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Supplementary Experimental Procedures 

Materials 

Polymer donor PM6 was purchased from Solarmer Materials. The other reagents and chemicals 

were purchased from commercial sources and used as received. BTP-S2 (Adv. Mater. 2020, 32, 

2001160) and BTP-S9 (Nat. Commun. 2021, 12, 4627) were synthesized according to our 

previous reported work. The detailed synthetic procedures of BTP-S11, BTP-S12 and BTP-S15 

are described below. 

 

2-((Z)-2-((3,9-bis(2-butyloctyl)-10-(((Z)-1-(dicyanomethylene)-5,6-difluoro-3-oxo-1,3-

dihydro-2H-inden-2-ylidene)methyl)-12,13-bis(2-ethylhexyl)-12,13-dihydro-

[1,2,5]thiadiazolo[3,4-e]thieno[2'',3'':4',5']thieno[2',3':4,5]pyrrolo[3,2-

g]thieno[2',3':4,5]thieno[3,2-b]indol-2-yl)methylene)-6,7-difluoro-3-oxo-2,3-dihydro-1H-

cyclopenta[b]naphthalen-1-ylidene)malononitrile (BTP-S11) 

 

To a Schlenk tube were added Compound 1 (0.4 g, 0.38 mmol), Compound 2 (0.22 g, 0.8 

mmol), Compound 3 (0.18 g, 0.8 mmol) and CHCl3 (50 mL). The mixture was frozen with 

liquid nitrogen, followed by three times of successive vacuum and nitrogen fill cycles. Under 

the protection of N2, 1 mL pyridine was injected. Then, the reactant was refluxed at 65 oC for 

22 h. The crude product was purified using silica gel column chromatography with the mixture 

of petroleum ether and dichloromethane (1:1, v/v) as the eluent, yielding a deep brown solid 

(0.20 g, 34%). 1H NMR (500 MHz, CDCl3):  = 9.21 (s, 1H), 9.14 (s, 1H), 9.10 (s, 1H), 8.56 

(dd, J = 9.9, 6.5 Hz, 1H), 8.30 (s, 1H), 7.80 (dd, J = 18.1, 10.3 Hz, 2H), 7.71 (t, J = 7.4 Hz, 1H), 

4.81 (t, J = 7.3 Hz, 4H), 3.16 (t, J = 6.7 Hz, 4H), 2.17-2.03 (m, 4H), 1.52-1.43 (m, 4H), 1.41-

1.34 (m, 4H), 1.32-0.92 (m, 40H), 0.89-0.75 (m, 18H), 0.71-0.63 (m, 6H). MS (MALDI-TOF): 

Cald for C88H92F4N8O2S5 (M
+): 1530.05, Found: 1530.09. 
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2-((Z)-2-((3,9-bis(2-butyloctyl)-10-(((Z)-5,6-dichloro-1-(dicyanomethylene)-3-oxo-1,3-

dihydro-2H-inden-2-ylidene)methyl)-12,13-bis(2-ethylhexyl)-12,13-dihydro-

[1,2,5]thiadiazolo[3,4-e]thieno[2'',3'':4',5']thieno[2',3':4,5]pyrrolo[3,2-

g]thieno[2',3':4,5]thieno[3,2-b]indol-2-yl)methylene)-6,7-difluoro-3-oxo-2,3-dihydro-1H-

cyclopenta[b]naphthalen-1-ylidene)malononitrile (BTP-S12) 

 

To a Schlenk tube were added Compound 1 (0.53 g, 0.5 mmol), Compound 2 (0.28 g, 1 mmol), 

Compound 4 (0.26 g, 1 mmol) and CHCl3 (50 mL). The mixture was frozen with liquid 

nitrogen, followed by three times of successive vacuum and nitrogen fill cycles. Under the 

protection of N2, 1 mL pyridine was injected. Then, the reactant was refluxed at 65 oC for 22 h. 

The crude product was purified using silica gel column chromatography with the mixture of 

petroleum ether and dichloromethane (1:1, v/v) as the eluent, yielding a deep brown solid (0.19 

g, 24%). 1H NMR (500 MHz, CDCl3):  = 9.25 (s, 1H), 9.17 (s, 1H), 9.13 (s, 1H), 8.80 (s, 1H), 

8.33 (s, 1H), 7.98 (s, 1H), 7.87-7.78 (m, 2H), 4.79 (t, J = 6.8 Hz, 4H), 3.20 (dd, J = 14.6, 7.8 

Hz, 4H), 2.16-2.03 (m, 4H), 1.51-1.43 (m, 4H), 1.42-1.36 (m, 4H), 1.34-0.91 (m, 40H), 0.90-

0.72 (m, 18H), 0.70-0.60 (m, 6H). MS (MALDI-TOF): Cald for C88H92Cl2F2N8O2S5 (M+): 

1562.95, Found: 1562.47. 

 

 

 

2-((Z)-2-((12,13-bis(2-butyloctyl)-10-(((Z)-5,6-dichloro-1-(dicyanomethylene)-3-oxo-1,3-

dihydro-2H-inden-2-ylidene)methyl)-3,9-dinonyl-12,13-dihydro-[1,2,5]thiadiazolo[3,4-

e]thieno[2'',3'':4',5']thieno[2',3':4,5]pyrrolo[3,2-g]thieno[2',3':4,5]thieno[3,2-b]indol-2-

yl)methylene)-6,7-dichloro-3-oxo-2,3-dihydro-1H-cyclopenta[b]naphthalen-1-

ylidene)malononitrile (BTP-S15) 

 

To a Schlenk tube were added Compound 5 (0.27 g, 0.25 mmol), Compound 4 (0.13 g, 0.5 

mmol), Compound 6 (0.16 g, 0.5 mmol) and CHCl3 (50 mL). The mixture was frozen with 

liquid nitrogen, followed by three times of successive vacuum and nitrogen fill cycles. Under 
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the protection of N2, 0.6 mL pyridine was injected. Then, the reactant was refluxed at 65 oC for 

21 h. The crude product was purified using silica gel column chromatography with the mixture 

of petroleum ether and dichloromethane (1:1, v/v) as the eluent, yielding a black solid (0.09 g, 

22%). 1H NMR (500 MHz, CDCl3):  = 9.17 (d, J = 18.2 Hz, 2H), 9.03 (s, 1H), 8.77 (s, 1H), 

8.25 (s, 1H), 8.16 (s, 1H), 8.11 (s, 1H), 7.96 (s, 1H), 4.89-4.74 (m, 4H), 3.27-3.11 (m, 4H), 

2.22-2.12 (m, 2H), 1.92-1.80 (m, 4H), 1.54-1.47 (m, 4H), 1.42-1.33 (m, 4H), 1.32-1.21 (m, 

20H), 1.16-0.84 (m, 34H), 0.74-0.65 (m, 12H). MS (MALDI-TOF): Cald for C90H96Cl4N8O2S5 

(M+): 1623.91; Found: 1624.38. 

 

 

General characterizations 

1H NMR spectra were obtained on a Bruker Advance III 500 (500 MHz) nuclear magnetic 

resonance (NMR) spectroscope. MALDI-TOF MS spectra were measured on a Walters Maldi 

Q-TOF Premier mass spectrometry. UV-vis-NIR absorption spectra were recorded on a 

Shimadzu UV-1800 spectrophotometer. Cyclic voltammetry (CV) was done on a CHI600A 

electrochemical workstation with Pt disk, Pt plate, and standard calomel electrode (SCE) as 

working electrode, counter electrode, and reference electrode, respectively, in a 0.1 mol/L 

tetrabutylammoniumhexafluorophosphate (Bu4NPF6) acetonitrile solution. The CV curves 

were recorded versus the potential of SCE, which was calibrated by the ferrocene-ferrocenium 

(Fc/Fc+) redox couple (4.8 eV below the vacuum level). The equation of ELUMO/HOMO = -

e(Ered/ox+4.41) (eV) was used to calculate the LUMO and HOMO levels (the redox potential of 

Fc/Fc+ is found to be 0.39 V). AFM images were obtained on a VeecoMultiMode atomic force 

microscopy in the tapping mode. Differential scanning calorimetry (DSC) was recorded on a 

Pekin-Elmer Pyris 1 differential scanning calorimeter. Ultraviolet photoelectron spectroscopy 

(UPS) data was conducted by an ESCALAB Xi+ system (Thermo Scientific), He I radiation 

(21.22 eV) with an applied bias of -10 V was used for UPS. 
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HR-TEM 

The HR-TEM was conducted by employing a transfer holder and TEM (FEI Talos-S) at 200 kV. 

300 mesh Cu was used as a carrier for the film deposition. All samples were prepared via the 

spin-coating and annealing process for TEM imaging. At first, the prepared solution (donor: 4 

mg/ml, acceptor: 6mg/ml, blend: 8.25 mg/ml) was slowly and evenly dripped onto the Cu mesh, 

which was placed on spin coater to make the film at the speed of 1000 rpm. Then, the 

corresponding samples were thermally annealed for 10 min. 

 

EL 

The EL signature was collected with a monochromator and detected with an InGaAs detector. 

Data collection range is 700-1300 nm. 

 

FTPS-EQE 

The FTPS measurements were recorded using a Bruker Vertex 70 Fourier-transform infrared 

(FTIR) spectrometer, equipped with a quartz tungsten halogen lamp, a quartz beam-splitter, and 

an external detector option. A low noise current amplifier (Femto DLPCA-200) was used to 

amplify the photocurrent produced on the illumination of the photovoltaic devices with light 

modulated by the FTIR. The output voltage of the current amplifier was fed back into the 

external detector port of the FTIR. The photocurrent spectrum was collected by FTIR’s software. 

 

EQEEL 

Electroluminescence quantum efficiency (EQEEL) measurements were performed by applying 
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external voltage sources through the devices from 1V to 4V. A Keithley 2400 SourceMeter was 

used for supplying voltages and recording injected current, and a Keithley 485 picoammeter 

was used for measuring the emitted light intensity. 

 

GIWAXS 

GIWAXS measurements were performed in a Xeuss 3.0 SAXS/WAXS system with a 

wavelength of λ = 1.542 Å at Vacuum Interconnected Nanotech Workstation (Nano-X). 

 

Device fabrication and measurement 

Organic photovoltaics were fabricated on glass substrates commercially pre-coated with a layer 

of ITO with the conventional structure of ITO/PEDOT:PSS/Active layer/Bis-FIMG/Ag. Prior 

to fabrication, the substrates were cleaned using detergent, deionized water, acetone and 

isopropanol consecutively for 15 min in each step, and then treated in an ultraviolet ozone 

generator for 15 min before being spin coated at 4500 rpm with a layer of 20 nm thick 

PEDOT:PSS (Baytron P AI4083). After baking the PEDOT:PSS layer in air at 170 oC for 20 

min, the substrates were transferred to a glovebox. The active layer was formed according to 

the following procedure: the donor and acceptor were dissolved in chloroform solution with a 

total concentration of 16.5 mg/ml for all active layers, except PM6:BTP-S12, whose total 

concentration was 12 mg/ml due to the limited solubility of BTP-S12; the donor:acceptor 

weight ratio was fixed as 1:1.2 for all active layers; after heating the solution at 55 oC for 1h, 

the solution was cooled for 3 min and then 0.25% (v/v) DIO was added as the additive; then the 

solution was further heated at 55 oC for 10 min, after that, the active layer was spin-coated at 
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3000-3500 rpm for 25 s, except PM6:BTP-S12, whose spin-coating speed was 1800-2000 rpm 

for 25 s. Then an extra preannealing at 80 oC for 8 min was performed. A thin layer of Bis-

FIMG was spin-coated from 1 mg/ml methanol solution at 4000 rpm for 40 s on the top of 

active layer. Finally, the Ag (100 nm) electrode was deposited by thermal evaporation to 

complete the device with an active layer of 6 mm2, as defined by the overlapping area of ITO 

and Ag. A mask with an area of 4.73 mm2 was used to measure the efficiencies. The J-V 

measurement was performed via the solar simulator (SS-F5-3A, Enlitech) along with AM 1.5 

G spectra at 100 mW/cm2, that was calibrated by the certified standard silicon solar cell (SRC-

2020, Enlitech) with KG-2 filter. Devices were tested in N2-filled glovebox. The scan direction 

is -0.1 to 1 V, with a scan step of 0.01 V and dwell time is 1 ms. The EQE data were obtained 

by using the solar-cell spectral-response measurement system (RE-R, Enlitech). 

 

SCLC measurement 

The charge carrier mobilities of the blend films were measured using the space-charge-limited 

current method. Hole-only devices were fabricated in a structure of ITO/PEDOT:PSS/Active 

layer/MoO3/Ag, electron-only devices were fabricated in a structure of ITO/ZnO/Active 

layer/Bis-FIMG/Ag. The device characteristics were extracted by modeling the dark current 

under forward bias using the SCLC expression described by the Mott-Gurney law: 

J=9r0V2/8L3, where r ≈ 3 is the average dielectric constant of the active layer, 0 is the 

permittivity of the free space,  is the carrier mobility, V is the applied voltage and L is the 

thickness of the film. 
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Supplementary Figures and Notes 
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Fig. S1 AM 1.5 G solar spectrum and integrated current density. 

 

Note S1: Theoretical efficiency calculation 

For theoretical efficiency calculation, it’s performed according to the following procedure: 

Firstly, wavelength (or bandgap Eg) and energy loss (Eloss) are set as two variates, which 

are strongly correlated with the photovoltaic materials. The efficiency matrix figure will be 

formed by calculating enough single dots. Here, we set the wavelength ranging from 700 to 

1000 nm and energy loss ranging from 0.6 to 0.3 eV, and 30100 single efficiency dots are 

calculated. 

Secondly, for the calculation of single efficiency dot, voltage (Voc) is obtained via the 

following equation (1): 

𝑉𝑜𝑐 =
𝐸𝑔 − 𝐸𝑙𝑜𝑠𝑠

𝑞
          (1) 

Photocurrent (Jsc) is calculated via the following equation (2): 
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𝐽𝑠𝑐 = 𝑞 ⋅ ∫ 𝑁𝜆(𝜆) ⋅ 𝐸𝑄𝐸(𝜆)𝑑𝜆
∞

0

          (2) 

where N is the photon flux spectrum of the AM 1.5 G solar spectrum. The results of integrated 

current densities with various EQE values are shown in above Fig. S1. For fill factor (FF), we 

can either set it as a fixed value or use the max value calculated through the following empirical 

equation (3): 

𝐹𝐹 =
𝛾𝑜𝑐 − ln (𝛾𝑜𝑐 + 0.72)

𝛾𝑜𝑐 + 1
          (3) 

where oc is the normalized Voc, and can be obtained with the following equation (4): 

𝛾𝑜𝑐 = 𝑒 𝑉𝑜𝑐 𝑛⁄ 𝑘𝑇          (4) 

where e is the elementary charge, n is the diode ideality factor (for high-efficiency OPVs, n ≈ 

1), k is Boltzmann constant and T is the temperature. 

Finally, the power conversion efficiency (PCE) for a single dot with a specific combination 

of wavelength and energy loss can be calculated through the following equation (5): 

𝑃𝐶𝐸 =
𝑉𝑜𝑐 × 𝐽𝑠𝑐 × 𝐹𝐹

𝑃𝑖𝑛
          (5) 

where Pin is the input light power density of the AM 1.5 G solar light. 
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Fig. S2 1H NMR spectrum of BTP-S11. 

Fig. S3 MALDI-TOF mass spectrum of BTP-S11. 
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Fig. S4 1H NMR spectrum of BTP-S12. 

Fig. S5 MALDI-TOF mass spectrum of BTP-S12.
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Fig. S6 1H NMR spectrum of BTP-S15. 

Fig. S7 MALDI-TOF mass spectrum of BTP-S15. 
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Fig. S8 (a-b) Normalized absorption spectra of BTP-S11, BTP-S12 and DAA-1 in chloroform 

solutions and films. (c-d) Normalized absorption spectra of BTP-S12, BTP-S9 and DAA-2 in 

chloroform solutions and films. (e-f) Normalized absorption spectra of BTP-S11, BTP-S9 and 

DAA-3 in chloroform solutions and films. 
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Fig. S9 (a) Cyclic voltammograms of BTP-S11, BTP-S12 and BTP-S9. (b) Cyclic 

voltammograms of DAA-1, DAA-2 and DAA-3. 
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Fig. S10 Chemical structure of Bis-FIMG and device structure of OPVs. 

 

  

ITO

PEDOT:PSS

Active Layer

Bis-FIMG

Ag

Organic Photovoltaic Device



 

S16 
 

PM6:BTP-S11 PM6:DAA-1 PM6:BTP-S12
0.86

0.87

0.88

0.89

0.90
V

o
c
 (

V
)

 PM6:BTP-S11

 PM6:DAA-1

 PM6:BTP-S12

Out of linear area

a

 PM6:BTP-S9 PM6:DAA-2 PM6:BTP-S12
0.84

0.85

0.86

0.87

0.88

0.89  PM6:BTP-S9

 PM6:DAA-2

 PM6:BTP-S12

V
o

c
 (

V
) Out of linear area

b

 

PM6:BTP-S9 PM6:DAA-3 PM6:BTP-S11
0.84

0.85

0.86

0.87

0.88

0.89

0.90
 PM6:BTP-S9

 PM6:DAA-3

 PM6:BTP-S11

V
o

c
 (

V
) In the linear area

c

 

Fig. S11 (a) Voltage comparison among PM6:BTP-S11, PM6:DAA-1 and PM6:BTP-S12-based 

OPVs. (b) Voltage comparison among PM6:BTP-S9, PM6:DAA-2 and PM6:BTP-S12-based 

OPVs. (c) Voltage comparison among PM6:BTP-S9, PM6:DAA-3 and PM6:BTP-S11-based 

OPVs. 
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Fig. S12 (a) FF comparison among PM6:BTP-S11, PM6:DAA-1 and PM6:BTP-S12-based 

OPVs. (b) FF comparison among PM6:BTP-S9, PM6:DAA-2 and PM6:BTP-S12-based OPVs. 

(c) FF comparison among PM6:BTP-S9, PM6:DAA-3 and PM6:BTP-S11-based OPVs. 
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Fig. S13 The copy of certified report from National PV Industry Measurement and Testing 

Center (NPVIM) for ternary device (PM6:DAA-4 based ternary OPV). 
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Fig. S13-continued The copy of certified report from National PV Industry Measurement and 

Testing Center (NPVIM) for ternary device (PM6:DAA-4 based ternary OPV). 
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Fig. S13-continued The copy of certified report from National PV Industry Measurement and 

Testing Center (NPVIM) for ternary device (PM6:DAA-4 based ternary OPV). 
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Fig. S13-continued The copy of certified report from National PV Industry Measurement and 

Testing Center (NPVIM) for ternary device (PM6:DAA-4 based ternary OPV). 
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Fig. S13-continued The copy of certified report from National PV Industry Measurement and 

Testing Center (NPVIM) for ternary device (PM6:DAA-4 based ternary OPV). 
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Fig. S13-continued The copy of certified report from National PV Industry Measurement and 

Testing Center (NPVIM) for ternary device (PM6:DAA-4 based ternary OPV). 
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Fig. S13-continued The copy of certified report from National PV Industry Measurement and 

Testing Center (NPVIM) for ternary device (PM6:DAA-4 based ternary OPV). 
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Fig. S14 (a) The dependence of Jsc on light intensity (Plight) of relevant binary OPVs. (b) The 

dependence of Jsc on Plight of relevant ternary OPVs. 
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Fig. S15 (a) J0.5-V curves of the hole-only devices based on PM6:BTP-S11, PM6:BTP-S12 and 

PM6:BTP-S9 blends (Device: ITO/PEDOT:PSS/Active layer/MoO3/Ag). (b) J0.5-V curves of 

the electron-only devices based on PM6:BTP-S11, PM6:BTP-S12 and PM6:BTP-S9 blends 

(Device: ITO/ZnO/Active layer/Bis-FIMG/Ag). (c) J0.5-V curves of the hole-only devices based 

on PM6:DAA-1, PM6:DAA-2, PM6:DAA-3 and PM6:DAA-4 blends (Device: 

ITO/PEDOT:PSS/Active layer/MoO3/Ag). (d) J0.5-V curves of the electron-only devices based 

on PM6:DAA-1, PM6:DAA-2, PM6:DAA-3 and PM6:DAA-4 blends (Device: 

ITO/ZnO/Active layer/Bis-FIMG/Ag). 

 

  



 

S27 
 

 

Fig. S16 Contact angle images of PM6, BTP-S11, BTP-S12, BTP-S9, DAA-1, DAA-2 and 

DAA-3 films with water and diiodomethane droplets on top. Relevant miscibility parameters 

are summarized in Table S3. 
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Fig. S17 AFM height images of PM6, BTP-S11, BTP-S12, BTP-S9, DAA-1, DAA-2 and DAA-

3 films. Relevant roughness data are listed in Table S3. 
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Fig. S18 AFM phase images of PM6, BTP-S11, BTP-S12, BTP-S9, DAA-1, DAA-2 and DAA-

3 films. 

 

  



 

S30 
 

 
Fig. S19 DSC curves of BTP-S9, BTP-S11, BTP-S12, DAA-1, DAA-2 and DAA-3. 
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Fig. S20 2D GIWAXS images for PM6, BTP-S11, BTP-S12 and BTP-S9 neat films. 
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Fig. S21 1D intensity profiles of PM6, BTP-S11, BTP-S12 and BTP-S9 neat films in the out-

of-plane (OOP, solid lines) and in-plane (IP, dash lines) directions. 
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Fig. S22 2D GIWAXS images for PM6:BTP-S11, PM6:BTP-S12, PM6:BTP-S9, PM6:DAA-1, 

PM6:DAA-2 and PM6:DAA-3 blend films. 
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Fig. S23 (a) 1D intensity profiles of PM6:BTP-S11, PM6:BTP-S12 and PM6:BTP-S9 blends 

in the OOP (solid lines) and IP (dash lines) directions. (b) 1D intensity profiles of PM6:DAA-

1, PM6:DAA-2 and PM6:DAA-3 blends in the OOP (solid lines) and IP (dash lines) directions. 
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Fig. S24 (a) 2D GIWAXS image of PM6:DAA-4 blend. (b) 1D intensity profiles of PM6:DAA-

4 blend in the OOP (solid line) and IP (dash line) directions. 
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Fig. S25 (a) HR-TEM image of BTP-S9 film. (b) HR-TEM image of DAA-2 film. (c) HR-TEM 

image of DAA-3 film. 
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Fig. S26 Chemical structure of BTP-S15. 

 

 

Fig. S27 (a) HR-TEM image of BTP-S15 film. (b) HR-TEM image of DAA-5 film (DAA-5: 

BTP-S9:BTP-S15 = 1:1). (c) HR-TEM image of PM6:DAA-5 film. 
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Fig. S28 (a) J-V curve of PM6:BTP-S15-based OPV (Voc: 0.846 V; Jsc: 25.6 mA cm-2; FF: 

74.9%; PCE: 16.1%). (b) J-V curve of PM6:DAA-5-based OPV (DAA-5: BTP-S9:BTP-S15 = 

1:1; Voc: 0.849 V; Jsc: 26.7 mA cm-2; FF: 78.1%; PCE: 17.7%). 
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Fig. S29 (a) HR-TEM image of PM6 film. (b) HR-TEM image of PM6:DAA-2 film. (c) HR-

TEM image of PM6:DAA-3 film. 
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Fig. S30 (a) Bandgap distributions for OPVs based on PM6:BTP-S11, PM6:BTP-S12 and 

PM6:BTP-S9 blends. (b) Bandgap distributions for OPVs based on PM6:DAA-1, PM6:DAA-

2 and PM6:DAA-3 blends. (c) Determination of bandgap for PM6:DAA-1 based device. (d) 

Determination of bandgap for PM6:DAA-1 based device with the smoother EQE curve. 
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Fig. S31 (a-f) Determination of Urbach energy (EU) via exponential fitting of FTPS-EQE curves 

for PM6:BTP-S11-based device (a), PM6:BTP-S12-based device (b), PM6:BTP-S9-based 

device (c), PM6:DAA-1-based device (d), PM6:DAA-2-based device (e), PM6:DAA-3-based 

device (f). 
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Fig. S32 Comparison of DE2 and EU for relevant binary and ternary OPVs. 
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Note S2: Boltzmann equilibrium 

Fig. 5a shows the kinetic process involved with LE, CT and CS states, the non-radiative 

recombination loss will mainly happen on LE or CT states, particularly for CT states. Thus, the 

effective way for mitigating non-radiative loss is reducing the CT ratio. Accordingly, the 

Boltzmann equilibrium between LE and CT states will largely affect the CT ratio. 

According to the Boltzmann probability distribution, the relative occupation of LE and CT 

states can be expressed as: 

𝑝𝐿𝐸 =
𝑔1

𝑄
exp (−

𝐸𝐿𝐸

𝑘𝐵𝑇
) ; 𝑝𝐶𝑇 =

𝑔2

𝑄
exp (−

𝐸𝐶𝑇

𝑘𝐵𝑇
)          (6) 

where Q is the canonical partition function, ELE and ECT are the energies of LE and CT states, 

kB is the Boltzmann constant, and T is the temperature in Kelvin. 

Then, the equilibrium constant K can be calculated as: 

𝐾 =
𝑝𝐶𝑇

𝑝𝐿𝐸
=

𝑔2

𝑔1
exp (

∆𝐸𝐿𝐸−𝐶𝑇

𝑘𝐵𝑇
)         (7) 

where DELE-CT = ELE - ECT. 

Under the stationary state for the reaction LE CT, we can identify that: 

𝐾 =
𝑘12

𝑘21
=

𝑔2

𝑔1
exp (

∆𝐸𝐿𝐸−𝐶𝑇

𝑘𝐵𝑇
)          (8) 

With equation (8), we can conclude that, reducing DELE-CT will reduce the equilibrium constant 

K between LE and CT states, thus reducing CT ratio for non-radiative loss mitigation. 

However, above conclusion is based on the prerequisite that only Boltzmann equilibrium 

between LE and CT states is considered. In our work, we observe an obvious non-radiative loss 

reduction, due to luminescence efficiency enhancement of over 2 times, while the energetic 

offset (DELE-CT) is less changed, which doesn’t conform to above conclusion. This indicates 

more process should be considered for the Boltzmann equilibrium analysis. For non-fullerene 
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acceptors, especially Y-series molecules, it’s detected that self-separation of exciton directly 

from LE to CT states exists, thus the process between LE and CS states should also be 

considered for Boltzmann equilibrium analysis. 

Similarly, the relative occupation of CS state can be expressed as: 

𝑝𝐶𝑆 =
𝑔3

𝑄
exp (−

𝐸𝐶𝑆

𝑘𝐵𝑇
)         (9) 

where ECS is the energy of CS state. 

Then the modified equilibrium constant K’ can be changed to: 

𝐾′ =
𝑝𝐶𝑇

𝑝𝐿𝐸 + 𝑝𝐶𝑆
=

𝑔2exp (−
𝐸𝐶𝑇

𝑘𝐵𝑇
)

𝑔1 exp (−
𝐸𝐿𝐸

𝑘𝐵𝑇
) + 𝑔3exp (−

𝐸𝐶𝑆

𝑘𝐵𝑇
)

=
1

𝑔12 exp (−
∆𝐸𝐿𝐸−𝐶𝑇

𝑘𝐵𝑇
) + 𝑔32exp (−

∆𝐸𝐶𝑆−𝐶𝑇

𝑘𝐵𝑇
)

          (10) 

Where g12 = g1/g2, g32 = g3/g2. 

So, under the stationary state for the reaction CT LE CS, we can identify that: 

𝐾′ =
𝑘12

𝑘21 + 𝑘13
=

1

𝑔12 exp (−
∆𝐸𝐿𝐸−𝐶𝑇

𝑘𝐵𝑇
) + 𝑔32exp (−

∆𝐸𝐶𝑆−𝐶𝑇

𝑘𝐵𝑇
)

          (11) 

According to equation (11), we can learn that, the reduction of K’ will be determined by both 

DELE-CT and DECS-CT. Thus, for small driving force systems, both DELE-CT and DECS-CT are 

critical for non-radiative loss mitigation. Besides, a reduction of DECS-CT may also promote the 

conversion rate (k23) from CT state to CS state, thus further reducing the CT ratio. So, 

Boltzmann equilibrium among LE, CT and CS states should be responsible for the non-radiative 

loss mitigation in small driving force systems. 
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Note S3: DECS-CT 

As shown above, the variation of DECS-CT may also put an effect on the non-radiative loss. Now 

we analyze the possible factor affecting the DECS-CT. For donor (D) / acceptor (A) systems, there 

exists energy level bending at the D/A interfaces, as shown in Fig. 5b. The happening of energy 

level bending at the D/A interfaces is due to the electrostatic interaction of charges with 

quadrupole moments of surrounding molecules. 

The energy level bending phenomenon will result in a parameter named as interfacial 

bending energy (B), which can be expressed as: 

𝐵 = 𝐵ℎ
𝐷 + 𝐵ℎ

𝐴 = 𝐵𝑒
𝐷 + 𝐵𝑒

𝐴          (12) 

Thus, the dissociation energy of CT state can be expressed as: 

∆𝐸𝐶𝑆−𝐶𝑇 = 𝐸𝐶𝑆 − 𝐸𝐶𝑇 = 𝐸𝐶𝑜𝑢𝑙𝑜𝑚𝑏
𝐶𝑇 − 𝐵          (13) 

So, we can learn that, enlarging the interfacial bending energy could be a way to reduce 

DECS-CT, thus being the factor for reducing CT state ratio and non-radiative recombination loss. 
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Fig. S33 Ultraviolet photoelectron spectroscopy (UPS) data of PM6, BTP-S11, BTP-S12 and 

DAA-1 neat films (He I; h = 21.22 eV). 
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Fig. S34 Ultraviolet photoelectron spectroscopy (UPS) data of BTP-S9, DAA-2, and DAA-3 

neat films (He I; h = 21.22 eV). 
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Note S4: Interfacial bending energy (B) 

As analyzed above, reducing DECS-CT will require an increase of interfacial bending energy (B). 

To accurately calculate the interfacial bending energy, we measured the ionization potential (IP) 

energy levels for PM6, BTP-S11, BTP-S12, BTP-S9, DAA-1, DAA-2 and DAA-3 neat films 

via ultraviolet photoelectron spectroscopy (UPS), and the results are displayed in Figs. S33-34. 

The IP values are calculated as -5.11 eV for PM6, -5.60 eV for BTP-S11, -5.58 eV for BTP-

S12, -5.43 eV for BTP-S9, -5.64 eV for DAA-1, -5.47 eV for DAA-2 and -5.37 eV for DAA-3. 

    Since the energetic offset can be expressed as: 

∆𝐸𝐿𝐸−𝐶𝑇 = ∆𝐼𝑃 − 𝐵          (14) 

We can then calculate the bending energy B via the following equation: 

𝐵 = ∆𝐼𝑃 − ∆𝐸𝐿𝐸−𝐶𝑇          (15) 

Since the DIP values are found to be 0.49 eV for PM6:BTP-S11 system, 0.47 eV for PM6:BTP-

S12 system, 0.32 eV for PM6:BTP-S9 system, 0.53 eV for PM6:DAA-1 system, 0.36 eV for 

PM6:DAA-2 system and 0.26 eV for PM6:DAA-3 system, then the bending energy B can be 

obtained as 0.439 eV for PM6:BTP-S11 system, 0.418 eV for PM6:BTP-S12 system, 0.279 eV 

for PM6:BTP-S9 system, 0.477 eV for PM6:DAA-1 system, 0.314 eV for PM6:DAA-2 system 

and 0.217 eV for PM6:DAA-3 system. The above results are also summarized in Table S4. 
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Fig. S35 (a) Chemical structure of BTP-S2. (b) Absorption spectra of BTP-S2 solution and film. 

(c) Cyclic voltammograms of BTP-S2. 
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Fig. S36 Semilogarithmic plots of normalized EL and normalized FTPS-EQE (solid lines), and 

the determination of ECT via Gaussian fits to EL and FTPS-EQE spectra according to the Marcus 

equation (dash lines) for PM6:BTP-S2-based device. 
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Fig. S37 The copy of certified report from National PV Industry Measurement and Testing 

Center (NPVIM) for quaternary device (PM6:TAA-1 based quaternary OPV). 

 



 

S48 
 

 
Fig. S37-continued The copy of certified report from National PV Industry Measurement and 

Testing Center (NPVIM) for quaternary device (PM6:TAA-1 based quaternary OPV). 
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Fig. S37-continued The copy of certified report from National PV Industry Measurement and 

Testing Center (NPVIM) for quaternary device (PM6:TAA-1 based quaternary OPV). 
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Fig. S37-continued The copy of certified report from National PV Industry Measurement and 

Testing Center (NPVIM) for quaternary device (PM6:TAA-1 based quaternary OPV). 
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Fig. S37-continued The copy of certified report from National PV Industry Measurement and 

Testing Center (NPVIM) for quaternary device (PM6:TAA-1 based quaternary OPV). 
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Fig. S37-continued The copy of certified report from National PV Industry Measurement and 

Testing Center (NPVIM) for quaternary device (PM6:TAA-1 based quaternary OPV). 
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Fig. S37-continued The copy of certified report from National PV Industry Measurement and 

Testing Center (NPVIM) for quaternary device (PM6:TAA-1 based quaternary OPV). 
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Fig. S38 EQE curve of device based on PM6:TAA-1 blend (TAA-1: BTP-S11:BTP-S12:BTP-

S2 = 0.7:0.3:0.2). 
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Fig. S39 Diagram of varied quadrupole moments with increased straight-crystal or curved-

crystal. 
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Fig. S40 Efficiency potentials of OPVs with the change of FF. 
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Supplementary Tables 

 

Table S1 Summary of photovoltaic parameters of binary and ternary OPVs for this work and 

reported references 

Device 

type 

Active layer Voc 

(V) 

Jsc 

(mA cm-2) 

FF 

(%) 

Voc * Jsc PCE 

(%) 

Ref. 

Binary PM6:BTP-S11 0.878 27.1 79.3 23.79 18.9 This 

work 

 PM6:Y6 0.830 25.3 74.8 21.00 15.7 1 

 PM6:BTP-4Cl 0.867 25.4 75.0 22.02 16.5 2 

 PM6:BO-4Cl 0.858 25.6 77.6 21.96 17.0 3 

 PM6:BTP-4F-12 0.855 25.3 76.0 21.63 16.4 4 

 PM6:N3 0.837 25.8 73.9 21.59 16.0 5 

 PM6:BTP-eC9 0.839 26.2 81.1 21.98 17.8 6 

 PM6:BTP-S2 0.945 24.1 72.0 22.77 16.4 7 

 PM6:AQx-2 0.860 25.4 76.3 21.84 16.6 8 

 PM6:BTIC-2Br-m 0.880 25.0 73.1 22.00 16.1 9 

 PM6:DTY6 0.858 25.3 75.4 21.71 16.3 10 

 PM6:BTIC-CF3-g 0.850 25.2 72.8 21.42 15.6 11 

 PM6:BTP-2F-ThCl 0.869 25.4 77.4 22.07 17.1 12 

 PM6:Y6-O 0.940 22.9 77.0 21.53 16.5 13 

 PM6:Y11 0.833 26.7 74.3 22.24 16.5 14 

 PM6:mBzS-4F 0.804 27.7 76.4 22.27 17.0 15 

 PM6:BTP-4F-P2EH 0.880 25.9 80.1 22.79 18.2 16 

 PM6:A-WSSe-Cl 0.850 26.6 77.5 22.61 17.5 17 

 PM6:BT-BO-L4F 0.830 28.4 70.3 23.57 16.6 18 

 PM6:BTP-S9 0.846 26.5 78.4 22.42 17.6 19 

 PM6:L8-BO 0.870 25.7 81.5 22.36 18.3 20 

 PM6:EH-HD-4F 0.840 27.5 79.3 23.10 18.4 21 

 PTQ10:Y6 0.870 24.8 75.1 21.58 16.2 22 

 Pt10:Y6 0.810 26.5 76.3 21.47 16.4 23 

 P2F-EHp:Y6 0.810 26.7 74.1 21.63 16.0 24 

 PM6-Ir1:Y6 0.845 26.2 78.4 22.14 17.3 25 

 PBTT-F:Y6 0.840 24.8 77.1 20.83 16.1 26 

 PTQ11:TPT10 0.880 24.8 74.8 21.82 16.3 27 

 D18:Y6Se 0.839 28.0 75.3 23.49 17.7 28 

 PT2:Y6 0.830 26.7 74.4 22.16 16.5 29 

 PM1:Y6 0.870 25.9 78.0 22.53 17.6 30 

 D18:Y6 0.859 27.7 76.6 23.79 18.2 31 

 PM7:Y6 0.897 25.6 74.0 22.96 17.0 32 

 PBTATBT-4f:Y6 0.810 27.3 72.7 22.11 16.1 33 

 SZ4:N3 0.848 26.0 77.4 22.05 16.7 34 
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 PBQ10:Y6 0.850 25.8 74.6 21.93 16.3 35 

 P5T:BTP-eC9 0.837 26.5 79.8 22.18 17.7 36 

 PBQ6:Y6 0.851 26.6 77.9 22.64 17.6 37 

 PM6-Tz20:Y6 0.860 27.3 75.0 23.48 17.6 38 

 PBNT-BDD:Y6 0.880 25.4 72.0 22.35 16.1 39 

 PTVT-T:BTP-eC9 0.790 26.2 78.0 20.70 16.2 40 

 PBDB-T:PN-Se 0.907 24.8 71.8 22.49 16.2 41 

 D18:BO-4Cl 0.860 26.3 77.7 22.62 17.6 42 

 PTQ10:m-BTP-C6Ph 0.883 25.3 79.3 22.34 17.7 43 

 PNTB6-Cl:N3 0.857 26.6 77.3 22.80 17.6 44 

 PBCT-2F:Y6 0.850 27.2 74.3 23.12 17.1 45 

Ternary PM6:DAA-4 0.880 27.1 79.9 23.85 19.1 This 

work 

 PM6:Y6:PC71BM 0.850 25.8 74.7 21.93 16.4 46 

 PM6:Y6:BTTPC 0.860 25.5 77.0 21.93 16.8 47 

 PM6:Y6:BTP-M 0.875 26.6 73.5 23.28 17.0 48 

 PM6:Y18:PC71BM 0.840 26.3 77.4 22.09 17.1 49 

 PM6:CH1007:PC71BM 0.822 27.5 75.6 22.61 17.1 50 

 PM6:BTP-4F-12:MeIC 0.863 25.4 79.2 21.92 17.4 51 

 PM6:PB2F:BTP-eC9 0.863 26.8 80.4 23.13 18.6 52 

 D18-Cl:Y6:PC71BM 0.870 26.8 77.0 23.32 18.0 53 

 D18-Cl:Y6:Y6-1O 0.900 25.9 76.9 23.31 17.9 54 

 PM6:CH1007:BT-4BO 0.880 26.9 75.4 23.67 17.8 55 

 PTQ10:BTP-Ph:BTP-Th 0.888 25.2 78.6 22.38 17.6 56 

 PM6:Y6-1O:PC71BM 0.900 24.9 78.5 22.41 17.6 57 

 PTQ10:m-BTP-

PhC6:PC71BM 

0.869 27.0 80.6 23.46 18.9 58 

 PM6:BTP-eC9:L8-BO-F 0.853 27.4 80.0 23.37 18.7 59 

 PBQx-TF:eC9-2Cl:F-

BTA3 

0.879 26.7 80.9 23.47 19.0 60 

 PBQx-TCl:BTP-

eC9:BTA3 

0.840 26.9 79.6 22.60 18.0 61 

 PM6:BO-4Cl:BTP-S2 0.861 27.1 78.0 23.33 18.2 62 

 D18:Y6:BTPR 0.863 27.8 74.6 23.99 17.8 63 

 PM6:BTP-eC9:BTP-F 0.858 27.0 79.7 23.17 18.5 64 

 B1:BO-4Cl:BO-2Cl 0.840 26.1 78.0 21.92 17.0 65 

 PM6:eC9:HDO-4Cl 0.866 27.1 80.5 23.47 18.9 66 

 D18-Cl:Y6:G19 0.871 27.4 77.7 23.87 18.5 67 

 PM6:PYT:PY2F-T 0.900 25.2 76.0 22.68 17.2 68 

 PNTB-2T:Y6:PC71BM 0.875 26.5 75.0 23.19 17.4 69 
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Table S2 Summary of hole and electron mobilities for binary and ternary devices 

Active layer h (×10-3 cm2 V-1 s-1) e (×10-3 cm2 V-1 s-1) h / e 

PM6:BTP-S11 2.45±0.42 2.62±1.12 0.94 

PM6:BTP-S12 1.09±0.18 0.33±0.15 3.30 

PM6:BTP-S9 2.91±0.41 3.53±2.06 0.82 

PM6:DAA-1 2.30±0.33 2.96±1.65 0.78 

PM6:DAA-2 1.61±0.43 2.46±1.23 0.65 

PM6:DAA-3 1.66±0.28 2.46±0.39 0.67 

PM6:DAA-4 2.40±0.38 3.19±0.33 0.75 

 

 

Table S3 Summary of miscibility and aggregation parameters 

Material water (o) diiodomethane (o) d (mN m-1) a h (mN m-1) b  (mN m-1) c D-A d Rq (nm) 

PM6 105.41 58.60 1.33 48.97 50.30 / 0.99 

BTP-S11 94.31 46.82 3.08 55.33 58.41 0.30 0.55 

BTP-S12 91.78 45.78 3.70 54.67 58.37 0.30 1.78 

BTP-S9 94.28 42.91 2.87 59.65 62.52 0.66 0.57 

DAA-1 94.86 44.62 2.81 58.20 61.01 0.52 0.67 

DAA-2 95.55 46.85 2.76 56.20 58.96 0.34 0.69 

DAA-3 95.47 46.48 2.76 56.56 59.32 0.37 0.52 
a Surface tension from dipole-dipole component. 
b Surface tension from hydrogen bond component.  
c The total surface tension is calculated through the equation of  = d + h. 
d The Flory-Huggins interaction parameter between the donor (D) and acceptor (A) is calculated 

with the equation of 𝜒𝐷−𝐴 = (√𝛾𝐷 − √𝛾𝐴)2. 

 

 

Table S4 Summary of DIP, DELE-CT, B, DE3 and EQEEL parameters for binary and ternary 

systems 

Active Layer DIP (eV) DELE-CT (eV) B (eV) DE3 (eV) EQEEL (10-2%) 

PM6:BTP-S11 0.49 0.051 0.439 0.194 4.12 

PM6:BTP-S12 0.47 0.052 0.418 0.210 3.12 

PM6:BTP-S9 0.32 0.041 0.279 0.201 3.17 

PM6:DAA-1 0.53 0.053 0.477 0.179 8.67 

PM6:DAA-2 0.36 0.046 0.314 0.190 6.38 

PM6:DAA-3 0.26 0.043 0.217 0.199 3.62 
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