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Fig. S1 Current density-voltage characteristics upon absorber thickness variation for devices 
with ETL under (a) AM 1.5G or (c) 3000 K 450 lux LED and without ETL under (b) AM 1.5G or 
(d) 3000 K 450 lux LED illumination.



Table S1 Photovoltaic parameters of OPV cells with device architecture 
ITO/PEDOT:PSS/PM6:IT-4F/(PDINN)/Ag under AM 1.5G illumination. The data represented 
are averaged over 8 cells.

EFPCE
(%)

Pout
(mW/cm2)FFJSC

(mA/cm2)
VOC
(V)ETLThickness 

(nm)
Pin

(mW/cm2)Light source

2.03
12.9412.940.7321.620.823w PDINN

100

100AM 1.5G

6.366.360.4821.310.616w/o PDINN

1.92
11.6911.690.6422.260.817w PDINN

190
6.096.090.4620.770.634w/o PDINN

1.85
9.399.390.5521.410.793w PDINN

370
5.085.080.4019.710.637w/o PDINN

1.99
7.207.200.4719.630.772PDINN

640
3.633.630.3516.090.641w/o PDINN

2.16
4.034.030.4013.360.744PDINN

1000
1.861.860.309.770.636w/o PDINN

Table S2 Photovoltaic parameters of OPV cells with device architecture 
ITO/PEDOT:PSS/PM6:IT-4F/(PDINN)/Ag under 3000 K 450 lux LED illumination. The data 
represented are averaged over 8 cells.

EFPCE
(%)

Pout
(W/cm2)FFJSC

(A/cm2)
VOC
(V)ETLThickness 

(nm)
Pin

(W/cm2)Light source

2.27
18.1323.300.7349.330.647w PDINN

100

128.56
3000 K
450 lux

LED

8.0010.210.5248.850.402w/o PDINN

1.68
17.6322.560.7150.590.628w PDINN

190
10.5013.510.5749.910.475w/o PDINN

1.33
16.4721.070.6950.730.602w PDINN

370
12.4115.950.6050.350.528w/o PDINN

1.09
15.2419.740.6750.180.587PDINN

640
14.0017.940.6449.180.570w/o PDINN

1.10
13.8617.930.6448.640.576PDINN

1000
12.6016.070.6046.900.571w/o PDINN



Fig. S2 The external quantum efficiencies (EQE) and integral current densities of devices with 
100 nm PM6:IT-4F absorber, with or without the ETL PDINN. The current densities refer to 
outdoor (red) and indoor (green) illumination, in absence (dashed line) or presence (solid 
line) of an ETL.

Fig. S3 Emission power spectrum and integrated power spectrum of the 3000 K LED used in 
this study to simulate indoor illumination at 450 lux.
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Fig. S4 The simulated spectrally and spatially resolved absorption profile of (a) 100 nm active 
layer and (b) 640 nm active layer in device architecture: ITO/PEDOT:PSS/PM6:IT-4F/Ag, 
where the white dashed line indicates the wavelengths used in the monochromatic J-V 
measurements. (c, d) The absorption profiles indicated by the white dashed lines in (a) and 
(b).
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Fig. S5 Spectrum of the (quasi-)monochromatic LED (a) Thorlabs M617L3 and (b) Thorlabs 
M780L3 used in this study.



Supplementary Note 1. Drift-diffusion simulation

The equations below were solved to simulate the behavior of carriers in the devices, as shown 

in references.1, 2

Where  is the electrostatic potential,  and  are hole density and electron density. , , 𝜙 𝑝 𝑛 𝑞 𝜀0

 and  are elementary charge, dielectric constant in vacuum, relative dielectric 𝜀𝑟,  𝑝𝑡 𝑛𝑡

constant, density of trapped holes and trapped electrons, respectively.  and  are electron 𝐽𝑛 𝐽𝑝

and hole particle flux. G and R are generation rate, which was calculated by using transfer 

matrix method and recombination rate, respectively.

Both the bimolecular recombination and SRH recombination are included in the model. The 

SRH recombination is calculated by the equations below.

Where  denotes the capture coefficients for electrons (holes),3  is the 𝐶𝑛(𝐶𝑝) 𝑛1(𝑝1)

characteristic trap densities contain the trap energetic position , and  is the 𝐸𝑡 𝑁𝑡(𝐸)

distribution of trap state density.

Besides the bulk traps in the absorber, as the consequence of metal induced gap states (MIGS) 



at metal-organic interface,4, 5extra traps are introduced in the vicinity of cathode in the 

simulation of devices without ETL. The width of the region with extra traps is chosen to be 1% 

of the absorber thickness to ensure that the built-in field is inversely proportional to the 

absorber thickness.
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Fig. S6 The simulated and experimental J-V characteristics of 640 nm absorber devices with 

or without ETL under (a) 450 lux LED and (b) AM 1.5G illumination. Series resistance  of 5 𝑅𝑠

 cm2 and shunt resistance  of 3.33 M cm2 are used in the simulation.𝑅𝑝

Table S3 Parameters used in the drift-diffusion simulations.



w/o ETLw ETLSymbolParameter

1.181.18Eg [eV]Bandgap

0.650.85Vbi [eV]Built-in field

0.20.2[eV]Hole injection barrier

0.330.13[eV]Electron injection barrier

9 10259 1025NC [m-3]Effective density of states of LUMO

9 10259 1025NV [m-3]Effective density of states of HOMO

00Sn [m/s]Surface recombination velocity of minority carriers at anode

0Sp [m/s]Surface recombination velocity of minority carriers at 
cathode

10-8h [m2/Vs]Hole mobility

10-8e [m2/Vs]Electron mobility

6 10-19k [m3/s]Bimolecular recombination constant

from optical simulationG [1/m3s]Generation rate of excitons

0.95PDissociation probability of excitons

8 1019[1/m3]Bulk trap state density

0.59[eV]The energetic distance between bulk trap level and LUMO

1 10-16[m3/s]Bulk electron capture coefficient

1 10-16[m3/s]Bulk hole capture coefficient

5 1024[1/m3]Extra surface trap states density in devices without ETL

0.33[eV]The energetic distance between extra surface trap level and 
LUMO

1 10-16[m3/s]Electron capture coefficient of extra traps

1 10-18[m3/s]Hole capture coefficient of extra traps

Supplementary Note 2. Calculation of non-geminate recombination 

power loss



Fig. S7 Schematic J-V characteristic to illustrate the calculation of non-geminate 
recombination power loss.

As depicted in Figure S7, the power losses due to non-geminate recombination are 
calculated by considering the power difference between real maximum output power and 
ideal maximum output power (without non-geminate recombination):

Where  and  denote the current density and voltage at maximum power point, 𝐽𝑀𝑃𝑃 𝑉𝑀𝑃𝑃

 ( ) and  ( ) are the current density loss and voltage loss 𝐽𝑟𝑒𝑐, 𝑏𝑢𝑙𝑘 𝐽𝑟𝑒𝑐, 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑉𝑟𝑒𝑐,𝑏𝑢𝑙𝑘 𝑉𝑟𝑒𝑐,𝑠𝑢𝑟𝑓𝑎𝑐𝑒

caused by bulk (surface) recombination.

The open-circuit voltage under Shockley-Queisser assumption  is the maximum 𝑉𝑆𝑄
𝑂𝐶

achievable voltage under the illumination of a certain light intensity.  is calculated by the 𝑉𝑆𝑄
𝑂𝐶

equation below6:

The saturated photocurrent  is calculated by:𝐽𝑝ℎ,  𝑠𝑎𝑡𝑢𝑟𝑎𝑡𝑒𝑑



Where  is the spatial generation profile of excitons and  is the dissociation probability.𝐺(𝑥) 𝑃
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Fig. S8 Simulated non-geminate recombination power loss in a device with ETL under weak 
and strong monochromatic excitation with (a) 100 nm and (b) 640 nm active layer. The 
wavelengths used in monochromatic J-V measurements are indicated by stars. 



Fig. S9 The open-circuit voltage (VOC) of devices without ETL under AM 1.5G illumination with 
different surface recombination velocities of minority carriers at the back cathode (Sp), as a 
function of absorber thickness. If the back cathode is selective (Sp=0 m/s), the VOC decreases 
as absorber thickness increases due to increased bulk recombination. When increasing Sp, 
the effect of the reduced surface recombination on VOC arises with increasing absorber 
thickness, which counteracts the increased bulk recombination. As a consequence, the VOC is 
nearly independent on absorber thickness for a non-selective back cathode (Sp=∞ m/s).

Fig. S10 Evolution of the enhancement factor as a function of active layer thickness 
under AM 1.5G and LED illumination. The device architecture is ITO/PEDOT:PSS/PM6:
Y6/(PDINN)/Ag.



0 200 400 600

8

10

12

14

16

18

20

PC
E 

(%
)

Thickness (nm)

 w ETL
 w/o ETL

4

6

8

10

12

14

16

PC
E 

(%
)

 w ETL
 w/o ETL

0 200 400 600
0.50

0.55

0.60

0.65

0.70

0.75

FF

Thickness (nm)

 w ETL
 w/o ETL

 w ETL
 w/o ETL

0.30

0.40

0.50

0.60

0.70

0.80

FF

0 200 400 600

48

49

50

51

52

53

J S
C
 (

A/
cm

2 )

Thickness (nm)

 w ETL
 w/o ETL

15

18

21

24

27

J S
C
 (m

A/
cm

2 )

 w ETL
 w/o ETL

0 200 400 600
0.40

0.45

0.50

0.55

0.60

0.65

0.70  w ETL
 w/o ETL

 

 

V
O

C
 (V

)

Thickness (nm)

 w ETL
 w/o ETL

0.69

0.72

0.75

0.78

0.81

0.84

0.87

 

 

V
O

C
 (V

)

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

Fig. S11 Photovoltaic performance of devices with or without ETL under AM 1.5G (upper) and 
450 lux LED illumination (lower), as a function of active layer thickness: (a) power conversion 
efficiency, (b) open-circuit voltage, (c) short-circuit current density and (d) fill factor. The 
devices architecture are ITO/PEDOT:PSS/PM6:Y6/(PDINN)/Ag.
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