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Fig. S1. XRD pattern of the perovskite layer (MAPbI3+PbI2) before and after the IPA 

treatment. The perovskite layer was prepared on the FTO/c-TiO2/m-TiO2 substrates. The 

improved peak intensity of the PbI2 at the ~12.7 ° may due to that the MA was washed away 

by IPA and then more PbI2 left on the sample. 
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Fig. S2. Tauc plot of the MAPbI3 perovskite and MAPbI3/MAPbIxBr3-x-PSS. 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. S3. Overview XPS spectra of the MAPbI3 perovskite and MAPbI3/MAPbIxBr3-x-PSS. 
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Fig. S4. Time of flight secondary ion mass spectrometry of the Br element in the 

MAPbI3/MAPbIxBr3-x-PSS. Sputtering speed is about 1 nm/s. The Br element is mainly 

distributing at the top part of MAPbI3/MAPbIxBr3-x-PSS film with a depth of ~75 nm, which 

suggests that the MAPbIxBr3-x has a thickness of ~75 nm. 

 

 

 

 

 

 
Fig. S5. Statistic of the (c) Jsc, (d) FF, and Voc and of the MAPbI3-based PSC and (e) 

MAPbI3/MAPbIxBr3-x-based PSC. 16 solar cell devices from different branches were used for 

stastic.  
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Fig. S6. J-V curve of the MAPbI3-based PSC with (a) Spiro-OMeTAD and (b) P3HT as the 

HTM, which was measured under AM1.5G 100 mW/cm2 illumination. Statistic of the (c) Jsc, 

(d) FF, (e) Voc and (f) PCE of the MAPbI3-based PSC with Spiro-OMeTAD and P3HT as the 

HTM. 12 solar cell devies from different branches were used for stastic.  
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Fig. S7. Integrated photocurrent from the IPCE spectra. The photocurrent density integrated 

from the IPCE spectra is slightly lower than the value obtained from the J-V measurement, 

which may due to the low light intensity of the IPCE setup. 

 

 

 

 

 
Fig. S8. MPP tracking of the (a) photocurrent density and (b) photovoltage of the 

MAPbI3/MAPbIxBr3-x-based PSC under continues AM1.5G 100 mW/cm2 illumination. 

 

 

 



  

8 

 

 

 

 
Fig. S9. Normalized PL spectra of the MAPbI3 perovskite and MAPbI3/MAPbIxBr3-x-PSS 

prepared on the microscopy slide. 

 

 

 

 

 

 

 
Fig. S10. Electron lifetime in the MAPbI3 perovskite and MAPbI3/MAPbIxBr3-x-PSS solar 

cells as function of Voc. 
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Fig. S11. Nyquist plots and their fitting curves of the MAPbI3-based and 

MAPbI3/MAPbIxBr3-x-based PSC, with the equivalent circuit depicted in the inset. In this 

equivalent circuit model, the high frequency arc in the Nyquist plots is attributed to the 

perovskite/carbon interface, which is modeled by a charge transport resistance, Rct, in parallel 

with a capacitance, CPE. Electrochemical impedance spectroscopy (EIS) was performed 

under a full-sun illumination (AM 1.5G, 100 mW/cm2) and a bias voltage of 0.8 V. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table S1. Fitted parameters of the PL decay of the MAPbI3-based and MAPbI3/MAPbIxBr3-x 

based PSC. 

Equation  
1 2

1 2 0

t t

y A e A e A 
− −

= + +  

 A1 τ1 (ns) A2 τ2 (ns) A0 

MAPbI3 1665 2.8 193 50.8 75.4 

MAPbI3/MAPbIxBr3-x 1872 2.1 101 71.1 75.5 
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Table S2. Summarized photovoltaic performance of the carbon electrode-based HTM-free 

PSCs. 

Device structure 
Voc 

(V) 

Jsc 

(mA/cm2) 
FF 

PCE 

(%) 
Ref.  

FTO/C60/MAPbI3/Carbon paste 1.07 23.44 0.613 15.38 [1] 

FTO/TiO2/ZrO2/MAPbI3/Carbon paste 0.94 23.4 0.71 15.6 [2] 

FTO/TiO2/MAPbI3/Carbon paste 1.05 20.25 0.63 13.5 [3] 

FTO/TiO2/ZrO2/MAPbI3/Carbon paste 0.916 18.69 0.751 12.8 [4] 

FTO/TiO2/MAPbI3/Na@C 0.78 17.94 0.64 8.89 [5] 

FTO/TiO2/ZrO2/ MAPbI3/Carbon paste  0.78 21.86 0.658 11.28 [6] 

FTO/TiO2/ZrO2/MAPbI3/Carbon paste  0.94 21.45 0.77 15.6 [7] 

FTO/TiO2/ZrO2/MAPbI3/Carbon paste  0.863 21.5 0.77 14.3 [8] 

FTO/TiO2/ZrO2/MAPbI3-x(BF4)x/ 

Carbon paste 
0.957 18.15 0.76 13.24 [9] 

FTO/TiO2/MAPbI3/Bi-layer carbon paste 0.998 19.6 0.695 13.6 [10] 

FTO/TiO2/Al2O3/(5-AVA)0.05(MA)0.95PbI3/Carbon black-

graphite 
0.88 21.62 0.594 11.31 [11] 

FTO/TiO2/Al2O3/MAPbI3/B-MWNTs 0.92 21.50 0.77 15.23 [12] 

FTO/W:TiO2/MAPbI3/Carbon paste 0.92 21.07 0.622 12.06 [13] 

FTO/TiO2/Al2O3/MAPbI3/ 

mesoscopic carbon 
0.893 22.43 0.75 15.0 [14] 

FTO/TiO2/SiO2/MWCNT-MAPbI3/ 

Carbon paste 
0.951 22.6 62.3 12.3 [15] 

FTO/TiO2/MAPbI3/Carbon paste 1.04 21.27 0.65 14.38 [16] 

FTO/TiO2/Al2O3/MAPbI3/Carbon nanotube 0.853 17.22 0.71 10.54 [17] 

FTO/TiO2/Al2O3/MAPbI3/Carbon paste 1.01 21.26 0.69 14.7 [18] 

FTO/TiO2/Al2O3/MAPbI3/Carbon paste 0.846 20.04 0.723 12.3 [19] 

FTO/TiO2/MAPbI3/Carbon paste  1.002 21.30 0.634 13.53 [20] 

FTO/TiO2/ZrO2/ 

(5-AVA)x(MA)1-xPbI3/Carbon paste  
0.858 22.8 0.66 12.84 [21] 

FTO/TiO2/MAPbI3/MAPbIxBr3-x/ 

Carbon paste 
1.07 20.8 0.73 16.2 

This 

work 
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Table S3. Summarized photovoltaic performance of the carbon electrode-based PSCs with 

HTM in the device. 

Device structure 
Voc  

(V) 

Jsc 

(mA/cm2) 
FF 

PCE 

(%) 
Ref. 

FTO/Ni(0.01):TiO2/ 

Cs0.05(MA0.17FA0.83)0.95Pb(I0.83Br0.17)3/ 

CuPc/Carbon paste 

1.073 22.41 0.726 17.46 [22] 

FTO/TiO2/MAPbI3/NiO-MWCNT 0.912 22.84 0.76 15.80 [23] 

FTO/TiO2/MAPbI3/CuPc/Carbon paste 1.05 20.8 0.74 16.1 [24] 

FTO/TiO2/Al2O3/ 

Cs0.05(FA0.4MA0.6)0.95PbI2.8Br0.2/ 

NiO/Carbon paste 

1.008 23.40 0.72 17.02 [25] 

FTO/TiO2/ (FAPbI3)0.85(MAPbBr3)0.15/ 

CuPc-TIPs/Carbon paste 
1.01 21.4 0.65 14.0 [26] 

FTO/TiO2/SnO2 

/Cs0.05(MA0.17FA0.83)0.95Pb(I0.83Br0.17)3/ 

CuPc/Carbon paste 

0.98 23.28 0.67 15.39 [27] 

FTO/TiO2/ZrO2/MAPbI3/Co3O4/ 

Carbon paste  
0.88 23.43 0.64 13.27 [28] 

FTO/TiO2/Cs0.06(MA0.17FA0.83)Pb(I0.84Br0.16)3/CNT

s/Carbon paste 
1.00 18.97 0.71 13.57 [29] 

FTO/TiO2/Al2O3/MAPbI3/NiOx/ 

Carbon paste 
0.945 17.22 0.69 12.12 [30] 

FTO/TiO2/ZrO2/MAPbI3/NiO/Carbon paste 0.97 22.38 0.50 10.83 [31] 

FTO/TiO2/ Cs0.05(MA0.17FA0.83)0.95Pb(I0.83Br0.17)3/ 

Spiro-OMeTAD/SWCNT 
1.12 21.0 0.71 16.1 [32] 

FTO/TiO2/ Cs0.05(MA0.17FA0.83)0.95Pb(I0.83Br0.17)3/ 

Carbon cloth/Spiro-OMeTAD 
1.12 20.42 0.67 15.29 [33] 

FTO/TiO2/ZrO2/MAPbI3/NiO/Carbon paste 0.917 21.36 0.76 14.9 [34] 

FTO/TiO2/Al2O3/MAPbI3/NiO/ 

Carbon black-graphite 
0.915 21.62 0.76 15.03 [35] 

FTO/TiO2/MAPbI3/TPDI/Carbon paste 1.03 20.1 0.749 15.5 [36] 

FTO/TiO2/ZrO2/MAPbI3/NiO/Carbon paste 0.965 20.4 0.72 14.2 [37] 

FTO/TiO2/MAPbI3/spiro-OMeTAD/CNTs 1.00 18.1 0.55 9.90 [38] 

FTO/TiO2/(FAPbI3)0.85(MAPbBr3)0.15/ 

SWCNT:Spiro-OMeTAD 
1.1 20.3 0.61 15.5 [39] 
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