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Materials  

Polymer donor PTQ10, PQSi705, PBZ-2Si, Si25, i-IESi-4F and FC-S1 were 

synthesized in our lab according to the procedures in the literatures.1-6 Polymer donor 

J52 and non-fullerene acceptors Y6, Y6-BO, i-IEICO-4F were purchased from 

Shenzhen Yirou Photovoltaic Technology Co., Ltd. 

 

Fabrication of the OSCs  

The devices were fabricated in inverted architectures of ITO/ZnO/active layer/MoO3/Al. 

The patterned ITO-coated glass substrates were cleaned by sequential sonication using 

detergent, acetone, deionized water, and ethanol, and dried in oven at 70 ℃ before used. 

ZnO layer of 30 nm was spun onto the substrate and annealed at 200 ℃ on a hot plate 

for 30 min in air. The active layers of PTQ10:Y6 and PQSi705:Y6 were prepared by 

dissolving in chloroform at room temperature with a donor:acceptor mass ratio of 1:1.2 

at a total concentration of 17 mg/mL. The spin-coating of an active layer was conducted 

at 3000 rpm for 40 s, giving an optimal film thickness of ~110 nm. Then the active layer 

was dried at 110 °C for 5 min. Subsequently, for devices where the active layer needs 

to be processed in N2, the ITO substrates covered with ZnO were transferred to a N2-

filled glovebox (water and oxygen content < 0.1%) and then the donor and acceptor 

blend solutions were spin-coated on the substrates. For the devices processed in air, the 

active layer was directly spin-coated on the ZnO in air. The relative humidity of 65% 

and 93% was adjusted by a small humidifier and detected by a hygrometer. Finally, 5 

nm MoO3 and 100 nm aluminum (Al) were sequentially deposited on top of the active 
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layer through a shadow mask in a vacuum chamber at a pressure of 2×10−4 Pa. The 

active layer area of the device was defined to be 0.057 cm2.  

For the extremely harsh treatments of PQSi705:Y6 and PTQ10:Y6 active layers, 

the PQSi705:Y6 or PTQ10:Y6 solution was spin-coated on the ZnO cathode interface, 

and then its surface was immersed with water for 10 min or its blend film was exposed 

in boiling water vapor for 10 min. After the harsh treatments, the water on the surface 

of the active layer was thrown off and the active layer was annealed at 110°C for 5 min, 

and finally the MoO3 and Al were continuously evaporated on the active layer under 

the pressure of 1×10-5 Pa to complete the device preparation. 

Active layers of PBZ-2Si:i-IEICO-4F, J52:i-IESi-4F and PBZ-2Si:i-IESi-4F were 

fabricated according to descriptions in a previous report.4 Active layer Si25:Y6-BO was 

prepared by dissolving in 80 ℃ hot chlorobenzene with a donor:acceptor mass ratio of 

1:1.2 at a total concentration of 14 mg/mL. The thickness of the Si25:Y6-BO active 

layer is about 300 nm. 

The PQSi705:m-THE based devices were fabricated in a conventional device 

structure of ITO/PEDOT:PSS/PQSi705:m-THE/PDINN/Ag. The optimized OSCs with 

D/A mass ratio of 1:1.2 at a total concentration of 17 mg/mL in chloroform, 0.7% 1-CN 

as solvent additive. The spin-coating of an active layer was conducted at 3000 rpm for 

40 s, giving an optimal film thickness of ~100 nm, and thermal annealing at 90 ℃ for 

5 min. The PDINN methanol solution with a concentration of 1.0 mg/mL was deposited 

on the active layer at a speed of 3000 rpm for 30 s. Under the pressure of 1×10-5 Pa, 

about 100 nm of Ag electrode was evaporated and deposited. 
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Measurements and characterizations 

Photovoltaic performance measurements. The photovoltaic performance was 

measured under an AM 1.5G (air mass 1.5 global) spectrum from a solar simulator 

(Japan, SAN-EI, XES-40S1). The light intensity of the solar simulator was calibrated 

with standard silicon solar cell with a KG5 filter at 100 mW/cm2 before the testing, as 

calibrated by a National Renewable Energy Laboratory (NREL) certified silicon 

photodiode. The current density-voltage (J-V) curves were recorded with a Keithley 

2400 source meter. 

Fourier-transform infra-red (FTIR) measurements. The FTIR absorption spectra 

were performed on Infrared Spectrum Microscope (Nicolet IS50 - Nicolet Continuum, 

Thermo Fisher Scientific Co.). The measurement was based on a reflection mode. 

Absorption spectra measurements. UV-vis absorption spectra were carried out via 

UV-3600 (Shimadzu Co.) spectrophotometer. 

EQE measurements. The external quantum efficiency (EQE) data were gained 

through the solar-cell spectral-response measurement system (QE-R3011, Enlitech), 

which was calibrated with a crystal silicon photovoltaic cell before testing. 

SCLC measurements. The hole mobilities (μh) and electron mobilities (μe) of active 

layers were measured by the space charge limited current (SCLC) method with hole-

only devices of ITO/PEDOT:PSS/Active layer/MoO3/Al and electron-only devices of 

ITO/ZnO/Active layer/PFN-Br/Al. The μh and μe were determined by fitting the dark 

current to the model of a single carrier SCLC, described by the equation: 

𝐽 =
9

8
𝜀0𝜀𝑟𝜇

𝑉2

𝑑3
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where J is the current, 𝜀0 is the permittivity of free space, 𝜀𝑟 is the material relative 

permittivity, V is the effective voltage and d is the thickness of the active layer. The 

effective voltage can be obtained by subtracting the built-in voltage (Vbi) from the 

applied voltage (Vappl), V=Vappl −V bi. The mobility can be calculated from the slope of 

the J1/2 -V curves. 

AFM measurements. The surface morphologies of AFM images relative to the 

corresponding BHJ blends were obtained on a Multimode 8 Dimension Icon Scanning 

Probe Microscope (Bruker, Multimode 8) in the tapping mode. 

TEM measurements. TEM micrographs were obtained on a JEM 1400 Plus 

microscope operating at 300kV. 
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Supplementary Figures 

 

Fig. S1 (a) J-V curves and (b) photographs for PM6:BTP-eC9 active layers (~110 nm 

thickness) casted in N2 glovebox (left) and air with 90% relative humidity (right). 

 

 
Fig. S2 The molecular structure of polymer FC-S1, whose synthesis was given in a 

previous report.6 
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Fig. S3 FT-IR spectra FC-S1 films by drop casting FC-S1 chloroform solution in (a) 

N2 glovebox and (b) air with 90% RH as well as (c) drop casting FC-S1 chloroform 

solution with small amount of water (20 L water in 200 L chloroform) in air with 

70% RH. For the FC-S1 film by drop casting in air with 90% RH, the FTIR spectrum 

can show the H2O peak in range of 3000−3100 cm−1 whereas such a H2O peak does not 

exist in the FC-S1 film by drop casting in the N2 glovebox.  
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Fig. S4 Moisture condensations on the substrate after evaporations of (a) pure 

chloroform and (b) FC-S1 chloroform solution in air with different relative humidities 

(RH). 
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Fig. S5 (a) The film absorption spectra and (b) energy levels of PTQ10, PQSi705, and 

Y6. 

 

 
Fig. S6 Jph-Veff curves of (a) PTQ10:Y6 and (b) PQSi705:Y6 based devices processed 

in N2 glovebox and air with 93% relative humidity. The dependency of Jsc on light 

intensity for (c) PTQ10:Y6 and (d) PQSi705:Y6 processed in N2 glovebox and air with 

93% relative humidity. 
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Fig. S7 The Raman spectra of the PQSi705, PTQ10 and Y6 neat films processed in N2 

glovebox and air with 93% RH, respectively. 

 

 

Fig. S8 The contact-angle test generated from oil and water droplets on the surface of 

polymer neat films and their blend films. 
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Fig. S9 Molecular structures of polymer donors PBZ-2Si and Si25 and non-fullerene 

acceptor i-IESi-4F. 
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Supplementary Tables 

Table S1 The device performance of the air-processed organic solar cells reported in recent years 

Entry Active layer Relative humidity [%] VOC [V] JSC [mA cm-2] FF [%] PCE [%] Ref. 

1 P9:PC71BM --a 0.85 13.17 64 7.13 7 

2 PCDTBT:GNF-EDNB:PC71BM --a 0.896 12.56 57.1 6.41 8 

3 PDPPPTD:PC71BM --a 0.85 11.72 67 6.7 9 

4 PFQ2T-BDT:PC61BM --a 0.87 8.70 55 4.2 10 

5 PBDT-TSR:PC71BM --a 0.780 16.48 62.37 8.02 11 

6 PDPPPTD:PC61BM --a 0.87 12.55 67.83 7.41 12 

7 DRCN5T:PC71BM --a 0.92 15.48 59.30 8.5 13 

8 PTB7-Th:tPDI-Hex --a 0.94 11.6 43.7 4.8 14 

9 PTB7-Th:PDI-DPP-PDI --a 0.98 11.32 50.1 5.6 15 

10 P-4FP:Y6 --a 0.80 20.73 72.67 12.05 16 

11 PM6:BTP-eC9 25–35 0.836 26.26 76.4 16.77 17 

12 PM6:ITIC-4F 30 0.823 18.06 71.6 10.77 18 

13 PM6:Y7 30 0.857 22.95 69.7 13.44 18 

14 PBDTTT-OFT:PC71BM 35–45 0.481 2.1 47.4 0.49 19 

15 PBDTTT-OFT:IEICO-4F 35–45 0.655 20.5 64.2 8.61 19 

16 PM6:Y6 35–45 0.785 23.0 61.3 11.07 19 

17 P(F-BiT)-COOBOCl (out):IT-4F 69 0.899 18.8 68.0 11.49 20 

18 PBDB-T: N2200 80 0.86 10.97 64.2 6.06 21 

19 PTB7-Th:PDI-V 90 0.74 15.3 64 7.3 22 

20 PQSi705:Y6 93 0.841 26.89 71.08 16.08 This work 

21 PQSi705:m-TEH 90 0.887 26.72 76.55 18.00 This work 

a Relative humidity (RH) for the ambient condition is not indicated in the report
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Table S2 Device performance parameters based on active layers of PM6:Y6, PM6:L8-

BO and PM6:BTP-eC9 processed in a N2 glovebox or air with 90% relative humidity 

Active layera Condition VOC [V] JSC [mA cm-2] FF [%] PCEb [%] 

PM6:Y6 N2 0.854   

(0.853 ± 0.006) 

25.87  

(25.05 ± 0.52) 

71.6  

(72.42 ± 0.85) 

15.85 

(15.36 ± 0.33)  

 Air, RH:90% 0.831 

(0.833 ± 0.006) 

25.24 

(25.01 ± 0.34) 

66.63 

(65.56 ± 1.44) 

13.98 

(13.66 ± 0.44) 

PM6:L8-BO  N2 0.860  

(0.860 ± 0.001) 

25.89 

(25.60 ± 0.44) 

81.05 

(80.72 ± 0.57) 

18.04 

(17.77 ± 0.22) 

Air, RH:90% 0.849 

(0.838 ± 0.033) 

25.30 

(24.68 ± 0.65) 

75.14 

(72.18 ± 5.51) 

16.18 

(15.00 ± 1.76) 

PM6:BTP-eC9 N2 0.831  

(0.830 ± 0.003) 

26.90 

(26.90 ± 0.25) 

78.38 

(77.86 ± 0.76) 

17.54 

(17.40 ± 0.14) 

 Air, RH:90% \c \c \c \c 

a The D:A ratios of the active layers and the device preparations were according to 

literature reports.23-25 b Statistical data in parentheses are average values with standard 

deviation from 10 independent devices. c The processing of PM6:BTP-eC9 in air with 90% 

RH leaded abnormal J-V curve and zero efficiency. 

 

 

Table S3 Jph, Jsat, dissociation efficiency (ŋdiss) and charge collection efficiency (ŋcoll) 

of PTQ10:Y6 and PQSi705:Y6 processed in a N2 glovebox and air with 93% relative 

humidity 

Active layer Condition 
Jph 

a 

[mA/cm2] 

Jph
 b

 

[mA/cm2] 

Jsat  

[mA/cm2] 

ŋdiss  

[%] 

ŋcoll 

[%] 

PTQ10:Y6 
N2 24.36 20.80 25.47 95.56 81.66 

Air, RH 93% 22.93 16.38 24.27 94.46 67.49 

PQSi705:Y6 
N2 25.31 22.77 26.08 97.01 87.29 

Air, RH 93% 25.43 22.37 26.04 97.65 85.91 

aJph under short-circuit condition. b Jph under maximal power output condition. 
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Table S4 Contact angles and surface energy parameters of the polymer neat films and 

blend films 

surface θwater [deg] θoil [deg]a γd [mJ/m2] b γp [mJ/m2] c γ[mJ/m2] 

PTQ10 94.8 50.6 34.12 0.99 35.11 

PQSi705 97.1 51.9 34.82 0.09 34.93 

PTQ10:Y6 93.2 50.4 33.77 1.60 35.38 

PQSi705:Y6 96.9 51.7 34.74 0.17 34.92 

Y6 82.3 35.6 39.71 4.22 43.92 

a θoil represents the contact angle of diiodomethane. b γd represent the surface free 

energies generated from the dispersion forces and c γp represent the surface free energies 

generated from the polar forces. 

 

 

Table S5 The device performance parameters of PTQ10:Y6 active layer after extremely 

harsh condition treatment 

a Statistical data in parentheses are average values with standard deviation from 8 

devices. 

 

 

  

Condition VOC [V] JSC [mA cm-2] FF [%] PCEa [%] 

immersion in water 0.831 

(0.757 ± 0.07) 

24.88  

(24.49 ± 0.35) 

56.54 

(44.14 ± 9.09) 

11.69 

(8.33 ± 2.40) 

exposing in boiling water vapor 0.824 

(0.706 ± 0.21)  

25.26 

(24.89 ± 0.69) 

57.85 

(47.38 ± 13.12) 

12.00 

(8.91 ± 4.19) 



S15 
 

Table S6 Device performance parameters based on active layers of PQSi705:m-TEH, 

PBZ-2Si:i-IEICO-4F, Si25:Y6-BO, J52:i-IESi-4F and PBZ-2Si:i-IESi-4F processed in 

a N2-filled glovebox and air with 90% relative humidity 

Active layer Condition VOC [V] JSC [mA cm-2] FF [%] PCEa [%] 

PQSi705:m-TEH N2 0.882 

(0.881 ± 0.002) 

27.10 

(26.85 ± 0.20) 

75.45 

(74.78 ± 0.85) 

18.02 

(17.69 ± 0.16) 

 Air, RH:90% 0.887 

(0.887 ± 0.003) 

26.72 

(26.39 ± 0.36) 

75.66 

(76.16 ± 0.65) 

18.00 

(17.63 ± 0.18) 

PBZ-2Si:i-IEICO-4F  N2 0.889  

(0.885 ± 0.005) 

20.42 

(20.06 ± 0.46) 

71.60 

(71.65 ± 0.82) 

13.02 

(12.73 ± 0.21) 

Air, RH:90% 0.892 

(0.882 ± 0.006) 

20.33 

(20.01 ± 0.42) 

71.73 

(70.96 ± 0.64) 

12.99 

(12.54 ± 0.25) 

Si25:Y6-BO N2 0.662 

(0.653 ± 0.008) 

26.34 

(26.21 ± 0.88) 

68.94 

(68.22 ± 0.73) 

12.03 

(11.51 ± 0.37) 

 
Air, RH:90% 0.662 

(0.657 ± 0.005) 

26.50 

(26.18 ± 0.86) 

68.36 

(67.78 ± 0.78) 

12.01 

(11.67 ± 0.38) 

J52:i-IESi-4F N2 0.801 

(0.803 ± 0.008) 

22.47 

(21.52 ± 0.54) 

64.40 

(64.15 ± 0.51) 

11.60 

(11.10 ± 0.35) 

Air, RH:90% 0.791 

(0.799 ± 0.008) 

22.50 

(21.93 ± 0.30) 

63.72 

(63.52 ± 0.59) 

11.35 

(11.13 ± 0.31) 

PBZ-2Si:i-IESi-4F N2 0.871 

(0.869 ± 0.003) 

23.25 

(23.09 ± 0.49) 

69.66 

(68.94 ± 1.07) 

14.11 

(13.82 ± 0.17) 

Air, RH:90% 0.861 

(0.864±0.005) 

23.65 

(23.32±0.40) 

69.43 

(68.79 ± 0.85) 

14.14 

(13.87 ± 0.18) 

a Statistical data in parentheses are average values with standard deviation from 10 

devices. 
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