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Figure S1. The structure of the SiSH. 

  



3 
 

 

Figure S2 Si 2p XPS spectra of bare perovskite film, SiSH, and the perovskite film prepared by 

SiSH dissolved in CB  

  



4 
 

 

Figure S3. Proposed mechanism of crystallization modulation and defect passivation achieved 

by the functionalized cross-linking agent. 
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Figure S4. SEM images of the perovskite thin film a without or b with SiSH treated. c the 

corresponding grain sizes statistics. 
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Figure S5. C-f curve with the structure of ITO/perovskite/Au. Here, the dielectric constant was 

used with the frequency of 10K Hz1. 
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Figure S6. XRD measurement of the perovskite thin-film covered with Ag. 
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Figure S7. a Normalized JSC, b Normalized VOC, c Normalized FF, and d Normalized PCE as a 

function of time for the unencapsulated devices exposed to the humidity of 40-45 RH% at room 

temperature in the dark. 
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Figure S8. a Normalized JSC, b Normalized VOC, c Normalized FF, and d Normalized PCE as a 

function of time for the unencapsulated devices under one sun illumination and in the air condition 

with the humidity of 10-15 RH% at room temperature. 
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Table S1. Photovoltaic parameters of the PSCs with different concentrations of SiSH dissolved in 

CB from 0 to 12 μL/mL 

 

 

 

 

 

SiSH 

(μL/mL) 
 

JSC 

(mA/cm2) 
VOC (V) FF PCE (%) 

0 

Champion 24.72 1.09 0.772 20.80 

Average 24.70 1.09 0.771 20.67 

Std. Dev. 0.124 0.004 0.001 0.074 

4 

Champion 24.91 1.11 0.786 21.64 

Average 24.76 1.11 0.785 21.56 

Std. Dev. 0.110 0.003 0.003 0.063 

8 

Champion 24.99 1.12 0.801 22.42 

Average 24.83 1.12 0.798 22.21 

Std. Dev. 0.135 0.002 0.002 0.127 

12 

Champion 24.84 1.11 0.791 21.87 

Average 24.79 1.11 0.791 21.71 

Std. Dev. 0.120 0.004 0.003 0.082 



11 
 

Table S2. Summarized the additive strategies to obtain high PCE and environment-friendly device. 

Device structure 
JSC 

(mA/cm2) 

VOC 

(V) 
FF 

PCE 

(%) 
Ref. 

FTO/TiO2/PVK/CuP/Spiro/Au 23.91 1.14 79.32 21.76 2 

ITO/PTAA/PVK/C60/SnO2/Carbon 21.90 0.87 56.30 10.70 3 

FTO/TiO2/PVK/Spiro/Au 23.39 1.14 76.00 20.27 4 

FTO/SnO2/PVK/Spiro/Au 23.20 1.14 79.80 21.20 5 

ITO/PTAA/PVK/PC61BM/EEL/Ag 22.58 1.20 81.28 22.02 6 

FTO/TiO2-SnO2/S-PVK/Spiro /Ag 22.80 1.08 79.00 19.45 7 

ITO/PTAA/PVK/C60/BCP/Cu 22.50 1.13 80.60 20.6 8 

FTO/TiO2/ PVK /Spiro/Au 23.43 1.14 79.50 21.22 9 

ITO/NiOx/PVK/PCBM+C60/BCP/Cr/Au 23.53 1.13 83.10 22.07 10 

FTO/TiO2/ PVK /Spiro/Au 24.45 1.17 81.21 23.23 11 

ITO/PTAA/PVK/C60/ BCP/Ag 22.47 1.14 81.00 21.00 12 

ITO/SnO2/PVK/PTAA/Ag 25.55 1.15 79.88 23.55 13 

ITO/SnO2/PVSK/Spiro/Ag 24.99 1.12 80.10 22.42 This work 
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Table S3. Fitting results from TRPL dynamics in Figure 2e. 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 Glass/PVK Glass/ PVK (SiSH in CB) 

1 (ns) 14.15 33.84 

% 86.56 62.77 

2 (ns) 144.27 169.44 

% 13.44 37.23 

ave (ns) 69.85 135.28 



13 
 

Supplementary Note 1 

TAS analysis is an effective method for understanding the energy profile of trap-states in PSCs. 

These methods can generally reach a trap depth of ~0.55 eV from the conduction band or VB edge, 

which is normally deep enough for most low-bandgap PSCs. Previous reports revealed that the 

trap states in energy space can be divided into three regions, among which the deep trap depth 

regions (zones II and III) are mainly related to the surface defects and the shallower trap -states 

(zone I) are more closely related to the bulk or grain boundaries of perovskite.14 

The TAS measurements were carried out with the DC bias at 0 V and AC bias at 0.02 V. The 

scanning range of the AC frequency ranged from 100 Hz to 1 MHz. The energy profile of trap 

density of states (tDOSs) can be derived from the angular frequency-dependent capacitance by 

using the following equation:15 

 

𝑁𝑡(𝐸𝜔) = −
𝑉𝑏𝑖
𝑞𝑊

𝑑𝐶

𝑑𝜔

𝜔

𝑘𝐵𝑇
 

where ω is the angular frequency, kB is the Boltzmann’s constant, and T is the temperature. W 

represents depletion width, approximately equal to the thickness of perovskite thickness (in 

general, the material is assumed to be completely depleted). Vbi is the built-in potential, which was 

extracted from the Mott–Schottky analysis. The energetic demarcation (Eω) is defined by using 

angular frequency Eω = kBTln(
ω0

ω
) , where ω0 is the attempt to escape frequency that was 

estimated to be ~1.0 × 1012 Hz for FA0.91Cs0.07MA0.05PbI2.88Br0.15 perovskite active layer.16 
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Video S1. Video of control film soaked in water. (MP4); 

Video S2. Video of target film soaked in water. (MP4); 

Video S3. Video of control film soaked in acid rain. (MP4); 

Video S4. Video of target film soaked in acid rain. (MP4); 

Video S5. Video of Pb recovery 
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