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1. Materials and synthesis

BDT-2F and F-TT was purchased from Derthon Optoelectronic Materials Science
Technology Co LTD (Shenzhen, China). All reagents and commercially available
compounds are used upon receipt. The synthetic processes of two series of random
copolymers are provided in Figure S1. The synthesis of polymer PCE10-2F is as
follows:

BDT-2F (181 mg, 0.2 mmol), F-TT (94.4 mg, 0.2 mmol) and Pd (PPH3;) 4 (18.5
mg, 0.016 mmol) were dissolved in mixed solvents (toluene (5 ml) and DMF (1 ml) in
nitrogen atmosphere in a 50 ml double-necked flask with condenser. Mix the mixture
for 9-16 hours (PCE10-2F-33.4kDa for 9 hours, PCE10-2F-40.8kDa for 11 hours,
PCE10-2F-53.3kDa for 14 hours and 61.1kDa for 16 hours) at 120°C. After cooling the
solution to room temperature, it is poured into methanol (300 ml). The precipitation
was collected by filtration, and then the product was further purified by Soxhlet
extraction. The product was extracted with n-hexane, acetone and CHCI; for one day
in turn. PCE10-2F were dissolved in CHCI; and precipitated with methanol. Finally, it
is collected by filtration and dried in a vacuum oven at 80°C for more than 20 hours.
PCE10-2F were obtained in the form of dark blue solids.

Measurements

Optical absorption spectra of the polymers were measured on a PerkinElmer model
Lambda 900 UV-vis/near-IR spectrophotometer. Solution and solid-state absorption
spectra were obtained from dilute (10-® M) polymer solution in chloroform and from
thin films on glass substrate, respectively. Thin films were spin coated from 20 mg/mL
solutions in chloroform.

Washing process: The polymer donor PCE10-2F was dissolved in chloroform (CF)
at a concentration of 8 mg/ml, the solution was stirred at 40 °C for 10 h, and then spin-
coated on the quartz substrate surface in a glove box under nitrogen atmosphere (2000
r 40 s). Then the optical absorption spectra of the polymers were measured on a
PerkinElmer model Lambda 900 UV-vis/near-IR spectrophotometer. Next, the sample
was taken out, and pure chloroform (12 ulL) was spin-coated at 2300r/min for 40s and
the optical absorption spectra of the polymers after pure chloroform washing was

measured on a PerkinElmer model Lambda 900 UV-vis/near-IR spectrophotometer.



The specimen for atomic force microscopy (AFM) measurements was prepared
using the same procedures those for fabricating devices but without PDINO/Ag on top
of the active layer. Transmission electron microscope (TEM) images were taken on a
JEOL-2100F transmission electron microscope and an internal charge-coupled device
(CCD) camera. The specimen for TEM measurement was prepared by spin casting the
blend solution on ITO/PEDOT: PSS substrate, then floating the film on a water surface,
and transferring to TEM grids.

The GIWAXS measurement was carried out at the PLS-II 6A U-SAXS beamline

of the Pohang Accelerator Laboratory in Korea. The X-rays coming from the in-vacuum
undulator (IVU) were monochromated (wavelength A = 1.10994 A) using a double
crystal monochromator and focused both horizontally and vertically (450 (H) x 60 (V)
um? in FWHM @ the sample position) using K-B type mirrors. The grazing incidence
wide-angle X-ray scattering (GIWAXS) sample stage was equipped with a 7-axis
motorized stage for the fine alignment of the sample, and the incidence angles of the
X-ray beam were set to be 0.11°-0.13° for the neat and blend films. The GIWAXS
patterns were recorded with a 2D CCD detector (Rayonix SX165) and an X-ray
irradiation time within 100 s, dependent on the saturation level of the detector.
Diffraction angles were calibrated using a sucrose standard (monoclinic, P21,
a=10.8631A, b =8.7044A, c=7.7624A, and b=102.938A) and the sample-to-detector

distance was ~231 mm.
2. Device fabrication

2.1 Opaque device fabrication

The device is fabricated with ITO/PEDOT:PSS/active layer/PDINO/Ag tradition
structure. The ITO coated glass substrates were cleaned by ultrasound for 15 minutes
in sequence in water/detergent, water, acetone and isopropanol, and then treated in
ultraviolet-ozone for 1400 seconds. The PEDOT:PSS solution was spin-coated on top
of the cleaned ITO-coated glass substrate and the PEDOT:PSS film thickness was
approximately 25 nm. After annealing at 150 °C for 20 min, then the substrates were
transferred into a glove box. For the solar cells based on a BC operating condition,

polymer doner: Y6 (1:2, w/w) mixture was dissolved in chloroform (CF) with a



concentration of 16 mg/ml, and 1,8-diiodooctane (DIO) and CN was added (volume

ratio 0.25% and 0.25%, respectively). The solution is stirred at 40°C for 10 hours and

then spin-coated on the surface of PEDOT:PSS layer in a glove box in nitrogen-based
atmosphere (3000r 40s). After annealing at 100 °C for 10 min. For the solar cells based
on a SD operating condition, PCE10-2F with a concentration of 8 mg mL-! in CF were
spun onto the PEDOT: PSS layers at 2500 rpm (60 nm), 4000 rpm (50 nm) or 5500 rpm
(40 nm) for 40 s form the front layer, Y6 with a concentration of 10 mg mL-! in CF,
and 1,8-diiodooctane (DIO) and CN was added (volume ratio 0.25% and 0.25%,
respectively). then spun onto the PCE10-2F layers at 2300 rpm (40nm) for 40 s. After
annealing at 100 °C for 10 min. The PDINO was dissolved in methanol at 3 mg mL"!
and spin-coated on active layer at 3000 rpm for 30s. Finally, 90-nanometer thick Ag
layers were deposited on the active layer under high vacuum of ~3x10“Pa. The
overlapping area of cathode and anode was 4 square millimeters. J-V curves of devices
based on polymer doner: Y6 were measured under the standard AM 1.5G spectrum of
100 MW cm?2.
2.2 Semitransparent device fabrication

The device is fabricated with ITO/PEDOT:PSS/active layer/PDINO-3/Ag tradition
structure. The ITO coated glass substrates were cleaned by ultrasound for 15 minutes
in sequence in water/detergent, water, acetone and isopropanol, and then treated in
ultraviolet-ozone for 1400 seconds. The PEDOT:PSS solution was spin-coated on top
of the cleaned ITO-coated glass substrate and the PEDOT:PSS film thickness was
approximately 25 nm. After annealing at 150 °C for 20 min, then the substrates were
transferred into a glove box. PCE10-2F-53.3kDa with a concentration of 8 mg mL! in
CF were spun onto the PEDOT: PSS layers at 2500 rpm (60 nm), 4000 rpm (50 nm) or
5500 rpm (40 nm) for 40 s form the front layer, Y6 with a concentration of 10 mg mL-
Iin CF, and 1,8-diiodooctane (DIO) and CN was added (volume ratio 0.25% and
0.25%, respectively). then spun onto the PCE10-2F layers at 2300 rpm (40 nm) for 40
s. After annealing at 100 °C for 10 min. The PDINO was dissolved in methanol at 3

mg mL-! and spin-coated on active layer at 3000 rpm for 30s. Finally, 15nm thickness



Ag and layers were deposited on the active layer under high vacuum of ~3x10-4Pa.
Then, MoO; (35 nm) were evaporated onto the surface of Ag. The overlapping area of
cathode and anode was 4 square millimeters. J-V curves of ST-OSC devices were
measured under the standard AM 1.5G spectrum of 100 MW c¢m2.

3. Optical Characterization

The average visible transmittance (AVT) is calculated using

fT(l)P DS f T(D)PADS(A)AA)

VLT = VLT =
f P(M)S(DA(A) f P(A)S(D)d(A)
f T)VD)SD) )
AVT =
f P()S(A)d(A) (Eq. S1)

where A is the wavelength, T is the transmission, V is the normalized photopic spectral
response of the eye, and S is the solar photon flux (AM1.5G). It is estimated by taking
the average of the transparency of the devices in the visible region (380-740 nm) based
on the photonic response of the human eye.

All the photographs are taken by Apple iPhonel3 Pro.
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Figure S1. The synthetic route of PCE10-2F.
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Figure S2. GPC peak report for PCE10-2F-32.4 kDa, PCE10-2F-40.8 kDa, PCE10-2F-
53.3 kDa and PCE10-2F-61.1 kDa.



—_—
-
S

= PCE10-BDT2F-61.1kDa
(= PCE10-BDT2F-53.3kDa
=== PCE10-BDT2F-40.8kDa
(= PCE10-BDT2F-32.4kD:

Current/ (a.u.)

0.0 0.5 10 15 2.0 25
Potential/ (V vs.Ag/AgCl)

Figure S3. (a) CV curves of PCE10-2F-32.4kDa, PCE10-2F-40.8kDa, PCE10-2F-
53.3kDa and PCE10-2F-61.1kDa.



(@) (b) () ()
L6 -~ _ -
= PCE10-2F-32.4kDa  0-0 =S 10 PCE10-2F-324kDa (-0 S 4 PCE10-2F-32.4kDa 0-0 2.0 PCE10-2F-32.4kDa 0-0
E 14 ——PCEI0-2F-40.8kDa E 7 [ PCE10-2F-40.8kDa =2 PCE10-2F-40.8kDa A sl PCE10-2F-40.8kDa
£ 12[ —PCEI02F-533kDa £ ~ PCE10-2F-53.3kDa g 1.2 [ ——PCE10-2F-53.3kDa = ~— PCE10-2F-53.3kDal)-1
2 [ —— PCE10-2F-611KDa £ 0.8 —PCE10-2F-61.1kDA-1 £ PCE10-2F-61.1kDa _g Sos PCE10-2F-611kDa
a I]l-l I \ 210k = /
=3 £ £ i
El
Zos S0e Z081 2o
= < < < |,
06 S04 - ol =04
@ « o @
S 04 = S04 8
= o2 = 0.2
g0z g £02 ]
G - = =
2 0.0 200 I = Soo =
Z0%0 a0 S0 6w 700 500 900 300 400 500 600 700 800 900 300 400 500 600 700 8§00 900 300 400 SO0 600 700 800 900
Wavelength (nm) Wavelength (nm) Wavelength (nm) Wavelength (nm)

—_
o
~—
—_—
=
—
e
~
~_~
=
—

-PCE10-2F-53.3kDa solution ——PCE10 0-0 —— PCE10-2F-33.4kDa 70 PCE10-2F-33.4kDa

=

3 3

o ) - -

Spjg | PCE10-2F-833kDa filud) 0 < —— PCE10-2F-53.3kDa "2 1.2x10° [ —— PCE10-2F-40.8kDa E | ——PCE10-2F-40.8kDa
5 g 0-1 2 PCE10-2F-53.3kDa = 60— pCE10-2F-53.3kDn
S8 / 508 4 * F —— PCE10-2F-60.8kDa ~——PCE10-2F-61.1kDa
g o1/ | g

H A s

Zoe 206

< <

= S04}/

£ 3

S02 Fo2

£ £

209 - a . . Z 00 . . . . . %

“ 73000 400 S00 600 700 800 900 ©° 300 400 S00 600 700 800 900 "300 400 500 600 700 800 900 300 400 500 GO0 700 800 900

Wavelength (nm) Wavelength (nm) Wavelength (nm) Wavelength (nm)

Figure S4. UV-vis absorption spectra of PCE10-2F-32.4kDa, PCE10-2F-40.8kDa,
PCE10-2F-53.3kDa and PCE10-2F-61.1kDa were measured in (a-b) chlorobenzene
solutions and (c-d) films. (¢) UV-vis absorption spectra of PCE10-2F-53.3kDa were
measured in chlorobenzene solutions and films, respectively. (f) UV-vis absorption
spectra of PCE10-2F-53.3kDa and PCE10 were measured in films. (g) Absorption
coefficients of the pristine polymers films. (h) absorption coefficient of pristine
polymers in CB solution.
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Figure S5. Temperature-dependent UV-vis absorption spectra of 0.01 mg/mL (a)
PCE10 and (b) PM6 in CB.
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with DIO additive for 0.5 h, 24 h and 72 h.
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Figure S10. (a-d) Dependence of Jsc on the light intensity of the OSC devices. (e-f)
Dependence of V¢ on the light intensity of the OSC devices.
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Figure S11.AFM images of optimized BC and SD blend films.
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Figure S13. in-plane and out-of-plane line cuts of GIWAXS of the optimized active
layers (PCE10-2F-53.3kDa and Y6) based on BC and SD operating conditions.
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Table S1. Optical and electrochemical parameters of polymer donors.

}Lf, max }\‘S, max Egopt }Mf 7\45 HOMO LUMO
Polymers
(nm) (nm) (eV) To-o/To-1 To-o/To-1 (eV) (eV)
PCE10-2F-33.4kDa 695 699 1.60 1.182 1.300 -5.47 -3.87
PCE10-2F-40.8kDa 697 700 1.59 1.243 1.398 -5.46 -3.87
PCE10-2F-53.3kDa 704 701 1.58 1.324 1.418 -5.45 -3.87

PCE10-2F-60.8kDa 705 701 1.57 1.341 1.440 -5.44 -3.87




Table S2. Summarized parameters for the ordering structures of neat films and blend

films.
Out-of-Plane In-Plane
n-nt stacking cell axis (010) Unit cell long axis (100)
d- d-
FWHM | Coherence FWHM | Coherence
q (A1) | spacing q (A" | spacing
(A length (A) (A length (A)
&) &)
33.4kDa 1.606 3912 0.581 9.845 0.259 24.259 0.105 48.345
40.8 kDa 1.612 3.898 0.476 12.017 0.258 24.353 0.104 42.686
53.3 kDa 1.614 3.893 0.457 12.516 0.258 24.353 0.103 48.764
61.1 kDa 1.616 3.888 0.420 13.620 0.258 24.353 0.102 46.575
Y6 1.708 3.679 0.234 24.44 0.287 21.893 0.234 34.685
Y6+additive | 1.764 3.562 0.149 38.396 0.208 30.207 0.155 56.234
BC 1.700 3.696 0.310 18.452 0.262 23.982 0.0874 32.534
SD 1.710 3.674 0.288 19.861 0.264 23.800 0.245 57.754




Table S3. Photovoltaic performance of PCE10-2F-53.3kDa: Y6 based solar cells with
different D/A ratio with additive of 0.25%DIO and 0.25%CN.

D/A Voe ) J  (mA/ cm?) FF (%) PCE (%)
1:1.2 0.768 25.12 67.34 12.98
1:1.5 0.766 25.13 67.71 13.03
1:2 0.775 25.82 67.07 13.40

1:2.5 0.784 24.11 70.27 13.29




Table S4. Detailed parameter on PCE10 or named PTB7-Th in IC-based non-fullerene
organic solar cells devices reported in the literature.

Isc FF PCE .,
Acytive layer Voc (V) Reference
(mA/em2) (%) (%)
PCE10-2F/Y6 0.789 26.14 70.32 14.53 This work
PTB7-th: ATT-9 0.66 30.0 67.2 13.35 1
PCE10-BDT2F-0.8: Y6 0.753 26.36 69.45 13.80 2
PCE10-2CI: IT-4F 0.82 18.13 71.94 10.72 3
PTB7-th: COi8DFIC 0.69 27.3 71 13.8 4
PBTT: IEICO 0.86 17.9 61.3 9.5 5
PBCIT: ITIC 1.01 13.95 60.05 8.46 6
PBFTT: IT-4Cl 0.76 19.7 73.9 11.1 7
PTB7-Th: H3 0.780 25.26 67.38 13.38 8
PL-CI: F8IC 0.71 26.27 69.2 12.9 9
PCE10: A078 0.75 24.8 0.7 13.0 10
PTB7-Th: FOIC 0.743 24.0 67.1 12.0 11
PTB7-Th: FOIC: PC;BM 0.753 23.83 66.5 12.32 12
PCE-10: BT-CIC: TT-FIC 0.68 23.3 72 11.4 13
PTB7-Th: IEICO-4F 0.712 27.3 65.7 12.8 14
PTB7-Th: IEICO-4Cl 0.727 22.8 62 10.3 15
PTB7-Th: IUIC 0792 21.51 64.7 11.2 16
PTB7-Th: COi8DFIC: IEICO-4F 0.714 23.97 69.78 11.94 17
PTB7-Th: ACS8 0.75 25.3 69.3 13.2 18
PCE10: ICBA: Y8 0.742 23.51 73.74 12.84 19
PTB7-Th: FNIC1 0.741 23.93 73.4 13.0 20
PTB7-Th: FNIC2 0.774 19.97 66.4 10.3 20

PTB7-Th: ATT-2 0.73 20.75 63 9.58 21




Table S5. Hole and electron mobilities of BC and SD operating conditions devices in

the dark.
Operating
pp(em? V71571 pe(em? V7157 /M
conditions
BC 8.49X 10 6.45X 10 1.38
PCE10-2F-33.4kDa
SD 9.20X10* 7.72X10% 1.19
BC 8.95X 104 7.18X10% 1.25
PCE10-2F-40.8kDa
SD 1.02X 103 9.38X10* 1.09
BC 9.67X10* 821X 104 1.17
PCE10-2F-53.3kDa
SD 1.03X 1073 9.67X10% 1.06
BC 7.95X 10 5.65X 104 1.41

PCE10-2F-61.1kDa
SD 9.64 X 10* 8.44X 10 1.14




Table S6. Operating characteristics of OSCs (PCE10-2F-61.1kDa) with different
additive based on BC and SD operating conditions under simulated AM 1.5G, 100 mW
cm? illumination.

Operating Voc JIsc FF PCE,,.,
Donor Acceptor

conditions \%) (mA/ cm?) (%) (%)
- 0.5%CN SD 0.810 23.23 65.88 12.36
0.5%CN 0.5%CN SD 0.812 23.49 66.01 12.59
0.5%DIO 0.5%CN SD 0.798 21.97 62.23 10.93
0.5%CN BC 0.806 23.87 64.64 12.30
- 0.5%DIO SD 0.788 24.07 68.56 13.07
0.5%DIO 0.5%DIO SD 0.774 24.00 68.79 12.97
0.5%DIO BC 0.775 24.59 67.65 12.86
- 0.25%CN+0.25%DIO SD 0.794 25.70 67.70 13.82
0.5%DIO | 0.25%CN+0.25%DIO SD 0.773 25.18 65.34 12.70
0.25%CN+0.25%DIO BC 0.773 25.83 65.42 13.04




Table S7. Detailed parameter on state-of-the-art ST-OSC devices with complex optical

engineering reported in the literature.

PCE AVT LUE
Device structure Reference
(%) () (%)

(LiF/TeO2)*/glass/ITO/PEDOT:PSS/PM6:BTP-eC9:L8-
1144 4679 5.35 22
BO(0.8:1:0.2)/PDINN/Ag(12nm)/(LiF/TeO2 ) 8 /LiF

MgF, /SiO, /ITO/ZnO/PCE-10:
108 457 5.0 10
A078/MoO/Ag(16nm)/CBP/MgF,/CBP/MgF,




Table S8. Detailed parameter on state-of-the-art ST-OSC devices without complex

optical engineering reported in the literature.

Acytive layer PCE (%) AVT (%) LUE (%) Reference
PCE10-2F/Y6 (60/40nm) 11.11 39.93 4.48 This work
PCE10-2F/Y6 (50/40nm) 10.56 45.62 4.82 This work
PCE10-2F/Y6 (40/40nm) 10.01 50.05 5.01 This work

PBDB-TF:L8-BO:BTP-eC9 12.95 38.67 5.0 23

PTB7-Th: H3 8.38 50.9 4.27 8
PTB7-Th: FOIC: PC;;BM 8.66 50.04 4.33 12

PL-CI: F8IC 11.0 35.0 3.85 9

PTB7-Th: FOIC 10.3 37.4 3.85 11
PBTI1-C-2Cl: Y6 9.1 40.1 3.65 24
PCE-10: BT-CIC: TT-FIC 8.0 44.2 3.54 13
PTB7-Th: IEICO-4Cl 8.38 25.7 2.15 15
PTB7-Th: IUIC 10.2 31 3.16 16
PCE-10: BT-CIC 7.1 43 3.05 25
PTB7-Th: ATT-2 7.7 37 2.85 21
PBDB-T: ITIC 7.3 25.2 1.84 26
PTB7-Th: IHIC 9.77 36 3.52 27
PTB7-Th: COi8DFIC: IEICO-4F 8.23 20.78 1.71 17
PBDTTT-ET: IEICO 6.8 25.1 1.71 28




PTB7-Th: PBT1-S: PC71BM 9.2 20 1.84 29
PBDB-T-2F: Y6 12.88 25.6 3.30 30
PTB7-Th: ACS8 11.1 28.6 3.17 18

PTB7-Th: BDTThIT-4F: IEICO-4F 9.40 24.6 231 31
PTB7-Th: IEICO-4F 9.06 27.1 2.46 32
PTB7-Th: IEICO-4F 10.03 34.2 3.43 33

PBDB-T: Y14 12.67 23.69 3.00 34
PBFTT: IT-4Cl 9.1 27.6 2.51 7
PFTZTT3TC: ITIC 6.43 26.77 1.72 35
PBN-S: IT-4F 9.83 32 3.15 36
PTB7-Th: IEICO-4F 10.83 29.5 3.19 37
PDTP-DFBT: FOIC 4.2 52 2.18 38
J71:PTB7-Th: IHIC 93 214 2.01 39
DTG-IW: PTB7-Th 6.19 50.4 3.12 40
PM6: Y6: PC71BM 10.2 28.6 2.92 41
PBDB-TF: Y6: BTTPC 13.1 22.35 2.93 42
PBDB-TF: Y6: DTNIF 13.49 22.58 3.05 43
PBDB-TF: Y6: PC71BM 13 214 2.78 44
PCE10: ICBA:Y8 10.46 26.56 2.78 19
D18-Cl: Y6-10: Y6 13.02 20.2 2.63 45
PCE10-2CI: IT-4F 8.25 33 2.72 3




PM2: Y6-BO 59 43.3 2.55 46

PM6: Y6: DIBC 14.00 21.60 3.02 47

PM6: Y6 9.7 42.82 4.15 48
PCE10-BDT2F-0.8: Y6 10.85 41.08 4.46 2
PTB7-Th: ATT-9 9.37 35.5 3.33 1
PM6-Irl: BTP-eC9: PC71BM 14.09 20.44 2.82 49




Table S9. Operating characteristics of ST-OSCs based on PCE10-2F with different

molecular weight under simulated AM 1.5G, 100 mW cm™? illumination.

I PCE  AVT  LUE

Donor D/A VeV FF (%)
(mA/ sz) (%) (OA’) (0/0)
PCE10-2F-40.8kDa  60/40nm  0.784 20.18 69.25 10.97 40.13 4.40
PCE10-2F-53.3kDa  60/40nm  0.786 20.37 69.48 11.11 39.93 4.44
PCE10-2F-61.1kDa  60/40nm  0.787 20.05 67.25 10.60 37.95 4.02
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