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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
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Fig. S2 Photographs of Cso.2sFA0.7sPbo.sSno.als 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
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Fig. S4 J-V curves of PSCs prepared using different concentrations of D-HLH

Fig. S5 Statistics of the values of Vo, Jsc, FF, and PCE from 20 devices containing the control
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Fig. S6 Statistics of the values of Vo, Jsc, FF, and PCE from 20 tandem devices prepared with

D-HLH treatment
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Table S1 Performance data of reported highly efficient MA-free Pb—Sn alloyed PSCs

E V J FF PCE Stability
Perovskite v « N (0 0 Thermal  Light  Storage Refs.
ev) (V) (mAcm?) (%) (%) (85°C)  (MPP¥) (Na)
70 h,
40%; i
CsozsFAo7sPhosSNosls  1.24 074  26.7 71 141 1580";], 5%3;/'0“’ [S1]
30%
Cs0.2FA0.8SnosPbosls 124 0.77 25.6 69 14.0
Cso0.15FA0.855N0.625Pbo 37513 1.26 0.76 24.6 70 13.5
CSo.zzsFA0.77533no.625Pbo.375| 128 076 256 72 136 - - - [S2]
Cs0.2FA0.8SNg.7Pbosl3 1.30 0.76 25.1 76 135
Cs0.3FA0.7Pbo.7Sng sls 1.30 0.77 26.4 716 146 - - - [S3]
25h h
CSo,stAo]sto_sSﬂo,sh 1.25 0.76 27.6 74 15.6 3825%, fgo% [84]
Cs0.3FA0.7Pbo.7Sno sls 1.30 0.74 25.89 814 156 - 3383&) [S5]
h 1 h
CSo,stAo,758no_5Pbo,5|3 1.29 0.72 30.8 74.95 16.6 65?8%’ g%&) ' [86]
Cso.25FA0.75SN05Pbosl3 1.27 0.69 31.7 76 16.5 — — — [57]
Cs0.15FA0.85Sn0.3Pbo.713 1.33 0.80 28.7 735 176 B B B s8]
Cso.15FA0.85SN05Pbosl3 1.30 0.76 30.3 78.3 18.1
CsonsFAorsSosPhosls 125 O7° 311 784 101 O0OM -~ [s9]
300 h,
Cso.15FA0.85SN05Pbosl3 1.27 0.76 31.3 73 17.4 — air, 65% [810]
v 750 h
Cs0.3FA0.7SNno.3Pbo 713 1.34 07 8 29.1 79.9 183 — E?(c))%’ [S11]
700 h 2352 h
- 0 _ i) )
GDR-PL° (8.5) Lo 084 3037 7224 1834 80% Ny 61% [S12]
GDR-PhC (18.7) 0.86 31.55 73.64 20.01 — - -
Cso.2FA0.8PbosSnosls 1.24 0.86 31.5 77.9 21.10 — — — [813]
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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 in PbO[S14-S18], Pb304[S19, S20], Pb[S20],
)
137.98/142.88% Control and PbS[S21]
Pb
137.78/142.68% D-HLH Pb in PbO[S22-S27], and PbS[S21, S22, S28]
Sn in Sn0O,[S29-S31], SnO165[S31], SNCI>[S32],
SnF(CeHs)3[S33], Sn(CeHs).Cl2[S34],
b)
487.28/495.68 Control o1, (CsHsNS[S35], SNCIa(C2Hs)(CoHsN)a[S35],
and SnCl3(CeHs)(CsHsN)2[S35]
Sn Sn in SnO[S20, S36], SnF2[S20, S37], SnO2[S30,
S31, S38-540], SnO165[S31], SnF2(CH3)2[S35],
487.08/495.48) D-HLH Sn(CH3)2S04[S35], SnCI(CsHs)3[S20],

Sn(CeHs)4[S35], SNCl2(CH3)2(SO(CHs)2)2[S35], and
Sn(CeHs)3(CoHsNO)[S41]

a) Pb 4f72/4fs2; b) Sn 3ds/2/3d3)2

Table S3 Peak parameters and assignments of O 1s XPS signals for perovskites prepared with
and without additive doping

O in inorganic molecule O in organic molecule
Sample  Binding energy FWHM  Atomic Binding energy FWHM  Atomic
(eV) ° (eV) ratio (%) (eV) ° (eV) ratio (%)
Control 530.8?52[]8 40, 1.63 46 532.21[S43, S44] 1.90 54
530.62[S45, 531.82[S47, S48,
D-HLH S46] 1.60 27 S49-567] 2.19 73

c¢) Full width at half maximum.

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

Wavenumber (cm)

Sample

N-H stretching C=0 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™) Voc (V) Jsc (MA cm2) 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 (MAcm?) FF (%) PCE (%) Integrated Jsc (MA cm—2)

Reverse 0.77 27.26 69.13 14.51

Control . vard  0.76 27.41 6754  14.07 21.12
Reverse  0.88 30.56 8036 2161

D-HLH - torward 088 30.55 7826 21.04 29.86
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Table S7 Photovoltaic parameters of champion tandem devices prepared with D-HLH

Device Scan Vo (V) Jsc (MA cm?) FF (%) PCE (%)
Eront cell Reverse 1.18 16.21 82.15 15.71
Forward 1.18 16.19 81.61 15.59
Reverse 0.88 30.56 80.36 21.61
Back cell Forward 0.88 30.55 78.26 21.04
Reverse 2.03 14.42 81.37 23.82
Tandem-D-HLH Forward 2.03 14.32 81.12 23.58

Table S8 Fitting parameters for TRPL curves of perovskite films

Sample Tavg (NS) 71 (NS) 72 (NS) A1 (%) Az (%)
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) = Arexp(-t/z1) + Aexp(-t/z2) + yo
where 71 and 7 are the fast and slow decay times, respectively, and A1 and A; are coefficients.

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

Device Rs () Rt (@) C(nF) Rrec () 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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