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Supplementary Notes
Supplementary Note 1. Method to measure the 7, and Zouser.

For the T, test of active layer films we refer to the approach in the literature by
Samuel et al. ! We measure the thermal transition by the shift in the UV-Vis absorption
spectrum that occurs in the films after thermal annealing. This shift is often attributed
to the formation of ordered aggregates and is often accompanied by an improvement in
the charge transport properties of the films. Once the annealing temperature exceeds
the transition temperature, there is a significant change in the absorption spectrum. For
quantitative analysis we use the deviation metric (DMr), which is the sum of the squared
deviations of the absorbance.

Amax
DMy = ) [ler@) = ;D) (D
Amin
where Irr(4) and Ir(7) are the absorption intensities of the as-cast (room temperature)
and annealed films, respectively, 4 is the wavelength, and A, and A are the lower
and upper bounds of the optical sweep, respectively.

To identify the temperature at which the film begins to change, we differentiate
the deviation metric with respect to temperature after fitting the data to a smooth curve
and define the temperature at which the change begins to occur as the Touser, Which is
used as the basis for screening the stabilised active layer films.



Supplementary Note 2. Calculation of overall activation energy (Ea) based on the
Arrhenius model

Based on the experimental data, we quantified the activation energy of
performance degradation by applying the Arrhenius model from the temperature-
dependent acceleration factor?.

Eq
kdeg = Aexp(_kB_T 2)

where Ej is the activation energy for thermal degradation, ks is the Boltzmann constant,
T is the temperature, and A4 is the pre-exponential factor. The reaction rate coefficient
kaeg Was obtained by combining linear degradation kinetics with experimental data.

The degradation acceleration factor K was extracted from the ratio of degradation
rate constants at different temperatures

_kaegr 1

E, 1
K = exp [E (T - F)] 3)

kdeg
We calculated the E, of devices based on the CMA structure of the PM6:BO-
4CIL:PCes1PeA system using the Arrhenius model. We fitted a linear degradation to the
normalised efficiency for the devices heated at 85 °C and 150 °C for 1000 h
(Supplementary Figure 26). The degradation rate was 2.25x10% % h™! at 85 °C and
3x10%2 % h'! at 150 °C, giving a calculated E, of 0.52 eV. Using the acceleration factor,
the degradation rate at 45°C (expected operation temperature of solar cells) was
predicted to be 2.71x10* % h'!, the T80 lifetime of 25.2 years was achieved (assuming
an average of 8 h of operation per day).



Supplementary Note 3. Method of testing and calculating the adhesion of
aluminium foil butyl tapes.

The adhesion of the aluminium foil butyl tape is tested using an electronic
universal testing machine (MTS Exceed E44, MTS Systems Co., Ltd.). The tape was
cut into strips 2 cm wide and 10 cm long, with one end bonded to the glass substrate. A
tensile peel test was performed on the universal testing machine at a peel angle of 180°
and a tensile speed of 400 mm/min.

The calculation of adhesion force is based on the peel force and the width of the
tape.The peel force is the maximum force with which the tape can be peeled from the

substrate. The equation is expressed as

Peel Force

Adhesion F = 4
eston froree Width of the Tape )




Supplementary Note 4. Derivation of equations for a model of calcium corrosion
by lateral diffusion of water vapor.

In the water vapor lateral diffusion model, we use calcium corrosion and Fick’s
second law to establish the lateral diffusion equation for water vapor. We assume that
(1) the thickness of the Ca film is thin enough that the absorption of water by the Ca
film does not affect the kinetic process of water vapor diffusion. (2) The reaction
between Ca and water is fast enough that water above the Ca film can be quickly reacted
with the Ca without further diffusion.

At any moment, the corrosion contribution to Ca consists of two parts, the adhesive
layer (bulk diffusion) as well as the interface layer (interface diffusion), and the
contributions of the two parts can be calculated independently. Assuming that water
vapor diffusion processes through the adhesive layer and interface follow the well-
developed Fick- model. For the one-dimensional (1D) case, Fick’s second law is
expressed as:

ac a%c

5 -Pa=z (%)
Where C is the concentration of the diffusing substance, D is the diffusion coefficient
of the substance, x is the diffusion distance, and ¢ is the diffusion time.

The concentration distribution of water vapor can be expressed as a Gaussian error
function:

Clx,t) = Cs(1 = erf (G75) (6)

Where C; is the saturation concentration of the substances in the medium.
The concentration equations for these two layers can be described as:

Ca(x, ) = Csy (1 — erf<2 fm)) (7)
C(x,t) = Cs; (1 — erf<2LDIt)) (8)

Where Cs4 and Cs are the saturation water vapor concentration at the adhesion and the
interface, D4 and D; represent the diffusion constants of water vapor through the
adhesive and the interface, respectively.

Then in a time difference (AT) of calcium boundary moves from Lo to Lo+AL the
total amount of water vapor that corrodes the calcium (in mol-m™') can be calculated to

be:

Niyo = AL Ny = Z200e00 ©)

Ca



Where Aca 1s the thickness of the calcium film, pc, is the density of calcium, Mc, is the
molar mass of calcium.

In the meanwhile, the total amount of water vapor reaching the calcium edge
through the bulk adhesive (Ja) and the interface (J;) (in mol-m™") during the time period

AT can be calculated to be:
Ja= fL oap P Ca(x, To + AT)dx — f hy Ca(x,Ty) dx (10)
i = fL oap T Ci(x, To + AT) dx—f h; C;(x, Ty) dx (11)

Where 44 is the thickness of the adhesive layer and #; is the thickness of the interface

layer.

Thus volume diffusion and interfacial diffusion of water vapor can be expressed
as respectively:

Ja = Csuhy fLO:+AL <1 —erf (Z\/ﬁ)) dx — Csahy fLO: (1 —erf (2\/%)) dx (12)
Ji=Caty [, (1 —erf (ﬁﬁ dx ~ Cohy [ (1 —erf (; Jﬁ)) dx  (13)

Since calcium corrosion comes only from the water vapor erosion, the total amount

of water vapor for calcium corrosion should be equal to the total amount of water vapor
passing through the bulk adhesive and the interface, i.e.:

Ny,o0 =Ja+ i (14)
From Egs. (12), (13) and (14):

AL Ng = Csahy | +AL< —erf (wﬁ)) dx — Csahy fL ( —erf (zJ—)> dx +

Csihy J] +AL( - erf(wﬁ))dx — Cgihy fL ( — erf (2\/—)) (15)

The relationship between the diffusion distance x and the diffusion time t of water
vapor during diffusion is given by:

x = K+t (16)
Where K is defined as the apparent diffusion rate.
From Eq. (16), we can know:

KTy + AT = Ly + AL (17)

KTy = Lo (18)
From Egs. (17) and (18) we can get:

JTo AT = L°+O“\/FO (19)

Substitution of Eq. (19) into Egs. (12) and (13):




Ja =280 by [P1_erfe(y)dy (20)

2,/DaTo
ZAL,/D T,
I = — CSIhlf Lo __erfe(y)dy (21
2 DIT

Hence Eq. (15) becomes:

N, = ZVDATO Csaha [“1o  erfc(y)dy + Z“DITO Cohy [T erfc(y)dy (22)
2,/D4To 2JDiTo
As
) 2
w - zm L L
f L _erfc(y)dy = N T2 D(;To erfC(Z\/D:To) @)

2,/DATo
Solving the Egs. (20) and (21) leads to:

Lo 2

2,/DsT, e 2/PaTo L L
Ja = 272 Coah (= = erf e ) (24)
T
__2,/DT, e HWDiTo L L
Ji = 202 Cahy (= e erfe( ) (25)
Substituting Egs. (24) and (25) into Eq. (22) yields:
2/DaTy -G ;ZTO) ’ 2,/DiT, -G zL)(;T()) ’
No = AOCSAhA( N -3 D ¢ fc(zm))+ LIOCSIhI( N -
Lo Lo 26
2,/DiT, erfC(Z‘/DITO)) (26)
Substituting Eq. (18) into Eq. (26) and collating gives:
&)
2/D; . ~ 4Dy g K
hA _ K (NO K “Slhl( Z\/E zJD_I°rfC(zJD_I))) (27)
K
- Go)
D
2,/BaCsaC—ret— =T G
Considering \/E >» K, Eq. (27) can be reduced to
K (No-22lcsin L)
hy = —2 (28)
- apy/ K

For ease of calculation and fitting to the experimental data, Eq. (28) has been
simplified using a first-order approximation of the Taylor expansion:

K (No-— J_CSIhIJ—)

%2 (29)
2/D4Csa (ﬁ W_ﬁ)



Supplementary Note 5. Accurate calculation of the encapsulation edge width of
the device.

In a square encapsulation layer, the presence of two-dimensional diffusion results
in corners being corroded earlier. The water vapor diffusion rate is fastest along the
diagonal direction. Based on experiments and simulations we obtained that the apparent
diffusion rate Kuiqe at the diagonal is in fixed proportion to the apparent diffusion rate
Keage at the edge, with an empirical value of about 1.54, i.e:

Rdiag . 1 54 (30)
Kedge

It can be obtained from the relationship between the diffusion distance and

diffusion time of water vapor:

Xdiag = Kdiag‘/E (1)

Where xgiqq 1s the distance that water vapor moves diagonally from one corner of the
encapsulation layer to the corresponding corner of the device.

Thus the edge width of the encapsulation layer can be calculated from the
geometric relationship:

Xdiag = ‘/Exedge (32)

Combining Egs. (30), (31) and (32) gives:
Xedge = 1.09 Kedge\/E (33)

In ABT encapsulant encapsulation, the apparent water vapor diffusion rate at the
edge can be minimized in the double 85 test at 1.1x10" m/s'? when the annealing
temperature is 80°C and the thickness of the adhesive layer is 200 um. In order to
protect the device from corrosion for 1000 hours under the double 85 condition, the
required edge width can be calculated to be at least 22.7 mm using Eq. (33).



Supplementary Figures

BTP-eC9 BO-4CI PCgiPeA

Supplementary Figurel. Molecular structures of the organic semiconductors used

in this study. Molecular structures of PM6, Y6, L8-BO, BTP-eC9, BO-4Cl and
PCs1PeA.
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Supplementary Figure 2. UV-Vis absorption spectrum of single-component films.
UV-Vis absorption spectra of PM6, Y6, L8-BO, BTP-eC9, BO-4Cl and PCs1PeA films
annealed at different temperatures for Smin.
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Supplementary Figure 3. UV-Vis absorption spectrum of binary films. UV-Vis
absorption spectra of binary blend films with PM6 as donor and Y6, L8-BO, BTP-eC9,
BO-4Cl as acceptors, respectively, annealed at different temperatures for 5 min.
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Supplementary Figure 4. UV-Vis absorption spectrum of ternary films. UV-Vis
absorption spectra of ternary blend films with PM6 as the donor, Y6, L8-BO, BTP-eC9,
BO-4Cl as the acceptors, respectively, and PCs1PeA as the third component, annealed
at different temperatures for 5 min.
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Supplementary Figure 5. Deviation metrics of UV-Vis absorption spectra of
single-component films at different temperatures. Deviation metrics of UV-Vis
absorption spectra of PM6, Y6, L8-BO, BTP-eC9, BO-4Cl and PC¢1PeA films annealed
at different temperatures for 5 min with respect to the as-cast (room temperature)
conditions. The curves are obtained by segmented linear fitting.
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Supplementary Figure 6. Deviation metrics of UV-Vis absorption spectra of
binary films at different temperatures. Deviation metrics of UV-Vis absorption
spectra of binary blended films with PM6 as donor and Y6, L8-BO, BTP-eC9, BO-4Cl
as acceptors, respectively, annealed for 5 min at different temperatures with respect to
the as-cast (room temperature) conditions. The curves are obtained by segmented linear
fitting.
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Supplementary Figure 7. Deviation metrics of UV-Vis absorption spectra of
ternary films at different temperatures. Deviation metrics of UV-Vis absorption
spectra of ternary blended films with PM6 as donor and Y6, L8-BO, BTP-eC9, BO-4Cl
as acceptors, respectively, and PCe1PeA as the third component, annealed for 5 min at
different temperatures with respect to the as-cast (room temperature) conditions.
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Supplementary Figure 8. Differentiate deviation metrics of UV-Vis absorption
spectra of single-component films at different temperatures. Differentiation of the
temperature-dependent curves of the deviation metrics of PM6, Y6, L8-BO, BTP-eC9,
BO-4Cl and PCg¢i1PeA films and the corresponding T,.s:. The curves are obtained by
segmented linear fitting.
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Supplementary Figure 9. Differentiate deviation metrics of UV-Vis absorption
spectra of binary films at different temperatures. Differentiation of the temperature-
dependent curves of the deviation metrics of binary blended films with PM6 as donor
and Y6, L8-BO, BTP-eC9, BO-4Cl as acceptors, respectively, and the corresponding
Tonser. The curves are obtained by segmented linear fitting.
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Supplementary Figure 10. Differentiate deviation metrics of UV-Vis absorption
spectra of ternary films at different temperatures. Differentiation of the
temperature-dependent curves of the deviation metrics of ternary blend films with PM6
as the donor, Y6, L8-BO, BTP-eC9, BO-4Cl as the acceptors, respectively, and
PCe1PeA as the third component, and the corresponding 7onser. The curves are obtained
by segmented linear fitting.
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Supplementary Figure 11. Comparison of different fullerene doping. Efficiency of
PM6:L8-BO system inverted OPVs doped with different fullerenes as the third
component as a function of heating time. The centre of the error bar is defined as the
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Supplementary Figure 12. GIWAX characterization of binary and ternary films
annealed at different temperatures. 2D GIWAXS patterns of PM6:L8-BO and
PM6:L8-BO:PCs1PeA blend films before and after 1,000 hours of annealing at different
temperatures.
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Supplementary Figure 13. UV-Vis absorption spectrum of binary films annealed
at different temperatures. UV-Vis absorption spectra of binary blend films with PM6
as donor and L8-BO as acceptors, during annealing at different temperatures for 100
min.
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Supplementary Figure 14. UV-Vis absorption spectrum of ternary films annealed
at different temperatures. UV-Vis absorption spectra of ternary blend films with PM6
as the donor, L8-BO as the acceptors, and PCs1PeA as the third component, during
annealing at different temperatures for 100 min.
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Supplementary Figure 15. Deviation metrics of UV-Vis absorption spectra of
binary films annealed at different temperatures. Deviation metrics of UV-Vis
absorption spectra of binary blended films with PM6 as donor and L8-BO as acceptors,
during annealing at different temperatures for 100 min with respect to the as-cast (room
temperature) conditions.
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Supplementary Figure 16. Deviation metrics of UV-Vis absorption spectra of
ternary films annealed at different temperatures. Deviation metrics of UV-Vis
absorption spectra of ternary blend films with PM6 as the donor, L8-BO as the
acceptors, and PCe¢PeA as the third component, during annealing at different
temperatures for 100 min with respect to the as-cast (room temperature) conditions.
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Supplementary Figure 17. Deviation metrics of UV-Vis absorption spectra of
binary and ternary films annealed at different temperatures. Comparison of
deviation metrics shift during annealing of binary and ternary blended films at different
temperatures for 100 min with PM6 as donor, L8-BO as acceptor and PCs1PeA as the
third component.
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Supplementary Figure 18. UV-Vis absorption spectra, deviation metrics and
differentiate deviation metrics of ternary films annealed at different temperatures.
UV-vis absorption spectra, Tz and Tyuser 0f PCs1BM and PC71BM doped ternary blended
films of PM6:L8-BO system. The curves are obtained by segmented linear fitting.
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Supplementary Figure 19. EQE characterization of binary and ternary inverted
organic solar cells. EQE curves and integration currents of binary and ternary inverted
OPVs prepared with and without Cgo using PM6 as donor, Y6, L8-BO, BTP-eC9, BO-
4Cl as acceptors, respectively, and PCs1PeA as the third component.
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Supplementary Figure 20. AFM characterization of binary and ternary blend
films. AFM images of binary and ternary blend films with PM6 as the donor, Y6, L8-

BO, BTP-eC9, BO-4Cl as the acceptors, respectively, and PCsiPeA as the third
component.
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Supplementary Figure 21. TOF-SIMS characterization of binary devices with and
without Ceo. TOF-SIMS depth profiles of PM6:L8-BO-based devices prepared without
(a-d) and with (e-h) a Ceo layer.
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Supplementary Figure 22. TOF-SIMS characterization of ternary devices with
and without Ceo. TOF-SIMS depth profiles of PM6:BO-4Cl1:PCs1PeA-based devices
prepared without (a-d) and with (e-h) a Ceo layer.
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Supplementary Figure 23. TOF-SIMS characterization of binary and ternary
devices with and without Ceo. TOF-SIMS depth profiles of CN™ for PM6:L8-BO -
based device (a) and PM6:BO-4Cl:PCs1PeA-based device (b).prepared without and

with

a Cep layer.
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Results of Test and additional explanation,

1. Standard Test Condition (STC): Total Irradiance: 1000 W/m’
Temperature: 25.0 °C
Spectral Distribution: AMI1.5G
2.Measurement Data and [-V/P-V Curves under STC
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Figure 1. I-V and P-V characteristic curves of the measured sample under STC

R UE S i

Continued page of test report

BIF/HOA
Page of Pages

Supplementary Figure 24. Efficiency certification. Optimised 0.0252 ¢cm? ternary
inverted organic solar cell efficiency certified by the National PV Industry
Measurement and Testing Center (Fuzhou, China).
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Results of Test and additional explanation.

3.Measurement Data and Curves for MPPT under STC

1 (%) 17.76
Pypp (mW) 0.4475
Lyypp (MA) 0.6311
V see (V) 0.7091

Note: Measurement data for MPPT under STC in the above table was the mean value acquired during the
final 30 seconds of the 300 seconds test
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Figure 2. Measurement curves of the measured sample for MPPT
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Supplementary Figure 25. Maximum power point tracking. The MPPT of
optimised 0.0252 cm? ternary inverted organic solar cell efficiency certified by the
National PV Industry Measurement and Testing Center (Fuzhou, China).
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Supplementary Figure 26. Linear fitting of normalized efficiency degradation.
Linear fitting of ternary inverted organic solar cells of PM6:BO-4C1:PCg1PeA system
with CMA structure at 150°C and 85°C thermal degradation. The initial initial device
efficiency were 17.31% and 17.82%, respectively.
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Supplementary Figure 27. Water vapor transmission rate characterization. The
water vapor transmission rate (WVTR) of aluminium foil butyl tapes on the front side
was tested by a water vapor transmission rate permeation analyzer (AQUATRAN
MODEL 2, AMETEK MOCON) and the water content detected was below the test limit
of the instrument.
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Supplementary Figure 28. Hot-press encapsulation. a Schematic diagram of hot-
press encapsulation. b SEM cross-section of aluminium foil butyl tape attached to the
substrate.

Supplementary Figure 29. Optical microscope characterization. Surface
morphology of butyl rubbers of different thicknesses attached to a glass substrate as
viewed through an optical microscope from the glass side. Significant fracture of the
butyl rubber was observed at a thickness of 100 um.
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Supplementary Figure 30. Finite element simulation. Edge diffusion distance and
diagonal diffusion distance versus diffusion time for different edge lengths and different
water vapour diffusion rates based on finite element simulations. The curves are
obtained by segmented linear fitting.
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Supplementary Figure 31. Adhesion characterization. Schematic and photograph of
tape adhesion test with 180° peel angle.
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Supplementary Figure 32. Adhesion characterization. a Curves of peeling force and
tensile displacement of adhesive tapes on substrates with different prebaking
temperatures. b Curves of peeling force and tensile displacement of adhesive tapes after
the double 85 test.
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Supplementary Figure 33. Characterization of lateral diffusion of water vapor in
80°C prebaked encapsulant. a Relationship between edge corrosion distance and time
for calcium films encapsulated with 80°C prebaked aluminium foil butyl tape
encapsulants with different thicknesses of adhesive layers in the double 85 test. 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 four data
points. b Relationship between apparent diffusion rate K and adhesive layer thickness
in 80°C prebaked aluminium foil butyl tape encapsulants encapsulation tests. Note that
when the layer thickness is less than 200 um, undesired cracks found within the films
which explains the increased K value.
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Supplementary Figure 34. Characterization of lateral diffusion of water vapor in
115°C prebaked encapsulant. a Relationship between edge corrosion distance and
time for calcium films encapsulated with 115°C prebaked aluminium foil butyl tape
encapsulants with different thicknesses of adhesive layers in the double 85 test. 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 four data
points. b Relationship between apparent penetration rate K and adhesive layer thickness
in 115°C prebaked aluminium foil butyl tape encapsulants encapsulation tests.
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Supplementary Figure 35. Characterization of lateral diffusion of water vapor in
150°C prebaked encapsulant. a Relationship between edge corrosion distance and
time for calcium films encapsulated with 150°C prebaked aluminium foil butyl tape
encapsulants with different thicknesses of adhesive layers in the double 85 test. 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 four data
points. b Relationship between apparent penetration rate K and adhesive layer thickness
in 150°C prebaked aluminium foil butyl tape encapsulants encapsulation tests.
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Supplementary Figure 36. Thermal cycling stability testing. a Efficiency versus
cycle number curves of inverted OPVs with PM6:L8-BO system with and without Ceo
interfacial layer during thermal cycling (-40°C-85°C). 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 six individual devices. b Efficiency
versus cycle number curves of inverted OPV's with PM6:BO-4C1:PC¢1PeA system with
and without Ceo interfacial layer during thermal cycling (-40°C-85°C). 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 ten individual
devices.

Supplementary Figure 37. Damp heat, thermal cycling, and bending test
equipment. Photos of climate chamber (D&R PVLT-9001-16A, Suzhou D&R
Instruments) for thermal cycling and damp heat tests (a) and bending machine
(FlexTest-TM-L, Hunan) for bending tests (b).

28



17

PM6:L8-BO
16
15+ T —3
f\ﬂ/_a\‘\:
—~ 14}
c\a
w 13 ‘
8 121 —a—w/o Cqg
[—o—w/ Cgq
11F
10}

0 2000 4000 6000 8000 10000
Bending cycle

Supplementary Figure 38. Bending test of devices with and without Ceo. Efficiency
degradation versus number of bends for flexible OPVs (PM6:L8-BO system) bent with
or without Ceo. 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
six individual devices.
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Supplementary Figure 39. Bending tests of encapsulated flexible devices. a Flexible
organic solar cell structure (PM6:L8-BO system without Ce). b Schematic diagrams
of outward and inward bending. c-d Curves of efficiency degradation versus the number
of bends for flexible organic solar cells with or without encapsulation for outward (c)
and inward bending. 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 six individual devices.
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Supplementary Tables
Supplementary Table 1. Summary of reported values of degradation activation energy

of different types of solar cells.

Solar Cells E. (eV) (gﬁ:ﬁ?ﬁa?eﬁ/:esiﬁ) Ref.
Silicon 0.95; 1.15 0.000042 3
GaAs 1.02 0.0000285 4

porovekite | 0274 0.3; 0.6150.634; 0.06; 0.01; 0.02; s

0.687; 0.725 0.00416; 0.00167; 0.0005
. . . Sx :
Organic 0.35; 0.52* 0'0044’0(.)6(())(())2277,*0'001 X W?rlll(s

Supplementary Table 2. Summary of reports on organic solar cells for double 85

testing.

Year Materials PCE (%) | Double 85 Stability Ref.
2014 P3HT:PCBM 2.7% T95>1000 h ’

2015 - 1.5% T80~200 h 10
2016 - 2.5% T80=300 h i
2020 P3HT:PCs1BM 2.4% T80~10 h 12
2023 P3HT:PCBM 2.8% T80~95 h 13
2025 PM6:L8-BO 17.8% T95>1000 h* *This work
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Supplementary Table 3. GIWAXS Characteristics of PM6:L8-BO and PM6:L8-
BO:PC¢1PeA blend films with the different stored conditions

Materials Storage Peak Location sp:)c-ing FWHM | CCL
temperature (A (A A)
A)
RT (100) IP 0.304 20.685 0.065 86.426
(010) OOP 1.726 3.640 0.367 15.425
g50C (101) IP 0.304 20.691 0.063 89.760
(010) OOP 1.737 3.617 0.350 16.176
(100) IP 0.306 20.551 0.059 96.155
PM6:L8-BO 100°C
(010) OOP 1.736 3.620 0.352 16.043
130°C (101) IP 0.301 20.853 0.058 96.929
(010) OOP 1.727 3.639 0.337 16.777
o (100) IP 0.303 20.726 0.051 110.880
(010) OOP 1.753 3.585 0.329 17.182
RT (1o1) IP 0.309 20.313 0.064 87.727
(010) OOP 1.738 3.614 0.348 16.246
4500 (100) IP 0.307 20.469 0.063 89.320
(010) OOP 1.728 3.636 0.347 16.306
(101) IP 0.309 20.329 0.064 88.537
PM6:L8-BO:PC¢PecA 100°C
(010) OOP 1.738 3.615 0.347 16.291
130°C (100) IP 0.307 20.458 0.060 94.028
(010) OOP 1.741 3.608 0.344 16.440
150°C (101) IP 0.301 20.883 0.056 | 100.210
(010) OOP 1.751 3.588 0.317 17.813
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Supplementary Table 4. 7, and T, of single-component, binary and ternary active
layer films extracted by UV-Vis spectroscopy testing.

Materials Ty (°C) Tonset (°C)
PM6 - 129
PCs1PecA - 155
Y6 110 88
L8-BO 113 93
BO-4Cl 95 85
BTP-eC9 97 85
PM6:Y6 128 96
PM6:L8-BO 127 95
PM6:BO-4Cl1 102 89
PM6:BTP-eC9 113 89
PM6:Y6:PCe1PeA - 129
PM6:L8-BO:PCs1PeA - 130
PM6:BO-4CI1:PCs1PcA - 127
PM6:BTP-eC9:PC¢1PeA - 128

Supplementary Table 5. Summary of 7, reported in the literature for donor and
acceptor materials.

Materials T (°C) Materials T (°C)
PBDB-TF (PM6) | 120'%;170-180'5 | BTP-C3-4F (N3) | 82!°
PPV 140" BTP-eC7 8516
TQl 100~110" BTP-4F-C12 7816
P3HT 1218; 20" BTP-eC9 751617520
PTB7-Th 130%! TYT 2177
PTQ10 181% DYBO 179%
PTzBI-dF 8423 MYBO 802
PC71BM 140, 160" TDY-o 115%
ITIC-Th 180 TDY-B 106%*
PCsiBM:PC71BM | 1257 ITIC 1802
PCs1BM 110-150"7 ZCCF3 115%7
DP-BTP 126 CPDT-ICM 126"
N3 8828 DYV 134%°
Tet-1 247% IEICO-4F 190°°
BTP-4F (Y6) 102'6; 993!
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Supplementary Table 6. Summary of 7, and corresponding device efficiencies of

active layer blend films reported in the literature.

Materials T (°C) PCE Materials T PCE(%)

(%) °C)
TQ1:PCs1BM 110 4.9Y7 PM6:BTP-4F 15.216
TQ1:PC;1BM 110; 7.0"7 PM6:BTP- 16.116

160 4F:PC7 BM
TQ1:PCsiBM:PC7 BM 120 4.5 PM6:Y6 15.71¢
TQ1:Ce0:Cro 141 3.6"7 PM6:BTP-4F-C12 16.416
P3HT:PCsiBM 50 PM6:BTP-eC7 14.916
PTB7:Ce0:Cro 224 6.0"7 PM6:BTP-eC9 17.816
P3HT:PCsiBM:ICBA 3.917 PM6:BTP-eCl1 17.316
P3HT:PCsiBM:PC7 BM 2.417 PM6:TYT 18.15%2
P3HT:PCs1BM:bis-PCBM 3.6"7 PM6:DYBO 18.1%
PTB7:1CBA:PC71BM 8.817 PM6:MYBO 17.1%
PTB7-Th:ICBA:PC;1BM 10.2"7 PM6:TDY-a 18.13!
PPBDTBT:PC7; BM:ITIC 10.417 PM6:TDY-B 17.0%
PPBDTBT:PC7BM:ITIC-Th 10.2"7 PTB7-Th:PC71BM 124 9.7%!

PBQx-TCLPY-IT:PY-IV 106.9 18.813%2 PTQ10:Y6 10.5%

D18:N3:DP-BTP 19%8 Y6:TPIIC 1103

PM6:Tet-1 16.92% Y6:ZCCF3 1107
PM6:L8-BO:Tet-1 19.31% PM6:Y6 16.8%7
PM6:L8-BO 18.65% PM6:Y6:ZCCF3 18.5%7
PM6:BTP-C3-4F(N3) 15.916 P3HT:CPDT-ICM 8.17Y
PM6:BTP-C3-4F(N3):PC71BM 16.7'¢ PM6:DYV 18.6%°

Supplementary Table 7. Performance parameters of PM6:L8-BO system inverted
OPVs doped with different fullerenes as the third component.

Conditions Voc (V) ( mz&]/sccmz) FF (%) PCE (%)
PMO:LS-BO:PCaBM o.sgéi%%oos 26.?)665333 75.7156;1(3.72 16.1777£§.24
PMO:LS-BO:PCHBM 0.84(1)2'?::)?004 26.25?15322 75.?)56f§,37 16_172'33,13
PME:LE-BO:PCorPeA 0.8;) ijﬁooz 26.297113.52 76.777615.68 17.155;'2335
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Supplementary Table 8. Performance parameters of the various binary and ternary
cells with and without Ceo protection layer.

JSC Jcal.
Material Co Voc(V FF (% PCE (%
aterials 60 oc (V) (mA/em?) (mA/em?) (%) (%)
M-V L osal 26.18 2549 78.82 16.95
‘ W0 0.815£0.004 26.17+0.21 ' 78.43£035 16.72+0.21
832 25. 12 16.
PM6:Y6 w 083 568 2475 78 6.70
0.820+0.007 25.81%0.30 77612081 16.43£0.23
0.805 28.52 77.80 17.86
PM6:Y6:PCs1PeA w/o 27.11
0.800+0.005 28.45+0.41 76.95+ 0.80 17.52+0.29
PMEYEPCpen w0804 27.44 re7 78.44 17.31
. N W, .
ore 0.799+0.004 27.75+0.46 76.13+ 1.49 16.87+0.31
PMELSBO 0872 2571 2459 78.94 17.70
‘ W0 0,868+ 0.00525.524033 7 79.0140.16 17.5120.15
0.868 25.08 79.34 17.27
PM6LS-BO  w/ 24.15
0.868+0.002 25.09+0.20 78.6540.55 17.13%0.14
PM6:L8- o 0847 2739 2650 77.92 18.07
W, .
BO:PCyPeA 0.837+0.007 27.08+ 0.51 77.35+0.581 17.53£0.336
PMG6:LS- 08 26.89 264 77.59 17.57
W, .
BO:PCq,PeA 0.839+0.004 26.62+0.30 77.10£0.45 17.21+0.26
PMEBOAC 0839 27.29 r6al 74.99 17.17
' W0 0.835£0.003 26.61£0.27 ' 74.77+0.88  16.61+0.24
0.835 26.68 75.11 16.73
PM6:BO-4CI  w/ 26.17
0.834+0.002 25.97+0.43 75.63+ 0.85 16.38+0.26
PM6:BO- . osal 27.63 10 81.05 18.60
W, .
4C1:PCs1PeA 0.821+0.005 28.10+ 0.51 77.67£1.59  17.91+0.32
PM6:BO- 0833 27.50 265 80.89 18.53
W, .
4C1:PCePeA 0.82240.007 27.97+ 0.56 77814233 17.89+0.41
PMEBTPaco o 0832 27.39 2618 75.49 17.19
e W0 0.83240.002 26.9140.55 ' 75.37+0.87 16.88+0.34
. 26. . 17.
PM6BTP-cCO w038 6.89 26.17 7575 7:06
0.832+0.003 26.87+0.26 74.80£0.75 16.73£0.23
PM6:BTP- 0.814 28.42 77.09 17.84
w/o 27.03
¢C9:PCqPeA 0.810+0.003 28.4140.37 76.4040.94 17.58+0.17
PM6:BTP- . 0sll 27.99 26 84 77.58 17.61
W, .
¢C9:PCqPeA 0.809+0.002 27.88+0.41 76.56+0.83 17.27+0.19
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Supplementary Table 9. Key parameters and their ratios for different edge lengths and
different edge water vapor diffusion rates based on finite element simulations.

L (mm) Kege (10°m/s'?)  Kyigg (105m/s'?) (Hll)l(;l) Kiiog/Keage ~ Do/L
10 13 20.53 3.83 1.54 38.3%
15 1.08 1.66 5.75 1.54 38.3%
25 10.29 15.88 9.63 1.54 38.5%
50 13.29 20.50 19.12 1.54 38.2%

Supplementary Table 10. Parameter values obtained by fitting the equations for the
apparent diffusion rate K and the thickness of the adhesive layer.

cmporuee V) DA CoD e
80°C 11.43 4.49x100  339x10 0.99
115°C 9.85 1951070 67310 0.96
150°C 7.07 5.19x1011  8.71x10°* 0.96

35



Supplementary Table 11. Statistics on the contribution of bulk diffusion and interface
diffusion under different conditions.

Encapsulants | &4 (um) | K (m/s"?) | Bulk diffusion | Interface diffusion
850 1.95%1073 71.03% 28.97%
790 1.87x1073 71.61% 28.39%
640 1.75%107 65.89% 34.11%
80°C pre 600 1.71x107 64.38% 35.62%
bakii 580 1.69x107 63.63% 36.37%
g 500 1.48x107 69.14% 30.86%
370 1.40%107 56.29% 43.71%
300 1.23x107 56.64% 43.36%
200 1.10x1073 44.99% 55.01%
830 1.67x107 34.33% 65.67%
780 1.67x107 32.51% 67.49%
750 1.66x107 31.68% 68.32%
115°C pre- 530 1.56x107 25.46% 74.54%
baking 490 1.54x107 24.23% 75.77%
450 1.51x107 23.29% 76.71%
400 1.47x107 21.94% 78.06%
320 1.36x107 20.55% 79.45%
880 1.68x107 13.30% 86.70%
700 1.66x107 10.44% 89.56%
150°C 690 1.61x107 9.98% 90.02%
baknfre- 500 | 1.60x10° 8.50% 91.50%
g 490 1.58x107 6.98% 93.02%
220 1.52x1073 3.05% 96.95%
200 1.51x107 2.77% 97.23%
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Supplementary Table 12. Performance parameters of inverted organic solar cells
before and after different hot press temperatures. The encapsulated devices were tested
after being left for 12 hours.

Hot-press Jsc FF
iti PCE (¢

temperature Conditions Voc(V) (mA/ecm?) (%) CE (%)
Before =) 076£0.002  24.97:0.12 % 16.5440.17

RT encapsulation +0.67
After 62000002 26.0120.12 221 17.19£0.18

encapsulation +0.55
Before ) 02010002 25.08:0.17 01 16.66+0.12

encapsulation +0.97

40°C Aft 7478
o 0.88340.004 26.22+0.14 ' 1731+0.10

encapsulation +0.78
Before ) 00700004 24.88:0.16 71 16.30+0.52

encapsulation +2.18

60°C Aft 7475
o 0.88040.005 25.7240.12 72 16.93+0.39

encapsulation +1.63
Before =) 69700003 25.02:0.15 09 16704028

encapsulation +0.99

80°C Aft 7521
o 0.88440.002 25.854023 > 17.18+0.29

encapsulation +0.81
Before 67700003 24.94:021 0% 16.63+0.20

encapsulation +0.60

100°C After 75.44
0.881£0.002 25804027 27T 17.14+0.26

encapsulation +0.73

Supplementary Table 13. Performance parameters of inverted organic solar cells
before and after thermal cycling and damp heat testing.

Conditions Voc (V) Jsc (mA/cm?) FF (%) PCE (%)
Before 0.8830.002 25.18+0.18  77.49+044  17.24+0.14
thermal cycling
After
) 0.849+0.003 26.34+0.17 73.96+0.76  16.54+0.19
thermal cycling
Before 0.885+0.006 2546+020 753712  16.98+0.44
damp heat
After
0.891+0.008 24.45+0.26 73.53+1.44 16.02+0.43
damp heat
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Supplementary Table 14. Performance parameters of flexible organic solar cells

before and after bending tests.

o o Jsc o o
Conditions  Conditions Voc (V) (mA/cm2) FF (%) PCE (%)

Without Before ) 06640003 23761022 71.73£1.87 14.76:033
bending

Ceo After bending  0.865+0.001 23.12+0.18 71.28+0.53 14.25+0.09
) Before

With . 0.872+0.004 23.67+0.24 74.42+0.87 15.36+0.03
bending

Ceo After bending  0.864+0.003  23.62+0.05 71.66+0.54 14.63+0.07
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