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1. Experimental Section

Materials

The borosilicate glass was purchased from Luoyang Tengjing Co., Ltd. PET/ITO
and glass/ITO substrates (15 Q/o) were purchased from Advanced Election
Technology Co., Ltd. PM6 was purchased from Hyper PV Technology. Co., Ltd, while
Y6 and PDIN were purchased from Solarmer Materials Inc. 2,2'-
Bis(trifluoromethyl)benzidine (TFMB), 3,3',4,4'-Bipheny] tetracarboxylic dianhydride
(BPDA) were purchased from J&K Scientific and Huimai Material Technology Co.,
Ltd., respectively. All chemicals were used as received without further purification.
Synthesis of Colorless Polyimide (PI)
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Scheme 1. Synthetic route for the PI precursor.

A typical two-step method was employed to synthesize colorless PI films, with a
simple process similar to previous reports.[1] Taking poly(amidic acid) (PAA)
precursor solution with 25% solid content as an example, 3.2 g of TFMB and 2.9422 g
of BPDA (molar ratio = 1:1) were introduced into a three-neck, round-bottomed flask
filled with 18.4266 g of N,N-dimethylacetamide (DMAc) solvent, followed by stirring
at room temperature for 8 hours. The resulting mixture was then subjected to vacuum
defoaming to obtain a colorless PAA solution. The as-prepared PAA solution was spin-
coated onto clean borosilicate glass substrates and pre-cured at 120°C for 30 min.

Subsequently, a stepwise thermal annealing process was conducted in a muffle furnace



under nitrogen atmosphere to obtain PI films: the temperature was raised from room
temperature to 300°C with a heating rate of 5°C/min, and then maintained for 80 min

to complete imidization.
Device fabrication

For the PI/ITO integrated transparent electrode, an ITO layer was deposited onto
the PI film via magnetron sputtering method, following by thermal annealing at 250 °C
for 30 min. The as-prepared PI/ITO substrate, commercially purchased PET/ITO and
glass/ITO substrates were cleaned sequentially with detergent, deionized water and
ethanol under sonication for 30 min each and dried at 60 °C in an oven overnight,
followed by an oxygen plasma treatment of 10 min. A hole transport layer (HTL) was
prepared by spin-coating PEDOT:PSS 4083 at 3000 rpm for 30 s onto the cleaned
PI/ITO substrate. This was followed by thermal annealing in air, at 150 °C for 15 min.
Afterwards, the substrates were transferred into an Nj-filled glovebox. The
PM6:Y6 blend solution (CF, 1:1.2 by weight, 6.5 mg/mL for PM6) was spin-coated at
3000 rpm for 30 s to form the photoactive layer, which was then thermal annealed on a
hotplate at 110 °C for 10 min. Subsequently, a thin layer of electron transporting layer
was deposited by spin-coating a methanol solution of PDIN (2 mg/mL) at 3000 rpm for
30 s onto the active layers. Finally, 100 nm of Ag electrode was thermally evaporated
onto the device under vacuum. Prior to the Ag deposition, a shadow mask was carefully

aligned onto the samples to define an active area of 0.0516 cm?.

Measurements and Instruments
J-V and EQE measurement

The current density-voltage (J-V) characteristics were measured by a Keithley



2400 source meter, under 1 sun irradiation (AM 1.5G, 100 mW cm) using a solar
simulator (XES-50S1, SAN-EI ELECTRIC, Japan). Before the J-V tests, a physical
mask with an aperture with precise area of 0.04 cm? was used to define the device area.
The external quantum efficiency (EQE) curves were measured by an integrated QE
measurement system (Enlitech, Taiwan, China).

Optical transmission spectra

The optical transmission spectra of transparent electrodes on a quartz substrate were
recorded by SHIMADZU UV-3600 Plus.

AFM characterization

The AFM height and phase images were obtained by a Bruker Dimension Fast Scan.
SEM characterization

The SEM images were obtained by an Apreo 2S HiVac scanning electron microscope

(Thermo Fisher Scientific Brno s.r.0., Czech Republic).



2. Supplementary Figures
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Figure S1. a) Transmittance of PI substrates fabricated with various spin-coating speeds and solid

contents; b) Transmittance of PI/ITO integrated electrodes with various ITO thicknesses.
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Figure S2. a) AFM images of PI/ITO integrated electrodes with ITO thickness of a) 100 nm; b) 150

nm; ¢) 300 nm.
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Figure S3. J-V characteristics of PI/ITO-based OSCs a) with different ITO thicknesses; b) with
different thermal annealing temperatures for ITO; c) different thermal annealing durations for ITO.



35

—a—PIITO
30+
g
~ 25
mb’l
20
16

0 50 100 150 200 250
TA Temperature (°C)

Figure S4. Variation of sheet resistance of PI/ITO electrodes with thermal annealing at different
temperatures.
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Figure S5. The images of OSC devices based on a) PI, b) PET, and c) glass substrates. Note: the

average weight of a single Pl-based device is 0.0025 g.
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Figure S6. Normalized sheet resistance of different flexible transparent electrodes versus thermal

annealing time.
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Figure S7. Normalized photovoltaic parameters of the OSCs fabricated with different transparent

electrodes a-c) during storage stability test in an N,-filled glovebox; d-f) under thermal stress at 80

°C.
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Figure S8. Normalized photovoltaic parameters of the OSCs fabricated with different transparent
electrodes after various bending cycles with a bending radius of 4 mm. (Inserted images display

the flat and bended states of flexible devices during the bending test.)
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Figure S9. Normalized sheet resistance of different flexible transparent electrodes after various
bending cycles at a bending radius of a) 2 mm; b, ¢) 5 mm.
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Figure S10. SEM image of PET/ITO (a) before and (b, c) after 500 bending cycles at a bending
radius of 2 mm; SEM image of PI/ITO (d) before and (e, f) after the same bending test. The images

are recorded at a scale of (a, b, d, €) 4 pm and (c, f) 10 um.



3. Supplementary Tables

Table S1. Film thickness of PI substrates fabricated with various spin-coating speeds

and solid contents.

Solid Content (%) Spin-coating Speed (rpm) Film Thickness (num)
20 6300 /
3300 11
4300 9
25
5300 7
6300 5
3300 17
4300 15
30
5300 13
6300 11

Table S2. Sheet resistances of PI/ITO integrated electrodes with various ITO
thicknesses, measured by four-point probe technique.

Thickness (nm) 100 150 175 200 300
R, (Q) 47.5 335 29.95 20.6 221
R, (QQ) 443 28 26.55 213 17.2
R;(Q) 48.5 30.1 28.57 21.8 21.4
R4 (Q) 51.4 29.4 27.83 22 20.9
R5(Q) 52.1 30.9 28.26 19.7 18.7
Rs (Q) 56.7 33.7 28.30 22.6 18.8
R;(Q) 45.2 28.4 26.48 19.1 16.5
Rs(Q) 50.8 32.6 28.94 22.2 23.4
Ry (Q) 57.1 34.1 33.55 24.5 20.1
Rio(Q) 53.0 30.5 31.30 22.4 19.5
Average Ry, () 50.66 31.12 28.97 21.62 19.86




Table S3. Photovoltaic parameters of PI/ITO-based OSCs with different ITO
thicknesses, measured under AM 1.5G irradiation.

Thickness (nm) Voc® (V) Jsc® (mA-cm?) FF? (%) PCE? (%)
100 0.82 25.02 67.20 13.74
(0.820.00) (24.7620.32) (67.05£3.24)  (13.62+0.79)
150 0.83 25.55 71.12 15.16
(0.830.00) (24.81£0.61) (71.78£1.97)  (14.82+0.28)
200 0.83 24.93 76.23 15.75
(0.83+0.01) (24.7440.36) (75.60£1.00)  (15.45+0.18)
300 0.83 23.88 76.89 15.22
(0.83+0.00) (23.57+0.25) (75.88+1.07) (14.79+0.20)

a) The values in parentheses represent statistical data obtained from ten devices.

Table S4. Photovoltaic parameters of PI/ITO-based OSCs with different thermal
annealing temperatures for ITO, measured under AM 1.5G irradiation.

TA temperature (°C) Voc® (V) Jsc® (mA-cm?) FF? (%) PCE? (%)
. 0.75 23.56 73.81 13.00
w/o annealing

(0.75£0.01)  (23.00£0.56)  (71.62+2.66)  (12.31+0.87)

150°C 0.77 23.67 73.36 13.24
(0.77£0.01)  (22.47£0.61)  (73.94£0.75)  (12.72+0.29)

200°C 0.80 22.51 76.16 13.76
(0.7940.02)  (23.09£0.79)  (75.04£1.21)  (13.62%0.11)

250°C 0.83 24.93 76.23 15.75
(0.83£0.01)  (24.74£0.36)  (75.60£1.00)  (15.45%0.18)

280°C 0.82 23.39 78.02 15.05
(0.8240.00)  (23.19£0.35)  (76.70£0.78)  (14.60+0.31)

a) The values in parentheses represent statistical data obtained from ten devices.

Table SS. Photovoltaic parameters of PI/ITO-based OSCs with different thermal
annealing durations for ITO, measured under AM 1.5G irradiation.

TA time Vo (V)  Joc® (mA-em?)  FFY (%) PCE® (%)
, 0.75 23.56 73.81 13.00
w/o annealing
(0.7520.01) (23.00£0.56)  (71.62+2.66)  (12.31:0.87)
. 0.82 23.29 75.63 14.43
i (0.83+0.01) (22.48+1.13)  (72.86£2.20)  (13.56+0.64)
, 0.83 24.93 76.23 15.75
30 min
(0.83£0.01) (24.74£036)  (75.60£1.00)  (15.45£0.18)
, 0.83 2429 76.40 15.44
60 min
(0.83£0.01) (23.89+40.62)  (75.08£1.44)  (14.89+0.38)

a) The values in parentheses represent statistical data obtained from ten devices.



Table S6. Photovoltaic parameters of the reported flexible OSCs based on PM6:Y6.

Device Electrode Thi(c;kr:)ess \(/\(;;: (m,&l-sccm'z) (IZ /OF) FZOC/:’I)E Ref
Rigid Glass/ITO / 0.84 24.89 74.37 15.75

Flexible PET/PH1000 / 0.83 23.57 72.03 14.07 2l
Rigid Glass/ITO / 0.84 25.53 67.80 14.47

Flexible Flexible/AgNWs-GV 125 0.84 23.54 73.20 14.42 ol
Rigid Glass/ITO / 0.83 25.43 74.50 15.71

Flexible  PET/FlexAgNE/ZnO 125  0.83 24 .87 74.30 15.32 vl
Rigid Glass/ITO / 0.82 259 73 15.4

Flexible PI/ITO 1.4 0.83 25.7 72 15.2 o]

Flexible ~PET/AgNWs/ZnO:PVP 125  0.82 24.58 74.45 15.01 [6]
Rigid Glass/ITO / 0.84 25.67 72 15.43

Flexible PEN/PEDOT:PSS 1.3 0.84 25.36 70 15.03 )

Flexible PEN/AgNWs 125  0.83 25.40 71 15.03 [8]
Rigid Glass/ITO / 0.83 25.66 73.75 15.78

Flexible Em-Ag/AgNWs:AZO-SG 125  0.83 25.05 72.97 15.21 o)

Flexible PET/PEDOT:PSS 125  0.83 24.80 66.00 13.62 [10]
Rigid Glass/ITO / 0.84 26.78 71.43 16.08

Flexible PET/PEDOT:PSS / 0.83 23.21 68.63 12.59 .
Rigid Glass/ITO / 0.85 25.00 74.00 15.70

Flexible Pl/Graphene 25 0.84 25.80 70.20 15.20 2l

Flexible PI/AgNW 20 0.82 24.71 66.17 13.40 [13]
Rigid Glass/ITO / 0.83 25.81 74.94 16.05

This work
Flexible PI/ITO/PEDOT:PSS 5 0.83 25.442 76.23 16.10

2 The integrated Jsc derived from EQE measurement.
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