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SUPPLEMENTARY INFORMATION 

High performance tandem organic solar cells via a strongly infrared-absorbing 

narrow bandgap acceptor 
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SUPPLEMENTARY FIGURES

 

Supplementary Fig. 1. Simulated localized orbital locator obtained by DFT calculations for simplified 

molecules of BTPV-4F and Y6. 
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Supplementary Fig. 2. Simulated frontier molecular orbitals obtained by DFT calculations for 

simplified molecules of BTPV-4F and Y6. 
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Supplementary Fig. 3. Simulated optimized geometries obtained by DFT calculations for simplified 

molecules of BTPV-4F and Y6. 
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Supplementary Fig. 4 (a) Absorption spectra of BTPV-4F and Y6 in chloroform solution. (b) 

Absorption spectra of BTPV-4F and Y6 films.  

 

 

Supplementary Fig. 5. (a) Normalized absorption spectrum of the m-DTC-2F film. (b) Normalized 

absorption spectrum of the m-DTC-2F in chloroform solution. 
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Supplementary Fig. 6. Cyclic voltammograms of (a) acceptors of BTPV-4F, Y6 and m-DTC-2F, and 

(b) donors of PTB7-Th and PM6 and acceptor PC71BM . (c) Energy level diagram of the donor and 

acceptor. 
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Supplementary Fig. 7 (a) Femtosecond transient absorption spectra of the pristine BTPV-4F film at 

selected time delays. (b) Transient kinetics of pristine BTPV-4F film at selected wavelengths with 

global fitting. (c) Femtosecond transient absorption spectra of PTB7-Th: BTPV-4F blend film at 

selected time delays. (d) Transient kinetics of pristine PTB7-Th: BTPV-4F blend film at selected 

wavelengths with global fitting. 
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Supplementary Fig. 8. Dependence of Jsc of the OSCs versus the light intensity irradiated. 

 

 

 

Supplementary Fig. 9. Plots of photocurrent density (Jph) versus effective voltage (Veff) of the binary 

and the ternary OSCs. 
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Supplementary Fig. 10. The mobilities measurement plots of (a) hole-only devices and (b) electron-

only devices based on different blend active layers. 

 

Supplementary Fig. 11. (a) GIWAXS images of PTB7-Th. (b) GIWAXS images of BTPV-4F. (c) 

GIWAXS images of PC71BM. (d) Corresponding out-of-plane line cuts of the GIWAXS images of 

neat films of PTB7-Th, BTPV-4F and PC71BM. 
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Supplementary Fig. 12. (a) In-plane line cuts of the GIWAXS images of blend films. (b) Out-of-

plane line cuts of the GIWAXS images of blend films. 

 

 

Supplementary Fig. 13. AFM phase images of (a) binary blend film of PTB7-Th:BTPV-4F and (b) 

ternary blend film of PTB7-Th:BTPV-4F:PC71BM. TEM images of (c) PTB7-Th:BTPV-4F and (d) 

PTB7-Th:BTPV-4F:PC71BM films. 
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Supplementary Fig. 14. Film absorption spectrum of PM6:m-DTC-2F blend. 

 

 

 

Supplementary Fig. 15. (a) The J-V curves of the OSCs based on PM6:m-DTC-2F with 100 nm 

active layer under the illumination of AM1.5G, 100 mW cm-2. (b) EQE spectra of the corrsponding 

OSCs. 
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Supplementary Fig. 16. Illumination spectrum of light source used in stability test. 

 

 

 

Supplementary Fig. 17. Evolution of (a) open-circuit voltage, (b) short-circuit current density and 

(c) fill factor in the test of photostability. 
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Supplementary Fig. 18. 1HNMR spectra of BTPV-CHO. 
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Supplementary Fig. 19. 13CNMR spectra of BTPV-CHO. 
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Supplementary Fig. 20. 1HNMR spectra of BTPV-4F. 
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Supplementary Fig. 21. 13CNMR spectra of BTPV-4F. 
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Supplementary Fig. 22. 1HNMR spectra of m-DTC-2F. 
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Supplementary Fig. 23. 13CNMR spectra of m-DTC-2F. 

 

 

Supplementary Fig. 24. Illumination spectrum of light source used in J-V curve measurements. 
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SUPPLEMENTARY TABLES 
 

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

 
λmax

a λedge
a
 Eg

opt b EHOMO
c ELUMO

c 

nm nm eV eV eV 

BTPV-4F 887 1021 1.21 -5.39 -4.08 

m-DTC-2F 705 770 1.61 -5.67 -3.89 

aAbsorption of the films. b Optical bandgap calculated from the absorption edge of the films: Eg
opt = 

1240/λedge. c Energy levels calculated according to the equation ELUMO/HOMO = −e (Ered/ox + 4.36) (eV) 

 

Supplementary Table 2. Photovoltaic performance parameters of the OSCs based on PTB7-

Th:BTPV-4F with different D:A ratio, with 0.5 % 1-CN as additive and thermal annealing at 100 °C 

for 5 min, under the illumination of AM1.5G, 100 mW cm-2. 

D/ A 

ratios 

Voc Jsc FF PCE 

(V) (mA cm–2) (%) (%) 

1:1 0.65 27.2 65.3 11.5 

1:1.5 0.65 28.3 65.9 12.1 

1:1.7 0.64 27.7 65.7 11.6 

 

Supplementary Table 3. Photovoltaic performance parameters of the ternary OSCs based on PTB7-

Th:BTPV-4F:PC71BM with different PC71BM content, and with 0.5 % 1-CN as additive and thermal 

annealing at 100 °C for 5 min, under the illumination of AM1.5G, 100 mW cm-2. 

D/A1/A2 

ratios 

Voc Jsc FF PCE 

(V) (mA cm–2) (%) (%) 

1:1.5:0.1 0.66 28.5 67.6 12.7 

1:1.5:0.15 0.67 28.9 69.3 13.4 

1:1.5:0.20 0.67 27.7 69.5 12.9 

 

 



S20 

 

Supplementary Table 4. Photovoltaic performance parameters of the OSCs based on PTB7-

Th:BTPV-4F:PC71BM with different CN additive volume ratio, with D/A weight ratio of 1:1.5:0.15 

and thermal annealing at 100 °C for 5 min, under the illumination of AM1.5G, 100 mW cm-2.  

CN (vol%) 

Voc Jsc FF PCE 

(V) (mA cm–2) (%) (%) 

0 0.68 20.9 61.4 8.7 

0.2 0.68 25.6 65.6 11.4 

0.5 0.67 28.9 69.3 13.4 

0.8 0.66 28.5 68.2 12.8 

 

 

Supplementary Table 5. Photovoltaic performance parameters of the OSCs based on PTB7-

Th:BTPV-4F:PC71BM with different annealing temperature, and with D/A weight ratio of 1:1.5:0.15 

and thermal annealing at 100 °C for 5 min, under the illumination of AM1.5G, 100 mW cm-2.  

Annealing 

temperature (oC) 

Voc Jsc FF PCE 

(V) (mA cm–2) (%) (%) 

As cast 0.68 26.2 66.1 11.8 

100 0.67 28,5 68.6 13.1 

110 0.67 28.9 69.3 13.4 

120 0.66 28.2 68.9 12.8 
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Supplementary Table 6. Photovoltaic performance parameters of the OSCs based on PTB7-

Th:BTPV-4F:PC71BM with different active layer thickness, under the illumination of AM1.5G, 100 

mW cm-2. 

Thickness (nm) 

Voc Jsc FF PCE 

(V) (mA cm–2) (%) (%) 

80 0.67 27.2 69.7 12.7 

100 0.67 28.9 69.3 13.4 

120 0.66 27.8 66.7 12.2 
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Supplementary Table 7. Survey of the optical bandgap of the narrow bandgap acceptors and device 

performance of the acceptors-based OSCs reported in literatures. 

Active layer 

Optical 

bandgap 

(eV) 

Voc 

(V) 

Jsc 

(mA cm–

2) 

Jsc, EQE 

(mA 

cm–2) 

FF 

(%) 

PCE 

(%) 
Ref. 

PTB7-Th:COi8DFIC:PC71BM 1.26 0.70 28.20 26.92 71.0 14.08 1 

PTB7-Th:F8IC 1.27 0.67 25.61 24.64 71.5 12.30 2 

PTB7-Th:FOIC 1.32 0.74 24.0 23.1 67.1 12.00 3 

PTB7-Th:IEICO-4F 1.24 0.71 24.90 24.00 66.3 10.4 4 

PM6:Y1-4F 1.31 0.838 24.8 24.1 71.2 14.80 5 

PM6:Y11 1.31 0.85 26.56 24.15 73.1 16.54 6 

PTB7-Th:IEICO-4Cl 1.23 0.73 22.80 22.20 62.0 10.30 7 

PTB7-Th:3TT-OCIC 1.29 0.69 27.60 26.02 69.0 13.13 8 

PTB7-Th:3TT-FIC 1.25 0.67 27.73 26.41 73.0 13.53 9 

PTB7-Th:P6IC 1.30 0.69 25.0 23.7 70.2 10.2 10 

PTB7-Th:IXIC-2Cl 1.30 0.73 23.6 23.3 70.9 12.2 11 

PTB7-Th:IXIC-4Cl 1.25 0.69 22.9 22.8 71.2 10.2 11 

PTB7-Th:IFIC-i-4F 1.27 0.65 24.85 24.01 67.0 10.87 12 

PTB7-Th:DTPC-DFIC 1.22 0.76 21.92 21.27 61.3 10.21 13 

PTB7-Th:FUIC 1.22 0.69 22.9 22.1 70.6 11.20 14 

PBDB-T:H2 1.23 0.781 24.40 23.50 69 13.15 15 

PBDB-T:H3 1.23 0.757 25.84 25.78 70 13.75 15 

This work 1.21 0.67 28.9 28.3 69.3 13.4  
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Supplementary Table 8. Crystallographic Parameters from GIWAX measurement.  

 

 π-π stacking distance(OP) π-π stacking coherence (OP) Integrated Intensity 

Active layer q (Å-1) d (Å) Δq (Å-1) CCL [010] Å 

PTB7-Th:BTPV-4F 1.76 3.57 0.15 41 1.42×10–7 

PTB7-Th:BTPV-4F:PC71BM 1.77 3.55 0.14 46 1.71×10–7 

Note: The (010) π-π stacking peaks of PTB7-Th and BTPV-4F are relatively close together and the 

disorder is so large that the contributions in the blends cannot be separated. 

 

Supplementary Table 9. Photovoltaic performance parameters of the OSCs based on PM6:m-DTC-

2F with different D:A ratio, and with 0.3 % DIO as additive and thermal annealing at 120 °C for 5 min, 

under the illumination of AM1.5G, 100 mW cm-2. 

D/A 

ratios 

Voc Jsc FF PCE 

(V) (mA cm–2) (%) (%) 

1:1 1.00 16.3 69.5 11.3 

1:1.5 1.00 17.1 71.3 12.2 

1:1.7 0.99 16.8 70.7 11.8 

 

 

Supplementary Table 10. Photovoltaic performance parameters of the OSCs based on PM6:m-DTC-

2F with different DIO additive volume, and with D/A weight ratio of 1:1.5 and thermal annealing at 

120 °C for 5 min, under the illumination of AM1.5G, 100 mW cm-2.  

DIO (vol%) 

Voc Jsc FF PCE 

(V) (mA cm–2) (%) (%) 

0 1.01 16.4 69.5 11.5 

0.1 1.00 16.7 69.7 11.7 

0.3 1.00 17.1 71.3 12.2 

0.5 0.99 17.2 70.7 12.0 
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Supplementary Table 11. Photovoltaic performance parameters of the OSCs based on PM6:m-DTC-

2F with different annealing temperature and with D/A weight ratio of 1:1.5 and thermal annealing for 

5 min, under the illumination of AM1.5G, 100 mW cm-2. 

Anneling 

temperature (oC) 

Voc Jsc FF PCE 

(V) (mA cm–2) (%) (%) 

As cast 1.01 16.0 68.7 11.1 

100 1.00 16.8 70.5 11.8 

120 1.00 17.1 71.3 12.2 

140 0.99 16.8 69.4 11.5 

 

 

Supplementary Table 12. Photovoltaic performance parameters of the OSCs based on PM6:m-DTC-

2F with different active layer thickness, under the illumination of AM1.5G, 100 mW cm-2. 

Thickness (nm) 

Voc Jsc FF PCE 

(V) (mA cm–2) (%) (%) 

100 1.00 17.1 71.3 12.2 

120 1.00 17.3 69.8 12.1 

140 0.99 17.4 68.3 11.7 

160 0.98 16.9 67.5 11.2 
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Supplementary Table 13. Photovoltaic performance parameters of the tandem OSCs with different 

thicknesses of the sub-cells, under the illumination of AM1.5G, 100 mW cm-2. 

Thickness (nm) VOC JSC FF PCE 

Front 

cell 

Rear 

cell 
(V) (mA cm–2) (%) (%) 

120 100 1.66 13.2 70.0 15.6 

130 100 1.65 13.7 68.6 15.8 

140 100 1.65 14.3 67.7 16.4 

150 100 1.64 14.1 67.2 15.9 

160 100 1.64 14.0 66.7 15.6 

140 80 1.65 13.8 68.5 15.8 

140 120 1.64 14.0 67.0 15.7 
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SUPPLEMENTARY METHOD 

 

DFT calculation 

ORCA (version 4.2.1) was utilized for all the DFT calculations mentioned in this article16. The 

molecular geometries were optimized with a range-separated hybrid functional of ωB97X-D3 and a 

basis set of def2-SVP. The straight and branched alkyl chains were simplified to methyl and isopropyl, 

respectively, for saving time. The single point energies and gradients were further calculated with a 

perturbatively corrected double-hybrid functional of PWPB95 with a dispersion correction of D3BJ 

and a basis set of def2-TZVPP17,18. The band gaps were calculated with a functional of B3PW and a 

basis set of def2-TZVP. The excited states incorporating with SMD solvation model were calculated 

by TD-DFT with a hybrid functional of B3LYP and a basis set of def2-SVP19. The localized orbital 

locator (LOL), Mayer bond order were analyzed by Multiwfn and VMD (version 1.9.3) for 

visualization20. 

 

Theoretical efficiency calculation 

For the 2-terminal monolithic tandem cell with two sub-cells in series, The PCE of the tandem cell is 

therefore calculated as follows:  

PCE Tandem =VOC Tandem × JSC Tandem × FF Tandem/ Plight 

The three photovoltaic parameters Voc, Jsc and FF of a 2-terminal monolithic tandem cell are obtained 

as follows:  

1. The Voc of sub-cells is determined by the optical bandgap (Eg) and Voc loss (Eloss) of the sub-cells. 

Voc, front =Eg, front – Eloss, front 

Voc, rear =Eg, rear – Eloss, rear 

    For the Eloss of sub-cells, the Eloss, front and Eloss, rear are assumed to be 0.55eV according to reported 

works. 
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The Voc of the tandem cell is therefore calculated as being the exact sum of the respective Voc of 

each sub-cell are assumed to be 

Voc, tandem= Voc, front + Voc, rear 

2. The Jsc of the tandem cell could be obtained from equation 

Jsc, tandem=min(Jsc, front, Jsc, rear) 

  The Jsc of the front cell in the tandem device under AM1.5G is given by  

∫ 𝑆𝑢𝑛(𝜆) ∙ 𝐸𝑄𝐸(𝜆) ∙
𝜆1

300

𝑑𝜆 

  where λ1 is the absorption onset (1240/Eg, front) of front cell, Sun(λ) is the spectral irradiance in AM 

1.5G, The EQE(λ) is assumed as 75% with all wavelengths. 

   The Jsc of the rear cell in the tandem device under AM1.5G is given by 

   

1

2
∫ 𝑆𝑢𝑛(𝜆) ∙ 𝐸𝑄𝐸(𝜆)

𝜆2

300

∙ 𝑑𝜆 

where λ2 is the absorption onset (1240/Eg, rear) of rear cell, Sun(λ) is the spectral irradiance in AM 

1.5G, The EQE(λ) is assumed as 75% with all wavelengths. 

3. The FF of the tandem cell is assumed to be 0.75.  
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