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Improved damp heat and thermal cycling 
stability of organic solar cells
 

Jian Qin1,2, Qian Xi1,2, Na Wu2, Bowen Liu2,3, Chao Yue4, Jin Fang2,5, 
Zhenguo Wang2, Yanbin Du6, Qing Zhang7, Zhen Wang1,2, Wei Wang2, 
Muhammad Jawad1,2, Jinjing Qiu2, Weishi Li    4, Qun Luo    1,2   & 
Chang-Qi Ma    1,2 

Despite significant advancements in power conversion efficiency, thermal 
instability remains a key challenge for organic photovoltaics. Here we 
propose a stabilization strategy that addresses both intrinsic and extrinsic 
stability. We first introduce the UV–vis absorption onset temperature 
(Tonset) as a metric for evaluating the intrinsic thermal stability of polymer 
blends, enabling material screening. Then, we identify interfacial chemical 
reactions at the polymer blend/MoO3 interface as the primary extrinsic 
thermal degradation pathway, which can be suppressed by inserting a thin 
C60 interlayer that consequently improves thermal stability of the cells. 
Finally, by establishing quantitative models to characterize the moisture 
diffusion over the encapsulated cells, we can quantify the effectiveness 
of encapsulation. These advances enable organic photovoltaic cells with 
approximately 18% efficiency to retain 94% of their initial efficiency after 
1,032-hour 85 °C/85% relative humidity damp heat and 200 thermal cycles 
(−40 °C to 85 °C) tests, among the highest stabilities reported under the 
damp heat (ISOS-D-3) and thermal cycling (ISOS-T-3) testing standards.

Organic photovoltaics (OPVs) are gaining traction as a promising solar 
technology in the global energy transition due to their advantages, such 
as light weight, flexibility and potential for low-cost solution-based 
manufacturing. These properties enable broad applications, including 
in near space1–3, agrivoltaics4,5, building-integrated photovoltaics6 and 
the Internet of Things7,8 and so on. Advances in organic semiconduc-
tor materials and the optimization of bulk heterojunction thin-film 
morphology have enabled OPVs to achieve over 20% power conversion 
efficiency (PCE) under standard AM1.5 G conditions9–11 and more than 
30% in controlled indoor low light12,13, underscoring their real-world 
potential. Despite recent efficiency achievements, OPVs still fall short of 

the long-term stability of silicon- and compound-semiconductor-based 
photovoltaics (Fig. 1b and Supplementary Table 1). Breakthroughs in 
elucidating photo-degradation mechanisms14–16, developing interface 
stabilization using fullerene derivatives17,18 and Lewis acids19,20 and 
doping with a third component21,22 have significantly extended OPV 
lifetimes. Specifically, Li et al. demonstrated a long operating lifetime 
of over 30 years18,23. However, instability under damp heat and ther-
mal cycling remains a critical bottleneck for commercialization. For 
the damp heat and thermal cycling, International Summit on Organic 
and Hybrid Photovoltaics Stability (ISOS) protocols provide stand-
ardized test methods, serving as the basis for evaluating reliability, 
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polymer blends. With this critical Tonset, we quantitatively analysed 
the intrinsic thermal stability of different polymer blends and conse-
quently screened candidates for OPVs. Additionally, by investigating 
thermally induced organic active layer/MoO3 interfacial degradation 
in inverted OPVs, we demonstrated that inserting a thin C60 interlayer 
between the active layer and MoO3 mitigates the ‘burn-in’ degradation, 
ensuring high intrinsic thermal stability. Furthermore, we introduced 
a hot-press encapsulation method of using aluminium foil butyl tape 
(ABT), which exhibits a low lateral water vapour diffusion rate, effec-
tively preventing moisture ingress. As a result, OPVs with an initial PCE 
of ~18% retained 94% efficiency after 1,032 hours of damp heat (85 °C, 
85% relative humidity (RH)) and 200 thermal cycles (−40 °C to 85 °C) 
tests, demonstrating the most stable, high-efficiency inverted OPVs 
under the ISOS-D-3 and ISOS-T-3 standards.

Screening the thermal stability of 
polymer:non-fullerene blend films
Because nanoscale donor–acceptor separation critically affects the 
device performance, it is essential to develop a robust methodology 
for analysing the thermal stability of the active layer, which can facili-
tate effective material screening21. Samuel et al. developed a method 
to characterize the glass transition temperature (Tg) of organic thin 
films based on the changes in the UV–vis absorption spectroscopy of 
the films upon different thermal annealing temperatures38. Following 
this, L8-BO film (Supplementary Fig. 1 provides the molecular structure) 
was tested, and the deviation metric in UV–vis absorption as a func-
tion of annealing temperature is shown in Fig. 2a. A high Tg of 113 °C 
was deduced according to Samuel’s protocol (Supplementary Note 1). 
Notably, a significant deviation metric of the ultraviolet–visible spec-
trum is found even at temperatures far below 113 °C (the red triangle), 
suggesting that molecular thermal motion began before reaching the 
measured Tg. This phenomenon is consistent across various polymers, 
non-fullerene acceptors and blend films (Supplementary Figs. 2–10).

To determine the temperature at which the film begins to change, 
we first fit the data to a smooth curve and then differentiate the deviation 

thereby demonstrating the reliability on the ISOS protocols is essential. 
According to ISOS protocols24, OPV products must undergo harsh 
environmental tests, including damp heat (ISOS-D-3) and thermal 
cycling tests (ISOS-T-3) (Fig. 1a), to evaluate their long-term reliability. 
However, few studies have reported the reliability of high-efficiency 
polymer:non-fullerene OPVs under ISOS-D-3 and ISOS-T-3 conditions, 
with existing research primarily focusing on P3HT:PC61BM cells (Fig. 1c 
and Supplementary Table 2), highlighting a critical gap in the field.

Enhancing the damp heat and thermal cycling stability of OPVs 
demands a comprehensive strategy that concurrently optimizes the 
active layer morphology, device structural robustness and effective 
encapsulation (Fig. 1d). In a molecular level, given that organic mol-
ecules typically exhibit high thermal diffusion coefficients, elevated 
temperatures induce significant molecular mobility, resulting in mor-
phological changes that can compromise both efficiency and stability25–28. 
More importantly, it is critical to develop reliable methods to evaluate 
the thermal stability of the organic active layer, enabling the screen-
ing of donor:acceptor combinations with superior thermal resilience. 
At the device level, thermal-induced unexpected interfacial chemical 
reactions29,30, molecular interdiffusions31,32 and mismatches in thermal 
expansion coefficients of different layers33,34 can lead to interface degra-
dation and consequently lower the device reliability. Therefore, a thor-
ough understanding of the thermal degradation mechanisms at these 
interfaces and targeted optimization of the interfacial properties are 
essential for improving the inherent thermal stability of OPVs. Ultimately, 
implementing durable encapsulation strategies that protect the device 
from reactive water and oxygen is essential for sustaining long-term 
device performance35–37. Organic photovoltaics can only withstand damp 
heat and thermal cycling tests when three criteria are simultaneously 
achieved: morphologically stable photoactive layers, thermodynamically 
robust interfaces and hermetically sealed encapsulation architectures.

In this study, temperature-dependent UV–vis absorption meas-
urements identified the onset temperature (Tonset) of a polymer blend 
as a critical threshold for molecular mobility activation, establishing 
it as a quantitative metric for the thermal stability of semiconducting 
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metric with respect to temperature. Figure 2a presents the results for the 
L8-BO sample, where the onset of absorption deviation metric, defined 
as Tonset, serves as a quantitative indicator of molecular motion in the 
blend films. For L8-BO, Tonset is estimated at 93 °C, significantly lower than 
its measured Tg. Applying this method to a binary blend of L8-BO and PM6 
(Fig. 2b,c), we determined a Tg of 127 °C and a Tonset of 95 °C, respectively. 
Both values are higher than those of pristine L8-BO, indicating that the 
polymer donor matrix restricts the thermal motion of non-fullerene 
acceptors molecules. Our earlier screening of fullerene-based mate-
rials indicated that the cross-linkable PC61PeA can enhance OPV effi-
ciency (Supplementary Table 7 and Supplementary Fig. 11). UV–vis 
spectroscopy of the PC61PeA-blended PM6:L8-BO film revealed a Tonset of 
130 °C, significantly higher than that of the binary blend, suggesting that 
PC61PeA further suppresses molecular motion. Because UV–vis spectra 
are sensitive to π–π interactions, the Tg reflects major changes in back-
bone stacking, while Tonset captures subtle molecular motion initiated by 
flexible side chains. These small-scale motions can induce substantial 
long-term reorganization of π–π stacks, making Tonset an ideal indicator 
of intrinsic thermal stability in polymer blends. To verify this, we tracked 
morphological evolution in PM6:L8-BO and PM6:L8-BO:PC61PeA films 
under long-term annealing using grazing-incidence wide-angle X-ray 
scattering (GIWAXS) (Supplementary Fig. 12). The one-dimensional (1D) 
profiles and CCL analysis (Fig. 2d,e) show that the binary film exhibits 

increased in-plane (IP) crystallinity after annealing at 100 °C (above 
Tonset = 95 °C), whereas out-of-plane (OOP) changes occur only above 
Tg (127 °C). Similarly, the ternary blend shows IP changes at 130 °C and 
OOP changes at 150 °C. Given that IP crystallization strongly affects the 
active layer/electrode interface and device performance, we propose 
Tonset as a more relevant parameter than Tg for evaluating intrinsic thermal  
stability in device applications.

Finally, we assessed the Tg and Tonset of single-component, binary- 
and ternary-blend films using PM6 as the donor and L8-BO, Y6, BO-4Cl 
and BTP-eC9 as acceptors, with PC61PeA incorporated as the third 
component in ternary blends (raw data in Supplementary Figs. 2–10 
and Supplementary Table 4), as shown in Fig. 2f. The Tonset values for 
all four binary blends exceeded 85 °C, indicating sufficient stability 
under standard testing conditions (85 °C limit). The addition of PC61PeA 
combined with high-temperature annealing significantly enhanced 
the Tonset of the blend films, with ternary films reaching values close to 
130 °C, demonstrating excellent thermal stability.

Thermal-driven interfacial degradation and stability 
enhancement via molecular protection layers
The most widely investigated PM6:L8-BO blend with a Tonset higher 
than 85 °C was chosen as the bulk heterojunction layer to study the 
degradation behaviour of the cells at a device level. Unencapsulated 
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Fig. 2 | Quantitative analysis of thermal stability in polymer blends for OPVs. 
a, UV–vis absorption deviation metric and its differential plots as a function 
of annealing temperature for L8-BO thin films. The curves are obtained by 
segmented linear fitting, determining Tg = 113 °C and Tonset = 93 °C. The inset 
shows the UV–vis absorption spectra of the films at different temperatures. 
b, The deviation metric of L8-BO, PM6:L8-BO and PM6:L8-BO:PC61PeA films at 
different temperatures. The curves are obtained by segmented linear fitting. c, 
The differential deviation metric of L8-BO, PM6:L8-BO and PM6:L8-BO:PC61PeA 
films from room temperature at different temperatures. The curves are 
obtained by segmented linear fitting. d, 1D scattering profiles of PM6:L8-BO- and 

PM6:L8-BO:PC61PeA-blend films before and after 1,000 hours of annealing at 
different temperatures (dashed lines, IP; solid lines, OOP). RT represents room 
temperature. e, Crystalline coherence length (CCL) comparison between binary 
and ternary films before and after prolonged annealing. f, Summary of Tg and Tonset 
for single-component, binary and ternary-blend films comprising the polymer 
donor PM6, various non-fullerene acceptors and the third component PC61PeA. 
The Tg of PM6, PC61PeA and ternary blends remained undetectable due to the 
absence of a clear inflection in the UV–vis absorption deviation metric within the 
tested temperature range. Chemical structures of these materials are provided in 
Supplementary Fig. 1.
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devices with a structure of indium tin oxide (ITO)/ZnO/PM6:L8-BO/
MoO3/Ag were fabricated and subjected to thermal annealing at 85 °C in 
a nitrogen (N2) environment. As shown in Fig. 3a,c, thermal ageing of ref-
erence cells (denoted as Ref cells) over 138 hours revealed asymmetric 
degradation kinetics: fill factor (FF) decreased monotonically by 10%, 
while short-circuit density (JSC) underwent an initial rapid drop (~25% 
within 20 hours, noted as typical ‘burn-in’ degradation) followed by 
partial recovery (15% of initial). The open-circuit voltage (VOC) remains 
relatively stable (<5% variation), leading to a cumulative efficiency 

loss of 21% with final PCE = 79% of the initial. The rapid performance 
degradation upon thermal annealing in PM6:L8-BO cells is consist-
ent with previous findings on PM6:Y6 devices29, which is ascribed to 
interfacial degradation between the photoactive layer (PAL) and MoO3. 
Time-of-flight secondary ion mass spectrometry (TOF-SIMS) results 
reveal acceptor enrichment at the top interface of the active layer 
(Supplementary Fig. 21c) and accumulation of MoO3 on top of ZnO 
upon heating (Supplementary Fig. 21b), which explains the significant 
‘burn-in’ performance decay. Following our previous findings29,39, a 
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3-nm C60 layer was deposited between the active layer and MoO3 by 
thermal evaporation. As shown in Fig. 3b,c, the thin C60 layer effectively 
suppresses the ‘burn-in’ degradation of the cells. TOF-SIMS results 
reveals that the C60 layer also suppresses acceptor enrichment and 
MoO3 diffusion/accumulation (Supplementary Fig. 21f,g). We therefore 
confirmed that the C60 layer acts as a barrier that inhibits interfacial 
reactions and the diffusion of MoO3 species during heating and conse-
quently improves device thermal stability. Consequently, the devices 
with the C60 layer (denoted as CMA cells) maintained 95% of their initial 
efficiency after 138 hours of heating at 85 °C, providing strong evidence 
for the role of the C60 layer in improving thermal stability. Notably, 
devices with the C60 layer exhibited an initial efficiency increase during 
the early stages of heating, primarily due to an improvement in FF. This 
can be attributed to the optimization of the PAL/C60/MoO3 interface, 
which enhances the interface charge dynamics.

We then assessed the performance variations of OPV cells with or 
without C60 interlayer in both binary and PC61PeA-incorporated ternary 
blends using different acceptors L8-BO, BTP-eC9, Y6 and BO-4Cl. As 
shown in Fig. 3d, the ternary cells incorporating PC61PeA exhibited 
enhanced performance compared to their binary counterparts, with 
the PM6:BO-4Cl:PC61PeA ternary device achieving a champion PCE 
of 18.6% (certified 18.0%; Supplementary Fig. 24), ranking among 
the highest efficiencies reported for inverted OPVs19,20,40. Figure 3e 
presents the performance evolution of these devices after anneal-
ing at 85 °C for 45 hours. In the binary reference cells without a C60 
protection layer (green symbols), significant ‘burn-in’ degradation 
was observed, which was successfully mitigated by the C60 layer (CMA 
cells, red symbols). Similarly, ternary cells without C60 protection 
(blue symbols) experienced ‘burn-in’ degradation, while the C60 layer 
effectively suppressed this degradation (yellow symbols). Figure 3f,g 
depicts PCE evolution of different cells over 1,351 hours of thermal 
annealing at 85 °C and 150 °C, respectively. Devices incorporating the 
C60 protection layer (yellow and red symbols) demonstrated superior 
thermal stability compared to their unprotected counterparts. It is 
worth noting that in comparison with their respective binary devices, 
ternary cells exhibited almost no PCE decay after 1,351 hours of thermal 
ageing at 85 °C, highlighting the stabilizing effect of the PC61PeA addi-
tive. Increasing the annealing temperature to 150 °C accelerated PCE 
degradation, yet both the C60 interlayer and PC61PeA additive continued 
to enhance device stability. Among all devices, the interface-protected 
PM6:BO-4Cl:PC61PeA cell retained 99% of its initial efficiency at 85 °C 
and 71% at 150 °C after 1,351 hours, whereas the interface-protected 
PM6:L8-BO cell maintained 95% at 85 °C and 42% at 150 °C under iden-
tical ageing conditions. We attributed the extreme high stability of 
the PM6:BO-4Cl:PC61PeA cell to the synergetic effects of PC61PeA in 
preventing the blend film from over crystallization and the C60 layer 
in protecting the PAL/MoO3 interface. Using the Arrhenius model 
(Supplementary Note 2)41,42, the activation energy for degradation of 
the interface-protected PM6:BO-4Cl:PC61PeA cell was estimated to be 
0.52 eV, corresponding to a projected operational lifetime exceeding 
25 years (Fig. 1b).

Lateral water vapour diffusion
A good encapsulation is crucial for OPVs to withstand the harsh damp 
heat and thermal cycling conditions37,43. We selected ABT as the back-
sheet encapsulant due to its low cost, flexibility and excellent water 
barrier properties (Supplementary Fig. 27). Given that aluminium foil 
itself offers outstanding water barrier performance, lateral penetra-
tion from the side of the encapsulation layer emerges as the primary 
pathway for water diffusion. To date, only 1D diffusion models based 
on infinite edge lengths have been established by Michels et al.44 for 
analysing lateral diffusion in encapsulated devices. This oversimpli-
fied model fails to capture practical applications of multidimensional 
moisture ingress pathways, particularly at geometric corners (Fig. 4a), 

a critical knowledge gap undermining encapsulation reliability predic-
tions for electronics.

Optical calcium tests were performed with the ABT encapsula-
tion to confirm and quantitively analyse the multidimensional water 
vapour diffusion process. Figure 4b depicts the ABT encapsulated 
100-nm-thick square calcium (Ca) films on glass aged under 85 °C 
and 85% RH conditions (double 85 test). Figure 4c depicts the tem-
poral evolution of calcium film corrosion, comparing the edge- and 
diagonal-displacement kinetics. As seen here, a linear correlation was 
measured for the calcium edge displacement related to the square root 
of time, both for the edge and the diagonal direction, which aligns with 
previously reported experimental observations44–46.

The slope of this linear relationship is defined as the apparent 
diffusion rate K. Interestingly, both numerical simulations and experi-
mental results confirm that the apparent diffusion rate K along the 
diagonal (Kdiag) direction is approximately 1.54 times that along the edge 
(Kedge; Supplementary Fig. 30 and Supplementary Table 9), highlight-
ing a universally faster diffusion along the diagonal. A more detailed 
analysis of edge displacement kinetics revealed an increased calcium 
displacement rate along the edge after a critical point (D0), indicating 
a shift in the diffusion mechanism. In this second stage, the apparent 
diffusion rate along the edge matches Kdiag, suggesting that beyond 
D0, water vapour diffusion along the edge becomes equivalent to that 
along the diagonal. In other words, after reaching the critical point D0, 
the moisture homogeneously diffuses within the film, corresponding 
well to the observed residual round shape of the calcium film. These 
findings confirm a two-dimensional (2D) diffusion process, where 
diagonal diffusion occurs 1.54 times faster than edge diffusion for 
water vapour. Consequently, relying solely on a 1D linear edge corrosion 
model would underestimate the actual water vapour diffusion rate. To 
achieve accurate estimations, it is essential to incorporate diagonal 
diffusion effects by applying a correction factor of 1.54.

The lateral diffusion of water vapour can occur via two distinct 
pathways: bulk diffusion within the adhesive layer and interface dif-
fusion at the adhesive/substrate interface, which act synergistically 
in practical scenarios (Fig. 4d). Assuming that water vapour diffu-
sion processes through the adhesive layer and interface follow the 
well-developed Fick model, the concentration equations for these two 
layers can be described as:

CA (x, t) = CSA (1 − erf ( x
2√DAt

)) (1)

CI (x, t) = CSI (1 − erf ( x
2√DIt

)) (2)

Where CSA and CSI are the saturation water vapour concentration 
at the adhesive and the interface and DA and DI represent the dif-
fusion constants of water vapour through the adhesive and the 
interface, respectively.

Then, in a time difference (∆T) of calcium boundary moves from 
L0 to L0 + ∆L, the total amount of water vapour (NH2O, in mol m−1) that 
corrodes the calcium based on the reaction between calcium and water 
can be calculated to be:

NH2O = 2∆LhCaρCa
MCa

(3)

Where hCa is the thickness of the calcium film, ρCa is the density of cal-
cium, MCa is the molar mass of calcium.

Meanwhile, the total amount of water vapour reaching the calcium 
edge through the bulk adhesive (JA) and the interface (JI) (in mol m−1) 
during the period ∆T can be calculated to be:
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JA = ∫
∞

L0+∆L
hA CA (x, T0 +∆T)dx −∫

∞

L0
hA CA (x, T0)dx (4)

JI = ∫
∞

L0+∆L
hI CI (x, T0 +∆T)dx −∫

∞

L0
hI CI (x, T0)dx (5)

Where hA is the thickness of the adhesive layer and hI represents the 
average effective thickness of water-permeable channels formed at the 

interface by the defects at the imperfect adhesive/substrate interface 
(Supplementary Note 4).

Solving the equations leads to (Supplementary Note 4):

JA =
2√DAT0
L0

CSAhA

⎛
⎜
⎜
⎜
⎝

e
−( L0

2√DAT0
)
2

√π
− L0

2√DAT0
erfc ( L0

2√DAT0
)
⎞
⎟
⎟
⎟
⎠

(6)
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Fig. 4 | Mechanisms of lateral diffusion of water vapour. a, Schematic of 2D 
diffusion of water vapour. Three-dimensional schematic diagram (top) and 2D 
plan schematic diagram (bottom). D0 represents the distance from the edge 
when the square calcium film is corroded by water into a circular shape. b, Optical 
photographs of calcium corrosion and finite element simulation results of water 
vapour diffusion. The colour scale bar indicates the relative concentration of 
water vapour. c, Plots of the calcium corrosion displacement versus square 
root of ageing time for the experiment (blue colour) and simulated (red colour) 
results. The curves are obtained by segmented linear fitting. The formulas 
describe the linear relationship between displacement and square root of ageing 
time. Kdiag represents the apparent diffusion coefficient for diagonal diffusion. 
Kedge represents the apparent diffusion coefficient for edge diffusion. t represents 

the diffusion time. d, Schematic diagram of a 1D water vapour lateral diffusion 
model. hA represents the thickness of the adhesive layer, hI represents the average 
effective thickness of water-permeable channels formed at the interface by 
the defects at the imperfect adhesive/substrate interface. hCa represents the 
thickness of the calcium film. L0 represents the initial distance from the edge 
of the calcium film to the edge of the encapsulation layer. ∆L represents the 
displacement of the calcium film. e, Thermogravimetric curves of butyl rubbers 
pre-baked at different temperatures. T represents temperature. f, Adhesion of 
ABT encapsulants pre-baked at different temperatures. g, Variation of apparent 
water permeation rate K with the thickness of butyl rubber, fitted with equation 
(9). h, Apparent diffusion rate K at different adhesion forces and different 
thicknesses, and the percentage of bulk diffusion and interface diffusion.
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where erfc is the complementary error function. Since calcium 
corrosion comes only from the water vapour erosion, the total amount 
of water vapour for calcium corrosion should be equal to the total 
amount of water vapour passing through the bulk adhesive and the 
interface, that is:

NH2O = JA + JI (8)

Combining equations (3), (6) and (7), a relationship between 
the apparent diffusion rate of water vapour K and the thickness of 
the adhesive layer hA is obtained (more details in Supplementary 
Note 4):

hA =
K (N0 −

2√DI
K
CSIhI

1
√π
)

2√DA CSA (
1
√π

+ K2

4√πDA
− K

2√DA
)

(9)

Pre-annealing ABT encapsulants removes the adsorbed water from 
butyl rubber (as shown in Fig. 4e) while reducing the bond strength of 
ABT encapsulants to the substrate (as shown in Fig. 4f; Supplementary 
Note 3 provides test method), providing excellent encapsulation mod-
els with different fractions of bulk diffusion and interface diffusion. 
One-hundred-nm-thick calcium films were then encapsulated with 
ABT encapsulants with different thicknesses through hot pressing, and 
the corrosion process of the encapsulated calcium was tested under 
double 85 testing conditions. The calcium edge corrosion versus time is 
shown in Supplementary Figs. 33–35. The calcium corrosion is consist-
ent with the coexistence of 1D and 2D corrosion processes described 
above. Using the edge corrosion process, the apparent diffusion rates 
K of adhesives with different thicknesses and annealing temperatures 
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Fig. 5 | Encapsulation and stability testing of high-efficiency inverted 
organic solar cells. a, Statistical PCE of the PM6:L8-BO cells before and after 
encapsulated at different temperatures. The box plots show the minimum, 
maximum, median and first and third quartiles. Specifically, the centre line 
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to the minimum and maximum values. The statistical results are based on at 
least six individual devices. The dashed lines serve as a guide to separate data 
clusters. b, Representative J–V curves of the PM6:L8-BO cells before and after 
hot-press encapsulation at 100 °C; the insets are the LBIC images of the cell 

before and after encapsulation. c,d, PCE evolution of the PM6:L8-BO cells under 
200 thermal cycling tests (−40 °C to 85 °C) (c) and 1,032 hours damp heat test (at 
85 °C, 85% RH) (d). The inset shows a diagram of the device structure. The centre 
of the error bar is defined as the average value, and error bar is defined as the 
standard deviation, which is calculated from the statistical results of at least eight 
individual devices. The dashed lines indicate the 90% threshold of the average 
device efficiency. e,f, Representative J–V curves and performance parameters of 
organic solar cells before and after 200 thermal cycling tests (e) and 1,032 hours 
damp heat test (f).
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were obtained, and the results are listed in Supplementary Table 11. 
The experimental results of K vs hA are given in Fig. 4g, along with 
the fitted curves based on equation (9). The values of the parameters 
obtained from the fitting are listed in Supplementary Table 10. Various 
layer thicknesses and adhesive properties of the ABT encapsulants 
were tested; the experimental results fit well to equation (9) with a 
fitted R2 date of 0.96–0.99, indicating that the established model is 
reasonable and can be used to quantitatively analyse the lateral water 
vapour diffusion. The fitted DA is in the order of 10−10 m2 s−1, which is 
in good accordance with literature reports47. DA decreased one order 
of magnitude with the increase of annealing temperature, which can 
be ascribed to the cross-linking effect of the butyl rubber under high 
temperatures that lower the diffusion rate.

According to equations (6) and (7), the respective contribution 
shares of bulk diffusion and interface diffusion were calculated, and 
the results are shown in Fig. 4h. As seen here, for the ABT encapsulants 
with better interface adhesion, much lower interfacial diffusion contri-
bution was measured (29%–55%, 66%–80% and 87%–97% for the films 
annealed at 80 °C, 115 °C and 150 °C, respectively). Not surprisingly, 
lowering the adhesive layer thickness decreases the contribution of the 
bulk diffusion and the consequent K value when the interfacial adhe-
sive is good enough. In contrast, poor interface adhesion yields a high 
contribution to interfacial water vapour diffusion, and no significant 
adhesive layer thickness dependence was measured.

On the basis of the established in-plane 2D diffusion and 1D lateral 
penetration models for moisture in encapsulated solar cells, two key 
findings emerge: (1) 2D diffusion accelerates moisture penetration by 
a factor of 1.54, leading to rapid corner corrosion in real applications. 
Therefore, it is essential to consider 2D diffusion when calculating 
the width of the edge encapsulant; (2) lateral diffusion of moisture is 
governed by the encapsulant layer thickness (hA), water diffusivity in 
the encapsulant (DA) and the imperfection of the interface (hI). Reduc-
ing the layer thickness of the encapsulant and enhancing the interface 
adhesive would yield better encapsulation. In this study, organic solar 
cells were then encapsulated using ABT films with a 200-μm thick-
ness, following pre-annealing at 80 °C to remove the absorbed water. 
Together with the established faster 2D diffusion along the diagonal 
direction, a minimal edge width of 22.7 mm is calculated to fully protect 
our cell from corrosion over 1,000 hours in the double 85 test, which 
was applied to the following cell encapsulation process (Supplemen-
tary Note 5).

OPV encapsulation and reliability tests
The intrinsically stable inverted OPVs based on PM6:L8-BO blends with 
a C60 interface-protection layer were encapsulated with ABT encap-
sulants for damp heat and thermal cycling tests. Figure 5a presents 
the statistical PCE data of the devices before and after encapsulation 
at different hot-pressing temperatures (detailed performance data 
available in Supplementary Table 12). The current density–voltage 
(J–V) characteristic of a device encapsulated at 100 °C is shown in 
Fig. 5b. Notably, across a broad range of hot-press temperatures, device 
performance exhibited a slight improvement (~3.5%) after encapsula-
tion, attributed to the optimization of the PAL/C60/MoO3 interface 
through thermal heating (vide supra). Laser beam induced current 
(LBIC) images before and after hot-press encapsulation (the inset of 
Fig. 5b) show minimal variation, confirming that the hot-press encap-
sulation method does not degrade device performance. To assess the 
long-term stability of the encapsulated OPVs, 200 thermal cycling 
tests were conducted following the ISOS-T-3 standards, including 
thermal cycling at temperatures between −40 °C and 85 °C at a rela-
tive humidity of <55%. The test results are shown in Fig. 5c. The J–V 
characteristics of the representative cell before and after 200 thermal 
cycles are shown in Fig. 5e. After 200 cycles, the devices maintained 
94% of their initial efficiency, demonstrating excellent stability in 
accordance with ISOS-T-3 test standard.

We then performed a rigorous damp heat test on the devices. 
Figure 5d shows the efficiency changes of the devices over 1,000 hours 
of damp heat testing, with the representative J–V curves before and 
after ageing shown in Fig. 5f. Encouragingly, statistical data showed 
that the tested cells maintained over 94% of their initial efficiency after 
1,032 hours of damp heat testing. The test complies with the ISOS-D-3 
standard, marking the high stability of these high-efficiency inverted 
OPVs under a damp heat test.

The superior thermal cycling and damp heat stability observed 
can be attributed to both the high intrinsic thermal stability of the 
optimized devices and the excellent encapsulation performance 
of the ABT encapsulants. Additionally, ABT encapsulants exhibit 
remarkable mechanical flexibility. Leveraging this property, we suc-
cessfully encapsulated flexible OPVs that retained 97% of their initial 
efficiency after 10,000 inward and outward bending cycles with a 
radius of 5 mm (Supplementary Fig. 39). This study establishes a 
robust framework for environmentally resilient OPVs, demonstrating 
industrial-standard reliability under combined thermal and humid-
ity stresses, while also preserving mechanical flexibility for versatile  
applications.

Conclusion
To achieve highly stable OPV devices, it is necessary to get simultane-
ous breakthroughs in material design and screening, understanding 
intrinsic device degradation and encapsulation engineering. In this 
work, we proved a systematic approach from three levels to enhance 
OPVs stability: (1) definition of the active layer morphological transi-
tion onset temperature (Tonset) via UV–vis spectroscopy, proposing 
Tonset as a universal descriptor for intrinsic thermal stability of organic 
semiconductors and establishing a rapid screening criterion ena-
bling rational material selection for stable OPVs; (2) elucidation of 
the interface-dominated degradation mechanism and its mitigation 
via C60 interfacial protection, enabling OPVs with excellent stability 
through the combination of a stable active layer and stable interface; 
(3) development of the first two-dimensional planar and edge moisture 
diffusion kinetic models, creating a multidimensional moisture diffu-
sion framework that revolutionizes encapsulation design principles. 
The resulting encapsulation strategy—combining optimized adhe-
sive layers and interface passivation—delivers outstanding stability 
under damp heat (ISOS-D-3) and thermal cycling (ISOS-T-3) tests. These 
findings overcome long-standing stability bottlenecks and provide a 
methodological template for stabilizing emerging flexible energy tech-
nologies. Future work will extend this stability paradigm to large-area 
modules and develop printable barrier-based thin-film encapsulation 
to reduce costs.

Methods
Materials
PM6 (PBDB-T-2F), L8-BO, BO-4Cl, Y6 and BTP-eC9 were purchased from 
Hyper, Inc. [6,6]-phenyl-C61-pentyl acrylate (PC61PeA) was synthesized 
using the method from our previous work22. 1,4-Diiodobenze was 
purchased from TCI Development Co., Ltd. Molybdenum (Ⅵ) oxide 
(MoO3) was purchased from Strem Chemicals. Zn(OAc)2 and KOH were 
purchased from J&K Scientific. ZnO nanoparticle solution was prepared 
through the reaction between KOH and Zn(OAc)2 in MeOH. All materials 
were used as received without further purification.

Fabrication of inverted solar cells and characterization
ITO substrates were sequentially cleaned by detergent, deionized water 
and ethanol twice in an ultrasound cleaner. Before using them, they 
were dried under a N2 flow and then treated in an ultraviolet–ozone 
oven for 30 min. First, ZnO nanoparticles (15 mg ml−1 in methanol) 
were spin coated on the ITO substrates at 3,000 r.p.m. for 30 s and then 
were annealed at 130 °C for 10 min. The mixed solution of PM6:L8-BO, 
PM6:BO-4Cl, PM6:Y6 and PM6:BTP-eC9 (1:1.2 w/w, 7 mg ml−1 in total) 
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in chloroform with 1,4-diiodobenzene as a solid additive (the con-
tent of 1,4-diiodobenzene is 50% of the total mass of the donor and 
acceptor) was stirred at 55 °C for 2 h. Then, PM6:L8-BO, PM6:BO-4Cl, 
PM6:Y6 and PM6:BTP-eC9 was spin coated on top of the ZnO ETL at 
2,500 r.p.m. for 60 s and then annealed at 85 °C for 10 min on a hot 
plate in a N2-filled glovebox. The mixed solution of PM6:L8-BO:PC61PeA, 
PM6:BO-4Cl:PC61PeA, PM6:Y6:PC61PeA and PM6:BTP-eC9:PC61PeA 
(1:1.2:0.5 w/w, 7 mg ml−1 in total) in chloroform with 1,4-diiodobenzene 
as a solid additive (the content of 1,4-diiodobenzene is 50% of the 
total mass of the donor and acceptor) was stirred at 55 °C for 2 h. 
Then, PM6:L8-BO:PC61PeA, PM6:BO-4Cl:PC61PeA, PM6:Y6:PC61PeA 
and PM6:BTP-eC9:PC61PeA was spin coated on top of the ZnO ETL at 
2,500 r.p.m. for 60 s and then annealed at 160 °C for 5 min on a hot 
plate in a N2-filled glovebox. Then C60 (3 nm) was evaporated as a pro-
tective layer. Finally, MoO3 (10 nm) as the hole extraction layer and Ag 
(100 nm) as the anode were sequentially vacuum deposited on top of 
the active layer, respectively. The effective photovoltaic area, defined 
by the geometrical overlap between the bottom cathode electrode and 
the top anode, was 4 mm2 and 9 mm2.

The photovoltaic parameters of the cells, including VOC, JSC and 
FF, were measured using a Keithley 2400 source meter under air mass 
1.5 global (AM1.5 G; 100 mW cm−2) illumination provided by a solar 
simulator (Zolix SS150A) in a N2-filled glovebox at 25 °C. The cells are 
measured in the forward direction with a step of 0.02 V and the dwell 
time is 0.1 s for every point in our laboratory. The light intensity of the 
solar simulator for J–V measurement was calibrated with a reference 
silicon cell (QE-B1, Zolix). The designated illumination area defined by 
a thin metal mask of 2.56 mm2 and 6.25 mm2.

The external quantum efficiency spectra were recorded by a 
custom-built external quantum efficiency system, and light from a 
150 W tungsten halogen lamp (Osram 64610) was used as a probe light 
and was modulated with a mechanical chopper before passing through 
the monochromator (Zolix, Omni-k300) to select the wavelength. The 
response was recorded as the voltage by an I–V converter (D&R-IV con-
verter, Suzhou D&R Instruments), using a lock-in amplifier (Stanford 
Research Systems SR830) with a standard silicon cell as the reference 
before testing the devices.

UV–vis absorption spectroscopic characterization
The active layer films used for testing were prepared under condi-
tions consistent with those used for active layer films in optimal 
performance devices. The active layer films used for testing were 
pre-annealed before testing to approximate the molecular motions 
of the films as they would be in the actual devices. The absorption 
spectra of films were tested by a Lambda 750 UV/vis/near-infrared 
spectrophotometer (PerkinElmer). Measurements were made over a 
wavelength range of 300 to 1,000 nm, with sampling increments of 
1 nm (the original slide was used as the absorption baseline). A holder 
was used to fix the test position of each sample to minimize errors dur-
ing the test. Heating during testing was performed on a hot plate in a 
nitrogen glovebox for five minutes and cooled to room temperature 
(~25 °C) before testing.

GIWAXS characterization
The GIWAXS measurements were characterized by the Xeuss SAXS/
WAXS 3.0 system (Xenocs) with an X-ray wavelength of 1.341 Å at 
Vacuum Interconnected Nanotech Workstation (Nano-X) of SINANO.

LBIC mapping
A home-built apparatus was utilized to obtain LBIC images. This 
apparatus comprised a 5 mW, 532 nm green monochromatic laser 
diode that generated a 3-μm diameter laser beam, which was attached 
to a moving X–Y stage that was controlled by a computer. Simultane-
ously, cell output currents were measured by a source measurement 
unit (2602 Keithley) while the cell surface was scanned. The entire 

active area of the cell was scanned, a process that took approximately 
30 minutes.

TOF-SIMS characterization
The TOF-SIMS data were tested using TOF-SIMS5-100. Inverted devices 
of the PM6:L8-BO system and PM6:BO-4Cl:PC61PeA system with and 
without a C60 interfacial layer were prepared and heated at 150 °C for 
different times. Various elements including Ag, Mo, O, S, SN and Zn 
were detected using anionic mode for their distribution.

Device encapsulation
Aluminium foil butyl tape (ABT) encapsulant was purchased from China 
Railway Weiye Waterproof Material Technology Co., Ltd. ABT encap-
sulants were de-watered by pre-baking on a hot plate in a N2 glovebox 
before use. The ABT encapsulant was laminated to the device surface 
and pressed to the device surface by a stroke-controlled hot press 
(HP-Lab-10, Suzhou D&R Instruments). The hot-press temperature 
was set from room temperature to 100 °C as shown in the literature. 
The press time was set to 5 min. After the press was completed, the 
spilled butyl rubber was cleaned up so as not to interfere with the test. 
To further improve the water resistance of the encapsulant and protect 
the device, a thin layer of perfluoropolymer (CYTOP) was applied to the 
device before applying the encapsulant.

Reliability test
The devices were stored in a climate chamber (D&R PVLT-9001-16A, 
Suzhou D&R Instruments) maintained at 85 °C/85% RH for long-term 
damp heat stability experiments. These samples were only removed 
from the chamber for J–V scanning and put back immediately after 
the measurements.

For thermal cycling testing, the climate chamber temperature is 
programmed to vary between -40 °C and 85 °C. The relative humidity 
in the chamber was maintained above 85%. The temperature variation 
curve is shown in Fig. 5b. The temperature of the climate chamber was 
set to return to room temperature every ten cycles so that the devices 
could be removed for J–V scanning and returned immediately after the 
measurements. Bending tests of the flexible devices were performed by 
a bending machine (FlexTest-TM-L) with a bending radius of 5 mm. Ten 
thousand inward and outward bends were performed on the flexible 
devices. The device was removed every 2,000 bends to scan the J–V.

Optical calcium test
Optical calcium tests were used to characterize the lateral diffusion 
of water vapour. Square calcium films with 11-mm side lengths were 
deposited on square glass sheets with 24.5-mm side lengths, and ABT 
encapsulants with 15-mm side lengths were cut to encapsulate the 
calcium films. Stroke-controlled hot-press equipment (HP-Lab-10, 
Suzhou D&R Instruments) was used to press laminate the ABT encap-
sulant to the substrate and control the thickness of the adhesive layer. 
The encapsulated calcium films were placed in a climate chamber at 
85 °C/85% RH. The corrosion of calcium by water vapour penetration 
was recorded by a camera. The displacement of the calcium film during 
corrosion was measured by ImageJ.

Finite element simulation
The finite element simulations are carried out using the dilute matter 
transfer module in COMSOL, and the simulations satisfy the Fick’s law 
of diffusion.

Water vapour transmission rate characterization
The water vapour permeability was measured using a water vapour 
transmission rate permeation analyser (AQUATRAN MODEL 2, AMETEK 
MOCON). The sample was positioned between two chambers with dif-
ferent partial pressures of water vapour, and the vapour flux through 
the sample was measured.
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Reporting summary
Further information on research design is available in the Nature 
Portfolio Reporting Summary linked to this article.

Data availability
All data needed to evaluate the conclusions in this paper are present 
in the Article and its Supplementary Information. Source data are 
provided with this paper.
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�    Experimental design
Please check: are the following details reported in the manuscript?

1.   Dimensions

Area of the tested solar cells
Yes

No
The dimensions of the tested solar cells were 2.56mm^2 and 6.25mm^2.

Method used to determine the device area
Yes

No
The designated illumination area defined by a thin metal mask of 2.56 mm^2 and 
6.25 ^mm2.

2.   Current-voltage characterization

Current density-voltage (J-V) plots in both forward 
and backward direction

Yes

No
No J-V hysteresis observed in these organic solar cells. Current density-voltage (J-V) 
plots in  forward direction.

Voltage scan conditions 
For instance: scan direction, speed, dwell times

Yes

No
Cells are measured in forward direction with a step  of 0.01V and the dwell time is 0.1 
s for every point in our lab. 

Test environment 
For instance: characterization temperature, in air or in glove box

Yes

No
The J-V characteristics were conducted in glove box at temperature of 25 °C in our 
lab. The cells for third-party certification were conducted in air at  temperature of 25 
°C.

Protocol for preconditioning of the device before its 
characterization

Yes

No
No preconditioning of the device before its characterization.

Stability of the J-V characteristic 
Verified with time evolution of the maximum power point or with 
the photocurrent at maximum power point; see ref. 7 for details.

Yes

No
The long-term stability of PM6:BO-4Cl:PC61PeA-based devices under  
maximum power point (MPP) tracking were performed with continuous  
illumination in N2-filled chamber, as shown in Supplementary Figure 25.

3.   Hysteresis or any other unusual behaviour

Description of the unusual behaviour observed during 
the characterization

Yes

No
No hysteresis or any other unusual behavior was observed during the 
characterization of organic solar cells.

Related experimental data
Yes

No
N/A

4.   Efficiency

External quantum efficiency (EQE) or incident 
photons to current efficiency (IPCE)

Yes

No
External Quantum Efficiency (EQE) data for the devices are provided in 
Supplementary Figure 19 and calculated short-circuit current densities are 
comparable to that derived from J-V plots.

A comparison between the integrated response under 
the standard reference spectrum and the response 
measure under the simulator

Yes

No
Integrated EQE under AM1.5 is comparable to current density under solar simulator.

For tandem solar cells, the bias illumination and bias 
voltage used for each subcell

Yes

No
No tandem cells are reported in the work.

5.   Calibration

Light source and reference cell or sensor used for the 
characterization

Yes

No
The light source is a solar simulator (Zolix, Sirius-SS150A).
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Confirmation that the reference cell was calibrated 
and certified

Yes

No
The light intensity of solar simulator for J–V measurement was calibrated with a 
reference silicon cell (QE-B1, Zolix)

Calculation of spectral mismatch between the 
reference cell and the devices under test

Yes

No
Mismatch is not calculated.

6.   Mask/aperture

Size of the mask/aperture used during testing
Yes

No
 Mask area of  2.56 mm^2 and 6.25 mm^2 were used. 

Variation of the measured short-circuit current 
density with the mask/aperture area

Yes

No
There is no variation

7.   Performance certification

Identity of the independent certification laboratory 
that confirmed the photovoltaic performance

Yes

No
National PV Industry Measurement and Testing Center (Fuzhou, China)

A copy of any certificate(s) 
Provide in Supplementary Information

Yes

No
A copy of certificate will be provided in Supplementary Information.

8.   Statistics

Number of solar cells tested
Yes

No
More than 6 cells for each different types of  cells were tested.

Statistical analysis of the device performance
Yes

No
We have a statistical analysis of the performance included in the manuscript. 
Supplementary Table 8  shows the best and average efficiencies with standard 
deviation.

9.   Long-term stability analysis
Type of analysis, bias conditions and environmental 
conditions 
For instance: illumination type, temperature, atmosphere 
humidity, encapsulation method, preconditioning temperature

Yes

No
Long-term thermal stability testing of various types of batteries was performed 
using a hot plate heated in a N2 glove box. Damp heat and thermal cycling tests 
were carried out in an environmental chamber. These samples were only removed 
from the chamber for J-V scanning and put back immediately after the 
measurements.
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