Molecular interaction induced dual fibrils towards organic solar cells with

certified efficiency over 20%

Chen Chen!, Liang Wang!, Weiyi Xia!, Ke Qiu?, Chuanhang Guo!, Zirui Gan!, Jing Zhou!, Yuandong
Sun!, Dan Liu', Wei Li!, Tao Wang!->*

School of Materials Science and Engineering, Wuhan University of Technology, Wuhan 430070,
China.
2School of Materials and Microelectronics, Wuhan University of Technology, Wuhan 430070, China

*Corresponding author: E-mail: twang@whut.edu.cn



mailto:twang@whut.edu.cn

Table of Contents

SUpPlemMeENtary FIGUIES .............cocooiiiiiiec ettt s e 4
N1 0 0] (S0 T 12 0 2 e < TR SP 4
SUPPIEMENTATY FIGUIE 2 ..ooveiieieeeieceteeeeeee ettt ettt et e et e st e et e st et e s e s e s beeteeseeneeneeneensensensesenseneas 4
SUPPIEMENtAry FIGUIE 3 ..ottt ettt e a e st e et e st et e s e s e s beeseeseeneeneeneensensensesennennas 4
SUPPIEMENLATY FIGUIE 4 ..ottt ettt et et e teste st e st e e st eseensensessessesseeseeseensensansensensessens 5
SUPPIEMENLATY FIGUIE 5 ..oeiiiiiiieieieeere ettt ettt et et e bt s s e et e e s e ess e st e sessessesseeneeseeneensansensensessens 5
SUPPIEMENLATY FIGUIE 6 ..o.eovieieiieieeeere ettt ettt e teste st e s se e s e e st ensensessessesseeneeseensensensensensensens 6
SUPPIEMENTATY FIGUIE 7 ..ooeieieieieeeeeie ettt ettt te st e e st e st e st ene et e sensesse et eeseeneeneeneensensensesensennes 6
SUpPlementary FIGUIE 8 .......ccoiiieieieieieee ettt ettt ettt e et e e s et e s be s e eseeneeneeneensensesenseeneenes 6
SUPPIEMENATY FIGUIC O ..ooveiiiiieeieceee ettt ettt ettt et et e et et e s beetesseeneeneeneensensensesensennas 7
Supplementary FIGUIE 10 ......occooieiiiieice ettt ettt et te s te st st e e seeseensensessessesseeseeseensensensansensessens 7
SUpPleMENtary FIGUIE 11 ..ociiiiieieieeeceeeeee ettt ettt et e st et e st e e st e s s e st e sessesseeseeneeseeneensensansensessens 8
SUpPleMENtAry FIGUIE 12 ...oouiiiiiieieieeece ettt sttt ettt et sttt e st e e st eseen s e sessessesseeneeseeneensansensensessens 8
Supplementary FIGUIE 13 ...ttt ettt e et ae e et e st et e s e s e s beesesseeneeneeneensensensensensennas 8
SUPPlemMENtary FIGUIE 14 .....cooiiieeeeeeeeeee ettt ettt e et ae e st e st et e s e s e s beeseeseeneeneeneensensensensenseneas 9
Supplementary FIGUIE 15 ...ttt ettt ettt et et e s e s e s b e seeteeneeseeseensensensensensennes 9
SUpPleMENtary FIGUIE 16 ....c.ooiieieieiieieeee sttt ettt sttt et et e et et e ssesse s st eseeneensensensesansensenseeses 10
SUpPIEMENtAry FIGUIE 17 ..ooeiieiieieiieieieee ettt ettt sttt et et e et e st et essesse s st eseeneeneensensensensesesseenes 10
Supplementary FIGUIE 18 ......ociiiiieieieesiee ettt sttt et ettt et et e s e s se s st eneeneensensensesesensesneenes 10
Supplementary FIGUIE 19 ..ottt sttt ettt et e e s e s se s b e steeneeneeneensensensensessenneas 11
Supplementary FIGUIE 20 ......ccoccieiririeieieieesteete sttt et et et ae e s teeaeesee st essensensessessesseeseeneeneensensensensenseasens 11
SUPPIemMENtAry FIGUIE 21  ....oooiiiiieiieieieieteee ettt ettt te st e st e st e st e st e s ensessessesseeneeneeneensensensensensensens 11
SUpPleMENtAry FIGUIE 22 ...ocoiiiiieieiieieieiestese sttt ettt sttt e et e st e st e s et e sesseesesseeseeneensensensesesensenneenis 12
Supplementary FIGUIE 23 .....ooiiieieieieesere sttt ettt sttt st e st e st e st et e b e sesseesesseeseeneentensensesesenseeneens 12
Supplementary FIGUIE 24 .......c.ooiiieieieeeee sttt ettt sttt e st e st et e b e s esseeseeseeneeneensensensesesenseeneenes 13
SUPPlemMEntary FIGUIE 25 .....ooioiioiiieieieee ettt ettt sttt ae e st e st et e s e sessesseeseeneeneeneensensensensensenneas 13
SUPPIEMENATY FIGUIE 26 ....oooiiiiiieeieiieeeete ettt ettt te st e et e st e s et e s e sessessesseeneeneeneensensensensensensens 13
SUPPIEMENATY FIGUIE 27  ...oeeieiiiieieeiieeete ettt ettt ettt st e st e e st e st e st essensensesse st e sseeneeneeneensensensensensensens 14
Supplementary FIGUIE 28 .......c.ooiiieieieeriee sttt ettt sttt et e e et et essesse s st eseeneeneensensesasenseeneenes 15
SUpplementary FIGUIE 29 ......ociiiiieieieeee sttt ettt sttt et et et e b et e sseese s st eseeneensensensesesenseeneenes 16
Supplementary FIGUIE 30 ......ocooiiieieieieiere ettt ettt e e st e st e s et e tessessesseeneeneensensensensesenseeneens 17
SUPPlemMENtary FIGUIE 31 .....ooiiiiiiieieieeee ettt ettt sttt eae e st e s e e s e sessessesseeseeneeneensensensensesseanens 18
SUPPlemMENtary FIGUIE 32 .....ooeiiiieieieieieee ettt ettt st a e st e s e e e e sessesseeseeseeneentensensensensenneeneas 18
Supplementary FIGUIE 33 .....oooiieieieieeee ettt ettt st a e st e st e e st e et e bt e et ene e st ene et e tensenteeneeneas 19
SUpplementary FIGUIE 34 ......ooioiiieieieeee ettt ettt et s et e et et essesse s st eseeneensensenseseseeseeneenes 19
Supplementary FIGUIE 35 ...oc.iiiieieieeeee sttt sttt sttt ettt et et e s e e sesteeseent e st ene et e teseeneeneens 20
SUPPIEMENLArY FIGUIE 36 ...ocuiiiieeieiieiieieeee sttt sttt e e st et e et et essessesseeseeneensensensesensensenneenes 20
SUPPIEMENATY FIGUIE 37  ..eeeiieieieeeeieeee ettt ettt te st ae e st e s e st e e e sessesseeseeneeneeneensensensensensessens 21
Supplementary FIGUIE 38 .....oooiiiieieieieeee ettt ettt ettt et et e st et e se st s seene e st ene et e sensenteeneeneas 21

Supplementary TaDIes ................ocooi e 22
SUPPIEMENATY TADLIE 1 .....ooiiiieieiiceeeee ettt ettt ettt st ae e st e st e s e e e sessesseeseeseeneeneensensensensenseanens 22
SUPPIEMENATY TADLIE 2 ..ottt ettt sttt st e e et se e s e se e esessessesaeeneeneentensensensentenneeneas 22



SUPPlemMENtary TaDLIE 3 ......c..ooiiiieeieiee ettt ettt sttt st s e s et et e e te bt e te e st e neent et e bensenteeneeneas 23

AT o]0 5700 TS 0172 o A 1 o) L USSP 23
U] o) (51001 0172 A 1 o) L S TSRS 24
AU oY o) 5700 TS 0172 o A 1 o) L USROS 24
SUPPIEMENTATY TADLIE 7 ....eooeieieieeieeieeeee ettt ettt sttt e et e st e st e st et ensessessesseeseeneeneensensensensenseenens 25
SUPPlemMeEntary TaDIE 8 .......c.cceriiieieieieee ettt ettt sttt s et e st et et e bt eeeneent e st e s e sensenteeneeneas 26
SUPPIEMENArY TaADIE O .....ooviiiiiiieeeeeee ettt sttt st e st s et e e sesbeeseseeene e st ene et e bensensenneeneas 27
Supplementary MethOds ...............coooiiiiii e 28
Supplementary References ... 30



Supplementary Figures
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Supplementary Fig. 1. Synthesize route of L8-ThCl.
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Supplementary Fig. 2. CV curves of L8-ThCl.
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Supplementary Fig. 3. Energy levels of PM6, L8-BO and L8-ThCl.
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Supplementary Fig. 4. The UV-vis spectra of pristine PM6, L.8-BO and L8-ThCl films.
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Supplementary Fig. 5. AFM height images. a, PM6 + 5%L8-ThCI. b, PM6 + 10%L8-ThCl. ¢, PM6
+ 20%L8-ThCl with rinsing. d, neat L8-ThCL.
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Supplementary Fig. 6. UV-vis absorption spectra. a, L8-BO, L8-ThCI and L8-BO with 20%L38-
ThCl. b, PM6 with or without the addition of 20%L8-ThCl.
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Supplementary Fig. 7. The PL spectra of L8-BO, L8-ThCl and L8-BO:L8-ThCl films.
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Supplementary Fig. 8. 2D GIWAXS patterns. a, L8-ThClI neat film. b, PM6:L8-ThCl=1:1.2 (wt.)
blend film.
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Supplementary Fig. 9. GISAXS patterns corresponding 1D profiles. a, 2D GISAXS patterns. b,
1D profiles of PM6 and L8-BO films with or without the addition of 20%L8-ThCl.
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Supplementary Fig. 10. Hole and electron mobility measurements. a, hole mobilities of PM6 and

PM6 + 20%L8-ThCl films. b, electron mobilities of L8-BO, L8-ThCI and L8-BO:L8-ThCl films.
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Supplementary Fig. 13. The definition of D and A groups of NFAs.
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Supplementary Fig. 14. The single crystal cell of L8-BO, and the cleaved (11-1), (021) and (110)
lattices with corresponding packing dimers.
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Supplementary Fig. 15. The illustration of free volumes.
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Supplementary Fig. 16. Device performance of PM6:L8-ThCl binary OSC. a, J-V curve. b, EQE

spectrum.
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Supplementary Fig. 17. J-V curves of PM6:L8-BO OSCs. a, PM6:L8-BO binary, and PM6:L8-
BO:L8-ThCl ternary (with different ratios) OSCs with PM6, L8-BO and L8-ThCl directly mixed in
the same solution. b, PM6:L8-BO binary, and PM6+L8-ThCl/L8-BO+L8-ThCl ternary (with

different ratios) OSCs via layer-by-layer deposition.
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Supplementary Fig. 18. Normalized UV-vis spectra of PM6:L8-BO and ternary p-BHJ films.
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Supplementary Fig. 19. TPV and TPC measurements. a, normalized TPV curves of PM6:L8-BO

based OSCs and the calculated carrier lifetime and extraction time. b, normalized TPC curves of

PM6:L8-BO based OSCs and the calculated carrier lifetime and extraction time.

102;

—e— PM6:L8-BO AE, = 0.244 eV
—e— Ternary BHJ AE, =0.237 eV
—e— Ternary p-BHJ AE,, =0.231eV

103
1.2

1.3

14 15

Energy (eV)

1.6

Supplementary Fig. 20. FTPS-EQE spectra of PM6 based devices and the calculated non-

radiative energy losses (AEy,).
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Supplementary Fig. 21. GISAXS measurements. a, 2D GISAXS patterns of PM6:L8-BO (1:1.2)
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Supplementary Fig. 22. Charge transport measurements. a, hole mobilities of PM6:L8-BO,

ternary BHJ and p-BHJ blend films. b, electron mobilities of PM6:L8-BO, ternary BHJ and p-BHJ

blend films.
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Supplementary Fig. 23. PL spectra of PM6:L.8-BO, ternary BHJ and p-BHJ blend films.
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Supplementary Fig. 24. Contact angle images of water and ethylene glycol droplets on organic

semiconductor films.
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Supplementary Fig. 25. Device performance of D18:L8-ThCl binary OSC. a, J-V curve. b, EQE

spectrum.
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Supplementary Fig. 26. J-V curves of D18:L8-BO OSCs. a, D18:L.8-BO binary, and D18:L8-
BO:L8-ThCl ternary (with different ratios) OSCs with D18, L8-BO and L8-ThCl directly mixed in

the same solution. b, D18:L8-BO binary, and D18+L8-ThCI/L8-BO+L8-ThCl ternary (with different
ratios) OSCs via layer-by-layer deposition.
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Supplementary Fig. 27. FTPS-EQE spectra of D18 based devices and the calculated non-

radiative energy losses (AEy,).
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Test Report

Test Report No. AGXB124W00262

Subject unit Organic Solar Cell
Manufacturer Wuhan University of Technology
Commission unit Tao Wang
Inspection category Commissioned inspection

Inspection & Testing Center

Supplementary Fig. 28. Certification of optimal D18:L8-ThCI/L.8-BO:L8-ThCl device by the
National Photovoltaic Production Quality Inspection & Testing Center of China. All elements in

this figure have received written approval from the copyright holder. (Page 1 of the report)
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Chengdu Institute of Product Quality Inspection Co., Ltd.
National Photovoltaic Product Quality Inspection &Testing Center

TEST REPORT
Test Report No.AGXB124 W00262 Page | of 2

Product Name Organic Solar Cell Trade Mark /

Model /Type OPV-]
Manufacture Date 15/05/2024 riype
Sample No. AGXBI124W00262 Sample Grade
Sample Quantity One piece Sample State /

i o Sample Delivered

Delivery Date 16/05/2024 Tao Wang

personnel
Commission unit Tao Wang Manufacturer Wuhan University of Technology

o _ School of Materials Science and

Commission unit Engineering, Wuhan University of Manufacturer No. 122 Luoshi Road, Wuhan 430070,
address Technology, No. 122 Luoshi Road, Address P.R. China

Test conclusion

Remarks

Approved by

Commission unit

Wuhan 430070, P. R. China

Characteristics.

This column blank.

Cell area: 0.0408 cm?;
Onginal sample No. 5A4-1 .

Manufacturer Zip

-.l)[l

REANERED

. 430070 430070
Zip code code
Commission unit
Tel 18507131726 Manufacturer Tel. 18507131726
No. 355, 2" Tengfei Road, Southwest
Center Address ~ Airport Economic Development Measurement Date  16/05/2024
Zone, Chengdu, Sichuan, P. R. China.
Methods IEC 60904-1:2020 Photovoltaic devices-Part 1: Measurement of Photovoltaic Current-Voltage

]é\ﬁ%% Reviewed by m—

Measured by

Supplementary Fig. 29. Certification of optimal D18:L8-ThCI/L.8-BO:L8-ThCl device by the
National Photovoltaic Production Quality Inspection & Testing Center of China. All elements in

this figure have received written approval from the copyright holder. (Page 2 of the report)
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Chengdu Institute of Product Quality Inspection Co., Ltd.

National Photovoltaic Product Quality Inspection &Testing Center
TEST REPORT

Test Report No. AGXB124W00262 Page 2 of 2

Test Results :

No. Test item(s) Unit Results
1 Current-voltage characteristics ~
measurement
1.1 Open-circuit voltage, Vo v 0.907
1.2 Short-circuit current, Ise mA 1.120
1.3 Maximum-power, Py mW 0.817
1.4 Maximum-power voltage, V.o Vv 0.791
1.5 Maximum-power current, Ipmax mA 1.033
1.6 Fill factor, FF % 80.44
1.7 Conversion efficiency, 1 % 20,02

Current-voltage characteristics under STC

Remark: Sample was tested under the irradiation with a steady-state class calibrated AA A solar simulator (AM 1.5-G 1000.0
W/m?basted on mono-Si reference cell) at 25°C =+ 1 °C. Designated area defined by thin metal aperture mask.

Supplementary Fig. 30. Certification of optimal D18:L8-ThCI/L.8-BO:L8-ThCl device by the
National Photovoltaic Production Quality Inspection & Testing Center of China. All elements in

this figure have received written approval from the copyright holder. (Page 3 of the report)

17
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Supplementary Fig. 31. TPV and TPC measurements. a, normalized TPV curves of D18:L8-BO

based OSCs and the calculated carrier lifetime and extraction time. b, normalized TPC curves of

D18:L8-BO based OSCs and the calculated carrier lifetime and extraction time.
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Supplementary Fig. 32. PL spectra of D18:L.8-BO, ternary BHJ and p-BHJ blend films.
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RMS=1.4 nm'

Supplementary Fig. 33. AFM height images. a, D18 film. b, D18+20%L8-ThCl film. ¢, D18:L8-
BO binary BHJ film. d, D18:L8-ThCl/L8-BO:L8-ThCl ternary p-BHJ film.
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Supplementary Fig. 34. Charge transport measurements. a, hole mobilities of D18, D18+20%L38-
ThCI. b, hole mobilities of D18:L.8-BO, ternary BHJ and p-BHJ blend films. ¢, electron mobilities of
D18:L8-BO, ternary BHJ and p-BHJ blend films.
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Supplementary Fig. 36. '"H NMR (500 MHz CDCl;) spectrum of L8-ThCl.
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Supplementary Fig. 37. 3C NMR (126 MHz CDCl3) spectrum of L8-ThCl.
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Supplementary Fig. 38. MS (MALDI-TOF) spectrum of L8-ThCl.
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Supplementary Tables

Supplementary Table 1. Fitting parameters of 1D GISAXS profiles of PM6, L8-BO, L8-ThCl, and
blend films.

Film 2R(nm) D ¢&(nm) Rg(nm)

PM6 114 20 422 73.1
PM6:L8-ThCI=1:0.2 132 21 530 95.6
L8-BO 9.4 30 164 40.2
L8-ThCl 1.7 3.0 19.1 46.8
L8-BO:L8-ThCI=1:0.2 13,5 3.0 23.1 56.6

Supplementary Table 2. Charge transport properties of PM6 and L8-BO films with or without L8-

ThCl.
Film th (104 em! VIS pe (104 em! VL S
PM6 4.51 -
PM6:L8-ThCl=1:0.2 5.71 -
L8-BO - 3.72
L8-ThCl - 4.42
L8-BO:L8-ThCI=1:0.2 - 7.31
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Supplementary Table 3. Photovoltaic performance of PM6:L8-BO based devices with different ratio

of L8-ThCl.
PCE FF Jsc Voc
Active layer
(%) (%) (mA/cm?) V)
18.5 80.3 -26.1 0.883
PM6:1L.8-BO:L8-ThCl=1:1.1:0.1
(18.1+0.4) (80.1+£0.2)  (-25.8+0.3) (0.880+0.003)
18.7 80.4 -26.2 0.889
PM6:L8-BO:L8-ThCI=1:1.0:0.2
(18.5+0.2) (79.9+0.5)  (-26.0+0.2) (0.886+0.003)
18.1 77.7 -26.1 0.893
PM6:L8-BO:L8-ThCI=1:0.9:0.3
(17.6£0.5) (77.4+£0.3)  (-25.6+0.5) (0.891+0.002)
PM6+10% L8-ThCl/ 19.0 80.6 -26.6 0.887
L8-BO+10%L&-ThCl1 (18.6+0.4) (80.1+£0.5) (-26.2+0.4) (0.884+0.003)
PM6+20% L8-ThCl/ 19.4 81.1 -26.8 0.895
L8-BO+20%L8-ThCl (19.1£0.3) (80.5+£0.6)  (-26.6+0.2) (0.891+0.004)
PM6+30% L8-ThCl/ 18.4 78.6 -26.1 0.899
L8-BO+30%L8-ThCl (18.0+0.4) (78.1+£0.5)  (-25.7+£0.4) (0.896+0.003)

Note: the average parameters with standard deviation were calculated from 20 devices.

Supplementary Table 4. Fitting parameters of 1D GISAXS profiles of PM6:L8-BO, ternary BHJ

and p-BHJ blend films.

Film &p (nm) 1 (nm) 2R, (nm)
PM6:L8-BO 19.3 4.7 23.1
Ternary BHJ 19.5 5.5 27.0

Ternary p-BHJ 21.2 5.6 27.4




Supplementary Table 5. Charge transport properties of PM6:L8-BO, ternary BHJ and p-BHJ blend

films.
Film th (104 em? VIS pe(10* em® V' ST pn/pe
PM6:L8-BO 3.82 3.47 1.10
Ternary BHJ 4.02 4.42 0.91
Ternary p-BHJ 4.65 4.60 1.01

Supplementary Table 6. Summary of contact angles (0), surface tensions (y) and compatibility ()
of PM6, L8-BO and L8-ThCl.

Contact Angle (water) Contact Angle (EG) y

Materials

) ©) (mN/m)

PM6 104.32 77.37 24.776

L8-BO 92.24 64.95 28.442

L8-ThCl 95.82 68.00 27.895
PM6/L8-BO 0.126
PM6/LS-ThCI 0.092
L8-BO/L8-ThCl 0.003
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Supplementary Table 7. Photovoltaic performance of D18:L8-BO based devices with different ratio

of L8-ThCl.
PCE FF Jsc Voc
Active layer
(%) (%) (mA/cm?) V)
19.3 78.5 -27.3 0.902
D18:L8-BO:L&8-ThCI=1:1.1:0.1
(19.0+0.3) (78.1£0.4) (-27.0+0.3) (0.899+0.003)
19.5 78.4 -27.4 0.904
D18:L8-BO:L8-ThCI=1:1.0:0.2
(19.3£0.2) (77.9£0.5) (-27.1£0.3) (0.902+0.002)
18.8 77.8 -26.7 0.905
D18:L8-BO:L8-ThCI=1:0.9:0.3
(18.3+0.5) (77.2+0.6) (-26.1+0.6) (0.904+0.001)
D18+10% L8-ThCl/ 19.8 79.6 -27.5 0.904
L8-BO+10%L8-ThCl (19.4+0.4)  (79.1£0.5) (-27.1£0.4) (0.903+0.001)
D18+20% L8-ThCl/ 20.1 80.3 -27.5 0910
L8-BO+20%L8-ThCl (19.8+0.3) (79.9£0.4) (-27.31£0.2) (0.906+0.004)
PM6+30% L&-ThCl/ 19.1 78.5 -26.8 0.909
L8-BO+30%L8-ThCl (18.7+0.4) (77.9£0.6) (-26.5+0.3) (0.907+0.002)

Note: the average parameters with standard deviation were calculated from 20 devices.
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Supplementary Table 8. Summary of photovoltaic performance of D18+20%L8-ThCI/L8-
BO+20%L8-ThCl devices.

No. PCE (%)  FF (%) Jsc (mA/cm?) Voc (V)

1 19.78 80.05 27.20 0.908
2 19.58 79.80 27.20 0.902
3 20.05 80.29 27.48 0.909
4 20.01 80.01 27.49 0.910
5 19.86 80.18 27.40 0.904
6 19.89 79.93 27.46 0.906
7 19.70 79.55 27.43 0.903
8 19.89 80.32 27.22 0.910
9 20.01 80.22 27.44 0.909
10 19.74 79.63 27.39 0.905
11 20.02 80.24 27.43 0.909
12 19.67 79.83 27.28 0.904
13 19.78 80.02 27.30 0.905
14 19.68 79.60 27.34 0.904
15 19.80 79.91 27.24 0.910
16 19.53 79.68 27.13 0.903
17 19.87 80.08 27.48 0.903
18 19.74 79.97 27.14 0.909
19 19.75 80.18 27.28 0.903

20 20.10 80.32 27.50 0.910
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Supplementary Table 9. Charge transport properties of D18 based films.

Film th (104 em! VIS e (10*em™ V1S pn/pe

D18 5.81 - -

D18 +20% L8-ThCl 6.78 - -
D18:L8-BO 4.95 3.97 1.24
Ternary BHJ 5.19 4.82 1.08
Ternary p-BHJ 5.97 5.54 1.08
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Supplementary Methods

GISAXS modelling

The crystallized aggregates of organic semiconductors in thin films were quantified by fitting the 1D
GISAXS profiles via a versatile Fractal model according to previous work. [ The scattering intensity
of thin films can be expressed as equation 1, where P(q) and S(q) are the form factor and fractal
structure factor, respectively, constant B is the incoherent scattering background. P(q) includes the
product of particle volume fraction ¢, the square of scattering length density difference between
crystalline and amorphous polymers Ap? and the crystalline particle volume Vp. S(q) is given by
equation 2, where 2R refers to the size of the primary crystalline particle, £ and D represent the
correlation length and fractal dimension of the crystalline domain, and R is regarded as the size of
the crystalline domain (equation 3).

(@) =P(@)S(@)+B (D
S(q) =1 4 Sin [(p-1Dtan"'(q§)] Dr(D-1) @)

D-1
(grR)P [1+ﬁ] >

(
Ry = [22y )

The electron-only device with the structure of ITO/ZnO/Active layer/PDINN/Ag and the hole-only

SCLC measurements

device with the structure of ITO/PEDOT:PSS/Active layer/MoOs/Ag were fabricated. The SCLC
measurements employ the Mott-Gurney equation: J= 9¢goe,uV?/8L° to estimate the electron and hole
mobilities from dark J-V curves obtained from these devices. Here, J is the current density, ¢ is the
relative dielectric constant of the active layer, g is the permittivity of free space, u is the charge
mobility, and L is the thickness of the active layer. V' = Vapp— Vi, Where Vapp is the voltage applied to
the OSC device, and Vi is the built-in potential voltage.

Non-radiative energy loss calculation?!

The Ejss™"" is calculated through the following equation """~ Voc™- Voc, in which

(T EQE(E)® E)-dE
]:;51 + 1) ~ k_Tln <q A +°°Q (E)PaM1.5G(E)
Jo q af, EQE(E)®pp(E)-dE

, : k .
Voc™™ was carried out by V34 = fln( ), where k is

Boltzmann’s constant, T is the temperature of the solar cell (7 = 300 K is used in this paper), g is
elementary charge, @ami.s6(E) and Opp(E) are the standard solar spectrum under AM1.5G (100

mW/cm?) and black body spectrum at the temperature T, respectively.
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XPS and depth profile measurements
Based on the CI/N and N/O atom ratio, the component weight content (x,;) at different depths in

PM6:L8-ThCI/L8-BO:L8-ThCl can be calculated by the formulas:

_ Xwt _ My
Ywewo =p 4 T M n M F oM
wt wt  MLg—ThclMLg-Thcl T NLg-BoMLg-Bo T NpMmelpMe
N 8 X (nyg—o + NLg—Thc1) NpMe 1

— = = -1
0  2Xx(nyg_po +Nug-Thcl) + 2 X Np1g  Nig-po + NLg-Thel %_ 4

cl_ 2 X Nyg-Thel R N1g-Thcl _ .U
N 8Xnyg mpe+8Xng_go  Nug—po + NLg-Thcl N

Based on the O/N and Cl/O atom ratio, the component weight content (x.;) at different depths in

D18:L8-ThCI/L8-BO:L8-ThCl can be calculated by the formulas:

th nXMX

Xwtoy = =
Dyt +Awr  Npg—thaMrs-tha + Ms—soMis—o + "p1sMpis

0 _ 2 X (n1g-po + NLg-Thcl) R Mp1g _N_,
N  8X (npg-go + NLg—thcl) + 2 X Np1g Npg-po + Nig—thar O

Cl_ 2 X Nyg-Thl _, Tws-thar _ C1

0 2XMNg qhe + 2 X Nig_po ny 0
Mzis-Bo is the molecular weight of L8-BO (1480), Mrs-tnc1 is the molecular weight of L8-ThCl (1489),

Mpwms is the molecular weight of the repeat unit of PM6 (1220), Mpis is the molecular weight of the
repeat unit of D18 (1390), nrs-Bo is the mole number of L8-BO, nis.thci is the mole number of L8§-
ThCl, npwms is the mole number of the repeat units of PM6, npis is the mole number of the repeat units
of D18, x is one of these components. The atom ratios were calculated by the integration of areas of
corresponding XPS peaks and the atomic sensitivity factors. Empirically derived set of atomic
sensitivity factors for XPS can be acquired at http://202.38.64.11/~mams/escalab/sfactors.html.
Synthesis of L8-ThCl

CPTCN-CI (100mg, 0.4 mmol) and the central core of L8-BO (100mg, 0.1 mmol) were dissolved in
30 mL chloroform, in which 0.5 mL of pyridine was added. Then, the solution was reacted at 80 °C
overnight. After cooling to room temperature, the solvent was removed under reduced pressure and
the resident solid product was washed with absolute methanol, then further purified by column
chromatography on silica gel using dichloromethane as the eluent to afford L8-ThCl (90mg, 57%).
'H NMR (500 MHz, CDCls) 8 9.10 (s, 1H), 8.20 (s, 1H), 4.78 (t, J = 7.9 Hz, 2H), 3.19 (d, J = 7.6 Hz, 2H), 2.10 (d, J =
6.0 Hz, 2H), 1.65 (s, 2H), 1.48 (d, J = 7.5 Hz, 3H), 1.26 (d, J = 13.4 Hz, 13H), 1.05 (s, 6H), 0.88 — 0.86 (m, 6H), 0.75 (d,
J=6.7Hz, 3H), 0.69 (d,J = 6.7 Hz, 3H). MS(MALDI-TOF): Calcd for CsoHssClaNs02S7 (M+):1489.45, Found: 1488.96.
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