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Supplemental Information

1. Experimental Section

Materials and synthesis

General information: Compound 1 and Compound 2 were according to the literature!!!,
and the NMR spectra of Compound 2 are listed in Figure S1-2. Other reagents were
purchased from Energy Chemical (Sun Chemical Technology (Shanghai) Co., Ltd.) or
Bide Pharmatech Ltd. Unless otherwise stated, analytical grade solvents and
commercially available reagents were used without further purification. SD-86 was
characterized by 'H NMR and '*C NMR spectra, which were recorded on an AVANCE
NEO 600 MHz spectrometer at room temperature. The chemical shifts (3) were given
in part per million relatives to internal tetramethyl silane (TMS, 0 ppm for 'H) and
CDCls (77.0 ppm for '*C). All chemical shifts (8) were reported in ppm and coupling
constants (J) in Hz. High-resolution mass spectrum (MALDI-TOF-MS) was

determined using an autoflex max TOF Mass Spectrometer, peaks are given in m/z.

Synthesis of Compound 3: Compound 1 (200 mg, 0.129 mmol), Compound 2 (136 mg,
0.324 mmol), and Pd(PPh3)4 (15 mg, 0.014 mmol) were dissolved in deoxygenated
toluene. The reaction mixture was refluxed for 12 h and then extracted with
dichloromethane (DCM). The collected organic layer was dried over anhydrous MgSOs.
After removal of the solvent under reduced pressure, the residue was purified by silica
gel chromatography (petroleumether (PE)/chloroform (CF), v/v = 1:1) as eluent and
then recrystallized from methylalcohol to give a red product (119 mg, 56%). '"H NMR
(600 MHz, CDCl3, &/ppm) 6 9.84 (s, 2H), 7.66 (s, 2H), 7.61-7.58 (m, 6H), 7.45 (d, J =
6.6 Hz, 2H), 7.32 (s, 2H), 7.01 (s, 2H), 3.00 (m, 4H), 2.62 (t, J= 7.8 Hz, 4H), 1.74-1.70
(m, 2H), 1.62-1.57 (m, 4H), 1.46-1.36 (m, 8H), 1.31-1.20 (m, 60H), 0.88-0.82 (m, 18H).
BCNMR (151 MHz, CDCls, 8/ppm) J 181.75, 145.37, 141.41, 140.99, 139.94, 139.82,



139.50, 138.98, 138.47, 137.80, 136.38, 132.80, 129.86, 129.57, 128.85, 126.24,
126.24, 125.48, 124.40, 116.83, 38.33, 38.31, 37.61, 33.26, 33.22, 31.92, 31.86, 31.84,
31.82,30.51,29.98,29.93,29.72,29.64, 29.60, 29.57,29.44,29.37,29.34,29.34,29.33,
29.23, 26.62, 26.60, 26.57, 26.55, 26.53, 22.70, 22.67, 14.13 (Note: some peaks in *C

NMR spectrum overlap).

Synthesis of SD-86: Under nitrogen atmosphere, a mixture solution of Compound 3
(80 mg, 0.048 mmol), 3-hexyl-2-thioxothiazolidin-4-one (84 mg, 0.389 mmol),
piperidine (0.3 mL), and CF (10 mL) was added to a 25 mL round bottom flask and
then refluxed for 12 h. After cooling to room temperature, the mixture was poured into
methanol and then filtered. The residue was purified by column chromatography on
silica gel using a mixture solvent as eluent (PE/CF, v/v = 1:2) to give a black purple
solid (70 mg, 70%)."H NMR (600 MHz, CDCls, 8/ppm) & 7.70 (s, 2H), 7.61-7.57 (m,
6H), 7.45 (d, J=4.5 Hz, 2H), 7.31 (s, 2H), 7.28 (s, 2H), 7.00 (s, 2H), 4.10 (t, J = 4.2
Hz, 4H), 3.00 (d, J = 4.8 Hz, 4H), 2.65 (t, J = 5.2 Hz, 4H), 1.74-1.67 (m, 6H), 1.63-
1.58 (m, 4H), 1.46-1.17 (m, 80H), 0.89-0.83 (m, 24H). 3*C NMR (151 MHz, CDCls,
d/ppm) 6 191.59, 167.38, 145.09, 141.40, 140.02, 139.81, 139.47, 138.77, 137.79,
136.47, 135.53, 133.60, 132.72, 129.84, 129.58, 129.52, 128.85, 128.82,126.28, 126.25,
124.57, 123.14, 122.76, 116.70, 44.94, 38.34, 38.31, 37.60, 33.24, 33.21, 33.19,31.91,
31.88,31.84,31.81,31.31,30.57,29.97,29.92, 29.70, 29.63, 29.59, 29.56, 29.51,29.37,
29.33,29.29,26.92,26.61,26.59, 26.56,26.54, 26.52,26.43, 22.69, 22.66, 22.50, 14.14,
14.11, 14.40 (Note: some peaks in '*C NMR spectrum overlap).

MS (MALDI-TOF) m/z Calcd. For C110H142C12N202S14: 2042.6536, Found 2042.5479.
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Scheme S1. The synthetic route of SD-86.



General Information: NMR spectra were measured on Bruker AVANCE 600 MHz
spectrometer with d chloroform as the solvent. The chemical shifts were reported as o
value (ppm) relative to an internal tetramethylsilane (TMS) standard. Mass spectra
(MALDI-TOF-MS) were determined using Bruker BIFLEX III Mass Spectrometer and
AB SCIEX 5800 Mass Spectrometer.
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Figure S1. "H NMR spectrum of Compound 2.
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Figure S3. 'H NMR spectrum of Compound 3.
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Figure S4. °C NMR spectrum of Compound 2.
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Figure S5. 'H NMR spectrum of SD-86.
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Figure S7. MALDI-TOF spectrum of SD-86.



Electrochemical characterizations: Electrochemical properties were studied by cyclic
voltammetry (CV), which was performed on a CS350H electrochemical workstation
with a three-electrode system in a 0.1 M BusNPFs acetonitrile solution at a scan rate of
100 mV s, A glassy carbon disc coated with sample film was used as the working
electrode. A Pt wire was used as the counter electrode and Ag/AgCl was used as the
reference electrode. The HOMO/LUMO energy levels (Enomo/ErLumo) can be

calculated from onset oxidation/reduction potentials (gox/gred) in the cyclic

voltammograms according to the equations of Enomo/ELumo =-e(¢y/ ¢,  F4.8-¢ . +)

(eV) (eV), where ¢___ +1is the redox potential of ferrocene/ferrocenium (Fe/Fc¢*) couple

Fe/Fc
in the electrochemical measurement system, and the energy level of Fe/Fc* was taken

as 4.8 eV below vacuum.

SD86
—— FelFc*

Current (a.u.)

—_—
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Figure S8. Cyclic voltammetry curves of the SD86 neat film.



Optical measurements and simulations: Ultraviolet-visible near-infrared (UV-vis-NIR)
absorption spectra were recorded with a Perkin-Elmer Lambda 365 UV-Vis
spectrophotometer from 300 nm to 1100 nm. The optical simulations were calculated

by Fluxim Setfos software.
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Figure S9. Normalized UV-vis absorption spectra of SD86 in chloroform solution and
in the solid sate.

Table S1. Optical and electrochemical properties of MPhS-C2, SD86, and BTP-eC9.

Materials Mmool Amaxtim Romsersim By LUMO/HOMOP
[nm] [nm] [nm] [eV] [eV]
MPhS-C2 522 569 705 1.76 -3.45/-5.35
SD86 422 575 719 1.72 -3.68/-5.40
BTP-eC9 746 829 912 1.36 -3.98/-5.62

4 calculated from the absorption onset of the films.
b estimated from the reduction/oxidation onset of the CV curves.



Grazing incidence wide-angle X-ray scattering (GIWAXS) characterization: The
grazing incidence X-ray scattering (GIWAXS) measurement was carried out with a
Xeuss 2.0 SAXS/WAXS laboratory beamline using a Cu X-ray source (8.05 keV, 1.54
A) and a Pilatus3R 300K detector. The incident angle was 0.15°. The samples for the
GIWAXS measurements were fabricated on silicon substrates.
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Figure S10. The 2D-GIWAXS patterns of (a) MPhS-C2, (b) SD86, (c) MPhS-C2: SD86
and (d) BTP-eC9 thin-films.
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Figure S11. The corresponding in-plane (IP) and out-of-plane (OOP) line-cuts of the

small molecule films acquired at a critical incident angle of 0.15°.

Table S2. Investigations of the morphology parameters extracted from the GIWAXS
measurements of the neat MPhS-C2, SD86, and MPhS-C2:SD&6 films.

Out-of-plane (100)

In-plane (010)

Neat films

q d-spacing q d-spacing FWHM Le
(A1) (A) (A (A) (A (A)
MPhS-C2 0.26 24.15 1.65 3.81 1.12 5.61
SD86 0.28 22.43 1.68 3.74 0.32 19.63
MPhS-C2:SD86 0.27 23.26 1.67 3.76 0.37 16.97
BTP-eC9 0.44 14.27 / / / /




Contact Angle Measurements and Interfacial Tension Calculation: The contact

angles of two small molecule donors (MPhS-C2 and SD86) and small molecule

acceptor BTP-eC9 were measured using a Contact Angle Analyzer. The contact angles

of two different solvents (water and ethylene glycol (EG)) on the neat films were used

to calculate the surface tension of each film by the Wu model. The interfacial tension

between each acceptor and donor was calculated with the surface tensions of the

materials.

Table S3. Investigations of the contact angles and surface energy values of MPhS-C2,
SD8&6, and BTP-eC9.

Contact Surface Relative y
e Water ngﬂi?e [rilﬁrfﬁ] (wMPhS-C2)  (w BTP-¢C9)
MPhS-C2 (1051.35;3.05) (75;51'(3).03) (49.47‘?;7(1).06) / /
SD36 (1041.(7)1'3.04) (75.2)1.8.06) (48;?55.05) 0.004 K 0.303 K
TP 98.2 65.5 56.83 0,240 K /

(98.240.03)

(65.5+0.04)

(56.83+0.06)
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Figure S12. The DSC curves of (a) MPhS-C2 and (b) SD86 as well as the (¢c) MPhS-
C2:SD86 (80:20, wt%) with a heating rate of 10°C min under nitrogen atmosphere.



Space charge limited current (SCLC) measurements: Single carrier devices were
fabricated, and the dark current-voltage characteristics were measured and analyzed in
the space charge limited (SCL) regime following the references. The structure of hole-
only devices was Glass/ITO/PEDOT:PSS/Active layer/MoQO3 (10nm)/Ag (100 nm). For
the electron-only devices, the structure was Glass/ITO/ZnO/Active layer/PNDIT-
F3N/Ag (100 nm), where the Ag was evaporated. The J-V characteristics of both hole-

only and electron-only diodes can be excellently fit to the Mott-Gurney relation for

2

. 9 7 0.89 x
space charge limited current: Jgr; = geoer,uﬁexp (—B

w3 Vl-n), Where Jscr is the

current density, g is the permittivity of free space, ¢, is the relative dielectric constant
of the active layer, u is the charge carrier mobility, £ is the field activation factor, L is

the thickness of the device and Vi, is the voltage dropped across the sample.
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Figure S13. The hole mobilities of pristine (a) MPhS-C2 and (b) SD86 small molecule

donor films as well as the (¢) MPhS-C2:SD86 (80:20, wt%), measured using the space-
charge-limited-current approach.



Device Fabrication and Testing

Solar cells were fabricated in a conventional device configuration of ITO/PEDOT:PSS
(40nm)/Active layer/PNDIT-F3N/Ag. Pre-patterned ITO-coated glass substrates
(purchased from South China Science & Technology Company Limited) washed with
methylbenzene, deionized water, acetone, and isopropyl alcohol in an ultrasonic bath
for 15 min each. After blow-drying with high-purity nitrogen, All ITO substrates are
cleaned in an ultraviolet ozone cleaning system for 15 minutes. Subsequently, a thin
layer of PEDOT: PSS (Xi’an Polymer Light Technology Corp 4083) was deposited
through spin-coating at 4500 rpm for 30 s on pre-cleaned ITO-coated glass from a
PEDOT: PSS aqueous solution and annealed at 150 °C for 15 min in atmospheric air.
The MPhS-C2: acceptor blends (1.7:1 weight ratio) were dissolved in chloroform
solution with 0.25% additive of 1,8-diiodooctane (DIO). The total concentration of
blend solutions was 18 mg mL™! for all blends and stirred at 45 °C for 3 hours. The
blend solution was spin-coated at 3200 rpm for 30 s. The blend was thermally annealed
at 115 °C for 7 min, and the solvent (CF) was further annealed for 60 s. The thickness
optimal active layer measured by a Bruker Dektak XT stylus profilometer was about
130 nm. Then methanol solution of PNDIT-F3N at a concentration of 0.5 mg ml! was
spin-coated onto the active layer at 4000 rpm for 20s. Finally, the top argentum
electrode of 100 nm thickness was thermally evaporated through a mask onto the
cathode buffer layer under a vacuum of ~5x107¢ mbar. The typical active area of the
investigated devices was 4.8 mm?. The current-voltage characteristics of the solar cells
were measured by a Keithley 2400 source meter unit under AM1.5G (100 mW c¢m™)
irradiation from a solar simulator (Enlitech model SS-X160R). Solar simulator
illumination intensity was determined at 100 mW cm™ using a monocrystalline silicon
reference cell with a KGS5 filter. Short circuit currents under AM1.5G (100 mW cm™?)
conditions were estimated from the spectral response and convolution with the solar
spectrum. The forward scan was adopted to test the J-J curves, the scan step is 0.02 V

and the delay time is 1 ms. The scan mode is sweep.
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Figure S14. Relevant J-V curves of the ternary small molecule organic solar cells with
different D/A ratios measured under the illumination of AM 1.5G at 100 mW cm™.

Table S4. Photovoltaic parameters of the MPhS-C2:SD86:BTP-eC9 devices with
different D/A ratios, measured under the illumination of AM 1.5G at 100 mW cm™.

D/A ratios Vo [V] Jsc FF PCE?
[%] o [mA cm™] [%] [%]
13:1 0.866 26.72 76.46 17.69
= (0.862+0.008)  (26.60+0.25) (76.30+0.20) (17.50+0.10)
151 0.879 26.65 76.70 17.97
" (0.876+0.006)  (26.55+0.15) (76.60+0.25) (17.75+0.20)
171 0.887 26.49 77.55 18.22
o (0.885+0.005)  (26.30+0.25) (77.40+0.30) (18.05+0.15)
1.9:1 0.882 26.53 77.01 18.02

(0.880+0.005) (26.30+0.30) (76.85+0.20) (17.80+0.20)
¥The values in parenthesis are the average PCEs obtained from 30 devices.
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Figure S15. Relevant J-V curves of the ternary small molecule organic solar cells with
different ratios of DIO measured under the illumination of AM 1.5G at 100 mW cm™.

Table S5. Photovoltaic parameters of the MPhS-C2:SD86:BTP-eC9 devices with
different ratios of DIO, measured under the illumination of AM 1.5G at 100 mW cm™.

DIO ratios Vo [V] Jsc FF PCE?
[%] o [mA cm™] [%] [%]
01 0.887 26.38 76.10 17.81
' (0.883+0.007)  (26.20+0.20) (75.95+0.20) (17.68+0.12)
02 0.887 26.49 77.55 18.22
' (0.885+0.005)  (26.30+0.25) (77.40+0.30) (18.05+0.15)
025 0.885 26.85 77.89 18.51
' (0.878+0.008)  (26.70+0.30) (77.75+0.30) (18.20+0.25)
0.3 0.883 26.77 77.25 18.26
' (0.880+0.005)  (26.70+£0.15) (77.05+0.25) (18.15+0.10)
0.5 0.865 26.62 76.95 17.72

(0.862+0.006)

(26.55+0.10)

(76.85+0.15)

(17.600.10)

¥The values in parenthesis are the average PCEs obtained from 30 devices.
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Figure S16. Relevant J-V curves of the ternary small molecule organic solar cells with
different SVA time measured under the illumination of AM 1.5G at 100 mW cm™.

Table S6. Photovoltaic parameters of the MPhS-C2:SD86:BTP-eC9 devices with
different SVA time, measured under the illumination of AM 1.5G at 100 mW cm™.

SVAtime[s]  Voc[V] - A]Sccm-z] [IZ /f] P[f;OE]

" 0.867 26.18 76.99 17.48
(0.865£0.008) (25.90£0.30) (76.85£0.20)  (17.3520.10)

45 0.871 26.56 77.16 18.14
(0.865£0.009) (26.50£0.15) (76.95:030)  (17.98£0.10)

0 0.885 26.85 77.89 18.51
(0.878£0.008) (26.70£0.30) (77.75£0.30)  (18.2020.25)

s 0.883 26.70 76.79 18.10

(0.878+0.006)  (26.65+0.15) (76.60+0.25) (17.90+0.15)
¥The values in parenthesis are the average PCEs obtained from 30 devices.
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Figure S17. Relevant J-V curves of the ternary small molecule organic solar cells with
different SD86 contents measured under the illumination of AM 1.5G at 100 mW cm™.
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Figure S18. Composition-dependent measured Voc values in the ternary devices.



Table S7. Photovoltaic parameters of the MPhS-C2:SD86:BTP-eC9 devices with
different weight ratios of SD86 in the donor, measured under the illumination of AM
1.5G at 100 mW cm™.

Weight

ratios of Voc[V] [rn:A]Sch'Z] [lz /lj] P[Ei)Fi
SD86 (%)
0 0.892 26.16 73.66 17.19
(0.888+0.006) (25.90+0.35) (73.50+0.30) (17.02+0.15)
10 0.889 26.20 77.25 17.99
(0.886+0.005) (26.10+0.25) (77.20+0.10) (17.85+0.10)
20 0.885 26.85 77.89 18.51
(0.878+0.008) (26.70+0.30) (77.75+0.30) (18.20+0.25)
30 0.875 26.14 77.83 17.80
(0.873+£0.005) (25.90+0.35) (77.65+0.30) (17.60+0.15)
50 0.868 26.02 76.53 17.40
(0.865+£0.004) (25.78+0.30) (76.40+0.20) (17.25+0.10)
70 0.861 25.83 76.36 16.98
(0.857+0.006) (25.72+0.25) (76.25+0.20) (16.80+0.15)
100 0.840 24.70 75.24 15.61
(0.836+0.005)  (24.60+0.20) (75.05+0.25) (15.35+0.20)

aThe values in parenthesis are the average PCEs obtained from 30 devices.

Table S8. Summary of photovoltaic parameters with PCE > 14% in all-SMOSC:s.

Voc Jsc FF FFXJsc PCE

Active layer V) (mA cm?) (%) (%) Ref.
BTR-ClL:Y6 0.83 23.66 74.7 17.67 14.7 (2]
BTR-CL:Y6 0.843 24.78 74.2 18.39 15.5 (3]
BTR-CI:N3 0.82 24.06 73.5 17.68 14.43 (4]
B1:BO-4Cl 0.83 25.27 73 18.45 15.3 [5]
B1:BTP-eC9 0.827 24.30 73.92 17.96 14.86 [6]
B1:BTP-eC9 0.832 24.98 75.44 18.84 15.68 [7]
BT-2F:N3 0.829 24.51 72.15 17.68 14.66 (8]
BT-2F:N3 0.845 24.28 75.02 18.21 15.39 (8]
SMI1-F:Y6 0.866 23.25 69.9 16.25 14.07 [9]
ZR1:Y6 0.861 24.34 68.44 16.66 14.34 [10]
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BTR-Cl: Y6:PCBM  0.838  23.75 7711 1831 1534 [27]
VCTIT4F: PCHBM 087  23.74 73 1733 1508  [28]
BI:L8-BO:BO-4Cl 0841  26.15 7774 2033 171 [29]
ZnP-TSEH:6TIC:ATIC  0.839  25.99 7501 1950 1636  [30]
ZnP-TSEH:6TICATIC  0.844 2633 7731 2036 17.18  [30]
BI:BO-4CL: BO2CI 084  26.05 78 2032 17 31]
BI:BO-4CLY7 0836  25.52 7629 1947 1628  [32]
e 0880 2685 7627 2048 1802 [33]
MPhS-C2:L8-BO 0894 2537 7314 1856 1659  [34]
MPhS-C2: 18-S9 0875  25.69 7072 1817 1590  [34]
MPRS-C2LSBOLE ogsa 2643 7746 2047 1810  [34]
DAPor-DPP:6TIC  0.845 2561 768 1967 1662  [35]
B2:BTP-eC9 0861 262 758 1986 171 [36]
MPhS-C2:BTP-cC9 0892  26.16 73.66 1927  17.19 This work
SD86:BTP-cC9  0.840 2470 7524 1858  15.61 This work
MPhS-C2:SDE6BTP- —  6g5 26,85 7789 2091 1851 This work

eC9
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Appendix: Summary of the Report

Report No.: GXgf2024-02389

Client: Wuhan University

Sample: Organic Solar Cells

Type/Model: Organic Solar Cells

DUT S/N: 5%-M1

Manufacturer: Wuhan University

Date of Test: 05/31/2024

Sample Temperature: (251) °C

Environmental conditions: (24£1) °C. RH (4222) %
Mask: Aperture area 5.142 mm? (M1, Certificate No.: CDjc2020-06913)

The test has been conducted by the PV Metrology Lab of NIM (National Institute of
logy, China). of irradiance intensity and all other measurements are
traceable to the International System of Units (SI). Data in this report apply only at the time
of the test for the sample. For more details, please refer to the text of the report.
Forward Scan:
Area (mnr’) L(ma) VelV) Praax(mW)
5.142 1378 0.945
Lux(mA) Vasx(V) 7 %)
1259 0.750 184

I-V Characterization Methods:

JJF 1622-2017: Calibration Specification of Solar Cells: Photoelectric Properties
Reference Solar Cell:

Type: Mono-S1

Solar Simulator:

Classification: A+AA+ (Double-light source: Xeon and Halogen: IEC 60904-9 2020):
Total irradiance: 1000 W/m? based on I, of the above Reference Solar Cell.

ARNRY;
R

i
iy Jwgl
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Report No.: GXgf2024-02389
DUT $/N: 54-M1

LV Characteristic curves and parameters (Forward Scan)
0.

Voltage (V)
Steady-state scanning curve (Voias = 0.750 V, fucaning = 300 s, Prire= 0.944mW and Pene=
0.927 mW)
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Wk,
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TS
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Figure S19. Report of certified efficiency of MPhS-C2:SD86:BTP-eC9 solar cells from
National Institute of Metrology, China.



External quantum efficiency (EQE) measurements: The external quantum efficiency
was measured by a Solar Cell Spectral Response Measurement System QE-R3011(Enli
Technology Co., Ltd.).

Operational stability measurements: For the photostability test, the devices were
fabricated without further encapsulation. We performed light-induced degradation
experiments with one sun equivalent illumination intensity for 1500 hours on these
photovoltaic systems investigated in this study. The devices were put inside a nitrogen-
filled glovebox (H20 < 1 ppm, O2 < 1 ppm) and continuously illuminated with a white
LED array (XLamp CXA1512 6500K CCT). The illumination light intensity was
initially set before testing to make sure the output short-circuit current density equals
the value that was measured under standard conditions mentioned earlier, and it was
monitored by a photodiode (Hamamatsu S1336-8BQ) to guarantee stable light intensity.
J-V characters of the devices were checked periodically, and the photovoltaic
parameters were calculated automatically according to the achieved J-V curves. Notably,
the photovoltaic parameters of devices under illumination were recorded over time and
the degradation curves were shown. The cell temperature was measured occasionally,

and the temperature range during aging was approximately 30 °C.
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Figure S20. The normalized degradation trends of relevant photovoltaic parameters
including PCE, Voc, Jsc, and FF under continuous light-soaking for (a) MPhS-C2:BTP-
eC9, (b) SD86:BTP-eC9 and (c) MPhS-C2:SD86:BTP-eC9 devices.



Table S9. The Ty lifetime values of all-small molecule devices reported so far.

Systems PCE (%) Tgo Lifetime (h) Ref.
MPhS-C2:BTP-eC9:SSe-NIC 18.02 436 [33]
MPhS-C2:BTP-eC9 17.16 76 [33]
MPhS-C2:SSe-NIC 16.83 62 [33]
B1:BTP-eC9 14.86 14 [6]
B1:BTP-eC9 13.92 7 [6]
BTR-F:M36 10.14 0.38 [37]
BTR-F:M36 12.19 0.66 [37]
H11:IDIC 9.73 138 [38]
BDT(TVT-SR)2:IDIC 11.10 455 [38]
DRCNST:PC7:BM 6.73 1376 [39]
DRCNST:PC7:BM 8.87 870 [39]
DRCNST:PC71BM 6.64 192 [39]
BTR:PC71BM 9.81 78 [40]
BTR:PC71BM 10.14 50 [40]
BTR:PC71BM 9.16 15 [40]
BTR:PC71BM 7.12 8 [40]
BTR:PC71BM 6.59 65 [40]
SM-BDT:Y8 10.68 96 [41]
SM-DTBDT:Y8 12.45 756 [41]
X2:PCs1BM 6.3 88 [42]
F3:PCs1BM 7.3 82 [42]
DRCN7T:PC7:BM 9.1 86 [42]
BTR-CL:Y6 13.31 8 [6]
BTR-CL:Y6 13.88 15 [6]
B1:Y6 12.32 9 [6]
B1:Y6 12.76 16 [6]
MPhS-C2:L8-BO 16.59 124 [34]
MPhS-C2: L8-S9 15.90 595 [34]
MPhS-C2:L8-BO :L8-S9 18.10 993 [34]
MPhS-C2:BTP-eC9 17.19 45 This work
SD86:BTP-eC9 15.61 45 This work
MPhS-C2:SD86:BTP-eC9 18.51 3100 This work
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Figure S21. Scattering profiles of in-plane and out-of-plane for the binary and ternary
blend films.

Table S10. Summarized parameters for the ordering structures of the blend films.

In-plane (100) Out-of-plane (010)
Materials q d-spacing q d-spacing FWHM L
(A (A) (A A) (A A)
MPhS-
C2-BTP-cC9 0.26 24.15 1.67 3.76 0.206 30.49
SD86:BTP- 0.26 2415 167 376 0183 3432
eC9
MPhS-
C2:SD86:BTP- 0.26 24.15 1.69 3.72 0.147 42.72

eC9




Atomic force microscopy (AFM) measurements: AFM measurements were performed
by using a Nano Wizard 4 atomic force microscopy (JPK Inc. Germany) in Qi mode to

observe the film surface morphologies of the ITO/PEDOT:PSS/active layer.
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This work
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Figure S22. Plots of the PCE versus FFXJsc for the efficient binary and ternary all-
SMOSC reported in the literature. Our results illustrate that active layer morphology
modulated by materials design and donor-alloy strategy pushed the development of
all-SMOSCs.
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Figure S23. UV—vis-NIR absorption spectra of (a) MPhS-C2, (b) SD86, and (c) MPhS-
C2:SD86 with the increasing thermal annealing temperature. Evolution of the deviation
Metric (DMr) as a function of annealing temperature, illustrating a phase transition of
(a) MPhS-C2 (105.9+1 °C), (b) SD86 (108.3+1 °C) and (c) MPhS-C2:SD86
(133.5+1 °C). Notably, the DMt factor represents the sum of squared deviations in

absorbance between un-annealed and annealed films:D My = i::‘: [(Irp (1) — It (D]?,

where 4, Amin, and Amax are explained as the wavelength, the lower and upper bounds of
the optical sweep, Irt(A) and IT(A) are explained as the normalized absorption intensities
of un-annealed and annealed films, respectively. When the overall absorption intensity
changes significantly, it suggests that the inherent properties of the material have
undergone a glass transition, and the corresponding temperature is phase transition
temperature (7).



Transient absorption spectroscopy (TAS): 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 the pump beam (here we use 780 nm), and the other was focused onto
a YAG plate to generate a white light continuum as a 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. Then we obtained transient

differential, transmission signals by the equation shown below:

A_T _ Tpump—on - Tpump—off

T Tpump—Off
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Figure S24. The TA images of (A) MPhS-C2:BTP-eC9 film, (B) SD86:BTP-eC9 film,
and (C) MPhS-C2:SD86:BTP-eC9 film under 780 nm pump with a power flux of 48 pJ

cm™.
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Figure S25. Comparison of the hole transfer kinetics for the binary and ternary blends.

Table S11. Parameters constants of A1, 11, and A2 1> of different blends.

Systems Al 71 (ps) A2 ©,(ps)  Average m(ps)
MPhS-C2:BTP-eC9 69.1% 1.20 30.9% 12.17 4.59
SD86:BTP-eC9 62.4% 0.69 37.6% 4.85 2.25
MPhS-C2:SD86:BTP-eC9  62.7% 0.56 37.3% 4.51 2.03




FTPS-EQE spectra measurements: The FTPS measurements were recorded using a
Bruker Vertex 70 Fourier-transform infrared (FTIR) spectrometer, equipped with a
quartz tungsten halogen lamp, a quartz beam-splitter, and an external detector option.
A low noise current amplifier (Femto DLPCA-200) was used to amplify the
photocurrent produced on the illumination of the photovoltaic devices with light
modulated by the FTIR. The output voltage of the current amplifier was fed back into
the external detector port of the FTIR. The photocurrent spectrum was collected by
FTIR’s software.

Urbach energy measurement: The energetic disorder can be quantized by a parameter
of Urbach energy (Eu), which follows the Urbach rule expressed as follows:

(E-Eg)
a(E) = age Eu

Wherein, o(E) is the absorption coefficient, o and Eo are two constants, and E is the

photon energy. The smaller Eu represents the lower energetic disorder. By fitting the

FTPS-EQE curves with the above Equation, the Eu values can be obtained.
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Figure S26. Bandgap distributions for all-SMOSCs based on (a) MPhS-C2:BTP-eC9,
(b) SD86:BTP-eC9, and (c) MPhS-C2:SD86:BTP-eC9 blends. The E, value is
determined by the derivatives of the FTPS-EQE curve and then calculated according to

the literature.
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Figure S27. Semilogarithmic plots of normalized EL spectra, measured EQE spectra,
and FTPS-EQE spectra as a function of energy for devices based on (a) MPhS-C2:BTP-
eC9, (b) SD86:BTP-eC9, and (c) MPhS-C2:SD86:BTP-eC9 blends.
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Figure S28. Diagram of different parts of energy losses in three systems.



Table S12. Measured and calculated parameters to quantify the non-radiative
recombination losses of the binary and ternary devices.

Ega Vocb Eloss Vi? AEl Vf,acdc AEZ AE3

Systems
(eV) V) (eV) V) (eV) V) (eV) (eV)
MPhSégngTP' 1396 0.892 0504 1.142 0254 1.061 0.08 0.169

SD86:BTP-eC9 1.379 0.840 0.539 1.117 0.262 1.038 0.078 0.199

MPhS-
C2:SD86:BTP- 1.387 0.885 0.502 1.133 0.254 1.054 0.079 0.169
eC9
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Figure S29. FTPS-EQE of the binary and ternary devices at the absorption onset.
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Table S13. Summary of photovoltaic parameters of the all-SMOSCs based on MPhS-
C2:BTP-eC9 and MPhS-C2:SD86:BTP-eC9 with different active layer thickness,

measured under the illumination of AM 1.5 G at 100 mW c¢m™.

Thickness Jsc FF PCE?
Systems (nm) Voc (V) (mA/cm?) (%) (%)
7845 0.891 25.06 72.71 16.24
(0.890+0.005)  (24.90+0.20) (72.60£0.15)  (16.10+0.10)
130410 0.892 26.16 73.66 17.19
MPhS.C2: (0.888+0.006)  (25.90+0.35) (73.50+£0.30) (17.02+0.15)
BTP-cC0 188415 0.890 26.20 72.95 17.01
(0.885+0.007)  (26.15+0.15) (72.85+0.15) (16.80+0.20)
935490 0.883 25.41 70.71 15.87
(0.880+0.005)  (25.30+0.20)  (70.65+£0.10) (15.70+0.15)
300417 0.869 25.52 67.22 14.91
(0.865+0.005)  (25.25+0.35) (67.10£0.15)  (14.50+0.35)
495497 0.855 25.63 55.96 12.26
(0.850+0.008)  (25.50+0.30) (55.75+£0.30) (12.00+0.25)
8047 0.880 25.69 76.20 17.23
(0.875+£0.007)  (25.50+0.25) (76.10+£0.15) (17.10+0.10)
130£10 0.885 26.85 77.89 18.51
MPhS.C2:SD86: (0.878+0.008)  (26.70£0.30) (77.75+0.30)  (18.20+0.25)
BTP.oCO 102410 0.872 26.90 75.11 17.62
(0.869+0.005)  (26.85+£0.30)  (75.00+0.25)  (17.40+0.15)
240415 0.872 26.94 73.43 17.25
(0.867+0.006)  (26.88+0.20) (73.15+£0.35)  (17.00+0.20)
308219 0.870 27.02 70.98 16.69
(0.865+0.008)  (26.95+£0.30) (70.80+0.30)  (16.40+0.20)
SO7415 0.869 27.25 67.40 15.96
(0.863+£0.007)  (27.10+0.25) (67.25£0.20) (15.60+0.30)

¥The values in parenthesis are the average PCEs obtained from 30 devices.
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Figure S31. Summary of the highest PCEs of thick-film all-SMOSCs reported in the
recent years.

Table S14. The reported PCEs of relevant binary and ternary all-SMOSC devices based
on thick active layers, measured under one-sun illumination.

Active layer Thickness Voc Jsc , FF PCE Ref.
(mm) (V) (mAcm™) (%) (%)
DR3TSBDT:PC7;BM 280 .88 15.82 65.3 9.05 [43]
BTR:PC7:BM 310 0.94 14.5 70 9.5 [44]
BTR:NITI:PC71BM 300 0.94 19.5 73.83  13.63 [45]
BTR:BTR-OH:PC71BM 300 093 14.62 742 10.14 [46]
SMI1-F:Y6 250 0.85 21.9 64 11.9 [9]
L2:Y6 300 0.82 24.5 71.2 143 [19]
HD-1:BTP-eC9 350 0.811 27.25 67.52  14.92 [25]
T27:Y6 300 0812 27.21 68.02  15.03 [47]

MPhS-C2:SD86:BTP-eC9  308£19 (870 27.02 70.98  16.69 This work

MPhS-C2:SD86:BTP-eC9  S07£15 (869 27.25 67.40  15.96 This work
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Figure S32. The TA images of (a) MPhS-C2 neat film, (b) SD86 neat film, and (c)
MPhS-C2: SD86 film under 550 nm pump with a power flux of 4.8 and 48 uJ cm™.

Table S15. Detailed parameters of single exciton decay dynamic for neat and the alloy

donor films.

Pump energy t ki ko D Lp
Films
[ cm™2] [ps] [x100ps!] [x10Vps!] [x10°cm?s'] [nm]
4.8 251.5 0.39 / / /
MPhS-C2
48 / / 1.88 7.48 13.7
4.8 351.8 0.28 / / /
SD86
48 / / 3.86 15.36 233
MPhS- 4.8 321.6 0.31 / / /
2:5D86 48 / / 5.38 21.41 26.3
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Figure S33. The hole-only mobilities of the binary devices based on the (a) thin blend
and (b) thick blend, and the ternary devices based on the (c) thin blend and (d) thick
blend, measured using the space-charge-limited-current approach.
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Figure S34. The electron-only mobilities of the binary devices based on the (a) thin
blend and (b) thick blend, and the ternary devices based on the (c) thin blend and (d)
thick blend, measured using the space-charge-limited-current approach.



Transient photovoltage (TPV) measurements: In the TPV measurements, a 405 nm

laser diode was used to keep the organic solar cells in the Voc conditions. Measuring

the light intensity with a highly linear photodiode and driving the laser intensity with a

waveform generator (Agilent 33500B) allowed reproducible adjustments of the light

intensities under one sun. Moreover, a small perturbation was induced with a second

405 nm laser diode. The intensity of the short laser pulse was adjusted to keep the

voltage perturbation below 10 mV. After the pulse, the voltage decays back to its steady

state value in a single exponential decay.

Table S16. Summary of photovoltaic parameters of the corresponding binary and

ternary devices with different active layer thickness (=130 nm, ~500 nm), measured
under the illumination of AM 1.5 G at 100 mW c¢cm™.

Systems Thickness Voc Jsc FF PCE®
(nm) V) (mA/cm?) (%) (%)
12856 0.855 25.01 74.24 15.88
MPhS-C2:Y6 (0.850£0.08)  (24.90£0.20)  (74.15£0.15) (15.70£0.10)
503418 0.803 23.97 55.32 10.65
(0.795£0.10)  (23.85£0.20)  (55.05£0.30) (10.45+0.15)
0.853 25.52 75.06 16.34
MPhS-C2: 130+8 (0.845£0.09)  (25.4540.15)  (74.95+0.20) (16.15£0.15)
SD86:Y6 505415 0.847 26.15 65.43 14.49
(0.845+0.05)  (25.90£0.30)  (65.10+0.40) (14.30£0.15)
12626 0.831 25.54 75.38 16.00
MPhS-C2:N3 (0.825£0.07)  (25.50£0.10)  (75.25£0.15) (15.70£0.25)
510420 0.799 24.65 55.18 10.87
(0.795£0.06)  (24.40£0.30)  (55.00+0.30) (10.55+0.25)
13045 0.835 25.98 77.33 16.78
MPhS-C2: (0.830£0.08)  (25.90£0.15)  (77.15£0.20) (16.60£0.15)
SD86:N3 508415 0.831 26.32 69.00 15.09
(0.825+£0.08)  (26.15+0.25)  (68.75£0.35) (14.80+0.25)
135412 0.902 25.28 73.63 16.79
MPhS.C2:L8.BO (0.900+0.05)  (25.20+0.20)  (73.55£0.15) (16.65+0.10)
296210 0.862 24.30 58.07 12.16
(0.855£0.10)  (24.05£0.35)  (57.85+0.30) (11.800.30)
13748 0.890 26.51 76.13 17.96
MPhS-C2: (0.885+0.07)  (26.40£0.20)  (76.05+0.10) (17.70£0.20)
SD86:L8-BO 502416 0.883 26.75 66.74 15.76
(0.875£0.10)  (26.60£0.30)  (66.55+0.25) (15.50+0.25)

¥The values in parenthesis are the average PCEs obtained from 10 devices.



(a) 0 (b)

MPhS-C2:Y6 MPhS-C2:N3
-5- 503 £ 18 nm 51 510 £ 20 nm
MPhS-C2:SD86:Y6 MPhS-C2:SD86:N3

-10 4 505+ 15 nm -10 508 £ 15 nm

Current density (mA cm?)
s

Current density (mA cm?)
I

00 02 04 06 08 10 00 02 04 06 08
Voltage (V) Voltage (V)
() o

MPhS-C2:L8-BO

-5 496 =10 nm
MPhS-C2:SD86:L8-BO
-104 502 £ 16 nm

-154

Current density (mA cm)

00 02 04 06 08 10
Voltage (V)

1.0

Figure S35. J-V characteristics of the corresponding binary and ternary devices based
on (a) Y6, (b) N3, and (c) L8-BO as the acceptor, with the active layer thickness (=~

500 nm).
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