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1. Simulation Method. 

Periodic density functional theory calculations were carried out by SIESTA 

package1,2 with Troullier–Martins norm conserving pseudopotentials.3 The 

exchange–correlation functional utilized was at the generalized gradient 

approximation level, known as GGA-PBE. 2 The optimized double-z plus polarization 

basis set with extra diffuse function was employed for metal. The orbital-confining 

cutoff was determined from an energy shift of 0.010 eV. The energy cutoff for the real 

space grid used to represent the density was set as 150 Ry. The Grimme method was 

chosen for DFT-D correction 3. Spin-polarized calculations were carried out. The 

Quasi-Newton l-BFGS method is used for geometry relaxation until the maximal 

force on each degree of freedom is less than 0.05 eV. Å-1. The Γ-point was chosen in 

the Brillouin zone integration for a larger 10×10 supercell of graphene, which 

contains 200 carbon atoms. The slab supercell considered has been carefully tested, 

and a 35 Å vacuum along the c axis has been adopted to ensure no reciprocal 

interaction between periodic images. All the atoms of graphene were allowed to relax 

along with the adsorbates. The adsorption energies (Ead) for all possible adsorbates 

were calculated according to 

Ead = Egas-graphene - (Egas + Egraphene) 

where Egas-graphene, Egas, and Egraphene are total energies of the adsorbed species on 

graphene, the clean graphene surface, and the corresponding gas-phase species, 

respectively.  
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Fig. S1 Reduced density gradient isosurface plot for PDINO-graphene complex. 

 

Table S1 Adsorption energies of different surfactants on the graphene surface estimated by 

periodic density functional theory calculations. 

Chemical structure Adsorption Energies on Graphene Surface (eV) 
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-3.510 
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-

PSA  

1-pyrenesulfonic acid sodium salt 

-0.438 

SO3
-H3C(H2C)10H2C

SDBS  

Sodium dodecylbenzenesulfonate 

-0.271 
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2. Tyndall effect of graphene dispersion 

 
Fig. S2 Photograph of PDINO-G dispersion (2 mg mL-1 PDINO with 5% graphene) and 

PDINO solution (2 mg mL-1).  

 

 

Fig. S3 Photograph of (a) PDINO solution (1 mg mL-1), (b) Tyndall effect of a dispersion of 

the PDINO-G (1 mg mL-1 with 5% graphene). 
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3. X-ray diffraction measurement for PDINO dispersive graphene 
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Fig. S4 XRD patterns for PDINO, graphite and dispersed graphene. 

  

4. Laser Raman spectra for dispersive graphene 
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Fig. S5 Full Raman spectrum for (a) graphene dispersed with SDBS, (b) graphene dispersed 

with PSO, (c) graphene dispersed with PDINO, (d) pure PDINO.  
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5. X-ray photoelectron spectroscopy for graphene power 
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Fig. S6 XPS full spectrum (a) and C 1s (b) spectrum of graphene power. 

 

6. Optimized doping ratio of interfacial modification 

Table S2 The device performance of the OSCs based on PTQ10: IDIC-2F with different 

ration of graphene in PDINO-G interfacial modification under the illumination of AM 1.5 G, 

100 mW cm-2. 

The ratio of graphene Voc [V] Jsc [mA cm-2] FF [%] PCE [%] 

1% 0.90 17.82 71.66 11.49 

2% 0.90 18.13 71.76 11.71 

3% 0.90 18.43 72.25 11.98 

4% 0.91 18.36 72.88 12.18 

5% 0.91 18.54 73.52 12.40 

6% 0.91 18.46 73.07 12.27 

7% 0.90 18.53 72.07 12.02 

8% 0.90 18.45 72.60 12.06 

9% 0.90 18.12 72.60 11.84 

10% 0.90 17.90 72.43 11.67 

20% 0.90 17.92 71.60 11.51 

 

Table S3 The device performance of the OSCs based on PTQ10: IDIC-2F with different 

ration of GO in PEDOT: PSS-GO interfacial modification under the illumination of AM 1.5 G, 

100 mW cm-2. 

The ratio of GO Voc [V] Jsc [mA cm-2] FF [%] PCE [%] 

0.1% 0.90 17.89 73.75 11.87 

0.3% 0.90 18.08 73.90 12.06 

0.5% 0.90 18.39 73.92 12.23 

0.7% 0.90 18.30 73.22 12.03 

0.9% 0.89 17.95 73.47 11.74 

1.2% 0.89 17.88 72.17 11.48 
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Table S4 The device performance of the OSCs based on PTQ10: IDIC with different ration of 

graphene in PDINO-G interfacial modification under the illumination of AM 1.5 G, 100 mW 

cm-2. 

The ratio of graphene Voc [V] Jsc [mA cm-2] FF [%] PCE [%] 

1% 0.96 17.06 71.90 11.78 

2% 0.96 17.23 72.22 11.95 

3% 0.96 17.29 72.51 12.03 

4% 0.96 17.31 72.86 12.11 

5% 0.96 17.08 72.79 11.94 

6% 0.96 16.94 71.82 11.75 

7% 0.96 16.85 71.58 11.58 

8% 0.95 16.61 71.89 11.34 

9% 0.95 16.49 72.13 11.29 

10% 0.95 16.63 71.80 11.30 

20% 0.94 16.77 71.05 11.20 

 

Table S5 The device performance of the OSCs based on PTQ10: IDIC with different ration of 

GO in PEDOT: PSS-GO interfacial modification under the illumination of AM 1.5 G, 100 

mW cm-2. 

The ratio of GO Voc [V] Jsc [mA cm-2] FF [%] PCE [%] 

0.1% 0.96 17.11 72.86 11.94 

0.3% 0.96 17.06 73.47 12.03 

0.5% 0.96 16.87 73.53 11.90 

0.7% 0.96 16.64 72.93 11.65 

0.9% 0.96 16.41 72.94 11.49 

1.2% 0.96 16.57 72.22 11.45 

 

7. Scanning Kelvin Probe Microscopy measurement 

Table S6 Work functions of PEDOT: PSS-GO on ITO substrates measured by Scanning 

Kelvin Probe Microscopy in air. The work function of ITO was set as 4.70 eV, and errors of 

measured work function are ±0.03eV.  

Top layer 

 

Substrate 

None 

[eV] 

PEDOT:

PSS 

[eV] 

0.1%GO/ 

PEDOT:PSS 

[eV] 

0.5%GO/ 

PEDOT:PSS 

[eV] 

1%GO/ 

PEDOT:PSS 

[eV] 

2%GO/ 

PEDOT:PSS 

[eV] 

ITO 4.70 5.11 5.06 5.00 4.98 4.94 
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8. Optical Properties.  

Fig. S7 shows the absorption spectra of PDINO-G with different graphene ratio in ethanol 

solution and in thin films spun cast on quartz plates. In solution, the composite material PDINO-G 

shows similar absorption spectrum with PDINO because the dispersed PDINO molecules in the 

composite solution show similar situation with that in the pure PDINO solution. While in the solid 

state, aggregation could exist between PDINO molecules and between PDINO and graphenes, so 

that the solid film of the composites shows some difference in absorption spectra in comparison 

with their solutions. The graphene dispersed in PDINO could reduce the interaction among PDI 

rings. This could make the main absorption peak blue-shifted (see Fig S7b and Table S7). The PL 

intensity of the PDINO-G increased with the increase of the graphene content, as shown in Fig 

S7c, which indicates that the n-doping of PDINO into graphene enhanced the PL of PDINO. 
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Fig. S7 Ultraviolet-visible absorption spectra of PDINO-G with different graphene 

ratio (a) ethanol solution, (b) thin films spun cast on quartz plates, (c) fluorescence 

spectra of pure PDINO and PDINO-G excited at 550 nm. 

 

Table S7 The wavelength of maximum absorption peak during 400-700 nm from 

Ultraviolet-visible absorption spectra for PDINO-G with different graphene ratio. 

The ratio of PDINO: 

Graphene 
1:0 1:0.01 1:0.10 1:0.50 1:1.00 1:1.50 

ƛmax(nm) 480 479 476 476 474 466 

9. Conductivity and HOMO of PDINO-G cathode interlayer measurement. 

Two-point probe devices were fabricated using organic ribbon mask technique 

measurements. In order to minimize artificial effects such as contact resistance, all 

PDINO-G films spun for the electrical measurements were thick around 35 nm. All 

devices were measured in air at room temperature. Figure S6b showed the two-point 

probe J-V curves for the PDINO-G with different graphene ratio (without gate). The 

extracted conductance for PDINO and PDINO-G are in good agreement with those 

measured by the SCLC method.  

Table S8 HOMO of PDINO-G with various ratio measured by UPS. Conductivity of 

PDINO-G with various ratio measured by SCLC model and two-point probe devices, 

respectively. 

  PDINO 
5%G 

/PDINO 

10%G 

/PDINO 

20%G 

/PDINO 

HOMO [eV] 5.88 5.98 6.05 6.21 

Conductivity 

 [S cm-1] 

SCLC 9.14×10-6 1.18×10-3 2.67×10-3 4.25×10-3 

Two-Point 9.49×10-6 7.29×10-4 2.11×10-3 8.21×10-3 
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Fig. S8 (a) J-V characteristics from SCLC model of conductivity device, (b) two-terminal J-V 

characteristics (VG=0 V) of two-point probe devices for conductance measurement of 

PDINO-G with different graphene ratio. 

10. Electron spin resonance (ESR) spectroscopy 
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Fig. S9 ESR spectra of (a) PDINO and PDINO-G with different graphene ratio (b)PSO and 

PSO-G with different graphene ratio. 
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11. X-ray photoelectron spectroscopy (XPS) spectra  
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Fig. S10 XPS C 1s spectrum of (a) PDINO, (b) PDINO-G with 5% graphene, (c) PDINO-G 

with 10% graphene, (d) PDINO-G with 20% graphene. 
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Fig. S11 XPS C 1s spectrum of (a) PSO, (b) PSO-G with 5% graphene, (c) PSO-G with 10% 
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graphene, (d) PSO-G with 20% graphene. 
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Fig. S12 XPS N 1s spectrum of (a) PDINO, (b) PDINO-G with 5% graphene, (c) PDINO-G 

with 10% graphene, (d) PDINO-G with 20% graphene. 
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Fig. S13 XPS N 1s spectrum of (a) PSO, (b) PSO-G with 5% graphene, (c) PSO-G with 10% 
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graphene, (d) PSO-G with 20% graphene. 

 

12. Fabrication of Electron-only and Hole-only Devices.  

The mobility was determined by fitting the dark J-V curves to the model of a 

single-carrier SCLC model 4, described as Equation: J=9εrε0μV
2/8L3, where J is the 

current, μ is the zero-field mobility, ε0 is the permittivity of free space, εr is the 

relative permittivity of the material, L is the thickness of the active layers. The 

hole-only device with the device structure of ITO/PEDOT: PSS or PEDOT: 

PSS-GO/PTQ10: IDIC-2F/with or without different cathode interlayer/MoO3 (5 

nm)/Au (50 nm) was used to measure the hole mobility, and the electron-only device 

with the device structure of ITO/ZnO (10 nm)/PTQ10: IDIC-2F/with or without 

different cathode interlayer/Al (100 nm) was used to measure the electron mobility.  
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Fig. S14 J-V characteristics from SCLC model of (a) electron-only devices of OSCs 

ITO/ZnO/PTQ10: IDIC-2F/with or without different cathode interlayer/Al and hole-only 

devices of OSCs (b) ITO/PEDOT: PSS/PTQ10: IDIC-2F/with or without different cathode 

interlayer/MoO3 (5 nm)/Au (50 nm) and (c) ITO/ PEDOT: PSS-GO/PTQ10: IDIC-2F/with or 

without different cathode interlayer/MoO3 (5 nm)/Au (50 nm) 
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Table S9 Hole and electron mobilities of the devices with various interfacial treatment. 

 Single-carrier Device Structure 
Mobiliy 

(cm2/Vs) 

Hole-only 

devices 

ITO/PEDOT: PSS/BHJ/MoO3/Au 9.43×10-4 

ITO/PEDOT: PSS/ BHJ/PDINO/MoO3/Au 1.68×10-3 

ITO/PEDOT: PSS/BHJ/PDINO-G/MoO3/Au 3.14×10-3 

ITO/PEDOT: PSS-GO/BHJ /MoO3/Au 9.61×10-4 

ITO/PEDOT: PSS-GO/BHJ/PDINO/MoO3/Au 2.47×10-3 

ITO/PEDOT: PSS-GO/BHJ/PDINO-G/MoO3/Au 3.96×10-3 

Electron-only 

devices 

ITO/ZnO/BHJ/Al 2.34×10-4 

ITO/ZnO/BHJ/PDINO/Al 7.52×10-4 

ITO/ZnO/BHJ/PDINO-G/Al 2.48×10-3 

 

13. Thickness sensitivity analysis 

Table S10 Photovoltaic performance data of the OSCs based on PTQ10: IDIC-2F with 

different thickness of PDINO-G under the optimized conditions (ITO/PEDOT: 

PSS-GO/PTQ10: IDIC-2F/PDINO-G/Al) 

The thickness of PDINO-G Voc [V] Jsc [mA cm-2] FF [%] PCEmax [%] PCEavg [%] 

5 nm 0.91 19.09 74.87 13.01 12.8±0.2 

10 nm 0.91 18.89 74.66 12.84 12.5±0.3 

18 nm 0.91 18.83 74.18 12.71 12.4±0.3 

32 nm 0.91 18.76 73.72 12.60 12.4±0.2 

 

  



S17 
 

14. Generality for different BHJ systems 

Table S11 Photovoltaic performance data of the OSCs based on PTQ10: IDIC-2F with 

different interfacial modification under the illumination of AM 1.5 G, 100 mW cm-2. 

Structure of OSCs with different 

interfacial modification 

Voc 

[V] 

Jsc(Jcalc.a) 

[mA cm-2] 

FF 

[%] 

PCEmax 

[%] 

PCEavg 

[%] 

ITO/PEDOT: PSS/ BHJ /Al 0.84 17.89(17.37) 67.55 10.15 9.9±0.3 

ITO/PEDOT: PSS/BHJ/PDINO/Al 0.90 18.06(17.53) 72.66 11.81 11.5±0.3 

ITO/ PEDOT:PSS-GO/BHJ/PDINO-G/Al 0.91 19.09(18.31) 74.87 13.01 12.8±0.2 

ITO/ PEDOT:PSS-GO/BHJ/PDINO-G/Ag 0.90 18.91(18.34) 68.53 11.66 11.4±0.3 

ITO/ PEDOT:PSS-GO/BHJ/PDINO-G/Au 0.89 17.01(16.50) 69.31 10.49 10.2±0.3 

a The Jcalc from the EQE spectrum  

 

Table S12 Photovoltaic performance data of the OSCs based on PTQ10: IDIC with different 

interfacial modification under the illumination of AM 1.5 G, 100 mW cm-2. 

Structure of OSCs with different 

interfacial modification 

Voc 

[V] 

Jsc(Jcalc.a) 

[mA cm-2] 

FF 

[%] 

PCEmax 

[%] 

PCEavg 

[%] 

ITO/PEDOT: PSS/BHJ/Al 0.93 16.44(15.95) 66.06 10.10 9.8±0.3 

ITO/PEDOT: PSS/BHJ/PDINO/Al 0.96 16.80(16.30) 72.02 11.56 11.3±0.3 

ITO/PEDOT:PSS-GO /BHJ/PDINO-G/Al 0.96 17.43(16.91) 74.34 12.44 12.2±0.2 

ITO/PEDOT:PSS-GO/BHJ/PDINO-G/Ag 0.95 17.55(17.02) 68.48 11.42 11.1±0.3 

ITO/PEDOT:PSS-GO/BHJ/PDINO-G/Au 0.95 15.84(15.36) 68.51 10.31 9.7±0.3 

a The Jcalc from the EQE spectrum  

 

Table S13 Photovoltaic performance data of the OSCs based on PM6:Y6 with different 

interfacial modification under the illumination of AM 1.5 G, 100 mW cm-2. 

Structure of OSCs with different 

interfacial modification 

Voc 

[V] 

Jsc(Jcalc.
a) 

[mA cm-2] 

FF 

[%] 

PCEmax 

[%] 

PCEavg 

[%] 

ITO/PEDOT: PSS/ BHJ/Al 0.82 24.15(23.67) 66.95 13.26 12.9±0.3 

ITO/PEDOT: PSS/BHJ/PDINO/Al 0.84 24.84(24.34) 73.43 15.32 15.1±0.2 

ITO/PEDOT:PSS-GO/BHJ/PDINO-G/Al 0.85 25.65(25.14) 75.78 16.52 16.3±0.2 

ITO/PEDOT:PSS-GO/BHJ/PDINO-G/Ag 0.84 25.68(25.17) 68.81 14.84 14.5±0.3 

ITO/PEDOT:PSS-GO/BHJ/PDINO-G/Au 0.83 24.05(23.57) 68.86 13.75 13.4±0.3 

a The Jcalc from the EQE spectrum  
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15. Film morphology for PDINO dispersive graphene 

  

Fig. S15 AFM (3×3 μm) images of AFM image (top) of the few-layered graphene flakes 

deposited on a mica substrate. Bottom: Height profile corresponding to the line shown in the 

AFM image. (b) Thickness distribution of 50 graphene flakes in the inset AFM image. 

 

 

   
Fig. S16 AFM (3×3 μm) images of (a) ITO/ PEDOT:PSS/ PTQ10:IDIC-2F, (b) ITO/ 

PEDOT:PSS-GO/ PTQ10:IDIC-2F, (c) ITO/ PEDOT:PSS/ PTQ10:IDIC-2F/PDINO, (d) ITO/ 

PEDOT:PSS/ PTQ10:IDIC-2F/PDINO-G 
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Fig. S17 AFM (3×3 μm) images of (a) ITO/ PEDOT:PSS/ PTQ10:IDIC, (b) ITO/ 

PEDOT:PSS-GO/ PTQ10:IDIC, (c) ITO/ PEDOT:PSS/ PTQ10:IDIC/PDINO, (d) ITO/ 

PEDOT:PSS/ PTQ10:IDIC/ PDINO-G 
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Fig. S18 AFM (3×3 μm) images of (a) ITO/ PEDOT:PSS/ PM6:Y6, (b) ITO/ 

PEDOT:PSS-GO/ PM6:Y6, (c) ITO/ PEDOT:PSS/ PM6:Y6/ PDINO, (d) ITO/ PEDOT:PSS/ 

PM6:Y6/ PDINO-G 

 

Table S14 The roughness analysis of conducting atomic microscopy (AFM) results. 

Blend Films 
Structure of OSCs with different 

interfacial modification 

RMS 

(nm) 

PTQ10:IDIC-2F 

ITO/PEDOT: PSS/BHJ 0.96 

ITO/PEDOT: PSS-GO/BHJ 0.98 

ITO/PEDOT: PSS/ BHJ/PDINO 0.91 

ITO/PEDOT: PSS/ BHJ/PDINO-G 1.49 

PTQ10:IDIC 

ITO/PEDOT: PSS/BHJ 2.41 

ITO/PEDOT: PSS-GO/BHJ 2.29 

ITO/PEDOT: PSS/ BHJ/PDINO 2.17 

ITO/PEDOT: PSS/ BHJ/PDINO-G 1.68 

PM6:Y6 

ITO/PEDOT: PSS/BHJ 1.28 

ITO/PEDOT: PSS-GO/BHJ 1.33 

ITO/PEDOT: PSS/ BHJ/PDINO 1.24 

ITO/PEDOT: PSS/ BHJ/PDINO-G 1.35 
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16. Stability 

In order to evaluate the stability of the OSCs based on PTQ10: IDIC-2F with graphene 

containing interlayer, we measure the photostability and shelf-stability of inverted devices with 

simple encapsulation by water- and oxygen-barrier films. The variation tendency of shelf-stability 

parameters is shown in Fig. S19a. We find stable VOC, while the JSC and FF degrade slightly 

(<5%), and the PCE of the inverted structured OSCs remained 94.23% of their initial value after 

around 250 h of storage under N2 atmosphere. The photostability was measured under continuous 

1 sun illumination at max power point in the glove box filled with nitrogen. The evolution of 

photostability parameters are shown in Fig. S19b. The PCE remains approximately 65.12% after 

about 250 h continuous illumination. The decrease of efficiency could be due to the chemical 

structure degradation of the double bonds in the small molecule acceptor under the continuous 

illumination. 
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Fig. S19 Shelf-stability (a) and photostability (b) for inverted devices based on 

PTQ10: IDIC-2F with NDINO-G, the photostability measured under continuous 1 sun 

illumination at max power point in the glove box filled with nitrogen.  
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17. The Test Report of NIM 

   

   

Fig. S20 The certificate of inverted OSCs devices by the National Institute of 

Metrology, China. 
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