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Experimental Details

FDTD Simulation 

Optical simulations were performed to obtain the highest JSC value using Maxwell equation-

based FDTD simulations (Lumerical Inc., Republic of Korea). A conventional plane-wave 

source was used to send waves to the photovoltaic device structure. Periodic boundary 

conditions were assumed on the x-axis and y-axis, whereas perfect matching-layer boundary 

conditions were estimated along the z-axis. A 3D frequency-domain power monitor was used 

to quantify the optical absorption in the PM6:Y6: TMSs active layers. A laboratory-made 

script was used to determine the maximum simulated JSC values under indoor illumination 

conditions. 

Charge Mobility Measurements

Hole- and electron-only OPV devices were constructed using the device structures 

ITO/2PACz/active layer/MoOx/Ag and ITO/ZnO/active layer/PDINO/Al, respectively. The 

hole and electron charge mobilities were estimated using the Mott–Gurney expression:
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where J denotes current density, ε0 is the permittivity of free space (8.85 × 10−12 C·V−1·m−1), 

εr is the relative permittivity of the transport medium (assuming that of 3.0), μ is the charge 

carrier mobility, V is the internal potential in the device, and L is the thickness of the active 

layer. 

Parasitic Resistance Analysis

The equivalent circuit diode model can be solved analytically using the Shockley equation, 

and the related photovoltaic parameters JSC and VOC can be expressed as follows: 

                                (Eq. S1)
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where Jph denotes the photocurrent density, Jo is the reverse saturation current density, RS and 

RP are the parasitic series and shunt resistances, respectively, e is the elementary charge, n is 

the ideality factor, T is the temperature, k is the Boltzmann constant (8.617 × 10−5 eV/K), and 

A is the active area of the OPV.
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Similarly, FF (Jmax×Vmax/JSC×VOC) can be expressed as a function of the normalized VOC (vOC 

= eVOC/nkT), normalized RS (rS = RS/RCH), and normalized RP (rP = RP/RCH), where the 

characteristic resistance (RCH) is defined as VOC/(JSCA). From this, the semi-empirical 

expression obtained for FF is given as

𝐹𝐹 =  {𝑣𝑂𝐶 ‒ 𝑙𝑛(𝑣𝑂𝐶 + 0.72)
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Supporting Figures and Tables

Figure S1. Mo K-edge (a) XANES and (b) FT-EXAFS spectra of MoS2, MoO3/MoS2, and 

MoO3.
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Figure S2. TEM images corresponding SAED pattern of (a–c) MoS2 and (d–f) MoO3/MoS2. 

(g) TEM-EDS mapping of MoO3/MoS2.
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Figure S3. UV-vis absorption of PTQ10:Y6 OPVs doped with TMSs.

Figure S4. (a) J-V curves and (b) EQE spectra of PTQ10:Y6 OPV devices.
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Figure S5. Statistics of photovoltaic parameters (FF and PCE) of OPVs under LED lamp.
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Figure S6. Single-diode equivalent circuit model.

Table S1. Parasitic resistances of OPVs under LED and 1-sun illumination conditions. 

LED 1000-lx 1-sun

Devices type rS rP RCH rS rP RCH

Control 0.1206 29.363 115008 0.0149 0.6716 7048

MoS2 0.1169 48.472 109112 0.0166 0.7462 6790

MoO3/MoS2 0.1288 59.642 105071 0.0142 0.5971 6699

Figure S7. J–V curves of OPVs (area: 100 mm2) under LED and FL lamps. 

Figure S8. Emission power and integrated power spectra of a LED and FL illumination.
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Figure S9. Photon flux and integrated JSC of OPVs under LED and FL illumination. 

Figure S10. Electrochemical impedance spectroscopy (EIS) plot of OPV devices. 
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Figure S11. Fitted J–V curves for charge mobilities. (a) hole-only devices. (b) electron-only 

devices. 

Figure S12. Spectral match of OPVs with LED illumination. 

Figure 13. Power absorption density profiles of OPVs calculated using FDTD simulation. 
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Figure S14. (a) Calculated power absorption ratios of OPVs with different active layers, (b) 

Normalized absorption power, (c) extinction coefficient, and (d) refractive index.
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Table S2. A summary of recently reported photovoltaic performances under a halogen lamp 

(1000-lx).

Ref Active layer VOC
(mV)

JSC
(μA/cm2)

FF
(%)

Pmax
(μW/cm2)

[1] PDTBTBz-2Fanti:PC71BM 809 116.8 70.2 66.3
[1] P3HT:PC71BM 486 71.8 71.0 24.8
[1] PBDB-T:PC71BM 669 108.3 71.0 51.4
[1] PTB7:PC71BM 576 171.4 67.4 66.5
[2] PBDB-T:IDIC 710 202.7 65.0 94.1
[2] PBDB-T:IDICO1 770 252.4 66.0 102.1
[2] PBDB-T:IDICO2 770 271.2 63.0 141.4
[3] PM6:Y6 741 649.5 69.7 335.1
[3] PM6:Y6:MXene 751 656.7 74.2 373.3
[4] PM6:Y6 720 454.2 77.7 254.1
[4] PM7:IT-4F 750 309.8 72.6 168.7
[4] PTB7-Th:IEICO-4F 630 403.2 69.8 177.3
[5] PBDB-T: m-ITIC-O-EH 711 198.7 64.9 95.6
[5] PBDB-T: PC70BM 562 87.6 60.6 31.9
[6] PM6:PM7:Y6:PCBM 708 551 73.1 280
[7] PBDB-T:BTA3 1050 289.2 52.4 159.1
[7] PBDB-TF:BTA3 1140 180.4 54.3 111.7
[7] PBDB-TCl:BTA3 1180 138.2 43.6 71.1

This work PM6:Y6:MoS2 755 683 77.1 397.5
This work PM6:Y6:MoO3/MoS2 761 692 78.1 412.2

Table S3. Ideal current densities of OPVs under 1000-lx LED lamp, calculated by FDTD 

simulation. 

1000-lx LED (Pin: 0.254 mW/cm2)
Thickness 

(nm) Jph, ideal

PM6:Y6 151 140.7
with MoS2 150 149.9Narrow bandgap

active layers with MoO3/MoS2 149 153.6
P3HT:ICBA 150 109.2

P3HT:PC70BM 150 119.8
PBDB-T:PC70BM 150 127.1

P3HT:ICBA (actual thickness)[1] 125 109.2
P3HT:PC70BM (actual thickness)[1] 150 121.1
PTB7:PC70BM (actual thickness)[1] 140 140.5

Wide bandgap 
active layers

PBDB-T:PC70BM (actual thickness)[1] 120 132.8
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Figure S15. 2D AFM grain-count images of thin film blends measured by Watershed 

Algorithm.  

Figure S16. Intensity profiles of active layers blend. (a) In-plane direction. (b) Out-of-plane 

direction. 

Table S4. Extracted parameters of active layers blend from GIWAXS measurements.

Lamella stacking π-π stacking

Sample
aq

xy
(100)

(A-1)

bd
lamellar

(nm)

cCCL

(nm)

q
z 
(010)

(A-1)

d
π-π

(nm)

CCL

(nm)

Control 0.2262 22.75 70.98 1.712 3.75 21.25 

MoS2 0.2291 21.62 80.05 1.724 3.70 22.90 

MoO3/MoS2 0.2305 21.54 86.66 1.739 3.67 23.54 
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aPeak position calculated from original GIWAXS data
bIntermolecular distance d = 2π/q
cCrystal coherence length (LC) was calculated using the Scherrer equation, LC = 2πK/FWHM.

Figure S17. XRD figure of OPVs. 
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Figure S18.  Stability of OPVs measured under LED illumination. 
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