SUPPLEMENTARY INFORMATION

Near-infrared absorbing acceptor with suppressed triplet exciton generation

enabling high performance tandem organic solar cells
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Supplementary Figure 1. UV-Vis absorption spectra. (a) Absorption spectra of O1-Br, BTPSV-
4F and BTPSeV-4F in chloroform solutions. (b) Absorption spectra of the PM6 and PTB7-Th films.
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Supplementary Figure 2. Simulated frontier molecular orbitals and optimized geometries obtained

by DFT calculations for simplified molecules of O1-Br, Y6, BTPSV-4F and BTPSeV-4F.
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Supplementary Figure 3. Cyclic voltammograms of O1-Br, Y6, BTPSV-4F and BTPSeV-4F films.
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Supplementary Figure 4. Jph versus Vess of the OSCs based on PTB7-Th:BTPSV-4F and PTB7-

Th:BTPSV-4F.
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Supplementary Figure 5 Mobilities measurement plots of electron-only devices based on different

acceptors.
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Supplementary Figure 6. Mobility measurements of the devices. Mobilities measurement plots of

(a) electron-only devices and (b) hole-only devices based on different blend active layers.
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Supplementary Figure 7. Normalized electroluminescence (EL) of the devices based on PTB7-

Th:BTPSV-4F and PTB7-Th:BTPSeV-4F.
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Supplementary Figure 8. TA spectra of acceptors in NIR region. (a) TA spectra of pure BTPSV-
4F film and (b) pure BTPSeV-4F film under 900 nm excitation at ~10 uJ/cm?. Representative TA

spectra at the indicated delay times for (c) pure BTPSV-4F film and (d) pure BTPSeV-4F film in NIR

region.
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Supplementary Figure 9. TA spectra of acceptors. Color plot of TA spectra of (a) pure BTPSV-4F
film and (b) pure BTPSeV-4F film under 900 nm excitation at VIS-NIR region. Representative TA
spectra at the indicated delay times for (c) pure BTPSV-4F film and (d) pure BTPSeV-4F film.
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Supplementary Figure 10. TA spectra of blend films. Color plot of TA spectra of (a) PTB7-
Th:BTPSV-4F blend film and (b) PTB7-Th:BTPSeV-4F blend film under 900 nm excitation at VIS-
NIR region. Representative TA spectra at the indicated delay times for (c) PTB7-Th:BTPSV-4F blend

film and (d) PTB7-Th:BTPSeV-4F blend film.
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Supplementary Figure 11. Schematic diagram of triplet excited states formation in organic solar

cells.??
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Supplementary Figure 12. Pictorial representation of the HOMO and LUMO wavefunctions of
BTPSV-4F and BTPSeV-4F. The weights of the HOMO — LUMO transition in the S1 and T:

excitations, oscillator strength and the overlap between HOMO and LUMO (®=s-1) are provided.
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Supplementary Figure 13. Singlet—triplet energy gap of acceptors. (a) Vertical excitation energies

of BTPSV-4F (b) Vertical excitation energies of BTPSV-4F. Inset: double arrows represent the energy

gap between T1 and S: states.
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Supplementary Figure 14. Results of GIWAXS measurements of acceptors. (a-b) GIWAXS

images and (c-d) corresponding line cuts of the GIWAXS images of neat films of BTPSV-4F and

BTPSeV-4F.

S12



TB7-Th:BTPSV-4F ‘ TB7-Th:BTPSeV-4F

n

00 04 A0 .4 -
Ay [A]
C
(©),s. (@)
- Out-of-plane
3 4.6 In-plane 5 937 — PTB7-Th:BTPSeV-4F
> — PTB7-Th:BTPSeV-4F 8 —— PTB7-Th:BTPSV-4F
B —— PTB7-Th:BTPSV-4F > 027
8 056 2
€ 8 0.1
£
0.0- 0.0 T T T T T
0.5 1.0 115 20 25 0.5 1.0 15 20 25
q(A)

a(a’)
Supplementary Figure 15. Results of GIWAXS measurements of blend films. (a-b) GIWAXS

images and (c-d) corresponding line cuts of the GIWAXS images of blend films of PTB7-
Th:BTPSV-4F and PTB7-Th:BTPSeV-4F.
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Supplementary Figure 16. AFM height images of (a) PTB7-Th:BTPSV-4F and (b) PTB7-
Th:BTPSeV-4F films.

S13



Supplementary Figure 17. TEM images of (a) PTB7-Th:BTPSV-4F and (b) PTB7-Th:BTPSeV-4F

films.
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Supplementary Figure 18. Photovoltaic performance of the front cell. (a) The J-V curve of the
OSC based on PM6:01-Br with 100 nm active layer under the illumination of AM1.5G, 100 mW

cm2. (b) EQE spectrum of the corrsponding OSC.
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Supplementary Figure 19. Energy loss of the front cell. (a) FTPS-EQE curve of the OSC based on
PM6:01-Br. (b) EQEEeL spectrum of the OSC based on PM6:01-Br.
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Supplementary Figure 20. *H-NMR spectrum of BTPSeV-CHO.
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Supplementary Figure 21. 13C-NMR spectrum of BTPSeV-CHO.
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Supplementary Figure 22. *H-NMR spectrum of BTPSeV -4F.
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Supplementary Figure 23. 13C-NMR spectrum of BTPSeV-4F.
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Supplementary Figure 24. *H-NMR spectrum of O1-Br.
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Supplementary Figure 25. 13C-NMR spectrum of O1-Br.
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1. tributyl(1,3-dioxolan-2-ylmethyl)
23 -phosphonium bromide
NaH, THF

2.10% HCI OHC

BTPSe-CHO
BTPSeV-CHO

Supplementary Figure 26. Synthetic routes of BTPSeV-4F.
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Supplementary Figure 27. Synthetic route of O1-Br.
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SUPPLEMENTARY TABLES

Supplementary Table 1. Physicochemical properties and electronic energy levels of acceptors.

A max” A e EoPtb Enomo® Erumo®
Acceptors
(nm) (nm) (eV) (eV) (eV)
O1-Br 697 786 1.58 -5.70 -3.76
BTPSV-4F 821 1021 1.21 -5.38 -3.96
BTPSeV-4F 853 1061 1.17 -5.36 -4.00

aAbsorption of the films. ® Optical bandgap calculated from the absorption edge of the films: E¢°Pt =
1240/ edge. © Energy levels calculated according to the equation ELumoHomo = —¢ (Erediox + 4.36) (V)
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Supplementary Table 2. Photovoltaic parameters of the PSCs based on PTB7-Th:BTPSV-4F blend

films with different processing conditions, under the illumination of AM1.5G, 100 mW c¢m™.

Additive  Annealing Voc Jse FF PCE

Donor:acceptor Ratio
(*0) (<) V)  (mAem?) (%) ()
1:1.4 CN(0.5) 100 0.66 29.5 71.2 13.9
CN (0.2) 100 0.66 27.9 69.6 12.8
\ 0.67 28.5 68.3 13.0
90 0.66 29.7 70.5 13.8

PTB7-
1:1.6 CN(0.5) 100 0.66 30.1 71.4 14.2
Th:BTPSeV-4F

110 0.66 29.3 71.0 13.7
120 0.66 28.2 70.6 13.1
CN (0.8) 100 0.66 28.7 72.2 13.7
1:1.8 CN(0.5) 100 0.66 29.2 69.8 13.5
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Supplementary Table 3. Charge carrier mobilities of the acceptors and their corresponding blend

films.
_ Le fth Active layer thickness
Active layer
(104cm2Vv-1s?) (10-4cm2Vv-ist) (nm)
BTPSV-4F 4.2 / 70.0
BTPSeV-4F 35 / 72.2
PTB7-Th:BTPSV-4F 2.5 2.3 69.8/63.4
PTB7-Th:BTPSeV-4F 4.1 3.6 70.1/69.9

Supplementary Table 4. Energy loss analysis of the OSCs based on PTB7-Th:BTPSV-4F and
PTB7-Th:BTPSeV-4F.

V. EgV SQ AE AE AE
oo *e qVoc ' EQEm (%) 0 2

PVICS vy o) V) (V) @) (V)

PTB7-Th:BTPSV-
4F
PTB7-Th:BTPSeV-
4F

0.66 1.25 0.99 0.26 3.2x10°% 0.27  0.05

0.66 1.22 0.96 0.26 7.4x 1073 025 0.04

Supplementary Table 5. Summary of the GIWAXS parameters for the neat films.

n-7 stacking distance n-7 stacking coherence Normalized
Neat films q (A7) d (&) Aq (AT CCL [010] A Integrated Intensity
BTPSV-4F 1.76 3.57 0.23 27 0.27
BTPSeV-4F 1.78 3.53 0.30 21 1.00
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Supplementary Table 6. Summary of the GIWAXS parameters (of the donor) for the blend films

with optimized conditions.

Normalized

n- stacking distance ©-m stacking coherence

Blend films q (A d(A) Aq (A7) CCL [010] A Integrated Intensity
PTB7-Th: BTPSV-4F 1.70 3.71 0.26 24 1.40
PTB7-Th: BTPSeV-4F 1.72 3.66 0.43 15 1.00

Supplementary Table 7. Summary of the GIWAXS parameters (of the acceptors) for the blend

films with optimized conditions.
Normalized

n-m stacking distance ©-m stacking coherence

Blend films q (A d(A) Aq (A7) CCL [010] A Integrated Intensity
PTB7-Th: BTPSV-4F 1.80 3.49 0.14 43 0.02
PTB7-Th: BTPSeV-4F 1.79 3.51 0.11 59 1.00
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Supplementary Table 8. Photovoltaic parameters of the OSCs based on PM6:01-Br blend films with

different processing conditions, under the illumination of AM1.5G, 100 mW cm2.

Weight  Additive  Annealing Voc Jse FF PCE
Donor:acceptor
ratio (vol %) (°C) (V)  (mAcm?) (%) (%)
1:1 CN (0.6) 100 1.04 19.5 73.5 14.9
CN (0.3) 100 1.04 19.1 72.3 14.4
\ 1.05 18.7 71.1 14.0
90 1.04 20.2 73.3 15.4
PM6:01-Br 1:1.2 CN (0.6) 100 1.04 20.0 74.4 15.5
110 1.04 19.6 74.1 15.1
120 1.04 19.2 72.6 14.5
CN (0.9) 100 1.03 19.3 73.8 14.7
1:1.4 CN (0.6) 100 1.04 19.5 74.0 15.0
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Supplementary Table 9. Survey of the Voc of the OSCs vs optical bandgaps of the acceptors used in
the tandem OSCs reported in literatures.

Optical
Voc Eloss, onset Jsc FF PCE
Active layer bandgap ' Ref.
V) V) €v)  (mAcm?) (%) (%)

PBDB-T:F-M 1.65 0.98 0.67 14.56 71.0 10.08 1
PTB7-Th:NOBDT 1.39 0.77 0.62 19.16 70.0 10.26 1
PBDB-T:F-M 1.65 0.94 0.71 15.96 69.8 10.45 2
PTB7-Th:06T4F:PC7:BM 1.26 0.69 0.57 27.6 69.7 13.29 2
PBDB-T:F-M 1.65 0.94 0.71 15.96 69.8 10.45 3
PBDB-T:NNBDT 1.43 0.86 0.57 20.07 69.7 12.03 3
PBDB-T:IT-M 1.63 0.91 0.72 16.3 71.4 11.0 4
PTB7-TH:FOIC:F8IC 1.33 0.72 0.61 21.9 69.1 11.1 4
PBDB-T/ITIC-Th3 1.63 0.93 0.7 15.9 70.8 10.9 5
PBDB-T/Y1 1.4 0.88 0.52 21.5 70.7 13.7 5
PBDB-T:ITIC 1.59 0.902 0.688 16.73 70.8 10.68 6
PTB7-Th:T2 1.3 0.67 0.63 22.65 0.66 10.1 6
DTDCPB:C70 1.77 0.9 0.87 16.2 67 9.8 7
PCE-10:BTCIC 1.39 0.69 0.7 22.1 70 10.7 7
PM6:SFT8-4F 1.58 0.98 0.6 16.4 67 12.1 8
PCE-10:BT-CIC:BEIT-4F 1.37 0.7 0.67 24.3 68 11.7 8
PM6:TfIF-4FIC 1.61 0.98 0.63 17.6 76 13.1 o
PTB7-Th:IEICO-4F 1.24 0.69 0.55 25.3 70 12.2 o
PM7:TfIF-4CI 1.57 0.97 0.6 17.67 80 13.64 10
PCE10:COi8DFIC:PC71BM 1.26 0.69 0.57 27.39 74 14.05 10
PBDB-TF:ITCC 1.67 1.1 0.57 14,5 70.19 11.2 1
PBDB-TF:BTP-eC11 1.35 0.849 0.501 24.95 70.2 14.87 1

S29



PM6:m-DTC-2F
PTB7-Th:BTPV-4F
PTQ10:m-DTC-2CI

PTB7-Th:BTPV-4F-eC9
PBDB-T:F-M
PCE10:3TT-OCIC
PBDB-T:ITCC-M
PBDTTT-E-T:IEICO
PM6:01-Br

PTB7-Th:BTPSeV-4F

1.61

1.21

1.63

1.19

1.65

1.29

1.68

1.36

1.59

1.17

0.99

0.67

0.992

0.661

0.99

0.69

1.03

0.823

1.04

0.66

0.62

0.54

0.638

0.529

0.66

0.6

0.65

0.537

0.55

0.51

17.4

28.9

16.67

28.2

70.0

68.9

14.8

18.8

20.0

30.1

68.3

69.3

73.42

68.48

15.52

27.58

66.3

66.7

74.4

71.4

12.1

13.4

12.14

12.77

10.75

13.13

10.1

10.3

15.5

14.2

12

12

13

13

14

14

15

15

This work

This work
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Supplementary Table 10. Photovoltaic performance parameters of the tandem OSCs with different

thicknesses of the sub-cells, under the illumination of AM1.5G, 100 mW cm™.

Thickness (hm) Voc Jsc FF PCE
Front Rear

(V) (MA cm?) (%) (%)

cell  cell
80 100 1.69 14.2 75.1 18.0
100 100 1.69 15.0 74.8 19.0
120 100 1.69 144 735 17.9
100 80 1.69 14.7 745 18.5

100 120 1.69 145 73.9 18.1
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