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1. Materials Synthesis
All reagents and solvents, unless otherwise specified, were purchased from commercial 
sources and were used without further purification. PM6 was purchased from Solarmer 
Material Inc. L8-BO was purchased from Guangzhou ChasingLight Technology Co., 
Ltd. BTP-2CHO and F-INCN, Cl-INCN, Br-INCN were purchased from Nanjing 
Zhiyan Technology Co., Ltd.

Scheme S1 Synthetic route for L8-BO-F, L8-BO-Cl and BTP-H2.

Synthesis of BTP-H2
To a Schlenk tube were added BTP-2CHO (150 mg, 0.14 mmol), Br-INCN (120 mg, 
0.44 mmol), and dried CHCl3 (40mL). Then the mixture was frozen by liquid nitrogen, 
after vacuum and Ar circulated for three times, 0.5 mL pyridine was added. The mixture 
was refluxed at 70 °C for 8 h. After removing the solvent, silica gel column 
chromatography was used to purify the product with the mixture of dichloromethane 
and petroleum ether (1.5:1~2:1, v/v) as the eluent, yielding a black solid (184 mg, 82%). 
L8-BO-F and L8-BO-Cl were synthesised by the same procedure mentioned above.

BTP-H2 1H NMR (500 MHz, CDCl3, ): 9.15 (s, 2H), 8.83 and 8.56-8.54 (m, 2H), 8.04 
and 7.82-7.75 (m, 2H), 7.93-7.82 (m, 2H), 4.89-4.67 (m, 4H), 3.27-3.05 (m, 4H), 2.20-
1.99 (m, 4H), 1.50-1.42 (m, 4H), 1.42-1.11 (m, 32H), 1.10-0.90 (m, 12H), 0.89-0.80 
(m, 12H), 0.80-0.72 (m, 6H), 0.71-0.60 (m, 6H).
 
L8-BO-F 1H NMR (500 MHz, CDCl3, ): 9.16 (s, 2H), 8.75 (dd, J = 3.4 Hz, J = 3.6 
Hz, 0.63H), 8.41 (dd, J = 1.6 Hz, J = 5.6 Hz, 1.32H), 7.96 (dd, J = 4.2 Hz, J = 2.4 Hz, 
1.33H), 7.59 (dd, J = 2.0 Hz, J = 3.3 Hz, 0.63H), 7.46-7.39 (m, 2H), 4.91-4.65 (m, 4H), 
3.33-3.03 (m, 4H), 2.15-2.04 (m, 4H), 1.51-1.43 (m, 4H), 1.40-1.16 (m, 32H), 1.10-
0.93 (m, 12H), 0.88-0.81 (m, 12H), 0.78-0.73 (m, 6H), 0.68-0.63 (m, 6H).

L8-BO-Cl 1H NMR (500 MHz, CDCl3, ): 9.15 (s, 2H), 8.67 (d, J = 1.2 Hz, 1.04H), 
8.64 (d, J = 6.7 Hz, 0.78H), 7.89-7.83 (m, 2H), 7.74-7.64 (m, 2H), 4.88-4.68 (m, 4H), 
3.16 (d, J = 5.9 Hz, 4H), 2.16-2.02 (m, 4H), 1.50-1.43 (m, 4H), 1.38-1.17 (m, 32H), 
1.09-0.93 (m, 12H), 0.88-0.81 (m, 12H), 0.79-0.74 (m, 6H), 0.69-0.62 (m, 6H).



5

Fig. S1 NMR spectrum of BTP-H2.

Fig. S2 NMR spectrum of L8-BO-F.
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Fig. S3 NMR spectrum of L8-BO-Cl.

Fig. S4 High-resolution mass spectra of BTP-H2.

Fig. S5 High-resolution mass spectra of L8-BO-F.

Fig. S6 High-resolution mass spectra of L8-BO-Cl.
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Note: 1H NMR tests were carried out with a Bruker Advance 500 (500 MHz) NMR 
spectroscope. Matrix-assisted laser desorption/ionization time of flight (MALDI-TOF) 
MS spectrum was obtained on the Bruker Ultraflex MALDI.

2. UV-vis Absorption Spectroscopy

Fig. S7 Normalized absorption spectra of (a) pristine acceptors and (b, c) the blend 
films.

Note: UV-vis absorption spectra were measured on a Shimadzu UV-1800 
spectrophotometer.

3. Cyclic Voltammetry (CV)
Fig. S8 Cyclic voltammogram of the polymer donor (PM6) and the acceptors (L8-BO-F 
and L8-BO-Cl).

Note: Cyclic voltammetry was done on a CHI600A electrochemical workstation by 
utilizing the acetonitrile solution of 0.1 mol/L 
tetrabutylammoniumhexafluorophosphate (Bu4NPF6). The CV curves were recorded 
versus the potential of SCE, which was calibrated by the ferrocene-ferrocenium 
(Fc/Fc+) redox couple (4.8 eV below the vacuum level). Then LUMO and HOMO 
levels was calculated by the equation of ELUMO/HOMO = -e (Ered/ox+4.41) (eV).
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4. Device Performance

Fig. S9 (a) J-V curves of the optimal devices. (b) PCE statistics of 20 cells for each 
blend. (c) EQE curves of the optimal devices.

5. Time-resolved Photoluminescence Measurement
Fig. S10 Time-resolved photoluminescence spectra of L8-BO, BTP-H2 and L8-
BO:BTP-H2 thin films probed at 875 nm.

6. Femtosecond Transient Absorption Spectroscopy

Fig. S11 Pump pulses adopted for selective excitations of acceptors for transient 
absorption measurements.
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Fig. S12 (a, b) Color plots of the TA spectra of the L8-BO film at around 800 nm 
excitation. (c, d) TA spectra of the pristine L8-BO film at different delay times.

Fig. S13 (a, b) Color plots of the TA spectra of the BTP-H2 film at around 800 nm 
excitation. (c, d) TA spectra of the pristine BTP-H2 film at different delay times.
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Fig. S14 (a, b) Color plots of the TA spectra of the PM6:L8-BO blend and PM6:BTP-
H2 blend at around 800 nm excitation. (c, d) TA spectra of the PM6:L8-BO blend and 
PM6:BTP-H2 blend at different delay times.

Fig. S15 TA traces of the three blends probed at different wavelengths. 
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Fig. S16 TA traces of the pristine films and blend films for L8-BO and BTP-H2 
probed at 1550 nm.

Note: We extract the value of hole transfer efficiency (HT) from the TA data by the 
following methods: first, the rate of hole transfer is estimated by the different decay 
rates of the excited states in the neat acceptor and the blend films, i.e., ki-EXG = 1/1, 
kHT = 1/2  1/1, where ki-EXG is the i-EX decay rate, kHT is the hole transfer rate, 1 
and 2 are the lifetimes probed at 1550 nm in the neat and blend films (Fig. S16). If we 
consider the i-EX lifetime shortening is solely contributed by hole transfer, the quantum 
efficiency is thus calculated as HT = kHT/(kHT + ki-EXG) = 1  2/1.

7. Energy Loss Calculation
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Fig. S17 Eg determination method.

Note: The total energy loss (Eloss) can be attributed to three parts following Equation 

below:

where Eg is the bandgap, q is the elementary charge,  is the maximum voltage based 𝑉𝑆𝑄
𝑜𝑐

on the Shockley-Queisser limit (SQ limit),  is the open-circuit voltage when there 𝑉𝑟𝑎𝑑
𝑜𝑐

is only radiative recombination,  is the voltage loss of radiative ∆𝑉𝑟𝑎𝑑,𝑏𝑒𝑙𝑜𝑤 𝑔𝑎𝑝
𝑜𝑐

recombination from the absorption below the bandgap and  is the voltage loss ∆𝑉𝑛𝑜𝑛 ‒ 𝑟𝑎𝑑
𝑜𝑐

of non-radiative recombination. ∆E1 is due to radiative recombination from the 
absorption above the bandgap, ∆E2 is due to radiative recombination from the 
absorption below the bandgap and ∆E3 is due to non-radiative recombination. The third 

part, non-radiative loss, could be directly calculated by Equation :

where k is the Boltzmann constant, T is temperature and EQEEL is radiative quantum 
efficiency of the OSCs when charge carriers are injected into the device in the dark.

8. Morphology Investigation

Fig. S18 AFM phase images of the three blend films.
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Fig. S19 2D GIWAXS images of pristine donor/acceptor films.
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9. Certification Test Report
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10.Device Fabrication and Characterization
Device Fabrication
Organic solar cells were fabricated on glass substrates commercially pre-coated with a 
layer of indium tin oxide (ITO), constructing the inverted structure of 
ITO/PEDOT:PSS/Active Layer/Bis-FIMG/Ag. Before fabrication, the substrates were 
pre-cleaned in an ultrasonic bath of detergent, deionized water, acetone and isopropanol 
consecutively, and then treated in an ultraviolet ozone generator for 15 min. After that, 
a thin layer PEDOT:PSS (Baytron P AI4083) was spin coated onto the substrates at 
4500 rpm (~20 nm thick) for 30 s and annealed at 150 °C for 20 min. Put the substrates 
into glovebox, all of the active layer mentioned were spin coated from 16.5 mg/mL 
(PM6:acceptor = 1:1.2 by wt.) chloroform solution at 2500-3000 rpm for 30 s. Detailed 
device fabrication conditions were summarized in Table S3. After that, a 5 nm Bis-
FIMG film was deposited as the cathode buffer layer by the spin-coating of a solution 
of 1.0 mg/mL Bis-FIMG in methanol. Finally, the Ag (120 nm) electrode was deposited 
by thermal evaporation, the devices were completed with an active area of 0.06 cm2.

J-V and EQE Measurement
The current density-voltage (J-V) curves of OSCs were performed on a Enlitech SS-
F5-3A solar simulator under the condition of AM 1.5 G illumination, whose light 
intensity was calibrated by a standard Si solar cell at 100 mV cm-2. The EQE data were 
measured by a Solar Cell Spectral Response Measurement System (RE-R, Enlitech). 
All of the devices mentioned were tested by a shadow mask with an area of 0.0473 cm2.

GIWAXS Measurement 
GIWAXS measurements were performed in a Xeuss 3.0 SAXS/WAXS system with a 
wavelength of λ = 1.341 Å at Vacuum Interconnected Nanotech Workstation (Nano-
X).

FTPS-EQE Spectra Measurement
The FTPS measurement were performed by 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.

Electroluminescence (EL) Measurement
The EL signature was recorded with a monochromator and detected with an InGaAs 
detector. Data collection range is 700-1300 nm.
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EQEEL Measurement
EQEEL measurements were performed by applying external voltage sources through the 
devices from 1V to 3V. A Keithley 2400 SourceMeter was used for supplying voltages 
and recording injected current, and a Keithley 485 picoammeter was used for measuring 
the emitted light intensity.

AFM measurement
AFM images were obtained on a VeecoMultiMode atomic force microscopy in the 
tapping mode.

11.Auxiliary Table
Table S1 UV-vis results of pure acceptors.

UV-vis
Material

max
sol (nm) max

film (nm)
L8-BO 732 802

BTP-H2 735 805
L8-BO-F 727 794
L8-BO-Cl 732 799

Table S2 CV results.

Material EHOMO/LUMO (eV) Eg
cv (eV)

L8-BO -5.63/-3.90 1.73
BTP-H2 -5.54/-3.88 1.66
L8-BO-F -5.57/-3.88 1.69
L8-BO-Cl -5.56/-3.89 1.67

Table S3 Device fabrication conditions.
Active Layer D:A Additive Concentration Speed Annealing

PM6:L8-BO 1:1.2 0.25% DIO 16.5 mg/mL 3000 rpm 100°C 8min

PM6:BTP-H2 1:1.2 0.25% DIO 16.5 mg/mL 2500 rpm 80°C 8min

PM6:L8-
BO:BTP-H2

1:1.2 (25 
wt%)a

0.25% DIO 16.5 mg/mL 3000 rpm 80°C 8min

PM6:L8-BO-F 1:1.2 0.25% DIO 16.5 mg/mL 2500 rpm 80°C 8min

PM6:L8-BO-Cl 1:1.2 0.25% DIO 16.5 mg/mL 2500 rpm 80°C 8min
a Total D:A wt. ratio is kept as 1:1.2 and the percentage refers to the amount of BTP-
H2 incorporated.
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Table S4 Device parameters based on PM6:L8-BO-F and PM6:L8-BO-Cl.

Active Layer
Voc

(V)
Jsc

(mA cm-2)
Jcal

(mA cm-2) a
FF

PCE
(%) b

PM6:L8-BO-F
0.929

(0.9270.001)

23.86

(23.770.16)
23.66

77.7

(77.20.5)

17.2

(17.00.1)

PM6: L8-BO-Cl
0.924

(0.9250.002)

24.51

(24.300.18)
24.11

78.5

(78.00.3)

17.7

(17.50.2)
a Integrated current densities from EQE curves. b Average PCEs from 20 devices.

Table S5 Detailed parameters of GIWAXS profiles for the pristine films along with in-
plane and out-of-plane directions.

In-plane Out-of-plane
System

Q/Å-1 D/Å Q /Å-1 D/Å FWHM CL/ Å
PM6 0.283 22.2 1.61 3.90 0.328 17.2

L8-BO 0.410 15.3 1.68 3.74 0.351 16.1

BTP-H2 0.408 15.4 1.68 3.74 0.240 23.6

Table S6 Detailed parameters of GIWAXS profiles for the blend films along with in-
plane and out-of-plane directions.

In-plane Out-of-plane
System

Q/Å-1 D/Å Q /Å-1 D/Å FWHM CL/ Å

PM6:L8-BO
0.294

0.391

21.4

16.1
1.68 3.74 0.306 18.5

PM6:BTP-

H2

0.298

0.393

21.1

16.0
1.68 3.74 0.278 20.3

PM6:L8-

BO:BTP-H2

0.302

0.392

20.8

16.0
1.68 3.74 0.296 19.1

Table S7 Comparison of device parameters between this work and references.

Active Layer
Voc 
(V)

Jsc (mA 
cm-2)

FF
(%)

PCE
(%)

Ref.

PM6:BTP-H2 0.932 25.33 78.5 18.5 Text
PM6:L8-BO:BTP-H2 0.892 26.68 80.7 19.2 Text

PM6:mBzS-4F 0.804 27.72 76.35 17.02 1

PM6:EHBzS-4F 0.825 27.58 70.07 15.94 1

PM6:Y6:ITCPTC 0.861 25.67 78.8 17.42 2

PM6:BTP-eC9:PC71BM 0.845 26.94 79.2 18.03 3

PM6:Y6:PC71BM 0.83 26.6 77.1 17 4

PBTATBT-4f:Y6 0.81 27.25 72.7 16.08 5

PTzBI-dF:y6 0.85 26.33 75.5 16.8 6

SZ5:BPT-4F 0.853 24.8 79.1 16.5 7
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SZ5:BPS-4F 0.822 25.4 77.9 16.1 7

P2F-Ehp:PCBM:Y6 0.82 26.38 74.8 16.18 8

PBQ10:Y6 0.85 25.77 74.6 16.34 9

PM6:CH1007:PC71BM 0.822 27.48 75.61 17.08 10

D18:Y6-Se 0.839 27.98 75.3 17.7 11

PM6:N3:PC71BM 0.841 26.49 78.2 17.42 12

PT2:Y6 0.83 26.7 74.4 16.5 13

PM6:BTP1O-4Cl-C12 0.91 23.85 78.8 17.1 14

PTQ10:BTP-Ph:BTP-Th 0.888 25.2 78.6 17.6 15

PM6:Y6:MeIC 0.863 25.4 79.2 17.4 16

PM6:Y6-1O:PC71BM 0.9 24.9 78.5 17.6 17

PM6:Y6-1O 0.89 23.2 78.3 16.1 17

PM6:N3:PC71BM 0.84 26.76 78 17.6 18

D18:BTPR:Y6 0.863 27.65 74.6 17.8 19

PM6:BO-4Cl:BTP-S2 0.861 27.14 78.04 18.16 20

PBDB-TF:AQx-2 0.86 25.38 76.25 16.64 21

SZ4:N3 0.848 26 77.4 17.1 22

PBTT-F:Y6 0.84 24.8 77.1 16.1 23

Pt10:Y6 0.81 26.45 76.3 16.35 24

PTQ10:Y6 0.87 24.81 75.1 16.21 25

PBDB-TF:BTP-4F-12 0.855 25.3 76 16.4 26

PBNT-BDD:Y6 0.88 25.4 72 16.1 27

PBDB-TF:BTP-4Cl 0.838 26.7 79 17.7 28

PBDB-TF:BTIC-2Cl-Rcf3:PC71ThBM 0.85 25.76 78.1 17.12 29

PTQ10:m-BTP-C6Ph 0.883 25.3 79.3 17.7 30

PM6:Y18:PC71BM 0.84 26.3 77.4 17.11 31

PM6:Y6 0.838 26.71 76.0 17.4 32

PL1:N3-Cl-2 0.85 25.62 75.5 16.42 33

S1:Y6 0.877 25.402 73.7 16.421 34

PM6:M3 0.91 24.03 76.22 16.66 35

PM6:BTP-2F-ThCl 0.869 25.38 77.4 17.06 36

PM6:N3 0.837 25.81 73.9 15.98 37

PM6:Y6:C8-DTC 0.873 26.5 75.61 17.52 38

P2F-EHp:BTPTT-4F 0.81 26.68 74.11 16.02 39

PM6:BP5T-4F 0.888 24.6 76.3 16.7 40

PBDB-TF:BTP-4Cl 0.867 25.4 75 16.5 41

PM6:BTP-eC9 0.848 27.12 80.79 18.58 42

PM6:CH1007:BT-4BO 0.88 26.9 75.35 17.80 43

PM6:L8-BO 0.87 25.72 81.5 18.32 44

PB2F:PM6:BTP-eC9 0.863 26.8 80.4 18.6 45

PM6:L8-BO 0.89 26.11 80.6 18.74 46

PM6:BTP-eC9:PC71BM 0.853 27.6 79.17 18.65 47
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PB2:BTP-eC9 0.863 26.2 78.4 17.7 48

PBQx-TCl:BTA3:BTP-eC9 0.84 26.9 79.6 18.0 49

PTO3:PM6:BTP-eC9 0.866 26.6 80.3 18.5 50

PBQx-TF:F-BTA3:eC9-2Cl 0.879 26.7 80.9 19.0 51

PM6:BTP-eC9:L8-BO-F 0.853 27.35 80 18.66 52

PTQ10:m-BTP-PhC6:PC71BM 0.869 26.99 80.6 18.89 53

PM6:L8-BO 0.89 26.37 79.94 18.77 54

PM6:BTP-eC9 0.85 28.18 76.46 18.27 55

PM6:BTP-eC9:HDO-4Cl 0.866 27.05 80.51 18.86 56

D18-Cl:G19:Y60 0.871 27.36 77.72 18.53 57

PM6:BTP-T-3Cl:BTP-4Cl-BO 0.857 27.38 77.73 18.21 58

PM6:BTP-eC11:BTP-S2 0.872 26.62 79.0 18.31 59

PM6:BTP-eC9:BTP-S2 0.878 26.78 79.44 18.66 60

PM6:AC9 0.871 26.75 79.0 18.43 61
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