−1 even after 56 days.
Although the sandwiched encapsulation structure effectively

enhances the device stability under the ambient conditions, the
additional encapsulation layers increase the overall thickness
and weight of the device and compromise the flexibility. Güler
et al.[36] demonstrated that the sandwich encapsulation struc-
tures increase the total device thickness from 67–235 μm to at
least 316 μm. Instead, several groups directly deposited the en-
capsulation layer on top of devices to simplify the encapsulation
structure.Weerasinghe et al.[37] encapsulated the devices with the
3MUltra barrier solar film through lamination of the films to the
front and back of the devices, and the devices kept 90% of the ini-
tial PCE after 100 h under 1-sun irradiation in an environment
chamber at 60 °C and relative humidity (RH) of 50%. Previously,
we utilized the flexible encapsulation films as the substrates, en-
abling direct deposition of the devices on the barrier films.[38]

However, the hydrophobic nature of the encapsulation film im-
pedes the deposition of the functional layers on its top, resulting
in poor film quality and consequently reducing the device effi-
ciency. Additionally, interfacial incompatibility resulted in weak
interface adhesion and serious edge penetration of water and oxy-
gen, thereby compromising the stability of devices. The previous
work showed that the hydrophilic surface modifiers can signifi-
cantly improve the processability of the barrier surface.[38] How-
ever, such a hydrophilic layer is detrimental to the device stability.
Thus, it is crucial to develop an appropriate modification strategy
to further enhance the long-term stability of FOSCs.
In this work, we presented a FOSC structure utilizing a wa-

ter barrier film substrate integrated with an innovative photo-
sensitive hydrophilic-hydrophobic conversion modification layer
(NBE modification layer). This functional layer is formulated
with (2-nitro-1,4-phenylene) bis (methylene) diacrylate (acrylate-
NBE) as the core component, cross-linked via pentaerythritol
tetra (3-mercaptopropionate) (PETMP), with Fluorolink MD700,
isobornyl acrylate, with bisacylphosphine oxides phenylbis (2,4,6-
trimethylbenzoyl)-phosphine oxide (BAPO) as the surfactant, re-
active diluent, and photoinitiator, respectively. The introduction
of the NBE modification layer significantly improved the wetta-
bility of the AgNWs inks on the hydrophobic surface and en-
abled the formation of uniform, large-area, flexible, transpar-
ent electrodes. After the deposition of the electrodes, the NBE
layer effectively transformed from hydrophilic to hydrophobic,

simultaneously strengthening the interface adhesion force. This
dual functionality not only improved the air stability but also
markedly enhanced the mechanical durability of the flexible
OSCs. Based on this unique strategy, the FOSCs with an area
of 1 cm2 gave a champion efficiency of 16.33%. After long-term
exposure of the devices to air for 600 h, the FOSCs remained
≈80% of the initial efficiency. The devices also maintained excel-
lent stability in underwater environments. Furthermore, the de-
vice with the barrier film/NBE substrates exhibited substantial
reductions in both thickness and weight compared to the con-
ventionally stacked structure, demonstrating superior mechani-
cal properties.

2. Results and Discussion

2.1. Comparison of Different Device Structures

Figure 1a,b illustrates the schematic diagram of the FOSCs
with different encapsulation structures. The first configuration
(named stack structure) employs pasting the PET/encapsulation
films on the front of the device. This is the conventional
method that has been widely used, involving adhering the
PET/encapsulation films on the device via an extra glue, such as
UV glue, with a typical thickness of tens of micrometers, and the
total weight significantly increased from ≈25 to 57 mg. In con-
trast, the second method (named in situ structure) developed in
this work involved directly fabricating the device on a barrier film
substrate. This structure demonstrates the advantages of sim-
plicity and reduced thickness, maintaining high transmittance
andmechanical performance, while avoiding degradation caused
by bottom adhesive encapsulation. Figure 1c exhibits the photo-
graph of the large-scale barrier film (BF) used in this work. To de-
termine the composition of the barrier layer, X-ray photoelectron
spectroscopy (XPS) is used to analyze the elements and chemical
structure. Figure S1a (Supporting Information) shows the wide
scan spectra of the barrier layer, and signals corresponding to Si,
N, O, C, and Na were observed. The observation of binding en-
ergy in 1071 eV from Na indicated the presence of sodium com-
pounds on the surface of the film, which may be contaminated
during operation. The core level XPS spectra of Si, N, O, and C
were corrected and fitted based on the standard binding energy
of the C element (284.8 eV) and shown in Figure S1b (Support-
ing Information). The C1s spectra mainly come from the PET
substrates.[39,40] The spectra of N1s and Si2p with typical peaks
at 101.19 and 398.92 eV could be attributed to the Si-N bond,[41]

and the peak at 399.96 eV originated from NSi2O.
[42] Based on

these results, it is determined that SiNX and NSi2O are the pri-
mary components of the barrier layer.
Figure 1d shows the transmittance of the barrier film and the

PET film. It showed that the flexible barrier films showed similar
light transmittance to the PET substrate, with a T550 (transmis-
sion at 550 nm wavelength) of ≈90%. The high transmission of
the barrier layer would ensure a high device current of the in situ
FOSCs. The stacked encapsulation structure of the PET/barrier
encapsulation layer presented a lower T550 transmission of≈85%.
Figure 1e shows the wettability of water on the barrier film and
the PET films. The water contact angle (WCA) of the barrier film
surface is ≈94.7°, which is larger than the WCA of PET (64.4°).
Such a highWCA of water on the top of the barrier film indicated
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Figure 1. Characteristics of the barrier film. Schematic illustration of the in situ fabricated FOSCs device, a) using a bottom encapsulation, and b) with
the barrier film substrate. c) The photograph of the barrier film. d) The transmittance spectra of PET, barrier film, and PET with bottom encapsulation.
e) WCA images of PET and barrier film. f) The photograph and thickness of the FOSCs.

poor wettability of the AgNWs inks on the barrier films since the
main solvent AgNWs is water. Thus, it is difficult to deposit Ag-
NWs uniformly on the barrier film.
Moreover, we measured the thickness of devices with these

different encapsulation structures and evaluated their impact on
overall device thickness and weight. As shown in Figure 1f, the
in situ structure exhibits an extremely low thickness of merely
50 μm. In contrast, the stack encapsulation structure, in which
the barrier films are laminated onto the device surface with UV-
curable adhesive, would significantly increase the device thick-
ness. Specifically, when employing the FOSCs with a base thick-
ness of 130 μm, the total device thickness, including the en-
capsulation layer, reached ≈370 μm. This result reveals that
the conventional stack encapsulation architecture is inherently

relatively thick, which would not only impose a significant
weight increase but also compromise the device’s flexibility. Con-
versely, the in situ structure strategy demonstrated notable advan-
tages in weightminimization andmechanical adaptability, which
overcome the critical limitations associated with traditional
methodologies.

2.2. Barrier Films Modified by Hydrophilic-to-Hydrophobic
Convertible NBE

As mentioned above, the barrier film exhibits high hydrophobic-
ity; therefore, it is essential to regulate the surface energy of the
barrier film to guarantee its suitability to produce transparent
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Figure 2. Structure and water vapor barrier performance of the modified layer and the unmodified film. a) Scheme diagram of NBE modified layer
transforming from hydrophilic to hydrophobic. b) FT-IR spectra of the NBE modified layer before and after illumination. c) Water contact angle WCA
of the NBE modified layer surface with varied LED exposure time. d) Transmittance spectra of NBE and PVA modified barrier film. e) Photographs of
calcium films aged at 25 °C/100% RH. f) The residual calcium area versus aging time and g) WVTR of the different films.

electrodes and FOSCs. Interface modification using a hy-
drophilic material is a common method to address this issue.
However, the introduction of hydrophilic material would facili-
tate the penetration of moisture and diminish the water barrier
property of the encapsulation layer. To solve such a contradictory
issue, we introduced a light conversion material, NBE, as the
modifier layer. According to Rossegger et al.,[43,44] the NBE
solution was prepared by mixing (2-nitro-1,4-phenylene) bis
(methylene) diacrylate (acrylate-NBE), cross-linker pentaerythri-
tol tetra (3-mercaptopropionate) (PETMP), surfactant Fluorolink
MD700, reactive diluent isobornyl acrylate, with photoinitiator

bisacylphosphine oxides phenylbis (2,4,6-trimethylbenzoyl)-
phosphine oxide (BAPO) in chloroform solution, and the
chemical structure of these compounds is shown in Figure S2
(Supporting Information). As shown in Figure 2a, the initial
NBE-modified layer is hydrophilic. After exposure to the LED
white light, the terminal carbon-carbon double bonds of acrylate-
NBE and thiol groups of the functional mercaptan PETMP
undergo photoinitiated addition polymerization mediated by
the photoinitiator of BAPO. The reduction of numerous hy-
drophilic thiol groups during this reaction induces a gradual
transition of the film from hydrophilic to hydrophobic. Similar
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results have been reported in previous works.[43–45] Actually,
the hydrophilic-to-hydrophobic surface conversion can also be
achieved under the illumination of UV light (Figure S3, Sup-
porting Information). Because the white LED lamp is relatively
common and easily accessible, we used the white LED lamp as
the illumination source.
Hydrophilic modification of the barrier layer is beneficial in

improving the uniform distribution of the AgNWs, while the hy-
drophobic property will help to block the penetration of water va-
por. To determine the polymerization reaction process during the
hydrophobic transformation, Fourier Transform infrared spec-
troscopy (FT-IR) of the films was measured before and after light
exposure. As shown in Figure 2b, the absorption bands at 1630–
1660 and 1400–1420 cm−1 became much weaker after light con-
version, indicating the decline of the C = C and = CH. Also, a
decrease of the thiol peak at 2670 cm−1

, ascribing to the break-
age of S-H bonds, is observed, which points to the polymeriza-
tion reaction of mercaptan and acrylate-NBE. The FT-IR results
proved the occurrence of mercaptan polymerization. The time-
dependent FT-IR spectra of the films during 3 min of light illu-
mination are shown in Figure S4 (Supporting Information). As
illustrated in Figure S4a (Supporting Information), the absorp-
tion peaks intensity corresponds to C = C and = CH stretching
at 1630–1660 cm−1 and 1400–1420 cm−1 gradually decrease as
the irradiation time increases. Similarly, Figure S4b (Supporting
Information) shows a continuous decrease of the -SH peak as the
illumination time increases. These results confirm that the addi-
tional reactions between thiol groups and carbon-carbon double
bonds occur progressively under light exposure, leading to the
hydrophilic-to-hydrophobic transformation. The converting effi-
ciency could be estimated according to the FT-IR spectra, and
the result showed an increase in converting efficiency from 37%
to ≈50% with illumination time increased from 20 to 80 s, and
kept ≈50%–56% with illumination time increased further (the
detailed value listed in Table S1, Supporting Information). Since
the converting efficiency is not very high, it is reasonable to spec-
ulate that the hydrophilic-to-hydrophobic converting mainly oc-
curred at the surface of the films, and the inner films will not
totally convert.
The change of surface energy during the hydrophilic-to-

hydrophobic conversion process was studied through water con-
tact angle (WCA). Figure 2c depicts the evolution of WCA of
the NBE-modified layer during light exposure. It showed that
the WCA increases rapidly from 30° to 100o ° with the increase
of exposure time within 90 s, and remains nearly ≈100° in
the following 5 min. This observation agrees with the FI-IR re-
sults, indicating that the conversion efficiency will not largely
change after 90 s. Meanwhile, the relationship between the thick-
nesses of NBE and surface free energy (Figure S5, Support-
ing Information) reveals that a thicker NBE film would enable
a higher surface energy of the pristine films, but a lower sur-
face energy of the converted films. To ensure suitable modi-
fication films with proper surface energy for AgNWs deposi-
tion and keep long-term stability, a film around an appropri-
ate thickness of 60 nm was used as an optimized modification
layer. Figure 2d shows the transmittance spectra of the modifi-
cation layer before and after conversion. The T550 of the NBE-
modified barrier film is 87.3%, which is slightly lower than the
unmodified barrier film (90.1%), while it increased to 89.2% after

hydrophilic-to-hydrophobic conversion of NBE. These results
showed that the difference of T550 between the unconverted NBE-
modified layer and the hydrophilic-to-hydrophobic converted
film is ≈1.7%. In addition, the UV–vis absorption spectra of the
films showed no change after hydrophilic-to-hydrophobic conver-
sion (Figure S6, Supporting Information); therefore, this might
suggest that the conversion process itself has minimal impact on
the optical transmittance of the films. Here, the slight change of
T550 might be due to the deviations of interference since the obvi-
ous interference fingers have been observed. Thus, the hydropho-
bic NBE layer is suitable for substrate modification with negligi-
ble transmission loss (Figure S6, Supporting Information). Since
PVA is a commonly used modification layer, the PVA modifica-
tion is also fabricated as a comparison in this work. It demon-
strated that the PVA-modified barrier film showed a similar T550
of 88.2% compared to the original film.
To determine the impact of interfacial modification on the bar-

rier performance, an optical calcium film measurement was car-
ried out to determine the water vapor transmission rate (WVTR),
which relies on the fact that the opaque calcium film becomes
transparent upon reacting with water or oxygen molecules to
form Ca(OH)2 and/or CaO.

[46] The schematic illustration of the
fabrication process for observable calcium film samples is shown
in Figure S7 (Supporting Information). In this work, three indi-
vidual samples were prepared for this measurement. Figure 2e
shows the typical photographs of calcium films on different sub-
strates during aging at 25 °C/100% relative humidity (RH) within
20 days. To calculate the calcium film area accurately, we first
measured the discernible calcium area via optical images. The
temporal evolution of the residual calcium film area with the cor-
rosion rate derived from linear fitting of the residual area ver-
sus time curve is plotted in Figure 2f. It shows that the corro-
sion rate of the PET sample is significantly quicker, while that
of the BF/PVA and BF/NBE samples is much slower. In detail,
the calcium film was completely corroded within 3 h for the pris-
tine PET film, the pristine BF, BF/PVA, and BF/NBE film showed
16.3%± 21.2%, 49.8%± 4.9%, and 69.4%± 5.1% remaining area
after 20 days of corrosion. It should be noted that for the bare BF
substrate, two samples were nearly corroded in the end, thereby
the error bar is much larger than other films. To quantitatively
compare the difference between NBE and PVA modification, the
WVTR of different substrates was calculated via the calcium cor-
rosionmethod. In thismethod,WVTR is defined as the corrosion
rate of the calcium film under controlled humidity conditions,
calculated using the following equation:[47]

WVTR
(
g ⋅m−2 ⋅ day−1

)
= n × 𝛿Ca ×

M
(
H2O

)

M (Ca)
× h × dA

dt
× 1
A

(1)

Here n = 2, which is the molar ratio of water to calcium
in the calcium oxidation reaction, 𝛿Ca is the calcium density
(1.55 g cm−3), M(H2O) and M(Ca) are the molar masses of wa-
ter and calcium. Meanwhile, h, dA/dt, and A represent calcium
thickness, the area reduction rate of calcium film, and the area
of evaporated calcium, respectively. According to Equation 1, the
average WVTR of the different substrates based on three in-
dividual samples (Figure 2g) was calculated. As shown in the
figure, the PET substrate showed a relatively high WVTR of 5.6
× 10−1 g m−2 day−1. In contrast, the barrier film exhibited a low
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WVTR of 4.7 × 10−3 g m−2 day−1. After PVA modification, the
WVTR of the barrier film was reduced to 2.8 × 10−3 g m−2 day−1.
The NBE modification further reduced the WVTR of the barrier
film to 1.5 × 10−3 g m−2 day−1, indicating that the hydrophilic-to-
hydrophobic modification strategy is an effective method to pro-
mote the water and oxygen barrier ability of the barrier film.
Furthermore, the photographs of the calcium films clearly

showed that corrosion initially started at the edges, with subse-
quent corrosion occurring in a gradual, inward direction, indi-
cating that moisture ingress is primarily an edge-driven corro-
sion process. Notably, the pristine barrier film showed significant
corrosion after 20 days immersion test. Quantitative analysis re-
vealed that ≈2/3 of the films were corroded. However, the central
region nearly maintained its original morphology without visible
corrosion, suggesting edge-induced corrosion. In contrast, the
NBE-modified film exhibited less corrosion and nearly no mois-
ture entering from the edges. These results could be ascribed to
the enhancement of adhesive force between the NBE-modified
barrier film and substrates. The surface adhesion of themodified
layer on the barrier film was measured by peeling adhesive tape,
and the results are presented in Figure S8 (Supporting Informa-
tion). It was found that the surface adhesion of the NBE-modified
barrier film is significantly enhanced compared to the unmodi-
fied barrier film, with themaximumpeeling load increasing from
0.54 to 0.72 N. Such an increased surface adhesion would con-
tribute to strengthening of bond force between the barrier layer
and the AgNWs electrode. In contrast, the BF/PVA film exhibits
moderate enhancement in surface adhesion, with a maximum
peeling load of 0.66 N. However, as the displacement increases,
the load decreases to 0.43 N and then rises again to 0.64 N, indi-
cating non-uniform adhesion.

2.3. AgNWs Flexible Transparent Electrode on the NBE-modified
Barrier Films

With the NBE-modified barrier layer as the substrate, the flexi-
ble transparent AgNWs electrodes were fabricated, and the SEM
images are shown in Figure 3a–i. As a comparison, the PVAmod-
ifier was also studied. The morphology of the AgNWs electrodes
on the pristine barrier films (named BF/AgNWs) exhibited ex-
treme inhomogeneity (Figure 3a–c), which is consistent with the
non-wetting nature of AgNWs inks on the barrier films. The films
of AgNWs on the PVA, named BF/ PVA/ AgNWs (Figure 3d–f),
showed localized, non-uniform morphology, and Figure 3g–i
showed that the films of AgNWs on the NBE (BF/NBE/AgNWs)
had homogeneous morphology without obvious aggregation.
These SEM results demonstrated that PVA and NBE modifica-
tion enhanced the quality of AgNWs electrode fabricated on top
of barrier films. Specifically, NBE significantly improved the pro-
cessability, yielding BF/NBE/ AgNWs electrodes with superior
morphological uniformity compared to the PVA modified sub-
strate. Figure 3j–l illustrates schematic diagrams of the three elec-
trodes. Generally, the AgNWs electrode was comprised of three
typical regions: large, uncovered regions, partially uncovered
small regions, and uniformly covered regions. The coverage of
the AgNWs on different substrates was estimated to be ≈51.2%,
70.5%, and 75.8% based on the SEM images (Figure S9, Support-
ing Information). The SEM images of the BF/NBE/AgNWs films

before and after light exposure were measured to evaluate the
influence of hydrophilic-to-hydrophobic conversion. The result
confirmed that there were no significant changes in the AgNWs
morphology after hydrophilic-to-hydrophobic conversion (Figure
S10, Supporting Information). The AFM images of flexible elec-
trodes are shown in Figure S11 (Supporting Information). The
AgNWs covered region exhibited RMS ≈14.6, 12.7, and 12.0 nm
for the BF/AgNWs, BF/PVA/AgNWs, and BF/NBE/AgNWs elec-
trodes, respectively.
As shown in Figure S12 (Supporting Information), both the

sheet resistance and transmittance of the AgNWs electrodes are
dependent on the thickness of the AgNWs. To achieve an elec-
trode with low sheet resistance and high transmission, we se-
lected a thickness of ≈50 nm as the optimal value. Figure 3m
shows the transmittance spectra of these AgNWs electrodes. The
T550 of the barrier film electrode without modification is ≈82.0%.
BF/PVA/AgNWs andBF/NBE/AgNWs electrodes revealed T550 of
≈80.7% and 79.4% respectively. These AgNWs on the BF showed
an average T550 of 80.7%, like the T550 of PET/AgNWs (80.9%)
(Figure S13, Supporting Information). For these electrodes, the
average sheet resistance is 13.0, 14.0, and 13.9 Ω sq−1 for the
BF/AgNWs, BF/PVA/AgNWs, and BF/NBE/AgNWs electrodes,
respectively (Figure S14, Supporting Information).
The flexibility and adhesion of the flexible transparent elec-

trodes are critical to the application of the flexible electrodes
for FOSCs. Figure 3n shows the adhesive force of NBE, PVA-
modified electrodes, and the pristine electrode. After 300 times
cyclic stick-peel with 3 M tape, the sheet resistance of the
BF/AgNWs electrode increases by 1.1 times higher than the ini-
tial. While the sheet resistance of BF/PVA/AgNWs electrodes has
little change, the BF/NBE/AgNWs electrode even showed 10%
reduction of sheet resistance after stick-peel cycles. It is specu-
lated that the surface of AgNWs electrodes has good adhesion to
the modified layer, which proves to peel off the impurities from
the barrier film. Figure 3o and Figure S15 (Supporting Informa-
tion) show the evolution of sheet resistance and transmittance at
550 nm of the flexible electrodes during bending. After 10000
times bending cycles, the sheet resistance of BF/NBE/AgNWs
electrode only increased to 1.07 times the initial value, while the
sheet resistance of BF/AgNWs and BF/PVA/AgNWs increased
to 1.15 and 1.31 times of the initial value. This result demon-
strates improved bending resistance of the electrode on the
NBE-modified layer. The mechanical properties of flexible elec-
trodes are primarily determined by three factors: the substrate,
the thin film, and the adhesion strength between the substrate
and the film. In this work, the use of NBE significantly en-
hances interfacial adhesion between the AgNWs and the BF sub-
strates (Figure 3i), which would be the main reason for im-
provedmechanical performance of the NBE-based electrode. The
T550 of BF/AgNWs decreased from 81% to 78%, that of the
BF/PVA/AgNWs electrode decreased from 80% to 77%, and the
BF/NBE/AgNWs decreased from 79% to 77%. The reduction of
T550 during bending might be due to an increase in scattering
since continuous bending would cause slight cracks in the sub-
strates and the barrier layer, like the reported result.[48] There-
fore, all the electrodes exhibited nearly comparable decline in
transmittance.
In addition, we investigated the ambient stability of elec-

trodes. The electrodes were stored in an ambient with a

Adv. Mater. 2025, e10780 © 2025 Wiley-VCH GmbHe10780 (6 of 14)
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Figure 3. The SEM images of a–c) the BF/AgNWs, d–f) BF/PVA/AgNWs, g–i) BF/NBE/AgNWs. Schematic illustration of j) BF/AgNWs,
k) BF/PVA/AgNWs, l) BF/NBE/AgNWs with different coverage of AgNWs. m) The transmittance spectra of the BF/modified layer/AgNWs electrodes.
Variation in sheet resistance during n) 300 stick-peel cycles with 3 M tape, and o) 10000 continuous bending cycles of the three varieties of barrier film
electrodes.
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Table 1. Photovoltaic parameters of 1 cm2 FOSCs based on different electrodes under the illumination of 100 mW cm−2.

Active layer Electrode VOC [V] JSC [mA/cm2] FF [%] PCE [%]

PM6:L8-BO PET/AgNWs 0.890 24.22 74.72 16.11

0.886 ± 0.003 23.97 ± 0.40 74.23 ± 0.56 15.77 ± 0.26

BF/PET/AgNWs 0.899 21.83 72.14 14.16

0.871 ± 0.037 22.05 ± 0.73 72.59 ± 0.85 13.92 ± 0.22

BF/AgNWs 0.810 22.30 50.03 9.03

0.427 ± 0.229 21.97 ± 0.32 34.21 ± 11.02 3.60 ± 3.18

BF/PVA/AgNWs 0.890 23.10 74.17 15.25

0.889 ± 0.002 22.86 ± 0.46 72.98 ± 1.77 14.83 ± 0.50

BF/NBE/AgNWs 0.890 23.11 74.26 15.28

0.889 ± 0.002 22.73 ± 0.43 73.88 ± 0.94 14.92 ± 0.29

Glass/ITO 0.872 26.15 70.96 16.18

0.872 ± 0.003 25.08 ± 0.67 71.05 ± 0.78 15.54 ± 0.40

PM6:BTP-BO-4Cl:C-PC61BM PET/AgNWs 0.824 27.28 72.92 16.39

0.826 ± 0.002 27.02 ± 0.23 71.62 ± 0.84 15.99 ± 0.26

BF/PVA/AgNWs 0.814 27.41 73.71 16.45

0.813 ± 0.002 26.05 ± 0.92 73.55 ± 0.61 15.58 ± 0.62

BF/NBE/AgNWs 0.813 26.75 75.08 16.33

0.818 ± 0.005 26.41 ± 0.57 73.69 ± 1.2 15.91 ± 0.38

humidity ≈50%, and sheet resistance and transmittance were
measured periodically over 20 days (Figures S16 and S17, Sup-
porting Information). As a result, the sheet resistance of the
BF/AgNWs, BF/PVA/AgNWs, and BF/NBE/AgNWs electrode in-
creased to 1.22, 1.15, and 1.09 times of the initial value, respec-
tively. These results demonstrated that surface-modified sam-
ples show a smaller variation of sheet resistance than the con-
trol film, indicating minimal degradation of the electrodes. For
the light transmission, all the samples showed ≈1% decrease
in T550. XPS results of Ag 3d (Figure S18, Supporting Informa-
tion) showed a shift of bending energy from 367.85 eV to 368.45,
367.95, and 368.00 eV for the aged BF/AgNWs, BF/PVA/AgNWs,
and BF/NBE/AgNWs electrodes, which could be ascribed to
the surface oxidation of AgNWs.[49] However, a smaller shift of
binding energy of BF/NBE/AgNWs and BF/PVA/AgNWs than
the BF/AgNWs electrodes was observed, demonstrating that the
surface-modified substrates enabled higher ambient stability. Al-
though AgNWs electrode showed a slight increase in sheet re-
sistance, the fluctuation of the conduction within an acceptance
range has minimal impact on the device performance. Further-
more, the metal oxide interface and active layer deposited on top
of the electrodes in the FOSCs device would protect the AgNWs
electrode.
In addition, the UV stability of the electrodes was investigated,

and the electrodes were exposed to UV irradiation (using 365 nm
as the light source, with intensity of 680 mW cm−2) under the
condition of 25 °C and 50% HR from front (irradiated from the
substrate side) and back irradiation (irradiated from the AgNWs
side) (Figures S19 and S20, Supporting Information). We found
the electrodes showed a smaller change of sheet resistance from
top irradiation than from back irradiation, indicating, the oxida-
tion of Ag is amain reason for theUV degradation rather than the
substrate. For the front irradiation, a negligible change in sheet
resistance was observed. The transmittance spectra of the elec-

trodes and substrates proved this speculation (Figure S21, Sup-
porting Information). For applications of FOSCs, irradiation typ-
ically occurs from the front side, while the back side is encap-
sulated. Therefore, under real operational conditions, the perfor-
mance degradation under UV irradiation caused by the flexible
substrate and electrode is not a big problem in the short term.
Whatever, for long-term UV stability, the degradation problem of
the PET substrate is still a big issue that needs to be solved.[50,51]

In addition, several works have demonstrated that the most crit-
ical issue to be addressed for the UV stability of FOSCs is the
interfacial layer.[52,53]

2.4. Devices: Performance of In Situ Fabrication on the Barrier
Film

To evaluate the performance of FOSCs based on barrier film sub-
strates, 1 cm2 FOSCs were fabricated on the different substrates,
with PM6, L8-BO, and BTP-BO-4Cl: cross-linkable-PC61BM (C-
PC61BM) as donor and acceptor. Figure 4a shows the device
structure and chemical structures of the organic donor and ac-
ceptor. The J–V characteristics of PM6:L8-BO FOSCs on the
different electrodes are shown in Figure 4b, and detailed pho-
tovoltaic parameters are listed in Table 1. The reference de-
vices with PET/AgNWs electrodes exhibited an optimal open
circuit voltage (VOC) of 0.890 V, a short circuit current density
(JSC) of 24.22 mA cm−2, and a fill factor (FF) of 74.72%, re-
sulting in a power conversion efficiency (PCE) of 16.11%. For
the conventional encapsulation method, the barrier layer is lam-
inated on the front of the devices. After encapsulation, both
the JSC and FF are significantly reduced, and finally, the de-
vice’s PCE is reduced to 14.16%. This result indicated the ne-
cessity of in situ fabricating the device on top of the barrier film
substrate.

Adv. Mater. 2025, e10780 © 2025 Wiley-VCH GmbHe10780 (8 of 14)
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Figure 4. The structure and performance of the 1 cm2 FOSCs. a) Schematic structure of the FOSCs with a barrier film, the chemical structures of PM6,
L8-BO, BTP-BO-4Cl, and C-PC61BM. b) J–V characteristics, c) statistical chart of PCE, and d) EQE of the PM6: L8-BO FOSCs on different substrates.
e) J–V characteristics, f) statistical chart of PCE, and g) EQE spectra of the PM6: BTP-BO-4Cl:C-PC61BM FOSCs on different substrates.

For the device in situ fabricated on the barrier layer, the poor
wettability of the barrier layer film hindered the successful prepa-
ration of the AgNWs electrode. After plasma treatment, the sur-
face energy of the barrier film allows for the deposition of Ag-
NWs. However, the devices based on the BF/AgNWs electrodes
are still low, showing the best PCE of 9.03% with a VOC of
0.810 V, a JSC of 22.30 mA cm−2, and an FF of 50.03%, and only
gave an average PCE of 3.6 ± 3.18%. Such a low performance,

particularly the reduced VOC and FF could be attributed to se-
vere current leakage or even device short circuit, resulting from
electrode unevenness. With the PVA and NBE modified barrier
layer substrates, the device performance was greatly improved to
≈15%. In detail, the PVA-modified devices gave the best PCE of
15.25%, with VOC of 0.890 V, JSC of 23.10 mA cm−2, and FF of
74.17%. NBE-modified devices showed a best PCE of 15.28%,
with a VOC of 0.890 V, a JSC of 23.11 mA cm−2, and an FF of

Adv. Mater. 2025, e10780 © 2025 Wiley-VCH GmbHe10780 (9 of 14)
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74.26%. The rigid device based on the glass/ITO electrode ex-
hibited a VOC of 0.872 V, a JSC of 26.15 mA cm−2, and an FF of
70.96%, resulting in a PCE of 16.18%. The histogram of device
PCE on different substrates is shown in Figure 4c. The unmod-
ified barrier film-based devices exhibited relatively poor perfor-
mance and wide PCE distribution. In contrast, the performance
of the barrier film devices was substantially improved after sur-
facemodification, as evidenced by enhanced PCE and amore sta-
bilized distribution. In addition, the EQE of FOSCs is consistent
with the JSC values of the J–V tests (Figure 4d). These results ex-
hibited that the devices fabricated using PVA and NBE modifica-
tion have comparable performance to those based on the conven-
tional PET-based device. This indicates the hydrophilic surface
treatment of the hydrophobic barrier layer is effective to enhance
the processability.
Besides the PM6:L8-BO FOSCs, PM6:BTP-BO-4Cl:C-PC61BM

ternary devices were also fabricated. The J–V characteristics of
the PM6:BTP-BO-4Cl:C-PC61BM devices are shown in Figure 4e,
and detailed photovoltaic parameters are listed in Table 1. The
flexible device with PET/AgNWs electrode exhibited a best PCE
of 16.38%, with a VOC of 0.824 V, a JSC of 27.28 mA cm−2, and a
FF of 72.92%. The BF/PVA/AgNWs and BF/NBE/AgNWs-based
devices exhibited an optimal PCE of 16.45% and 16.33%, re-
spectively. In detail, the PVA-modified devices gave the best VOC
of 0.814 V, JSC of 27.41 mA cm−2, and FF of 73.71%, and the
NBE-modified devices gave a similar best VOC of 0.813 V, JSC of
26.75 mA cm−2, and FF of 75.08%. In this photoactive system,
we also observed that the devices on the barrier films exhibited
slightly lower VOC compared to those on bare PET substrates.
This might be primarily from the rougher AgNWs on the barrier
films, which leads to slightly higher interface recombination. In
addition, for the BF/PVA/AgNWs and BF/NBE/AgNWs device,
slightly larger VOC variation and error bar were observed in this
ternary system than in the PM6:L8-BO binary photoactive sys-
tem. In this work, the PM6:BTP-BO-4Cl:C-PC61BM ternary active
layers were annealed at 150 °C for 30 min to form a crosslinked
active layer, as reported in our previous work.[54] During such a
long time of high-temperature annealing, the morphology of the
active layer and the interfaces between the active layer and the in-
terface layer may show variation. This might be the main reason
for the relatively large error bar of VOC. The histogram of PCE in
Figure 4f reveals a more concentrated distribution for PET and
BF/NBE-based devices, whereas BF/PVA devices display signifi-
cantly broader dispersion. As shown in Figure 4g, the EQE of the
FOSCs is consistent with the JSC values of the J–V results.

2.5. Stability of the FOSCs Based on In Situ Fabrication on the
NBE-Modified Barrier Film

With these flexible and rigid devices, the long-term stability was
systematically studied. Both the rigid and flexible devices on the
PET and barrier film substrates are stored in the air without en-
capsulation. J-V curves were periodically measured during 400 h
of aging, and the evolution of PCE is shown in Figure 5a. It can be
observed that the rigid devices retained 54% of the initial PCE af-
ter 383 h, while the PET devices exhibited poorer stability, retain-
ing only 31% of their initial efficiency. The BF/NBE devices kept
57% of the initial PCE even without any encapsulation, which is

higher than rigid devices. BF/PVA devicesmaintained 48% of the
initial PCE and were nearly comparable to the rigid glass. In de-
tail, the evolution of VOC, JSC, FF, and PCE of different FOSCs
during 400 h storage in the air is shown in Figure S22 (Support-
ing Information). The results illustrated that the VOC values of
these four types of devices followed a similar change trend over
the 383 h storage duration, and remained 90% of the initial VOC
after 383 h. The NBE-modified barrier film devices exhibited a
slower decline in JSC, with 92% remaining initial JSC, similar to
that of the rigid one. And BF/NBE devices also demonstrated im-
proved stability in FF, keeping 65% of the initial value. These
results indicated that the BF/NBE substrates worked well like the
rigid device. Based on these results, we can foresee that if we can
effectively encapsulate the top side, it is possible to obtain highly
stable FOSCs that work in the air.
Meanwhile, the long-term stability of the top encapsulated de-

vices was also measured, and the results are shown in Figure 5b.
We can observe the PET devices degrade to 30% of the initial PCE
after 334 h of aging. The PVA-modified devices degraded to 62%
of the initial PCE. The rigid devices and the BF/NBE devices re-
tained 86% and 77% of the initial PCE after 600 h of aging. This
result demonstrated that the BF/NBE devices have higher air stor-
age stability than the PVA-modified device. In addition, the com-
parable shelf stability of the FOSCs to the rigid device suggested
that the degradation of FOSCs caused by the plastic substrates
could be addressed by using theNBE-modified barrier substrates.
According to the results of Figure S23 (Supporting Information),
the VOC values of these devices showed minimal variation; the
variation of JSC of BF/NBE devices was nearly unchanged, close
to the glass devices, and JSC of PET-based devices only kept 64%
after storage for 334 h. This observation demonstrated that the
use of BF/NBE is a highly effective approach for preserving JSC
stability.
In addition, we also tested the stability of flexible devices in wa-

ter. As shown in Figure 5c, the devices based on BF/PVA main-
tained 67% (average value of (65 ± 3)%) of the initial PCE, and
BF/NBE devices maintained 98% (average value of (94 ± 5)%)
of their initial efficiency after soaking in water for 4 h, while the
PET device degraded to 26% (average value of (11 ± 13)%) of the
initial performance after the same condition. Here, we found a
slight increase in PCE for the BF/NBE/AgNWs devices ≈2–3 h.
Among the performance parameters, both JSC and FF showed
a slight increase. Thus, it might be ascribed to low tempera-
ture and better light transmission in the presence of water. Such
interesting results have been reported by Someya et. al.[26] and
Hou et. al.[55] However, because the devices degraded quickly of
BF/AgNWs devices, the positive contributions of the above effects
do not manifest. These results demonstrate that the hydrophilic-
to-hydrophobic modification strategy is feasible to improve pro-
cessability and device efficiency, and meanwhile significantly en-
hances the device stability, representing a dual-functional effect.
Furthermore, we investigated the mechanical durability of

the flexible devices during continuous bending with a radius of
5 mm, and the results are shown in Figure 5d. The devices with
PET substrate exhibited 90.0% remaining PCE after 1 0000 times
bending cycles. The BF/PVA/AgNWs and BF/NBE/AgNWs de-
vices kept 96% and 95% of the initial PCE. As previously men-
tioned, the sandwich encapsulation structure is currently widely
used for device encapsulation. However, the additional barrier
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Figure 5. The air stability of the FOSCs. a) w/o encapsulation and b) with only top encapsulation. c) Stability of the FOSCs in water. d) The evolution
of PCE during the continuous 10000 times bending with a bending radius of 5 mm. e) Schematic illustration of stable device fabrication and working
principle of the hydrophilic to hydrophobic conversion. f) Summary of air storage stability of the OSCs.[29,37,38,56–66] g) The parameters comparison for
barrier film devices (yellow area) and PET devices with barrier film encapsulation.
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layers and adhesive layers, i.e., UV glue in this structure, ad-
versely affect both device thickness and mechanical properties.
As illustrated in Figure 5d, device performance employing sand-
wich encapsulation sharply decreased after 2500 bending cycles,
demonstrating its incompatibility with flexible electronics. The
evolution of other parameters is shown in Figure S24 (Supporting
Information). TheVOC and JSC values of these types of FOSCs de-
vices showed nearly consistent. The FF of PET reference devices
exhibited relatively quicker reductions with keeping 94% initial
value, while BF/PVA and BF/NBE devices remained over 97%
and showed higher stability during the continuous 10000 times
bending. This result means the interface damage during bend-
ing was successfully suppressed. The PET devices with top en-
capsulation exhibited noticeable degradation in VOC, JSC, and FF.
Among these parameters, FF showed the most pronounced de-
cline, leading to a substantial reduction in PCE. The schematic il-
lustration of the fabrication and working principle of a stable bar-
rier film device is shown in Figure 5e. The pristine NBE-modified
layer helped to enhance wettability between the AgNWs inks and
the barrier film, and the hydrophobic surface of the NBE layer
after light exposure is beneficial for preventing moisture perme-
ation and improving the device stability.
Figure 5f summarizes the long-term shelf stability of OSCs

stored in air reported in the literature, and the detailed data are
provided in Table S2 (Supporting Information). We can see for
the organic system, most of the FOSCs remained ≈60% of the
initial efficiency after 20 days of storage in air. Limited works have
reported long-term stability in the low-performance organic sys-
tems, such as PTB7:PC70BM.[56] In contrast, the device with effi-
ciency higher than 15% always gave unsatisfactory long-term sta-
bility. In this work, the FOSCs based on BF/NBE achieved a high
PCE of 16.33% for the 1 cm2 device, along with an excellent sta-
bility comparable to that of the rigid OSCs. These results strongly
demonstrate the significant role of the NBE-modified barrier film
in enhancing the stability of FOSCs.
Figure 5g exhibits a comparative analysis of the key parameter

attributes between the barrier film devices (yellow area) and the
PET devices encapsulated with barrier film (blue area). For the
FOSCs, efficiency, mechanical flexibility, processability, weight,
and operational stability are the five critical metrics. Based on
our results, we see that the PET-encapsulated devices demon-
strated comparable processability and stability to the in situ bar-
rier devices. While the in-situ barrier devices achieved remark-
able comprehensive performance relative to the conventional
encapsulated devices: reducing weight by 50%, enhancing effi-
ciency by at least 10%, maintaining stability under air condi-
tions, and preserving excellent flexibility with a bending radius
of 5 mm. This holistic performance suggests in situ barrier tech-
nology as a superior solution for lightweight, high-efficiency, and
durable FOSCs.

3. Conclusion

In this work, highperformance and long-term stable FOSCs were
developed with barrier film as substrates and an innovatively uti-
lized a light-sensitive material, NBE, as the interface modifica-
tion layer. In this structure, the NBE material plays two critical
roles. First, with the hydrophilic NBE as the modifier of the bar-
rier film, the nonwetting issue of the AgNWs inks was solved,

which enabled the fabrication of uniform AgNWs electrodes on
the barrier film. Second, after converting from hydrophilic to hy-
drophobic NBE, the NBE modification layer further decreased
the WVTR of the barrier film. The FOSCs with barrier film/NBE
substrates achieved an optimized PCE of 16.33% and retained
≈80% of their initial value after being stored in the air for 600 h,
which is close to the 86% retention observed in the rigid devices.
Moreover, the FOSCsmaintained long-term stability underwater.
Furthermore, due to the simple and thin structure, the FOSCs
with barrier film/NBE substrates exhibited excellent mechanical
properties.

4. Experimental Section
Materials: AgNWs inks (3.2 mgmL−1 in H2O and IPA with an average

diameter of 25 nm and a length of 25 μm) were purchased from Tianjin
Naibo New Material Technology Co., Ltd. PM6 was purchased from Hy-
per Inc. L8-BO was purchased fromHyper Inc. 1,4-Dichlorobenzene (DIB)
was purchased from TCI Co. BTP-BO-4Cl was purchased from Hyper Inc.
C-PC61BM was synthesized by Shanghai Institute of Organic Chemistry
(SIOC).[67] 1-Bromo-3,5-dichlorobenzene (DCBB) was purchased from
Shanghai Titan Scientific Co., Ltd. C60 SAM (4-(1′,5′-Dihydro-1′-methyl-
2′H-[5,6] fullereno-C60-IH-[1,9-c] pyrrol-2′-yl) benzoic acid) was purchased
from J&K Scientific. PVA was purchased from Anhui Wanwei Group
Co. The photoinitiator phenyl bis(2,4,6-trimethylbenzoyl)-phosphine oxide
(BAPO), Pentaerythritol tetra(3-mercaptopropionate) (PETMP) was pur-
chased from TCI Co. Fluorolink MD700 was supplied by Foshan Zhaojing
Environmental Protection Technology Co., Ltd. Isobornyl acrylate was pur-
chased from Shanghai Titan Scientific Co., Ltd. (2-nitro-1,4-phenylene) bis
(methylene) diacrylate(acrylate-NBE)was synthesized by our group. Chlo-
roform (CF) was purchased from Yonghua Chemical Co. Ltd.

Fabrication of Flexible Transparent Electrodes: The NBE solution was
prepared by dissolving the acrylate-NBE (10.00 mg, 0.034 mmol, 37.5
mol%), isobornyl acrylate (7.15 mg, 0.034 mmol, 37.5 mol%), PETMP
(11.18 mg, 0.023 mmol, 25.0 mol%), Fluorolink MD700 (0.29 mg,
1.0 wt.%), and BAPO (0.73 mg, 2.5 wt.%) in 1 mL chloroform and ultra-
sonic vibrated for 3 min as described in our previous work.[45] The PVA
solution with concentration of 0.5 mg mL−1 was prepared by dissolving
the PVA in deionized water and was stirred at temperature of 90 °C for
at least 12 h. The NBE solution was spin-coated onto the barrier film at
2000 r/min for 30 s without post-annealing. PVA solution was spin-coated
onto the barrier film at 2000 r min−1 and thermally annealed at 120 °C for
20 min. The silver nanowire (AgNWs) solution was prepared according to
the previous work,[68] which was spin-coated twice on the modified layer
at a speed of 2000 r min−1 for 30 s and annealed at 120 °C for 30 min.
These processes were carried out under the condition of avoiding the illu-
mination of white light.

Fabrication of Organic Solar Cell Devices: The 1 cm2 FOSCs were
fabricated with an inverted structure of flexible electrode/ZnO/Active
layer/MoO3/Al. The ZnO electron-transporting layer was synthesized and
dispersed in MeOH according to the previous work.[69] The C60 SAM so-
lution in chloroform (0.2 mgmL−1) was spin-coated onto the ZnO layer at
3000 r min−1 for 30 s, followed by thermal annealing at 110 °C for 10 min.
The PM6 donor, L8-BO acceptor, and DIB solid additive were dissolved in
chloroform at a weight ratio of 1:1.2:1 and stirred at 55 °C for 5 h. The ac-
tive layer ink of PM6:L8-BO with a donor concentration of 7.5 mg mL−1

was deposited onto the C60 SAM layer at a speed of 2000 r min−1 for
30 s, and the active layer film was thermally annealed at 85 °C for 5 min.
The PM6donor, BTP-BO-4Cl, C-PC61BMacceptor, andDCBB solid additive
were dissolved in chloroform at a weight ratio of 1:1.2:0.3:1.3 and stirred
at 60 °C for 3 h. The active layer ink of PM6:BTP-BO-4Cl:C-PC61BM with
a donor concentration of 7.5 mg mL was deposited onto the ZnO films
at a speed of 2500 r min−1 for 30 s, and the active layer film was ther-
mally annealed at 160 °C for 30 min. After annealing, the samples were
transferred to the vacuum evaporation chamber. Finally, 10 nmMoO3 layer
and 200 nm Al layer were deposited onto the active layer under a vacuum

Adv. Mater. 2025, e10780 © 2025 Wiley-VCH GmbHe10780 (12 of 14)
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level of less than 5 × 10‒4 Pa. The devices with the structure of barrier
film/NBE/AgNWs/ZnO/active layer/MoO3/Al were irradiated for 5 min
from AgNWs side using a white LED lamp (HSPY-60-05 LED curing lamp,
230 mW cm−2).

Characteristics: XPS spectra of the barrier films weremeasured using a
Thermo Scientific ESCALABXi+ spectrometer with amonochromatic Al K𝛼
X-ray source with an overall energy space ofΔE= 0.1 eV. The transmittance
spectra of the barrier film substrates and different electrodes were mea-
sured with the Lambda 750 UV-Vis-NIR spectrophotometer (PerkinElmer)
under a standard measuring apparatus. The four-probe tester was used to
test the sheet resistance of different electrodes. The bending and tearing
test of electrodes was measured by recording the change in sheet resis-
tance. The water contact angle of both the original barrier film and the
modified surface was measured by a contact angle tester (SDC-350D).
The surface morphology of flexible electrodes was measured by using a
scanning electron microscope (Regulus8230). Current density-voltage (J-
V) testing was performed in a nitrogen glove box using a solar simulator
(100 mW cm−2, XES-40S3) and a Keithley 2400 meter. The long-term stor-
age stability of the unencapsulated and encapsulated devices was mea-
sured through testing the J–V curves after a period of storage in air with
controlled temperature and humidity.
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