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Experimental sections

Materials: All reagents and solvents were used directly as received, unless otherwise specified.
PBDB-TF, PFN-Br, IT-4F and BTP-eC9 were purchased from Solarmer Materials Inc.
PEDOT:PSS (Clevios P VP 4083) was purchased from Heraeus Inc., Germany. BTP-S2 was

synthesized in our lab as reported.!

Device fabrications: Organic solar cells were fabricated on ITO glass substrates with the
conventional structure of ITO/PEDOT:PSS/Active layer/PFN-Br /Ag. The ITO glass substrates
were cleaned by sonication using detergent, deionized water, acetone and isopropanol
consecutively for 15 min in each step before fabrication. The precleaned ITO substrates were
treated in an ultraviolet ozone generator for 10 min, followed by deposition of PEDOT:PSS
(Baytron PAI 4083). After baking the PEDOT:PSS layer in air at 150 °C for 10 min, the
substrates were transferred to a glovebox. The active layer was spin coated from 17.6 mg/ml
solution dissolved in chloroform (D:A = 1:1.2, 0.25% v/v DIO) at 2200 rpm or so for 30 s to
form an active layer. Then the devices were annealed at 100 °C for 10 min. Later, when the
film cooled to room temperature, a layer of PFN-Br (0.5 mg/ml in methanol) was deposited by
spin coating at 3500 rpm for 20 s. Then the silver electrode was deposited by thermal
evaporation under a base pressure of 1x10 Pa at the speed of 2 A/s. The active cell area of our
device is 0.06 cm?, and the aperture for measurement is 0.0473 cm?, which is certified by
National Institue of Metrology (NIM) and Fujian Metrology Institute.

Solar cell characterization: The J-V measurement was performed via the solar simulator (SS-
F5-3A, Enlitech) along with AM 1.5G spectrum, whose intensity was calibrated by a standard
silicon solar cell (SRC-2020, Enlitech) with KG-2 filter at 100 mW/cm?. The scan direction is
from -0.2 V to 1.2 V, with a scan step of 0.01 V and the delay time of 1 ms. The external

quantum efficiency (EQE) data were obtained from the solar-cell spectral-response



measurement system (QE-R, Enlitech). The best device has been sent for certification at third-
authorized party at National PV Industry Measurement and Testing Center.

CV characterization: Cyclic voltammetry (CV) was done on a CHI600A electrochemical
workstation with Pt disk, Pt plate, and standard calomel electrode (SCE) as working electrode,
counter electrode, and reference electrode, respectively, in a 0.1 mol/L
tetrabutylammoniumhexafluorophosphate (Bu4NPF¢) acetonitrile solution. 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). The equation of Erumomomo = -
e(Eredioxt4.41) (eV) was used to calculate the LUMO and HOMO levels (the redox potential of

Fc/Fc+is found to be 0.39 V).

AFM characterization: Topographic images of the films were measured from a

VeecoMultiMode AFM in tapping mode, and the scanning rate for a lum X 1pm image was

1.0 Hz.

Absorption characterization. Absorption spectra were measured with a U-4100 (HITACHI)

UV-vis spectrophotometer.

GIWAXS Measurements. GIWAXS measurements were performed at beamline 7.3.3 at the
Advanced Light Source. Samples were prepared on Si substrates using identical blend solutions
as those used in devices. The 10 keV X-ray beam was incident at a grazing angle of 0.12°-0.16°,
selected to maximize the scattering intensity from the samples. The scattered X-rays were

detected using a Dectris Pilatus 2M photon counting detector.

FTPS-EQE Measurements. FTPS-EQE was measured using Vertex 70 from Bruker Optics,

equipped with a quartz tungsten halogen lamp, quartz beam splitter and external detector option.



A low-noise current amplifier (SR570) was used to amplify the photocurrent produced on
illumination of the photovoltaic devices with light modulated by the Fourier transform infrared
spectroscope (FTIR). The output voltage of the current amplifier was fed back into the external
detector port of the FTIR, to be able to use the FTIR’s software to collect the photo current

spectrum.

EL Measurements. EL spectra were measured using a light guide positioned close to the
sample. The bias was applied on the devices using a Keithley 2400 Source Meter. The detector
was a Newton EM-CCD Si array detector at -60 °C with a Shamrock SR-303i spectrography

from Andor Tech.

EQEg, Measurements. EQEg;, values were obtained from an in-house-built system including
a Hamamatsu silicon photodiode 1010B, a Keithley 2400 Source Meter to provide voltage and

record injected current, and a Keithley 485 Picoammeter to measure the emitted light intensity.

Space-Charge-Limited current (SCLC) measurement: The charge carrier mobilities of the
binary and ternary devices were measured using the SCLC method. Hole-only devices were
fabricated in a structure of ITO/PEDOT:PSS/Active Layer/MoQO3/Ag. Electron-only devices
were fabricated in a structure of ITO/ZnO/Active Layer/PFN-Br/Ag. The device characteristics
were extracted by modeling the dark current under forward bias using the SCLC expression

9 V2
J= 3 & Eol—
described by the Mott-Gurney law: L

Here, ér ~ 3 is the average dielectric constant of the blend film and £0is the permittivity of the

free space, M is the carrier mobility, L is the thickness of the film, and V is the applied voltage.



Molecular Dynamics Simulations. The atomistic MD simulations were performed with the
Gromacs-4.6.7 software package based on the general AMBER force field with the RESP
charges.”* As the same as the previous work for Y6, the torsion potentials between the central
backbone and the terminal acceptor groups for BTP-eC9 and BTP-S2 were reparametrized
according to DFT calculations.’ The pristine BTP-eC9, BTP-S2 thin-films and the mixed thin-
film (BTP-eC9:25wt%BTP-S2) were built and imitated using the following procedure: (1)
Randomly placing total 400 molecules in a 25x25x25 nm? box to generate an initial geometry;
(2) 5 ns of simulation at 800 K and 100 bar to make molecules close together quickly; (3) 10
ns of simulation at 800 K and 1 bar, then cooling down to 300 K in 5 ns; (4) 10 ns of
equilibration at 300 K and 1 bar (equilibration). The velocity rescaling thermostat and the
Berendsen barostat under the NPT ensemble were applied to control the temperature and
pressure, respectively.® 7 But for the final 10 ns of equilibration, the Nosé—Hoover thermostat

and the Parrinello-Rahman barostat were used to obtain better equilibrium conformations.?-10

Transient absorption spectroscopy. For femtosecond transient absorption spectroscopy, the
fundamental output from Yb:KGW laser (1030 nm, 220 fs Gaussian fit, 100 kHz, Light
Conversion Ltd) was separated to two light beams. One was introduced to NOPA (ORPHEUS-
N, Light Conversion Ltd) to produce a certain wavelength as the pump beam (here we use 550
nm, 750 nm and 925 nm, , 30 fs pulse duration), the other was focused onto a YAG plate to
generate white light continuum as the probe beam. The pump and probe beams overlapped on
the sample at a small angle less than 10°. The transmitted probe light from sample was collected
by a linear CCD array . The transmitted probe light with (Tpump) and without (Tunpump) pump
were collected and the normalized transmittance change AT/T was calculated by AT/T =
(Tpump — Tunpump)/ Tunpump- The samples were loaded in a cryostat for temperature dependent
measurement. Noted that since all the samples were measured at N, atmosphere, limited by the

measurement factors, the real excitation power will be smaller.

Steady state PL Steady-state PL were detected using a home-setup microfluorescence system.
The excitation light (515nm) was generated by a CW laser. PL spectra were measured using a

spectrograph (Princeton Instruments) with a liquid-N,-cooled CCD.
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Figure S1. a), b) Cyclic voltammograms of PBDB-TF,BTP-eC9, IT-4F, BTP-S2 and Fc/Fc+.

The HOMO and LUMO positions are determined by the point of intersection using two tangent

lines at the onsets of oxidation or reduction waves. The equation of E;ymomomo = -

e(Ereqoxt4.41) (eV) was used to calculate the LUMO and HOMO levels Cyclic voltammograms

of mixed acceptors; ¢) BTP-eC9:BTP-S2 (0.75:0.25); d) BTP-eC9:1T-4F (0.75:0.25), e) BTP-

eC9:BTP-S2 (0.5:0.5); f) BTP-eC9:IT-4F (0.5:0.5). g) UPS spectra of different blend systems.
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Figure S2. Normalized UV-vis absorption spectra of PBDB-TF, IT-4F, BTP-eC9, and BTP-

S2.
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Figure S10. Reconstructed PL and experimental PL spectra of BTP-eC9:IT-4F blend films.
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Figure S11. a) Time-resolved photoluminescence spectroscopy of BTP-eC9, BTP-S2, and
BTP-eC9:BTP-S2 (0.75:0.25) blend film. b) Time-resolved photoluminescence spectroscopy

of BTP-eC9, IT-4F, and BTP-eC9:IT-4F (0.75:0.25) blend film.
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Figure S12. 2D color plots of TA spectra, TA kinetics curves at decay time of 0.1, 1, 10, 1000
ps and selective decay of featured GSB of pure a) PBDB-TF, b) BTP-eC9, ¢) BTP-S2, d) IT-
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Figure S13. 2D color plots of TA spectra, TA kinetics curves at decay time of 0.1, 1, 10, 1000
ps and selective decay of featured GSB of a) BTP-eC9, b) BTP-eC9:IT-4F, c) BTP-eC9:BTP-
S2, d) PBDB-TF:BTP-S2, e¢) PBDB-TF:IT-4F, f) PBDB-TF:BTP-eC9:BTP-S2, g) BTP-

¢C9:1T-4F at indicated delay times under 750 nm excitation with a fluence below 10 pJ/cm?.



a 1000 — d

~ Pure BTP-6C9 =359 ps
- - o o @853nm
z 100 7 ol
2 * L
£ 10 = B
& = £
g <
- . }
0.1 = - Liy T T T
600 700 800 600 700 800 0 50 100 150 200
Wavelength (nm) Wavelength (nm) Delay time (ps)
7
b - e BTP-eC9: IT-4F =3T4ps
12 s{
3 ﬂ.; 104 ) o @esamm
[ B o T o
£ 6 %
s F 4 [T
K <
& 4, 2
0 st 1
H 0 T T T
600 700 800 600 700 800 0 50 100 150 200
Wavelength (nm) Wavelength (nm) Delay time (ps)
c 12 f .
BTP-€CO BTP-S2 =34.8p5
10
I @ o 6 o @8sanm
& =) -]
x "
E E 6 % 4
oy Foa £
© q a
S 2 2
0 Mt T S - - R
0 T T T
600 700 800 600 700 800 o 50 100 150 200
Wavelength (nm) Wavelength (nm) Delay time (ps)
g L — BTP-eC9 h 124 — BTP-eC9
—— BTP-eC9:IT-4F — BTP-eC9:IT-4F
. 0.6 —— BTP-eC9:BTP-S2 - 1.0+ —— BTP-eC9:BTP-S2
S >
= E 08—
£ 04 = 4
- £ o M
5
0.4+
< 0.2 z
024
00 0.0 .
0.0 1.0 10 100 0.0 1.0 10 100
Delay time (ps) Delay time (ps)

Figure S14. 2D color plots of TA spectra, TA kinetics curves at decay time of 0.1, 1, 10, 1000
ps and of a) BTP-eC9, b) BTP-eC9:1T-4F, c) BTP-eC9:BTP-S2 at indicated delay times under
925 nm excitation with a fluence below 10 pJ/cm?. GSB lifetime of d) BTP-eC9, ¢) BTP-
eC9:IT-4F, f) BTP-eC9:BTP-S2. Selective decay of g) featured GSB at 617 nm and h) excited

state absorption at 598 nm.
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Figure S17. (a-e) AFM height images of PBDB-TF:BTP-eC9, PBDB-TF:BTP-eC9:IT-

4F(25%), PBDB-TF:IT-4F, PBDB-TF:BTP-eC9:BTP-S2(25%) and PBDB-TF:BTP-S2,

respectively. (f-j) Corresponding AFM phase images.
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Figure S18 (a) Stability of devices stored in glove box filled with nitrogen; (b) Stability of

encapsulated devices under illumination in air atmosphere.
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Figure S19. (a) Molecule distribution from MD simulation. The red ball represents the BTP-
eC9, and the green ball for BTP-S2. (b) Proportion of the number of molecules in the largest
connection network over the total number of molecules in the film, as a function of the

intermolecular distance (measured as the nearest distance between heavy atoms) for the pristine

BTP-eC9 film and the 25wt% BTP-S2:BTP-eC9 blending film.



Supplementary Tables

Table S1. Device parameters of recent ternary blend organic solar cell based on non-fullerene

systems.
Materials Voc Jsc FF PCE Certified Reference
v maem?) (%) o  PEO
PBQx-TF:eC9-2CI:F-BTA3 0.879 26.7 80.9 19.0 18.7 1
PBDB-TF:HDO-4Cl:eC9 0.866 27.06 80.51 18.86 18.3 12
PBDB-TF:BTP-eC9:L8-BO- 0.853 27.35 80.0 18.66 18.2 13
F
PBDB-TF:BTP-eC9:BTP-F 0.858 26.99 79.7 18.45 18.0 14
PB2F:PBDB-TF:BTP-eC9 0.860 26.6 79.9 18.3 18.2 15
PBDB-TF:BO-4C1:BTP-S2 0.861 27.14 78.04 18.16 17.8 16
PBDB-TF:BPR- 0.856 27.13 77.6 18.02 - 17
SCI:BTPeC9
PBDB-TF:Y6:AQx-3 0.870 26.82 77.2 18.01 - 18
PBDB-TF:Y6:Y6-10 0.900 25.87 76.92 17.91 - 19
PBDB-TF:PM7-Si:BTP-eC9 0.864 26.35 77.6 17.7 - 20
PBDB-TF:Y6:C8-DTC 0.873 26.5 75.61 17.52 - 21
PBDB-TF:Y6:ITCPTC 0.861 25.67 78.8 17.42 - 2
PBDB-TF:BTP-4F-12:MEIC 0.863 254 79.2 17.4 - 2
PBDB-TF:DRTB-T-C4:Y6 0.85 24.79 81.3 17.13 - %
PBDB-TF:Y6:DRTB-T-C1 0.854 24.68 80.88 17.05 - 25
PBDB-TF:Y6:BTP-M 0.875 26.56 73.46 17.03 - 26
PBDB-TF:SM1:Y6 0.831 25.7 77.5 16.55 - 2




Table S2. Summary energy loss data for binary and ternary organic solar cells.

Device  Eff, Voo Vless Vil VI AVI AV2Z AV3 EQEm g V"
vy MMy oy MM ™M ) ™
B(BTP-eC9) 13764 0845 05314 11144 1.0726 02620 00418 02276 0.00602 0.2517
B(IT-4F)  1.5610 0.854 07070 12859 12063 02750 0.0796 0.3524 0.000077 0.3645
T(T-4F) 13868 0.852 05328 1.1227 1.0833 02641 0.0394 02293  0.00584 0.2525
B(BTP-S2) 14832 0951 05322 12123 1.1436 02709 0.0687 0.1926 0.03418 0.2067
T(BTP-S2) 13942 0.873 05212 11308 10864 02634 0.0444 02134  0.01104 0.2360
]EgP(Eg)dEg
EPV =

2 The bandgap in voltage loss section is means photovoltaic bandgap (

EQE

9

P(E )dE,

), which is extracted from

Table S3. The lifetime constants fitting from transient absorption spectra.

Device Al 1(ps) A2 72(ps)
B(BTP-eC9) 51.6% 0.228 £ 0.02 48.4% 8.9410.89
T(IT-4F) 53.4% 0.284 £0.03 46.6% 731%0.73
T(BTP-S2) 56.8% 0.188 £ 0.02 43.2% 7.41%0.74
Table S4. Diffusion mediated HTE (1),) of different BHJ films.
Samples 7 (PS) aT (PS) 12 (%)
BTP-eC9 35.9 / /
BTP-eC9:IT-4F 37.4 / /
BTP-eC9:BTP-S2 34.8 / /
B(BTP-eC9) 8.9 80.1
T(IT-4F) 7.3 83.7
T(BTP-S2) 7.4 82.5
Table SS5. HTE (nur) of different BHJ films
Samples Y] 172 (%) 7t (%)
B(BTP-eC9) 0.516 0.484 80.1 90.3




TAT-4F) 0.534 0.466 83.7 92.4

T(BTP-S2) 0.568 0.432 82.5 924

Table S6. Summarized data derived from GIWAX.

pi-pi Location Intensity d-spacing/nm CL/nm
BTP-¢C9 1.74 2.87E+08 0.36 2.19
BTP-S2 1.76 4.83E+09 0.36 227
IT-4F 1.77 2.33E+09 0.36 2.23
BTP-¢C9: BTP-S2 1.76 9.39E+08 0.36 2.14
BTP-cC9:IT-4F 1.76 2.86E+09 0.36 2.15
B(BTP-¢C9) 1.76 4.83E+09 0.36 2.41
B(BTP-S2) 1.79 5.83E+09 0.35 2.56
B(IT-4F) 1.77 1.27E+09 0.35 2.13
T(BTP-S2) 1.76 3.70E+09 0.36 2.35
T(IT-4F) 1.75 3.61E+09 0.36 237
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