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Figure S1. NMR spectra of the TPD-2TPA (a), TPD-2TPA-4Me (b), TPD-2TPA-4Bu (c) and 
TPD-2TPA-4F (d) in CDCl3.
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Figure S2. HR-MS (ESI) spectra of the TPD-2TPA (a), TPD-2TPA-4Me (b), TPD-2TPA-4Bu (c) 
and TPD-2TPA-4F (d).
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Figure S3. Cyclic voltammograms (CV) (20 mV s-1) of TPD-2TPA-4X (Ag/AgCl as reference 
electrode).

Table S1. HOMO/LUMO energies related data of TPD-2TPA-4X.

Sample Eox (eV) EHOMO (eV) Eg
opt (eV) ELUMO (eV)

TPD-2TPA 0.98 -5.41 2.48 -2.93

TPD-2TPA-4Me 0.93 -5.36 2.44 -2.92

TPD-2TPA-4Bu 0.94 -5.37 2.43 -2.94

TPD-2TPA-4F 1.00 -5.43 2.51 -2.92
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Table S2. Opaque device performances with various SVA durations for active layers.

SVA Temperature VOC (V) JSC /JEQE (mA·cm-2) FF (%) PCE (%)

0 s R.T. 0.850 8.72/7.77 38.0 2.82

10 s R.T. 0.840 11.5/10.8 41.8 4.04

30 s R.T. 0.815 17.2/17.8 44.2 6.20

1 min R.T. 0.813 17.4/17.0 44.4 6.29

2 min R.T. 0.822 14.6/14.2 43.4 5.19

Figure S4. J-V curves of opaque devices with different annealing temperatures for active layers.
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Table S3. Opaque device performances with different annealing temperatures for active layers.

Anneal VOC (V) JSC (mA·cm-2) FF (%) PCE (%)

R.T. 0.869 7.18 48.4 3.02

100 ℃ 0.841 10.5 46.7 4.12

110 ℃ 0.837 12.2 47.8 4.89

120 ℃ 0.836 13.8 48.5 5.59

130 ℃ 0.831 14.9 48.0 5.96

140 ℃ 0.832 16.4 48.1 6.56

150 ℃ 0.823 16.1 46.1 6.10

Figure S5. 1-T-R curves of active layers with different annealing temperatures.
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Figure S6. Opaque device performances with various SVA durations and thermal annealing. 
(a) J-V curves of devices. (b) 1-T-R spectra of related films. (c) External quantum efficiency curves 
of devices.
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Table S4. Device performances with SVA and thermal annealing for active layers.

SVA Temperature VOC (V) JSC /JEQE (mA·cm-2) FF (%) PCE (%)

0 s 140 ℃ 0.833 18.7/18.5 47.2 7.34

10 s 140 ℃ 0.830 18.6/18.4 47.5 7.31

30 s 140 ℃ 0.828 18.9/18.7 46.5 7.30

1 min 140 ℃ 0.827 18.8/19.1 44.8 6.96

2 min 140 ℃ 0.827 18.6/18.9 47.3 7.28

Figure S7. AFM images of TPD-2TPA:Y6 films with various SVA durations and thermal 
annealing (The scale bar is 1 µm).
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Figure S8. Opaque device performances with various SVA durations and thermal annealing. 
The J–V characteristics of hole-only devices (a) and electron-only devices (b). (c) Carrier 
mobilities acquired from single carrier devices.
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Figure S9. J-V curves of devices with different solvents and total concentration for active layers.

Table S5. Device performances with different solvents and total concentrations for active layers.

Solvent Concentration VOC (V) JSC (mA·cm-2) FF (%) PCE (%)

35 mg/mL 0.760 11.8 38.7 3.48

30 mg/mL 0.749 11.1 38.0 3.16

25 mg/mL 0.399 11.9 34.5 1.63
CB

20 mg/mL 0.716 9.26 41.9 2.78

35 mg/mL 0.839 12.5 43.1 4.51

30 mg/mL 0.838 14.2 45.8 5.44

25 mg/mL 0.836 15.1 47.1 5.94

20 mg/mL 0.845 15.1 51.1 6.53

CHCl3

15 mg/mL 0.848 14.1 50.1 6.00
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Figure S10. J-V curves of devices with different D-A ratios for active layers.

Table S6. Device performances with different D-A ratios for active layers.

D:A VOC (V) JSC (mA·cm-2) FF (%) PCE (%)

2:1 0.839 13.8 48.9 5.67

1.5:1 0.840 14.9 48.3 6.03

1:1 0.832 15.4 46.9 6.03

1:1.5 0.830 14.9 43.9 5.44

1:2 0.800 14.1 42.5 4.79

1:4 0.839 9.78 39.3 3.22
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Figure S11. J-V (a) and 1-T-R (b) curves of devices with different amounts of chloronaphthalene 
(CN) additive in active layers. (c) EQE curve of the device without CN.
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Table S7. Device performances with different amounts of CN additive in active layers.

CN VOC (V) JSC (mA·cm-2) FF (%) PCE (%)

0% 0.842 16.9 49.6 7.04

0.5% 0.842 15.6 51.5 6.77

1% 0.844 14.7 46.8 5.80

1.5% 0.0478 3.34 25.0 0.0400

2% 0.0248 2.76 NaN NaN

3% 0.0220 2.80 NaN NaN
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Figure S12. J-V (a), 1-T-R (b) and EQE (c) curves of devices with different total concentrations 
for active layers.



19

Table S8. Device performances with different total concentrations for active layers.

Concentration VOC (V) JSC /JEQE (mA·cm-2) FF (%) PCE (%)

26 mg/mL 0.834 17.2/17.6 44.8 6.43

24 mg/mL 0.833 17.6/17.4 46.2 6.77

22 mg/mL 0.832 17.9/17.4 45.9 6.83

20 mg/mL 0.833 18.1/17.6 47.5 7.17

18 mg/mL 0.832 18.1/17.7 48.6 7.32

Table S9. Device performances with different donors.

Donor VOC (V) JSC / JEQE (mA·cm-2) FF (%) PCE (%)

TPD-2TPA 0.833 18.7/18.5 47.2 7.34 

TPD-2TPA-4Me 0.779 11.6/11.0 48.6 4.40

TPD-2TPA-4Bu 0.765 16.8/15.2 45.4 5.83 

TPD-2TPA-4F 0.843 1.91/1.47 27.0 0.435
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Figure S13. Performance statistics of small molecule donors with Eg over 1.80 eV in binary 
organic solar cells.
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Table S10. Performance data statistics of small molecule donors with Eg over 1.80 eV in binary 
organic solar cells.

m/z of 
donor No. Donor Acceptor PCE (%) Eg of 

donor (eV)
m/z of 
donor Year

11 TT-TTPA PC71BM 3.73 2.31 1128.0 2012

22 TPA(BT–
3Cz)3

PC71BM 3.94 2.20 1478.2 2015

32 TPA(BT–T–
3Cz)3

PC71BM 5.07 1.93 1724.2 2015

43 BTR PC71BM 9.30 1.82 2027.7 2015

m/z > 
1000

54 B3T-P BO-4Cl 15.2 1.81 1857.1 2021

65 D A2 (12Cl-
cHBC) 1.50 2.30 761.2 2017

76 TPD-2TPA PC71BM 2.60 2.48 751.3 2017

87 TAPC Y6 3.88 3.54 626.9 2021

98 TPA-T-DCV-
Ph C70 5.11 2.05 479.1 2018

109 M2 PC71BM 6.18 1.90 630.3 2018

1110 C1 BThIND-
Cl 8.26 2.10 390.5 2021

1210 C2 Y6 9.72 2.06 514.6 2021

1311 C1-CN DBTBT-
IC 10.3 2.01 438.2 2022

1411 C2-CN DBTBT-
IC 11.7 1.95 562.2 2022

m/z < 
1000

1512 C1-CN F13 14.2 2.01 438.2 2023

16 TPD-2TPA Y6 7.34 2.48 751.3 This work



22

Figure S14. T/R spectra of the transparent electrode on quartz glass.

Figure S15. T/R spectra of the device before and after the top electrode with TPV AVT of 
71.5%.
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Table S11. Device performances with various SVA durations or thermal annealing for active 
layers (TPV AVT~70%).

SVA Anneal VOC (V) JSC  (mA·cm-2) FF (%) PCE (%)

0 s R.T. 0.856 7.88 36.7 2.48

10 s R.T. 0.825 10.7 41.8 3.69

30 s R.T. 0.823 15.0 46.5 5.75

40 s R.T. 0.804 16.1 46.8 6.05

1 min R.T. 0.804 15.6 47.7 5.99

2 min R.T. 0.798 16.2 45.2 5.83

0 s 140 ℃ 0.828 15.8 47.9 6.26
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Figure S16. PTB7-Th:Y6-based opaque device performances. J-V curves of devices (a), T/R 
spectra of related films (b) and EQE curves of devices (c) with different total concentrations for 
active layers.

Table S12. PTB7-Th:Y6-based opaque device performances with different total concentrations 
for active layers.

Concentration VOC 
(V)

JSC 
(mA·cm-2)

FF 
(%)

PCE 
(%)

AVT of 
Film (%)

CRI of 
Film

8 mg/mL 0.660 15.5/14.9 62.4 6.39 64.8 86.4

6 mg/mL 0.657 11.5/11.5 63.5 4.80 68.8 90.4

4 mg/mL 0.631 6.85/6.40 65.0 2.81 73.4 94.5
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Figure S17. J-V curve (a) and T/R spectra (b) for PTB7-Th:Y6-based TPV device with AVT of 
71.1%. 1-T-R (c) and EQE (d) curves for the TPD-2TPA:Y6-based and PTB7-Th:Y6-based TPV 
device with AVT ~ 71%.
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Figure S18. T/R properties for the flexible substrates.

Table S13. AVT and CRI values for the flexible substrates.

Substrate AVT (%) CRI

PET 90.3 98.6

PET/ITO 88.4 97.4
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Table S14. Flexible opaque device performances with various SVA durations at room temperature 
(14 mg/mL).

SVA VOC (V) JSC (mA·cm-2) FF (%) PCE (%)

0 s 0.838 9.25 36.4 2.83

10 s 0.827 11.0 38.9 3.55

30 s 0.784 17.9 37.3 5.25

40 s 0.755 16.9 36.2 4.62

1 min 0.759 14.7 39.8 4.44

2 min 0.0605 0.564 24.7 0.0084

Figure S19. T/R spectra of the flexible samples before transferring the top electrodes with different 
concentrations for active layers.
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Table S15. AVT and CRI values of the flexible samples before and after transferring the top 
electrodes with different concentrations for active layers.

Concentration Condition AVT (%) CRI

Before top electrode 69.5 91.2
14 mg/mL

TPV device 66.8 89.3

Before top electrode 70.7 92.4
12 mg/mL

TPV device 68.3 90.0

Before top electrode 73.1 93.7
10 mg/mL

TPV device 70.6 91.2

Figure S20. T/R/1-T-R spectra of the rigid ITO and flexible ITO substrates.
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Figure S21. T (a) and R (b) spectra of the rigid TPV device and flexible TPV devices.

Table S16. Flexible TPV device performances with TPV AVT of 70.6%.

Device VOC (V) JSC /JEQE (mA·cm-2) FF (%) PCE (%)

Flexible TPV 0.828 6.94/6.93 41.6 2.39
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Figure S22. EQE curves of the rigid and flexible TPV device with TPV AVT around 70%.
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Table S17. Performance data statistics of donors with Eg over 2.20 eV in binary organic solar cells.

No. Donor Acceptor PCE (%) Eg of 
donor (eV)

m/z of 
donor Year

15 D A2 (12Cl-
cHBC) 1.50 2.30 761.2 2017

 213 PTAA Y6 2.29 2.95 / 2022

36 TPD-2TPA PC71BM 2.60 2.48 751.3 2017

47 TAPC Y6 3.88 3.54 626.9 2021

52 TPA(BT–
3Cz)3

PC71BM 3.94 2.20 1478.2 2015

 613 PF8TAA Y6 4.76 2.87 / 2022

 713 PF8TAA-C6 Y6 5.56 2.87 / 2022

 813 PF8TAA-C12 Y6 6.07 2.87 / 2022

9 TPD-2TPA Y6 7.34 2.48 751.3 This work
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