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Experiment section
Materials. PM6 was purchased from Solarmer Materials Inc. Y6-O was purchased from

eFlesPV Limited.

Fabrication and measurements of OPVs.

The organic solar cells were fabricated with a conventional structure of
ITO/PEDOT:PSS/PM6:Y6-O/PDINO/AL The patterned ITO substrates were cleaned by
sonication in detergent water, deionized water, acetone and isopropanol for 20 min of each
step. After the UVO treatment for 20 min, an hole-transporting layer of PEDOT:PSS was
deposited by spin-coating at 5500 rpm for 30 s, followed by thermal annealing at 140 °C
for 10 min. The BHIJ active layer solution was prepared in chloroform (with 20 mg/ml
DBCL) at a total concentration of 20 mg/mL with the D/A ratio of 1:1 by weight. For the
LBL device, the PM6 and Y6-O were prepared in chloroform at a concentration of 9
mg/mL (with 9 mg/ml DBCL) and 12 mg/mL (with 20 mg/ml DBCL). The solution was
stirred on a hotplate at 50 °C at least 6 h. We firstly deposited PM6 layer, then the Y6-O
was seqeuntially deposited in the glovebox. Both the thickness of BHJ and LBL active
layer is 110 nm. The film thickness of LBL film is carefully tuned by change the spin-
coating speed of PM6 and Y6-O. Then the films are transferred to vacuum for 30 min,
followed by thermal annealing at 80 °C for 10 min. PDINO methanol solution (2.0 mg/mL)

was then spin-coated on the active layer at 3300 rpm for 30 s to afford a buffer layer with
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a thickness of 10 nm. Finally, 100 nm Al was sequentially deposited as top electrode under
vacuum (<1x10-4 Pa). The J-V characteristics were performed in N2-filled glovebox under
AM 1.5G (100 mW/cm?) by using a Keithley 2400 source meter unit and an AAA solar
simulator (SS-F5-3A, Enli Technology CO., Ltd.) calibrated by a standard Si photovoltaic
cell with a KG5 filter. The EQE was measured by a solar cell spectral response
measurement system (QE-R3018, Enli Technology CO., Ltd.) with the calibrated light
intensity by a standard single-crystal Si photovoltaic cell. The spectra irradiation of the
LED was measured by using a calibrated high-precision fibre-optics spectrometer
(Maya2000 Pro, Ocean Optics). The UV—Vis absorption spectra were measured on a
Shimadzu UV-3600 Plus Spectrophotometer. Photoluminescence (PL) spectra were
performed on PTI Quanta Master™ 400 UV/VIS Spectrofluorometer at the excitation

wavelength of 780 nm.

EL, EQEg,, sensitive-EQE (SEQE), and TPV measurements.

Electroluminescence measurement utilized the direct-current meter (PWS2326, Tectronix)
to offer bias voltage to the device, then the luminous signals were collected by fluorescence
spectrometer (KYMERA-3281-B2,Andor technology LTD). The EQE-EL measurement
system basically includes Keithley 2400 digital source meter, Keithley 6482 picoammeters
and a standard Si detector (S1337-1010Br). For the sensitive-EQE measurement, the light
from halogen light source (LSH-75, Newport) became monochromatic light by using a
monochromator (CS260-RG-3-MC-A, Newport), and was focused on the device to
generate electrical signals. Then the signals were amplified by the front-end current

amplifier (SR570, Stanford) and finally collected by the phase-locked amplifier (Newport).

S-3



10

11

12

13

14

15

16

17

18

19

20

21

22

23

The EQE spectrum can be obtained by using the corrected Si standard detector (S1337-
1010Br). For TPV mensurement, the background illumination was provided by a normal
LED light source, and pulsed light was provided by arbitrary wave generator (AFG322C,
Tektronix), eventually, the transient photovoltage signals for the device was collected by

oscilloscope (MDO4104C, Tektronix).

Grazing Incidence Wide-Angle X-ray Scattering (GIWAXS) Characterization.
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 0.11°-0.15°, selected
to maximize the scattering intensity from the samples. The scattered x-rays were detected

using a Dectris Pilatus 2M photon counting detector.

Resonant Soft X-ray Scattering (RS0XS). RSoXS transmission measurements were
performed at beamline 11.0.1.2 at the Advanced Light Source (ALS). Samples for R-SoXS
measurements were prepared on a PSS modified Si substrate under the same conditions as
those used for device fabrication, and then transferred by floating in water to a 1.5 mm X
1.5 mm, 100 nm thick SizN4 membrane supported by a 5 mm % 5 mm, 200 um thick Si
frame (Norcada Inc.). 2-D scattering patterns were collected on an in-vacuum CCD camera
(Princeton Instrument PI-MTE). The sample detector distance was calibrated from
diffraction peaks of a triblock copolymer poly(isoprene-b-styrene-b-2-vinyl pyridine),
which has a known spacing of 391 A. The beam size at the sample is approximately 100

um by 200 pm.
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AFM measurements. The surface topography of the active layer was recorded by atomic

force microscopy (AFM) operated in the tapping mode.

Hole and electron mobility measurements. The mobilities were measured by using space
charge limited current (SCLC) model with the hole-only device of
ITO/PEDOT:PSS/PM6:Y 6-O/M00O3/Al and electron-only device of ITO/ZnO/PM6:Y 6-
O/PDINO/AL. Hole mobility and electron mobility were obtained by fitting the current
density-voltage curves and calculated by the equation:

J = €€, u(V gy = Vi~ V)? /8L

Where J is current density, € is the permittivity of free space, €, is the relative permittivity
of the material (assumed to 3), p is hole mobility or electron mobility, V1 is applied
voltage, V4, is the built-in voltage (0 V), Vj is the voltage drop from the substrate’s series

resistance (Vs =IR) and L is the thickness of film.

(a) 12

_
(=2}
-

c) 100
—PMs |—BHy o (©

{4 —Y6-0 ——LBL
——LED

-
o

e

-

o
@
=]

o
©

o o
o o©
o o
Y ®

EQE (%)

IS o

S S

——BHJ
——LBL

o
IS
o
a

o o
» o
Normalized absorbance

Normalized absorbanc
Nomalized emission

o
N
o
[
o <
)
N
o

0.0 0.0 0.0 0
300 400 500 600 700 800 900 1000 300 400 500 600 700 800 900 1000 300 400 500 600 700 800 900
Wavelength (nm) Wavelength (nm) Wavelength (nm)

Figure S1. (a) UV-vis absorption spectra of PM6 and Y6-O films; (b) UV-vis absorption
spectra of PM6:Y6-0O based BHJ and LBL films and emission spectra of LED; (¢) EQE
curves of BHJ and LBL devices.
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2 Figure S2. (a) Photoluminescence spectra of Y6-O neat film, PM6:Y6-O based BHJ and
3 LBL films; (b) Jyn—Vesr curves of BHJ and LBL devices under 1 sun intensity.

5 Table S1. The PL quenching rate of corresponding films and calculated Pgis from Jyp-Vegr

6 curves.
Active layer PL quenching rate (%) Piss (%)
BHJ 98.2 95.7
LBL 99.0 96.8
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9 Figure S3. J'2 -V characteristics of (a) hole-only and (b) electron-only devices based on

10 BHJ and LBL films.
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1 Table S2. The calculated hole-mobility, electron mobility and their ratios from J'? -V

2 curves.
Condition up (X10* cm?2V-1S-1)a Ue (X107 cm?V-1S-1)2 W/ Me
BHJ 1.23 (1.17£0.07) 1.07 (1.05£0.05) .15
LBL 1.27 (1.2240.06) 1.24 (1.200.05) 1.02

3 2The average parameters were calculated from more than 10 independent cells.
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6 Figure S4. Dependence of (a) Voc and (b) Jsc on light intensity of BHJ and LBL devices.
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9 Figure S5. J-V curves of BHJ and LBL devices under (a) 500 lux and (b) 250 lux LED

10 illuminance.
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1 Table S3. The corresponding photovoltaic parameters of indoor devices reported in the

2 literature.

Active layer [Mlumination Vo (V) Jsc FF (%) PCE Ref.
(lux) (LA/cm?) (%)
OD:PC;BM:PDI2 1000 0.64 127.1 70 20.5 !
PM6:1T-4F 1000 0.712 113 78.0 20.8 2
OD:PC71BM:IDT 1000 0.63 132.9 71.7 29.9 !
CD1:PBN-14 1000 1.06 116 62.6 24.9 3
CD1:PBD-10 1000 1.14 105 65.4 21.7 4
PM6:ITCC 1000 0.962 95.8 72.0 22.0 2
PM6:Y-TH2:Y6 1000 0.701 320 74.48 22.33 5
PBTZT-sat-BDTT- 1000 0.81 112.4 70.4 23.1 6

8:PC()1BM:PC71BM

PBDB-TF:10-4C1 1000 1.10 90.6 79.1 26.1 7
PB2:F-BTA3 1000 1.08 98.1 78.8 27.1 8
PBQx- 1000 1.10 97.7 80.1 28.5 9
TCI:BTA3:BTP-

eC9

PM6:FCC-CI 2000 0914 244.1 81.2 28.5 10
J51- 1000 1.118 96.65 80.27 28.84 1

CLI:BTA3:BTAl

Copolymer:PCBM 1000 0.650 143 71 29 12
PBDB-T:GS-ISO 1000 1.09 98.2 80.36 29.15 13
DI18:FCC-CI 2000 0.975 245.4 80.1 30.1 10
PM6:ITIC-Th:IT- 500 0.75 74.73 77.10 30.11 14
4F

PB2:FTCC-Br 1000 0.943 123.8 81.1 30.2 15
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Figure S6. The LED at 1000, 500 and 250 lux and corresponding integrated current
density of the (a) BHJ and (b) LBL devices.
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Figure S7. J-V curves of BHJ and LBL devices under (a) 1500 lux; (b) 125 lux LED
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1 Table S4. The photovoltiac parameters of BHJ and LBL devices under 1500 and 125 lux

2 LED.
Active layer  Light intensity (lux)  Voc (V)  Jsc (MA-cm?) FF (%) PCE (%)?
1500 0.851 200.7 79.1 29.3 (28.7+0.7)
BHIJ
125 0.762 16.7 65.3 21.8 (20.740.8)
1500 0.875 202.5 81.4 31.5 (30.6+0.7)
LBL
125 0.795 16.8 75.8 26.6 (25.840.6)

3 2The average parameters were calculated from more than 10 independent cells.
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5 Figure S8. Dependence of (a) Voc and (b) Jsc on indoor light intensity of BHJ and LBL

6 devices.
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9 Figure S9. GIWAXS 2D profiles of (a) PM6 and (b) Y6-O films; (c) GIWAXS line

10 profiles of corresponding films.
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2 Table S5. Structure parameters of corresponding films obtained from GIWAXS and

3 RSoXS.
Active layer Peak location (A1) CL (A) Domain size (nm) Domain purity
BHIJ 1.80 27.3 20.7 0.97
LBL 1.80 27.8 22.5 1
4
(@,,] (b) ;]
0.7 BHJ top 0.71 LBL
0.6 0.6
5 051 5 051
g 0.4 bottom g 0.4
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1 Figure S10. Film-depth-dependent absorption spectra of (a) BHJ and (b) LBL films; and

2 the deduced sub-layer absorption spectra of (¢) BHJ and (d) LBL films. Each sub-layer of
3 BHIJ and LBL film is about 10 nm and 6 nm; the calculated component ratio of (¢) BHL
4 and (f) LBL films.
5
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6 Voltage (V)

7 Figure S11. The J-V curves of LBL devices with different PM6 and Y 6-O thickness

8 under 1 sun light intensity.

10 Table S6. Photovoltaic parameters of the LBL devices with various PM6 and Y6-O

11 thickness under 1 sun illumination.

PM6/Y6-O Thickness  Voc (V) Jsc (WA cm2) FF (%) PCE (%)

35nm+75nm 0.977 219 74.8 16.2 (15.5+0.6)
40nm+70nm 0.972 224 76.4 16.8 (16.3£0.3)
50nm+60nm 0.975 22.8 77.5 17.2 (16.8+0.5)
60nm+50nm 0.971 21.8 74.7 15.9 (15.2+0.5)

12 2The average parameters were calculated from more than 10 independent cells.

13

S-12



0.010 T T T

(a) 100 {——BHJ (N=1.7x102 m*®) (b)

& ——LBL (N=1.5x102 m?)

£ —

3] <

< 104 E

£ €

2 g

D 5 0.005-

c 15 3

g Vi =0.52 V %

€ fo £

2 0.1 Vi =0.46 V e

=]

o

0.01 T T 0.000 T T
0.01 0.1 1 10 5 0 5 10 15
1 Voltage (V) Time (ps)

2 Figure S12. (a) The J-V curves of electron-only device; (b) Non-normalized photocurrent

3 transient of BHJ and LBL devices.
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7 Figure S13. Carrier lifetime of BHJ and LBL devices obtained from TPV measurements.
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2 Figure S14. (a) The derivative of the EQE; (b) EL spectra for the BHJ and LBL devices.

3
1 4
(a) LBL ‘4""
0.1
£0.01;
Ilull)
C0.001 ;
w A
J]
1E-4 _i/‘
S —=—with CT (E, 23 meV)
1E-5; _.-" ! —o—wo CT (E, 22 meV)
1.5 2.0
4 Energy (eV)

(b) 1

0.1
§0.01-

w

c0.001] |

w £
1E-4- #
1E-5] /|

—a—with CT (E, 23 meV)
—e—wo CT (E, 22 meV)

1.5

2.0

Energy (eV)
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—

Figure S16. The J-V curves of (a) PM6:BTA3; (b) PM6:Y6 and (c) PCE10:PC,,BM

2 devices under 1 sun.

4 Table S7. Photovoltaic parameters of the PM6:BTA3, PM6:Y6 and PCE10:PC,;,,BM

5 devices under 1 sun illumination.
Active layer Condition  Voc (V) Jsc (mA-cm?)  FF (%) PCE (%)? Ry/Q-cm?
PM6:BTA3 BHJ 1.230 9.42 58.3 6.77 (6.52+0.3) 6.25x10%
PM6:BTA3 LBL 1.232 9.56 61.5 7.26 (7.03£0.2) 1.10x109
PM6:Y6 BHJ 0.841 25.1 74.9 15.8 (15.5+0.2) 4.13x10*
PM6:Y6 LBL 0.842 25.4 76.0 16.3 (16.0£0.4)  1.78x10°
PCE10:PC,BM BHIJ 0.801 14.5 66.6 7.73 (7.42+0.5)  6.03x10*
PCE10:PC,,BM LBL 0.809 14.9 69.3 8.36 (8.12+0.3)  1.31x10°

6 ?2The average parameters were calculated from more than 10 independent cells.
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9 Figure S17. The dark current curves of (a) PM6:BTA3; (b) PM6:Y6 and (c)
10 PCE10:PC,,BM devices.
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Figure S18. The J-V curves of BHJ and LBL devices based on PCE10:PC;,BM systems
under 1000 lux LED.

Table S8. Photovoltaic parameters of the PM6:BTA3, PM6:Y6 and PCE10:PC,(BM

devices under 1000 lux LED.

Active layer Condition Voc (V) Jsc (LA -cm?) FF (%) PCE (%)?

PM6:BTA3 BHJ 1.064 81.5 66.4 18.9 (18.2+0.6)
PM6:BTA3 LBL 1.088 83.8 71.5 21.4 (21.0£0.5)
PM6:Y6 BHJ 0.682 133.1 68.6 20.3 (19.740.8)
PM6:Y6 LBL 0.701 136.0 73.4 22.9 (22.5+0.6)
PCE10:PC,(BM BHIJ 0.678 115.2 62.8 16.0 (15.3+0.8)
PCE10:PC,BM LBL 0.691 120.1 67.2 18.1 (17.8+0.5)

aThe average parameters were calculated from more than 10 independent cells.
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