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Materials and Methods 

Materials 

Chloroform (Sigma-Aldrich, ≥99%), methanol (Alfa, 99.8%), acetic acid (Alfa, 99.9%), 

DIO (Sigma-Aldrich, 98%), 1-CN (TCI, 97%) and 1,4-diiodobenzene (TCI, 98%) were 

purchased from commercial sources and used without further purification. PM6, PM7, D18, 

ITIC, IT4F, IDIC, Y6, BTP-eC9, PFN-Br, and PDINN were purchased from Solarmer 

Material Inc. D18-Cl and PNDIT-F3N were purchased from eFlexPV Limited. PTQ10 was 

purchased from 1-Material Inc. L8-BO, IDTT-C10-TIC, and PBT1-C-2Cl were designed and 

synthesized by Yanming Sun’s group. 

Measurements and instruments 

UV–vis absorption spectra were recorded on a Shimadzu spectrometer model UV-1800 

with films on the quartz plates at room temperature. Ultraviolet photoelectron spectrometer 

(UPS) measurement was performed by AXIS ULTRA DLD instrument of Kratos company. 

The UV light source used is non-monochromatic He I, and the energy of He I light source is 

21.22 eV. The basic vacuum of the analysis chamber is 3.0 × 10−8 Torr, and the bias voltage 

applied during the test is −9 V. Inverse photoemission spectroscopy (IPES) measurement was 

performed using a customized ULVAC-PHI LEIPS instrument with Bremsstrahlung 

isochromatic mode. TEM measurements were carried out on a JEOL JEM-1400 (Japan) 

transmission electron microscope. AFM measurements were performed using a Dimension 

Icon AFM instrument (Bruker) in the tapping mode. SEM measurements were carried out on 

a GeminiSEM 500 (ZEISS Co., Germany) scanning electron microscope. The GIWAXS 

characterization of the thin films was performed at the Advanced Light Source (Lawrence 

Berkeley National Laboratory) on beamline 7.3.3. The incidence angle was 0.16°, and the 

beam energy was 10 keV. Samples were prepared under device conditions on the 

Si/PEDOT:PSS substrates. RSoXS was performed at beamline 11.0.1.2 (ALS, LBNL) with 

different bean energies. Samples were prepared under device conditions on the 

Si/PEDOT:PSS substrates, then placed in water and transferred to a silicon nitride window. 

The scattering signals were collected in a vacuum using a Princeton Instrument-motion 

tracking enhancement technique (PI-MTE) charge-coupled device (CCD) camera. Polarized 

resonant X-ray scattering (PSoXS) was performed to elucidate the relative orientation of the 

components in the active layers. 
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Device characterization 

The current–voltage (J–V) curves were measured with Keithley 2400 Source under the 

illumination of AM 1.5 G irradiation (100 mW cm−2) using a 150 W solar simulator (DM-

40S3, SAN-EI ELECTRIC, Japan) in a glove box at room temperature. The light intensity 

was determined by a 2 × 2 cm2 standardized mono silicon cell (Oriel PN 91150V, Newport, 

USA.) calibrated by the National Renewable Energy Laboratory (NREL). The external 

quantum efficiency (EQE) measurement was conducted on a TRACQ-BASIC System using a 

lock-in amplifier with a monochromator and 500 W xenon lamp. A calibrated silicon detector 

(PRL-12, Newport, USA) with a known photoresponse was utilized as a reference. The J–V 

curves were measured along the reverse scan direction from 1.0 to −0.1 V, yielding identical 

results. The scan speed and dwell times were fixed at 0.02 V/step and 20 ms, respectively. 

During the test, an aperture with an area of 3.2 or 10.4 mm2 is used to calibrate the device 

area. 

Photo-induced force microscope (PiFM) 

For tapping PiFM measurements, an IR-neaSCOPE from neaspec was used to map IR 

absorption via detecting the mechanical response of an AFM cantilever upon sample 

stimulation by pulsed IR light. In the instrument, a pulsed tunable QCL laser is focused onto a 

PtIr coated AFM probe via a parabolic mirror, while the microscope is operated in the 

intermittent contact mode. The readout of the optically induced changes in the sample is 

performed by providing bimodal excitation of the cantilever and monitoring the response at 

the second cantilever Eigen-mode, while the first Eigen-mode is used for AFM topography 

and feedback. Such an active bimodal technique enables reliable tracking of the cantilever 

resonance, which in turn suppresses mechanically induced artifacts in the PiFM image 

contrasts. The pulse width of the QCL laser is in the ns range in tapping PiFM operation. The 

linewidth of the laser is typically about 1 cm−1. The accessible spectral range depends on the 

selection of central wavelengths when equipping the laser. Up to 4 ranges can be selected and 

within those ranges, the laser is freely tunable. In this measurement mode, a resolution of ~1 

cm−1 can be achieved within the tuning range of the laser.  

SCLC mobility measurements 

The electron-only devices were fabricated with ITO/ZnO/Active layer/ZnO/Ag structures 

and hole-only devices were fabricated with ITO/PEDOT:PSS/active layer/Au structures. The 

thickness of the active layer is ~120 nm. The mobilities were extracted using a full drift 
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diffusion model simulation (gpvdm)1,2 with gaussian type trap states, and the parameters are 

listed in Supplementary Table 8. Key input parameters are the trap profiles, including the total 

trap density, trap depth, and the trap state gaussian width, which were estimated using 

capacitance-frequency measurements as presented in Supplementary Fig. 27. This leads to 

only two fitting parameters to extract the mobilities, which are the injection barriers (e and h). 

The fitted curves and the resulting mobility values are shown in Supplementary Fig. 25 and 

Supplementary Table 9, respectively. 

Transient photovoltage (TPV) and photocurrent (TPC) measurements 

The background illumination was provided by the LED light source, and pulsed light was 

provided by an arbitrary wave generator (AFG322C, Tektronix). The photovoltage traces 

were registered by the oscilloscope (AFG322C, Tektronix). The photocurrent traces were 

registered with the resistance of 50 Ω, switching open-circuit mode to short-circuit mode. The 

integrated TPC signal provides a measure of the total charge generated by the LED light 

source. The exponential fitting was used to process the V–t curves measuring from the TPV 

signal to obtain the lifetime of carriers. The total charge generated by LED was obtained from 

the integrated TPC signal. Empirically, the differential capacitance values are found to follow 

the exponential dependence on the open-circuit voltage given by ( )0 oc

0

exp
Q

C C V D
V




= = +


 

[C is the differential capacitance (F), ΔQ is the total charge generated by a pulse (C), ΔV0 is 

the TPV magnitude (V), C0 is the exponential capacitance prefactor (F),   is the capacitance 

exponential constant (V−1), D is the effectively fixed capacitance (F)], so the charge-carrier 

density as a function of Voc is given by treating the device as a parallel-plate capacitor and 

integrating with respect to voltage, as ( )
oc

0

1
exp d

V

n C V V
Aed


−

=   [n is the bulk charge-

carrier density (m−3), A is the area of the device (m2), d is the thickness of the active layer 

(m)].3 Then, the recombination rate coefficient can be determined, which is defined by 

1
( )

( )
k n

n n
=


. 

Impedance spectroscopy (IS) 

The measurements were carried out by illumination with an AM 1.5G irradiation (100 mW 

cm−2) using a solar simulator. Impedance spectra were measured for different light intensities 

at frequencies from 8 MHz to 50 Hz. To measure in Voc conditions, a bias voltage equal to Voc 
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at each light intensity was applied. A 10 mV AC perturbation is used, and in this case, the 

excess holes and electrons are generated into the donor HOMO and acceptor LUMO 

manifolds, then diffuse along with the diode bulk, and eventually recombine. The molecular 

orbitals spread in energy DoS following the exponential shape, and the occupancy level of the 

LUMO state is determined by the competition of photo-generation and recombination, which 

in turn governs the achievable Voc. Recombination resistance (Rrec) and chemical capacitance (

nC ) were directly extracted from the low-frequency region. The chemical capacitors 

determined by IS reflect the capability of the photovoltaic device to accept or release 

additional charge carriers as the result of the shifting in the quasi-Fermi level. The DoS (gn) is 

obtained by n Fn( )nC Sqg E = , where S is the device area and q is the elemental charge. A 

typical exponential shape is seen, and the curves are fitted by 
g Fn

n Fn( ) exp
E EN

g E
 

− 
= − 

 
, 

where N is the total density per unit volume, Eg is the bandgap extracted from the EQE tail, 

and δ is the broadening of the DoS that describes energetic disorder. 

The curves of 
nC  and Rrec are fitted by 0 expn qV

C C
kT



 
=  

 
 and rec 0 exp

qV
R R

kT

 
= − 

 
. 

The density of electrons n is the integration of 
nC  to voltage, so the density of electrons n is 

proportional to exp
qV

kT

 
 
 

, that is Fexp
qV

n
kT

 
  

 
. If one further assumes that the dominant 

recombination process is mono- or bimolecular, recombination current Jrec will be 

proportional to n or n2, so rec exp
qV

J
kT

 
  

 
 or rec

2
exp

qV
J

kT

 
  

 
. In open-circuit 

conditions, Jrec is phenomenologically modeled as rec 0 exp 1
qV

J J
kT

  
= −  

  
. Therefore, 

validation of the recombination law can be reinforced from the experimental relationships 

between α and β parameters. As for the mono-molecular recombination process, it is derived 

that  = , and for the bimolecular recombination process, 2 = . If considering shallow 

trapped carriers in the exponential tail as the dominant non-geminate loss mechanism, the 

corresponding recombination current is rec tJ n n  , in which the density of trapped carriers 

(nt) relates to free carriers (n) by U/

t

kT E
n n . Then, it is derived that U / 1

rec t

E kT
J n

+
 , and if 

UE kT , then 2  . 
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Transient absorption spectroscopy (TA) 

For femtosecond transient absorption spectroscopy, the fundamental output from Yb:KGW 

laser (1030 nm, 220 fs Gaussian fit, 100 kHz, Light Conversion Ltd) was separated into two 

light beams. One was introduced to NOPA (ORPHEUS-N, Light Conversion Ltd) to produce 

a certain wavelength for pump beam (here we use 550 and 750 nm, 30 fs pulse duration), the 

other was focused onto a YAG plate to generate white light continuum as the probe beam. 

The pump and probe overlapped on the sample at a small angle of less than 10°. The 

transmitted probe light from the sample was collected by a linear CCD array. 

Exciton annihilation method 

The exciton annihilation method is used to estimate the diffusion length of each neat 

films4,5. The series of fluence dependent decays are globally fit to a rate equation accounting 

for bimolecular (exciton annihilation) and monomolecular decay pathways, assuming that 

annihilation destroys both excitons: 
2d ( ) 1

( ) ( )
d 2

n t
kn t n t

t
= − −  (1), which has the following 

solution: 

( )

(0)
( )

1 (0) 1
2

kt

kt

n e
n t

n e
k



−

−

=

+ −

 (2), where n(t) is the singlet exciton density as a function 

of time after the laser excitation, k is the monomolecular decay rate and   is the singlet-

singlet bimolecular exciton annihilation rate. Here the intrinsic monomolecular decay 

constant, k, is extracted from the dilute neat film under weak laser irradiation (< 1 μJ cm−2). 

The exciton decays can be well fit by Eq. (2), where the only free parameter is the 

bimolecular rate constant. The bimolecular rate constant is then used 
8

D
R




=  to determine 

the 3D exciton diffusion coefficient, where D is the diffusion constant and R is the effective 

interaction or annihilation radius of singlet excitons which is the separation at which the 

annihilation occurs. The Förster radius for exciton-exciton annihilation of 4.8 nm was adopted 

from previous research, which then gives a 3D diffusion coefficient4. 
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Supplementary Figures 

 

Supplementary Figure 1. UV–vis absorption spectra of D18, PM6, and L8-BO neat films (a) 

and D18:L8-BO, PM6:L8-BO, and PM6:D18:L8-BO blend films (b) processed by CF. 
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Supplementary Figure 2. UPS (a) and IPES (b) results of PM6, D18, and L8-BO. Fermi 

energy was determined by linear extrapolating the high binding energy portion of the 

spectrum, and HOMO energy level was referred to low binding energy onset. The LUMO 

energy level was obtained by linear extrapolation of the initial peak of IPES. 
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Supplementary Figure 3. J–V curves of the device based on D18:L8-BO, PM6:L8-BO, and 

PM6:D18:L8-BO (0.8:0.2:1.2) with a device area of 14.2 mm2. 
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Supplementary Figure 4. Original images of the OSC certificate results by the National 

Photovoltaic Industry Metrology and Testing Center (NPVM, China). The device is measured 

with a mask of 3.084 mm2 and gives a PCE of 19.17%. 
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Supplementary Figure 5. J–V (a) and EQE (b) curves of the device based on PM6:D18:L8-

BO under different PM6:D18 ratios. (c) The integrated Jsc curves under different donor 

conditions (device area was 5.2 mm2). 
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Supplementary Figure 6. Storage (a) and illumination (b) stability of the device based on 

D18:L8-BO, PM6:L8-BO, and PM6:D18:L8-BO. The storage stability was tested for 2520 

hours, the device was encapsulated and stored in a glove box at 25 ℃. The illumination 

stability was tested for 350 hours. The device was encapsulated and then tested in the 

atmosphere under the illumination of AM 1.5 G, 100 mW/cm2. 
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Supplementary Figure 7. IQE, EQE, and reflectance curves of binary and ternary devices. 
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Supplementary Figure 8. TEM image of D18:L8-BO blended film. 
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Supplementary Figure 9. AFM height (first row) and phase (second row) images of D18:L8-

BO, PM6:L8-BO, and PM6:D18:L8-BO (0.8:0.2:1.2) blended films. The line profile to obtain 

the fibril width (third row) and the statistical distribution (fourth row) for the three blended 

films. 
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Supplementary Figure 10. (a) SEM image of PM6:D18:L8-BO=0.8:0.2:1.2 blended film 

(insert is Fourier transformed image). (b) Circle integration of the 2D Fourier transformed 

image. 
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Supplementary Figure 11. FTIR spectra of PM6, D18, and L8-BO. 
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Supplementary Figure 12. (a) PiFM image at the wavenumber of 2215 cm−1 (at this 

wavenumber, L8-BO was absorbed, which was consistent with the PiFM image at 1532 cm−1. 

Further confirmed the fibril network structure formed by L8-BO). (b) The PiFM images 

overlapped at the wavenumber of 1532 cm−1 and 1648 cm−1 (The black spots in the image are 

used for positioning). (c) PiFM image at the wavenumber of 1850 cm−1 (at this wavenumber, 

both PM6, D18, and L8-BO have no signal). 
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Supplementary Figure 13. (a) 2D GIXD patterns of neat D18, PM6, and L8-BO films. (b) 

The in-plane and out-of-plane line cut profiles of the 2D GIXD data based on neat films. (c) 

2D GIXD patterns of D18:L8-BO blended film. (d) The line cut profiles diagram of (021) 

diffraction peak. (e) The line cut profiles of the 2D GIXD data based on binary and ternary 

blend films in a 56° azimuthal angle plane. 
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Supplementary Figure 14. Peak area and CCL of (010) and (100) diffraction peaks for 

D18:L8-BO, PM6:L8-BO, and PM6:D18:L8-BO (0.8:0.2:1.2) blended films. 
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Supplementary Figure 15. Peak area and CCL of L8-BO (021) and D18 (001) diffraction 

peaks for D18:L8-BO, PM6:L8-BO, and PM6:D18:L8-BO (0.8:0.2:1.2) blended films. 
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Supplementary Figure 16. (a,b) The near-edge x-ray absorption fine structure spectroscopy 

(NEXAFS) of neat films under different energy ranges. Contrast functions for the neat (c) and 

blended (d) materials with vacuum (n=1). The mass density of each material was assumed to 

be 1.0 g/cm3. 
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Supplementary Figure 17. CK-RSoXS profiles and polarized RSoXS of D18:L8-BO (a), 

PM6:L8-BO (b), and PM6:D18:L8-BO (c) blends under different photon energies. (d) NK-

RSoXS profiles of D18:L8-BO, PM6:L8-BO, and PM6:D18:L8-BO blends under different 

photon energies. 
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Supplementary Figure 18. The color plot of fs transient absorption spectra of neat L8-BO 

film under 750 nm (a,b) excitation and the representative fs transient absorption spectra of 

neat L8-BO film at indicated delay times under 750 nm (c,d) excitation. 
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Supplementary Figure 19. The color plot of fs transient absorption spectra of PM6:D18:L8-

BO (0.8:0.2:1.2) film under 750 nm (a,b) excitation and the representative fs transient 

absorption spectra of PM6:D18:L8-BO (0.8:0.2:1.2) film at indicated delay times under 750 

nm (c,d) excitation. 
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Supplementary Figure 20. The color plot of fs transient absorption spectra of PM6:L8-BO 

film under 750 nm (a,b) excitation and the representative fs transient absorption spectra of 

PM6:L8-BO film at indicated delay times under 750 nm (c,d) excitation. 
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Supplementary Figure 21. The color plot of fs transient absorption spectra of D18:L8-BO 

film under 750 nm (a,b) excitation and the representative fs transient absorption spectra of 

D18:L8-BO film at indicated delay times under 750 nm (c,d) excitation. 
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Supplementary Figure 22. The hole transfer process in D18:L8-BO (yellow dots), PM6:L8-

BO (blue dots), and PM6:D18:L8-BO (red dots) blended films (the solid line is the fitting 

curves). 
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Supplementary Figure 23. The TA kinetics of polaron state of neat L8-BO and three blend 

films. 
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Supplementary Figure 24. Characteristics of the photocurrent density versus effective 

voltage (Jph ~ Veff) based on D18:L8-BO, PM6:L8-BO, and PM6:D18:L8-BO (0.8:0.2:1.2). 

ph L DJ J J= − , JL and JD are light and dark current density, eff 0 applV V V= − , Vappl is the applied 

voltage and V0 is the voltage when ph 0J =  mA cm−2.  
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Supplementary Figure 25. Mobility measurements. SCLC measurement for electron-only 

(a) and hole-only (b) devices under different components. The slopes of each curve are shown 

in (c) and (d). In all devices, a maximum slope of ~2 is observed, indicating a negligible role 

of trap states. The fitting was done using a full drift diffusion model using gpvdm, and the 

details of fitting are presented in the methods section in Supplementary Information. 
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Supplementary Figure 26. Lifetime (a) and charge-carriers density (b) under different Voc 

conditions. (c) Charge lifetime in the devices as a function of charge density. The solid lines 

represent the best fit to power-law dependence. 
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Supplementary Figure 27. The defects density of state (a) and built-in potential (b) of binary 

and ternary devices measured following the Mott-Schottky method at 10 kHz in the dark. 
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Supplementary Figure 28. The impedance spectra of binary and ternary devices measured 

under different light intensities. 
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Supplementary Figure 29. The chemical capacitance (
nC , a–c) and recombination resistance 

(Rrec, d–f) extracted from the low-frequency region of impedance spectra. 
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Supplementary Figure 30. 3D sphere for exciton diffusion simulations. 

  



 

 

45 

 

 

Supplementary Figure 31. Optical constants for D18:L8-BO, PM6:L8-BO, and 

PM6:D18:L8-BO blends, obtained from ellipsometry measurements. 
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Supplementary Figure 32. Device simulation results. (a) Internal and external quantum 

efficiency (solid lines are simulation results, dashed lines are experimental results). (b) 

Simulated current–voltage characteristics (solid lines) as compared to experimental values 

(dashed lines). (c) Simulated FFs as a function of direct recombination coefficient (Bdir), and 

the values for each device are highlighted. (d) Figure-of-merit (α) on the competition between 

recombination and transport. Values for each device have been highlighted in the plots. The 

figure is adapted from reference6. 

  



 

 

47 

 

 

Supplementary Figure 33. The exciton decay kinetics of L8-BO neat film at indicated 

excitation fluences. 
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Supplementary Figure 34. The color plot of fs transient absorption spectra of different NFA 

films (Y6, BTP-eC9, L8-BO, ITIC, IT4F, and IDIC) under 750 nm excitation. 
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Supplementary Figure 35. The representative fs transient absorption spectra of different 

NFA films (Y6, BTP-eC9, L8-BO, ITIC, IT4F, and IDIC) at indicated delay times under 750 

nm excitation. 
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Supplementary Figure 36. The color plot of fs transient absorption spectra of different donor 

films (PM6, PM7, PTQ10, D18, D18-Cl, and PBT1-C-2Cl) under 750 nm excitation. 
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Supplementary Figure 37. The representative fs transient absorption spectra of different 

donor films (PM6, PM7, PTQ10, D18, D18-Cl, and PBT1-C-2Cl) at indicated delay times 

under 750 nm excitation. 
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Supplementary Figure 38. The color plot of fs transient absorption spectra of different 

double blended donor films (PM6:D18=4:1, PM7:D18=4:1, PTQ10:D18=4:1, PM6:D18-

Cl=4:1, and PM6:PBT1-C-2Cl=4:1) under 750 nm excitation. 
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Supplementary Figure 39. The representative fs transient absorption spectra of different 

double blended donor films (PM6:D18=4:1, PM7:D18=4:1, PTQ10:D18=4:1, PM6:D18-

Cl=4:1, and PM6:PBT1-C-2Cl=4:1) at indicated delay times under 750 nm excitation. 
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Supplementary Figure 40. Chemical structure of the donor and acceptor materials used in 

device fabrication. 
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Supplementary Figure 41. J–V curves of binary and ternary OSCs with PM6 as the donor 

and different NFAs under the illumination of AM 1.5 G, 100 mW/cm2 (the dotted line is for 

the binary device while the solid line is for the ternary device). 
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Supplementary Figure 42. J–V curves of binary and ternary OSCs with D18 as the 

secondary donor, L8-BO (a) and Y6 (b) as acceptor, and different primary donors (PM6, PM7, 

and PTQ10) under the illumination of AM 1.5 G, 100 mW/cm2. 
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Supplementary Figure 43. J–V curves of binary and ternary OSCs with PM6 as the primary 

donor, L8-BO (a) and Y6 (b) as acceptor, and different secondary donors (D18, D18-Cl, and 

PBT1-C-2Cl) under the illumination of AM 1.5 G, 100 mW/cm2. 
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Supplementary Figure 44. (a) J–V, (b) TPV, and (c) TA curves, and (e) carrier diffusion 

length and the lifetime of hole transfer process under different blend conditions. 
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Supplementary Figure 45. AFM phase images of PM6:D18:L8-BO=0.5:0.5:1.2 and 

PM6:D18:L8-BO=0.2:0.8:1.2 blended films. The line profile to obtain the fibril diameter of 

both blended films, and the corresponding fibril diameters of PM6:D18:L8-BO=0.5:0.5:1.2 

and PM6:D18:L8-BO=0.2:0.8:1.2 are 19.6 and 18.1 nm, respectively. (b) RSoXS profiles 

under 285.2 eV based on PM6:D18:L8-BO with different donor ratios. 
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Supplementary Figure 46. Correlation matrix. Correlation of device, photophysics, and 

morphology characters (based on PM6:D18:L8-BO with different donor ratios). The 

photovoltaic, photophysical, and morphological characteristic parameters used in the 

correlation analysis are summarized in Supplementary Tables 18–20, and the detailed curves 

are summarized in Supplementary Figs. 44 and 45. 
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Supplementary Figure 47. (a) TPV, and (b) TA curves under different blend films. 
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Supplementary Figure 48. Correlation matrix. Correlation of device and photophysics 

(based on PM6:L8-BO, PM6:D18:L8-BO, PM6:Y6, PM6:D18:Y6, PM7:L8-BO, 

PM7:D18:L8-BO, PTQ10:L8-BO, and PTQ10:D18:L8-BO). The photovoltaic and 

photophysical parameters used in the correlation analysis are summarized in Supplementary 

Table 21, and the detailed curves are summarized in Supplementary Fig. 47. 
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Supplementary Figure 49. Scatter diagram of photovoltaic (Jsc, FF, and PCE) and 

photophysical (τc, Le, Lh, τ1, and τ2) parameters of binary and ternary devices. On the right are 

the distribution curves. 
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Supplementary Tables 

Supplementary Table 1. Photovoltaic parameters with different PM6:D18 ratios for ternary 

devices under the illumination of AM 1.5 G, 100 mW/cm2. 

PM6:D18:L8-BO Voc
a (V) Jsc

a (mA cm−2) FFa (%) PCEa (%) 

0.9:0.1:1.2 
0.892 

(0.892 ± 0.001) 

26.1 

(25.8 ± 0.3) 

80.2 

(80.1 ± 0.7) 

18.7 

(18.45 ± 0.1) 

0.7:0.3:1.2 
0.898 

(0.898 ± 0.001) 

26.2 

(25.9 ± 0.4) 

81.0 

(80.7 ± 0.6) 

19.1 

(18.8 ± 0.1) 

0.5:0.5:1.2 
0.901 

(0.901 ± 0.001) 

25.5 

(25.2 ± 0.3) 

79.4 

(78.9 ± 0.8) 

18.3 

(18.0 ± 0.1) 

aThe average values are obtained from over 50 devices, with an aperture area of 3.2 mm2. The values 

outside the parentheses denote the best optimal photovoltaic parameters, and the values inside the 

parentheses represent the average photovoltaic parameters and their standard deviations. 
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Supplementary Table 2. Structure parameters for different blend films. All three blend films 

show face-on orientation. Position, peak area, and FWHM are available through multi-peak 

fitting and d-spacing, CCL can be calculated by Scherrer Equation. 

Blends 
(010) 

d-spacing (Å) 

(010) 

peak area 

(010) 

CCL (Å) 

(100) 

d-spacing (Å) 

(100) 

peak area 

(100) 

CCL (Å) 

D18:L8-BOa 3.676 1128 20.03 20.59 295.1 146.8 

PM6:L8-BOa 3.665 544.7 17.04 20.91 125.3 76.01 

PM6:D18:L8-BOb 3.661 609.1 17.92  20.86 137.0 90.96 

a1:1.2 (weight ratio); b0.8:0.2:1.2 (weight ratio). 
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Supplementary Table 3. Structure parameters for L8-BO (021) and D18 (001) peaks. 

Position, peak area, and FWHM are available through multi-peak fitting and d-spacing, CCL 

can be calculated by Scherrer Equation. 

Blends 
L8-BO (021) 

d-spacing (Å) 

L8-BO 

(021) 

peak area 

L8-BO 

(021) 

CCL (Å) 

D18 (001) 

d-spacing (Å) 

D18 (001) 

peak area 

D18 

(001) 

CCL (Å) 

D18:L8-BOa 12.51 122.99 48.31 11.25 11.42 120.5  

PM6:L8-BOa 12.57 93.02 25.82 - - - 

PM6:D18:L8-BOb 12.66 101.54 34.74  11.30 2.88 107.7 

a1:1.2 (weight ratio); b0.8:0.2:1.2 (weight ratio). 
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Supplementary Table 4. Fibril diameter and center to center distance and mixing region size 

of different blend films. 

PM6:D18:L8-BO q (Å−1) 
Center to center 

distance (CCD, nm) 

Fibril diameter 

(FD, nm) 

Mixing region size 

(MRS, nm)a 

0:1:1.2 0.0098 64.1 17.1 15.0 

1:0:1.2 0.0131 47.8 14.3 9.6 

0.8:0.2:1.2 0.0130 48.2 19.1 5.0 

a
CCD 2FD

MRS
2

−
=  
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Supplementary Table 5. Exciton diffusion length and lifetime in blend films (LD is exciton 

diffusion length and  is the lifetime of exciton). 

Blends Materials 
Diffusion constant 

(cm2/s) 
LD (nm)  (ps) 

D18:L8-BO 
D18 0.019 19.5 205 

L8-BO 0.043 39.4 360 

PM6:L8-BO 
PM6 0.026 13.3 69 

L8-BO 0.050 42.2 360 

PM6:D18:L8-BO 

PM6 0.032 14.9 69 

D18 0.022 21.4 205 

L8-BO 0.051 42.7 360 
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Supplementary Table 6. The lifetime of the hole transfer process in blend films. The data 

was achieved through the biexponential fitting. 

Blends 1 (ps) 2 (ps) 

D18:L8-BOa 0.74 19.30 

PM6:L8-BOa 0.46 16.61 

PM6:D18:L8-BOb 0.51 18.17 

a1:1.2 (weight ratio); b0.8:0.2:1.2 (weight ratio). 
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Supplementary Table 7. Parameters of the dependence of photocurrent density (Jph) on the 

effective voltage (Veff). 

Blends Vsat (V) Jsat (mA cm−2) Jsc (mA cm−2) Jsc/Jsat 

D18:L8-BOa 0.172 24.8 24.5 0.988 

PM6:L8-BOa 0.161 25.9 25.6 0.988 

PM6:D18:L8-BOb 0.121 26.6 26.5 0.996 

a1:1.2 (weight ratio); b0.8:0.2:1.2 (weight ratio). 
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Supplementary Table 8. Input parameters for SCLC mobility extractions using drift 

diffusion modelling using gpvdm under dark. The fitting parameters are highlighted in a 

yellow shade. 

Parameters Symbol 
Values 

Units 
D18:L8-BO PM6:L8-BO PM6:D18:L8-BO 

Temperature  T 300 300 300 K 

Relative dielectric constant r  3 3 3 unitless 

Effective density of states of free charges  NC/NV 1×1026 1×1026 1×1026 m−3 

Generation rate G 0 (dark) 0 (dark) 0 (dark) m−3 s−1 

Free to free charge recombination coefficient Bdir 7.86×10−17 1.77×10−17 1.15×10-17 m3 s−1 

LUMO electron capture cross section 
e

e  1×10−15 1×10−15 1×10−15 m2 

LUMO hole capture cross section 
e

h  1×10−20 1×10−20 1×10-20 m2 

HOMO electron capture cross section 
h

e  1×10−20 1×10−20 1×10−20 m2 

HOMO hole capture cross section 
h

h  1×10−15 1×10−15 1×10−15 m2 

Effective band gap Eg 1.32 1.28 1.29 eV 

Active layer thickness  L 120 120 120 nm 

Cathode injection barrier cat  Fitting parameters eV 

Anode injection barrier an  Fitting parameters eV 

Trap-Free Electron or hole mobility e,h  Target cm2 V−1s−1 

Total electron or hole trap density  
Gau

n,pU  3.76×1021 7.04×1021 5.68×1021 m−3 

Trap centre depth relative to band 
Gau

n,pD  0.164 0.174 0.17 eV 

Gaussian width of trap states   
Gau

n,p  0.018 0.022 0.021 eV 
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Supplementary Table 9. Extracted mobility values from drift diffusion modelling using 

gpvdm. 

Parameters-Electron mobility Symbol 
Values 

Units 
D18:L8-BO PM6:L8-BO PM6:D18:L8-BO 

Cathode injection barrier cat  0.00 0.00 0.00 eV 

Anode injection barrier an  0.31 0.27 0.31 eV 

Trap-free electron mobility  e  1.40×10−3 1.50×10−3 1.49×10−3 cm2 V−1s−1 

Parameters-Hole mobility Symbol 
Values 

Units 

D18:L8-BO PM6:L8-BO PM6:D18:L8-BO 

Cathode injection barrier cat  0.32 0.34 0.33 eV 

Anode injection barrier an  0.00 0.00 0.00 eV 

Trap-free hole mobility  h  1.80×10−3 1.15×10−3 1.42×10−3 cm2 V−1s−1 
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Supplementary Table 10. The carrier mobility, carrier diffusion length, and carrier drift 

length of the device under different conditions. 

Blends μe
a
 (cm2 V−1 s−1) μh

a
 (cm2 V−1 s−1) Le

b (nm) Lh
b (nm) 

Ldr,e
c 

(nm) 

Ldr,h
c 

(nm) 

D18:L8-BOb (1.40 ± 0.11) × 10−3 (1.80 ± 0.10) × 10−3 61 ± 2.3 69 ± 1.9 940 1209 

PM6:L8-BOb (1.50 ± 0.12) × 10−3 (1.15 ± 0.12) × 10−3 85 ± 3.3 75 ± 3.5 1767 1355 

PM6:D18:L8-BOc (1.49 ± 0.12) × 10−3 (1.42 ± 0.13) × 10−3 106 ± 3.6 103 ± 4.0 2732 2604 

aThe average parameters were calculated from 5 devices; b1:1.2 (weight ratio); c0.8:0.2:1.2 (weight ratio). 

Le and Lh represent electron and hole diffusion lengths respectively. 

b B
d

k T
L

q
=   (Ld is the carrier diffusion length, kB is the Boltzmann constant, T is the temperature, q is 

the elementary charge, μ is the carrier mobility, τ is the charge carrier lifetime). 

c bi

dr

V
L

d


=  (Ldr is the carrier drift length, μ is the carrier mobility, τ is the charge carrier lifetime, Vbi is 

the built-in voltage). 
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Supplementary Table 11. The parameters derived from the impedance spectroscopy 

measurement. 

Blends Voc (V) Jsc (mA cm−2) N (cm−3) 
Gau

n,p /U N   (meV) β/α 

D18:L8-BO 0.907 24.9 2.38 × 1019 1.58 × 10−4 66.8 2.80 

PM6:L8-BO 0.888 25.7 5.31 × 1019 1.33 × 10−4 67.5 2.34 

PM6:D18:L8-BO 0.896 26.7 6.30 × 1019 9.02 × 10−5 67.1 2.31 
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Supplementary Table 12. Parameters for 3D exciton diffusion modelling. Values are taken 

from L8-BO in blends in Supplementary Table 5. 

Blends 
Diffusion 

constant (cm2/s) 

LD 

(nm) 
 (ps) 

kdiss 

(ps−1) 

Phase separation 

scales of L8-BO 

(nm) 

Exciton 

diffusion 

efficiency (%) 

D18:L8-BO 0.043 39.4 360 1.35 68.8 93.74 

PM6:L8-BO 0.050 42.2 360 2.17 49.0 96.87 

PM6:D18:L8-BO 0.051 42.7 360 1.96 51.8 96.64 

Note: Yellow shade area is the calculated exciton diffusion efficiency for each blend. 
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Supplementary Table 13. Input parameters for drift diffusion modelling using gpvdm at 1 

sun illumination. 

Parameters Symbol 
Values 

Units 
D18:L8-BO PM6:L8-BO PM6:D18:L8-BO 

Temperature  T 300 300 300 K 

Relative dielectric constant r  3 3 3 unitless 

Effective density of states of free charges  NC/NV 1×1026 1×1026 1×1026 m−3 

Generation rate G 
Calculated using coupled exciton diffusion and 

optical models 
m−3 s−1 

Free to free charge recombination coefficient Bdir 7.86×10−17 1.77×10−17 1.15×10−17 m3 s−1 

Effective band gap Eg 1.32 1.28 1.29 eV 

Active layer thickness  L 120 120 120 nm 

Cathode injection barrier cat  0.01 0.01 0.01 eV 

Anode injection barrier an  0.01 0.01 0.01 eV 

Electron mobility e  1.40×10−3 1.50×10−3 1.49×10−3 cm2 V−1s−1 

Hole mobility h  1.80×10−3 1.15×10−3 1.42×10−3 cm2 V−1s−1 
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Supplementary Table 14. Exciton diffusion length and lifetime in donor or acceptor neat 

films (LD is exciton diffusion length and  is the lifetime of exciton). 

Materials 
Diffusion constant 

(cm2/s) 
LD (nm)  (ps) 

PC61BM - 5.17 - 

PC71BM - 3.08 - 

ITIC 0.014 13.2 125 

IT4F 0.015 13.5 120 

IDIC 0.020 19.5 190 

Y6 0.052 39.5 300 

BTP-eC9 0.037 33.1 295 

L8-BO 0.050 43.0 360 

PM6 0.027 13.6 69.1 

PM7 0.024 13.5 76 

PTQ10 0.024 13.1 72 

D18 0.030 24.7 205 

D18-Cl 0.029 23.6 193 

PBT1-C-2Cl 0.026 15.4 95 

PM6:D18=4:1 0.028 18.9 125 

PM7:D18=4:1 0.028 17.9 115 

PTQ10:D18=4:1 0.029 17.6 108 

PM6:D18-Cl=4:1 0.025 18.2 133 

PM6:PBT1-C-2Cl=4:1 0.025 14.5 83 
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Supplementary Table 15. Photovoltaic parameters of binary and ternary OSCs with PM6 as 

the primary donor and different NFAs under the illumination of AM 1.5 G, 100 mW/cm2. 

Blends Voc
a (V) Jsc

a (mA cm−2) FFa (%) PCEa (%) 

PM6:ITICb,f 0.976 (0.974 ± 0.001) 15.6 (15.6 ± 0.2) 64.8 (63.8 ± 0.7) 9.84 (9.70 ± 0.08) 

PM6:D18:ITICc,f 0.974 (0.975 ± 0.002) 14.9 (14.6 ± 0.4) 59.1 (58.5 ± 1.0) 8.58 (8.32 ± 0.14) 

PM6:IT4Fb,f 0.858 (0.855 ± 0.002) 20.4 (20.4 ± 0.3) 78.8 (77.7 ± 0.7) 13.8 (13.5 ± 0.2) 

PM6:D18:IT4Fc,f 0.852 (0.855 ± 0.002) 20.8 (20.4 ± 0.3) 75.3 (75.5 ± 0.6) 13.4 (13.2 ± 0.1) 

PM6:IDICb,g 0.935 (0.935 ± 0.003) 16.2 (15.7 ± 0.3) 75.4 (75.9 ± 0.6) 11.4 (11.1 ± 0.2) 

PM6:D18:IDICc,g 0.938 (0.936 ± 0.002) 16.1 (15.8 ± 0.2) 74.7 (75.0 ± 0.5) 11.3 (11.1 ± 0.1) 

PM6:IDTT-C10-TICd,h 0.975 (0.974 ± 0.001) 18.2 (18.0 ± 0.2) 71.8 (72.0 ± 0.6) 12.8 (12.6 ± 0.1) 

PM6:D18:IDTT-C10-TICe,h 0.974 (0.974 ± 0.002) 18.1 (17.9 ± 0.2) 70.6 (70.5 ± 0.5) 12.5 (12.3 ± 0.1) 

PM6:Y6d,i 0.832 (0.831 ± 0.001) 26.1 (25.8 ± 0.3) 77.6 (77.2 ± 0.4) 16.9 (16.6 ± 0.2) 

PM6:D18:Y6e,i 0.839 (0.838 ± 0.001) 26.7 (26.4 ± 0.2) 79.1 (79.1 ± 0.4) 17.7 (17.5 ± 0.2) 

PM6:BTP-eC9d,j 0.840 (0.840 ± 0.001) 27.0 (26.5 ± 0.4) 78.3 (78.2 ± 0.6) 17.7 (17.4 ± 0.2) 

PM6:D18:BTP-eC9e,j 0.848 (0.848 ± 0.001) 27.6 (27.2 ± 0.4) 79.4 (79.1 ± 0.6) 18.6 (18.2 ± 0.2) 

PM6:L8-BOd,k 0.888 (0.888 ± 0.001) 25.7 (25.5 ± 0.3) 79.9 (79.5 ± 1.1) 18.2 (18.0 ± 0.1) 

PM6:D18:L8-BOe,k 0.896 (0.896 ± 0.001) 26.7 (26.6 ± 0.3) 81.9 (81.1 ± 0.8) 19.6 (19.3 ± 0.1) 

aThe average values are obtained from 20 devices, with an aperture area of 3.2 mm2. The values outside the 

parentheses denote the best optimal photovoltaic parameters, and the values inside the parentheses 

represent the average photovoltaic parameters and their standard deviations. bD:A=1:1 (weight ratio); 
cD1:D2:A=0.8:0.2:1 (weight ratio); dD:A=1:1.2 (weight ratio); eD1:D2:A=0.8:0.2:1.2 (weight ratio). fThe 

device architecture is ITO/PEDOT:PSS/active layer/PFN-Br/Ag; donor concentration = 10 mg mL−1 in CB 

with 0.75% DIO, following with 100 ℃ TA treatment for 10 min. gThe device architecture is 

ITO/PEDOT:PSS/active layer/PFN-Br/Ag; donor concentration = 10 mg mL−1 in CB. hThe device 

architecture is ITO/PEDOT:PSS/active layer/PFN-Br/Ag; donor concentration = 6.5 mg mL−1 in CF with 

0.5% DIO, following with 85 ℃ TA treatment for 5 min. iThe device architecture is 

ITO/PEDOT:PSS/active layer/PNDIT-F3N/Ag; donor concentration = 6.5 mg mL−1 in CF with 0.5% 1-

CN, following with 85 ℃ TA treatment for 5 min. jThe device architecture is ITO/PEDOT:PSS/active 

layer/PNDIT-F3N/Ag; donor concentration = 6.5 mg mL−1 in CF with 0.5% DIO, following with 85 ℃ TA 

treatment for 5 min. kThe device architecture is ITO/PEDOT:PSS/active layer/PNDIT-F3N/Ag; donor 

concentration = 6.5 mg mL−1 in CF with DIB as solid additive (the content of DIB is 50% of the total mass 

of donor and acceptor), following with 85 ℃ TA treatment for 5 min. 
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Supplementary Table 16. Photovoltaic parameters of binary and ternary OSCs with D18 as 

the secondary donor, Y6 and L8-BO as acceptor, and different primary donors (PM6, PM7, 

and PTQ10) under the illumination of AM 1.5 G, 100 mW/cm2. 

Donor 1 Donor 2 Acceptor Voc
a (V) Jsc

a (mA cm−2) FFa (%) PCEa (%) 

PM6 - Y6b,d,g 
0.832 

(0.831 ± 0.001) 

26.1 

(25.8 ± 0.3) 

77.6 

(77.2 ± 0.4) 

16.9 

(16.6 ± 0.2) 

PM7 - Y6b,d,h 
0.880 

(0.879 ± 0.002) 

25.7 

(25.7 ± 0.2) 

72.3 

(70.6 ± 1.4) 

16.3 

(16.0 ± 0.2) 

PTQ10 - Y6b,e,i 
0.833 

(0.833 ± 0.002) 

26.3 

(26.1 ± 0.3) 

76.1 

(75.8 ± 0.9) 

16.7 

(16.5 ± 0.1) 

PM6 - L8-BOb,f,g 
0.888 

(0.888 ± 0.001) 

25.7 

(25.5 ± 0.3) 

79.9 

(79.5 ± 1.1) 

18.2 

(18.0 ± 0.1) 

PM7 - L8-BOb,f,h 
0.906 

(0.906 ± 0.002) 

25.0 

(25.1 ± 0.4) 

75.0 

(73.5 ± 1.6) 

17.0 

(16.7 ± 0.2) 

PTQ10 - L8-BOb,f,i 
0.902 

(0.901 ± 0.002) 

25.3 

(25.3 ± 0.4) 

74.4 

(73.1 ± 1.3) 

17.0 

(16.7 ± 0.2) 

PM6 D18 Y6c,d,g 
0.839 

(0.838 ± 0.001) 

26.7 

(26.4 ± 0.2) 

79.1 

(79.1 ± 0.4) 

17.7 

(17.5 ± 0.2) 

PM7 D18 Y6c,d,h 
0.886 

(0.886 ± 0.001) 

26.0 

(25.9 ± 0.3) 

74.2 

(73.1 ± 1.3) 

17.1 

(16.8 ± 0.2) 

PTQ10 D18 Y6c,e,i 
0.841 

(0.840 ± 0.002) 

26.6 

(26.6 ± 0.4) 

77.0 

(75.8 ± 1.1) 

17.3 

(17.0 ± 0.2) 

PM6 D18 L8-BOc,f,g 
0.896 

(0.896 ± 0.001) 

26.7 

(26.6 ± 0.3) 

81.9 

(81.1 ± 0.8) 

19.6 

(19.3 ± 0.1) 

PM7 D18 L8-BOc,f,h 
0.904 

(0.904 ± 0.002) 

25.4 

(25.2 ± 0.4) 

76.8 

(76.4 ± 1.0) 

17.6 

(17.3 ± 0.2) 

PTQ10 D18 L8-BOc,f,i 
0.906 

(0.906 ± 0.002) 

25.6 

(25.5 ± 0.4) 

76.1 

(75.4 ± 0.9) 

17.7 

(17.4 ± 0.2) 

aThe average values are obtained from 20 devices, with an aperture area of 3.2 mm2. The values outside the 

parentheses denote the best optimal photovoltaic parameters, and the values inside the parentheses 

represent the average photovoltaic parameters and their standard deviations. bD:A=1:1.2 (weight ratio); 
cD1:D2:A=0.8:0.2:1.2 (weight ratio). d0.5% 1-CN (v/v); e0.25% DIO (v/v); fDIB (the content of DIB is 

50% of the total mass of donor and acceptor). gThe device architecture is ITO/PEDOT:PSS/active 

layer/PNDIT-F3N/Ag; donor concentration = 6.5 mg mL−1 in CF, following with 85 ℃ TA treatment for 5 

min. hThe device architecture is ITO/PEDOT:PSS/active layer/PNDIT-F3N/Ag; donor concentration = 7.5 

mg mL−1 in CF, following with 100 ℃ TA treatment for 10 min. iThe device architecture is 

ITO/PEDOT:PSS/active layer/PNINN/Ag; donor concentration = 7.5 mg mL−1 in CF, following with 100 

℃ TA treatment for 10 min. 
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Supplementary Table 17. Photovoltaic parameters of binary and ternary OSCs with PM6 as 

the primary donor, Y6 and L8-BO as acceptor, and different secondary donors (D18, D18-Cl, 

and PBT1-C-2Cl) under the illumination of AM 1.5 G, 100 mW/cm2. 

Donor 1 Donor 2 Acceptor Voc
a (V) Jsc

a (mA cm−2) FFa (%) PCEa (%) 

PM6 - Y6b,d 
0.832 

(0.831 ± 0.001) 

26.1 

(25.8 ± 0.3) 

77.6 

(77.2 ± 0.4) 

16.9 

(16.6 ± 0.2) 

PM6 - L8-BOb,e 
0.888 

(0.888 ± 0.001) 

25.7 

(25.5 ± 0.3) 

79.9 

(79.5 ± 1.1) 

18.2 

(18.0 ± 0.1) 

PM6 D18 Y6c,d 
0.839 

(0.838 ± 0.001) 

26.7 

(26.4 ± 0.2) 

79.1 

(79.1 ± 0.4) 

17.7 

(17.5 ± 0.2) 

PM6 D18-Cl Y6c,d 
0.844 

(0.843 ± 0.002) 

27.0 

(27.0 ± 0.2) 

77.8 

(77.3 ± 0.7) 

17.8 

(17.6 ± 0.1) 

PM6 PBT1-C-2Cl Y6c,d 
0.834 

(0.832 ± 0.002) 

26.8 

(26.8 ± 0.3) 

78.2 

(77.4 ± 0.6) 

17.5 

(17.3 ± 0.1) 

PM6 D18 L8-BOc,e 
0.896 

(0.896 ± 0.001) 

26.7 

(26.6 ± 0.3) 

81.9 

(81.1 ± 0.8) 

19.6 

(19.3 ± 0.1) 

PM6 D18-Cl L8-BOc,e 
0.897 

(0.897 ± 0.002) 

26.4 

(26.4 ± 0.2) 

80.8 

(80.0 ± 0.8) 

19.1 

(18.9 ± 0.1) 

PM6 PBT1-C-2Cl L8-BOc,e 
0.890 

(0.890 ± 0.001) 

26.2 

(26.2 ± 0.2) 

80.4 

(79.6 ± 0.7) 

18.7 

(18.6 ± 0.1) 

aThe average values are obtained from 20 devices, with an aperture area of 3.2 mm2. The values outside the 

parentheses denote the best optimal photovoltaic parameters, and the values inside the parentheses 

represent the average photovoltaic parameters and their standard deviations. bD:A=1:1.2 (weight ratio); 
cD1:D2:A=0.8:0.2:1.2 (weight ratio). dThe device architecture is ITO/PEDOT:PSS/active layer/PNDIT-

F3N/Ag; donor concentration = 6.5 mg mL−1 in CF with 0.5% 1-CN, following with 85 ℃ TA treatment 

for 5 min. eThe device architecture is ITO/PEDOT:PSS/active layer/PNDIT-F3N/Ag; donor concentration 

= 6.5 mg mL−1 in CF with DIB as a solid additive (the content of DIB is 50% of the total mass of donor and 

acceptor), following with 85 ℃ TA treatment for 5 min. 

  



 

 

81 

 

Supplementary Table 18. Photovoltaic parameters of OSCs under the illumination of AM 

1.5 G, 100 mW/cm2. 

PM6:D18:L8-BO Voc
a (V) Jsc

a (mA cm−2) FFa (%) PCEa (%) 

1:0:1.2 0.888 (0.888 ± 0.001) 25.7 (25.5 ± 0.3) 79.9 (79.5 ± 1.1) 18.2 (18.0 ± 0.1) 

0.8:0.2:1.2 0.896 (0.896 ± 0.001) 26.7 (26.6 ± 0.3) 81.9 (81.1 ± 0.8) 19.6 (19.3 ± 0.1) 

0.5:0.5:1.2 0.901 (0.901 ± 0.001) 25.5 (25.2 ± 0.3) 79.4 (78.9 ± 0.8) 18.3 (18.0 ± 0.1) 

0.2:0.8:1.2 0.903 (0.902 ± 0.001) 25.3 (24.9 ± 0.2) 78.8 (78.7 ± 0.6) 18.0 (17.7 ± 0.2) 

0:1:1.2 0.907 (0.908 ± 0.001) 24.9 (24.3 ± 0.5) 78.5 (78.5 ± 1.0) 17.7 (17.4 ± 0.2) 

aThe average parameters were calculated from 50 devices. 
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Supplementary Table 19. The carrier mobility, lifetime, and diffusion length of the device 

under different blend ratios, as well as the lifetime of the hole transfer process in different 

blend films. 

PM6:D18:L8-BO 
μe 

a
 

(cm2 V−1 s−1) 

μh 
a
 

(cm2 V−1 s−1) 

τc  

(s) 

Le  

(nm) 

Lh  

(nm) 

τ1 

(ps) 

τ2 

(ps) 

1:0:1.2 
(1.50 ± 0.12) 

× 10−3 
(1.15 ± 0.12) 

× 10−3 
1.87 × 10−6 85 ± 3.3 75 ± 3.5 0.46 16.61 

0.8:0.2:1.2 
(1.49 ± 0.12) 

× 10−3 
(1.42 ± 0.13) 

× 10−3 
2.88 × 10−6 106 ± 3.6 103 ± 4.0 0.51 18.17 

0.5:0.5:1.2 
(1.43 ± 0.12) 

× 10−3 
(1.54 ± 0.11) 

× 10−3 
1.62 × 10−6 78 ± 2.4 81 ± 1.8 0.53 18.33 

0.2:0.8:1.2 
(1.47 ± 0.12) 

× 10−3 
(1.59 ± 0.10) 

× 10−3 
1.13 × 10−6 66 ± 2.5 68 ± 1.8 0.63 18.92 

0:1:1.2 
(1.40 ± 0.11) 

× 10−3 
(1.80 ± 0.10) 

× 10−3 
1.01 × 10−6 61 ± 2.3 69 ± 1.9 0.74 19.30 

aThe average parameters were calculated from 5 devices. 
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Supplementary Table 20. Morphological characteristic parameters of different blend films. 

PM6:D18:L8-BO 
Center to center 

distance (CCD, nm) 

Fibril diameter 

(FD, nm) 

Mixing region size 

(MRS, nm)a 

1:0:1.2 47.8 14.3 9.6 

0.8:0.2:1.2 48.2 19.1 5.0 

0.5:0.5:1.2 58.1 19.6 9.5 

0.2:0.8:1.2 60.6 18.1 12.2 

0:1:1.2 64.1 17.1 15.0 

a
CCD 2FD

MRS
2

−
=  
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Supplementary Table 21. The carrier mobility, lifetime, and diffusion length of the device 

under different conditions, as well as the lifetime of the hole transfer process in different 

blend films. 

Blends 
μe 

a
 

(cm2 V−1 s−1) 

μh 
a
 

(cm2 V−1 s−1) 

τc  

(s) 

Le  

(nm) 

Lh  

(nm) 

τ1 

(ps) 

τ2 

(ps) 

PM6:Y6 

(1:1.2) 

(1.23 ± 0.09) 

× 10−3 

(1.18 ± 0.10) 

× 10−3 
1.65 × 10−6 73 ± 2.5 71 ± 2.9 0.73 19.84 

PM6:D18:Y6 

(0.8:0.2:1.2) 

(1.57 ± 0.11) 

× 10−3 

(1.42 ± 0.09) 

× 10−3 
2.07 × 10−6 92 ± 2.9 87 ± 2.6 0.56 18.35 

PM7:L8-BO 

(1:1.2) 

(1.14 ± 0.09) 

× 10−3 

(0.71 ± 0.13) 

× 10−3 
1.14 × 10−6 58 ± 2.1 46 ± 4.1 0.66 19.31 

PM7:D18:L8-BO 

(0.8:0.2:1.2) 

(1.49 ± 0.11) 

× 10−3 

(1.48 ± 0.08) 

× 10−3 
1.63 × 10−6 80 ± 2.8 79 ± 2.0 0.67 18.97 

PTQ10:L8-BO 

(1:1.2) 

(1.31 ± 0.12) 

× 10−3 

(0.84 ± 0.11) 

× 10−3 
9.21 × 10−7 56 ± 2.4 45 ± 2.9 0.58 19.37 

PTQ10:D18:L8-BO 

(0.8:0.2:1.2) 

(1.52 ± 0.09) 

× 10−3 

(1.57 ± 0.12) 

× 10−3 
1.43 × 10−6 75 ± 2.2 76 ± 3.3 0.62 19.21 

aThe average parameters were calculated from 5 devices. 
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Supplementary Notes 

Supplementary Note 1. Analysis of TPC, TPV, and Mott-Schottky measurements 

The TPV and transient photocurrent (TPC) measurements were used to study the 

recombination mechanism9. The charge density in devices is determined by the differential 

capacitance method as shown in Supplementary Fig. 26b. A clear exponential dependence on 

Voc is demonstrated. Following oc

0

V
n n e


= , where n0 is the average charge density in the active 

layer in dark conditions, the derived charge lifetime versus charge density is shown in 

Supplementary Fig. 26c. In this case, a power-law dependence indicates that the non-

geminate/free charge recombination is the major loss mechanism under open-circuit condition. 

Fig. 3c shows the relationship between the non-geminate recombination rate coefficient and 

charge density, and the ternary device exhibits a lower recombination coefficient under the 

same charge density. Supplementary Fig. 27 shows the defects density of state (DoS) and the 

built-in potential measured following the Mott-Schottky method10. The DoS in the ternary 

mixture decreases compared to that of PM6:L8-BO blends, yet higher than that of D18:L8-

BO blends. To further understand the potential role of trap states, impedance spectroscopy 

(IS) was conducted to access the occupied LUMO DoS, which is a method to probe the 

density of photo-generated charges (N) as a function of light intensity (or Fermi level) up until 

1 sun equivalent condition (shown in Supplementary Fig. 28). The LUMO DoS and related 

parameters derived from the capacitance spectra are summarized in Fig. 3d and 

Supplementary Table 11. While no clear difference in terms of δ (the energetic disorder 

parameter), the PM6:D18:L8-BO device shows a larger N value, correlating well with the Jsc 

improvement. Moreover, the device based on D18:L8-BO shows a large β/α (calculated from 

the slope in Supplementary Fig. 29) of 2.8 indicates more trapped carrier recombination, and 

the addition of PM6 could suppress this recombination with a smaller β/α of 2.31. A similar 

conclusion can be drawn from the relative values of estimated trap density (
Gau

n,pU ) and N, 

where the PM6:D18:L8-BO device shows the smallest 
Gau

n,p /U N  value (shown in 

Supplementary Table 11). However, as the ratio between trapped and N is very small (<10−3), 

trap-assisted recombination is believed to be negligible as opposed to bimolecular 

recombination in all three devices, which is also evidenced in the slope of SCLC 

characteristics,11 where all three devices show the maximum slope of ~2 (see Supplementary 

Fig. 25). 
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Supplementary Note 2. Coupled exciton diffusion, optical transfer matrix, and drift 

diffusion modelling 

The experimental results have shown that the double fibril network facilitated efficient 

exciton diffusion and lower recombination are two primary reasons for the improved 

performance from binary to ternary blends. To further support this claim, we here perform 

device modelling to quantitatively investigate the effect of exciton diffusion and 

recombination on electrical and optical response of the photovoltaic devices to the changes of 

photoactive layer properties. Specifically, the effects of exciton diffusion efficiency and free 

charge recombination rate constant on IQE/EQE, Jsc, and FF are modelled using experimental 

parameters as inputs. Our simulations start with estimating the exciton diffusion efficiency, 

followed by optical modelling based on a transfer matrix method, and end by the solution of 

the charge carrier continuity, transport, and Poisson's equation to account for electrostatic 

effects. 

Estimating exciton diffusion efficiency with acceptor domains: 

The experimental results show that the exciton decay rate, diffusion length, and domain 

size are different from blend to blend (Supplementary Table 12). Thus, one would expect a 

different fraction of excitons to reach the edge of the domains and split to become free 

charges. To model this process, we imagine the acceptor L8-BO (i.e. the primary absorber 

domain) to be a simple 3D sphere with a uniform photogeneration profile (see Supplementary 

Fig. 30). We assume the only loss of excitons within the domain is through direct decay (i.e. 

through exciton lifetime τ). And the dissociation of excitons is only allowed at the edge or 

outside of the sphere, with a dissociation rate depending on the blends (kdiss). Note here that in 

all devices, kdiss is in the scale of ps−1, indicating ultrafast dissociation of exciton at 

donor/acceptor interfaces in all devices, therefore, the key difference here is the size of 

acceptor domains. The detailed parameters for exciton diffusion modelling are taken from 

experimental values as summarized in Supplementary Table 12. As such, the exciton 

diffusion process is governed by the formula below: 

diss

( )
0 ( ) ( ) ( ) ( )

X r
D X r G r k r X r


=   + − −  

Where, ( )X r  is the density of exciton as a function of position (r), D is the diffusion 

coefficient, ( )G r  is the exciton generation rate, τ is the lifetime of excitons in absence of 

quencher, and diss ( )k r  is the dissociation rate constant from exciton to free charges. diss ( )k r is 
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zero inside and non-zero outside the sphere. The solution of exciton diffusion equation 

provides the total loss inside the sphere (
( )

d
X r

V
 , dV is the integral volume), and the 

exciton diffusion efficiency (Pdiss) is then calculated via 

diss

( )
1 d / ( )d

X r
P V G r V


= −    

Using the data from Supplementary Table 12 (i.e. diffusion constant, diffusion length, 

dissociation rate, and phase separation scales), we obtain values of Pdiss by solving exciton 

diffusion equations. The resulting values are 93.74%, 96.87%, and 96.64% for D18:L8-BO, 

PM6:L8-BO, and PM6:D18:L8-BO, respectively. Clearly, PM6:D18:L8-BO and PM6:L8-BO 

devices show higher exciton diffusion efficiency than D18:L8-BO devices. And no clear 

difference between PM6:D18:L8-BO and PM6:L8-BO device is seen, which is likely because 

that i) exciton diffusion in polymer domains is omitted, and ii) variations of exciton diffusion 

parameters in complex blends cannot be considered in the single domain simulations. We 

consider the accurate simulation of exciton diffusion process in both polymer and acceptor 

domains with different sizes is challenging and beyond the scope of this work. Nevertheless, 

we acknowledge the fact that the difference between PM6:D18:L8-BO and PM6:L8-BO in 

experimental IQE/EQE is also much smaller than that between PM6:D18:L8-BO and 

D18:L8-BO, as shown in Supplementary Fig. 7, which to some extent agrees with the 

simulations results above. 

Calculation of quantum efficiencies, current-voltage characteristics, and fill factor: 

Using the calculated Pdiss, we then performed optical and electrical modelling. The optical 

modelling was conducted using experimental complex refractive index data obtained by 

ellipsometry measurements. The refractive index data for active layers are shown in 

Supplementary Fig. 31. The refractive index data of ITO, PEDOT:PSS, and Ag were taken 

from previously published works12, and for simplicity, the transparent interlayer PNDIT-F3N 

was omitted since it’s only 5 nm thick. For drift diffusion modelling, the charge generation 

rate was calculated using coupled exciton diffusion and optical models. And most of the input 

parameters were obtained from experimental measurements, except for dielectric constant (set 

at 3), effective density of state of free charges (set at 1×1026 m−3),1 and the injection barriers 

for cathode and anode are set to be close to zero. Since trap-assisted recombination is believed 

to be negligible in all devices as discussed in the main text, the most important parameter here 

is then the free-to-free recombination rate coefficient (Bdir), i.e. bimolecular recombination 
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rate coefficient, which follows experimental values obtained using TPV/TPC. The detailed 

parameters for drift diffusion modelling are shown in Supplementary Table 13. 

Supplementary Fig. 32a shows the simulated IQE and EQE using the coupled exciton 

diffusion, optical and electrical model with AM1.5G solar spectrum. IQE and EQE show a 

very similar trend as experimental results in Supplementary Fig. 7 when changing the blend, 

indicating that external parameters, such as reflection and transmission, are not the limiting 

factors here, agreeing with experimental observations. Moreover, in the wavelength range 

between 600 and 800 nm, the simulated IQE/EQE of the ternary device is about 5% higher 

than D18:L8-BO device, and the values for PM6:L8-BO device are similar to the ternary 

device. Overall, the ternary device shows the highest IQE/EQE, which confirms the highest 

photocurrent. Further current-voltage simulation (Supplementary Fig. 32b) demonstrates the 

highest Jsc in the ternary device (~24.6 mA cm−2), followed by PM6:L8-BO (~24.0 mA cm−2) 

and D18:L8-BO (~23.1 mA cm−2). Although the exact values do not perfectly match the 

experimental values of Jsc in Supplementary Fig. 32b, we note that the trend has been 

successfully reproduced. The possible reasons for non-perfect match with experiments could 

be i) exciton diffusion in polymer domains is omitted, and ii) variations of exciton diffusion 

parameters in complex blends cannot be considered in the single domain simulations. We 

consider the accurate simulation of exciton diffusion process in both polymer and acceptor 

domains with different sizes is challenging and beyond the scope of this work. 

We further analyzed the fill factors (FFs) using drift diffusion modelling. The calculated 

FFs reflect well the differences in device parameters, especially the Bdir, where the ternary 

device again shows the lowest Bdir experimentally, and correspondingly the highest FF, as 

shown in Supplementary Fig. 32c. We have also shown in Supplementary Fig. 32c the effect 

of direct recombination coefficient on FF in the studied devices, a strong connection between 

FF and Bdir is observed. The correlation between FF and recombination rate coefficient can 

also be investigated via a figure-of-merit quantifying the competition between charge 

recombination and transport, i.e. 

3

dir ph

2

e h B4 ( )

qB L J

k T


 
= , where q is the elementary charge, kB is 

the Boltzmann constant, L is the active layer thickness, Jph is the photogenerated current 

density under 1 sun.6 Since the mobilities are rather similar among the three devices, the 

recombination rate coefficient should be the dominating factor, and the results show that 

PM6:D18:L8-BO possesses the lowest α (0.76), while the values for PM6:L8-BO and 

D18:L8-BO are 1.02 and 1.74, respectively. The analysis on α here therefore agrees with the 
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coupled optical and electrical model results. And the devices studied here lie closely on the 

border between Shockley-type and transport limited regime following the guideline suggested 

in reference6 (see also Supplementary Fig. 32d). 

Overall, the coupled exciton diffusion, transfer matrix, and drift-diffusion model 

simulations above show decent agreements with our experimental results despite of the 

simplicity, and further support the claim that enhanced exciton diffusion and reduced free 

charge recombination are important reasons for the performance enhancement in the ternary 

device. 
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