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1. Experimental section
Photovoltaic solution preparation

The solution of D18:eC9-4F (1:1.2), D18:eC9-4F:Y-PH-X (1:1.2:0.1), D18:eC9-
4F:Y-PH-X (1:1.2:0.1) in chloroform was stirred at 90°C for 30 min, followed by 50°C
for 60 min in a N2-filled glovebox. The concentration of DI8 was 4.5mg/mL
respectively. D18, eC9-4F, L8-BO, and Y-PH-X were all synthesized with in the
laboratory environment.

The PEDOT:PSS solution (Heraeus, Al 4083) was fabricated onto the precleaned
ITO substrates followed by annealing at 100 °C of 40 min. The solution of
photovoltaic materials was spin-coated onto the PEDOT:PSS films in N,-filled glove
box annealing(at 100°Cof 1min). Then PDINN (Derthon)/methanol (1mg/mL) was
spin-coated accordingly. Finally, 100 nm Ag was thermally evaporated through a
shadow mark at a vacuum pressure below 3x10-6 Torr. The effective area for each cell
was 0.04 cm?.

Characterizations of films

UV-visible absorption spectra were measured at ambient conditions on a

PerkinElmer UV-vis spectrometer model Lambda 750. Surface morphology

information of the active layer was obtained by using Atomic force microscopy (AFM



Digital Instrument Multimode Nanoscope IIIA in tap mode).
Energy loss (E,oss) calculations
The AE,, values of devices were evaluated by the electroluminescence external

quantum efficiency (EQEg; ) according to the equation: AE,,,=—kTIn(EQEg; ), where k
and T represent the Boltzmann constant and temperature in Kelvin, respectively. [!]
Charge mobility measurement by SCLC method

The architectures of ITO/ZnO/Active layer/PDINN/Ag and
ITO/PEDOT:PSS/Active layer/MoO3/Ag were used for electron and hole mobility
measurement, respectively. The mobilities were calculated according to the Mott-
Gurney equation: J = 9eequ/(8L3)V?,where J is the current density; ¢ is the dielectric
constant of the blend film; g, is the permittivity of the vacuum; p is the mobility; L is
the thickness of the film; V'= V- Vei, Vapprand Vy,; are the applied voltage to the device
and the build-in voltage, respectively.l?]
J-V and EQE Measurement

The J-V curves of the devices were measured in a glove box with an instrument
from Enli Technology Ltd., Taiwan (SS-F53A) under AM 1.5G illumination (AAA
class solar simulator, 100 mW cm™ calibrated with a standard single crystal Si
photovoltaic cell). EQE measurements were performed by a solar cell spectral response
measurement system (QER3011, Enli Technology Co. Ltd), and the intensity was
calibrated with a standard single-crystal Si photovoltaic cell before the test.
PLQY and FL intensity

The steady-state photoluminescent spectra and photoluminescence quantum yield

(PLQY) values were all recorded on the HORIBA Nanolog.

GIWAXS and GISAXS Measurement

The GIWAXS data were obtained at IWIA Diffuse X-ray Scattering Station,
Beijing Synchrotron Radiation Facility (BSRF-1W1A).GISAXS data of films were
obtained at beamline BL16B1 of Shanghai Synchrotron Radiation Facility (SSRF).[%
The incidence angle was 0.2°, and the sample-to-detector distance was 2200 mm by

calibration for GISAXS. The GISAXS 1D profiles were fitted with a universal
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modelfollowingEquation. Data fitting was done using SasView (version 5.01) software.
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where A1, A2, and B are independent fitting parameters and q is the scattering wave

S(9=1+

vector. The average correlation length & of the D18 domain and the Debye-Andersone-
Brumberger (DAB) term make up the first term. The contribution from eC9-4F fractal-
like aggregations is seen in the second term. Here, R is the mean spherical radius of the
primary BTP-eC9-4F particles, P (q, R) is the form factor of the eC9-4F, S (q, R, , D)
is the fractal structure factor to explain the primary particles interaction in this fractal-
like aggregation system, 1 is the correlation length of the fractal-like structure of eC9-
4F, and D is the fractal dimension of the network of eC9-4F. Equation 3 was used to
calculate the average domain size by the Guinier radius of the fractal-like network Rg
of eC9-4F.
Ry=m/D(D+1)/2
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Synthesis of compound 1

2-(5 or 6 -bromo-3-oxo0-2,3-dihydro-1H-inden-1-ylidene)malononitrile (300 mg;



1.10 mmol), phenylboronic acid (201 mg;1.65 mmol) and K,CO; (1.52 g; 11
mmol)were dissolved into tetrahydrofuran (30 ml) and water (10 ml)in a three-neck
flask. After the solution was flushed with nitrogen for 15min, Pd(PPhs)4 (30 mg) was
added to the solution, then let the solution temperature to 80°C for 20 h. Washed with
saturated salt water and ethyl acetate, the ethyl acetate was removed under reduced
pressure. The crude product was subsequently purified by column chromatography on
silica gel to afford compound 1 (277 mg, 93% yield). 'H NMR (400 MHz, CDCl;) 6:
8.82 (s, 0.62H), 8.68-8.69 (d, J =4 Hz, 0.38H), 8.16 (s, 0.34H), 8.09-8.11 (d, J = 8 Hz,
0.35H), 8.05-8.07 (d, J = 8 Hz, 0.65H), 8.01-8.03 (d, J = 8 Hz, 0.65H), 7.66-7.68 (m,
2H), 7.47-7.54 (m, 3H), 3.75 (s, 2H). 3C NMR (400 MHz, CDCl5) 8: 195.04, 194.45,
166.51, 165.86, 149.50, 148.89, 143.24,141.37, 141.14, 139.10, 138.27, 137.98,
134.74, 129.66, 129.59, 129.54, 127.61, 127.51, 126.60, 125.17, 124.05, 122.52,
120.78, 115.37, 112.46, 112.34, 112.14, 43.69.
Synthesis of compound 2

2-(5 or 6 -bromo-3-oxo-2,3-dihydro-1H-inden-1-ylidene)malononitrile (300 mg;
1.10 mmol), o-tolylboronic acid (224 mg;1.65 mmol) and K,CO; (1.52 g; 11
mmol)were dissolved into tetrahydrofuran (30 ml) and water (10 ml)in a three-neck
flask. After the solution was flushed with nitrogen for 15min, Pd(PPhs)4 (30 mg) was
added to the solution, then let the solution temperature to 80°C for 20 h. Washed with
saturated salt water and ethyl acetate, the ethyl acetate was removed under reduced
pressure. The crude product was subsequently purified by column chromatography on
silica gel to afford compound 2 (285 mg, 91% yield). 'H NMR (400 MHz, CDCl;) 6:
8.67-8.68 (d, /=4 Hz, 0.41H), 8.59 (s, 0.56H), 8.01-8.02 (d, /=4 Hz, 0.56H), 7.93 (s,
0.40H), 7.85-7.86 (d, J = 4 Hz, 0.40H), 7.80-7.81 (d, J =4 Hz, 0.58H), 7.29-7.37 (m,
3H), 7.22-7.24 (m, 1H), 3.76 (s, 2H), 2.99-2.31 (m, 3H). *C NMR (400 MHz, CDCl;)
0: 194.94, 194.52, 166.48, 166.08, 150.61, 150.32, 142.58,140.98, 140.73, 139.00,
138.92, 137.28, 137.06, 135.18, 131.16, 131.11, 129.61, 129.10, 126.55, 126.52,
126.38, 125.90, 125.09, 124.58, 112.41, 112.27, 112.22, 112.16, 43.65, 43.62, 20.59,
20.46.

Synthesis of compound 3



2-(5 or 6 -bromo-3-ox0-2,3-dihydro-1H-inden-1-ylidene) malononitrile (300 mg;
1.10 mmol), (2,6-dimethylphenyl) boronic acid (247 mg;1.65 mmol) and K,CO; (1.52
g; 11 mmol) were dissolved into tetrahydrofuran (30 ml) and water (10 ml)in a three-
neck flask. After the solution was flushed with nitrogen for 15min, Pd(PPh;)4 (30 mg)
was added to the solution, then let the solution temperature to 80°C for 20 h. Washed
with saturated salt water and ethyl acetate, the ethyl acetate was removed under reduced
pressure. The crude product was subsequently purified by column chromatography on
silica gel to afford compound 3 (289 mg, 88% yield). 'H NMR (400 MHz, CDCl;) 6:
8.70-8.72 (d, J= 8 Hz, 0.44H), 8.41 (s, 0.54H), 8.04-8.05 (d, J =4 Hz, 0.54H), 7.79 (s,
0.45H), 7.69-7.71 (d, J = 8 Hz, 0.46H), 7.64-7.66 (d, J =4 Hz, 0.56H), 7.22-7.25 (m,
1H), 7.14-7.15 (m, 2H), 3.77 (s, 2H), 2.04 (s, 3H) , 2.01 (s, 3H). '*C NMR (400 MHz,
CDCly) d: 194.91, 194.53, 166.44, 166.18, 150.34, 150.09, 142.99, 141.16, 139.21,
138.93, 137.56, 137.37, 135.26, 129.10, 128.58, 128.07, 127.98, 126.61, 126.31,
125.44,124.91, 112.39, 112.26, 112.17, 43.63, 43.58, 20.98, 20.88.

Synthesis of compound Y-PH-H

A mixture of compound 4 (150 mg, 0.15 mmol) and compound 1 (120 mg, 0.45 mmol )
in chloroform (20 mL) was carefully degassed and pyridine (0.5 mL) was added. The
mixture was stirred and refluxed under nitrogen overnight, and the solvent was removed
under reduced pressure. The crude product was purified on silica gel chromatography
using dichloromethane/petroleum ether (2:1, v/v) as an eluent to obtain the target
compound Y-PH-H (204 mg, 89%). '"H NMR (400 MHz, CDC]l5) 6: 9.15 (s, 2H), 8.92
(s, 1.34H), 8.73-8.74 (d, J = 4 Hz, 0.65H), 8.18 (s, 0.67H), 8.01-8.03 (d, J = 8 Hz,
1.36H), 7.97-7.99 (m, 2H), 7.68-7.73 (m, 4H), 7.45-7.54 (m, 6H), 4.77-4.78 (m, 4H),
3.23 (m, 4H), 2.13-2.17 (m, 2H), 1.86-1.89 (m, 4H), 1.50-1.52 (m, 4H), 1.36-1.38 (m,
4H), 1.20-1.23 (m, 34H), 0.86-0.88 (m, 6H), 0.77-0.79 (m, 6H), 0.64-0.69 (m, 6H).
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Fig S1 '"H NMR spectrum of Y-PH-H in CDCl;.
Synthesis of compound Y-PH-CHj3

A mixture of compound 4 (150 mg, 0.15 mmol) and compound 2 (128 mg, 0.45
mmol ) in chloroform (20 mL) was carefully degassed and pyridine (0.5 mL) was
added. The mixture was stirred and refluxed under nitrogen overnight, and the solvent
was removed under reduced pressure. The crude product was purified on silica gel
chromatography using dichloromethane/petroleum ether (2:1, v/v) as an eluent to
obtain the target compound Y-PH-CHj; (201 mg, 86%). 'H NMR (400 MHz, CDCls)
3:9.18 (s, 2H), 8.74-8.75 (m, 0.71H), 8.68 (s, 1.24H), 7.99-8.01 (m, 1.21H), 7.92-7.93
(m, 0.73H), 7.72-7.74 (m, 2H), 7.29-7.36 (m, 8H), 4.75-4.79 (m, 4H), 3.23-3.26 (m,
4H), 2.34-2.36 (m, 6H), 2.09-2.14 (m, 2H), 1.87-1.90 (m, 4H), 1.50-1.53 (m, 4H), 1.36-
1.38 (m, 4H), 1.25-1.29 (m, 34H), 0.84-0.86 (m, 6H), 0.74-0.76 (m, 6H), 0.63-0.66 (m,
6H).
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Fig S2 'H NMR spectrum of Y-PH-CHj in CDCls.

Synthesis of compound Y-PH-2CH;

A mixture of compound 4 (150 mg, 0.15 mmol) and compound 3 (134 mg, 0.45
mmol ) in chloroform (20 mL) was carefully degassed and pyridine (0.5 mL) was
added. The mixture was stirred and refluxed under nitrogen overnight, and the solvent
was removed under reduced pressure. The crude product was purified on silica gel
chromatography using dichloromethane/petroleum ether (2:1, v/v) as an eluent to
obtain the target compound Y-PH-CHj; (210 mg, 88%). 'H NMR (400 MHz, CDCls)
d: 9.19-9.21 (m, 2H), 8.77-8.79 (m, 0.83H), 8.49-8.50 (m, 1.14H), 8.00-8.02 (m,
1.13H), 7.75-7.76 (m, 0.86H), 7.54-7.58 (m, 2H), 7.21-7.25 (m, 2H), 7.14-7.18 (m, 4H),
4.74-4.79 (m, 4H), 3.24-3.27 (m, 4H), 2.06-2.07 (m, 14H), 1.87-1.92 (m, 4H), 1.51-
1.53 (m, 4H), 1.35-1.39 (m, 4H), 1.36-1.38 (m, 4H), 1.13-1.30 (m, 34H), 0.84-0.87 (m,
6H), 0.71-0.74 (m, 6H), 0.60-0.67 (m, 6H).
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Fig S3 'H NMR spectrum of Y-PH-2CHj; in CDCl;.

2. Supporting Figures
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Figure S4. Normalized absorption spectra of eC9-4F, eC9-4F:Y-PH-H, eC9-4F:Y-
PH-CHj3;, eC9-4F:Y-PH-2CHj films.
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Figure SS. Cyclic voltammogram (CV) curves of Y-PH-H; Y-PH-CH; and Y-PH-
2CHs.
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Figure S6. J-V curves of (a) electron-only and (b) hole-only diodes based on

D18:eC9-4F,D18:eC9-4F:Y-PH-H,D18:eC9-4F:Y-PH-CH3,D18:eC9-4F:Y-PH-2CH3.
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Figure S8. GIWAXS patterns of eC9-4F, Y-PH-H, Y-PH-CH3, Y-PH-2CH3 films,
and the line profiles of GIWAXS in plane.
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Figure S9. GISAXS patterns of D18:eC9-4F, D18: eC9-4F:Y-PH-H, D18:eC9-

4F:Y-PH-CH3, D18:eC9-4F:Y-PH-2CH3, and the line profiles of GISAXS results.

0
°"§ —o—D18:L8-Bo
5 D18:L8-Bo:Y-PH-CH,
<z
8}

£

S

)

£

wn

E 16

S -

-

=

5]

T

Pt

= 24}

U "W

0.0 0.2 0.4 0.6 0.8 10

Voltage(V)

Figure S10. J-V curves of the D18:L8-BO binary and D18:L8-BO:-PH-CHj ternary

devices.
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Figure S11. EQE curves of the D18:L8-BO binary and D18:L8-BO:Y-PH-CHj ternary

devices.

Figure S12. The PLQY of eC9-4F, eC9-4F:Y-PH-H, eC9-4F:Y-PH-CH3, eC9-
4F:Y-PH-2CH3.
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3. Supporting Tables

Table S1. The charge mobilities of D18:eC9-4F, D18: eC9-4F:Y-PH-H, D18: eC9-
4F:Y-PH-CH3, D18:eC9-4F:Y-PH-2CH3 films.



U104 upx10-4

(cm2V-1s) (cm2V-ls1) pelt

D18:eC9-4F 3.76 3.19 1.18
D18:¢C9-4F:Y-PH-H 6.65 6.14 1.08
D18:eC9-4F:Y-PH-CH3 7.13 6.88 1.03
D18:¢C9-4F:Y-PH-2CH3 8.39 5.85 1.43

Table S2. The PLQY of D18:¢C9-4F, D18: ¢C9-4F:Y-PH-H, D18: eC9-4F:Y-PH-
CH3, D18:eC9-4F:Y-PH-2CH3 films.

PLQY (Pure PLQY(Bend film)

film)

D18:eC9-4F 4.19
D18:eC9-4F:Y-PH-H 4.80 4.87
D18:eC9-4F:Y-PH-CH3 5.29 5.95
D18:eC9-4F:Y-PH-2CH3 5.88 7.45

Table S3. A summary of d-spacing and coherence lengths (CCL) of D18:eC9-4F,
D18: eC9-4F:Y-PH-H, D18: eC9-4F:Y-PH-CH3, D18:¢C9-4F:Y-PH-2CH3 films.

FWHM (n CCL q(A) g @mm)

m ) (nm) "
D18:eC9-4F 0.251 22.558 1.725 3.642
D18:eC9-4F:Y-PH-H 0.242 23.333 1.7425 3.606
D18:eC9-4F:Y-PH-CH3 0.237 23.865 1.7425 3.606
D18:eC9-4F:Y-PH-2CH3 0.284 19.923 1.725 3.642

Table S4. Fitting parameters of D18:eC9-4F, D18: eC9-4F:Y-PH-H, D18: eC9-
4F:Y-PH-CH3, D18:eC9-4F:Y-PH-2CH3 films, where &, 2Rg, and D are obtained
from GISAXS fitting.



& (nm) n(nm) D 2Rg(nm)
D18:eC9-4F 25.7 7.1 2.5 29.7
D18:eC9-4F:Y-PH-H 26.3 7.2 2.5 30.1
D18:eC9-4F:Y-PH-CH3 27.8 7.8 2.7 34.9
D18:eC9-4F:Y-PH-2CH3 19.8 6.4 2.1 23.1

Table S5. Device performance parameters of ternary OSCs at different weight ratios.

1:1.2:0.1 Voc(V) FF(%) Jsc(mA/cm?2) PCE(%)
D18:eC9-4F 0.869 71.23 27.76 17.21
D18:eC9-4F:Y-PH-H 0.874 72.77 27.89 17.75
D18:eC9-4F:Y-PH-CH; 0.881 75.58 27.95 18.63
D18:eC9-4F:Y-PH-2CH3; 0.887 69.59 26.52 16.39
1:1.2:0.05
D18:eC9-4F:Y-PH-H 0.866 68.93 25.16 15.03
D18:eC9-4F:Y-PH-CH; 0.869 70.35 24.86 15.21
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