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Solar Cell Fabrication and Characterization
Materials

PM6 (Mw = 97 kDa, PDI = 2.4), D18 (Mw = 84 kDa, PDI = 2.1), PBDB-T (Mw = 11.5 kDa, PDI 

= 1.18), PTB7-Th (Mw = 30 kDa, PDI = 1.6), L8-BO, 2PACz and PDINN were purchased from 

Solarmer Materials (Beijing) Inc. 3,5-Dichlorobromobenzene (DCBB) was purchased from Bide 

Pharmatech Co., Ltd. PEDOT:PSS (4083) was purchased from the CleviosTM. Unless otherwise 

stated, all chemicals and solvents were of reagent grade and used as received.

Procedure of UV-light treatment

8 mg/ml of PM6 (5 mg/ml for D18, 8 mg/ml for PBDB-T, 8 mg/ml for PTB7-Th) was introduced 

into a 2 ml glass vial (with transmitance over 90% for the incident UV-light) fitted with a magnetic 

stir bar. After the full dissolving of PM6, the vial was placed invertedly in glovebox with a UV lamp 

(5 mW cm−2, 365 nm) cast on. Then, the solution was gently stirred at 300 rpm and irradiated for 4 

min. The treated polymer solutions were blended with L8-BO and used as the photoactive layer 

solution. 

Device fabrication

All organic solar cells were fabricated in a conventional structure of ITO/glass/2PACz/active 

layer/PDINN/Ag. The pre-patterned indium tin oxide (ITO)-glass substrates (resistance ≈ 15 Ω per 
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square) were cleaned by sequential ultrasonic cleaning in water, ethanol, and isopropyl alcohol for 

15 min each, and dried at 150 oC on a hotplate before use. These substrates were further treated with 

ultraviolet/Ozone for 30 min before solution processing. Then a monolayer 2PACz (0.5 mg ml-1 in 

ethanol) was spin-coated at 3000 rpm onto ITO substrate, and dried on a heating plate at 80 °C for 6 

min. After heating, the 2PACz coated substrates were washed dynamically by spin-coating 50 µL 

ethanol on its surface at 5000 rpm. The photoactive layer solution was prepared by dissolving the 

PM6:L8-BO, D18:L8-BO, PBDB-T:L8-BO, PTB7-Th:L8-BO, D18:PM6:L8-BO (13.4 mg/ml, 8.8 

mg/ml, 9 mg/ml, 15.4 mg/ml, 15.4 mg/ml respectively, with the presence of DCBB that keeps a 1:1 

weight ratio with L8-BO ) with the donor:acceptor weight ratios of 1:1.2 in chloroform, to receive 

films with thickness around 100 nm. Then PDINN (1.5 mg/mL) in MeOH solution was cast on the 

photoactive layer at a speed of 3000 rpm for 60 s to form the electron transport layer. Afterwards, the 

devices were transferred to the evaporation chamber and 100 nm Ag layer was thermally evaporated 

under high vacuum through the shadow mask to form the anode. The size of the photoactive area 

defined by the overlapping of anode and cathode is 6.625 mm2.

Characterization

Film thickness and the in-situ ellipsometry measurement were measured using a spectroscopic 

ellipsometer (J. A. Woollam, USA). Photoluminance (PL) measurements were measured with a PL 

microscopic spectrometer (Flex One, Zolix, China) with a 532 nm CW laser. The Fourier transform 

infrared (FT-IR) spectra were measured with a Fourier infrared spectrometer (Nicolet, America). The 

Raman spectra were measured with a Confocal microscope Raman spectrometer (LabRAM Odyssey, 

Japan). The surface morphology of the active layers was characterized by atomic force microscopy 

(AFM) (NT-MDT, Russia) and transmission electron microscopy (TEM) (JEOL, Japan). Grazing-

incidence wide-angle X-ray scattering (GIWAXS) and Grazing-incidence small-angle X-ray 

scattering (GISAXS) were conducted using the beamline BL16B1 at the Shanghai Synchrotron 

Radiation Facility in China. Absorption spectra were measured using a UV-visible spectrophotometer 

(HITACHI, Japan). J-V characterization of the device was performed under AM 1.5G (100 mW cm−2) 

using a Newport 3A solar simulator (USA) in air at room temperature with an aperture mask area of 

4 mm2. The light intensity was calibrated using a standard silicon reference cell certified by the 

National Renewable Energy Laboratory (NREL, USA). J-V characteristics were recorded using J-V 

sweep software developed by Ossila Ltd. (UK) and a Keithley 2612B (USA) source meter unit. EQE 

was measured with a Zolix (China) EQE system equipped with a standard Si diode.

GISAXS Modelling

The 1D profile of PM6 with or without UV-light treated were simulated through a universal 

method according to previous work,1 in which the scattering intensity of PM6 films can be expressed 
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as Equation 1.

                (1)𝐼(𝑞) = 𝑃(𝑞)𝑆(𝑞) + 𝐵 

Where P(q) is related to the form factor of primary crystalline particles (approximated by 

spherical shape of radius R), and S(q) is the fractal structure factor, describing the interaction between 

primary particles in the fractal-like aggregation system. The constant B is due to incoherent scattering 

background. P(q) includes the product of particle volume fraction , the square of scattering length 

density difference between crystalline and amorphous polymers Δ2 and crystalline particle volume 

VP. S(q) is given by Equation 2.

          (2)
𝑆(𝑞) = 1 +  

𝑠𝑖𝑛⁡[(𝐷 ‒ 1)𝑡𝑎𝑛 ‒ 1(𝑞𝜉)]

(𝑞𝑅)𝐷
 

𝐷Γ(𝐷 ‒ 1)

[1 + 1/(𝑞𝜉)2](𝐷 ‒ 1)/2

Where  is the correlation length of the fractal-like network (or domain) formed by the 

aggregation of primary crystalline particles. D is the fractal dimension. R is the mean radius of 

primary crystalline particles. The domain size of this network or domain is approximately 

characterized by Rg, where Rg is the Guinier radius of this fractal-like network (see Equation 3).

               (3)
𝑅𝑔 =

𝐷(𝐷 + 1)
2

𝜂

For the NFAs-based blend films, the simulation was conducted via a Debye-Anderson-

Brumberger model+ Fractal model2 using Equation 4, where q is the scattering wave vector, A1 is an 

independent fitting parameter,  is the average correlation length of the polymer domain, P (q, R) and 

S (q, R) are the form factor and fractal structure factor, respectively. The correlation length of the 

fractal-like structure is represented by  and D is the fractal dimension. 

         (4)
𝐼(𝑞) =

𝐴1

[1 + (𝑞𝜉)2]2
+ 𝐴2(𝑃(𝑞, 𝑅))𝑆(𝑞, 𝑅, 𝜂, 𝐷) + 𝐵
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Supporting Figures and Tables
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Figure S1. Chemical structures of PM6, D18, PBDB-T, PTB7-Th and L8-BO.
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Figure S2. 2D GISAXS patterns of PM6 a) with or b) without UV-light treatment and c) 1D GISAXS 

profiles along out-of-plane.

Table S1. Fitting parameters of 1D GISAXS profiles for the pristine PM6 processed with or without 

UV-light treatment.

PM6 (%) 2RPM6 (nm) PM6 (nm) DPM6 Rg-PM6 (nm)

as cast 18.0 12.6 30.9 2.0 53.5
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UV-light treated 24.7 13.0 23.7 2.3 44.0

Figure S3. AFM height images of a) PBDB-T and d) PTB7-Th films; UV-vis spectra of b) PBDB-T 

and e) PTB7-Th films; PL spectra of c) PBDB-T and f) PTB7-Th films with or without UV-light 

treatment.
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Figure S4. 2D GIWAXS patterns of a) PBDB-T and b) PTB7-Th films processed with or without 

UV-light treatment.



6

1 2

In
te

ns
ity

 (a
.u

.)
qz (Å-1)

 D18
 D18 UV-light treated

1 2

In
te

ns
ity

 (a
.u

.)

qz (Å-1)

 PM6
 PM6 UV-light treated

1 2

In
te

ns
ity

 (a
.u

.)

qz (Å-1)

 PTB7-Th
 PTB7-Th UV-light treated

0.5 1

In
te

ns
ity

 (a
.u

.)

qxy (Å-1)

 D18
 D18 UV-light treated

0.5 1

In
te

ns
ity

 (a
.u

.)

qxy (Å-1)

 PM6
 PM6 UV-light treated

0.5 1

In
te

ns
ity

 (a
.u

.)

qxy (Å-1)

 PBDB-T
 PBDB-T UV-light treated

0.5 1

In
te

ns
ity

 (a
.u

.)

qxy (Å-1)

 PTB7-Th
 PTB7-Th UV-light treated

out of planeout of plane out of plane out of plane

In plane In plane In plane In plane

(a) (b) (c) (d)

(e) (f) (g) (h)

1 2

In
te

ns
ity

 (a
.u

.)

qz (Å-1)

 PBDB-T
 PBDB-T UV-light treated

Figure S5.  1D GIWAXS profile of a) PM6, b) D18, c) PBDB-T and d) PTB7-Th films along out-of-

plane; 1D GIWAXS profile of e) PM6, f) D18, g) PBDB-T and h) PTB7-Th films along in-plane.

Table S2. Detailed GIWAXS data of PM6, D18, PBDB-T and PTB7-Th films with or without UV-

light treatment.

(100) (010)
Films Condition

qz 
[Å-1] d [Å] qz 

[Å-1] d [Å] CCLa) [Å]

PM6 as cast 0.30 20.94 1.71 3.67 20.20

PM6 UV-light treated 0.30 20.94 1.71 3.67 21.75

D18 as cast 0.31 20.27 1.70 3.70 21.75

D18 UV-light treated 0.31 20.27 1.70 3.70 23.56

PBDB-T as cast 0.30 20.94 1.72 3.65 21.75

PBDB-T UV-light treated 0.30 20.94 1.72 3.65 22.62

PTB7-Th as cast 0.28 22.44 1.60 3.93 16.63

PTB7-Th UV-light treated 0.28 22.44 1.60 3.93 17.14

a) Calculated from the Scherrer equation: CCL = 2K/FWHM, where FWHM is the full-width at 

half-maximum of the peak and K is a shape factor (here we use 0.9).
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Figure S6. 2D GIWAXS patterns of D18:L8-BO films a) with or b) without UV-light treatment and 

c) 1D GIWAXS profile along out-of-plane.

Table S3. Photovoltaic metrics of OSCs with different UV-light treatment time.

OSCs Condition PCEmax (PCE) FF (%) JSC (mA·cm-2) VOC (V)

PM6:L8-BO as cast 18.8 (18.5±0.3) 79.0 -27.0 0.89

PM6:L8-BO UV-light treatment
for 2 min 19.2 (18.9±0.2) 79.5 -27.2 0.89

PM6:L8-BO UV-light treatment
for 4 min 19.7 (19.4±0.2)  80.1 -27.5 0.89

PM6:L8-BO UV-light treatment
for 8 min 19.3 (18.8±0.4) 79.3 -27.6 0.88

OSCs Condition PCEmax (PCE) FF (%) JSC (mA·cm-2) VOC (V)

D18:L8-BO as cast 18.9 (18.7±0.2) 78.3 -26.6 0.91

D18:L8-BO UV-light treatment
for 2 min 19.4 (19.0±0.3) 79.3 -26.9 0.91

D18:L8-BO UV-light treatment
for 4 min 19.6 (19.4±0.2) 79.8 -27.2 0.91

D18:L8-BO UV-light treatment
for 8 min 19.2 (18.9±0.3) 78.5 -27.2 0.90
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OSCs Condition PCEmax (PCE) FF (%) JSC (mA·cm-2) VOC (V)

PBDB-T:L8-BO as cast 13.4 (13.2±0.2) 68.5 -25.9 0.75

PBDB-T:L8-BO UV-light treatment
for 2 min 13.6 (13.3±0.3) 69.3 -26.1 0.75

PBDB-T:L8-BO UV-light treatment
for 4 min 13.9 (13.7±0.2) 70.3 -26.3 0.75

PBDB-T:L8-BO UV-light treatment
for 8 min 13.5 (13.2±0.3) 68.8 -26.5 0.74

OSCs Condition PCEmax (PCE) FF (%) JSC (mA·cm-2) VOC (V)

PTB7-Th:L8-BO as cast 10.1 (10.0±0.1) 60.2 -23.4 0.72

PTB7-Th:L8-BO UV-light treatment
for 2 min 10.3 (10.1±0.2) 61.3 -23.3 0.72

PTB7-Th:L8-BO UV-light treatment
for 4 min 10.5 (10.3±0.1) 62.4 -23.4 0.72

PTB7-Th:L8-BO UV-light treatment
for 8 min 10.2 (10.2±0.1) 60.8 -23.6 0.71

Table S4. Photovoltaic metrics of OSCs with different photoactive layers.

OSCs Condition PCEmax (PCE) FF (%) JSC (mA·cm-2) JCal (mA·cm-2) VOC (V)

PBDB-T:L8-BO as cast 13.4 (13.2±0.2) 68.5 -25.9 -25.2 0.75

PBDB-T:L8-BO UV-light treated 13.9 (13.7±0.2) 70.3 -26.3 -25.5 0.75

PTB7-Th:L8-BO as cast 10.1 (10.0±0.1) 60.2 -23.4 -22.7 0.72

PTB7-Th:L8-BO UV-light treated 10.5 (10.3±0.1) 62.4 -23.4 -22.8 0.72
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Figure S7. J-V characteristics of (a) PBDB-T:L8-BO (b) PBDB-T: L8-BO based OSCs; EQE 

spectra of (c) PTB7-Th:L8-BO (d) PTB7-Th: L8-BO OSCs.
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Figure S8. Normalized a) TPC and b) TPV of PM6:L8-BO with or without UV-light treatment.
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Figure S9. J1/2 vs V-Vbi plots of PM6, D18, PBDB-T and PTB7-Th with or without UV-light 

treatment.

Table S4. Hole mobilities of PM6, D18, PBDB-T and PTB7-Th with or without UV-light treatment.

polymer condition Hole mobilitiesh) (cm2 V-1 s-1)

PM6 as cast 4.310-4

PM6 UV-light treated 6.910-4

D18 as cast 5.610-4

D18 UV-light treated 7.810-4

PBDB-T as cast 3.110-4

PBDB-T UV-light treated 4.310-4

PTB7-Th as cast 2.710-4

PTB7-Th UV-light treated 3.010-4
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