SUPPLEMENTARY INFORMATION

Vertically Optimized Phase Separation with Improved Exciton Diffusion Enables High-Efficiency Organic Solar Cells with Thick Active Layers
                                   Cai et al.
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Supplementary Figure 1. UV-vis absorption spectra of a pristine PM6, BTP-eC9, and L8-BO-F films, and b 120 nm-thick PM6:BTP-eC9 binary and PM6:BTP-eC9:L8-BO-F ternary films.
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Appendis: Summary of the Report
Report No.: GXgI2021-11974

Clicnt: BeiHang University

Sample: Organic Solar Cells:

TypelModel: Organic Solr Cells:

DUT S/N: C2-M3-E-2

Manufacturer: Beiflang University

Date of Test: 05/06/2021

Temperature Sensor/Control System: None.

Eavironmental conditions: (22.6:1) C-, RH (40.822) %

Mask: An aperture area of 1182 mmu? (M3, Certficate No: CD}e2019-5610)

“The test s becn conducted by the PV Metrology Lab of NIM (NationalInsitute of Metrology.
(China). Measurement of imadiance intensity and al other measurements ars raceabl (0 the
Intcenatonal System of Units (S Dat n tis reportapply only at the time of the test fo the
sample. For mr detal,plase refe 0 the text o the eport.

Forward Scan:

17: Calibation Speification of Slar Cels: Photoclectrc Properics
Sccondary Reference Cell:

Deviee SN: $1#  Deviee Material: Mono-Si
Solar Simulator:

Classification: AA (Double-lightsource: Xeon and Halogen);

AR NEVE -





Supplementary Figure 2. The certification report for LBL-processed PM6:BTP-eC9:L8-BO-F device with 300 nm active layer thickness from National Institute of Metrology (NIM), China.
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Supplementary Figure 3. J-V characteristics of PM6:BTP-eC9 and PM6:BTP-eC9:L8-BO-F devices with active layer thicknesses of a 120 nm, b 500 nm under simulated AM 1.5 G illumination at 100 mWcm-2
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Supplementary Figure 4. J-V characteristics of D18-Cl:L8-BO and D18-Cl:L8-BO:Y6-F devices with active layer thicknesses of a 120 nm, b 300 nm, and c 500 nm under simulated AM 1.5 G illumination at 100 mWcm-2.
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Supplementary Figure 5. J-V characteristics of PM6:Y6and PM6:Y6:Y6-F devices with active layer thicknesses of a 120 nm, b 300 nm, and c 500 nm under simulated AM 1.5 G illumination at 100 mWcm-2.
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Supplementary Figure 6. EQE curves of PM6:BTP-eC9 and PM6:BTP-eC9:L8-BO-F devices with active layer thicknesses of a 120 nm, and b 500 nm.
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Supplementary Figure 7. EQE curves of D18-Cl:L8-BO and D18-Cl:L8-BO:Y6-F devices with active layer thicknesses of a 120 nm, b 300 nm, and c 500 nm.
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Supplementary Figure 8. EQE curves of PM6:Y6and PM6:Y6:Y6-Fdevices with active layer thicknesses of a 120 nm, b 300 nm, and c 500 nm.
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Supplementary Figure 9. Dependence of a Voc, b Jsc, and c FF on the active layer thickness.
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Supplementary Figure 10. J-V characteristics of hole-only devices based on PM6:BTP-eC9 and PM6:BTP-eC9:L8-BO-F blends with a 120 nm and b 500 nm thicknesses.
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Supplementary Figure 11. J-V characteristics of electron-only devices based on PM6:BTP-eC9 and PM6:BTP-eC9:L8-BO-F blends with a 120 nm, b 300 nm, and c 500 nm thicknesses.
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Supplementary Figure 12. a Dependence of hole mobilities on the active layer thickness. b Dependence of electron mobilities on the active layer thickness. c Comparison of the hole and electron mobilities of the PM6:BTP-eC9 and PM6:BTP-eC9:L8-BO-F devices with different thicknesses.
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Supplementary Figure 13. Voc versus light intensity of PM6:BTP-eC9 and PM6:BTP-eC9:L8-BO-F devices with active layer thicknesses of a 120 nm, b 300 nm, and c 500 nm.
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Supplementary Figure 14. Photocurrent density (Jph) as a function of effective bias (Veff) for PM6:BTP-eC9 and PM6:BTP-eC9:L8-BO-F devices with active layer thicknesses of a 120 nm, b 300 nm, and c 500 nm.
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Supplementary Figure 15. a-c Film-depth-dependent light absorption spectra of (a) PM6:L8-BO-F blend, (b) PM6:BTP-eC9:L8-BO-F blend, (c) LBL-processed PM6:BTP-eC9:L8-BO-F blend with 120 nm thickness. d-f Exciton generation contours of (d) PM6:L8-BO-F blend, (e) PM6:BTP-eC9:L8-BO-F blend, (f) LBL-processed PM6:BTP-eC9:L8-BO-F blend, as simulated from spectra of a-c in combination with optical transfer-matrix approach. The “noise”-like vertical lines are due to features of the AM 1.5G solar spectra.
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Supplementary Figure 16. a-c Film-depth-dependent light absorption spectra of (a) PM6:L8-BO-F blend, (b) PM6:BTP-eC9:L8-BO-F blend, (c) LBL-processed PM6:BTP-eC9:L8-BO-F blend with 500 nm thickness. d-f Exciton generation contours of (d) PM6:L8-BO-F blend, (e) PM6:BTP-eC9:L8-BO-F blend, (f) LBL-processed PM6:BTP-eC9:L8-BO-F blend, as simulated from spectra of a-c in combination with optical transfer-matrix approach. The “noise”-like vertical lines are due to features of the AM 1.5G solar spectra. 
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Supplementary Figure 17. In-plane (IP) and out-of-plane (OOP) line-cuts extracted from the 2D GIWAXS profiles of the PM6:BTP-eC9 and PM6:BTP-eC9:L8-BO-F blend films with 300 nm active layer thickness.
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Supplementary Figure 18. AFM height images of a PM6:BTP-eC9, b PM6:BTP-eC9:L8-BO-F, and c LBL-processed PM6:BTP-eC9:L8-BO-F blends with 300 nm active layer thickness.
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Supplementary Figure 19. AFM height images of a PM6:BTP-eC9. b PM6:BTP-eC9:L8-BO-F, and c LBL-processed PM6:BTP-eC9:L8-BO-F blends with 120 nm active layer thickness. d-f The corresponding phase images.
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Supplementary Figure 20. AFM height images of a PM6:BTP-eC9,b PM6:BTP-eC9:L8-BO-F, and c LBL-processed PM6:BTP-eC9:L8-BO-F blends with 500 nm active layer thickness. d-f The corresponding phase images.
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Supplementary Figure 21. Comparison of the free carrier (940 nm) dynamics of the samples with thicknesses of a 120 nm, b 300 nm, and c 500 nm. For the sample with thickness of 500 nm, the measurements were repeated over 20 times to improve the signal-to-noise ratio with limited transmitted probe light.
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Supplementary Figure 22. Normalized EL curves of the PM6:BTP-eC9 and PM6:BTP-eC9:L8-BO-F blends. 
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Supplementary Figure 23. EQEEL spectra of the PM6:BTP-eC9 and PM6:BTP-eC9:L8-BO-F blends.
Supplementary Table 1. Detailed device parameters of reported representative thick-film OSCs.
	Active layer
	Thickness

(nm)
	Voc
(V)
	Jsc

(mA cm-2)
	FF

(%)
	PCE

(%)
	Ref.

	P4TNTz-2F:PC71BM
	350
	0.82
	19.45
	6.5
	10.62
	1

	PFBT4T-C5Si-25%:PC71BM
	420
	0.76
	19.08
	74.12
	11.09
	2

	PM6:IT4F
	285
	0.83
	 22.6
	64.8
	12.2
	3

	PM7:MF2
	500
	0.953
	19.20
	54.9
	10.04
	4

	PTQ10:IDTPC
	400
	0.913
	 17.90
	61.3
	10.0
	5

	Si25:IEICO-4F
	320
	0.70
	 26.87
	70.15
	13.2
	6

	PT2:TTPTTT-4F
	400
	0.87
	 20.5
	56.5
	10.1
	7

	
	500
	0.87
	 20.8
	53.5
	 9.7
	7

	PBDB-T-2Cl:BTP-4F
	300
	0.821
	 27.6
	54.1
	12.2
	8

	PBDB-T:PJ1
	305
	0.87
	 21.1
	65
	12.1
	9

	PNTT:BTR: PC71BM
	280
	0.75
	 20.88
	70.67
	11.44
	10

	PT2:TTPTTT-4F:IDIC
	300
	0.87
	 20.6
	66.7
	12.2
	7

	
	400
	0.86
	 21.5
	65.3
	12.4
	7

	
	500
	0.86
	 22.0
	61.4
	11.6
	7

	PBDB-T-2Cl:BTP-4F: PC61BM
	300
	0.802
	 26.8
	66.7
	14.3
	8

	PBDB-T-2Cl:BP-4F:MF1
	300
	0.882
	 23.06
	71.62
	14.57
	11

	PM6:Y6:BTP-M
	300
	0.855
	 26.87
	62.06
	14.23
	12

	BTR:NITI: PC71BM
	300
	0.94
	 19.50
	73.83
	13.63
	13

	PM6:F-2Cl
	350
	0.866
	 19.73
	58
	10.00
	14

	
	500
	0.852
	 19.78
	53
	 9.13
	14

	PffBT4T-2OD: PC71BM
	300
	0.77
	 18.8
	75
	10.80
	15

	Si25:Y14
	320
	0.782
	 24.92
	74.69
	14.55
	16

	
	390
	0.782
	 24.53
	73.68
	14.79
	16

	
	430
	0.782
	 25.57
	73.38
	15.39
	16

	
	480
	0.782
	 26.29
	71.87
	15.26
	16

	PNTT: PC71BM
	280
	0.77
	 20.20
	71.8
	11.3
	17

	PBDB-T-2Cl:Y6: PC61BM
	300
	0.802
	 26.8
	66.7
	14.3
	8

	PFBT4T-C5Si-25%:O-IDTBR 
	400
	1.03
	 21.1
	53.07
	11.54
	18

	P2:IT4F:BTP-4Cl
	300
	0.87
	 21.98
	70
	12.98
	19

	PBDB-TF:IDIC-C5Ph
	470
	0.921
	 20.15
	70.12
	13.01
	20

	D18:Y6
	300
	0.844
	 26.13
	69.1
	15.24
	21

	
	350
	0.845
	 26.26
	67.8
	15.04
	21

	D18:Y6: PC61BM
	300
	0.86
	 26.15
	72.6
	16.32
	21

	
	350
	0.861
	 26.82
	70.1
	16.19
	21


Supplementary Table 2. Summary of photovoltaic parameters of D18-Cl:L8-BO, PM6:Y6, and D18-Cl:L8-BO:Y6-F, PM6:Y6:Y6-F devices with different active layer thicknesses.

	Active layer
	Thickness

(nm)
	Voc
(V)
	Jsc

(mA cm-2)
	FF

(%)
	PCEa

(%)

	D18-Cl:L8-BO
	120±10
	0.888 (0.887±0.002)
	25.02 (24.55±0.45)
	78.1 (77.5±0.6)
	17.35 (17.15±0.19)

	
	300±10
	0.885 (0.883±0.002)
	25.76 (25.50±0.25)
	68.2 (67.7±0.4)
	15.55 (15.43±0.15)

	
	500±10
	0.883 (0.881±0.003)
	25.71 (25.40±0.35)
	61.0 (59.5±0.7)
	13.85 (13.66±0.21)

	D18-Cl:L8-BO:Y6-F
	120±10
	0.897 (0.895±0.003)
	25.64 (25.19±0.43)
	78.3 (78.0±0.4)
	18.01 (17.81±0.19)

	
	300±10
	0.891 (0.890±0.002)
	26.46 (26.13±0.30)
	69.0 (68.3±0.6)
	16.27 (16.01±0.16)

	
	500±10
	0.889 (0.887±0.002)
	26.17 (25.80±0.34)
	62.1 (61.7±0.5)
	14.45 (14.10±0.17)

	D18-Cl:L8-BO:Y6-F

(LBL)
	120±10
	0.896 (0.895±0.002)
	25.64 (25.22±0.43)
	78.7 (78.1±0.7)
	18.08 (17.82±0.27)

	
	300±10
	0.890(0.888±0.003)
	26.44 (26.11±0.32)
	70.6 (70.3±0.4)
	16.61 (16.45±0.16)

	
	500±10
	0.888 (0.886±0.002)
	26.17 (25.95±0.23)
	62.7 (62.0±0.6)
	14.57 (14.43±0.15)

	PM6:Y6
	120±10
	0.841 (0.840±0.002)
	25.85 (25.35±0.51)
	77.3 (76.8±0.6)
	16.80 (16.55±0.25)

	
	300±10
	0.818 (0.816±0.002)
	27.02 (26.71±0.29)
	63.8 (63.3±0.6)
	14.10 (13.90±0.16)

	
	500±10
	0.815(0.813±0.002)
	27.13 (26.75±0.39)
	60.3 (59.5±0.7)
	13.33 (13.10±0.24)

	PM6:Y6:Y6-F
	120±10
	0.852 (0.851±0.001)
	26.50 (26.12±0.37)
	77.5 (77.1±0.5)
	17.50 (17.36±0.15)

	
	300±10
	0.832 (0.829±0.002)
	27.49 (27.08±0.40)
	65.4 (64.7±0.6)
	14.96 (14.80±0.16)

	
	500±10
	0.827 (0.824±0.002)
	27.66 (27.34±0.31)
	61.9 (61.3±0.6)
	14.16 (14.00±0.17)

	PM6:Y6:Y6-F

(LBL)
	120±10
	0.851 (0.850±0.002)
	26.56 (26.25±0.32)
	77.8 (77.1±0.6)
	17.58 (17.42±0.17)

	
	300±10
	0.828 (0.827±0.002)
	27.67 (27.38±0.29)
	67.3 (66.8±0.6)
	15.42 (15.27±0.16)

	
	500±10
	0.823 (0.822±0.002)
	27.78 (27.37±0.42)
	64.3 (63.8±0.5)
	14.70 (14.53±0.18)


a Average values with standard deviation were obtained from 40 devices.

Supplementary Table 3. Detailed parameters of single exciton decay dynamic for neat and mixed acceptor films.
	Materials
	κ (10-3 ps-1)
	α (nm3ps-1)
	τ (ps)
	D (nm2ps-1)
	LD (nm)

	BTP-eC9
	5.36 ± 0.18
	182.2 ± 2.2
	187
	7.17
	36.6

	L8-BO-F
	3.37 ± 0.12
	151.7 ± 2.1
	303
	6.04
	44.4

	BTP-eC9:L8-BO-F
	3.30 ± 0.07
	182.9 ± 2
	297
	7.28
	47.0


Supplementary Table 4. Crystal coherence lengths of the (010) peak and the d-spacing for the PM6:BTP-eC9and PM6:BTP-eC9:L8-BO-F blend films.

	Active layer
	qz

(Å-1)
	d-spacing

(Å)
	FWHM

(Å-1)
	CCL

(Å)

	PM6:BTP-eC9
	1.707
	3.681
	0.243
	23.012

	PM6:BTP-eC9:L8-BO-F
	1.704
	3.687
	0.240
	23.300

	PM6:BTP-eC9:L8-BO-F(LBL)
	1.703
	3.690
	0.235
	23.796


Supplementary Table 5. Crystal coherence lengths of the (100) peak and the d-spacing for the PM6:BTP-eC9 and PM6:BTP-eC9:L8-BO-F blends.

	Active layer
	qxy

(Å-1)
	d-spacing

(Å)
	FWHM

(Å-1)
	CCL

(Å)

	PM6:BTP-eC9
	0.296
	21.227
	0.060
	93.201

	PM6:BTP-eC9:L8-BO-F
	0.296
	21.227
	0.055
	101.673

	PM6:BTP-eC9:L8-BO-F(LBL)
	0.295
	21.299
	0.052
	107.539
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