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Figure S1. Density functional theory (DFT)-predicted frontier molecular orbitals of the molecules. 

(a) HOMO and (b) LUMO molecular orbitals.  

 

 

 

Figure S2. Calculated dipole moment vectors for the ground and excited states of (a) PSe, (b) PS, 

and (c) DP molecules. Blue and red arrows represent the ground and excited state dipole moments, 

respectively.  
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Table S1. TD-DFT calculated absorption transition obtained from DP, PS, and PSe. 

 

Molecule S0  S1 
Energy gap 

(eV) 
f 

PSe HOMO  LUMO 0.69824 2.68 0.997 

PS HOMO  LUMO 0.69888 2.67 1.001 

DP HOMO  LUMO 0.69743 2.56 0.963 

 

 

 

 

Figure S3. (a) Visible light absorption spectra and (b) normalized absorption spectra of the films 

of PSe (black solid line) and PS (red dashed line). 
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Table S2. Mixing energies of the p- and n-type mixtures. 

 Emix 

(kcal/mol) 

Enn 

(kcal/mol) 

Epn 

(kcal/mol) 

Epp 

(kcal/mol) 
Znn Znp Zpn Zpp 

PSe 0.69 -7.42 -11.58 -16.03 5.51 4.95 6.19 5.58 

PS 3.26 -7.42 -11.56 -16.90 5.51 4.95 6.18 5.58 

DP 5.54 -7.42 -10.65 -15.91 5.51 4.94 6.19 5.58 

The mixing energies (Emix) were calculated from the binding energies (Enn, Epn, and Epp) and 

coordination numbers (Znn, Znp, Zpn, and Zpp) between the p- and n-type molecules using Equation 

S1. 

𝐸𝑚𝑖𝑥 =
1

2
(𝑍𝑝𝑛𝐸𝑝𝑛 + 𝑍𝑛𝑝𝐸𝑝𝑛 − 𝑍𝑛𝑛𝐸𝑛𝑛 − 𝑍𝑝𝑝𝐸𝑝𝑝)          eq. S1 

The binding energies (Enn, Epn, and Epp) were calculated by Monte Carlo (MC) methods using 

blend module of BIOVIA Materials studio (Dassault sytems, San Diego). In this calculations, the 

stable configurations of dimers of p-p, p-n and n-n were generated by the MC steps and the inter-

molecular interaction energies were calculated using the universal force-field which is a classical 

force field for molecular dynamics simulations. The intermolecular interaction energies for stable 

configurations of dimers generated through 2,000,000 MC-steps were averaged to obtain the 

binding energies for each pairs. The packing structures of coordinating molecules were obtained 

by the 10,000 MC-steps to calculate the coordination numbers (Znn, Znp, Zpn, and Zpp) for each 

molecular pairs. The mixing energies were calculated from the binding energies and coordination 

numbers. 
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Figure S4. Transfer integrals of the HOMO for p- and n-type molecular pairs with a cut-off 

distance of 2.5 nm in the morphologies of the bulk heterojunctions consisting of p- and n-type 

molecules (sampling numbers for PSe, PS, and DP mixtures are 2428, 2428, and 2674, 

respectively). All calculations are performed using Deposit and QuantumPatch at B3LYP/Def2-

SVP level (Nanomatch GmbH, Germany). 
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Figure S5. The internal quantum efficiency (IQE, black), charge separation efficiency (CS, ηcs, 

red), and charge collection efficiency (CC, ηcc, blue) changes as a function of the electric field for 

(a) PSe:C60, (b) PS:C60, and (c) DP:C60-based OPDs. The charge collection efficiency was 

evaluated by using the expression EQE = absorptance (ηA) × IQE = ηA × ηcs × ηcc. 
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Figure S6. GIWAXS spectra of (a) PSe, (b) C60, and (c) PSe:C60 thin films.  
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Figure S7. The state-of-the-art of organic photodiodes (OPDs). Comparison of (a) specific 

detectivity, responsivity, (b) EQE, and dark current for vacuum and solution processed OPDs 

published in the literature. Numbers indicate references.S1-S49 
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