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1. Experimental Section/Methods 

Materials. PM6, Y6, and BTP-eC9 were purchased from Solarmer Co., Ltd. (Beijing, 

China). PEDOT: PSS and PDIN were purchased from Energy Chemical., Ltd. These 

materials were used as received without further treatment. 

Device Fabrication. Bilayer organic solar cells were prepared on glass substrates 

with tin-doped indium oxide (ITO, 15 Ω/sq) (device area: 0.04 cm2). Substrates were 

prewashed with isopropanol to remove organic residues before immersing them in an 

ultrasonic bath of soap for 15 min. Samples were rinsed in flowing deionized water 

for 5 min before being sonicated for 15 min each in successive baths of deionized 

water, acetone, and isopropanol. Next, the samples were dried with pressurized 

nitrogen before being exposed to a UV-ozone plasma for 15 min. A thin layer of 

PEDOT:PSS (~20 nm) (Clevios AL4083) was spin-coated onto the UV-treated 

substrates, the PEDOT-coated substrates were subsequently annealed on a hot plate at 

150 °C for 20 min, and the substrates were then transferred into the glovebox for 

active layer deposition. 

    All solutions were prepared in the glovebox using the PM6 and NFAs Y6 and 

BTP-eC9 donors. Optimized devices were obtained by dissolving PM6 in chloroform 

(CF) using a concentration of 8 mg/ml, and NFAs were dissolved in dichloromethane 

(DCM) with and w/o additives (The volume fraction of FN, CN, and BN are 0.9%, 

0.5%, and 0.6%, respectively). Note: The NFA solutions were stirred for three hours 

at 50 ℃ before being cast. For the solar cells with a bilayer architecture, PM6 was 

bladed on the PEDOT: PSS layer to form a front layer, and then NFAs with and w/o 

additives were bladed onto the donor layer. Then, a methanol solution of PDIN at a 

concentration of 2.0 mg/ml with acetic acid (0.3 vol%) added as a processing additive 

was spin-coated onto the active layer at 5000 rpm.

Next, the substrates were pumped down in a high vacuum at a pressure of 3×10-4 

Pa, and the Ag layer (100 nm) was thermally evaporated onto the active layer.

Photocurrent measurements. The J−V measurement was performed via a XES-

50S1 (SAN-EI Electric Co., Ltd.) solar simulator (AAA grade) whose intensity was 
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calibrated by a certified standard silicon solar cell (SRC-2020, Enlitech) under the 

illumination of AM 1.5G 100 mW cm−2. The AM 1.5G light source with a spectral 

mismatch factor of 1.01 was calibrated by the National Institute of Metrology. The 

intensity of the AM 1.5G spectra was calibrated by a certified standard silicon solar 

cell (SRC-2020, Enlitech) calibrated by the National Institute of Metrology. The J-V 

curves of small-area devices were measured in forwarding scan mode (from -0.2 V to 

1.2 V) with a scan step length of 0.02 V. The external quantum efficiency (EQE) was 

measured by a certified incident photon to electron conversion (IPCE) equipment 

(QE-R) from Enli Technology Co., Lt. The light intensity at each wavelength was 

calibrated using a standard monocrystalline Si photovoltaic cell. Optoelectronic 

characterizations were performed with PAIOS (Fluxim, Switzerland). 
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2. PL spectra of Y6 films 

Figure S1. PL spectra of Y6, Y6(CN), Y6(FN) and Y6(BN).
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3. In-situ absorption

Figue S2. In-situ absorption spectra of a) Y6, d) Y6+FN, g) Y6+CN, j) Y6+BN films. 

Normalized transient absorption spectra of b) Y6, e) Y6+FN, h) Y6+CN, k) Y6+BN 

films. Values of FWHM0-0/FWHM0-1, A0-0/A0-1, and Peak0-0 of c) Y6, f) Y6+FN, i) 

Y6+CN, l) Y6+BN films change with drying time.
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Figure S3. In-situ absorption spectra (0-5s) of a) Y6, b) Y6+FN, c) Y6+CN, d) 

Y6+BN films.

Figure S4. Normalized in-situ absorption spectra (0-5s) of a) Y6, b) Y6+FN, c) 

Y6+CN, d) Y6+BN films.
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Figure S5. In-situ absorption spectra (0-1s, 40 points) of a) Y6, b) Y6+FN, c) 

Y6+CN, d) Y6+BN films. 

Figure S6. Normalized in-situ absorption spectra of a) Y6, b) Y6+FN, c) Y6+CN, d) 

Y6+BN films. 
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4. Film thickness of PM6/Y6 films

Table S1 │ Film thickness of PM6/N3. The sum of the thickness of single donor and 

acceptor films is consistent with that of the bilayer device.

Materials Solvent Concentration 

(mg/ml)

Thicknessa 

(nm)

PM6 CF 8 57±2

DCM 10 40±4

DCM+CN 10 51±5

DCM+FN 10 50±3

Y6

DCM+BN 10 43±2

CF/DCM 8/10 98±1

CF/DCM(CN) 8/10 107±3

CF/DCM(FN) 8/10 110±4

PM6/Y6

CF/DCM(BN) 8/10 98±2

a The average values obtained from 5 films for each condition.



11

5. AFM measurements of Y6 in DCM

Figure S7. Roughness of Y6 films changed with additives.

Figure S8. Depth of Y6 films changed with additives.
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Figure S9. Saturated solutions of Y6 in 1-fluoronaphthalene (FN), 1-

chloronaphthalene (CN), and 1-bromonaphthalene (BN) solvents.

Figure S10. Saturated solutions of Y6 in DCM+FN, DCM+CN, and DCM+BN 

solvents.

Table S2. Solubility of Y6 in different solvents.

Solvents Solubility (mg/ml)
FN 33.0
CN 70.0
BN 50.3

DCM 6.4
DCM+FN 6.9
DCM+CN 9.0
DCM+BN 7.5
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6. AFM measurement of Y6 films with and w/o solid additives 

Figure S11. AFM topography of Y6 with and w/o solid additives.
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7. J-V measurements of PM6/Y6 bilayer devices with and w/o solid 

additives

Figure S12. J-V curves of PM6/Y6 bilayer devices with and w/o additives.

Table S3. Photovoltaic parameters of PM6/Y6 bilayer OSCs with and w/o solid 

additives. The average values were obtained from 10 devices.

Post Condition JSC(mA/cm2) VOC(meV) FF(%) PCE(%)

None 25.15

(23.96±0.60)

856

(854±3)

75.02

(73.86±0.89)

16.15

(15.13±0.51)

TBB 26.24

(25.44±1.34)

795

(793±18)

73.57

(73.39±1.00)

15.35

(14.78±0.55)

DIB 27.08

(27.10±1.00)

819

(806±10)

75.43

(73.67±1.45)

16.73

(16.08±0.44)

As-Cast

DBCl 27.61

(26.87±0.66)

793

(793±11)

73.76

(74.26±1.16)

16.16

(15.81±0.22)

TBB 27.17

(25.41±1.46)

801

(808+20)

75.36

(75.57±1.18)

16.41

(15.50±0.58)

DIB 27.38

(27.08±0.32)

822

(812±9)

75.56

(74.59±0.86)

17.00

(16.41±0.43)

Annealed by 

90 ℃

DBCl 25.85

(24.63±0.99)

820

(822±10)

75.40

(75.03±0.80)

15.98

(15.19±0.46)
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8. AFM measurement of Y6 films in CF 

Figure S13. AFM topography of Y6 under different conditions with CF as the 

solvent. 
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Figure S14. Rq of Y6 with CF as the solvent changed with additives and 

temperature.

Figure S15. Depth of Y6 with CF as the solvent changed with additives and 

temperature.
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9. J-V measurements of PM6:Y6 BHJ devices

 

Figure S16. J-V spectra of PM6:Y6 BHJ devices with and w/o additives.

Table S4. Photovoltaic parameters of the optimized devices based on PM6:Y6 BHJ 

devices with and w/o additives under simulated AM1.5G illumination (100 mW cm-

2). The average values were obtained from 10 devices.

Materials Condition VOC (mV) JSC (mA/cm2) FF(%) PCE (%)

None 862
(867±3)

27.79
(26.98±0.45)

72.05
(71.34±0.46)

17.25
(16.68±0.32)

FN 859
(861±3)

27.05
(26.06±0.87)

75.50
(74.78±2.00)

17.54
(16.77±0.53)

CN 873
(871±3)

27.03
(26.27±0.82)

74.76
(74.40±1.07)

17.65
(17.02±0.41)

PM6:Y6

BN 868
(869±3)

26.50
(25.16±1.01)

76.11
(76.68±0.73)

17.50
(16.76±0.51)
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Figure S17. J-V spectra of PM6:Y6 BHJ devices with and w/o additives.

Table S5. Photovoltaic performance of the optimized devices based on PM6:Y6 BHJ 

devices with and w/o additives by annealing with 110℃ under simulated AM1.5G 

illumination (100 mW cm-2). The average values were obtained from 10 devices.

Materials Condition VOC (mV) JSC (mA/cm2) FF(%) PCE (%)

As-cast 847
(867±6)

28.01
(27.46±0.53)

72.23
(71.80±1.39)

17.15
(16.62±0.34)

FN 852
(843±7)

28.11
(27.51±0.70)

75.08
(74.67±1.16)

17.97
(17.32±0.45)

CN 845
(843±2)

28.07
(27.28±0.61)

74.28
(74.08±0.86)

17.63
(17.03±0.30)

PM6:Y6
(TA 110℃)

BN 853
(845±4)

27.61
(26.39±0.66)

75.04
(75.30±0.90)

17.66
(16.79±0.43)
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10. Absorbance spectra of Y6 films

 

Figure S18. a) The absorbance spectra of PM6 with and w/o additives. b) The 

normalized absorbance spectra of PM6 with and w/o additives. 
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11. GIWAXS measurements of Y6

Grazing-incidence wide-angle X-ray scattering (GIWAXS) was carried out to 

investigate the molecular packing and molecular orientation in the thin films. The π–π 

stacking distance (d-spacing) and crystalline coherence length (CCL) were calculated 

quantitatively using the equations d-spacing = 2π/q and CCL = 2πK/Δq, where q, Δq 

and the K constant represent the peak positions, full width at half maximum. [1,2]

Table S6 │ Peaks position of Y6 films in In-plane direction.

Peaks(Å-1) None FN CN BN

(100) (0.35, 0) (0.36, 0) (0.33, 0) (0.33, 0)

(001) - (0.28, 0) (0.28, 0) (0.28, 0)

(002) - (0.58, 0) (0.58, 0) (0.58, 0)

(003) - (0.90, 0) (0.83, 0) (0.82, 0)

(004) - (1.20, 0) (1.23 0) (1.20, 0)

(005) - (1.52, 0) (1.44, 0) (1.46, 0)

Figure S19. 2D-GIWAXS pattern of Y6 films cast from a) DCM, b) DCM with FN, c) 

DCM with CN, and d) DCM with BN.
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Figure S20. The corresponding polar intensity profiles extracted from the (010) 

diffraction of Y6 films.
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12. GIWAXS measurements of PM6

Figure S21. 2D-GIWAXS pattern of a) PM6, b) PM6+CN, c) PM6+FN and d) 

PM6+BN. e) In-plane and f) out-of-plane line cuts of the 2D-GIWAXS pattern.

Table S7 │ In-plane and out-of-plane parameters; peak location, d-spacing, FWHM, 
and crystal coherence length (CCL) extracted from the 2D GIWAXS of PM6 films.

Donor Peak Peak location(Å-1) d-space (Å) FWHM(Å-1) CCL(Å)

IP(100) 0.28 22.35 0.10 58.27
PM6

OOP(010) 1.66 3.79 0.23 24.36

IP(100) 0.29 21.81 0.06 96.12
PM6 (CN)

OOP(010) 1.65 3.80 0.20 28.83

IP(100) 0.28 22.43 0.08 74.46
PM6 (FN)

OOP(010) 1.64 3.83 0.24 24.05

IP(100) 0.29 22.04 0.04 134.25
PM6 (BN)

OOP(010) 1.64 3.83 0.22 25.23
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13. AFM measurements of PM6

Figure S22. AFM topography of a) PM6, b) PM6+CN, c) PM6+FN and d) PM6+BN.

14. EQE Analyze

Figure S23. EQE spectra difference of devices with and w/o additives (ΔEQE).
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15. Dark J-V measurements

The information on reverse saturated current ideality density, shunt resistance 

(Rsh), series resistance (Rs), and ideality factor (n) are derived from the dark J-V, the 

dark current density follows the following equation (the details are shown in Table S8) 
[3]: 

𝐽 = 𝐽0[𝑒𝑥𝑝(
𝑞(𝑉 ‒ 𝐽𝑅𝑠)

𝑛𝑘𝑇
‒ 1)] +

𝑉 ‒ 𝐽𝑅𝑠

𝑅𝑠ℎ

Table S8 │Parameters of dark J-V measurements based on PM6/Y6 with and w/o 

additives. 

Condition n Rs (Ohm cm2) Rsh (Ohm cm2)

NO/NO 1.49±0.02 0.69±0.03 7.97×104±3.16×103

NO/CN 1.41±0.02 0.39±0.02 6.77×105±3.51×104

CN/NO 1.45±0.01 0.59±0.02 7.86×104±2.38×103

CN/CN 1.41±0.02 0.53±0.02 9.97×105±5.68×104

NO/FN 1.37±0.02 0.46±0.02 6.49×105±3.93×104

FN/NO 1.46±0.02 0.77±0.03 1.24×104±0.54×103

FN/FN 1.40±0.02 0.68±0.03 4.93×105±2.43×104

NO/BN 1.44±0.02 0.62±0.03 5.16×105±2.69×104

BN/NO 1.51±0.02 1.30±0.03 5.18×104±1.30×103

BN/BN 1.42±0.03 0.68±0.08 2.69×105±2.51×104
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16. Photo-CLIEV measurements

 

Figure S24. a-c) Photocurrent transient of PM6/Y6 bilayer devices with and w/o 

additives. d-f) Carrier mobility of PM6/Y6 bilayer devices change with additives.
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17. DoS calculation

Figure S25. a-c) Mott-schottky spectra of devices based on PM6/Y6 with and w/o 

additives. d-f) DoS distribution of PM6/Y6 bilayer devices with and w/o additives. g-i) 

Energetic disorder (blue) and deep defect density (red) of PM6/Y6 bilayer devices 

change with additives.

The density of the state of trap distributions was performed through 

measurement of capacitance spectroscopy in a dark environment. In which, we 

applied capacitance-voltage (C-V) measurements under a frequency of 100 kHz at a 

different applied voltage from -1V to 1.2V (Figure S25a), and in the capacitance-

frequency (C-f) measurement a varied frequency from 10 MHz to 10 Hz were used 

(Figure S25b). 
The demarcation energy Eω and modulation frequency ω are described as:

                                                 (2)

with the solution of:
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                                               (3)

The trap density at energy DoS (Eω) can be acquired as:

                                            (4)

Where  (ν0 =1012 s-1) is called the attempt-to-escape frequency, W is the 𝜔0 = 2𝜋𝜈0

depletion width, is the derivative of each point in the capacitance with respect of 

ⅆ𝐶
ⅆ𝜔

 

AC frequency, nt is the density of deep defect states, σ is the disorder parameter. [4,5]
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18. Morphology of BTP-eC9 

Figure S26. a) The AFM topography of the pristine BTP-eC9. b) Rq of BTP-eC9 

changed with additives.

Figure S27. Depth of BTP-eC9 films changed with additives and temperature.

Figure S28. 2D GIWAXS pattern of the pristine BTP-eC9.

Table S9 │ Peaks position of BTP-eC9 films in In-plane direction.
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Peaks(Å-1) None FN CN BN

(100) (0.34, 0) (0.31, 0) (0.31, 0) (0.35, 0)

(001) - (0.28, 0) (0.28, 0) (0.28, 0)

(002) - (0.55, 0) (0.55, 0) (0.49, 0)

(003) - (0.68, 0) (0.68, 0) (0.68, 0)

(004) - (0.93, 0) (0.93, 0) (0.93, 0)

(005) - (1.18, 0) (1.18, 0) (1.18, 0)

(006) - (1.55, 0) (1.55, 0) (1.55, 0)

(007) - (1.80, 0) (1.80, 0) (1.80, 0)

Figure S29. 2D-GIWAXS pattern of BTP-eC9 films cast from a) DCM, b) DCM 

with FN, c) DCM with CN, and d) DCM with BN.
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Figure S30. The corresponding polar intensity profiles extracted from the (010) 

diffraction of BTP-eC9 films.
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19. Verification report of PM6/BTP-eC9(CN) bilayer devices
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20. Verification report of PM6/Y6(CN) bilayer devices
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