
Supporting Information 

 

Ameliorated trap density and energetic disorder by strengthened intermolecular 

interaction strategy to construct efficient non-halogenated organic solar cells 

Shengzheng Gao1, Yiming Zhang2,3,4, Seonghun Jeong5, Xinjie Zhou1, Hao Xu1, 

Shanlei Xu1, Daqiang Chen3,4, Wenzhu Liu6, Changduk Yang5,7*, Sheng Meng3,4,8*, 

Weiguo Zhu1, Xin Song1,9* 

1: School of Materials Science and Engineering, Jiangsu Engineering Laboratory of 

Light-Electricity-Heat Energy-Converting Materials and Applications, Changzhou 

University, Changzhou 213164, P. R. China 

2: School of Physics and Laboratory of Zhongyuan Light, Zhengzhou University, 

Zhengzhou 450001, P. R. China 

3: Beijing National Laboratory for Condensed Matter Physics and Institute of Physics, 

Chinese Academy of Sciences, Beijing 100190, P. R. China  

4: School of Physical Sciences, University of Chinese Academy of Sciences, Beijing 

100049, P. R. China 

5: School of Energy and Chemical Engineering, Perovtronics Research Center, Low 

Dimensional Carbon Materials Center, Ulsan National Institute of Science and 

Technology (UNIST), Ulsan 44919, South Korea; 

6: Research Center for New Energy Technology, Shanghai Institute of Microsystem 

and Information Technology, Chinese Academy of Sciences, Shanghai 201800, China 

7: Graduate School of Carbon Neutrality, Ulsan National Institute of Science and 

Technology (UNIST), Ulsan 44919, South Korea 

8: Songshan Lake Materials Laboratory, Dongguan, Guangdong 523808, P. R. China 

9: Key Laboratory of Advanced Energy Materials Chemistry (Ministry of Education), 

Nankai University, Tianjin 300071, P. R. China 

Corresponding Author: xin.song@cczu.edu.cn, smeng@iphy.ac.cn, yang@unist.ac.kr 

 

 

 

 

 

Electronic Supplementary Material (ESI) for Energy & Environmental Science.
This journal is © The Royal Society of Chemistry 2024



1. Materials  

PM6 was purchased from Solarmer Materials Inc. 2PACz, BTP-eC9 was purchased 

from Dethon Optoelectronics Materials Inc. DBE was purchased from Sigma. PNDI-

F3N-Br was purchased from FlexPV Optoelectronics Inc. All materials and solvents 

were commercially available and used as received. 

 

 

2. Devices Fabrication 

Photovoltaic devices 

The devices were fabricated with conventional structures of ITO/HTL/BHJ/PDINN 

/Ag(100 nm). The patterned ITO glass substrates (SuZhou ShangYang Solar 

Technology Co., Ltd.) were cleaned sequentially under sonication with deionized 

water and isopropanol, and then dried at 60 ℃ in a baking oven overnight. After UV-

ozone treatment for 15 min, a 2PACz layer (0.5 mg/ml) was spin-coated on ITO 

substrate at 3000 rpm for 30 s, and then baked in air at 100 °C for 5 min; 

Sequentially, the active layer solution of PM6:BTP-eC9 (1:1.2, toluene, 20 mg/ml ) 

was spin-coated at 3000 rpm for 30 s without and with DBE additive. After that, 

PNDI-F3N-Br methanol solution with a concentration of 1.0 mg mL-1 (methanol) was 

spin-coated onto the active layer at 3000 rpm for 30 s. To complete the fabrication of 

the devices, 100 nm of Ag was thermally evaporated through a mask under a vacuum 

of ~5 × 10-4 mbar. The active area of the devices was 0.06 cm2.  

 



3. Devices characterization 

 

J-V and EQE 

The photovoltaic performance was measured under an AM 1.5G spectrum from a 

solar simulator (Newport). The current density-voltage (J-V) characteristics were 

recorded with a Keithley 2400 source meter. The light intensity of the light source 

was calibrated before the testing by using a standard silicon (Si) solar cell, as 

calibrated by a National Renewable Energy Laboratory (NREL) certified silicon 

photodiode, giving a value of 100 mW/cm2. The external quantum efficiency (EQE) 

were obtained on a commercial EQE measurement system (Enlitech, QE-R3011). The 

light intensity at each wavelength was calibrated by a standard single-crystal Si 

photovoltaic cell. Highly sensitive EQE was conducted by an integrated system with 

Fourier transform photocurrent meter (PECT-600, Enlitech). 

Density Functional Theory (DFT) Calculations  

The structural optimization is performed via the Vienna Ab initio Simulation Package 

(VASP) 1 and the xTB2 package at the GFN2-xTB level with BFGS algorithm. To 

obtain the ground state properties, using a projector-augmented wave (PAW) 

pseudopotential in conjunction with the Perdew–Burke–Ernzerhof (PBE) functional 2 

and plane-wave basis set with energy cutoff at 400 eV. The atomic structure of 

systems are positioned in a cubic supercell of 42×42×42 Å3 along three directions and 

fully relaxed until the force on each atom was less than 0.02 eV/Å. Monkhorst Pack 

k-point mesh of 1×1×1 was adopted for the calculations. 

Space-Charge-Limited-Current (SCLC) Measurement 



Hole-only and electron-only devices were fabricated to measure corresponding 

mobilities of active layers by using the space charge limited current (SCLC) method 

with structure of ITO/PEDOT:PSS/active layer/MoO3/Ag and ITO/ZnO/active 

layer/ZnO/Ag, respectively. Here, the preparation of active layer was consistent with 

that of the photovoltaic devices. The mobilities (µ) were determined by fitting the 

dark current to the model of a single carrier SCLC, described by the equation: 
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where J is the current, E is the effective electric field, ε0 is the permittivity of free 

space, εr is the material relative permittivity, d is the thickness of the active layer, and 

V is the effective voltage. The effective voltage was obtained by subtracting the built-

in voltage (Vbi, the built-in voltage due to the relative work function difference of the 

two electrodes) and the voltage drop (Vs, due to contact resistance and series 

resistance across the electrodes) from the applied voltage (Vappl), V = Vappl – Vbi – Vs 

The mobility was calculated from the slope of the J1/2-V curves. The thickness of the 

BHJ blend for SCLC measurement was about 90 nm. 

Atomic Force Microscopy  

Tapping-mode atomic force microscopy (AFM) images were obtained using a 

NanoScope NS3A system (Digital Instrument). 

UV-vis Absorption Measurement 

UV-vis absorption spectra were recorded on a Shimadzu spectrophotometer.  

Transient Photocurrent and Photovoltage  



In the TPC and TPV measurements, the OSCs were fabricated with the same method 

as mentioned above. The data were obtained by the all-in-one characterization 

platform, Paios (Fluxim AG, Switzerland).  

FT-IR Characterization 

FT-IR spectra were recorded on a PerkinElmer, Spectrum 100. 

Deep level transient spectroscopy (DLTS) Test 

The transient current response is analyzed by applying a negative voltage of -3V to 

the device in the dark. Using the following equation to estimate the defect 

distributions in organic semiconductors. Considering the dependence of carrier 

transport position in the device, the current peak in the first 0.1μs is mainly caused by 

the displacement current, so the fitting of 0.1 ~ 100μs at room temperature are 

dominant. The trapped defect state volume density Nt of the discrete energy trap can 

be expressed as:  
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Where jte(t) is trap emission current, τte is catch-trap emission time constant, q is a 

single charge amount, d is the film thickness of the device, Nt is the trap state density. 

 

GIWAXS Characterization 

The GIWAXS data were collected at the DESY P03 beamline with an x-ray energy of 

10.8 keV. The incidence angle was set to 0.12o and the sample-to-detector distance 

(210.98 mm) was calibrated with CeO2 powder. The detector images were collected 

by the Lambda 7.5M detector and were reshaped using GIXSGUI package base-on 

MATLAB software. 

Film-depth-dependent light absorption spectroscopy (FLAS) 



The FLAS was performed by a homemade instrument by Lu et al3,4. A self-developed 

soft plasma source generated by glow-discharging of low-pressure oxygen was used 

to incrementally etch the film without degage to the underneath films, which were in-

situ monitored by a spectrometer. The soft plasma source is employed to 

incrementally etch the film, without damage to the underneath materials. During the 

etching, the light absorption spectroscopy is in-situ measured. The main mechanism 

of FLAS is to divide the whole film into multiple sublayers with the absorbance 

spectrum of the whole film being equal to the sum of those of sublayers according to 

the Beer–Lambert law: 
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where I0 and I are intensity of light incident on the film and light passing through the 

film, respectively. Awf and Ai are absorbance spectra of whole film and sublayer i, 

respectively. Therefore, the difference in absorbance spectrum before and after each 

etching (ΔAwf) is considered as the spectrum of the sublayer (Ai) that has been etched 

away every single time.  

The optical simulations of OSC devices often use the transporting matrix model, the 

extinction coefficient k is obtained through equation below. 

𝐴 = − lg (exp (−
4𝜋𝜅𝑑

𝜆
)) 

 where d is the thickness of each sublayer, λ is the wavelength, A is the absorbance, k 

is the extinction coefficient. As the calculated exciton generation rate is a function of 

position and wavelength, which reflects the generation rate of excitons when the 

active layer absorbs light with different wavelengths at different locations. Then after 

summarized the exciton generation in each sublayer with varied thickness, we can 

obtain the 2D exciton generation rate mapping contour. 

 



 

 

Figure S1. The FT-IR curves of BTP-eC9 film without and with DBE additive. 

 

 

Figure S2. The planar and vertical feature of DBE adsorb on the BTP-eC9 dimer with 

S1 configuration. The calculated adsorption energy is -0.84 eV. 



 

 

 

Figure S3. The planar and vertical feature of DBE adsorb on the BTP-eC9 dimer with 

S2 configuration. The calculated adsorption energy is -0.86 eV. 

 

Figure S4. The planar and vertical feature of DBE adsorb on the BTP-eC9 dimer with 

W configuration. The calculated adsorption energy is -1.05 eV. 



 

 
 

Figure S5. The calculated distance between BTP-eC9 and BTP-eC9, which is 4.4Å. 

 

 

 

 

Figure S6. The calculated distance between BTP-eC9 and BTP-eC9 after the DBE 

adsorption, which is 2.9 Å. 

 

 
Figure S7. The absorption curves of BTP-eC9 without and with DBE additive. 

 

Table S1. The IP and OOP parameter of BTP-eC9 without and with ether additive. 

 

 BTP-eC9 (Tol) BTP-eC9 (DBE) 

OOP π location 1.69 Å-1 polycrystalline 

d-spacing 3.72 Å polycrystalline 

CCL 21.6 Å polycrystalline 

 



 

Figure S8. The PL curves as a function of spin time for PM6:BTP-eC9 film casted by 

neat toluene solvent. 

 

 

 

Figure S9. The PL curves as a function of spin time for PM6:BTP-eC9 film casted 

with DBE additive incorporation. 

 



 

Figure S10. The evolution of the in-situ PL intensity (at 700 nm) of PM6:BTP-eC9 

blend without and with ether additive.  

Figure S11. The In-plane and out-of-plane profiles of the corresponding 2D GIWAXS 

patterns. The pink curve is extracted from GIWAXS profile of blend film casted by 

neat toluene solvent. The green curve is extracted from the GIWAXS profile of blend 

film casted by toluene solvent with DBE additive. The solid line represents the out-of-

plane direction. The dash line represents the in-plane direction. 

 

 

Table S2. The IP and OOP parameter of PM6:BTP-eC9 without and with ether 

additive. 

 

 Tol DBE 

OOP peak location 1.69 Å-1 1.69 Å-1 

d-spacing 3.72 Å 3.71 Å 

CCL 21.2 Å 25.5 Å 



 

 

Figure S12. The 2D GIWAXS patterns of toluene-casted PM6:BTP-eC9 blend film 

with varied incident angle. 

 

Figure S13. The 2D GIWAXS patterns of toluene-casted PM6:BTP-eC9 blend film 

with the DBE additive incorporation with the varied incident angle. 

Figure S14. The topography of PM6:BTP-eC9 by toluene (a) and DBE addition (b); 

The phase image of PM6:BTP-eC9 by toluene (c) and DBE addition (d). 



 
 

 

 

 

 



 

 

 

 

 

 



 

 

Figure S15. Independent efficiency certification of small-area perovskite solar cells by 

an accredited institute of Shanghai Institute of Microsystem and Information 

Technology, Chinese Academy of Sciences (SIMIT), achieving a PCE of 18.9%. This 

report is reproduced with the permission from SIMIT. 



Table S3. The photovoltaic parameters of PM6:BTP-eC9 with varied amount of DBE 

additive. 

a: The average PCE from 10 separate devices. 

 

Table S4. The photovoltaic parameters of thickness-dependent toluene-casted 

PM6:BTP-eC9. 

a: The average PCE from 10 separate devices. 

 

Table S5. The photovoltaic parameters of thickness-dependent toluene-casted 

PM6:BTP-eC9 with DBE addition. 

a: The average PCE from 10 separate devices. 

 

Process VOC (V) JSC (mA cm−2) FF (%) PCE (%) Ave. PCE (%)a 

Tol 0.87 25.7 76.7 17.1 16.7 

0.5% DBE 0.86 28.0 80.5 19.4 19.0 

1% DBE 0.85 27.1 78.2 18.0 17.5 

2% DBE 0.84 24.9 74.6 15.6 15.0 

Thickness VOC (V) JSC (mA cm−2) FF (%) PCE (%) Ave. PCE (%)a 

100 nm 0.87 25.7 76.7 17.1 16.7 

200 nm 0.86 26.3 71.0 16.1 15.5 

300 nm 0.85 26.9 65.3 14.9 14.3 

Thickness VOC (V) JSC (mA cm−2) FF (%) PCE (%) Ave. PCE (%)a 

100 nm 0.86 28.0 80.5 19.4 19.0 

200 nm 0.86 28.0 76.1 18.3 17.9 

300 nm 0.85 28.4 72.3 17.4 17.0 



 

Figure S16. The J-V curves of PM6:BTP-eC9 without and with DBE additive 

incorporation based on chloroform (CF) and chlorobenzene (CB) solvent. 

 

Table S6. The photovoltaic parameter of PM6:BTP-eC9 without and with DBE 

additive based on CF solvent 

a: The average PCE is from 10 separated devices. 

 

Table S7. The photovoltaic parameter of PM6:BTP-eC9 without and with DBE 

additive based on CB solvent 

a: The average PCE is from 10 separated devices. 

 

Figure S17. The GSB dynamics probed at 590 nm of the PM6:BTP-eC9 blend films 

without and with DBE additive. 

Solvent VOC (V) JSC (mA cm−2) FF (%) PCE (%) Ave. PCE (%)a 

CF 0.89 26.1 71.6 16.6 16.2 

DBE 0.86 27.8 77.6 18.6 18.2 

Solvent VOC (V) JSC (mA cm−2) FF (%) PCE (%) Ave. PCE (%)a 

CB 0.88 25.6 74.5 17.1 16.8 

DBE 0.85 27.8 79.3 18.8 18.5 



 

Figure S18. (a) The etching diagram of FLAS characterization. The absorption 

spectrum of PM6:BTP-eC9 by neat toluene (b) and DBE addition (c) by FLAS 

method. 

 

 

Figure S19. Film-depth-dependent light absorption spectroscopy characterizations. 

Numerical simulations for the exciton generation contours of toluene-casted 

PM6:BTP-eC9 film, where the noise arise from the fluctuation of the AM 1.5 G solar 

spectrum. Dependence of the simulated exciton generation rate (G) on the film depth 

of toluene-casted PM6:BTP-eC9 film. 

 

 



 

Figure S20. Film-depth-dependent light absorption spectroscopy characterizations. 

Numerical simulations for the exciton generation contours of toluene-casted 

PM6:BTP-eC9 film with DBE additive, where the noise arise from the fluctuation of 

the AM 1.5 G solar spectrum. Dependence of the simulated exciton generation rate (G) 

on the film depth of toluene-casted PM6:BTP-eC9 film with DBE additive. 

 

 

 

Figure S21. The dark current density-voltage curves of hole-only device for toluene-

casted PM6:BTP-eC9 film without and with DBE additives. 

 



 

Figure S22. The dark current density-voltage curves of electron-only device for 

toluene-casted PM6:BTP-eC9 film without and with DBE additives. 

 

Figure S23. The current density-light intensity curves of toluene-casted PM6:BTP-

eC9 device without and with DBE additives. 

 



 

Figure S24. The voltage-light intensity curves of toluene-casted PM6:BTP-eC9 device 

without and with DBE additives. 

 

 

Figure S25. The capacitance-voltage curves for toluene-casted PM6:BTP-eC9 device 

without and with ether additive. 



Figure S26. The capacitance-frequency curves for toluene-casted PM6:BTP-eC9 

device without and with ether additive. 

 

 

Figure S27. The TPC curves of toluene-casted PM6:BTP-eC9 device without and 

with DBE additives. 
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