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S1 Ultraviolet photoelectron spectroscopy (UPS) measurements
Ultraviolet photoelectron spectroscopy (UPS) measurements were performed in Kratos AXIS ULTRA DLD ultra-high vacuum photoelectron spectroscopy with base pressures greater than 2 × 10-9 Torr. The original film was obtained by spinning a solution containing different proportions of D18-Cl, PTzBI-dF and Y6 onto a 1 cm × 1 cm Ocoated glass substrate. After heating for 2 hours at 120 °C in a glove box filled with pure nitrogen, these substrates were immediately transferred to a photoelectron spectroscopy chamber for UPS measurements using an unfiltered He-discharge lamp (21.22 eV) as an excitation source. The secondary electron cutoff spectra of the samples were obtained at a negative bias voltage of 5.0 V relative to the electronic analyzer.
S2 UV-Vis absorption 
The UV-VIS absorption spectra of different blends were recorded on the PerkinElmer LAMBDA 365 UV-VIS spectrophotometer.
S3 Photoluminescence characterizations
The photoluminescence of the films was measured by a FLS1000 equipped with an integrating hemisphere at an excitation wavelength of 500 nm and 630 nm from Edinburgh Instruments Co., Ltd.
S4 SCLC Measurements
The carrier mobility (hole and electron mobility) of the photoactive layer was measured by fitting the dark current of the hole/electron diode with the space charge limited current (SCLC) model. The scan started from -5 V to 5 V. The measurements of pure electronic devices and pure hole devices are prepared. Electronic device structure of ITO/ZnO/BHJ/ZnO/Ag and only hole of ITO/PEDOT: PSS/BHJ/MoO3/Ag. The single-carrier device was connected to a Source Measure Unit (Keithley, Model 236 SMU) which provides DC9 voltage to the electron-only devices. The J−V values of different DC voltages can bedetected and recorded through SMU. The J-V characteristics were further analyzed by the space-charge-limited-current (SCLC) method to extract zero-field carrier mobilities, where SCLC is described by:

where J is the current density, L is the film thickness of the active layer, µ0 is the hole or electron mobility, εr is the relative dielectric constant of the transport medium, ε0 is the permittivity of free space (8.85 × 10-12 F m-1), V (= Vappl - Vbi) is the internal voltage in the device, where Vappl is the applied voltage to the device and Vbi is the built-in voltage due to the relative work function difference of the two electrodes.
S5 Carrier extraction by linearly increasing voltage (CELIV)
According to the composite model of Mozer et al., the change of carrier density n(t) with time can be expressed as:

Where n(t) is the charge density at time t, n0 is the initial charge density, 𝜏𝑏 is the recombination lifetime, and γ is the dispersion parameter. γ closes to 1, indicating a nondispersive bimolecular recombination at room temperature. The closer γ is to 1, the fewer traps there are in the system, and the slower the rate of bimolecular recombination. In the dispersive bimolecular recombination, the decay of carrier density is given by:

where n(t) is the carrier density and 𝛽(t) is dispersive bimolecular recombination rate at a delay time t. Substituting the first equation, the bimolecular recombination rate 𝛽(t) can also be expressed as:

The resulting 𝛽(t) can be calculated from the fitting parameters n0, 𝜏𝑏 and 𝛾 using equation above.
S6 Atomic force microscopy (AFM) 
The glass substrate is exposed to ultraviolet ozone plasma for 15 minutes and spin coated directly in a nitrogen environment. The atomic force microscope is used for non-contact scanning, and the cantilever oscillates at a distance of 5 ~ 10 nm above the sample surface when detecting the sample surface. By continuously changing the scale from 500 μm to 5 nm, the surface morphology of the film was observed, and finally the AFM image with the size of 2 x 2 μm was captured.
S7 Transmission electron microscopy (TEM)
A layer of PEDOT: PSS is applied to the base, and then spin the film. The glass substrate was placed on the surface of deionized water, dissolved in water using the hydrophilicity of the PEDOT: PSS layer, then transferred to a 50-mesh copper grid on the substrate (China Electron Microscope), and corrected electron microscope (Titan ETEM G2 E-Twin) by spherical aberration observation at an accelerated operating voltage of 300 keV.
S8 Contact angle measurements
The contact angles of the neat film and the blended film were performed on the L2004A1 (Ossila England) contact Angle instrument. Then the surface free energy was calculated by Owens-Wendt method:

Where εL and εS are the surface free energies of the sample film in different liquids (deionized water and formamide), θ is the contact Angle of the sample, the average contact Angle and surface energy parameters obtained through video dynamic analysis are shown in Table S6 and Table S7. Then the Flory Huggins interaction parameter χdonor-acceptor of the blend is calculated to show the compatibility of the blend films, which can be obtained from the following formula:

where γ is the surface energy of the material, K is the proportionality constant.
S9 Grazing incidence wide-angle x-ray scattering
Swept grazing incidence wide-angle X-ray scattering (GIWAXS), beamlines 3C SAXS-I and 9A U-SAXS were measured at the Pohang Light Source in South Korea. After careful selection, the incidence Angle is 0.12° to ensure that the X-ray completely penetrates the film. The e film is prepared according to the method described in the section on Device Fabrication.
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Fig. S1 Normalized absorbance and photoluminescence spectra of the D18-Cl, PTzBI-dF and Y6
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Fig. S2 Schematic energy level diagram for D18-Cl、PTzBI-dF and Y6
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Fig. S3 (a) Normalized the photoluminescence spectrum of D18-Cl、PTzBI-dF and D18-Cl:PTzBI-dF films and UV−vis absorption spectra of Y6 film. PL fluorescence emission spectrum films of D18-Cl, PTzBI-dF and Y6 neat and blended films: (b) donor excitation wavelength of 500nm and (c) acceptor excitation wavelength of 630nm
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Fig. S4 Structure diagram of OSCs conventional devices
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Fig. S5 J-V of devices with different conditions
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Fig. S6 The J-V traces of D18: PTzBI-dF: Y6 ternary OSCs: (a) the at-cast; (b) DIO. (c-d) the external quantum efficiency (EQE) spectra of D18: PTzBI-dF: Y6 and D18: PTzBI-dF: Y6 (DIO)
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Fig. S7 (a) JSC and (b) VOC dependence on the light intensity
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Fig. S8 (a-d) Normalized EQE and EL spectra of binary and ternary devices
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Fig. S9 Charge extraction and recombination with various delay times of the devices: (a) PTzBI-dF: Y6, (b) D18-Cl: Y6, (c) D18-Cl: PTzBI-dF: Y6[image: ]
Fig. S10 The contact angles of the neat films in deionized water (H2O) and formamide (FA) 
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Fig. S11 The in-plane (IP) and out-of-plane (OOP) line cuts of the neat D18-Cl, D18, PTzBI-dF, and Y6
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Fig. S12 2D GIWAXS patterns for D18: PTzBI-dF: Y6 ternary devices
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Fig. S13 The in-plane and out-of-plane line cuts of the D18: PTzBI-dF: Y6 ternary devices
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Fig. S14 (a) Stability of the device under indoor light exposure. (b) Thermal stability of the device under conditions of 60 °C
[image: ]
Fig. S15 The optimal J-V curves of binary and ternary solar cells
Table S1 The energy levels of the materials were studied by ultraviolet photoelectron spectroscopy
	Material
	Highest occupied molecular orbitals (HOMO)
	Optical band gaps
energy(eV)
	Lowest unoccupied molecular orbitals (LUMO)

	D18-Cl
	-5.49
	2.09
	-3.40

	PTzBI-dF
	-5.55
	1.80
	-3.75

	Y6
	-5.63
	1.46
	-4.17






Table S2 Photovoltaic parameters of the ternary OSCs with varied D18-Cl: PTzBI-dF ratios under the illumination of AM 1.5G, 100 mW cm-2
	[bookmark: OLE_LINK1][bookmark: _Hlk157094989]Photoactive layer
	VOC (mV)
	JSC (mA cm-2)
	FF (%)
	PCE (%)

	D18-Cl: PTzBI-dF: Y6
(0.9:0.1:1.6)
	875
(877±2)
	27.40
(27.18±0.15)
	76.44
(76.40±0.14)
	18.33
(18.22±0.06)

	D18-Cl: PTzBI-dF: Y6
(0.8:0.2:1.6)
	882
(880±1)
	27.50
(27.40±0.12)
	76.66
(76.55±0.10)
	18.60
(18.45±0.06)

	D18-Cl: PTzBI-dF: Y6
(0.7:0.3:1.6)
	869
(871±1)
	27.42
(27.18±0.18)
	76.46
(76.43±0.09)
	18.22
(18.09±0.11)

	D18-Cl: PTzBI-dF: Y6
(0.6:0.4:1.6)
	865
(868±2)
	28.61
(27.88±0.37)
	71.98
(70.89±0.45)
	17.81
(17.43±0.13)

	D18-Cl: PTzBI-dF: Y6
(0.5:0.5:1.6)
	866
(862±3)
	27.84
(27.01±0.31)
	68.03
(68.30±0.55)
	16.40
(15.96±0.16)


Table S3 The Jcal, EQE from EQE spectra and the JSC measured under the illumination of AM 1.5G, 100 mW cm-2
	Photoactive layer
	JSC [mA cm-2]
	Jcal, EQE[mA cm-2]

	PTzBI-dF:Y6
	25.63
	25.41

	D18-Cl:Y6
	26.90
	26.19

	D18-Cl: PTzBI-dF: Y6
(0.8:0.2:1.6)
	27.50
	27.00


Table S4 Summary of photovoltaic parameters of the D18-Cl: PTzBI-dF: Y6 devices processed with different conditions
	Conditions
	VOC (mV)
	JSC (mA cm-2)
	FF (%)
	PCE (%)

	Control
	882
(880±1)
	27.50
(27.40±0.12)
	76.66
(76.55±0.10)
	18.60
(18.45±0.06)

	DIO
	855
(856±1)
	28.23
(27.98±0.18)
	77.52
(77.48±0.18)
	18.71
(18.52±0.11)



Table S5 Detailed device parameters of reported representative as-cast OSCs
	Photoactive layer
	VOC
(mV)
	JSC
(mA cm-2)
	FF
(%)
	PCE (%)
	Year

	PBTIBDTT:ITIC-F
	921
	16.4
	74.1
	11.19
	2018[1]

	PTB7-Th:FOIC
	743
	24.0
	67.1
	12.00
	2018[2]

	PBDB-T/m-INPOIC/P71BM
	857
	22.8
	71.6
	14.00
	2019[3]

	PM6:IDIC:TOBDT
	920
	21.4
	71.0
	14.00
	2020[4] 

	D18:Y6Se
	839
	27.98
	75.3
	17.70
	2020[5]

	PM6:BTP-ClBr1:BTP-2O-4Cl-C12
	896
	24.86
	74.8
	16.68
	2021[6]

	PM6:Y6:IT-M
	855
	26.91
	68.7
	15.80
	2021[7]

	PBDB-T:L5
	860
	24.67
	71.36
	15.20
	2022[8]

	PM6:Y6:L5
	870
	27.81
	71.00
	17.14
	2022[8]

	PM6:Y6
	857
	25.74
	75.11
	16.57
	2022[9]

	PM6:BTP-4Cl:PC71BM
	865
	26.05
	77.00
	17.36
	2022[10]

	PM6:Y6-eC6-BO
	846
	26.44
	77.42
	17.33
	2023[11]

	PBDB-T:BOR-C4Ph
	827
	22.67
	70.03
	13.12
	2023[12]

	D18:L8-BO:PY-TPT
	926
	25.67
	78.27
	18.60
	2024[13]

	D18-Cl:PTzBI-dF:Y6
	882
	27.50
	76.66
	18.60
	This work

	D18:PTzBI-dF:Y6
	869
	28.09
	77.15
	18.84
	This work


Table S6 Summary of D18 donor-based OSCs
	Photoactive layer
	VOC
(mV)
	JSC
(mA cm-2)
	FF
(%)
	PCE (%)
	Ref.

	D18/Y6
	859
	27.24
	76.67
	17.94
	[14]

	D18:Y6
	859
	27.70
	76.60
	18.22
	[15]

	D18:Y6:BTP-H2-γ
	871
	27.12
	78.38
	18.51
	[16]

	D18:Y6:BTP-H2-δ
	855
	27.01
	78.07
	18.03
	[16]

	D18-Cl-BM:N3:PC61BM
	836
	28.50
	78.7
	18.74
	[17]

	D18-BM:N3:PC61BM
	825
	28.50
	79.0
	18.53
	[17]

	D18:PTzBI-dF:Y6
	849
	29.08
	77.83
	19.23
	This work


Table S7 Summarized μe and μh for PTzBI-dF:Y6、D18-Cl:Y6 and D18-Cl:PTzBI-dF:Y6
	Photoactive layer
	[bookmark: OLE_LINK2]µe (cm2 V-1 s-1)
	µh (cm2 V-1 s-1)
	µe/µh

	PTzBI-dF:Y6
	5.31×10-4
	8.62×10-4
	0.62

	D18-Cl:Y6
	9.18×10-4
	7.89×10-4
	1.16

	D18-Cl: PTzBI-dF: Y6
(0.8:0.2:1.6)
	11.6×10-4
	11.0×10-4
	1.05





Table S8 Summarized dispersive bimolecular recombination fitting parameters for D18-Cl:Y6、PTzBI-dF:Y6 and D18-Cl: PTzBI-dF: Y6
	Photoactive layer
	n0 (cm-3 ) 
	γ
	τb (10-5 µs)
	β(10-12 cm3 s-1)

	PTzBI-dF:Y6
	6.72×1016
	0.88
	2.72
	1.23

	D18-Cl:Y6
	7.36×1016
	0.89
	2.43
	1.17

	D18-Cl:PTzBI-dF:Y6
	8.45×1016
	0.93
	2.00
	0.91


Table S9 Summarized Contact Angles and Surface Free Energy Parameters of the materials
	Films
	Contact angle (dge)
	Surface free energy, 
γ(mJ m-2)
	χdonor−acceptorb
(×10-2K)

	
	H2Oa
	FA
	
	

	D18-Cl
	102.27
	80.04
	24.25
	29.46

	PTzBI-dF
	104.50
	81.58
	24.13
	30.80

	Y6
	101.81
	75.57
	29.89
	--


aDeionized water; bEstimates for Flory−Huggins interaction parameter (χdonor−acceptor).
Table S10 Summarizes the contact Angle and surface free energy parameters of donors of different proportions
	Films
(D18-Cl:PTzBI-dF)
	Contact angle (dge)
	Surface free energy, 
γ(mJ m-2)
	χdonor−acceptorb
(×10-2K)

	
	H2Oa
	FA
	
	

	0.9:0.1
	104.68
	76.93
	30.97
	9.58

	0.8:0.2
	104.47
	79.16
	27.41
	5.37

	0.7:0.3
	100.67
	77.55
	26.11
	12.77

	0.6:0.4
	103.84
	80.74
	24.66
	25.13

	0.4:0.6
	106.05
	81.28
	25.96
	13.84

	0.2:0.8
	105.26
	81.30
	25.18
	20.18


a Deionized water; b Estimates for Flory−Huggins interaction parameter (χdonor−acceptor).


Table S11 The peak position and CCL in IP directions of neat D18-Cl and PTzBI-dF
	Component
	Peak position
(Å-1)
	d-spacing
(Å)
	FWHM
(Å-1)
	Crystalline Coherence Lengtha
(Å)

	D18-Cl
	0.258
	24.35
	0.033
	171.36

	D18
	0.250
	25.13
	0.041
	153.25

	PTzBI-dF
	0.244
	25.75
	0.060
	90.25

	Y6
	0.238
	26.40
	0.074
	76.42


a Using Scherrer equation to calculate coherence length (CCL) Peak CCL = 2πk/Δq, where k is a dimensionless shape factor (where k = 0.9) and Δq is the full half-peak width (FWHM) of a given peak.
Table S12 The peak position and CCL in OOP directions of neat D18-Cl and PTzBI-dF
	Component
	Peak position
(Å-1)
	d-spacing
(Å)
	FWHM
(Å-1)
	Crystalline Coherence Lengtha
(Å)

	D18-Cl
	1.392
	4.51
	0.183
	30.90

	D18
	1.411
	4.45
	0.180
	31.42

	PTzBI-dF
	1.443
	4.35
	0.195
	28.99

	Y6
	1.452
	4.33
	0.159
	35.56


a Using Scherrer equation to calculate coherence length (CCL) Peak CCL = 2πk/Δq, where k is a dimensionless shape factor (where k = 0.9) and Δq is the full half-peak width (FWHM) of a given peak.
Table S13 The peak position and CCL in IP directions of D18-Cl:Y6、PTzBI-dF:Y6 and D18-Cl: PTzBI-dF: Y6
	Component
	Peak
	Peak position(Å-1)
	d-spacing
(Å)
	FWHM
(Å-1)
	Crystalline Coherence Lengtha(Å)

	D18-Cl:Y6
	IP(010)
	0.291
	21.59
	0.173
	32.69

	
	IP(100)
	0.254
	24.74
	0.074
	76.42

	PTzBI-dF:Y6
	IP(010)
	0.274
	22.93
	0.190
	29.76

	
	IP(100)
	0.244
	25.75
	0.071
	79.65

	D18-Cl:PTzBI-dF:Y6
	IP(010)
	0.297
	21.16
	0.177
	31.95

	
	IP(100)
	0.250
	25.13
	0.077
	73.44



Table S14 The peak position and CCL in OOP directions of D18-Cl:Y6、PTzBI-dF:Y6 and D18-Cl: PTzBI-dF: Y6
	Component
	Peak
	Peak position
(Å-1)
	d-spacing
(Å)
	FWHM
(Å-1)
	Crystalline Coherence Lengtha(Å)

	D18-Cl:Y6
	D18-Cl
	1.459
	4.31
	0.177
	31.94

	
	Y6
	1.430
	4.39
	0.418
	13.53

	PTzBI-dF:Y6
	PTzBI-dF
	1.461
	4.30
	0.179
	31.59

	
	Y6
	1.404
	4.48
	0.544
	10.39

	D18-Cl:PTzBI-dF:Y6
	D18-Cl:PTzBI-dF
	1.458
	4.31
	0.173
	32.69

	
	Y6
	1.430
	4.39
	0.408
	13.86


Table S15 The peak position and CCL in IP directions of D18:Y6、D18:PTzBI-dF: Y6 and D18: PTzBI-dF:Y6 (DIO)
	Component
	
	Peak
	Peak position(Å-1)
	d-spacing
(Å)
	FWHM
(Å-1)
	Crystalline Coherence Lengtha(Å)

	D18:Y6
	
	IP(010)
	0.259
	24.26
	0.154
	36.72

	
	
	IP(100)
	0.259
	24.26
	0.045
	125.66

	D18:PTzBI-dF: Y6
	
	IP(010)
	0.273
	23.02
	0.178
	31.77

	
	
	IP(100)
	0.250
	25.13
	0.059
	95.84

	D18: PTzBI-dF: Y6
(DIO)
	
	IP(010)
	0.278
	22.60
	0.262
	21.58

	
	
	IP(100)
	0.249
	25.23
	0.060
	94.25


Table S16 The peak position and CCL in OOP directions of D18:Y6、D18:PTzBI-dF: Y6 and D18: PTzBI-dF: Y6 (DIO)
	Component
	Peak
	Peak position
(Å-1)
	d-spacing
(Å)
	FWHM
(Å-1)
	Crystalline Coherence Lengtha(Å)

	D18:Y6
	D18
	1.462
	4.30
	0.166
	34.06

	
	Y6
	1.439
	4.37
	0.437
	13.94

	D18:PTzBI-dF:Y6
	D18:PTzBI-dF
	1.418
	4.43
	0.165
	34.27

	
	Y6
	1.402
	4.48
	0.380
	14.88

	D18: PTzBI-dF: Y6
(DIO)
	D18:PTzBI-dF
	1.451
	4.33
	0.161
	35.12

	
	Y6
	1.417
	4.43
	0.381
	14.84


Table S17 Photovoltaic parameters of the optimum binary and ternary blend films under AM 1.5G and 100 mW cm-2 illumination
	Photoactive layer
	VOC [mV]
	JSC [mA cm-2]
	FF [%]
	PCE [%]

	D18-Cl:L8-BO-X
	919
(915±2)
	25.33
(25.08±0.23)
	65.24
(64.75±0.20)
	15.19
(15.01±0.13)

	PTzBI-dF: L8-BO-X
	892
(893±3)
	25.17
(24.62±0.50)
	53.54
(53.04±0.83)
	12.02
(11.59±0.22)

	D18-Cl:PTzBI-dF: L8-BO-X
	921
(923±2)
	26.45
(25.92±0.23)
	69.47
(69.16±0.20)
	16.92
(16.55±0.16)

	D18-Cl:L8-BO
	920
(918±2)
	26.12
(25.89±0.19)
	65.25
(64.61±0.32)
	15.68
(15.48±0.11)

	PTzBI-dF: L8-BO
	916
(910±3)
	24.67
(23.77±0.58)
	51.37
(49.95±0.86)
	11.60
(10.82±0.38)

	D18-Cl:PTzBI-dF: L8-BO
	939
(936±2)
	27.07
(26.82±0.17)
	70.21
(69.73±0.26)
	17.84
(17.41±0.14)

	D18-Cl:BTP-eC9
	893
(892±1)
	27.38
(26.79±0.26)
	68.48
(67.87±0.27)
	16.75
(16.47±0.12)

	PTzBI-dF: BTP-eC9
	880
(878±2)
	26.89
(26.08±0.41)
	65.97
(65.00±0.70)
	15.60
(15.08±0.23)

	D18-Cl:PTzBI-dF: BTP-eC9
	898
(893±2)
	28.47
(27.33±0.56)
	70.62
(70.13±0.11)
	18.06
(17.62±0.31)
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