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Figure S1. Optical transmission spectra of different ETLs on the ITO glass substrates. 

 

 

 

Figure S2. Surface morphologies of perovskite films on (a) bl-SnO2 and (b) bl-

SnO2/mp-TiO2 substrates at a low magnification. 
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Figure S3. X-ray diffraction patterns of perovskite films based on different ETLs. The 

main diffraction peaks at around 2θ = 14.0o, 28.2o and 34.7o correspond to (110), (220) 

and (310) crystal planes, respectively. 

 

 

Figure S4. UV-vis absorption spectra of perovskite films on different ETLs. 
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Figure S5. Energy level alignments for the perovskite solar cells based on SnO2 and 

TiO2 composite ETLs.1-3 

 

 

Figure S6. Statistical photovoltaic parameters of devices based on ITO glass substrates. 

Box plots of the photovoltaic parameters for 50 pieces of devices based on different 

ETLs. (a) Power conversion efficiency (PCE), (b) open-circuit voltage (Voc), (c) filling 

factor (FF) and (d) short-circuit current density (Jsc). 
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Figure S7. Storage stability of rigid devices based on different ETLs. 

 

 

Figure S8. Transient photocurrent (TPC) spectra of devices based on different ETLs 

(normalized). 
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Figure S9. IPCE spectra based on flexible devices with different ETLs. 

 

Figure S10. Statistical photovoltaic parameters of devices based on flexible PEN 

substrates. Box plots of photovoltaic parameters for 50 pieces of samples based on 

different ETLs, (a) PCE, (b) Voc, (c) FF and (d) Jsc. 
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Figure S11. Comparison of the optical transmittance of different substrates. 

 

 

Figure S12. Bending durability of flexible PSCs with 6 mm bending diameter. 
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Table S1. The average thickness of the ETL layers from the cross-sectional SEM 

images for the devices and the corresponding calculation results of SCLC measurement. 

 Thickness (nm) 
VTFL (V) Nt (cm-3) 

ETL PSK HTL 

bl-SnO2 24 486 145 0.64 1.3866×1016 

bl-SnO2/mp-TiO2 56 587 147 0.27 6.2×1015 

 

 

Table S2. Average values of photovoltaic parameters for over 50 devices on different 

substrates, respectively. 

Substrate ETL Voc (V) FF (%) Jsc (mA cm-2) 

PCE (%) 

Average Champion 

rigid 

bl-SnO2 
1.07±0.14 67.2±5 20.9±1.4 15.2 16.7 

bl-SnO2/mp-

TiO2 
1.15±0.03 76.0±2.3 21.4±0.9 18.8 19.7 

flexible 
bl-SnO2/mp-

TiO2 
1.16±0.01 75.2±2.1 21.6±0.6 18.7 19.9 

 

 

Table S3. Fitting results of EIS: series resistance (Rs), transfer resistance (Rct), and 

recombination resistance (Rrec) of devices based on different ETLs.  

ETL Rs (Ω) Rct (Ω) Rrec (Ω) 

bl-SnO2 37  329  489  

bl-SnO2/mp-TiO2 18  245  598  
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Table S4. Summary of devices based on low-temperature TiO2 ETLs for F-PSCs. 

structure 

Voc 

(V) 

FF 

(%) 

Jsc 

(mA cm-2) 

PCE 

 (%) 
Source 

PEN/ITO/ED-TiO2/BK-TiO2/ 

MAPbI3/spiro/Au 

1.07 75 19.51 15.76 
Adv. Energy Mater. 

20174 

PET/ITO/SnO2/ TiO2/FAPbI3/ 

spiro/Au 

1.04 66.3 20.9 14.8 Nano Res.20185 

PEN/ITO/TiO2/FAMAPb(IBr)3/ 

PTAA/Au 

0.97 75.6 23.3 17.1 
ACS Appl. Mater. 

Interfaces. 20186 

PET/ITO/C60/TiOx/ 

FAMAPb(IBr)3/spiro/Au 

1.02 71.9 19.63 14.43 J. Mater. Chem. A 

20197 

PEN/ITO/c-TiO2/mp-TiO2/ 

MAPbI3/spiro/Ag 

0.99 74 13.27 9.75 
ACS Appl. Mater. 

2020 8 

PEN/ITO/Au-TiO2/ 

TiO2/FAPbI3/spiro/Ag 

1.07 64.3 22.29 15.36 
ACS Appl. Energy 

Mater. 2020 9 

PET/ITO/R-Fu/Lt-TiO2 / 

FAMAPb(IBr)3/spiro/Ag 

1.05 75 22.93 18.06 Sol. Rrl 2020 10 

PET/ITO/nano-TiO2/ 

MAPbI3/spiro/Au 

0.97 67 20.51 13.33 Adv. Mater. 2021 11 

PEN/ITO/c-TiO2/mp-TiO2/ 

FAPbI3/spiro/Ag 

0.99 72.3 20.29 14.52 
Appl. Phys. 

Express. 2021 12 

PEN/ITO/ TiO2/ 

MAPbI3/spiro/Au 

1.10 65.6 22.32 16.11 
J. Alloy. Compd. 

202113 

PEN/ITO/SnO2/TiO2/MAPbI3/ 

spiro/Ag 

1.16 76.8 22.25 19.9 This work 
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