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Supplementary Methods

Materials
Organic photovoltaic (OPV) materials PM6, L8-BO, BTP-eC9, PY-IT, PY-DT, and the electron-transporting material PDINN, were sourced from Solamar Materials (Beijing) Inc. The conductive polymer PEDOT:PSS (CleviosTM P VP Al 4083) was acquired from Xi’an Polymer Light 2 Technology Corp. The substrate material, commercial ITO glass with dimensions of 25 × 25 mm, was procured from Youxuan Technology Co. Ltd. O-Xylene (o-xy) and 1,8- diiodooctane (DIO) were bought from Sigma-Aldrich. All materials were employed in their pristine state, without undergoing any additional purification processes.

Optimal conditions of sonication
Previous studies have shown that as ultrasound frequency increases, physical effects generated by acoustic cavitation decrease while the chemical effects strengthen1. To minimize chemical interactions and prevent chemical bond damage in the material, we selected lower ultrasonic frequencies and tested the in-situ PL spectra (supplementary Fig 23). The redshift of PL spectra under 40kHZ is most pronounced, indicating this condition yields the optimal effect. By adjusting the sonication power and duration in the ultrasonic machine with a capacity of 3.2 L, we arrived at the optimal condition of sonication: 40 kHz, 720 W, 3 min.

Fabrication of devices
The solar cells were fabricated utilizing a standard configuration of ITO/PEDOT:PSS/active layer/PDINN/Ag, adhering to the subsequent procedure. Initially, the ITO substrates underwent a rigorous cleaning process, which involved sonication (ultrasonic bath) in deionized water, acetone, anhydrous ethanol, and isopropanol for 20 minutes each. This was followed by a 15-minute treatment with ultraviolet light-ozone to ensure surface cleanliness and activation. Subsequently, the PEDOT:PSS layer, serving as the hole-transporting layer, was applied onto the ITO substrates via spin-coating at a speed of 4000 rpm for 50 seconds. The PEDOT:PSS-coated ITO substrates were then subjected to annealing in air for 15 minutes to enhance the film's conductivity and morphology. The substrates were swiftly transferred into a nitrogen-filled glove box to prevent ambient contamination. For the active layer, the total D/A ratio was kept at 1:1 in LBL processed devices. The PM6 concentrations are 10 mg/ml and 9 mg/ml for small-molecule NFAs and polymer NFAs, respectively. Concentrations 14 mg/ml and 13 mg/ml of PM6 (with 20 wt% D18 in ternary films) were used for 300 nm films. These solutions were stirred at 80 °C for a minimum of 12 hours to ensure thorough mixing and dissolution. The stirred acceptor-solution was treated by sonication. The construction of LBL architecture commenced with the spin-coating of the PM6 layer, dissolved in o-xy, onto the PEDOT:PSS layer. This was succeeded by the deposition of the L8-BO layer, also in o-xy, followed by thermal annealing at 120 °C for 5 minutes to improve the film uniformity and crystallinity. Facilitated by the swelling effect of the o-xy solution on the PM6 layer, the infiltration of L8-BO into the PM6 layer was instrumental in establishing the LBL device configuration. Thereafter, the PDINN solution (1.5 mg ml-1 in methanol) was spin-coated onto the active layer at 3000 rpm for 30 seconds to form the electron-transporting layer. In the final step, a 100 nm thick Ag electrode layer was deposited under high vacuum conditions within an evaporation chamber, completing the solar cell structure. This process ensures the formation of a robust and efficient electron collection layer, critical for the cell performance.

Measurement of OPV devices
J–V measurements were performed under AM 1.5 G (100 mW cm⁻²) conditions using a 3A solar simulator from Sofn Instruments Co., Ltd., within a nitrogen-filled glove box at ambient temperature. The measurements were integrated with a computer-controlled Keithley 2400 source meter, following the calibration of light intensity with a standard monocrystalline silicon reference cell. The scanning range was set from -1.0 V to 1.0 V. The external quantum efficiency (EQE) profiles were obtained utilizing a 7-SCSpec test system, which was calibrated using a standard silicon diode. To evaluate the thermal stability of the devices, they underwent continuous thermal aging at 80 °C on a hot plate inside the nitrogen-filled glove box. Photostability assessments involved exposing the devices to an array of white LEDs under simulated illumination conditions of 100 mW cm⁻². The FTPS-EQE data were recorded employing a PECT-600 Fourier-transform photocurrent spectroscopy system. Frequency-dependent capacitance spectra were acquired through impedance spectroscopy techniques. Transient photocurrent (TPC) and transient photovoltage (TPV) measurements were conducted using an integrated apparatus known as Paios.

Aggregation energy-computational methods and details
The total Hamiltonian of the NFA molecular aggregate (see Supplementary Fig 1) is written as:




where  and  separately indicate the intra-molecular Hamiltonian of M1 and M2 molecules.  is the inter-molecular interaction Hamiltonian. For M1 or M2 molecule (see Supplementary Fig 2), the blue and orange segments separately represent the central fused ring group (D) and the electron-pull terminal groups (A), and the black segments represent the π-bridges connecting D and A groups. To highlight both the electron-lattice (e-l) interactions and the electron-electron (e-e) interactions in the molecule, an extended version of the well-known Su-Schrieffer-Heeger (SSH) tight-binding model is employed. In such a framework, the total molecular Hamiltonian can be written as:

j denotes the molecular index (M1 or M2).  describes the Hamiltonian of the molecular A groups (1≤n≤7 and 29≤n≤35 in the case of j=M1, 37≤n≤43 and 65≤n≤71 in the case of j=M2), written as:

[bookmark: OLE_LINK3] describes the Hamiltonian of the molecular π-bridges (8≤n≤10 and 26≤n≤28 in the case of j=M1, 44≤n≤46 and 62≤n≤64 in the case of ), written as:

[bookmark: OLE_LINK4] describes the Hamiltonian of the molecular D group (11≤n≤25 in the case of j=M1, 47≤n≤61 in the case of ), written as:







 denotes the creation (annihilation) operator of an electron at site  with spin  .  refers to the nearest-neighbour electron hopping integral for a uniform bond structure,  is the e-l interaction constant and  is the displacement of site n.  and  are the symmetry-breaking parameters separately introduced to reflect the lattice features of the molecular A groups and D group.  in Equation (3c) is introduced to describe the electron hopping between the neighbouring sites of a heteroatom.  in Equation (3c) is introduced to describe the heteroatom contribution to the electron-push ability of D group, and  in Equation (3a) to describe the fluorinated or chlorinated contribution to the electron-pull ability of A groups.
 describes the e-e interactions employed by the Hartree-Fock approximation, written as:

U represents the on-site Coulomb interaction strength, and  the nearest-neighbor off-site Coulomb interaction strength. describes the molecular lattice Hamiltonian, where only the elastic potential energy is considered, classically written as:

K is the elastic constant between the nearest-neighbour sites.
For a NFA molecular aggregate, the inter-molecular interaction Hamiltonian  is described as:

 and  separately indicates the inter-molecular electron hopping integral and e-e interaction strength between the vertical-neighbour sites of two molecules. It should be noted that means the summation only for the sites over the coupling region between molecules, by which we can describe different inter-molecular aggregation modes, including the H-aggregation and the J-aggregation (see Supplementary Fig 1).

Parameter details:
In all simulations, unless otherwise specified, the values of model parameters are set as ,,,,, and . The intra-molecular offsite Coulomb interaction strength  and the inter-molecular Coulomb interaction strength  are treated as Ohno potentials  with ,  ( is the screening factor,  the average nearest-neighbour lattice constant, and  the inter-molecular distance between vertical-neighbor sites). The inter-molecular electron hopping integral between vertical-neighbor sites is described as .

Iteratively solving the static equations:
Considering the electronic eigenstate of a molecule , we can expand it on the Wannier basis, that is, . As such, the electronic eigenstates are obtained by solving the eigenequation of the electronic Hamiltonian, written as:

where,



 is the density matrix, where  (0 or 1) denotes the electron occupation function of electronic eigenstate . If  (;, and ), , while if , . If  (; ), , while if , . If  (; ), , while if , . The sites over the coupling region between molecules are denoted as .  indicates the eigen-energy of the electronic eigenstate .
In addition, by minimizing the total energy of the molecule, where the fixed boundary is employed, we can obtain the lattice balance equation:


 is the total site number of one molecule.

Aggregation energy calculation for the NFA molecular H-aggregation and J-aggregation:

     (9)




Equation (9) shows the total energy of a single NFA molecule, which might lie in different states, including the ground state () and the excited state (). “” indicates the sum only for the occupied electronic states. Equation (10) shows the total energy of one NFA molecular aggregate, which lies in an excited state ( for H-aggregation, and  for J-aggregation).
Therefore, the aggregation energy of the NFA molecular H-aggregation  is obtained by Equation (11-1), and the aggregation energy of the NFA molecular J-aggregation  obtained by Equation (11-2).

Measurement of in-situ characterization
In-situ UV-vis absorption measurements were conducted using the high-resolution Maya2000 Pro spectrometer in transmission mode, achieving a time resolution of 0.02 seconds. This spectrometer consists of a light source and a detector, which are positioned above and below the substrate, respectively, aligned along the same vertical axis. During the experiment, the solution was introduced into the slot while a film was deposited onto a glass substrate. Throughout the coating process, the detector recorded transmission spectra within the wavelength range of 400 to 1050 nm. The UV-vis absorption spectra were subsequently derived from these transmission spectra using the formula:

where Aλ represents absorbance at a specific wavelength (λ), and T denotes calculated transmittance. The light source and detector were activated prior to film deposition; thus, establishing that time zero corresponds to when the first solution transmission spectrum was captured by the detector. Prior to this moment, only noise was observed in the transmission spectra.


[bookmark: OLE_LINK1]Measurement of grazing incidence wide-angle X-ray scattering (GIWAXS)
The GIWAXS measurements were performed using a film-depth dependent light absorption spectrometer, the Xeuss 2.0 from Xenocs Inc., under vacuum conditions. X-rays with a wavelength of 1.54189 Å were employed, and the sample-detector distance was calibrated utilizing silver behenate as a standard reference. The samples were fabricated on silicon substrates using blend solutions that were identical to those employed in the device fabrication process. The thermal aging conditions applied to the films closely mirrored those experienced by organic solar cells (OSCs).
GIWAXS analysis elucidates the molecular arrangement and crystalline nature of the active layer. The d-spacing, corresponding to the π-π stacking peak, denotes the interlayer molecular distance and can be determined using the following equation:

Here, qz (010) represents the position of the π-π stacking peak in reciprocal space. The findings indicate that the π-π stacking distances in the (010) orientation are consistent across all examined films. Furthermore, we employed the Scherrer formula to calculate the crystalline coherence length (CCL) and quantitatively assess the crystallinity of blend films:

In this equation, k is a shape factor set at 0.9, while FWHM refers to the full width at half maximum of the π-π stacking peak.

Measurement of grazing incidence small-angle X-ray scattering (GISAXS)
The 1D GISAXS profiles are derived using the Debye-Anderson-Brumberger (DAB) and fractal models, as referenced in Equations with the assistance of the fitting software SASView (Version 4.2.2). The initial term associated with the DAB model, is employed to simulate scattering from the polymer domain. In this context, ξ represents the average correlation length, q denotes the scattering wave vector, and Ai serves as an independently adjustable fitting parameter. The subsequent term in the equation corresponds to the fractal model, indicating the presence of fractal-like structures related to the non-fullerene acceptor. P(g, R) and S(q, R) denote the form factor and fractal structure factor, respectively. The parameters n and D characterize both the correlation length and fractal dimension of these fractal-like acceptor aggregates. Additionally, the Guinier radius (Rg) is utilized to describe the average domain size of the acceptor phase.




Measurement of the film-depth-dependent light absorption spectroscopy (FLAS)
The FLAS spectra were obtained using a film-depth dependent light absorption spectrometer (PU100, Puguangweishi Co. Ltd). Low-pressure in-situ oxygen plasma etching was employed to extract the depth-resolved absorption spectrum of the organic active layer, a method that has been reported in previous studies. According to the Beer-Lambert law:

where A represents the optical density, I0 is the incident light intensity, and IT is the transmitted light intensity. The relationship can be expressed as:

By controlling the etching duration, the active layer is progressively etched away into sublayers through a soft plasma generated by oxygen glow discharge. This process allows for segmentation of the active layer into multiple layers. The etching process is monitored in real-time by a light absorption spectrometer. Assuming that each sublayer has an absorbance denoted as (A1, A2, ..., An), the total transmitted light intensity can be calculated as follows:

Thus, we derive:

The absorbance of the entire active layer corresponds to the cumulative absorbance of all sublayers. Consequently, this methodology enables determination of the absorption spectra for each sub-layer at varying depths within the active layer.

Calculation of hole transfer rate and efficiency
SCLC measurements were performed to extract the charge carrier mobilities, which can be expressed by equation:

where J is the space-charge-limited current density, d is the thickness of active layer, ε0 is the dielectric constant of vacuum, εr is the relative dielectric constant of the polymers, μ0 is the zero-field mobility, β is the Poole-Frankel (PF) slope, and F is the average electric field.

Calculation of non-radiative recombination rate
Generally, the luminescence intensity of acceptor films is governed by radiative recombination involving luminescent excitons and free carriers, which can be expressed through a straightforward rate equation:

Where n(t) represents the photoexcitation density of excitons and free carriers while Anonrad and Brad denote non-radiative and radiative recombination constants, respectively. The exact solution to this equation is:


Calculation of trap density (Nt)
The density of states (DoS) can be derived from capacitance spectroscopy performed in a dark environment. The frequency axis is related to the energy axis through the following equation:

Here, ω denotes the angular frequency, calculated as ω=2πf, and ν0 represents the attempt-to-escape frequency, which is set at 109 Hz. The trap density at a given energy Eω can be determined using:

In this context, d refers to the thickness of the active layer, while Vbi is the built-in voltage obtained through Mott-Schottky analysis. Subsequently, the energy distribution can be characterized by a Gaussian function:

Wherein Nt signifies the total density, Et represents the centroid of the DoS, and σ denotes the disorder parameter.
Molecular dynamics simulation
Gromacs2022 was selected as the molecular dynamics simulation software, utilizing the General Amber Force Field (GAFF) for small molecules. A simulation box with dimensions of 10 nm × 10 nm × 180 nm was constructed, ensuring that the edges of the box were at least 1.2 nm away from the molecular boundaries. Each system contained 20 L8-BO molecules and 6147 o-xylene molecules. Periodic pressure variations were simulated using square wave patterns to replicate ultrasonic conditions. The Particle-Mesh Ewald (PME) method was employed to address electrostatic interactions, and energy minimization was conducted using the steepest descent algorithm with a maximum of 50,000 steps. Both Coulombic force cutoff and van der Waals radius cutoff were set to 1 nm. Subsequently, the system underwent equilibration through both canonical ensemble (NVT) and isothermal-isobaric ensemble (NPT) methods, followed by a molecular dynamics (MD) simulation lasting for 100 ns under standard temperature and pressure conditions. The non-bonded interaction cutoff was established at 10 Å. A Langevin thermostat maintained the simulation temperature at 300 K while pressure control was achieved using the C-rescale method.


Supplementary Figures
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[bookmark: _Hlk200378547]Supplementary Fig. 1 Ultrasonic cavitation effect. Ultrasonic waves generate periodic pressure changes in the solution and forms cavitation bubbles that can grow and collapse rapidly, providing a carrier for the subsequent regulation of molecular aggregation.
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Supplementary Fig. 2 Raman spectrum. Raman spectrum of L8-BO solution without or with sonication.







[image: ]
Supplementary Fig. 3 In-situ PL spectra. Evolution of the PL spectra of the L8-BO solution during sonication with different frequencies (power: 300W).
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Supplementary Fig. 4 Molecular dynamics simulation parameters. The Solvent Accessible Surface Area (SASA) of the system.
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Supplementary Fig. 5 Quantum chemical computation. a, Two kinds of inter-molecular aggregation modes of A-D-A type NFA molecules, including the H-aggregation and the J-aggregation. b, The simplified model description for two A-D-A type NFA molecules (M1 and M2). The blue and orange segments in one molecule separately represent the electron-push central fused ring group (D) and the electron-pull terminal groups (A). c, Comparison of the results of different aggregation modes. d, The aggregation energy at various values for different system (d⊥=3 Å). e, The difference in aggregation energy between J-aggregation and H-aggregation under different conditions.
[image: ]
Supplementary Fig. 6 Schematic diagram of ultrasonic cavitation effect. In the absence of sonication, the molecular arrangements are relatively disordered and exist partial H-aggregation. During sonication, cavitation bubbles form in the solvent. The periodic compression and expansion of these bubbles create a significant velocity gradient between the bubble surface and surrounding liquid, inducing microstreaming and shear stress. This microstreaming pushes molecules to aggregate on the bubble surface. When disordered molecules are subjected to the shear stress, they become aligned and form ordered J-aggregation. Simultaneously, H-aggregation can overcome the energy barrier upon acquiring energy and slide to J-aggregation.
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Supplementary Fig. 7 Temperature-dependent PL spectra. Normalized temperature-dependent PL spectra of L8-BO in o-xy.
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Supplementary Fig. 8 Absorption spectra. UV-vis absorption curves of a, neat and b, blend films without or with sonication.



[image: ]Supplementary Fig. 9 Photoluminescence spectra. a-b, Photoluminescence of neat and blend films. c The TRPL curves of L8-BO film with or without sonication.
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Supplementary Fig. 10 GIWAXS measurements of neat films. OOP (out-of plane) and IP (in-plane) extracted line-cut profiles of the corresponding films.
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Supplementary Fig. 11 GISAXS measurements of blend films. a-b, 2D GISAXS pattern of PM6:L8-BO without or with sonication. c, In-plane 1D profiles of GISAXS along Qxy axis.
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Supplementary Fig. 12 In-situ UV-vis absorption spectra and extraction of crystallization process. a-b, Time-dependent contour maps of UV–vis absorption spectra during spin coating for PM6:L8-BO without or with sonication. c-d, UV–vis absorption peak location of acceptors for PM6:L8-BO without or with sonication.
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Supplementary Fig. 13 Atomic force microscope patterns. The AFM height images of neat and blend films without or with sonication.
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Supplementary Fig. 14 Fourier transform infrared spectra. FTIR of a, neat and b, blend films, PM6 shows a unique peak at 1649 cm-1 from alkene vibrations, L8-BO shows a unique peak at 1533 cm-1 from C=C bond stretching.
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Supplementary Fig. 15 Photo-induced force microscopy image. Control PiFM images at a wavenumber of 1,533 cm-1 (representing L8-BO) and 1,649 cm-1 (representing PM6).
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Supplementary Fig. 16 Integrated PiFM images. The combination of donor and acceptor PiFM images.
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Supplementary Fig. 17 Film depth dependent optical investigations. a-b, 2D Depth-dependent absorption characteristics of the sub-layers. c-d, Control and sonicated film-depth-dependent absorption spectrum. The bottom is the near-substrate side of the active layer, and top is the far-substrate side. e-f, Vertical composition profiles as extracted from FLAS spectra for PM6:L8-BO films without or with sonication.
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Supplementary Fig. 18 Global fitting model for control system. a, Control-2D TA profile extracted from TA spectrum. b, TA spectrum with fitting curves at different time delays were pumped at 800 nm. c-d, TA dynamics and its fitting curves probed at visible and infrared regions. e, The LE, i-DE, CT and CS signals extracted from TA spectrum by global fitting.
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Supplementary Fig. 19 Femtosecond transient absorption spectra measurements of blend films. a-d, Decay dynamics probed at 580 nm, 880 nm, 960 nm, 1500 nm from PM6:L8-BO films without or with sonication. e-f, Pump-fluence-dependent TA kinetics of L8-BO films without or with sonication, probed at 880 nm.
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Supplementary Fig. 20 Transient infrared spectra measurements of control system. a, Sonicated-2D color plots of TRIR data for PM6:L8-BO films. b-c, The corresponding TRIR spectrum at different delay time without or with sonication. d, The TRIR spectrum after deconvoluting the signals of polarons for PM6:L8-BO films without sonication.
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Supplementary Fig. 21 Correlation deconvolution processing of TRIR spectra. a-b, The polaron color plot of PM6:L8-BO films without or with sonication. c-d, The corresponding polaron spectrum extracted from 2D polaron images. e-f, 2D color plots of TRIR data after deconvoluting the signals of polarons for PM6:L8-BO films without or with sonication.
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Supplementary Fig. 22 Temperature-dependent PL spectra. Normalized temperature-dependent PL spectrum of L8-BO films a, without or b, with sonication, pumped at 400 nm.
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Supplementary Fig. 23 Temperature-dependent TRPL spectra. Normalized temperature-dependent TRPL spectrum of L8-BO films a, without or b, with sonication, pumped at 400 nm.





[image: ]
Supplementary Fig. 24 J–V curves of the devices prepared under different sonication conditions. The J-V curves of devices with different sonication a, time b, powers c, and frequencies.
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Supplementary Fig. 25 The exciton dissociation efficiency test of binary devices. The relationship between Jph and Veff for PM6:L8-BO device without or with sonication.
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Supplementary Fig. 26 Device efficiency certification. Certificated result of PM6:D18:L8-BO-sonicated-based device from National Institute of Metrology (NIM), China.
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Supplementary Fig. 27 The external quantum efficiency of ternary devices. EQE curves of different ternary active layer thickness with sonication.







[image: ]
Supplementary Fig. 28 The mobilities of binary devices. The voltage versus current density for a, electron-only and b, hole-only devices based on PM6:L8-BO without or with sonication.
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Supplementary Fig. 29 Electrical characterization of binary devices. a, Measurements of light-intensity-dependent JSC for different conditions. b-c, Transient photocurrent (TPC) curves and Transient photovoltage (TPV) curves of PM6:L8-BO device without or with sonication.
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Supplementary Fig. 30 The Eu of binary devices. Normalized FTPS-EQE spectrum of the a, control and b, sonicated devices.
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Supplementary Fig. 31 Temperature-dependent PL spectra Normalized temperature-dependent PL spectrum of a, BTP-eC9, b, PY-IT and c, PY-DT in o-xy.
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Supplementary Fig. 32 The external quantum efficiency of other binary devices. The EQE spectra of different systems.
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[bookmark: _Hlk187494373]Supplementary Table 1. Ratio of peak I0-1 and I0-0 extracted from the temperature-related PL spectrum of L8-BO solution without or with sonication.
	
	Condition
	30 ℃
	40 ℃
	50 ℃
	60 ℃
	70 ℃
	80 ℃
	90 ℃
	100 ℃
	110 ℃

	I0-1/I0-0
	L8-BO
	0.786
	0.795
	0.811
	0.815
	0.821
	0.825
	0.815
	0.810
	0.806

	
	L8-BO-sonicated
	0.849
	0.871
	0.888
	0.909
	0.908
	0.881
	0.858
	0.849
	0.838








Supplementary Table 2. Summary of GIWAXS π-π stacking information in the OOP direction for neat films.
	Active layer
	q (Å-1)
	d-spacing (Å)
	FWHM (Å-1)
	CCL (Å)

	L8-BO
	1.750
	3.590
	0.283
	19.98

	L8-BO-sonicated
	1.767
	3.556
	0.265
	21.34








Supplementary Table 3. Summary of GIWAXS π-π stacking information in the OOP direction for blend films.
	Active layer
	q (Å-1)
	d-spacing (Å)
	FWHM (Å-1)
	CCL (Å)

	Control
	1.751
	3.588
	0.262
	21.58

	Sonicated
	1.788
	3.514
	0.245
	23.08








Supplementary Table 4. Fitting parameters of GISAXS profiles of the corresponding blend films.
	Active layer
	ξ (nm)
	η (nm)
	D
	2Rg (nm)

	Control
	12.15
	16.87
	1.96
	28.73

	Sonicated
	16.72
	23.72
	1.77
	37.13





Supplementary Table 5. Parameters of charge transfer and exciton dynamics for blend films probe at 585 nm.
	Active layer
	τ1 (ps)
	A1 (%)
	τ2 (ps)
	A2 (%)
	τAVG (ps)
	KHT (ps-1)

	Control
	0.17
	59.87
	0.60
	40.13
	0.34
	2.94

	Sonicated
	0.13
	84.47
	0.86
	15.53
	0.24
	4.17












Supplementary Table 6. Parameters of acceptor localized exciton decay dynamics for blend films probed at 880 nm.
	Active layer
	τ1 (ps)
	A1 (%)
	τ2 (ps)
	A2 (%)
	τAVG (ps)

	Control
	0.72
	81.93
	18.25
	18.07
	3.89

	Sonicated
	0.45
	82.72
	11.04
	17.28
	2.28












Supplementary Table 7. Fitting parameters for the pump fluence-dependent TA decay curve probed at 880nm.
	Active layer
	τ (ps)
	k (×109 s-1)
	D (×10-3 cm2 s-1)
	LD (nm)

	Control
	451
	2.22
	1.95
	29.66

	Sonicated
	516
	1.94
	2.59
	36.56





Supplementary Table 8. Fitting parameters of temperature-related Peak Location for neat films.
	Active layer
	E(0) (meV)
	α (meV)
	Θ (k)

	L8-BO
	1.32
	151.2
	438.2

	L8-BO-Sonicated
	1.31
	113.3
	391.6














Supplementary Table 9. Photovoltaic parameters of PM6:L8-BO-based organic solar cells (explored under different ultrasonic frequencies using o-xy) under AM 1.5G/100 mW cm−2 illumination.
	Active layer
	Condition
(300W, 3min)
	JSC
(mA cm-2)
	VOC
(V)
	FF
(%)
	PCEa
(%)

	PM6:L8-BO (o-xy)
	L8-BO-Sonicated
(20kHZ)
	26.13
	0.880
	78.38
	18.02
(17.89 ± 0.12)

	
	L8-BO-Sonicated
(40kHZ)
	26.42
	0.882
	78.45
	18.28
(18.01 ± 0.16)

	
	L8-BO-Sonicated
(60kHZ)
	25.83
	0.880
	78.13
	17.76
(17.61 ± 0.15)

	
	L8-BO-Sonicated
(80kHZ)
	25.24
	0.877
	78.06
	17.28
(17.02 ± 0.21)


aAverage PCEs with standard deviations determined using 10 individual devices.


Supplementary Table 10. Photovoltaic parameters of PM6:L8-BO-based organic solar cells (explored under different conditions using o-xy) under AM 1.5G/100 mW cm−2 illumination.
	Active layer
	Condition
(40KHZ)
	JSC
(mA cm-2)
	VOC
(V)
	FF
(%)
	PCEa
(%)

	PM6:L8-BO (o-xy)
	As cast
	25.36
	0.878
	78.56
	17.50
(17.15 ± 0.33)

	
	L8-BO-Sonicated
(720W, 1min)
	26.23
	0.879
	79.19
	18.26
(17.94 ± 0.25)

	
	L8-BO-Sonicated
(720W, 2min)
	26.87
	0.883
	80.23
	19.04
(18.81 ± 0.19)

	
	L8-BO-Sonicated
(720W, 3min)
	27.05
	0.881
	81.53
	19.43
(19.12 ± 0.26)

	
	L8-BO-Sonicated
(720W, 4min)
	26.53
	0.878
	79.61
	18.54
(18.25 ± 0.21)

	
	L8-BO-Sonicated
(720W, 5min)
	26.07
	0.882
	78.94
	18.15
(17.83 ± 0.24)

	
	L8-BO-Sonicated
(3min, 800W)
	26.01
	0.879
	79.41
	18.16
(17.87±0.17)

	
	L8-BO-Sonicated
(3min, 640W)
	27.17
	0.875
	79.14
	18.81
(18.45 ± 0.31)

	
	L8-BO-Sonicated
(3min, 560W)
	26.71
	0.876
	79.02
	18.49
(18.26 ± 0.16)

	
	PM6-Sonciated
(720W, 1min)
	25.17
	0.875
	77.41
	17.05
(16.88 ± 0.14)

	
	PM6-Sonciated
(720W, 3min)
	25.03
	0.876
	77.08
	16.90
(16.61 ± 0.28)

	
	PM6-Sonciated
(720W, 5min)
	24.84
	0.874
	76.76
	16.66
(16.37 ± 0.23)


aAverage PCEs with standard deviations determined using 10 individual devices.




Supplementary Table 11. Photovoltaic parameters of OPV devices for blend films.
	Active layer
	Jsat 
(mA cm-2)
	Jph*
(mA cm-2)
	Jph#
(mA cm-2)
	Pdiss
(%)
	Pcoll
(%)

	Control
	25.76
	25.36
	23.29
	98.44
	90.42

	Sonicated
	27.47
	27.05
	25.73
	98.54
	93.73


[bookmark: _Hlk188119647]*short-circuit condition, #maximal power output condition, Pdiss = Jph*/Jsat, Pcoll = Jph#/Jsat

Supplementary Table 12. Summary of PCEs of binary non-halogenated solvent processed OSCs under AM 1.5 G illumination.
	Active layer
	Solvent
	JSC
 (mA cm-2)
	VOC (V)
	FF
 (%)
	PCE
(%)
	Ref

	T1:BTP-4F-12
	o-XY
	24.50
	0.865
	72.00
	15.30
	2

	PM6:BTP BO-4Cl
	Tol
	26.10
	0.854
	77.70
	17.33
	3

	PM6-Ir1.5:Y6-C2
	Tol
	26.23
	0.840
	74.80
	16.52
	4

	PM6:DTY6
	o-XY
	24.94
	0.860
	75.50
	16.10
	5

	PM6:BTIC-2Cl-γCF3
	Tol
	25.09
	0.840
	76.99
	16.31
	6

	PTQ10:Y6-BO
	o-XY
	25.75
	0.861
	63.50
	14.08
	7

	PM6:BTP-eC9
	o-XY
	25.75
	0.839
	76.00
	16.41
	8

	PM6:BTP-EHBO-4F
	o-XY
	26.12
	0.850
	75.78
	16.82
	9

	PM6:Y6
	o-XY
	23.38
	0.810
	68.31
	13.15
	10

	PBQx-TCl:BTP-eC9
	Tol
	26.00
	0.820
	75.20
	16.00
	11

	PM6:BTP-4Cl
	TMB
	25.52
	0.852
	75.10
	16.33
	12

	PM6:YSe-C6
	o-XY
	25.94
	0.850
	73.00
	16.11
	13

	PM6:Y6
	o-XY
	26.29
	0.803
	76.20
	16.16
	14

	PM6:Y6
	Tol
	26.49
	0.787
	73.20
	15.26
	14

	PM6:Y6
	Tol
	25.57
	0.811
	75.50
	15.71
	15

	PM6:Y6
	o-XY
	24.61
	0.812
	76.40
	15.30
	15

	PM6:BO-4Cl
	o-XY
	26.73
	0.841
	79.00
	17.67
	16

	PM6:BTP-eC9
	Tol
	26.69
	0.846
	75.60
	17.07
	17

	PM6:Y6
	o-XY+CS2
	25.60
	0.840
	76.80
	16.50
	18

	PM6-OEG5:BTP-eC9
	Tol
	27.08
	0.840
	78.00
	17.74
	19

	PM6:eC11
	o-XY
	26.23
	0.846
	77.30
	17.15
	20

	PM6:BTP-eC9
	Tol
	26.00
	0.830
	73.30
	16.10
	21

	PM6:Y6
	p-XY
	22.75
	0.800
	61.81
	11.25
	22

	PL1:BTP-eC9-4F
	o-XY
	27.11
	0.876
	76.41
	18.14
	23

	PM6:BTP-eC9-4F
	o-XY
	26.93
	0.820
	68.61
	15.16
	23

	D18:BTP-eC9-4F
	o-XY
	26.10
	0.827
	74.95
	16.18
	23

	PM6:A1
	o-XY
	24.50
	0.860
	76.50
	16.80
	24

	PM6:BTP-eC9
	o-XY
	26.77
	0.840
	76.33
	17.15
	25

	PM6:Y6-HU  
	o-XY
	25.60
	0.870
	77.90
	17.40
	26

	PM6:Y6
	o-XY
	26.14
	0.811
	77.30
	16.37
	27

	D18:L8-BO
	p-XY+CS2
	26.25
	0.885
	75.30
	17.50
	28

	PM6:BTP-eC9-HD
	Tol
	26.64
	0.830
	78.76
	17.48
	29

	PM6:BTP-eC9
	o-XY
	27.15
	0.845
	79.20
	18.16
	30

	PM6:L8-BO
	o-XY
	25.10
	0.858
	77.80
	16.75
	30

	PM6:Y6-HU
	o-XY
	26.68
	0.851
	76.52
	17.38
	31

	D18:BTP-eC9
	o-XY
	25.24
	0.840
	76.24
	16.17
	32

	PM6:BO-4Cl
	o-XY
	26.48
	0.838
	76.74
	17.03
	33

	PM6:CH7
	o-XY
	25.82
	0.881
	76.88
	17.49
	34

	PM6:BTP-SO-2F
	o-XY
	24.54
	0.909
	78.90
	17.60
	35

	PTF5:Y6-BO
	o-XY
	28.00
	0.840
	77.20
	18.20
	36

	PM6:EV-i
	o-XY
	26.60
	0.897
	76.56
	18.27
	37

	PM6:L15
	o-XY
	25.95
	0.930
	77.26
	18.72
	38

	PM6:L8-Ph
	o-XY
	26.40
	0.870
	80.41
	18.40
	39

	D18-Cl:L8-BO-X
	Tol
	26.78
	0.893
	79.60
	19.04
	40

	PM6:G-Trimer
	o-XY
	25.75
	0.896
	79.30
	19.01
	41

	D18:DTC11
	o-XY+CS2
	27.50
	0.858
	80.50
	19.00
	42

	PM6:N-HD
	o-XY
	26.10
	0.890
	78.70
	18.30
	43

	PM6:BO-4Cl
	o-XY
	28.35
	0.853
	77.76
	18.81
	44

	PM6:BTP-eC9
	Tol
	28.00
	0.860
	80.50
	19.40
	45

	PM6:Y6-HU
	o-XY
	27.00
	0.870
	79.00
	18.60
	46

	PM6:IPC2Cl-BBO-IC2Cl
	o-XY
	24.80
	0.889
	70.63
	15.50
	47

	PM6:BTP-eC9
	o-XY
	26.98
	0.852
	78.65
	18.07
	48

	PM6:L8-BO
	o-XY
	25.09
	0.870
	78.73
	17.24
	49

	PM6:BTP-eC9
	o-XY
	27.65
	0.851
	79.00
	18.60
	50

	PM6:Y6-BO
	o-XY
	26.80
	0.840
	78.50
	17.90
	51

	PBQx-TCl:FM24-Cl
	o-XY
	25.66
	0.905
	78.85
	18.30
	55

	D18-Cl:BTP-T-BO
	Tol
	24.75
	0.917
	79.50
	18.05
	53

	PM6:L8-PhMe
	o-XY
	26.86
	0.901
	79.67
	19.27
	54

	PM6:BTP-TO2
	Tol
	27.24
	0.870
	80.43
	19.13
	55

	PM6:BTA-E3
	o-XY
	28.99
	0.852
	80.63
	19.92
	56

	PM1:BTP-eC9
	Tol
	28.76
	0.851
	80.17
	19.63
	57










Supplementary Table 13. Summary of PCEs of ternary non-halogenated solvent processed OSCs under AM 1.5 G illumination.
	Active layer
	Solvent
	JSC
 (mA cm-2)
	VOC (V)
	FF
 (%)
	PCE
(%)
	Ref

	PM6:A-2ThCl:A4Cl:PC71BM  
	Tol
	26.33
	0.860
	77.00
	17.43
	58

	PM6:Y6:BTO:PC71BM    
	p-XY
	27.12
	0.850
	75.75
	17.41
	59

	PM6:5BDTBDD:BTP-BO4Cl  
	o-XY
	26.83
	0.843
	77.43
	17.54
	60

	PM6:BO-4Cl:L8-BO 
	o-XY
	27.14
	0.842
	78.28
	17.89
	32

	PM6:BO-4Cl:Y6-1O  
	o-XY
	26.75
	0.851
	80.00
	18.25
	61

	PtzBI-dF:CH1007:PC71BM 
	o-XY+TMB
	28.15
	0.820
	77.80
	18.00
	62

	PM6:PY-V-γ: PJ1-γ  
	Tol
	25.50
	0.940
	75.30
	18.10
	63

	PBQx-TF:PBDB-TF:PY-IT 
	Tol
	24.50
	0.931
	79.60
	18.20
	64

	PM6:PTQ10:eC9    
	o-XY
	27.86
	0.855
	80.20
	19.10
	29

	PM6:BTP-eC9:BTP-BO3FO    
	o-XY
	28.31
	0.857
	79.80
	19.24
	65

	PM6:L8-BO-X:Tri-V 
	o-XY
	27.56
	0.890
	80.80
	19.82
	66

	PM6:L8-BO:BTO-BO
	Tol
	27.14
	0.881
	81.23
	19.42
	67

	PM6：D18-Cl：L8-BO
	Tol +CS2
	27.29
	0.872
	79.10
	18.82
	68

	PM6:D18-Cl:NA3
	o-XY
	27.55
	0.911
	78.70
	19.75
	69

	PBQx-TF:eC9-2Cl:ATIC-C11
	Tol
	26.87
	0.901
	79.62
	19.28
	70

	PM6:CH8-4:L8-BO-D
	o-XY
	27.70
	0.906
	79.60
	20.00
	71

	PM7-TTz50:BTP-eC8-4F:L8-BO
	Tol
	27.10
	0.902
	78.40
	19.10
	72

	PM6:BDTF-CA2O:BTP-ec9
	Tol
	28.73
	0.857
	79.91
	19.67
	73

	P5TCN-HD:eC9-2Cl:L8-BO-F
	Tol
	26.18
	0.874
	79.17
	18.12
	74

	PM6:D18:L8-BO:BTP-BO-4Cl
	CPME:CS2
	27.45
	0.882
	79.99
	19.31
	75








Supplementary Table 14. Hole mobility (μh) and electron mobility (μe) of the blend films.
	Active layer
	μha (×10-4 cm2 V-1 s-1)
	μea (×10-4 cm2 V-1 s-1)
	μh/μe

	Control
	6.27 ± 0.34
	5.43 ± 0.16
	1.16

	Sonicated
	8.59 ± 0.25
	8.19 ± 0.21
	1.05















Supplementary Table 15. Fitting results of transient photovoltage (TPV) and transient photocurrent (TPC) of the corresponding blend films.
	Active layer
	τ1 (μs)
	τ2 (μs)

	Control
	0.35
	5.83

	Sonicated
	0.26
	7.44













Supplementary Table 16. Ratio of I0-1 and I0-0 peaks extracted from the temperature-related PL spectra of different acceptor solution without or with sonication.
	
	Condition
	30 ℃
	40 ℃
	50 ℃
	60 ℃
	70 ℃
	80 ℃
	90 ℃
	100 ℃
	110 ℃

	I0-1/I0-0
	BTP-eC9
	0.823
	0.799
	0.714
	0.611
	0.551
	0.538
	0.564
	0.564
	0.590

	
	BTP-eC9-Sonicated
	0.870
	0.845
	0.724
	0.624
	0.563
	0.562
	0.571
	0.576
	0.597

	
	PY-IT
	0.782
	0.773
	0.751
	0.704
	0.635
	0.627
	0.593
	0.596
	0.562

	
	PY-IT -Sonicated
	0.856
	0.840
	0.810
	0.726
	0.634
	0.578
	0.561
	0.511
	0.494

	
	PY-DT
	0.514
	0.506
	0.496
	0.494
	0.491
	0.480
	0.470
	0.448
	0.039

	
	PY-DT -Sonicated
	0.631
	0.633
	0.621
	0.598
	0.566
	0.547
	0.491
	0.438
	0.432








[bookmark: _Hlk180769736]Supplementary Table 17. Photovoltaic parameters of PM6:NFAs-based organic solar cells (prepared under different conditions using o-xy) under AM 1.5G/100 mW cm−2 illumination.
	[bookmark: _Hlk180768954]Active layer
	JSC
(mA cm-2)
	JscCal
(mA cm-2)
	VOC
(V)
	FF
(%)
	PCEa
(%)

	PM6:BTP-eC9
	27.31
	26.44
	0.852
	78.22
	18.20
(17.91 ± 0.24)

	PM6:BTP-eC9-Sonicated
	27.91
	26.99
	0.859
	80.54
	19.31
(19.05 ± 0.21)

	PM6:PY-IY
	23.45
	23.45
	0.946
	75.37
	17.14
(16.85 ± 0.26)

	PM6:PY-IT -Sonicated
	24.30
	24.30
	0.952
	77.91
	18.32
(18.03 ± 0.27)

	PM6:PY-DT
	24.15
	23.70
	0.949
	76.97
	17.64
(17.41 ± 0.14)

	PM6:PY-DT-Sonicated
	25.08
	24.45
	0.953
	78.28
	18.71
(18.34 ± 0.33)


CalIntegrated JSC values obtained using external quantum efficiency measurements.
aAverage PCEs with standard deviations determined using 10 individual devices.
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Appendix: Summary of the Report
Report No.: GXgf2025-01766
Client: ShanDong University
Sample: Organic Solar Cells
Type/Model: Organic Solar Cells
DUT S/N: 9-M3 ) i
Manuf: ShanDong Uni Y Forward 1V
Sample temperature: (25+£1)°C

Date of Test: 05/15/2025

Environmental conditions: (24 = 1)°C RH (50t 2)%

Mask: An aperture area of 3.152 mm? (M3#, Certificate No.: CDjc2019-5610)
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I-V Characteristic curves and parameters (Reverse & Forward Scan)
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The test has been conducted by the PV Metrology Lab of NIM (National Institute of
Metrol China). M of irradi intensity and all other measurements are

traceable to the International System of Units (SI). The data in this report is only applicable
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to the samples tested at that time. For more details, please refer to the text of the report.

Area (mm?)

Ise(mA)

Vol V)

PramW)

Forward Scan

3.152

0.868

0.889

0.625

Ima(mA)

Vinax(V)

FF (%)

7 (%)

Forward Scan

0.812

0.770

81.04

19.84

I-V Characterization Methods:
JJF 1622-2017: Calibration Specification of Solar Cells: Photoelectric Properties
JJF 2129-2024: Calibration Specification for Perovskite Solar Cells: Photoelectric

Characteristic Parameters
Reference Solar Cell:

Type: Mono-Si

Solar Simulator:

Classification: A+AA+ (Double-light source: Xeon and Halogen);

Total irradiance: 1000 W/m? based on I of the above Reference Solar Cell.
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