
Nano-Micro Letters 
 

 

S1/S9 

Supporting Information for 

Resolving Mixed Intermediate Phases in Methylammonium-Free Sn-Pb 

Alloyed Perovskites for High-Performance Solar Cells 

Zhanfei Zhang1, Jianghu Liang1, Jianli Wang1, Yiting Zheng1, Xueyun Wu1, Congcong Tian1, 

Anxin Sun1, Zhenhua Chen2, Chun-Chao Chen1, * 

1School of Materials Science and Engineering, Shanghai Jiao Tong University, Shanghai 

20024, P. R. China 

2Shanghai Synchrotron Radiation Facility (SSRF), Shanghai Advanced Research Institute, 

Chinese Academy of Sciences, Shanghai 201800, P. R. China 

*Corresponding author. E-mail: c3chen@sjtu.edu.cn (Chun-Chao Chen) 

Supplementary Figures 

 

Fig. S1 Efficiencies of previously reported MA-free Pb–Sn alloyed PSCs, plotted with their 

the band gaps (Eg). All references for this figure are given in Table S1 

 

Fig. S2 Photographs of Cs0.25FA0.75Pb0.6Sn0.4I3 perovskite precursor solutions, prepared with 

or without D-HLH, after exposure to the air for up to 20 min 
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Fig. S3 (left) Electrostatic potentials and (right) charge distributions of D-HLH, DMF, and 

DMSO 

 

Fig. S4 J–V curves of PSCs prepared using different concentrations of D-HLH 

 

Fig. S5 Statistics of the values of Voc, Jsc, FF, and PCE from 20 devices containing the control 

and D-HLH–treated perovskites 
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Fig. S6 Statistics of the values of Voc, Jsc, FF, and PCE from 20 tandem devices prepared with 

D-HLH treatment 

Table S1 Performance data of reported highly efficient MA-free Pb–Sn alloyed PSCs 

Perovskite 
Eg 

(eV) 

Voc 

(V) 

Jsc  

(mA cm-2) 

FF 

(%) 

PCE 

(%) 

Stability 

Refs. Thermal 

(85 ℃) 

Light 

(MPP*) 

Storage 

(N2) 

Cs0.25FA0.75Pb0.5Sn0.5I3 1.24 0.74 26.7 71 14.1 

70 h, 

40%; 

1500 h, 

30%  

50 min, 

90% 
– [S1] 

Cs0.2FA0.8Sn0.5Pb0.5I3 1.24 0.77 25.6 69 14.0 

– – – [S2] 

Cs0.15FA0.85Sn0.625Pb0.375I3 1.26 0.76 24.6 70 13.5 

Cs0.225FA0.775Sn0.625Pb0.375I

3 
1.28 0.76 25.6 72 13.6 

Cs0.2FA0.8Sn0.7Pb0.3I3 1.30 0.76 25.1 76 13.5 

Cs0.3FA0.7Pb0.7Sn0.3I3 1.30 0.77 26.4 71.6 14.6 – – – [S3] 

Cs0.25FA0.75Pb0.5Sn0.5I3 1.25 0.76 27.6 74 15.6 
325 h, 

82% 

30 h, 

100% 
– [S4] 

Cs0.3FA0.7Pb0.7Sn0.3I3 1.30 0.74 25.89 81.4 15.6 – – 
288 h,  

98.3%   
[S5] 

Cs0.25FA0.75Sn0.5Pb0.5I3 1.29 0.72 30.8 74.95 16.6 
600 h, 

50% 

1000 h, 

90% 
– [S6] 

Cs0.25FA0.75Sn0.5Pb0.5I3 1.27 0.69 31.7 76 16.5 – – – [S7] 

Cs0.15FA0.85Sn0.3Pb0.7I3 1.33 0.80 28.7 73.5 17.6 
– – – [S8] 

Cs0.15FA0.85Sn0.5Pb0.5I3 1.30 0.76 30.3 78.3 18.1 

Cs0.25FA0.75Sn0.5Pb0.5I3 1.25 
0.79

8 
31.1 78.4 19.1 

4000 h, 

80% 
– – [S9] 

Cs0.15FA0.85Sn0.5Pb0.5I3 1.27 0.76 31.3 73 17.4 – – 
300 h, 

air, 65% 
[S10] 

Cs0.3FA0.7Sn0.3Pb0.7I3 1.34 
0.78

7 
29.1 79.9 18.3 – 

750 h, 

80% 
– [S11] 

GDR-Pb0 (8.5) 
1.26 

0.84 30.37 72.24 18.34 – 
700 h, 

80% 

2352 h, 

N2, 81% [S12] 

GDR-Pb0 (18.7) 0.86 31.55 73.64 20.01 – – – 

Cs0.2FA0.8Pb0.5Sn0.5I3 1.24 0.86 31.5 77.9 21.10 – – – [S13] 
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*MPP: continuous operation stability with maximum power point (MPP) tracking under 1-sun 

illumination. 

Table S2 Peak parameters and assignments of Pb 4f and Sn 3d XPS signals for perovskites 

prepared with or without additive doping 

Elements Binding Energy (eV) Sample Affiliation 

Pb 

137.98/142.88a) Control 
Pb in PbO[S14–S18], Pb3O4[S19, S20], Pb[S20], 

and PbS[S21] 

137.78/142.68a) D-HLH Pb in PbO[S22–S27], and PbS[S21, S22, S28] 

Sn 

487.28/495.68b) Control 

Sn in SnO2[S29–S31], SnO1.65[S31], SnCl2[S32], 

SnF(C6H5)3[S33], Sn(C6H5)2Cl2[S34], 

SnCl4(C5H5N)2[S35], SnCl3(C2H5)(C5H5N)2[S35], 

and SnCl3(C6H5)(C5H5N)2[S35] 

487.08/495.48b) D-HLH 

Sn in SnO[S20, S36], SnF2[S20, S37], SnO2[S30, 

S31, S38–S40], SnO1.65[S31], SnF2(CH3)2[S35], 

Sn(CH3)2SO4[S35], SnCl(C6H5)3[S20], 

Sn(C6H5)4[S35], SnCl2(CH3)2(SO(CH3)2)2[S35], and 

Sn(C6H5)3(C9H6NO)[S41] 

a) Pb 4f7/2/4f5/2; b) Sn 3d5/2/3d3/2 

Table S3 Peak parameters and assignments of O 1s XPS signals for perovskites prepared with 

and without additive doping 

Sample 

O in inorganic molecule O in organic molecule 

Binding energy 

(eV) 

FWHM
c) (eV) 

Atomic 

ratio (%) 

Binding energy 

(eV) 

FWHM 
c) (eV) 

Atomic 

ratio (%) 

Control 
530.96[S40, 

S42] 
1.63 46 532.21[S43, S44] 1.90 54 

D-HLH 
530.62[S45, 

S46] 
1.60 27 

531.82[S47, S48, 

S49–S62] 
2.19 73 

c) Full width at half maximum. 

Table S4 FTIR spectral data for perovskites prepared with and without additive doping 

Sample 
Wavenumber (cm–1) 

N–H stretching C=O stretching 

Control 3411 3270 1633 

D-HLH 3401 3231 1607 

Table S5 Photovoltaic parameters of PSCs prepared using different concentrations of D-HLH 

D-HLH concentration (mg mL–1) Voc (V) Jsc (mA cm–2) FF (%) PCE (%) 

5 0.81 29.10 69.89 16.47 

10 0.88 30.56 80.36 21.61 

20 0.72 28.93 64.04 13.34 

Table S6 Photovoltaic parameters of champion PSCs prepared with and without D-HLH 

Device Scan Voc (V) Jsc (mA cm–2) FF (%) PCE (%) Integrated Jsc (mA cm–2) 

Control 
Reverse 0.77 27.26 69.13 14.51 

27.12 
Forward 0.76 27.41 67.54 14.07 

D-HLH 
Reverse 0.88 30.56 80.36 21.61 

29.86 
Forward 0.88 30.55 78.26 21.04 
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Table S7 Photovoltaic parameters of champion tandem devices prepared with D-HLH 

Device Scan Voc (V) Jsc (mA cm–2) FF (%) PCE (%) 

Front cell 
Reverse 1.18 16.21 82.15 15.71 

Forward 1.18 16.19 81.61 15.59 

Back cell 
Reverse 0.88 30.56 80.36 21.61 

Forward 0.88 30.55 78.26 21.04 

Tandem-D-HLH 
Reverse 2.03 14.42 81.37 23.82 

Forward 2.03 14.32 81.12 23.58 

Table S8 Fitting parameters for TRPL curves of perovskite films 

Sample τavg (ns) τ1 (ns) τ2 (ns) A1 (%) A2 (%) 

Control 9.14 1.77 13.44 81.58 18.42 

D-HLH 28.81 3.39 31.93 53.67 46.33 

F(t) = A1exp(–t/τ1) + A2exp(–t/τ2) + γ0 

where τ1 and τ2 are the fast and slow decay times, respectively, and A1 and A2 are coefficients. 

Table S9 Related parameters fitted from the equivalent circuit for EIS spectral measurement 

Device Rs (Ω) Rct (Ω) C (nF) Rrec (Ω) CPE (nF) 

Control 60.11 20,210 15 14,560 3970 

D-HLH 42.06 3384 7783 19,220 28.21 
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