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Experiment Section

Materials and synthesis

Compound M1 was synthesized according to the previously reported methods with high yield.™
Synthesis started from 4,5-dichlorobenzene-1,2-diamine (1), which was reacted with sodium
nitrite to yield compound 2, and compound 2 was chosen as the r-electron-deficient component.
Then, the alkylation of compound 2 was produced by reacting 1-bromo-2-hexyldecane with
anhydrous potassium carbonate in N,N-dimethylformamide at 150 °C for 12 hours. Compound
3 was first activated by forming an intermediate 4 with a trimethylsilyl group. Subsequently,
compound 5 was synthesized by bromination with liquid bromine and chloroform at 60 °C for
24 hours, shielded from light. After this, compound 5 was reacted with 2-
(tributylstannyl)thiophene via a Stille coupling reaction to produce compound 6. The monomer
M1 was obtained by brominating the compound 6 with N-bromosuccinimide (NBS). Finally,
the target polymer J101 was synthesized by a typical Stille polymerization using anhydrous
toluene as solvent and tetrakis(triphenylphosphine)palladium (0) [Pd(PPhs)4] as a catalyst at
110 °C for 17 hours. The polymer J101 was carefully purified by continuous Soxhlet extractions
with methanol, hexane, acetone, and chloroform, then chloroform fraction was concentrated
under vacuum evaporation, precipitated into methanol. Finally, the crude product was collected
by filtration and dried under vacuum at 40 °C for 16 hours. The polymerization yield of 53.7%
was obtained. J101 has good solubility in common organic solvents such as chloroform,
chlorobenzene, and o-dichlorobenzene.

Compound M2 and J71, ITIC were purchased from Solarmer Materials Inc. ZITI was provided
by Xiaozhang Zhu’s group. 4,5-dichlorobenzene-1,2-diamine, sodium nitrite, acetate,
anhydrous potassium carbonate, N,N-dimethylformamide, 1-bromo-2-hexyldecane, lithium
diisopropylamide  (LDA), chlorotrimethylsilane, bromine (Brz), chloroform, 2-

(tributylstannyl)thiophene,  N-bromosuccinimide  (NBS), tetrakis(triphenylphosphine)
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palladium (0) [Pd(PPhs)4], bis(triphenylphosphine)palladium(l1) chloride [Pd(PPhs).Cl.] were
purchased from commercial sources and used as received. Tetrahydrofuran (THF) and toluene
were distilled under nitrogen protection Na/benzophenone before reaction.

Compound 2-6, M1 and J101 were well characterized by *H or *3C-NMR.

Compound (2), the commercial 4,5-dichlorobenzene-1,2-diamine (1) (4.54 g, 25 mmol, 1 eq)
was dissolved in glacial acetic acid (3 mL) and water (100 mL) and cooled down to 0 °C. A
solution of sodium nitrite (1.92 g, 27.5 mmol, 1.1 eq) in water (40 mL) was added dropwise
and stirred at this temperature for 2 hours. Then the reaction mixture was allowed to room
temperature and stirred for overnight. The crude product was filtered, washed with water and
dried in vacuum. The product was used for next-step without further purification.

Compound (3), (2) (4.21 g, 22.5 mmol, 1eq), anhydrous potassium carbonate (3.78 g, 27 mmol,
1.2 eq) were put into a 250 mL two-neck round bottom flask, and then added N, N-
dimethylformamide (100 mL). Subsequently, 1-bromo-2-hexyldecane (7.08 g, 22.5 mmol, 1leq)
was added dropwise, and the mixture stirred at 150 °C for 12 hours under argon protection.
After cooling down to the room temperature, the mixture was poured into water (300 mL) and
then extracted with dichloromethane for several times. The combined organic phase was
washed with water for twice and then dried over anhydrous magnesium sulfate. After the
solvent was removed by rotary evaporation, the crude product was purified by column
chromatography (eluent: dichloromethane: petroleum ether = 1:10, Rf = 0.317) on a silica gel
to give compound 3 as a colorless oil. (6.21 g, yield: 67%). H-NMR (400 MHz, Chloroform-
d) 5 8.00 (s, 2H), 4.59 (d, J = 7.0 Hz, 2H), 2.22 (m, 1H), 1.29-1.19 (m, 24H), 0.86 (m, 6H).
Compound (4), lithium diisopropylamide (LDA) (14.7 mL, 29.4 mmol, 2 M, 2.2 eq) was added
dropwise to a solution of (3) (5.47 g, 13.3 mmol, 1 eq) in anhydrous THF (80 mL) under a
nitrogen atmosphere at -78 °C. The reaction mixture was stirred at this temperature for 1 hour.
Subsequently, trimethylchlorosilane (3.45 g, 31.12 mmol, 2.34 eq) in anhydrous THF (20 mL)

was added dropwise to the reaction solution and stirred at this temperature for 3 hours. After
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that, the mixture was poured into saturated ammonium chloride solution and extracted with
chloroform. The combined organic phase was washed with water for twice, then dried over
anhydrous magnesium sulfate, filtered and concentrated under reduced pressure. The product
was directly used for the next reaction without any purification.

Compound (5), (4) (6.22 g, 11.19 mmol, 1eq) and chloroform (60 mL) were added into two-
neck round bottom flask. Then liquid bromine (89.52 mmol, 4.60 mL, 8 eq) was added dropwise
at room temperature. The solution was then stirred at 60 °C for 24 hours in the dark. After
cooling down to the room temperature, the mixture was poured into saturated sodium hydroxide
solution (200 mL) and extracted with dichloromethane for several times. The crude product was
further purified with silica column chromatography using petroleum ether and dichloromethane
(10:1, R = 0.436) as eluent to get faint yellow oil. (3.12 g, yield: 49%). *H-NMR (400 MHz,
Chloroform-d) 6 4.64 (d, J = 7.3 Hz, 2H), 2.35-2.26 (m, 1H), 1.33-1.18 (m, 24H), 0.85 (m, 6H).
Compound (6), 5 (0.81 g, 1.41 mmol, 1eq) and 2-(tributylstannyl)thiophene (1.20 g, 3.1 mmol,
2.2 eq) were added into anhydrous toluene (50 mL). PdCI>(PPhs). (0.05g, 0.07 mmol, 0.05 eq)
was added quickly under nitrogen atmosphere. The reaction mixture was stirred at 110 °C for
48 hours. Then cooled down to room temperature, the reaction mixture was poured into water
(200 mL) and extracted with dichloromethane for several times. The organic layer was washed
with water for twice, dried over anhydrous sodium sulfate, filtered and concentrated under
reduced pressure. The crude product was purified by column chromatography (eluent:
dichloromethane: petroleum ether = 1:10, Rs = 0.323) on a silica gel to give compound 6 as a
yellow oil. (6.21 g, yield: 67%). *H-NMR (400 MHz, Chloroform-d) ¢ 8.00 (dd, J = 3.7, 1.2 Hz,
2H), 7.62 (dd, J = 5.2, 1.2 Hz, 2H), 7.29-7.27 (m, 2H), 4.68 (d, J = 6.8 Hz, 2H), 2.34-2.26 (m,
1H), 1.35-1.27 (m, 24H), 0.92 (m, 6H).

Synthesis of (M1). Compound 6 (0.47 g, 0.82 mmol, 1 eq) was dissolved in N,N-
dimethylformamide (15 mL) in a dried flask. The mixture was cooled to 0 °C in an ice bath.

Then, N-bromosuccinimide (0.37 g, 2.05 mmol, 2.5 eq) was added in one portion under the
4



darkness. Then the solution was stirred at 0 °C for 15 minutes, the mixture was stirred at room
temperature for 36 hours and then quenched with water (200 mL). The solution was extracted
with chloroform and washed with water for three times, sequentially. The solvent was removed
under reduced pressure, and the residue was further purified with silica column chromatography
using dichloromethane and petroleum ether (1:10, R = 0.58) as eluent to afford the compound
M1 as bright yellow solid (0.48 g, 81%).'"H-NMR (400 MHz, Chloroform-d) ¢ 7.82 (d, J = 4.0
Hz, 2H), 7.18 (d, J = 4.1 Hz, 2H), 4.64 (d, J = 6.7 Hz, 2H), 2.23 (p, J = 6.2 Hz, 1H), 1.32-1.21
(m, 24H), 0.87 (m, 6H). 3C-NMR (101 MHz, Chloroform-d) 5 141.8, 136.6, 132.1, 129.7,
129.2, 122.8, 115.9, 60.3, 39.2, 32.0, 31.9, 31.5, 31.4, 30.0, 29.7, 29.6, 29.4, 26.3, 26.2, 22.8,
22.7,14.2,14.2.

Polymerization of J101. In a dry 50 mL two-necked flask, M1 (111.9 mg, 0.15 mmol) and M2
(148.9 mg, 0.15 mmol) were dissolved in 10 mL dry toluene. After flushing with argon for 10
minutes, 7.6 mg of Pd(PPhz)s was added into the flask quickly, the mixture was flushed with
argon for another 5 minutes and stirred at 110 °C for 17 hours under argon. Then the reaction
mixture was cooled down to room temperature and precipitated into 200 mL of methanol. The
polymer was collected by filtration through a Soxhlet extractor and then subjected to soxhlet
extractions with methanol, hexane, acetone, and chloroform each for 12 hours, respectively.
Then the chloroform fraction was concentrated and precipitated with methanol, the purple-black
solid was obtained. Yield: 140 mg (53.7%). HT-GPC: My = 53.3 kDa ; M, = 28.1 kDa; PDI
=1.90.

Instruments and measurements

'H-NMR and *3C-NMR spectra were recorded on a Bruker AVANCE 300 MHz or 400 MHz
NMR spectrometer at room temperature. The molecular weight of the polymers was estimated
by high-temperature gel permeation chromatography (HT-GPC) using 1,2,4-trichlorobenzene
(TCB) as the eluent at 160 °C and monodispersed polystyrene as the standard. We calculated

the twisting barriers between benzotriazole and thiophene in 2CIBTz-T and 2FBTz-T by density
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functional theory at the B3LYP/6-31G (d, p) level.?3

Absorption profiles were recorded with a Perkin Elmer Lambda-35 absorption spectrometer
from 300 nm to 900 nm. Electrochemical properties were studied by cyclic voltammetry (CV).
CV was performed on a CS350H electrochemical workstation with a three-electrode system in
a 0.1 M [BusN]PFs acetonitrile solution at a scan rate of 10 mV s*. 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 and LUMO levels are calculated
from the onset potentials of oxidation and reduction with respect to the energy level of
ferrocene/ferrocenium couple, which was taken as -4.8 eV below the vacuum level

AFM measurements were performed with a Nano Wizard 4 atomic force microscopy (JPK Inc.
Germany) in Qi mode to observe the surface morphologies of the J71:ZITI and J101:ZITI (as-
cast and annealed) films deposited on glass substrates. TEM was performed on the FEI TITAN3
Themis 60-300 double aberration-corrected microscope at the Shenzhen Cauchy data Co. Ltd,
equipped with the super-X energy dispersive spectrometer. 2D GIWAXS measurements: The
2D GIWAXS measurement was performed at the small and wide angle X-ray scattering
beamline at the Australian Synchrotron. A Pilatus 1M 2-dimensional detector with 0.172 mm
x 0.172 mm active pixels was utilized in integration mode. The detector was positioned
approximately 300 mm downstream from the sample location. The precise sample-to-detector
distance was determined with a silver behenate standard. 11 KeV incident X-ray with
approximately a 0.25 mm x 0.1 mm spot was used to provide large enough q space. The 2-
dimensional raw data was reduced and analyzed with a modified version of Nika. 1D GIWAXS
patterns shown have been corrected to represent real Q. and Qxy axes with the consideration of
missing wedge. Critical incident angle was determined by the maximized scattering intensity
from sample scattering with negligible contribution from underneath layer scattering. The
shallow incident angle scattering was collected at 0.02°, which renders the incident X-ray as an

evanescent wave along the top surface of thin films.
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SCLC measurement: Single carrier devices were fabricated and the dark current-voltage
characteristics measured and analyzed in the space charge limited current (SCLC) regime
following the references. The structure of hole only devices was Glass/ITO/PEDOT:PSS/Active
layer/MoO3/Ag (100 nm). For the electron only devices, the structure was
Glass/ITO/ZnO/Active layer/Ca (15 nm)/Ag (80 nm), where both Ca and Ag were evaporated.
The reported mobility data are average values over the two cells of each sample at a given film
composition.

Photo-CELIV measurement: In photo-CELIV measurements, the devices were illuminated with
a 405 nm laser diode. Current transients were recorded across the internal 50 resistors of our
oscilloscope. Here, a fast electrical switch was used to isolate the device, in order to prevent
carrier extraction or sweep out. After the variable delay time, the switch connected the device
to a function generator. It applied a linear extraction ramp, which was 50 us long and 10.0 V
high. Moreover, it started with an offset matching the Vo of the device for each delay time.
TPV and CE measurements: In the TPV measurements, a 405 nm laser diode was used to keep
the organic solar cells in the Vo 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 over a range from 0.2 to 2 suns. 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. In the CE
measurements, a 405 nm laser diode also illuminated the organic solar cells, which was
sufficient to reach a constant Voc with the steady state conditions. At the end of the illumination
period, an analogue switch was triggered that switched the device from open-circuit to short-

circuit (50 Q) conditions within less than 50 ns.

Fabrication and characterization of the PSCs. All the devices were fabricated in the normal



architecture. These substrates were cleaned in toluene, water, acetone, and isopropyl alcohol.
After drying, the substrates were spin-coated with 40 nm PEDOT:PSS (HC Starck, PEDOT
PH-4083). The photovoltaic layers were spin-coated in a glovebox from a solution of J101:
acceptors with 16 mg mL™! in chloroform. A perylene diimide functionalized with amino N-
oxide (PDINO) layer via a solution concentration of 1.0 mg mL™! was deposited the top of the
active layer. Finally, the top aluminum electrode of 100 nm thickness was evaporated in a
vacuum onto the cathode buffer layer at a pressure of 5x10° mbar. The typical active area of
the investigated devices was 4 mm?. The current-voltage characteristics of the solar cells were
measured by a Keithley 2400 source meter unit under AM1.5G (100 mW cm™) irradiation from
a solar simulator (Enlitech model SS-F5-3A). Solar simulator illumination intensity was
determined at 100 mW cm™ using a monocrystalline silicon reference cell with 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 external quantum efficiency was
measured by a Solar Cell Spectral Response Measurement System QE-R3011(Enli Technology

Co., Ltd.).



Experimental data
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Figure S1. The HT-GPC diagrams of a) J71 and b) J101 using trichlorobenzene as eluent.
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Figure S3. a) Absorption coefficients of J101 and J71 film. b) Normalized absorption spectra
of the blend films of J71:ZITI and J101:ZITI. Temperature-dependent absorption (TD-Abs)
spectra of ¢) J71 and d) J101 in 0-DCB dilute solutions as the temperature decreased from 30
to 110 °C.

Table S1. Molecular weights, optical and electrochemical properties of J101 and J71.
Mhn PDI Amax Aedge Ego Ehomo  Erumo  Eg™
[kDa] [Mw/M.]  [nm]? [nm]®  [eV]° [eV]¢ [eV]Y [eV]
J101 28.1 1.89 544, 581 631 1.965 -5.30 -3.50 1.80
J71 25.9 2.00 539, 580 628 1.975 -5.27 -3.60 1.67
Thin films of J101 and J71 on quartz plate cast from chloroform solution. "absorption edge of
J101 and J71 films. °Calculated from the absorption edge of J101 and J71 films: Es°"
=1240/)cdge. “Measured by cyclic voltammetry and calculated according to the equation:
EnomorLumo = -€ (Eoxred + 4.40) (eV). *Electrochemical bandgap obtained from ELumo — EHomo.
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Figure S4. Cyclic voltammograms of J71 (black

ferrocene/ferrocenium (Fc/Fc*, blue line).
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Figure S5. Simulated molecular geometries. The LUMO and HOMO electron density
distribution and energy levels of dimers of J101 and J71 by DFT calculations at the B3LYP/6-
31G (d, p) level. To simplify the calculations, alkyl chains were replaced by methyl groups.
The S atoms are marked in yellow, N atoms are shown in blue, Cl atoms are marked in green,

F atoms are marked in cyan, C atoms are shown in gray, and H atoms are marked in white.
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Figure S6. J-V curves of devices based on J101:ITIC films with different thermal annealing
temperature under the illumination of an AM 1.5G solar simulator, 100 mW cm.
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Table S2. Photovoltaic parameters of devices based on J101:ITIC films with different TA
temperature under the illumination of an AM 1.5G solar simulator, 100 mW cm™,

Temperature Voc Jsc FF PCE (PCE?)
[°C] [V] [MA cm?2] [%] [%]
w/o 0.836 16.19 43.49 5.89 (5.64)

80 0.968 16.03 56.55 9.77 (9.56)
100 0.968 16.95 60.17 9.87 (9.76)
150 0.951 17.69 73.65 12.47 (12.23)
200 0.948 9.32 61.29 5.42 (5.25)
@The values in square bracket are the average PCE obtained from six devices.
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Figure S7. J-V curves of devices based on J101:ITIC films with different coating speeds
(thermal annealing at 150 °C for 10 minutes) under the illumination of an AM 1.5G solar
simulator, 100 mW cm,

Table S3. Photovoltaic parameters of devices based on J101:1TIC films with different coating
speeds (thermal annealing at 150 °C for 10 minutes) under the illumination of an AM 1.5G solar
simulator, 100 mW cm™.

Speed[rpm]/ Voc Jsc FF PCE (PCE?)
Thickness [nm] [V] [mA cm?] [%] [%]
1000/130 0.949 16.77 70.12 11.16 (11.02)
1200/112 0.951 17.34 71.80 11.84 (11.53)
1500/98 0.951 17.69 73.65 12.47 (12.23)
2000/86 0.955 16.74 72.29 11.56 (11.12)

&The values in square bracket are the average PCE obtained from six devices.
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Figure S8. J-V curves of devices based on J101:ITIC films with different thermal annealing
time at 150 °C under the illumination of an AM 1.5G solar simulator, 100 mW cm™.

Table S4. Photovoltaic parameters of devices based on J101:ITIC films with different thermal
annealing time at 150 °C under the illumination of an AM 1.5G solar simulator, 100 mW cm™.

Time Voc Js FF PCE (PCE?)
[minutes] [V] [MA cm2] [%] [%]
2 0.956 17.32 70.03 11.59 (11.20)
5 0.956 16.81 70.36 11.31 (11.12)
10 0.951 17.69 73.65 12.47 (12.23)
15 0.951 17.31 70.74 11.64 (11.34)
@The values in square bracket are the average PCE obtained from six devices.
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Figure S9. J-V curves of devices based on J101:ZITI films with different coating speeds under
the illumination of an AM 1.5G solar simulator, 100 mW cm.
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Table S5. Photovoltaic parameters of devices based on J101:ZITI films with different coating
speeds and thermal annealing at 150 °C for 2 minutes under the illumination of an AM 1.5G
solar simulator, 100 mW cm,

Speed[rpm]/ Voc Jsc FF PCE (PCE?)
Thickness[nm] [V] [mA cm?] [%0] [%0]
1000/169 0.920 21.49 66.00 13.06 (12.89)
1200/158 0.904 21.54 62.85 12.25 (12.02)
1500/140 0.921 21.68 67.78 13.53 (13.34)
1800/125 0.920 20.96 70.38 13.60 (13.40)
2000/114 0.921 20.66 68.51 13.02 (12.78)
2500/105 0.937 21.25 72.48 14.43 (14.12)
3000/94 0.926 19.73 69.69 12.73 (12.56)
3500/84 0.933 18.58 72.00 12.48 (12.22)
4000/76 0.932 18.25 69.28 11.79 (11.46)

@The values in square bracket are the average PCE obtained from six devices.
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Figure S10. J-V curves of devices based on J101:ZITI films with different thermal annealing
temperature under the illumination of an AM 1.5G solar simulator, 100 mW cm.

Table S6. Photovoltaic parameters of devices based on J101:ZITI films with different TA
temperature under the illumination of an AM 1.5G solar simulator, 100 mW cm.

Temperature Voc Jsc FF PCE (PCE?)
[°C] [Vl [MA cm™Z] [%] [%]
w/o 0.926 19.79 69.08 12.67 (12.34)
120 0.937 21.25 72.48 14.43 (14.12)
150 0.922 20.91 68.21 13.14 (12.88)

@The values in square bracket are the average PCE obtained from six devices.
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Figure S11. J-V curves of devices based on J101:ZITI films with different thermal annealing
time under the illumination of an AM 1.5G solar simulator, 100 mW cm.

Table S7. Photovoltaic parameters of devices based on J101:ZITI films with different thermal
annealing time under the illumination of an AM 1.5G solar simulator, 100 mW cm,

Time Voc Jsc FF PCE (PCE?)
[minutes] [Vl [MA cm?] [%] [%]
2 0.937 21.25 72.48 14.43 (14.12)
5 0.916 21.09 69.59 13.43 (13.22)
8 0.915 21.65 68.93 13.66 (13.34)
10 0.903 21.40 66.94 12.94 (12.67)
15 0.917 21.26 68.93 13.45 (13.24)
@The values in square bracket are the average PCE obtained from six devices.
0

= —— 1000 rpm
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<EE —— 1500 rpm

; —— 1800 rpm

= i = 2000 rpm

g -10 —— 2500 rpm
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o

E -154

S
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-20
0.0 0.2 0.4 0.6 0.8 1.0

Voltage (V)
Figure S12. J-V curves of devices based on J71:ZITI films with different coating speeds under
the illumination of an AM 1.5G solar simulator, 100 mW cm.
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Table S8. Photovoltaic parameters of devices based on J71:ZITI films with different coating
speeds and thermal annealing at 120 °C for 10 minutes under the illumination of an AM 1.5G
solar simulator, 100 mW cm,

Speed[rpm]/ Voc Jsc FF PCE (PCE?)
Thickness[nm] [V] [mA cm?] [%0] [%0]
1000/148 0.913 21.77 63.13 12.55 (12.34)
1200/142 0.916 21.55 64.39 12.72 (12.58)
1500/130 0.917 21.3 65.50 12.80 (12.63)
1800/118 0.908 20.42 63.79 11.84 (11.57)
2000/110 0.912 20.59 67.52 12.69 (12.48)
2500/98 0.912 20.23 69.49 12.82 (12.68)
3000/80 0.902 18.83 64.56 10.97 (10.82)

@The values in square bracket are the average PCE obtained from six devices.

Table S9. The PCEs for various BTz-based PSCs.

D:A PCE (%) References
FTAZ:F9IC 11.7 4
PTAZDCB20:PC71BM 9.02 5
4'-FT-FTAZ:PCe1BM 8.1 6
FTAZ/INIC3 11.5 !
FTAZ:PCBM 7.49 8
J52:1TIC 5.51 o
J60:ITIC 8.97 9
J6L:ITIC 9.53 9
J61:m-ITIC 11.77 10
J51:N2200 8.27 1
J50:1TIC 4.8 12
J5L:TIC 9.26 12
J7L:TIC 11.41 13
J8L:ITIC 10.6 14
J81:m-ITIC 11.05 14
J91:m-ITIC 11.63 15
J52:m-ITIC 5.98 15
J71:ZITI 13.28 16
J61:BT-IC 9.56 17
J71:BT-IC 10.46 17
PBTA-BO:IFBR:PCsBM 8.11 18
J52:1T-M 9.4 19
J52:IEICO 6.5 19
J52:1T-M:IEICO 11.1 19
FTAZ:ITIC1 8.54 20
FTAZ:ITIC2 11 2
J61-F:ITIC 8.24 21
FTAZ:IT-M 11 22
FTAZ:IDIC 10.4 2
J51:IDTIDSe-IC 8.02 24
J71:MelC 12.54 %
FTAZ:ITIC-Th 8.88 26
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FTAZ:ITIC-Thl 12.1 26
FTAZ:PC71:BM 5.22 26
FTAZ:ITIC-Th2 9.06 27
FTAZ:ITIC-Th3 10.7 27
PBNDT-HTAZ:PCs:BM 4.36 28
PBnDT-FTAZ:PCs:BM 7.1 28
FTAZ:PCs1:BM 5.93 29
PrzTAZ:PCs1BM 5 29
PYCNTAZ:PCs1BM 7.78 29
CNTAZ:PCs1BM 5.92 29
PBDT-HBTA:PC70BM 2.43 30
PBDT-FBTA:PC7BM 6 30
PBDTTDTBT:PC7:BM 3.1 81
PBDTDTBTz : PCs:BM 1.5 32
PBDTDTBTz : PC7:BM 1.7 32
PBDTBTz : PCs:BM 0.7 32
PBDTBTz : PC71:BM 1.4 32
PBDT-DTBTz:PC71.BM 2.88 3
PTIPSBDTDTBTz:PC7:BM 5.53 3
PT4Si-FTAZ:ITIC 6.79 34
PBDTSI-TA:ITIC 7.51 3
S-PBDTBTz:PC71:BM 5.5 36
A-PBDTBTz:PC71:BM 3.2 36
F-PBDTBTz:PC7:BM 2.7 36
PHTBT:PCBM 0.33 87
PF-DTBTA:PCBM 1.3 38
PCz-DBTA:PCBM 2.75 38
PPh-DBTA:PCBM 1.39 38
J62:1TIC 10.81 39
J63:ITIC 8.13 39
J64:1TIC 8.59 39
PBDT-TAZ:NOEOQ 6.8 40
PBDT-TAZ:NOE10 8.1 40
PBDT-TAZ:NOE20 7.3 40
PBDT-TAZ:NOE30 6.1 40
J70:m-ITIC 11.62 41
J71:m-ITIC 12.05 41
J72:m-ITIC 10.23 41
J73:m-ITIC 10.71 41
J74:m-ITIC 9.63 41
J71:IDTT-BH 11.05 42
J71:IDTT-OBH 8.02 42
PFBTAZ:O-IDTBR 7.7 43
PfBTAZS:O-IDTBR 10.4 43
PBDFS-Bz:ITIC 8.07 44
PBDFS-fBz:ITIC 9 44
J61:ICTP 3.24 45

J51: IDSe-T-IC 8.21 46
J51: PC71BM 6 46
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J52:BTA13 7.82 47
J52-F:BTA13 8.36 47
J52-FS:BTA13 3.84 47

J61:SJ-1C 9.27 48

J61:IDT-IC 6.95 48

J7L:1TICL 8.99 49

J7L:1TICS 12.5 49
PTBFBz:ITIC 8.33 50
PBDTBz:ITIC 5.51 50

J6LITIC 9.32 51
PVvBDTTAZ:O-IDTBR 11.6 52
FTAZ:NNFA[O0, 6] 9.52 53
FTAZ:NNFA[6, 3] 7.56 5
FTAZ:NNFA[6, 6] 10.56 53
FTAZ:NNFA[12, 3] 10.81 53
FTAZ:NNFA[12, 6] 9.54 53

FTAZ:IDIC1 7.13 54
FTAZ:IHIC1 9.21 54

FTAZ:IDIC 12.5 55

FTAZ:IDIC 12.91 56

J7L:1T-IC 9 57

J71:BDT-IC 10.05 57
FTAZ:COI6IC 8.43 58
FTAZ:COIi6FIC 9.12 58

FTAZ:COIi6DFIC 8.25 58

FTAZ:IHIC2 7.45 59

FTAZ:I0IC2 12.3 59

J71:m-MelC 12.08 60

PBT1CI-Bz:IT-4F 7.6 61
PBT2CI-Bz:IT-4F 7.8 61
PBTACI-Bz:IT-4F 9.25 61

J10L:1TIC 12.47 This work

J101:ZITI 14.43 This work

Table S10. PCE (%), E¢°™ (eV), Voc (V), and Eiess (€V) for various PSCs.
opt

Donor Acceptor F()OC/:OI)E I(Eegvp) X;; (Ii '\O/S‘; References
PBDB-T IT-M 12.05 1.6 0.94 0.66 62
PBDB-T IT-DM 11.29 1.63 0.97 0.63 62
PBDT- 63

TDZITIC ITIC 11.72 | 158 1.01 0.57
PBDTS- 63
TDZITIC ITIC 12.8 1.58 1.1 0.48

PHQX-T ITIC 8.47 1.57 0.87 0.7 64
PffQx-PS ITIC 9.12 1.57 0.97 0.6 64
PfQx-T PC:1BM 8.3 1.73 0.86 0.87 64
PffQx-PS PC7:1BM 8 1.81 0.93 0.88 64
J52 ITIC 5.51 1.57 0.73 0.84 9
J60 ITIC 8.97 1.57 0.91 0.66 o
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J61 ITIC 9.53 1.57 0.89 0.68 9
PBD1 PC71BM 9.8 1.88 0.91 0.97 65
PBDTTT-E-T IEICO 8.4 1.34 0.82 0.52 66
PBDTTT-E-T IEIC 4.9 1.5 0.9 0.6 66
PBDB-T-SF IT-4F 13.1 1.54 0.88 0.66 67
PBDTTT-C-T | DC-IDT2T | 3.93 1.55 0.9 0.65 68
PTB7-TH IEIC 6.31 1.57 0.97 0.6 69
PM6 IDTN 12.2 1.59 | 0.946 | 0.644 0
PTB7-Th ATT-1 10.07 | 154 0.87 0.67 K
P3HT O-IDTBR 6.4 1.63 0.73 0.9 &
P3HT EH-IDTBR 6 1.68 0.82 0.86 72
PBDB-T NTIC 8.63 1.67 | 0935 | 0.735 &
PBDB-T NTIC-Me 8.3 1.74 | 0963 | 0.777 73
PBDB-T NTIC- | g61 | 171 | 0965 | 0745 E
OMe
PBDB-T NTIC-F 8.1 1.66 | 0.812 | 0.848 73
PTB7-Th IHIC 9.77 1.38 | 0.754 | 0.626 “
PDBT-T1 'C'CIGC' DT-1 g71 1.62 | 0.89 0.73 75
PTB7-Th ITIC 6.8 1.59 0.81 0.78 76
J71 BT-IC 10.28 | 1.43 0.9 0.53 17
J61 m-1TIC 11.77 1.58 | 0.912 | 0.668 10
PTB7-Th CO8DFIC | 12.16 | 1.26 0.68 0.58 "
PTB7-Th IEICO-4CI | 10.3 1.23 | 0.727 | 0.503 8
TQ1 PC71BM 5.8 1.7 0.91 0.79 7
PTB7 PC:1BM 7.4 1.6 0.74 0.86 8
J51 N2200 8.27 1.48 0.83 0.65 1
PNDTDPP PC7:1BM 6.92 1.36 0.76 0.6 81
FTAZ INIC 7.7 1.57 0.96 0.61 !
FTAZ INIC1 10.1 1.56 0.93 0.63 !
FTAZ INIC2 10.6 1.52 0.9 0.62 !
FTAZ INIC3 11.2 1.48 0.86 0.62 !
J71 ITIC 11.41 | 1.59 0.96 0.63 13
PffBT-T4-2HD | PC7:BM 7 1.65 0.73 0.92 82
PfBT-T3(1,3) PC71BM 3.7 1.6 0.77 0.83 82
PffBT-T3(1,2)-1 | PCuBM 9.7 1.63 | 0.82 0.81 82
PffBT-T3(1,2)-2 | PC7uBM 10.5 1.63 0.82 0.81 82
PFfBT-T2 PC:1BM 4.3 1.61 0.88 0.73 82
PDBT-T1 PC7BM 9.74 1.85 0.92 0.93 8
PDBT-T1 SdiPBI-Se | 8.42 1.85 | 0.947 | 0.903 84
PBDB-T ITCC 11.4 1.67 1.01 0.66 85
PTB7-Th FNIC1 10.3 1.48 | 0.774 | 0.706 8
PTB7-Th FNIC2 13 1.38 | 0.741 | 0.639 86
HFAQX-T PC71BM 9.2 1.73 0.9 0.83 87
P1 IT-4F 11.5 1.52 | 0.896 | 0.624 88
P2 IT-4F 14.2 1.52 0.9 0.62 88
P3 IT-4F 11.2 1.52 | 0.904 | 0.616 88
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PDTP-DFBT PCn:1BM 8 1.38 | 0.698 | 0.682 89
PDTTDPP PC71BM 6.05 1.22 | 0.66 0.56 %
PBDB-T NITI 12.74 | 1.49 0.86 0.63 ol
PTB7-Th DICTF 7.93 1.82 | 0.85 0.97 92
P3HT N5 2.76 2.2 0.78 1.42 9
PBDB-T DF-PCIC | 10.14 | 159 | 0.91 0.68 %4
PCPDTBT PC71BM 5.5 1.46 | 0.62 0.84 %
PTB7 PDI1 5.14 1.65 0.79 0.86 %
PDIBDT-
PTB7-Th RDN 3.34 1.64 | 0.76 0.88 o
PTB7-Th PD'IE;DT’ 6.06 1.69 | 0.74 0.95 o7
PTB7-Th PDI'EET’ 4.67 1.68 | 0.71 0.97 o7
PIPCP PCs1BM 6.13 1.47 | 0.86 0.61 %
PBDB-T FDICTF 10 1.63 | 0.94 0.69 9
PBDB-T FDNCTF 11.2 1.6 0.93 0.67 %
PTB7 hPDI3 6.4 1.65 | 0.77 0.88 100
PTB7-Th hPDI3 7.9 1.58 | 0.81 0.77 100
PTB7 hPDI4 6.5 1.65 | 0.78 0.87 100
PTB7-Th hPDI4 8.3 1.58 0.8 0.78 100
DBFI-
PSEHTT DMT 6.37 1.87 | 0.92 0.95 101
PSEHTT DBFI-S 2.61 1.87 | 0.82 1.05 101
DBFI-
PSEHTT MTT 3.94 1.87 | 0.94 0.93 1ol
PffBT4T-20D | PC7:BM 10.8 156 | 0.77 0.79 102
PBT1-EH ITCPTC 11.8 1.58 0.95 0.63 103
PBT1-EH ITIC 9.8 1.6 0.99 0.61 103
PNOz4T PCs1BM 8.8 1.52 0.97 0.55 104
PNOz4T PCn1BM 8.9 1.52 0.96 0.56 104
PNTz4T PCes1BM 8.7 156 | 0.738 | 0.822 105
PNTz4T PC7:1BM 8.92 1.56 | 0.712 | 0.848 105
J52 IEICO-4F 9.4 1.24 | 0.734 | 0.506 106
PBDTTT-EFT | IEICO-4F 10 1.24 | 0.739 | 0.501 106
P1 PC7BM 5.14 1.8 0.8 1 107
TTV1 PC70BM 6.46 1.8 0.78 1.02 107
P2 PC70BM 3.48 1.1 0.4 0.71 107
TTV2 PC70BM 4.99 1.1 0.42 0.69 107
PDPPTPYT PCesBM 45 1.34 | 0.55 0.79 108
PDPPSPyYS PCesBM 3.1 1.24 | 0.48 0.76 108
PDPPTDTPT PCesBM 3.8 1.23 | 0.43 0.8 108
PDPPSDTPS PCesBM 2.9 1.13 | 0.34 0.79 108
PDPP2TZ2T PC7:1BM 5.1 1.47 0.92 0.55 109
PDPP2TzDTP PC71BM 5.6 1.28 | 0.69 0.59 109
PBDB-T IT-OM-1 6.3 1.74 1.01 0.73 110

20




110

PBDB-T IT-OM-2 11.9 1.63 0.93 0.7
PBDB-T IT-OM-3 10.8 1.72 0.97 0.75 110
PBDB-T IT-OM-4 7.9 1.68 0.96 0.72 110
P1 PY1 4.89 1.4 0.86 0.54 11
P1 DCI-2 6.94 1.23 0.8 0.43 111
P1 PC1BM 5.3 1.6 0.84 0.76 11
FTAZ ITIC-Th 8.88 1.6 0.92 0.68 26
FTAZ ITIC-Thl | 12.1 1.55 0.85 0.7 26
J101 ITIC 12.47 1.57 0.951 0.619 This work
J101 ZITI 14.43 1.53 0.937 0.593 This work
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Figure S13. The dark J-V characteristics of hole-only devices for pure J71 a) and J101 films b)

(the red solid lines are fitted according to the space-charge-limited current model).
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Figure S14. The dark J-V characteristics of hole-only optimized devices for a) J71:ZIT1 and b)
J101:ZITI blend films, (the red solid lines are fitted according to the space-charge-limited

current model).
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Figure S15. The dark J-V characteristics of electron-only optimized devices for a) J71:ZITI
and b) J101:ZITI blend films, (the red lines are fitted according to the space-charge-limited
current model).
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Figure S16. Photo-CELIV measurements on the optimized a) J71:ZITI and b) J101:ZITI solar
cells for different delay times between the light pulse and the extraction voltage ramp.
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Figure S17. Transient photo-voltage measurements of a) J71:ZITI and b) J101:ZITI solar cells
tested in different time periods, respectively. The strong dependence of light intensity and
lifetime can be observed.
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Figure S18. Charge extraction measurements of a) J71:ZI1Tl and b) J101:ZITI solar cells tested
in different time periods, respectively. The strong dependence of light intensity and carrier
density can be observed.
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Figure S19. TEM images of a) J71:ZITI, b) J101:ZITI, the scale bars are 200 nm. The 2D
GIWAXS images of ¢) neat J71 film, d) neat J101 film, e) neat ZITI film. The 1D GIWAXS
patterns along in-plane and out-of-plane directions of J71, J101, and ZITI neat films are
displayed in Figure 4g. The neat films of both polymers exhibited sharp diffraction peaks (100)
in the in-plane direction and with a moderate diffraction peak (010) in the out-of-plane direction,
indicating the face-on preferential orientation. The (100) lamellar peaks of J71 and J101 are
located at q =~ 0.294 and 0.291 A%, corresponding to the lamellar spacing of ~ 21.34 and 21.57
A, respectively. Furthermore, in the 2D GIWAXS patterns of the pure J71 and J101 thin films,
a medium intensity diffraction peak arises from in the out-of-plane direction (q = 1.61 and 1.64
A1) and corresponding to the m-w stacking peaks (= 3.90 and 3.83 A).
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Figure S20. EQE spectra of optimized ST-OSC (Ag = 15 nm) device based on J101:ZIT1 under
the illumination of an AM 1.5G solar simulator, 100 mW cm.

Table S11. AVT (%) and PCE (%) of some representative single-junction ST-OSCs reported
in literature and this work.

A(‘O\/g ;I' PCE (%) References
36 9.77 “
25 6 112
30 5.6 113
29.1 3.1 114
22.4 3.3 114
19 3.2 114
27.4 6.1 114
16.3 6.5 114
27.6 5.4 114
16.9 6.4 114
22 5.9 114
325 5.8 114
34.1 5.5 114
24.7 2.9 114
12.2 7 114
30 6.1 115
36 6.87 116
50 2.88 17
25.2 7.3 118
37.4 10.3 119
31 10.2 120
26 8.2 121
25.6 8.38 s
35.7 6.24 s
35.1 6.37 s
33.5 6.97 s
37 7.74 122
39.4 5.1 123
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47.3 5 123

58 4.5 124

40 3.4 125
24.59 2.6 126
24.35 5.1 126
13.03 5.63 126
31.71 4.22 126

37 5 127
21.69 11.04 This work
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Figure S21. The 'H-NMR spectra of M1 in CDCls.
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