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Supplementary Note  

Supplementary Note 1. Exciton Dissociation Probability 
To calculate exciton dissociation probability, photocurrent density (Jph) versus the effective 
voltage (Veff) of the devices were measured, where Jph is the current difference between the current 
densities under illumination and in the dark. Veff is the voltage difference between the voltage when 
Jph = 0 and the applied voltage as shown below.[1,2] 

Jph = qGmaxP(E, T)L 

Jsat = qGmaxL 

Veff = V0 – Va 

Jph = Jlight - Jdark 

(Where, Gmax: absorbed photons, Jsat: Jph when Veff is the highest, Jph: Jph under short-circuit 
condition, q: elementary charge, L: thickness of the film) 
All excitons are dissociated into free charge carriers and collected by electrodes at high Veff. The 
saturation photocurrent density (Jsat) is only limited by the number of absorbed incident photons. 
Higher Jph/Jsat (P (E, T)) at low electric field can be obtained in the BT system. It suggests 
facilitating charge transfer at the interface between the photoactive layer and the electron transport 
layer. The values of Jph of the devices increase linearly at low values of Veff (< 0.2 V for both 
binary and ternary) and become saturated when the value of Veff is greater than 0.3 V. Here, the 
value of Jsat is related to the absorbed incident photon flux. The value of Gmax values (1.44 × 1028, 
1.47 × 	1028, 1.48 × 1028 m-3s-1 for binary / 1.46 × 1028, 1.49 × 1028, 1.51 × 1028 m-3s-1 for ternary) 
are proportional to the Jsc values of the devices. Higher values of Gmax indicate higher light 
harvesting in the devices.  
[1] Onsager. L., et al. Initial recombination of ions. Phys. Rev. 54, 554–557 (1938). 
[2] Braun. C., et al. Electric field assisted dissociation of charge transfer states as a mechanism of 
photocarrier production. J. Chem. Phys. 80, 4157–4161 (1984). 
 

 

 

 

 

 

 

 

 

 

 



Supplementary Figures 

 

 

 
Supplementary Figure 1. Molecular structures of PM6 (donor), BTP-eC9 (acceptor 1), L8-BO 
(acceptor 2), benzothiadiazole, and 1,8-diiodooctane additives. 
 

 

 

 

 

 

 

 

 

 

 

 

 



 
Supplementary Figure 2. The saturation concentration of PM6, BTP-eC9, and L8-BO.  

 

 

 

 

 

 

 

 

 

 

 

 



 
Supplementary Figure 3. Energy level of PM6, BTP-eC9, L8-BO, and other layer components. 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 



 

 
 
Supplementary Figure 4. UV-vis absorption spectra of a, PM6, BTP-eC9, and L8-BO neat films 
and b, binary (PM6:BTP-eC9) and ternary (PM6:BTP-eC9:L8-BO) films processed by chloroform. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 
 

 
Supplementary Figure 5. Normalized weight reduction as a function of the temperature of 
benzothiadiazole in air and nitrogen environment. The properties were measured by 
thermogravimetric analysis with heating at 10 °C/min and N2/Air flow of 20 ml/min. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 
 
Supplementary Figure 6. 1D plots of in situ UV-vis absorption spectra of a, control b, DIO and 
c, BT ternary system from the solution to the solid film during the initial 10s and four different 
exemplary samples of ternary systems at d, liquid precursor state and e, thin film state. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 

Supplementary Figure 7. Experimental setup for in situ UV-vis absorption spectroscopy 
measurement. The cartoon depicts the light source, substrate, liquid precursor on the substrate and 
optical fiber connected to the spectroscopic detector used to monitor the real-time evolution of 
film formation during spin-coating. 
 
 
 
 
 
 
 
 
 
 
 
 



 

 
 
Supplementary Figure 8. In situ UV-vis absorption spectra of a, control b, DIO and c, BT binary 
system (the inset is an enlarged image of the indicated spectrum in time between 1 s and 2 s). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
Supplementary Figure 9. UV-vis absorption changes with thermal annealing of ternary systems 
of a, control b, DIO, and c, BT. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
Supplementary Figure 10. Morphological characterization upon thermal annealing at 100 °C. a, 
Before and b, after thermal annealing of ternary OPV films fabricated without additive (left), with 
DIO (center), and BT (right) obtained via topology characterization by AFM measurement. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 
Supplementary Figure 11. 2D GIWAXS patterns of neat films of PM6, BTP-eC9, and L8-BO. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 Supplementary Figure 12. 2D GIWAXS patterns of the blend films of control, DIO, and BT 
ternary system. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
Supplementary Figure 13. In-plane line cuts of PM6 (left), BTP-eC9 (center), and L8-BO (right) 
neat films. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
Supplementary Figure 14. In-plane (100) diffraction peaks of control (left), DIO (center), and 
BT (right) ternary blend system and their corresponding Gaussian fitting results. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 
Supplementary Figure 15. Thickness of the photoactive layer of control, DIO, and BT blend 
films measured by a surface profiler. All blend films showed approximate 100 nm thickness of the 
photoactive layer.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
Supplementary Figure 16. 2D GIWAXS patterns of the blend films of control, DIO, and BT 
binary system. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
Supplementary Figure 17. Out-of-plane (010) line-cut (left), d-spacing and crystal coherence 
lengths of out-of-plane (010) peak (center) and in-plane (100) peak (right) of the binary blend 
system. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

Supplementary Figure 18. In-plane (100) diffraction peaks of control (left), DIO (center), and 
BT (right) binary blend system and their corresponding Gaussian fitting results. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 
 
Supplementary Figure 19. Morphological characterization of PM6 (left), BTP-eC9 (center), and 
L8-BO (right) neat films by AFM measurement. a, Topology b, Derjaguin – Muller – Toporov 
(DMT) modulus, and c, dissipation energy via nanomechanical measurement.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 
 
Supplementary Figure 20. Overlapped images of topology and DMT modulus measurement of 
a, PM6 neat film and b, binary blend with DIO. The areas with white color in topology image are 
covered by the green and light blue areas (acceptor domains) in DMT image, indicating that the 
area with white color in topology would be aggregated acceptors, rather than the polymer donors. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 
Supplementary Figure 21. Area percentage calculations for non-fullerene acceptor domains 
(green and light blue colored in Fig. 2b) in the sub-surface of the photoactive layer of control 
without additive (left), with DIO (center), and BT (right) in a, binary and b, ternary blend system. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 
 
Supplementary Figure 22. Area percentage calculations for non-fullerene acceptor domains 
(green and light blue colored in Fig. 2c) in the top surface of the photoactive layer without additive 
(left), with DIO (center), and BT (right) in a, binary and b, ternary blend system. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 
Supplementary Figure 23. Area percentage calculations for polymer donor domains (red colored 
in Fig. 2b) in the sub-surface of the photoactive layer without additive (left), with DIO (center), 
and BT (right) in a, binary and b, ternary blend system. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 
 
Supplementary Figure 24. Area percentage calculations for polymer donor domains (red colored 
in Fig. 2c) in the top surface of the photoactive layer without additive (left), with DIO (center), 
and BT (right) in a, binary and b, ternary blend system. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 
 
Supplementary Figure 25. Morphological characterization. a, AFM topology images. b, 
Derjaguin – Muller – Toporov (DMT) modulus and c, dissipation energy distribution of binary 
OPV films fabricated without additive (left), with DIO (center), and BT (right) obtained via 
nanomechanical measurement. d, Histogram of log modulus (left) and dissipation energy (center) 
of control, DIO, and BT binary blend system. Domain area of the donor in the sub-surface (pink) 
and acceptor in the top surface (green) of the photoactive network in the binary OPV films (right). 
 
 
 
 
 
 
 
 



 

 
Supplementary Figure 26. The contact angles of H2O and EG on a, neat films of PM6 (left), 
BTP-eC9 (center), and L8-BO (right) and b, blend films of ternary system without additive (left), 
with DIO (center), and BT (right) additives. c, surface energy of neat films and ternary blend films. 
 
 
 
 
 
 
 
 
 
 
 
 



 
Supplementary Figure 27. Selected element intensity a, N1s, b, Cl2p of control, DIO, and BT 
films as a function of sputtering time in depth profiling X-ray photoelectron spectroscopy. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 

 
 
Supplementary Figure 28. The molecular structure (left), the top view (center), side view (right) 
of the optimized geometries of a, BTP-eC9 and b, L8-BO.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 
 
Supplementary Figure 29. The interaction energy between BTP-eC9 and BT molecule at 
different positions and optimized structures calculated by DFT. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 
Supplementary Figure 30. The interaction energy between L8-BO and BT molecule at different 
positions and optimized structures calculated by DFT. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 
 
Supplementary Figure 31. The interaction energy between BTP-eC9 and DIO molecule at 
different positions and optimized structures calculated by DFT. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 

 
 

 
Supplementary Figure 32. The interaction energy between L8-BO and DIO molecule at different 
positions and optimized structures calculated by DFT. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 

 
 
Supplementary Figure 33. Interaction energy between BTP-eC9 and chlorobenzene molecules 
at different positions and optimized structures calculated by DFT. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 
 
Supplementary Figure 34. Interaction energy between L8-BO and chlorobenzene molecules at 
different positions and optimized structures calculated by DFT. 
 
 
 
 
 
 
 
 
 
 

 
 



 
 

Supplementary Figure 35. The interaction energy between PM6 and BT molecule at different 
positions and optimized structures calculated by DFT. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 
 
Supplementary Figure 36. The interaction energy between PM6 and DIO molecule at different 
positions and optimized structures calculated by DFT. 

 
 
 
 
 
 
 
 
 
 
 
 

 



 
 

 
Supplementary Figure 37. Equilibrated MD snapshots of a, BTP-eC9:BT and b, L8-BO:BT 
mixtures, showing full atomistic views (left) and aromatic ring distributions (right), highlighting 
enhanced short-range contacts in BTP-eC9 with BT. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 
Supplementary Figure 38. Equilibrated MD snapshots of a, BTP-eC9:DIO and b, L8-BO:DIO 
mixtures, with aromatic ring mapping, showing weaker contact enrichment for BTP-eC9 and 
stronger for L8-BO when mixed with DIO. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
Supplementary Figure 39. Radial Distribution Functions (RDFs) between additive and acceptor 
aromatic rings in a, BTP-eC9 and b, L8-BO, indicating additive-specific short-range contact 
preferences.  
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 

Supplementary Figure 40. a, Contour plots of TA spectra of neat films of PM6, BTP-eC9, and 
L8-BO. PM6 had an excitation wavelength of 600 nm, while BTP-eC9 and L8-BO had an 
excitation wavelength of 790 nm. b, TA spectra of different neat films at indicated delay times. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 
Supplementary Figure 41. TA spectra of the ternary blend films at indicated delay times.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
Supplementary Figure 42. Electrochemical impedance spectroscopy measurement of the binary 
blend devices.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 
Supplementary Figure 43. IV curves of a) hole-only devices and b) electron-only devices based 
on the ternary blends.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 

Supplementary Figure 44. IV curves of binary devices (PM6:BTP-eC9) to optimize the effect of 
a, the thermal annealing time and b, BT concentration on the device performance. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
  
 
Supplementary Figure 45. IV curves of ternary devices (PM6:BTP-eC9:L8-BO) to optimize the 
effect of a, the thermal annealing time, b, temperature, and c, BT concentration on the device 
performance. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
Supplementary Figure 46. IV curve of the optimized binary OPV devices fabricated in control, 
DIO, and BT blend system. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
Supplementary Figure 47. The steady-state PCE of OPV devices fabricated in BT ternary system.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 

Supplementary Figure 48. IV curves of a, PM6:Y6 devices fabricated in control, CN 
(chloronaphthalene), and BT blends, and b, PM7:BTP-eC9:L8-BO devices fabricated in control, 
DIO, and BT blend systems.  
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Supplementary Figure 49. Transient photocurrent decay curve of the binary blend devices. The 
decay times were 0.34 	µs , 0.27 µs , and 0.21 µs  for control, DIO, and BT binary blends, 
respectively, indicating faster charge extraction in the BT blend. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
Supplementary Figure 50. Transient photovoltage (TPV) measurements of devices without 
additive, with DIO and BT additives in a, binary and b, ternary system. The TPV measurements 
were conducted under open-circuit condition. When the solar cell was illuminated under pulse 
light, there were photon-generated electrons and holes, followed by the generation of photovoltage. 
After the pulsed light was off, the voltage decreased owing to the recombination of electrons and 
holes at various sites such as defects. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 
Supplementary Figure 51. Photocurrent as a function of the effective voltage of the binary blend 
devices. The probability of exciton dissociation P(E, T) was 97.0%, 97.6%, and 97.8% for control, 
DIO, and BT binary blends, respectively. It indicates that the BT blend has lower geminated 
recombination than DIO and control blends. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 



 
 

Supplementary Figure 52. MPP tracking traces of OPV device fabricated in BT blend system 
over 1,200 hours under ISOS-L-3 condition at 85 °C. The PCE decreased from 20.5% to 17.0% 
(reduction of 17.2%). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Supplementary Tables 
Supplementary Table 1. Thermal properties of benzothiadiazole and other reference additives. 
Benzothiadiazole can reach 100 wt% loss at about 75% of boiling point. They can be melted into 
liquid before leaving the active layer completely. It can be removed efficiently by sublimation and 
volatilization. Given that the additive evaporation rate in the blend is usually much higher than 
that in the neat state because of a larger specific surface area of the additive, a 5 wt% loss point 
was adopted as an indication for the temperature to completely remove the solid additive from the 
active layer.[3] 

 

 
[3] Fan, B., et al. Understanding the role of removable solid additives: selective interaction 
contributes to vertical component distributions. Adv. Mater. 35, 2302861 (2023). 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Supplementary Table 2. Absorbance ratio between peaks at 610 nm and 740 nm of samples 1 – 
4 and their standard deviation. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Standard
DeviationSample 4Sample 3Sample 2Sample 1Absorbance ratio

(610 nm : 740 nm)

0.09 ~ 0.181.70:1.951.87:1.911.98:1.882.13:2.08Liquid Precursor State

0 ~ 0.0050.58:0.660.59:0.660.58:0.660.58:0.66Thin Film State



Supplementary Table 3. Summary of d-spacing and crystal coherence lengths of the (010) peak 
in the out-of-plane for neat and blend films. 
 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CCL (Å)FWHM (Å-1)d-spacing (Å)q (Å-1)Active layer

21.5900.25903.6891.703PM6

20.6500.27083.5531.768BTP-eC9

18.6270.30023.5121.788L8-BO

19.7940.28253.6021.744Binary Control

20.2170.27663.5881.751Binary DIO

22.2790.25103.5781.756Binary BT

20.4760.27313.6081.741Ternary Control

21.5900.25903.5901.750Ternary DIO

23.1740.24133.5861.752Ternary BT



Supplementary Table 4. Summary of d-spacing and crystal coherence lengths of the (100) peak 
in the in-plane for neat and blend films. 
 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

CCL (Å)FWHM (Å-1)d-spacing (Å)q (Å-1)Active layer

72.7180.076921.4430.293PM6

71.6000.078115.6680.401BTP-eC9

62.3410.089717.0270.369L8-BO

93.3560.059921.2260.296DonorBinary 
Control 52.2130.107116.5780.379Acceptor

99.6790.056121.1550.297DonorBinary 
DIO 53.6660.104216.5340.380Acceptor

91.2240.061320.9430.300DonorBinary 
BT 54.0290.103516.4480.382Acceptor

84.5990.066121.3710.294DonorTernary 
Control 48.4990.115316.5780.379Acceptor

93.9830.059521.2260.296DonorTernary 
DIO 52.0180.107516.4480.382Acceptor

85.8990.065121.0130.299DonorTernary 
BT 53.7170.104116.2350.387Acceptor



Supplementary Table 5. Domain area percentages in donor dominating, acceptor dominating, 
and D/A intermixed regions in the top surface and sub-surface of the photoactive layer. 
 

 
 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

TernaryBinary

Domain 
Area Acceptor

top
Donor 

top

D/A
Intermixed

top

D/A
Intermixed

bottom

Acceptor 
bottom

Donor  
bottom

Acceptor
top

Donor 
top

D/A
Intermixed

top

D/A
Intermixed

bottom

Acceptor 
Bottom

Donor  
bottom

18.1810.8370.9968.8221.639.5516.3711.1272.5168.3024.137.57Control

21.2611.7167.0368.0117.8214.1719.6213.6266.7668.8721.339.80DIO

23.917.7768.3269.0516.6314.3222.809.6167.5970.2920.838.88BT



Supplementary Table 6. The contact angles and surface tension of the neat and ternary blend 
films. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

!	(mN/m)#!" (°)##2% (°)Films

21.482.8110.3PM6

27.174.4101.3BTP-eC9

28.174.598.5L8-BO

23.379.7107.4Ternary Control

24.777.5105.4Ternary DIO

25.176.8105.1Ternary BT



Supplementary Table 7. Element intensity from the beginning to the end of measurement by 
depth profiling XPS. 
 

 
 
 
 
 
 
 
 
 
 

Cl2p (×103)N1s (×103)t/tmaxFilms

0.4601.1110.0Control

0.7241.7230.16

0.8301.6250.33

0.8591.6870.51

0.6541.4100.66

0.2170.3910.83

001

0.5851.4030.0DIO

0.9021.8250.16

0.7721.6720.33

0.7201.6130.51

0.6131.3450.66

0.1750.2460.83

001

0.6581.4910.0BT

0.8531.7760.16

0.8091.5310.33

0.8021.3590.51

0.5561.2650.66

0.1290.2850.83

001



Supplementary Table 8. The rise times of the hole transfer process in blend films extracted from 
the biexponential fitting, where Ai are the amplitudes, 𝜏i are the rise times of the two components.  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

!2 (ps)A2!1 (ps)A1

7.906±0.3410.5490.433±0.0250.451Con

7.331±0.3270.5780.218±0.0200.423DIO

5.620±0.3420.3510.188±0.0110.649BT



Supplementary Table 9. Recombination resistance, charge transfer resistance, and capacitance 
values of binary and ternary systems, measured by electrochemical impedance spectroscopy. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

BTDIOControlBinary

15.5 Ω17.8 Ω22.4 ΩRrec

139.2 Ω146.6 Ω270.0 ΩRt

3.62 nF4.21 nF3.75 nFCapacitance

BTDIOControlTernary

12.6 Ω14.8 Ω16.8 ΩRrec

96.6 Ω125.7 Ω170.2 ΩRt

4.96 nF4.91 nF4.08 nFCapacitance



Supplementary Table 10. Summary of photovoltaic performances of binary devices (PM6:BTP-
eC9) in optimizing the effect of the thermal annealing time and BT concentration. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 



Supplementary Table 11. Summary of photovoltaic performances of ternary devices (PM6:BTP-
eC9:L8-BO) in optimizing the effect of the thermal annealing time, temperature, and BT 
concentration.  
 

 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 



Supplementary Table 12. Summary of photovoltaic performances of binary devices (PM6:BTP-
eC9) and ternary devices (PM6:BTP-eC9:L8-BO) in control, DIO, and BT blend system. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Supplementary Table 13. Summary of the PM6:BTP-eC9 based ternary OSCs.  

Active layer Ratio VOC (V) JSC (mA/cm2) FF PCE (%) Ref 

PM6:BTP-eC9 1:1.2 0.85 26.8 77.5 17.6 [1] 

PM6:BTP-eC9:BTP-F 1:1.02:0.18 0.86 27.0 79.7 18.5  

PM6:BTP-F 1:1.2 0.90 24.1 75.0 16.2  

PM6:BTP-eC9 1:1.2 0.84 26.6 78.1 17.5 [2] 

PM6:L8-BO-F 1:1.2 0.93 23.4 76.9 16.8  

PM6:BTP-eC9:L8-BO-F 1:1.02:0.18 0.85 27.4 80.0 18.7  

PM6:BTP-eC9 1:1.2 0.84 27.0 76.1 17.4 [3] 

PM6:BTP-eC9:MOIT-M 1:1.2:0.3 0.87 27.4 77.3 18.5  

PM6:MOIT-M 1:1.2 1.01 15.8 64.3 10.3  

PM6:Y6 1:1.2 0.84 24.9 71.0 14.9 [4] 

PM6:BTP-eC9 1:1.2 0.86 23.2 69.0 13.3  

PM6:Y6:BTP-eC9 1:0.48:0.72 0.85 26.4 73.0 16.4  

PM6:BTP-ICB1F 1:1.2 0.97 21.8 65.0 13.8 [5] 

PM6:BTP-ICB2F 1:1.2 0.94 25.0 68.6 16.2  

PM6:BTP-ICB3F 1:1.2 0.91 26.0 74.6 17.7  

PM6:BTP-ICBCF3 1:1.2 0.93 25.9 74.0 17.8  

PM6:BTP-eC9:BTP-ICBCF3 1:1.2:0.24 0.85 27.4 77.8 18.2  

PM6:ZH1 1:1.2 1.057 6.9 52.8 3.9 [6] 

PM6:ZH2 1:1.2 0.96 20.0 68.3 13.0  

PM6: BTP-eC9 1:1.2 0.84 27.0 76.5 17.4  

PM6:BTP-eC9:ZH1 1:1.1:0.1 0.85 27.1 77.3 17.8  



Active layer Ratio VOC (V) JSC (mA/cm2) FF PCE (%) Ref 

PM6:BTP-eC9:ZH2 1:1.1:0.1 0.86 27.3 79.7 18.8  

PM6:BTP-eC9 1:1.2 0.85 26.8 77.6 17.5 [7] 

PM6:BTP-eC9:AFIC 1:1.2:0.1 0.85 27.7 79.0 18.7  

PM6:AFIC 1:1.2 0.90 18.1 76.0 12.4  

PM6:BTP-eC9 1:1.2 0.85 26.0 76.0 16.9 [8] 

PM6:IT-M 1:1.2 1.02 15.2 60.1 9.4  

PM6:BTP-eC9:IT-M 1:1.02:0.18 0.87 27.0 79.5 18.7  

PM6:G6-EH 1:1.2 0.89 24.3 77.1 16.7 [9] 

PM6:G6-BO 1:1.2 0.91 24.2 77.3 17.1  

PM6:G6-EHep 1:1.2 0.90 23.1 76.0 15.8  

PM6:G6-BO:BTP-eC9 1:0.96:0.24 0.85 27.6 77.7 18.1  

PM6:BTP-eC9 1:1.2 0.86 25.8 76.0 16.9 [10] 

PM6:ITIC 1:1.2 1.00 15.1 59.4 9.5  

PM6:BTP-eC9:ITIC 1:1.08:0.12 0.87 26.8 78.2 18.3  

PM6:BTP-eC9 1:1.2 0.84 26.5 78.4 17.4 [11] 

PM6:EH-C8F17 1:1.2 0.60 25.5 55.6 8.3  

PM6:BTP-eC9:EH-C8F17 1:1.1:0.1 0.84 27.3 79.2 18.0  

PM6:BTP-eC9 1:1.2 0.86 27.0 77.5 18.0 [12] 

PM6:isoIDTIC 1:1.2 0.89 5.75 32.3 1.7  

PM6:BTP-eC9:isoIDTIC 1:1.1:0.1 0.87 27.3 80.4 19.0  

PM6:BTP-eC9 1:1.2 0.85 27.2 76.8 17.7 [13] 



Active layer Ratio VOC (V) JSC (mA/cm2) FF PCE (%) Ref 

PM6:LA21 1:1.2 0.97 18.5 70.7 12.6  

PM6:LA22 1:1.2 0.84 19.8 74.0 12.3  

PM6:LA23 1:1.2 0.93 19.7 70.4 13.0  

PM6:BTP-eC9:LA21 1:1.2:0.2 0.86 27.8 78.0 18.7  

PM6:BTP-eC9:LA22 1:1.2:0.2 0.84 27.5 78.0 18.1  

PM6:BTP-eC9:LA23 1:1.2:0.2 0.86 28.0 79.5 19.1  

PM6:BTP-eC9 1:1.2 0.84 26.8 76.9 17.2 [14] 

PM6:PhC6-IC-F 1:1.2 0.83 20.1 64.1 10.7  

PM6:BTP-eC9:PhC6-IC-F 1:1:0.2 0.86 27.1 78.9 18.3  

PM6:BTP-eC9 1:1.3 0.84 26.8 78.2 17.7 [15] 

PM6:ZY-4Cl 1:1.3 1.01 5.1 45.4 2.3  

PM6:BTP-eC9:ZY-4Cl 1:1.144:0.156 0.86 27.4 79.0 18.7  

PM6:IT-4F 1:1.2 0.85 21.5 73.4 13.5 [16] 

PM6:BTP-eC9 1:1.2 0.85 27.2 74.2 17.1  

PM6:BTP-eC9:IT-4F 1:1.02:0.18 0.86 27.8 76.5 18.2  

PM6:BTP-eC9 1:1.2 0.85 27.8 76.4 18.1 [17] 

PM6:ITOA:BTP-eC9 1:0.05:1.2 0.87 28.3 78.8 19.3  

PM6:BTP-eC9 1:1.2 0.85 28.8 78.4 19.3 [18] 

PM6:SMA 1:1.2 0.92 25.5 76.4 17.9  

PM6:BTP-eC9:SMA 1:1.08:0.12 0.86 29.1 80.5 20.2  

PM7-Si:BTP-eC9 1:1.2 0.90 14.4 41.7 5.4 [19] 



Active layer Ratio VOC (V) JSC (mA/cm2) FF PCE (%) Ref 

PM6:BTP-eC9 1:1.2 0.84 26.4 76.6 17.0  

PM6:PM7-Si:BTP-eC9 0.9:0.1:1.2 0.86 26.4 77.6 17.7  

PM6:BTPeC9 1:1.2 0.85 26.6 77.3 17.3 [20] 

BPR-SCl:BTPeC9 1:1.2 0.90 4.9 20.4 0.9  

PM6:BPR-SCl:BTPeC9 0.8:0.2:1.2 0.86 27.1 77.6 18.0  

PM6:BTP-eC9 1:1.2 0.90 25.7 74.5 17.4 [21] 

PM6:PTO2:BTP-eC9 1:0.1:1.2 0.90 27.1 73.3 18.0  

PM6:BTP-eC9 1:1.2 0.84 26.7 77.0 17.4 [22] 

BTR-Cl:BTP-eC9 1:1.2 0.73 20.1 48.8 18.3  

PM6:BTR-Cl:BTP-eC9 1:0.15:1.2 0.84 27.7 79.0 7.1  

PM6:BTP-eC9 1:1.2 0.84 27.6 75.1 17.3 [23] 

PM6:PCN3:BTP-eC9 0.9:0.1:1.2 0.86 26.9 78.2 18.1  

PM6:BTPeC9 1:1.2 0.83 26.1 78.7 17.1 [24] 

FY1:BTP-eC9 1:1.2 0.85 23.9 70.8 14.5  

FY2:BTP-eC9 1:1.2 0.84 22.6 66.9 12.6  

FY3:BTP-eC9 1:1.2 0.85 21.8 64.7 12.0  

FY1:PM6:BTPeC9 0.05:0.95:1.2 0.85 27.5 79.1 18.5  

PM6:BTP-eC9 1:1.2 0.84 26.5 77.5 17.3 [25] 

PM6:D18-SiCl: BTP-eC9 0.9:0.1:1.2 0.85 27.7 79.0 18.7  

PM6:BTP-eC9 1:1.2 0.84 26.7 77.7 17.4 [26] 

PM6:TB-S 1:1.2 0.95 20.7 72.4 14.2  



Active layer Ratio VOC (V) JSC (mA/cm2) FF PCE (%) Ref 

PM6:TB-S1 1:1.2 1.03 13.8 44.9 6.4  

PM6:TB-S1-O 1:1.2 1.12 13.6 60.0 9.1  

PM6:BTP-eC9:TB-S 1:1.05:0.15 0.83 26.4 73.9 16.2  

PM6:BTP-eC9:TB-S1 1:1.05:0.15 0.83 27.3 71.6 16.2  

PM6:BTP-eC9:TB-S1-O 1:1.05:0.15 0.86 27.4 77.2 18.1  

PM6:AITC 1:1.2 1.07 14.3 71.6 11.0 [27] 

PM6:BTP-eC9 1:1.2 0.87 27.2 79.7 18.8  

PM6:AITC:BTP-eC9 1:0.3:1.2 0.84 26.9 76.5 17.2  

PM6:BTP-eC9 1:1.2 0.85 26.7 75.6 17.2 [28] 

PM6:ITIC-Th 1:1.2 0.98 16.4 71.4 11.5  

PM6:BTP-eC9:ITIC-Th 1:1.02:0.18 0.87 28.0 77.0 18.7  
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Supplementary Table 14. Summary of photovoltaic performances of PM6:Y6 devices fabricated 
in control, CN, and BT blends, and PM7:BTP-eC9:L8-BO devices fabricated in control, DIO, and 
BT blend systems. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

FFPCEJscVocPM6:Y6

71.09 (69.750±0.252)14.51 (14.415±0.111)24.52 (24.415±0.163)-0.832 (-0.831±0.001)Control

73.18 (72.980±0.134)15.19 (15.123±0.070)24.71 (24.557±0.219)-0.840 (-0.835±0.005)CN

74.13 (73.860±0.381) 15.88 (15.835±0.064)25.49 (25.432±0.078)-0.840 (-0.837±0.003)BT

FFPCEJscVoc
PM7:BTP-
eC9:L8-BO

70.80 (71.285±0.159) 16.85 (16.638±0.268) 26.13 (25.960±0.030) -0.890 (-0.889±0.011) Control

74.84 (74.460±0.537) 17.19 (17.145±0.063)26.10 (26.045±0.077) -0.889 (-0.885±0.007) DIO

74.69 (74.495±0.257)17.90 (17.895±0.021)26.87 (26.880±0.014)  -0.895 (-0.897±0.003) BT



Supplementary Table 15. The device performance of semi-transparent OPVs. 
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Supplementary Table 16. Summary of the stability for PM6:BTP-eC9 based OSCs.  

Active layer PCE (%) Storage conditions Time (h) PCE/PCE0 (%) Ref 

PM6:BTP-eC9:L8-BO-F 18.7 1 sun AM 1.5 G 50 80 [1] 

PM6:BTP-eC9:BTP-F 18.5 1 sun AM 1.5 G 142 80 [2] 

PM6:BPR-SCl:BTPeC9 18.0 1 sun AM 1.5 G 100 78 [3] 

PM6:AITC:BTPeC9 16.7 1 sun AM 1.5 G 1300 84 [4] 

PM6:BTP-eC9:ZY-4Cl 18.7 1 sun AM 1.5 G 62.5 80 [5] 

PM6:BTP-eC9:isoIDTIC 19.0 1 sun AM 1.5 G 254 80 [6] 

PM6:BTP-eC9:AFIC 18.7 white LED 130 80 [7] 

PM6:BTP-eC9:ZH1 17.8 1 sun AM 1.5 G 35.2 80 [8] 

PM6:BTP-eC9:ZH2 18.8 1 sun AM 1.5 G 39.9 80  

FY1:PM6:BTP-eC9 18.5 LED illumination 100 80 [9] 

PM6:BTP-eC9:L8-BO-F 19.1 1 sun AM 1.5 G 1140 87 [10] 

PM6:BTP-eC9 19.3 1 sun AM 1.5 G 1000 78 [11] 

PM6:BTP-eC9:L8-BO-X 19.0 1 sun AM 1.5 G 1200 82 [12] 

PM6:BTP-eC9:PC71BM 18.3 100 °C 13 80 [13] 

PM6:L8-BO:BTP-eC9 18.9 60 °C 48 91 [14] 

PM6:BTP-eC9:LA23 19.1 60 °C 60 86 [15] 

PM6:BTP-eC9 12.6 85 °C 400 90 [16] 

  1 sun AM 1.5 G 400 85  

PM6:BTP-eC9:PhC6-IC-F 18.3 85 °C 200 70 [17] 

  1 sun AM 1.5 G 200 78  

PM6:BTP-eC9 16.6 150 °C 72 63 [18] 



Active layer PCE (%) Storage conditions Time (h) PCE/PCE0 (%) Ref 

PM6:Y6:BTP-eC9 16.4 N2-filled glovebox 150 86 [19] 

PM6:BTP-eC9:MOIT-M 18.5 N2-filled glovebox 864 80 [20] 

PM6:BTP-eC9 18.3 N2-filled glovebox 350 82 [21] 

PM6:BTP-eC9 15.5 N2-filled glovebox 200 94 [22] 

PM6:BTP-eC9 15.3 N2-filled glovebox 650 86 [23] 

PM6:BTP-eC9 19.1 N2-filled glovebox 7438 80 [24] 
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