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Table S1. Valence band maximum (VBM), conduction band minimum (CBM), and band gap (Eg) of 

each material. 
 

VBM (eV) Eg (eV) CBM (eV) 

np-TiO2 -7.13 3.32 -3.81 

np-Nb2O5 -7.73 4.34 -3.39 

Sn-based perovskite -4.90 1.35 -3.56 

 

 

 

 

  



Table S2. Performance values of Sn-based perovskite solar cells as previously reported. 

device 

structure 
VOC (V) 

JSC  

(mA cm-2) 
FF 

efficiency 

(%) 

reference 

No. 

p-i-n 0.53 24.1 0.71 9.0 4 

p-i-n 0.58 21.3 0.72 8.9 5 

p-i-n 0.62 21.2 0.73 9.6 6 

p-i-n 0.56 22.8 0.74 9.4 7 

n-i-p 0.32 23.7 0.63 4.8 11 

p-i-n 0.46 22.1 0.60 6.1 12 

n-i-p 0.24 24.5 0.36 2.1 13 

p-i-n 0.88 16.8 0.42 6.4 14 

n-i-p 0.23 26.0 0.39 2.3 15 

n-i-p 0.43 24.3 0.64 6.6 16 

p-i-n 0.59 14.4 0.69 5.9 17 

n-i-p 0.48 22.5 0.66 7.1 18 

n-i-p 0.49 22.9 0.64 7.1 19 

p-i-n 0.94 17.4 0.75 12 20 

 

  



 

Figure S1. Pore size distribution of np-Nb2O5 (average pore size of (a) 5 nm, (b) 38 nm, (c) 75 nm, 

and (d) 131 nm).  
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Figure S2. (a) UPS spectra of Sn-based perovskite, np-TiO2, and np-Nb2O5 measured under an 

applied bias voltage of 5 V. Tauc-plot of (b) Sn-based perovskite, (c) np-TiO2, and (d) np-Nb2O5. 

 

 

 

 

Figure S3. XRD patterns of the np-Nb2O5 ETLs. 
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Figure S4. (a) TEM image, (b) TEM-EDX analyses, and (c) atomic distributions of the cross section 

of the Sn-based perovskite solar cell with np-Nb2O5 (pore size 5 nm). A part of the perovskite layer 

is shown in (b). 
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Figure S5. TRMC transients of Sn-based perovskite thin films. Light was irradiated onto the 

substrate side.  

 

  

 

Figure S6. Time-resolved photo luminescence (TRPL) of the Sn-based perovskite formed on the 

Nb2O5 ETLs. 

 

 

 

 

0

2

4

6

8

10

12

14

16

-1 0 1 2 3 4 5 6 7 8 9

Φ
Σ

μ
 (

c
m

2
V

-1
s

-1
)

Time (µs)

np-TiO2 / perovskite

perovskite / PTAA

1

10

100

1000

20 70 120

In
te

n
s
it
y 

(a
.u

.)

Life time (ns)

np-Nb2O5 (5 nm)

c-Nb2O5



 

Figure S7. SEM images of Sn-based perovskites formed on (a) np-Nb2O5 (pore size 38 nm) and (b) 

np-Nb2O5 (pore size 75 nm). Perovskite layers were formed by annealing at 45 °C for 10 min followed 

by 65 °C for 20 min and 120 °C for 30 min annealing. 

 

 

 

Figure S8. External quantum efficiency (EQE) of the perovskite solar cells with different ETLs. Sn-

based perovskite layers were formed at [a] 140 °C for 30 min, [b] 40 °C for 10 min, 65 °C for 20 min, 

120 °C for 30 min. 
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