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Materials

PM6 was purchased from Solarmer Inc. D18-Cl was purchased from eFlexPV Limited. BTP-eC9 and 

Y6 was purchased from hyperchemical Inc. L8-BO and L8-BO-F was synthesized in our group according to 

previously reported literature.1,2 

Unless otherwise noted, all reagents and chemicals were purchased from commercial sources and used 

without further purification. Anhydrous THF was distilled from sodium/benzophenoneketyl prior to use. 

12,13-bis(2-butyloctyl)-3,9-dinonyl-12,13-dihydro-[1,2,5]thiadiazolo[3,4-

e]thieno[2'',3'':4',5']thieno[2',3':4,5]pyrrolo[3,2-g]thieno[2',3':4,5]thieno[3,2-b]indole-2,10-dicarbaldehyde 

and 12,13-bis(2-ethylhexyl)-3,9-diundecyl-12,13-dihydro-[1,2,5]thiadiazolo[3,4-

e]thieno[2'',3'':4',5']thieno[2',3':4,5]pyrrolo[3,2-g]thieno[2',3':4,5]thieno[3,2-b]indole-2,10-dicarbaldehyde 
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were synthesized according to previously reported literature.3-5
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Scheme S1. Synthetic routes of BTP-F and Y6-F.

To a 100 mL two-necked round-bottomed flask was charged sequentially with 3,9-bis(2-butyloctyl)-

12,13-bis(2-ethylhexyl)-12,13-dihydro-[1,2,5]thiadiazolo[3,4-

e]thieno[2'',3'':4',5']thieno[2',3':4,5]pyrrolo[3,2-g]thieno[2',3':4,5]thieno[3,2-b]indole-2,10-dicarbaldehyde 

(120 mg, 0.110 mmol, 1 equiv), 2-(5-fluoro-3-oxo-2,3-dihydro-1H-inden-1-ylidene)malononitrile and 2-(6-

fluoro-3-oxo-2,3-dihydro-1H-inden-1-ylidene)malononitrile mixture (54 mg, 0.254 mmol, 2.3 equiv) and 

CHCl3 (30 mL). After the reaction mixture was stirred at room temperature for 10 min under protection of 

nitrogen, pyridine (0.5 mL) was added and the reaction was stirred at 55 ºC for 4 hours. After removal of the 

solvent under vacuum, the residue was purified by column chromatography on silica gel with petroleum 

ether: dichloromethane (2:3, v: v) as an eluent to yield an isolated BTP-F as a black solid (133 mg, 81.5%). 

For BTP-F: 1H NMR (400 MHz, CDCl3) : δ 9.16 (s, 2H), 8.72 (m, 0.57H), 8.41 (m, 1.38H), 7.96 (m, 1.40H), 

7.57 (m, 0.57H), 7.43 (m, 2H), 4.78 (m, 4H), 3.23 (m, 4H), 2.15 (m, 2H), 1.90 (m, 4H), 1.57 (s, 2H), 1.55 

(m, 4H), 1.39 (m, 4H), 1.28 (m, 20H), 0.98 (m, 18H), 0.89 (m, 10H), 0.65 (m, 14H), 0.07 (S, 2H). MALDI-

TOF (m/z) calculated for C86H94F2N8O2S5 [M] +:1470.62, found: 1470.7. 

To a 100 mL two-necked round-bottomed flask was charged sequentially with 12,13-bis(2-ethylhexyl)-

3,9-diundecyl-12,13-dihydro-[1,2,5]thiadiazolo[3,4-e]thieno[2'',3'':4',5']thieno[2',3':4,5]pyrrolo[3,2-

g]thieno[2',3':4,5]thieno[3,2-b]indole-2,10-dicarbaldehyde (100 mg, 0.097 mmol, 1 equiv), 2-(5-fluoro-3-

oxo-2,3-dihydro-1H-inden-1-ylidene)malononitrile and 2-(6-fluoro-3-oxo-2,3-dihydro-1H-inden-1-

ylidene)malononitrile mixture (44.5 mg, 0.195 mmol, 2.3 equiv) and CHCl3 (30 mL). After the reaction 

mixture was stirred at room temperature for 10 min under protection of nitrogen, pyridine (0.5 mL) was 
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added and the reaction was stirred at 55 ºC for 4 hours. After removal of the solvent under vacuum, the 

residue was purified by column chromatography on silica gel with petroleum ether: dichloromethane (2:3, 

v:v) as an eluent to yield an isolated BTP-eC9F as a black solid (112 mg, 80.5%). For Y-F: 1H NMR (600 

MHz, CDCl3) δ 9.14 (d, J = 7.3 Hz, 2H), 8.72 (m, 0.47H), 8.38 (m, 1.45H), 7.96 (m, 1.47H), 7.60 (m, 

0.47H), 7.43 (m, 2H), 4.79 (m, 4H), 3.22 (m, 4H), 2.13 (m, 2H), 1.87 (m, 4H), 1.60 (s, 6H), 1.51 (m, 4H), 

1.37 (m, 4H), 1.25 (m, 38H), 1.05 (m, 10H), 0.87 (m, 6H), 0.76 (m, 6H), 0.66 (m, 6H).5

Materials Characterization

The nuclear magnetic resonance (NMR) spectra were recorded on a Bruker Avance 400 MHz and 600 

MHz spectrometer with deuterated chloroform (CDCl3) and trimethylsilane (TMS) as the solvent and 

internal reference, respectively. The mass spectra were measured using Bruker Daltonics Biflex III MALDI-

TOF Analyzer in the MALDI mode.

Measurements and Characterizations

UV-vis absorption spectra of the pristine and blend films were acquired with a UV-vis 

spectrophotometer (Shimadzu UV-3700). Cyclic voltammetry (CV) measurements was performed on a 

CHI660E electrochemical workstation in a three-electrode cell in anhydrous acetonitrile solvents solution of 

Bu4NPF6 (0.1 M) with a scan rate of 50 mV/s at room temperature under argon. A Ag/Ag+ wire, two 

platinum wires were used as the reference electrode, counter electrode, and working electrode, respectively. 

The materials to be tested in chloroform solution were dried on the surface of the working electrode. The 

potential of Ag/Ag+ reference electrode was internally calibrated by using ferrocene/ ferrocenium (Fc/Fc+) 

as the redox couple. The water and glycerol contact angle images of neat films were recorded by using a 

KRÜSS DSA 100 instrument under atmospheric condition. DSC measurements were performed on the 

PerkinElmer Diamond DSC instrument with a heating rate of 10 ºC min-1 under nitrogen atmosphere. 

Device current density-voltage (J-V) characteristics were recorded using a Keithley 2400 Source Measure 

Unit. The photocurrent was tested under AM 1.5G illumination at 100 mWcm-2 using a solar simulator 

(Class AAA solar simulator, Model 94063A, Oriel). The light intensity was calibrated using a standard Si 

solar cell and a readout meter (Model 91150V, Newport). The mobility was determined by fitting the dark 

current to the model of a single carrier SCLC, according to the equation: J = 9ε0εrμV2/8d3, where J is the 

current density, d is the film thickness of the active layer, μ is the charge carrier mobility, εr is the relative 

dielectric constant of the transport medium, and ε0 is the permittivity of free space. The carrier mobility can 

be calculated from the slope of the J0.5 ~ V curves. The electroluminescence (EL) spectra were taken using a 



4

Kymera-328I spectrograph and an EMCCD purchased from Andor Technology (DU970P). Injection current 

used for EL was 1 mA cm-2. EQEEL measurements were performed using a home-built setup using a 

Keithley 2400 to inject current to the solar cells. Emission photon-flux from the solar cells was recorded 

using a Si detector (Hamamatsu s1337-1010BQ) and a Keithley 6482 picoammeter. Sensitive EQE 

measurements were done using a halogen lamp light source, chopped at a frequency of 173 Hz, a 

monochromator (Newport CS260), a Stanford SR830 lock-in amplifier, a Stanford SR570 current amplifier, 

and a set of long pass filters. Lamp intensity was calibrated using a Si detector (Hamamatsu s1337-1010BQ). 

AFM measurement was performed on a Dimension Icon AFM (Bruker) in a tapping mode under ambient 

conditions. Grazing incidence wide-angle X-ray scattering (GIWAXS) patterns were acquired by detector 

Pilatus3R 1M, Dectris (X-ray Source: MetalJet-D2, Excillum).

-0.50.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.09.510.0

f1 (ppm)

2.
15

13
.7

4
10

.9
8

18
.4

9
19

.7
2

4.
14

4.
12

1.
99

4.
03

2.
07

4.
02

3.
97

2.
00

0.
57

1.
40

1.
38

0.
57

2.
00

0.
07

0.
62

0.
64

0.
65

0.
66

0.
67

0.
87

0.
89

1.
28

1.
39

1.
53

1.
55

1.
57

1.
88

1.
90

2.
15

3.
21

3.
23

3.
25

4.
76

4.
78

7.
43

7.
44

7.
57

7.
96

8.
41

8.
41

8.
71

8.
72

8.
74

9.
16

O
NC

NC
O

CN

CN

N
S

N

N N

S

S

C9H19
S

S

C9H19

C6H13

C4H9

C6H13

C4H9

F F

BTP-F



5

0.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.0

f1 (ppm)

6.
23

6.
19

6.
41

10
.0

8
38

.8
0

4.
02

4.
20

6.
06

4.
09

2.
05

4.
03

3.
99

2.
00

0.
47

1.
47

1.
45

0.
47

2.
00

0.
66

0.
67

0.
76

0.
77

0.
86

0.
87

1.
05

1.
05

1.
05

1.
23

1.
25

1.
25

1.
36

1.
37

1.
38

1.
49

1.
51

1.
52

1.
60

1.
86

1.
87

1.
89

2.
12

2.
13

3.
20

3.
22

3.
23

4.
77

4.
79

4.
80

7.
43

7.
43

7.
43

7.
59

7.
60

7.
95

7.
96

8.
37

8.
38

8.
39

8.
71

8.
72

8.
73

9.
14

9.
15

O
CN

CN

N
S

N

N N

S

S

S

S
C2H5

C4H9

C11H23 C11H23

O
NC

NC

C2H5

C4H9

F FY6-F

Fig. S1 1H NMR spectra of BTP-F and Y6-F.

800 1000 1200 1400 1600 1800 2000
0

1x107

2x107

3x107

4x107

5x107

6x107

7x107

8x107

9x107

1x108

14
70

.7

in
te

ns
.[a

.u
.]

m/z

a

Fig. S2  MALDI-TOF spectrum of BTP-F.
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Fig. S3 Current-voltage curves of cyclic voltammetry (CV) measurements of ferrocene (a) and PM6, BTP-

eC9, and BTP-F (b).
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Fig. S4 (a) Current-voltage (J-V) curves of PM6:BTP-eC9:BTP-F devices with different BTP-F contents 

under AM 1.5 G solar irradiation (100 mW cm-2) and (b) the corresponding EQE spectra.
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Fig. S5 Report of the certified efficiency of PM6:BTP-eC9:BTP-F ternary device at National Institute of 

Metrology, China.
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Fig. S6 (a) Current-voltage (J-V) curves of PM6:Y6, PM6:Y6-F, and PM6:Y6:Y6-F devices under AM 1.5 

G solar irradiation (100 mW cm-2) and (b) the corresponding EQE spectra.
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devices under AM 1.5 G solar irradiation (100 mW cm-2) and (b) the corresponding EQE spectra.
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Fig. S8 Photostability test of the binary and ternary devices from maximum power point tracking under 

continuous illumination equivalent to ~1 sun. 
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Fig. S9 J-V characteristics of (a-c) the hole-only devices, and (d-f) the electron-only devices based on 

different photovoltaic blends.

 

20 40 60 80 100

10

 

 

 PM6:BTP-eC9               =0.97
 PM6:BTP-eC9:BTP-F   =0.98
 PM6:BTP-F                   =0.95

J sc
 (m

A/
cm

2 )

Light intensity (mW/cm2)
20 40 60 80 100

0.8

0.9

 

 

 PM6:BTP-eC9              n=1.39 kT/q
 PM6:BTP-eC9:BTP-F  n=1.15 kT/q
 PM6:BTP-F                  n=1.33 kT/q

V oc
 (V

)

Light intensity (mW/cm2)

0.1 1

10

J ph
 (m

A/
cm

2 )

Veff (V)

 PM6:BTP-eC9 P(E,T)=95.63%
 PM6:BTP-eC9:BTP-F P(E,T)=98.66%
 PM6:BTP-F P(E,T)=94.63%

(a) (b) (c)

Fig. S10 (a) Jph versus Veff characteristics, (b) Voc versus light intensity characteristics, and (c) Jsc versus 

light intensity characteristics of the binary and ternary OSCs.
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Fig. S11 (a-c) 2D GIWAXS patterns of PM6, BTP-eC9, BTP-F neat films and (d,e) the corresponding out-

of-plane and in-plane line cuts.
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Fig. S12 Normalized absorption and electroluminescence spectra of (a) PM6:BTP-eC9, (b) PM6:BTP-

eC9:BTP-F, and (c) PM6:BTP-F blends.
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Fig. S13 The EQEEL spectra of the binary and ternary devices.

Table S1 Device parameters of binary and ternary OSCs with different BTP-F contents.

BTP-F Contents
Voc

[V]
Jsc

[mA cm-2]
FF
[%]

PCE
[%]

EQE
(mA cm-2)

0% 0.845 26.81 77.5 17.58 26.21
10% 0.854 26.88 78.7 18.07 26.42
15% 0.858 26.99 79.7 18.45 26.69
20% 0.858 26.81 77.5 17.83 26.20
100% 0.900 24.05 75.0 16.20 23.71

Table S2 Contact angle data using water and glycerol droplets and surface tension of PM6, BTP-
eC9, and BTP-F.

Materials θwater [°] θglycerol [°] γ [mN m-1]

PM6 103.3 91.3 17.18
BTP-eC9 94.5 81.3 23.58

BTP-F 94.6 78.9 26.51
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Table S3 Device parameters for OSCs based on the selected Y-series acceptors.

Acceptors Donors
PCE
(%)

Energy loss
(V)

ΔVrad

(V)
ΔVnon-rad

(V) Ref.

Y1 PBDB-T 13.4 0.57 0.27 0.25 6
Y2 PBDB-T 13.4 0.57 0.27 0.26 6
Y11 PM6 16.54 0.43 / 0.17 7

AQx1 PM6 13.3 0.52 0.26 0.21 8
AQx2 PM6 16.6 0.54 0.26 0.22 8

BTP-4F(Y6) PM6 15.6 0.57 0.26 0.23 9
BTP-4Cl PM6 16.5 0.53 0.26 0.21 9
BTP-eC7 PM6 6.94 0.56 0.263 0.225 10
BTP-eC9 PM6 17.8 0.56 0.263 0.227 3
BTP-eC11 PM6 16.9 0.55 0.262 0.229 3

Y18 PM6 16.5 0.52 0.27 0.21 11
BTP-C4C6-N PM6 12.41 0.49 0.27 0.18 12
BTP-C2C4-N PM6 10.3 0.52 0.27 0.21 12
BTP-C6C8-N PM6 11.9 0.49 0.27 0.18 12

Y5 PM6 7.2 0.51 0.27 0.18 12
C6OB-H PBDT-H 12.07 0.659 0.243 0.309 13
C6OB-H PBDT-F 10.06 0.743 0.241 0.390 13
C6OB-F PBDT-H 11.20 0.583 0.243 0.228 13
C6OB-F PBDT-F 15.21 0.606 0.241 0.269 13

Y6 PBDB-TF 15.3 0.562 / 0.25 14
BTP-S1 PM6 15.21 0.56 0.27 0.22 15
BTP-S2 PM6 16.37 0.53 0.27 0.20 15

N3(As cast) BT-2F 8.09 0.488 0.254 0.205 16
N3(TA) BT-2F 14.66 0.508 0.253 0.226 16
N3(CS2) BT-2F 15.39 0.534 0.256 0.244 16

Y6 D18 16.1 0.51 0.27 0.20 17
Y5 PM7 3.28 0.44 / 0.13 18
Y5 PM7:PBDB-T 5.27 0.47 / 0.16 18
Y5 PBDB-T 9.04 0.54 / 0.22 18

PYT PBDBT 12.9 0.58 0.27 0.28 19
PZT PBDBT 14.5 0.52 0.27 0.22 19

PZT-γ PBDBT 15.8 0.51 0.26 0.22 19
BTP-eC9: BTP-F PM6 18.45 0.466 0.268 0.198 This Work

BTP-F PM6 16.20 0.451 0.266 0.185 This Work
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