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Experimental Section

Materials: All solvents and reagents were purchased from Sigma-Aldrich. All solvents were
purified prior to uses. 2,5-Bis(trimethylstannyl)thiophene was purchased from the Solarmer
Materials Inc. All the other eluents and materials were purchased from Sigma Aldrich Co. and
Tokyo Chemical Industry Co. 3,9-Bis(2-butyloctyl)-12,13-bis(2-octyldodecyl)-12,13-dihydro-
[1,2,5]thiadiazolo[3,4-¢]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 compound 3 were synthesized
using similar approach of previous literature. ! 2,9-Bis(3-((3-
(dimethylamino)propyl)amino)propyl)anthra[2,1,9-def:6,5,10-d"e'f"|diisoquinoline-
1,3,8,10(2H,9H)-tetraone (PDINN) was synthesized by following the method described in the

previous literature.’
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(1) Synthesis of 2-((Z)-2-((3,9-bis(2-butyloctyl)-10-(((Z)-5,6-dichloro-1-
(dicyanomethylene)-3-oxo-1,3-dihydro-2H-inden-2-ylidene)methyl)-12,13-bis(2-
octyldodecyl)-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]indol-2-yl)methylene)-5-bromo-3-oxo-2,3-

dihydro-1H-inden-1-ylidene)malononitrile (Compound 2)

NC CN

0
c H,J CEH CaHs +
B
N J' 14 :
OHC (10”21 c H CHO Chloroform/Pyridine
100929
Hir Colly 65°C,12h

Compound 1 ! Compound 2

C4Hy

Scheme S1. Synthetic scheme for 2-((Z)-2-((3,9-bis(2-butyloctyl)-10-(((Z)-5,6-dichloro-1-
(dicyanomethylene)-3-oxo-1,3-dihydro-2H-inden-2-ylidene)methyl)-12,13-bis(2-
octyldodecyl)-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]indol-2-yl)methylene)-5-bromo-3-0x0-2,3-
dihydro-1H-inden-1-ylidene)malononitrile (Compound 2).

INCN-Br-in (492 mg, 1.8 mmol), INCN-CI (470 mg, 1.8 mmol), and 3,9-bis(2-
butyloctyl)-12,13-bis(2-octyldodecyl)-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 (compound 1, 1000 mg, 0.72 mmol) were added to a solvent mixture of
chloroform (100 mL) and pyridine (4 mL) (Scheme S1). The reaction was placed in an oil bath
at 65°C and stirred overnight. After the reaction, residual solvents were by removed at low

pressure (< 300 mbar), and the product was purified by silica-gel column chromatography
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using hexane/dichloromethane (1:1) as eluent to yield compound 2 as a black solid (380 mg,
28%).

'H NMR (300 MHz, CDCl3) § 9.12 (d, J = 3.3 Hz, 2H), 8.7 (s, 1H), 8.51(d, J = 8.5 Hz, 1H),
8.00 (d, J = 1.9 Hz, 1H), 7.93 (s, 1H), 7.81 (dd, ] = 8.4, 1.9 Hz, 1H), 4.81 (d, ] = 7.8 Hz, 4H),
3.12(d,J=7.4 Hz,4H), 2.15 (t, J=5.3 Hz, 2H), 2.06 (t, ] = 5.3Hz, 2H), 1.47 — 1.08 (m, 60H),
1.08 —0.90 (m, 36H), 0.88 — 0.76 (m, 24H).

13C NMR (125 MHz, CDCls) § 186.85, 186.04, 160.01, 158.77, 153.79, 153.28, 147.70, 147.67,
145.50, 145.40, 139.48, 139.14, 138.78, 138.55, 138.32, 137.78, 137.62, 136.46, 136.09,
135.90, 135.85, 134.57, 134.53, 134.44, 134.20, 131.40, 130.91, 129.51, 126.86, 126.72,
126.32, 124.90, 120.28, 119.89, 115.65, 115.45, 115.09, 114.79, 113.75, 113.56, 68.80, 68.55,
56.04, 40.06, 39.42, 34.66, 33.69, 33.41, 32.05, 32.01, 31.97, 30.84, 29.97, 29.94, 29.79, 29.73,
29.60, 29.55, 29.50, 29.46, 29.38, 28.94, 26.69, 25.94, 25.90, 23.11, 22.83, 22.78, 14.25, 14.22,
14.18.

MS (MALDI-TOF) m/z: [M + H]+ calculated for CiosHi39BrClaNgO,Ss, 1891.82, found:

1892.50.

(2) Synthesis of MYT

CaHa oMy HypCeHo /H
S:SIQIQQ -
g e
Hyy CoHy7

Compound 1

Scheme S2. Synthetic scheme for MYT.
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INCN-2Cl (470 mg, 1.8 mmol) and compound 1 (500 mg, 0.36 mmol) were added to a
solvent mixture of chloroform (50 mL) and pyridine (2 mL) (Scheme S2). The mixture was
reacted in an oil bath at 65°C during overnight. After removing residual solvents at low pressure
(< 300 mbar) by a rotary evaporator, the product was purified by a silica-gel column
chromatography using hexane/dichloromethane (3:2) as eluent. The final MYT product had a
reaction yield of 80% (550 mg).

"HNMR (300 MHz, CDCI3) § 9.10 (s, 2H), 8.73 (s, 2H), 7.92 (s, 2H), 4.82 (d, J = 7.8 Hz, 4H),
3.10(d,J=7.4 Hz, 4H),2.16 (t,J = 6.3 Hz, 2H), 2.05 (t, ] = 5.3 Hz, 2H),1.53 — 1.09 (m, 60H),
1.09 - 0.90 (m, 36H), 0.88 — 0.77 (m, 24H).

MS (MALDI-TOF) m/z: [M + H]+ caled for CiosH13sClsNgO,Ss, 1881.83, found: 1881.25.

(3) Synthesis of DYT

:gn‘@,sfn:

Pd(pph;)s/Toluene
110°C,12h

Compound 2

Scheme S3. Synthetic scheme for DYT.

Compound 2 (380 mg, 0.2 mmol), 2,5-bis(trimethylstannyl)thiophene (33 mg, 0.08 mmol),
and Pd(PPh3)4 (4.6 mg, 0.004 mmol) were combined in a 100 mL two-necked flask (Scheme

S3). Anhydrous toluene (50 mL) was added under the argon atmosphere. The mixture was
S5



reacted for 12 h at 110 °C. After the reaction, residual solvents were by removed at low pressure
(< 300 mbar), and the product was purified by silica-gel column chromatography using

hexane/chloroform (1:1) as eluent to yield DYT as black solid (250 mg, 67%).

'HNMR (300 MHz, CDCl3) § 9.12 (d, J = 13.0 Hz, 4H), 8.77 (d, J = 9.8 Hz, 4H), 8.09 (s, 2H),
8.03 —7.96 (m, 2H), 7.79 (s, 2H), 7.65 (s, 2H), 4.84 (s, 8H), 3.12 (s, 8H), 2.20 (s, 4H), 2.07(s,
4H), 1.52 - 0.93 (m, 192H), 0.88 — 0.75 (m, 48H).

MS (MALDI-TOF) m/z: [M + H]+ calculated for Cz20H280Cl4N1604S11, 3705.80, found:

3711.88.

(4) Synthesis of TYT

- 5 5 CN
C CyHar W 2

NC - \f % 10021 N
N . sH17 CeHyz o .

"‘gn S S{I’ Cl
L4 \Y/ h - I
N cN U Compound 2
NC7X “{ 5" CN -
(8] - 8]
) ety O] Pd(pph)y/Toluene 110°¢, 12 h
110°C, 3 h

Compound 3

Scheme S4. Synthetic scheme of TYT.
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Compound 3 (190 mg, 0.1 mmol), and 2,5-bis(trimethylstannyl)thiophene (95 mg, 0.23 mmol),
and Pd(Pphs)4 (5 mg, 0.004 mmol) were combined in a 100 mL two-necked flask (Scheme S4).
Anhydrous toluene (30 mL) was added under the argon atmosphere. After stirring for 3 h at
110 °C, compound 2 (550 mg, 0.3 mmol) in anhydrous toluene (20 ml) was added to the
reaction mixture. The mixture was reacted for 10 h at 110 °C. After removing residual solvents
at low pressure (< 300 mbar) by a rotary evaporator, the product was purified by silica-gel
column chromatography using chloroform as an eluent to give TYT as black solid (240 mg,
45%).

"HNMR (300 MHz, CDCI3) § 9.28 — 8.59 (m, 12H), 8.25 — 7.80 (m, 8H), 7.75 — 7.44 (m, 6H),
4.92 (m, 12H), 3.19 (s, 4H), 2.72 (s, 4H), 2.51- 2.05 (m, 12H), 2.02 — 1.71 (m, 4H), 1.52— 0.95
(m, 288H), 0.94 — 0.62 (m, 72H).

MS (MALDI-TOF) m/z: [M + H]+ calculated for C332H4220Ci4N24O6S17, 5532.01, found:

5539.51.

Characterizations: Bruker Avance Drx 300 MHz and 500 MHz FT-NMR spectrometers were
used to measure *H NMR and **C NMR spectra. The chemical shifts in the spectra have units
of ppm. Bruker Autoflex MALDI-ToF mass spectrometer was used to measure the molecular
weights of the DSMAs. Number-average molecular weight (My) and dispersity (P ) of the PM6
were determined by size exclusion chromatography (SEC) analyses in 1,2,4-trichlorobenzene
at 150 °C, calibrated with polystyrene standards. A UV-1800 spectrophotometer was used for
the UV—Vis absorption spectra. The differential scanning calorimetry (DSC) profiles were
obtained by TA Instruments DSC 25 with heating rates of 5 °C min* from 20 to 330 °C. Cyclic
voltammetry (CV) was performed using an EG and G Parc model 273 A
potentiostat/galvanostat system in a 0.1 M tetrabutylammonium perchrolate solution with

nitrogen degassed anhydrous acetonitrile as the supporting electrolyte, at a scan rate of 50 mV
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s 1. A glassy carbon electrode was used as the working electrode. A platinum wire was used as
the counter electrode, and an Ag/AgCl electrode was used as the reference electrode. The redox
couple ferricenium/ferrocene was used as external standard. The highest occupied molecular
orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) energy levels were
estimated from CV: Exowmo (eV) = —(Eonset™— Eonset ") +Eromo™; ELumo (V) = — (Eonset™®—
Eonset7¢*) +Enomo™; EonsetF¢*= 0.44 eV, Exomo™= —4.8 eV. The atomic force microscopy
(AFM) images were measured by NX10 from Park Systems. Grazing incidence wide-angle X-
ray scattering (GIWAXS) analysis was conducted at the Pohang Accelerator Laboratory
(beamline 9A, Republic of Korea), with incidence angles between 0.12 — 0.14°. The resonant
soft X-ray scattering (RSoXS) experiment was performed at beamline 11.0.1.2 in the S11
Advanced Light Source (United States). Blend films for the RSoXS measurement were
prepared on a 100 nm-thick, 1.0 mm x 1.0 mm SizN4 membrane supported by a 200-um thick,
5mm x 5 mm silicon frame (Norcada Inc.). The optimized molecular structures were calculated
by density functional theory (DFT) method with the B3LYP function and the 6-31G* basis set

using a modelling software (Spartan’14).

OSC Fabrication and Characterization: The OSCs with a normal architecture (indium tin
oxide (ITO)/ poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS)/active
layer/PDINN/AQ) were prepared with the following procedures. ITO-coated glass substrates
were treated by ultrasonication with deionized water, acetone, and isopropyl alcohol. Then, the
ITO substrates were dried for 6 h in an oven (70 °C) at an ambient pressure, and then plasma
treated for 10 min. Spin-coating of the PEDOT:PSS solution (Clevios, Al4083) was performed
at 3000 rpm for 30 s onto the ITO substrates, then the substrate/film was annealed in air (150 °C,

15 min) before transferring into an No-filled glovebox. The active layer solutions were
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dissolved together in chlorobenzene with an optimized condition (donor:acceptor blend ratio =
1:1 w/w, concentration = 20 mg mL™%, and 1-chloronaphthalene 0.75 vol%), and then stirred
on a 90 °C plate during overnight. The solution was spin-coated onto the ITO substrates/
PEDOT:PSS samples to form active layers with a thickness range of 94 — 108 nm. Then, the
samples were dried with high vacuum (< 107 torr) for 1 h and annealed at 120 °C for 10 min.
PDINN in methanol (1 mg mL™?) was then spin-coated with the condition of 2500 rpm for 30
s. Finally, Ag (120 nm) was deposited under high vacuum (~107° Torr) in an evaporation
chamber. Optical microscopy (OM) was used to measure the exact photoactive area of the mask
(0.09 cm?). Keithley 2400 SMU instrument was used to measure the power conversion
efficiencies (PCEs) under an Air Mass 1.5 G solar simulator (100 mW cm™2, solar simulator:
K201 LAB55, McScience), satisfying the Class AAA, ASTM Standards. K801SK302 of
McScience was used as a standard silicon reference cell to calibrate the exact solar intensity.
The reference cell was calibrated every 3 months, and the most recent calibration date was Dec.
7, 2022. K3100 1QX, McScience Inc. instrument was used to analyze the external quantum
efficiency (EQE) spectra, equipped with a monochromator (Newport) and an optical chopper

(MC 2000 Thorlabs).

Space-Charge-Limited Current (SCLC) Mobility Measurements: Hole and -electron
mobilities of pristine constituents and blend films were measured by SCLC method using
device structures of ITO/PEDOT:PSS/active layers/Au (hole-only) and ITO/ZnO/polymer
blends/Ca/Al (electron-only). A range of voltage from 0 to 6 V was applied for the current-
voltage measurements, and the results were fitted by the Mott-Gurney law.

_ 9‘90‘91‘110112
A TE
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where J is the current density, & is the permittivity of free space (8.85 x 107'* F cm™), & is the
relative dielectric constant of the transport medium (active layer), uo is the charge carrier (hole
or electron) mobility, V' is the potential across the device (V' = Vapplied — Voi — Vi, Where Vi is the
built-in potential and V; is the voltage drop caused by the resistance), and L is the thickness of
the blend or pristine films. The hole and electron mobilities can be calculated from the slope

of the J'2-V curves.

Estimation of Device Lifetimes: Linear extrapolation was used to estimate the device lifetimes
from the thermal- and photo-stability tests, following the methods from previous literature.” 8
The data points after burn-in degradation (200 — 1000 h) were used for the extrapolation using

a linear-fit function. The fitted graphs were matched well with the data points.

Viess Measurement and Estimation: Fourier-transform photocurrent spectroscopy (FTPS)-
EQE was measured in an in-house built FTPS setup, which consisted of an INVENIO-R
Fourier-transform infrared spectrometer, equipped with quartz beam splitter. The photocurrent
produced by the solar cell under illumination was amplified using a SR570 low-noise
preamplifier from Stanford Research Systems and fed back into the external detector port of
the FTIR. Electroluminescence (EL) signals passed through the integral sphere and were
collected by using MAYA2000 PRO spectrophotometer from Ocean optics. The photovoltaic
bandgap energy (E¢"") of each blend was determined from the derivatives of the EQE spectra,
which is generally utilized method in previous work.” '°

9,10

Based on the detailed balance theory and reciprocity in solar cells,” " the Vioss of solar cells is

decomposed into three terms:

Viess = Ay +AE, +AE; = (ESPV/q — Vo >d) + (Voo = Vo R2Y) + (Vo R = 1, PY)
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The first Viess term (AE)) is defined by Shockley-Queisser (SQ) limit,'!? which is the maximal

voltage for Voe. Vo Q is calculated by

sq _ ksT n q on; Gam 156 (E)AE
4 | al bss(E)LE

ocC
where kg is Boltzmann constant, 7 is temperature of solar cell, g is electric charge, @am 1.56
is irradiance of standard solar simulator, and @gg(E) is the blackbody spectrum of

semiconductor, given by:!!

7rE2

¢pp(E) = exp[ kBT

where 4 is Planck constant and c is speed of light.
The second Viess term (AE») is the offset between the SQ limited voltage and open-circuit

voltage in the radiative limit (VocR%), where only radiative recombination of electron-hole pairs

Rad ;

is allowed. Since the Vo ¢ is assumed in practical case, the equation going to be:

V Rad _ k Tl ]SC
QI Qeqe(E) ¢BB(E)dE

where Js 1s short-circuit current density of solar cells and Qeqe(E) is the EQE obtained by the
principle of detailed balance and reciprocity theorem.
The third Viess term (AE3) is the non-radiative loss, which is extracted by subtracting the Vot

to Voc of the solar cells. Alternatively, AV3 also can be obtained by theoretical approach given

by:

AE; = ""BT BT I(EQER,).
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Photostability test of the OSCs: The OSCs' photostability was examined under 1-sun
illumination (100 mW c¢m2) in an N»-filled glovebox. A Xenon lamp (Xe-55, McScience) was
employed for irradiation without blocking ultraviolet light. A silicon solar cell (K801SK302,
McScience) served as a standard reference for calibrating the precise solar intensity. The
photostability test was conducted at an ambient temperature, and the surface temperatures of
the devices reached 60 — 70 °C when measured using a pyrometer. The OSCs, featuring a
complete device structure (ITO/PEDOT:PSS/active layer/PNDITF3N-Br/Ag) without
encapsulation, were illuminated for 1000 h and subsequently measured using the same
instrument and method as described above. Each data point represents the average of three

independent devices.

Estimation of glass-transition temperature: UV-vis spectroscopy was used to determine the
glass transition temperature (7). The absorption spectra of DSMA films were measured with
increasing thermal annealing temperatures from 20 to 200 °C. Then, the deviation metric (DMr)

of the each absorption spectra was calculated, following the method from Samuel E. Root et

al.1?

}\max
DMy = > " [l ) — kP2

where A is the wavelength, Amax and Amin are the upper and lower bounds of the optical sweep,
respectively, Irt(A) and It(A) are the normalized absorption intensities of the as-cast (room
temperature) and annealed films, respectively. Then, 7s were determined to points where the

two interpolated lines in low- and high-temperature regions intersect.

Estimation of diffusion coefficient at 85°C (Dss): The Dsss of the acceptor constituents (in

blend films with PM6) were estimated following the method (i.e., Ghasemi—O’Connor—Ade
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framework) in previous literature.!® In the study, Ghasemi e al. estimated T,s (or cold-
crystallization temperatures, 7ccs) of various acceptor constituents (i.e., EH-IDTBR, di-PDI,
IT-M, IEICO-CI, ITIC-4Cl, and Y6) by measuring DMt of UV-absorbances or DSC of pristine
acceptor materials. They also monitored Dsss of the acceptor constituents in blend films with
specific donors (i.e., P3HT, FTAZ/HTAZ, PTB7-Th, and PBDB-T/PBDB-T2F (PM6)) at 85°C
by obtaining time-of-flight secondary ion mass spectrometry (ToF-SIMS) profiles. They found
that Dgss of the acceptors (in the blend films with given donors) had strong correlation with
their T,s, showing an exponential decrease in the Dgs as the Ty increased (Dgs(cm?s™1) =
a x e?*Te®). the coefficients (¢ and b) in the exponential equations were determined
depending on the given donors. When PM6 or PBDB-T donor was used, the Dgss of the
acceptor components in the blend with donors were determined as Dgs(cm?s™1) =

1.2 X 107 x e 015 xTg (K)

Time-of-flight secondary ion mass spectrometry (ToF-SIMS) measurement: The ToF-SIMS
experiments were conducted using a TOF-SIMS5 instrument from ION-TOF
GmbH incorporation. Bi3+ ions were used as the primary ion source (energy = 30 keV), and
Ar-cluster functioned as the sputtering source (energy = 2.5 keV) during the ToF-SIMS
experiments. The sample fabrication process for the TOF-SIMS analysis involved several steps
to create acceptor-donor bilayers on silicon (Si) substrates: 1) dissolution of donor and acceptor
materials in chlorobenzene (CB) at concentrations of 12.5 mg mL—1 (donor) and 30 mg mL—1
(acceptor). 2) spin-casting of acceptor materials (MYT, DYT, and TYT) onto silicon (Si)
substrates to form thin films. 3) spin-casting of donor polymer (PM6) onto polystyrene
sulfonate (PSS)-coated glass substrates, resulting in a 40 nm thick film. 4) floating and careful

detachment of PM6 thin-films from PSS-coated glass substrates in water. 5) transfer and
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assembly of PMG6 thin-films onto acceptor material surfaces, yielding acceptor-donor bilayers.

Estimation of D12 from ToF-SIMS profiles: The Di2os of the acceptors within the polymer

were extracted using the concentration-independent 1D solution of Fick's 2,4 law, following

methodologies described in previously published literatures.'* 4
C(x,ta) = CO x f(X_XO)
x,ta) = erfc
2+/Dta

In the given equation, C(x,ta), represents the concentration of a particular component as a
function of annealing time (ta) and position (x) within a sample. CO represents the fixed
concentration near the PM6/acceptors interface at location x0. The variable D represents the
concentration-independent diffusion coefficient, which characterizes the rate at which the
acceptor molecules diffuse through the donor matrix. In the composition-sputtering time
profiles obtained from ToF-SIMS experiments, the sputtering rate of PM6 was used to convert
sputtering time to thickness. The diffusion rate of the PM6 was calculated after measuring the
film thickness, by dividing the film thickness by the sputtering time (in this study, the sputtering

rate of PM6 was determined to be 1.68 nm s?).
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Fig. S1. 'TH-NMR and "*C-NMR spectra of Compound 2 in CDCls.
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Fig. S2. MALDI-ToF spectrum of Compound 2.
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Fig. S7. Optimized molecular conformations and dihedral angles of the acceptors obtained
from DFT simulations.
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Fig. S8. Cyclic voltammogram of the acceptors.
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Fig. S9. GIWAXS line-cut profiles of pristine constituents in the IP direction.

Table S1. d-spacings for the (010) peaks of the pristine acceptor constituents

) d-spacing
Material
(A)
MYT 3.81
DYT 3.95
TYT 4.01
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Fig. S10. Pole figures for (a) MYT, (b) DYT, and (c) TYT, acquired at (010) scattering peaks
using GIWAXS linecut profiles.

Table S2. SCLC mobilities for the pristine films.

Material — up (em?* V1's) gy (em? Vs
PM6 (4.4+03)x10* —

MYT - (9.4+04)x 107
DYT — (1.8+0.2) x 107
TYT — (22+0.3)x10*
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Fig. S11. PCE vs. Vo plots of the reported high-performance OSCs.

Table S3. Vo and PCE values of the high-performance OSCs in previous works and this work.

System Voe (V) PCE (%) References
PM6:Y6 0.83 15.7 5
PBDB-TF:BTP-4Cl 0.867 16.5 16
PM6:N3 0.837 15.98 1
PM6:N4 0.819 14.31 e
PM6:N-C11 0.852 12.91 w
PM6:BTP-eC9 0.839 17.8 18
PM6:AQx-1 0.89 13.31 19
PM6:AQx-2 0.86 16.64 9
PM6:BTP-CIBr 0.906 16.82 20
PM6:CH1007 0.82 15.96 21
PM6:Y11 0.833 16.54 22
PM6:L8-BO 0.87 18.32 2
PM6:L8-HD 0.88 17.39 23
PM6:L8-OD 0.89 16.26 2
PM6:L8-BO-F 0.934 16.82 24
PM6:Y6-10 0.89 16.1 %
PM6:mBzS-4F 0.804 17.02 %
PM6:EHBzS-4F 0.825 15.94 26
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PTzBI-dF:Y6
SZ5:BPT-4F
SZ75:BPS-4F

PBQ10:Y6
D18:Y6-Se
PT2:Yé6
S74:N3
PBTT-F:Y6
Pt10:Y6
PTQ10:Y6
PBNT-BDD:Y6
PTQ10:m-BTP-C6Ph
PM6:M3
PM6:BTP-2F-ThCl
PM6:BTP-S2
PM6:BP4T-4F
PM6:Y18
PM6:BTP-S9
D18:N3

PBDB-T:LL3

D18:B0O-4Cl
PM6:A-WSSE-C1
PM6:MQ6
PBCT-2F:Y6
PNTB6-CI:N3
PM6:BTP10-4CI-C12
PBDB-TF:eC9
PBQx-TF:eC9-2Cl
D18:L8-BO
D18/S9TBO-F

D18/BS3TSe-4F
PM6: TYT

0.85
0.853
0.822

0.85
0.839

0.83
0.848

0.84

0.81

0.87

0.88
0.883

0.91
0.869
0.945
0.839

0.84
0.846
0.842

0.79

0.86

0.85

0.88

0.85
0.857

0.91
0.846
0.868
0.918
0.838

0.828
0.964

16.8
16.5
16.1
16.34
17.7
16.5
17.1
16.1
16.35
16.21
16.1
17.7
16.67
17.06
16.37
17.1
17.1
17.56
17.46
16.82
17.6
17.51
16.39
17.1
17.59
17.1
17.65
17.7
19.05
17.71

18.48
18.15

27
28
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55

55

This work
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Table S4. Photovoltaic parameters of OSCs with distinct Pp:acceptor pairs.

Donor  Acceptor X;; (m A‘Jécm_z) FF PCE(?Z)(avg)a
" MYT 0930 2415 0.4 16.53 (16.30)
D18 DYT  0.946 24.18 0.75 17.16 (16.91)
CTYT 0968 2419 0.75 17.47 (17.33)
" MYT 0934 2347 0.74 16.22 (15.98)
Di8-Cl  DYT 0949 2324 0.74 16.32 (16.10)
CTYT 0971 2320 0.74 16.67 (16.37)
" MYT 089 2510 0.75 16.87 (16.54)
PBOX-TF  DYT 0928 2428 0.75 16.89 (16.60)
CTYT 0950 2402 0.75 17.11 (16.95)
4Estimated more than 5 different devices.
A A == Eq
AE,
I 2—— qVOCSQ
Vloss VAE2 gﬂ
Y § — qvocrad
AE;
v

Fig. S12. Diagram describing Vioss.
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Fig. S13. (a) Bandgap distribution and (b) EQEEgL of the PM6:acceptor OSCs.
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Fig. S14. FTPS-EQE curves of the (a) PM6:MYT, (b) PM6:DYT, and (C) PM6:TYT OSCs.
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Fig. S15. Jyn vs. Ver curves of the PM6:acceptor-based OSCs.

Table S5. SCLC mobilities for the PM6:DSMA blend films.

Material o (em? Vs g (em? V1sh)?
PM6:MYT 4.0x10* 5.8x107
PM6:DYT 47 x 10 3.8x10™
PM6:TYT 45x10* 42 %104

*Averaged values from 3 independent devices.

10

Jsc (MA cm ™)

PM6:MYT
PM6:DYT
PM6:TYT

o= 0.81
o=0.82
o =0.81

10

Fig. S16. Light-intensity dependent Js. plots of PM6:acceptor-based OSCs.

~ 100
Light intensity (mW cm2)
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Table S6. PCEs at 302, and fg0, lifetime from photo-stability test of previous works and this
work.

Initial PCE PCE at tsou tso0s lifetime

System (%) (%) () Reference
PTB7-Th:ITIC 7.28 5.82 221 %
PTB7-Th:IDIC 6.12 4.9 558 %

PTB7-Th:EH-IDT 9.17 7.34 2132 %
P3HT:IDTBr 3.03 2.42 230 S
P3HT:IDTBr 6.05 4.84 9.2 S

PM7:1T-4F 53
(ZnOJPET) 13.19 10.55 2700

PM6:Y6 58
(ZnOIPET) 16.46 13.17 4410

PBDB-T:PCBM 5.88 4.7 7400 !

PBDB-T:ITIC-2F 7.78 6.22 11000 !

PBDB-T:ITIC-Th 8.03 6.42 9500 !

PM6:Y6 59

(n-Sn0) 13.80 11.04 100

PM6:Y6 59

(n-SnO»/InP/ZnS QDs) 1512 12.1 500
PTB7-Th:IEICO-4F 8
(Zno) 9.46 7.57 2500
PTB7-Th:IEICO-4F 8
(ZnO/Cey-SAM) 10.00 8 34000
P3HT:PCs:BM 2.89 2.31 807 60
PM6:Y6-BO 61
(/o additives) 15.1 12.08 66.2
PM6:Y6-BO 61
(w/ DIO) 16.3 13.04 6.6
PM6:Y6-BO 61
(W/o INB-F) 16.7 13.36 523
PM6:Y6-BO 61
(w/o INB-CI) 16.3 13.04 120
P3HT:ICsBA 62

(Zno) 9.95 7.96 250
P3HT:ICsBA 62

(ZnOJALD HfO) 10.80 8.64 750
P3HT:PCs1BM 63

(ZnO) 2.74 2.19 124
P3HT:PCsBM 6
(ZnO/PDIN-H) 2.67 2.14 780

PBDB-T:0Y3 14.87 11.90 25000 64
PM6:Y6:20% . 65
BTO:PCBM (PX) 17.41 13.93 1000
PM6: TYT 18.15 14.52 8415 This work

3250, lifetime
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Table S7. Lifetime of the PM6:TY T-based OSCs considering annual solar radiations of various
countries.

City Latitude Longitude Annu_al _solar Lifetime
(Country)  (°N)  (°E) L[ (year)
(kWh m~2 day™)
(Soufﬁ‘)l‘(’(')rea) 3757  127.02 4.88 475
Beijing
Chins 39.89  116.38 5.16 4.49
Washington o0 09 7702 4.87 476
(USA)
Paris 48.73 2.40 3.22 7.19
(France)
LFS&‘;” 51.15 0.18 3.09 7.50
Berlin 52.47 13.40 3.00 772
(Germany)

1.0 %
s I é-._
B3—3—38 =3
O | %
S I oo
go7t
S
£
5 —a— PM6:MYT
< —9— PM6:DYT
04} —o— PM6-TYT

0 100 200 300 400 500
Time (h)
Fig. S17. Thermal stability of PM6:acceptors OSCs under 80 °C.
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Fig. S18. GIWAXS 2D-images of the PM6:acceptor blend films before and after exposure to
light.

Table S8. Domain sizes and relative domain purity of the blend films before and after 1000 hr
of illumination.

0h 1000 h
System Don(n::li:)size i Don(llzllli:ll)size T
PM6:MYT 29 0.59 46 1.00
PM6:DYT 30 0.47 31 0.52
PM6:TYT 25 0.45 25 0.46
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Fig. S19. PL emission spectra of (a) pristine acceptors and (b-d) PM6:acceptor blend films
before and after illumination; (b, c, d for PM6:MY T, PM6:DYT, and PM6:TYT, respectively).
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Fig. S20. Film UV-Vis absorption spectra of (a) MYT, (b) DYT, and (c) TYT depending on
annealing temperatures (20 — 240 °C).
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Fig. S21. ToF-SIMS profiles of the (a) PM6:MYT, (b) PM6:DYT, and (c) PM6:TYT blend
films, both for fresh films and those thermally treated for one day at 120 °C.

Table S9. D1y values for acceptor molecules in blend films with PM6 estimated from the ToF-

SIMS profiles.

Material

D120 (cm? s71)

MYT

DYT

TYT

33 x 1075
2.8 x 10718

4.1 x 10°%
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