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Materials and Reagents

PM6, PY-DT!, PY-IT? and PY-C113 were purchased from Solarmer Materials (Beijing,

China). Chloroform (CF) was purchased from Sigma Aldrich. DBTP and 4-BDBTP were

purchased from Macklin (Shanghai, China).

Device fabrication

All-polymer solar cells (all-PSCs) were fabricated with a device structure of

ITO/2PACz/PM6:polymer acceptors/PNDIT-F3N/Ag. The ITO-coated substrates were cleaned by

detergent deionized water, acetone, and isopropyl alcohol for 15 min each in ultrasonic cleaning

machine sequentially. The cleaned ITO-coated substrates were dried in an oven at 100 °C

overnight. Before used, the ITO-coated substrates were pretreated by a plasma cleaner for 2 min

under a vacuum condition of 10 Pa. 2PACz was adequately dissolved in ethanol at a concentration

of 0.3 mg/ml, after which the solution was spin-coated on top of the ITO substrates at 3000 rpm

for 30 s and then thermal annealed at 100 °C for 10 min under nitrogen conditions. The active

layers were generated by spin-coating active layer solution on the top of 2PACz layer for 30 s at a

rate of 2500 rpm with an optimal thickness of 110 nm under nitrogen atmosphere. The D:A weight

ratios of CF solution was 1:1. The total concentration of CF solution was 12.5 mg/ml. The optimal

weight ratios of DBTP and 4-BDBTP to the total mass of PM6 acceptor were 200% and 150%,

respectively. The CF solutions were stirred at normal temperature (25 °C) for 4 hours before used.

The corresponding blends were generated by spin coating the solutions on the PEDOT layer. Then,

the active layers were all thermal annealing at 80 °C for 7 min. Subsequently, a PNDIT-F3N layer

with a concentration of 1.2 mg/ml in mixed solvent (methanol: acetic acid is 500:1 by volume)

was spin coated onto the active layer at a rate of 4200 rpm for 30 s. Finally, 120 nm Ag electrode



were deposited under a vacuum condition of 4 x 10 Pa. The active area of devices is 5.12 mm?.
The devices were tested through a mask with an area of 3.15 mm?.

Device characterizations

Device performance was measured by using a 510 Air Mass 1.5 Global (AM1.5G) solar simulator
(SS-F5-3A, Enlitech) with an irradiation intensity of 100 mW cm2, which was determined using a
calibrated silicon solar cell (SRC2020, Enlitech). The J-V curves were measured from —0.5 to 1 V
with a scan step of 50 mV and a dwell time of 10 ms, along the forward scan direction, using a
Keithley 2400 Source Measure Unit. EQE spectra were obtained by using a QE-R3011 Solar Cell
EQE measurement system (Enlitech). UV-vis absorption spectra were performed by using a
Shimadzu (model UV-3700) UV-vis spectrophotometer. SCLC measurements were adopted to
examine charge mobilities of the blend by using hole-only devices with a structure of
ITO/PEDOT:PSS/active  layer/MoQO3/Ag, electron-only devices with a structure of
ITO/ZnO/active layer /PNDIT-F3N/Ag under dark condition. The mobilities were determined by
fitting corresponding J-V characteristics according to the Mott-Gurneylaw: J = (9/8)e.gou(V*/L3),
in which J is the current density, €, is the dielectric permittivity of the transport medium, g, is the
vacuum permittivity of free space, L is the thickness of the active layer, and p is the mobility. V' =
Vapp = Vi - Vi, where Vy, is the applied voltage, V4, is the offset voltage, and V; is the voltage loss
on series resistance. GIWAXS measurements were carried out at the PLS-II 9A U-SAXS
beamline of the Pohang Accelerator Laboratory in Korea. AFM measurements were performed by
Dimension Icon AFM (Bruker) in a tapping mode.

Computational details



All computations were performed with the Gaussian 09* program by using density functional

theory (DFT). Then, the geometry optimization of compounds was carried out with the M06-2X>

functional using 6-31G (d, p) basis set.6

Transient photocurrent (TPC) measurements

TPC of the devices were measured by applying a 488 nm solid state laser (Coherent OBIS CORE

488LS) with a pulse width of ~30 ns. The current traces were recorded using a mixed domain

oscilloscope (Tektronix MDO3032) by measuring the voltage drop across a 2 Q resistor load

connected in series with the devices.

Device encapsulation process

Use capillary tube to suck the encapsulation adhesive evenly and gently coated on the device

surface, then use 1.6*%0.8 glass pieces to cover the surface of the device, squeeze out the extra air

bubbles, then irradiate under the UV lamp for 2 minutes to solidify the encapsulation adhesive,

then thermal stability and photostability characterization can be carried out.

Device photostability characterizations

The photostability data of the devices was measured by using Maximum Power Point (MPP)

tracking mode (YH-VMPP-IV-16). The decay curves of these encapsulated devices were

measured under continuous LED light source (380-810 nm, one solar intensity) in ambient air

conditions (the average humidity was 20%, the average tested temperature was 25 °C). The device

encapsulation procedure is shown as follow: Firstly, a layer of UV-curable adhesive was evenly

smeared on the electrode surface of device in the N, atmosphere. Then, a piece of coverslip was

put on the top of adhesive. Finally, the device was illuminated under UV light source (365 nm) for

3 minutes.



In-situ absorption measurements

The in-situ absorption measurements were detected by Spectrum Microvision DU-200. The
detection range of the instrument is 186-1026 nm with a spectral resolution of 0.01 nm and a time
resolution of 1 ms.

Transient absorption spectroscopy measurements

Femtosecond transient absorption spectroscopy measurements were performed on an
Ultrafast Helios pump-probe system in collaboration with a regenerative amplified
laser system from Coherent. An 800 nm pulse with a repetition rate of 1kHz, a length
of 100 fs, and an energy of 7 mJ/pluse, was generated by an Ti:sapphire amplifier
(Astrella, Coherent). The time delay between pump and probe was controlled by a
motorized optical delay line with a maximum delay time of 8 ns. The samples films
were spin-coated onto the 1 mm-thick quartz plates and are encapsulated by epoxy
resin in nitrogen-filled glove box to resist water and oxygen in the air. The pump
pulse is chopped by a mechanical chopper with 500 Hz and then focused on to the
mounted sample with probe beams. The probe beam was collimated and focused into
a fiber-coupled multichannel spectrometer with CCD sensor. The energy of pump

pulse was measured and calibrated by a power meter (PM400, Thorlabs).
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Fig. S1. Normalized absorption spectra of PM6:PY-DT blends processed under different

conditions.
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Fig. S2. The strongest conformations and calculated binding energies of the two additives with (a)

PM6 and (b)PY-DT.
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Fig. S4. Chemical structures of PY-IT, PY-C11 and PBDB-T.
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Fig. S5. (a) J-V characteristics and (b) the corresponding EQE spectra of PM6:PY-IT, PM6:PY-

Cl11 and PBDB-T:PY-DT devices processed under different conditions.
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Fig. S6 V. versus light intensity characteristics of all-PSCs with different treatments.
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conditions.
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Fig. S9 Phase images and corresponding line-cut profiles of PM6:PY-DT blends processed under

different conditions.
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of the PM6 neat films processed under different conditions.
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of the PY-DT neat films processed under different conditions.
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Table S1. Detailed photovoltaic parameters of the PM6:PY-DT based devices processed under

various conditions. The weight ratio of PM6 and PY-DT was 1:1.

W% TA Ve Jie FF PCE
Additive
(%) (°O) V) (mA cm?) (%) (%)
100 80 0.954 24.32 74.7 17.33
60 0.954 24.55 75.2 17.61
DBTP 200 80 0.952 25.21 76.5 18.36
100 0.951 24.73 76.1 17.90
300 80 0.952 24.48 75.5 17.60
80 80 0.955 24.16 743 17.14
100 80 0.954 24.75 75.7 17.87
60 0.952 25.36 74.7 18.03
4-BDBTP 150 80 0.951 25.85 78.5 19.30
100 0.949 25.32 77.7 18.67
200 80 0.952 24.73 77.9 18.34
300 80 0.950 23.70 76.0 17.11

Table S2. Summarized photovoltaic parameters for the all-PSCs.

VOC JSC FF PCE
Active layer Reference
(V) (mAcem?) (%) (%)

Binary all-polymer solar cells

PM6:PY-82 0.950 23.82 75.80 17.15 3
PM6:PY2F-T 0.887 26.20 74.80 17.38 7
PM6:PYDT-3F 0.923 24.49 77.01 17.41 8
PM6:PZC17 0.929 22.70 71.79 15.14 9
PM6:PY-DF 0.970 23.10 70.20 15.70 10
PM6:SH-1 0.979 21.03 68.67 14.14 11
PM6:PY-V-y 0.912 24.80 75.80 17.10 12

PBDB-T:PY-Se 0.891 23.52 73.85 15.48 13



PBDB-T:PYT-Tz 0916 23.00 71.68 15.10 14
PM6:PT-YTz 0.871 26.27 70.59 16.15 15
PM6:PG-IT2F 0.950 24.03 75.46 17.24 16

PM6:PY-IT 0.933 25.61 76.50 18.30 17
PM6:PY-DT 0.951 23.84 76.40 17.32 18
PM6:PY-DT 0.949 23.73 74.40 16.76 19
PBDB-T:PYFS-Reg 0.920 23.52 74.00 16.09 20
PBDB-T:PTIC-HD-4Cl 0.834 23.84 68.98 13.71 21
PM6:PYF-V-o 0.884 25.10 73.70 16.40 22
PBDB-T:PZT-C1 0.912 23.90 68.50 14.90 23
PBQ6:PYF-T-o0 0.886 25.12 76.64 17.06 24
PM6:PY2Se-Cl 0.884 24.50 74.30 16.10 25
PBDB-T:PJ1 0.900 23.10 77.30 16.10 26
PM6:PAl-0 0.925 23.99 72.20 16.00 27
JD40:PA-5 0.870 24.05 76.88 16.11 28
PM6:PYT1 0.938 21.50 66.66 13.43 29
PM6:PY-IT 0.945 26.37 76.48 19.06 30
PM6:PY-V-y 0913 24.90 77.70 17.70 31
PQM-CL:PY-IT 0.920 24.30 80.70 18.00 32
PQB-2:PY-IT 0.942 24.20 79.50 18.10 33
PM6:L15 0.930 25.95 77.26 18.72 34
PM6:PY-C11 0.937 24.92 78.60 18.35 35

PBQx-TCIL:PYIT2 0.938 24.61 79.66 18.39 36
PM6:PY-DT-X 0.953 25.87 79.10 19.50 37
PM6:PY-NFT 0.940 25.94 78.40 19.12 38
PM6:PY-DT 0.951 25.85 78.50 19.30 This work

Ternary all-polymer solar cell
PM6:PY-SSe-V:PY-Cl 0.910 25.88 77.04 18.14 39
PM6:PYT-1S1Se:PYT-1S1Se-4C1  0.902 25.50 77.12 17.74 40



PM6:PY-1S1Se:PY-2Cl 0914 25.74 77.20 18.20 41

PM6:PY-DT:PYF-T-0 0.946 24.57 78.10 18.15 42
PM6:PY-V-y:PJ1-y 0.940 25.50 75.30 18.10 43
PBQx-TF:PBDB-TF:PY-IT 0.931 24.50 79.60 18.20 44
PM6:PY-82:PY-DT 0.947 2431 78.30 18.03 45
PBQx-TCL:PY-IT:PY-IV 0.943 25.25 79.00 18.81 46
PM6:PY-V-y:PFBO-C12 0.905 25.80 77.00 18.00 47
PQM-CLPTQ10:PY-IT 0.943 24.80 78.90 18.45 48
PBBTz-Cl:PY-IT:BTP-2T2F 0.922 25.82 78.11 18.60 49
PM6:PY-IT: PYFCI-T 0.940 25.76 74.84 18.12 50
PM6:PY-IT:PPCBMB 0.956 24.16 78.10 18.04 51
PM6:PY-DT:Y6 0.945 24.51 77.80 18.02 52
PDBQx-TCL:PY-IT:BTA3-4F 0.934 24.90 79.80 18.60 53
PM6:PBQx-TCL:PY-IT 0.954 25.47 78.19 19.00 54
PM6:PQx3:PYF-T-0 0.934 25.54 78.88 18.82 55
QQ1:PY-IT:F-BTA3 0.917 26.59 78.75 19.20 56
PBDB-TFCIL:D18-Cl:PY-IT 0.958 24.50 79.30 18.60 57
PM6 :PY-DT: L8-BO 0.961 26.50 74.50 19.02 58
PM6:PY-V-v : PfIBQx-T 0.917 26.00 78.40 18.70 59

Table S3. Detailed photovoltaic parameters of PM6:PY-IT, PM6:PY-C11 and PBDB-T:PY-DT

devices processed under different conditions.

VOC JSC FF PCE
Active layer Condition
V) (mA/cm?) (%) (%)
w/o 0.951 24.62 66.2 15.50
PM6:PY-IT DBTP 0.932 25.43 76.2 18.06
4-BDBTP 0.930 26.05 77.0 18.65
w/o 0.947 24.50 65.1 14.67
PM6:PY-Cl11

DBTP 0.931 25.33 75.8 17.88



4-BDBTP 0.927 25.93 76.6 18.41

w/o 0.884 24.73 64.2 14.03
PBDB-T:PY-DT DBTP 0.871 25.48 75.3 16.71
4-BDBTP 0.871 25.96 76.8 17.37

Table S4. Charge mobilities of PM6:PY-DT blends processed under different conditions.

Hn He
Blend Le/tin
(104 cm? V- s71) (10* cm? V- s71)
PM6:PY-DT (w/0) 3.87 6.09 1.57
PM6:PY-DT (DBTP) 470 7.26 1.55
PM6:PY-DT (4-BDBTP) 6.23 8.06 1.29

Table S5. Crystal coherence length and the d spacing of (100) peaks in IP direction and (010)
peaks in OOP direction of PM6, PY-DT neat films and PM6:PY-DT blends processed under

different conditions.

100 (IP) 010 (OOP)

Film q d-spacing  FWHM CCL q d-spacing FWHM CCL
(A-1) &) (A-1) A) (A-1) ) (A-1) )

PM6 (w/0) 0.283 22.20 0.083 67.37 1.649 3.81 0.287 19.48
PM6 (DBTP) 0.287 21.89 0.044 127.09 1.659 3.79 0.186 30.06
PM6 (4-BDBTP) 0.288 21.82 0.038 147.16 1.669 3.76 0.177 31.59
PY-DT (w/o) 0.366 17.17 0.166 33.69 1.560 4.03 0.270 20.71
PY-DT (DBTP) 0.378 16.62 0.148 37.78 1.575 3.99 0.239 23.40
PY-DT (4-BDBTP) 0.385 16.32 0.100 55.92 1.578 3.98 0.226 24.74
PM6:PY-DT (w/o) 0.293 21.44 0.118 47.39 1.607 3.91 0.305 18.33
PM6:PY-DT (DBTP) 0.295 21.30 0.067 83.46 1.618 3.88 0.253 22.10

PM6:PY-DT (4-BDBTP) 0.298 21.08 0.063 88.76 1.628 3.86 0.232 24.10




Table S6. Crystal coherence length and the d spacing of (100) peaks in IP direction and (010)

peaks in OOP direction of PM6, PY-DT neat films processed with 4-BDBTP before and after

thermal annealing.

100 (IP) 010 (OOP)
Film q d-spacing  FWHM CCL q d-spacing FWHM CCL
(A-1) A) (A-1) &) (A-1) &) (A-1) &)
PM6 4-BDBTP 0.295 21.30 0.061 91.67 1.6 3.93 0.218 25.65
PM6 4-BDBTP TA 0.295 21.30 0.059 94.78 1.603 3.92 0.209 26.76
PY-DT 4-BDBTP 0.381 16.49 0.134 41.73 1.523 4.13 0.25 22.37
PY-DT 4-BDBTP TA 0.384 16.36 0.105 53.26 1.525 4.12 0.247 22.64

Table S7. Fitted parameters for TA kinetics at PY-DT GSB (Pump @ 800 nm) of blends treated

under different conditions.

Blend T T
PM6:PY-DT(w/0) 1.54 16.37
PM6:PY-DT(DBTP) 0.66 13.29
PM6:PY-DT(4-BDBTP) 0.51 7.60

Table S8. Detailed photovoltaic parameters of the large-area PM6:PY-DT all-PSC (1 cm?)

processed with 4-BDBTP.

VOC JSC FF PCEa
Active layer

V) (mA/em?) (%) (%)
PM6:PY-DT 0.968 24.85 71.8 17.27
(4-BDBTP) (0.966 & 0.03) (24.65 £ 0.36) (70.6 £ 1.5) (17.02 £ 0.25)

a Average value obtained from 10 independent devices.



Table S9. Detailed photovoltaic parameters of 0-XY-processed PM6:PY-DT device with 4-

BDBTP.
VOC JSC FF PCEa
Active layer
V) (mA/em?) (%) (%)
PM6:PY-DT 0.952 25.66 78.0 19.07
(4-BDBTP) (0.951 £ 0.02) (25.47 £ 0.28) (77.5£0.8) (18.93 £ 0.14)

@ Average values obtained from 10 devices.

Table S10. Detailed photovoltaic parameters of PM6:PY-DT thick-film (300nm) device with 4-

BDBTP.
VOC JSC FF PCEa
Active layer
V) (mA/em?) (%0) (%)
PM6:PY-DT 0.941 26.59 69.8 17.46
(4-BDBTP) (0.939 £ 0.03) (26.33 £0.30) (68.9+0.9) (17.30 £ 0.16)

@ Average values obtained from 10 devices.
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