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Figure S1. 2D GIWAXS patterns of Y6 neat films (a) without additive, (b) with 0.5vol% DIO 

and (c) with 0.5vol% CN. (d) Corresponding 1D linecuts. All the films are thermally annealed 

at 80 °C for 10 mins after spin coating.



Figure S2. 2D GIWAXS patterns of Y6 neat films (a) without additive, (b) with 0.5vol% DIO 

and (c) with 0.5vol% CN. (d) Corresponding 1D linecuts. All the films are prepared without 

thermal annealing.



Figure S3. 2D GIWAXS pattern of a PM6 neat film prepared with 0.5vol% CN and thermal 

annealing at 80 °C for 10 mins. 



Figure S4. 2D GIWAXS patterns of PM6: Y6 blend films (a) without additive, (b) with 

0.5vol% CN, (c) with 1vol% CN, and (d) with 2vol% CN. (e-f) Corresponding 1D linecuts. 

All the films are prepared with a D/A ratio of 1:1.2 and thermal annealing under 80 °C for 10 

mins. 



Figure S5. Illustration of (a) the single-molecule architecture and (b-d) various dimer 

configurations with different overlapping areas for Y6 (the alkyl chains are omitted for clarity). 



Figure S6. GIWAXS patterns of PM6:Y6 blend film (D/A=1:4, 0.5vol% CN) measured with 

various azimuth angles: (a) 0°, (b) 45°, (c) 90°. Note that variations of scattering intensities at 

different azimuth angles should be originated from the different lengths of footprint.



Figure S7. Top views of the crystalline structure of Y6 (a) in a thin film and (b) in the single 

crystal. [1, 2]



Figure S8. Illustration of the MDS results for Y6 with the CN additive at 300 K.
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Figure S9. Radial distribution functions for Y6 with the CN additive at 300 and 353 K.
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Figure S10. Radial distribution functions for the Y6 A and D moieties vs. CN at 300 K.



Figure S11. Illustration of the MDS results for pure Y6 at 300 K.



Figure S12. Illustration of the MDS results for Y6 (light green) with the DIO additive (light 

red) at 300 K.



Figure S13. Radial distribution functions for Y6 and DIO at (a) 300 K and (b) 353 K.



Figure S14. Interaction energies between the relevant molecules. The interaction energy is the 

sum of the blend system's electrostatics and van der Waals. For pristine Y6 film, the box 

included 300 Y6 molecules. However, the boxes contained 2078 additive CN and 600 Y6 

molecules (total of 149604 atoms), and 1416 additive DIO and 600 Y6 molecules (total of 

149016 atoms) for the hybrid systems. The ratios of Y6 to the additives are consistent with the 

experiment parameters.



Figure S15. Schematic illustration of the impact of the CN additive on the crystallization of 

Y6.



Figure S16. (a) Molecular structure of BTP-4Cl.[3] GIWAXS patterns of BTP-4Cl neat films 

(b) without additive and (c) with 0.5vol% CN.



Figure S17. (a) Molecular structure of BTPR.[4] GIWAXS patterns of BTPR neat films (b) 

without additive and (c) with 0.5vol% CN.



Figure S18. Labeling of the Y6 and CN moieties.



Figure S19. Radial distribution functions for the Y6 and CN moieties at (a-b) 300 K and (c-d) 

353 K.



Figure S20. Illustration of the orientations of the end groups and linear and branched (long and 

short) side chains in the Y6 molecule.



Figure S21. Distribution of the angles between the orientations of the end groups and various 

side chains for Y6 (a, d, g) without additive, (b, e, h) with CN, and (c, f, i) with DIO. The 

temperature is 300 K.



Figure S22. Distribution of the angles between the orientations of the end groups and various 

side chains for Y6 (a, d, g) without additive, (b, e, h) with CN, and (c, f, i) with DIO. The 

temperature is 353 K.



Figure S23. Enlargement of the interacting parts for (a) TT, (b) CT, (c) CC and (d) other dimers.



Figure S24. Calculated packing distances for Y6 dimers (CT and TT configurations) under 

various additive and temperature conditions.



Figure S25. 2D GIWAXS patterns of PM6: Y6 blend films (a) without additive, (b) with 

0.5vol% DIO and (c) with 0.5vol% CN. (d) Corresponding 1D linecuts. All the films are 

prepared with a D/A ratio of 1:1.2 and thermal annealing at 80 °C for 10 mins. 



Figure S26. 2D GIWAXS patterns of PM6 neat films (a) without additive, (b) with 0.5vol% 

DIO and (c) with 0.5vol% CN. (d) Corresponding 1D linecuts. All the films are thermally 

annealed at 80 °C for 10 mins. 



Figure S27. GTSAXS patterns of PM6:Y6 blend films annealed at 80 ℃ for 10 mins: (a) 

without additive, (b) with 0.5vol% DIO and (c) with 0.5vol% CN. Corresponding linecuts and 

fitting results along (d) IP and (e) OOP directions.
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Figure S28. FTPS-EQE curves of OPVs based on PM6:Y6 blends processed with various 

additive conditions. The Urbach energies (Eu, meV) are derived through exponential fitting. 



Figure S29. (a) J-V curves of OPVs based on PM6:Y6 blend films with various D/A ratios, 

(b) corresponding EQE curves.



Figure S30. Normalized absorption spectra of PM6:Y6 blend films processed with various additive 

conditions.



Figure S31. Color plots of the TA spectra for Y6 neat films (a) without additive, (b) with 

0.5vol%DIO and (c) with 0.5vol% CN under 750 nm excitation.



Figure S32. TA spectra at various delay times for PM6:Y6 blend films (a) without additive 

and (b) with 0.5vol% DIO.



Figure S33. (a) FTPS-EQE curves of OSCs based on PM6:Y6. (b) EQEEL of relevant OSCs 

at various bias voltages.



Table S1. Number of dimer configurations of Y6 under various conditions. a

T-T T-C C-C Others Total
Y6 300 K 293 131 59 58 541
Y6 353 K 310 141 58 60 569
CN 300 K 357 158 35 112 662
CN 353 K 356 175 44 108 683
DIO 300 K 336 174 15 131 656
DIO 353 K 396 167 27 141 731

Table S2. Proportions of dimer configurations of Y6 under various conditions.

T-T T-C C-C Others Total
Y6 300 K 0.54 0.24 0.11 0.11 1
Y6 353 K 0.54 0.25 0.10 0.11 1
CN 300 K 0.54 0.24 0.05 0.17 1
CN 353 K 0.52 0.26 0.06 0.16 1
DIO 300 K 0.51 0.27 0.02 0.20 1
DIO 353 K 0.54 0.23 0.04 0.19 1

a The simulation time is 65 ns for all systems under different temperatures, and all results were 
analyzed from the last ten nanoseconds (55-65 ns) from the trajectories of MDs with varying 
temperatures of annealing. The parameters of MDs could be obtained from the methodology.

Table S3. MDS and experimental values (extracted from Figure S2) of -  stacking 

distance for Y6 under various additive conditions at 300 K.

without additive w/ CN w/ DIO

Simulation (nm) 0.388±0.06 0.372±0.1 0.384±0.1

Experiment (nm) 0.359 0.342 0.360



Table S4. Crystalline parameters of Y6 pure films and PM6:Y6 blend films calculated from GIWAXS 

(Figure S1 and S24).

- stacking
Additive

Q (Å-1) D (Å) FWHM (Å-1) CCL (Å)

w/o 1.74 3.6 0.26 22.5

DIO 1.74 3.6 0.22 26.6Y6

CN 1.77 3.5 0.22 26.6

w/o 1.71 3.7 0.26 22.5

DIO 1.71 3.7 0.24 24.3PM6:Y6

CN 1.71 3.7 0.24 24.3

Table S5. Device parameters of OSCs based on PM6:Y6 blends with various D/A ratios.

D/A ratios Voc (V) Jsc (mA/cm2) Jsc cal (mA/cm2) FF (%) PCE (%)

1:1.2 0.856 26.35 25.94 75.95 17.13

1:2 0.853 25.39 24.74 72.77 15.76

1:4 0.845 23.58 22.93 69.27 13.80

Table S6. Detailed energy losses of OSCs based on various PM6:Y6 blends.

Devices Eg 
(eV)

qVoc
SQ 

(eV)
qVoc

rad 
(eV)

ΔE1 
(eV)

ΔE2 
(eV)

ΔE3 
(eV)

Eloss 
(eV)

EQEEL

(%)

w/o additive 1.400 1.131 1.087 0.269 0.044 0.252 0.565 0.006

with DIO 1.385 1.123 1.071 0.262 0.052 0.278 0.592 0.002

with CN 1.405 1.139 1.090 0.266 0.049 0.254 0.569 0.006



Note S1:

The total energy loss Eloss, which represents the energy difference between band gap (Eg) of 

BHJ and qVoc, can be divided into three parts based on a detailed balance model [5]: 

𝐸𝑙𝑜𝑠𝑠 = 𝐸𝑔 ‒ 𝑞𝑉𝑂𝐶 = (𝐸𝑔 ‒ 𝑞𝑉𝑆𝑄
𝑂𝐶) + 𝑞(𝑉𝑆𝑄

𝑂𝐶 ‒  𝑉𝑟𝑎𝑑
𝑂𝐶 ) + 𝑞(𝑉𝑟𝑎𝑑

𝑂𝐶 ‒  𝑉𝑂𝐶) =  ∆𝐸1 +  ∆𝐸2 +  ∆𝐸3

where  is the maximum voltage based on ideal Shockley-Quessier limit and stepwise 𝑉𝑆𝑄
𝑂𝐶

external quantum efficiency (EQE), and  is the open circuit voltage when there is only 𝑉𝑟𝑎𝑑
𝑂𝐶

radiative recombination.  and  are the radiative recombination loss above and below the ∆𝐸1 ∆𝐸2

bandgap, respectively.  is nonradiative recombination loss and can be easily calculated by ∆𝐸3

[6], where k is Boltzmann constant, T is Kelvin temperature, and EQEEL is the ‒ 𝑘𝑇𝑙𝑛(𝐸𝑄𝐸𝐸𝐿)

electroluminescence EQE.
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