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Supplementary Note 1 

Density functional theory (DFT) calculations were performed using the 

Vienna ab initio simulation package (VASP)[1,2] with the standard frozen-

core projector augmented-wave (PAW) method[3,4]. The exchange-

correlation effects were approximated by the generalized gradient 

approximation (GGA) utilizing the Perdew–Burke–Ernzerhof (PBE) 

functional.[5] The kinetic energy cut-off for the plane wave basis was set to 

400 eV and a 7x7x7 Gamma-centered k-point mesh was used. The 

geometric structure was completely relaxed until the electron relaxation 

convergence criterion dropped below 10−5 eV/atom and the remaining 

force was less than 0.02 eV/Å. Additionally, the Grimme DFT-D3 method 

has been considered to further describe the van der Waals interactions.[6]  

The binding energies for various bulk materials (including FAPbI3, FASnI3, 

CNL-PbI2 and CNL-SnI2) were calculated as follows. For Pb-based 

compounds, the binding energy ΔEFAPbI3
 is defined by the equation 

ΔEFAPbI3
= EFAPbI3

− EPbI2
− EFAI,  where EFAPbI3

,  EPbI2
 and EFAI  are 

calculated total energies of bulk FAPbI3, PbI2 and crystalline FAI in cubic, 

trigonal and monoclinic symmetry, respectively.[7] ΔECNL−PbI2
=

ECNL−PbI2
− EPbI2

− ECNL,  where ECNL−PbI2
,  EPbI2

  and ECNL  are 

calculated total energies of bulk CNL-PbI2, PbI2 and gas-phase CNL. The 

calculations for Sn-based compounds is similarly. The visualization of 

electrostatic potential (ESP) and crystal structures was facilitated using 



VMD[8] and VESTA software, respecitvely.[9] 

 

Supplementary Note 2 

The decay curves were fitted using the bi-exponential equation: 

Y=𝐴1exp(
−𝑡

τ1
)+𝐴2exp(

−𝑡

τ2
) 

where fast (τ1) and slow (τ2) decay components correspond to non-radiative 

and radiative recombination, respectively.[10] The fitting parameters were 

presented in Table S3 (Supporting Information) and the average carrier 

lifetime was calculated using the equation:[11] 

τ𝑎𝑣𝑒𝑟𝑎𝑔𝑒=
𝐴1τ1

2+𝐴2τ2
2

𝐴1τ1+𝐴2τ2
 

 

Supplementary Note 3 

The trap density of the perovskite film was determined using the 

equation: 

𝑁𝑡 =
2ε ε0𝑉𝑇𝐹𝐿

𝑒𝐿2
 

where Nt represents the trap density (cm-3), ε0 denotes the vacuum 

dielectric constant (8.85×10-12 F m-1), ε represents the relative dielectric 

constant of the perovskite (~32), e is the elementary electric charge (1.6×

10-19 C), L represents the perovskite film thickness (~900 nm), and  

VTFL represents the trap-filled limit voltage, which can be deduced from 

SCLC spectra (Figure 2i). The VTFL of the control and CNL devices were 

0.345 V and 0.17 V, respectively. 



 

Supplementary Note 4 

The ideality factor n is a critical parameter that provides insight into the 

recombination mechanisms within the solar cell. The ideality factor can be 

determined using the following equation: 

𝑑(𝑉𝑜𝑐)

𝑑(𝑙𝑛𝐿)
= 𝑛 

𝑘𝐵𝑇

𝑞
 

where L represents the light intensity, kB represents Boltzmann constant 

(approximately 1.38×10−23 J/K), T is the absolute temperature (in Kelvin), 

q is the elementary electric charge (1.6×10-19 C). 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Figure S1. Schematic of coordination between CNL and PbI2/SnI2. 

 

 

 

 

 

 

 

 

 

 

 



 

Figure S2. Photographs of control and CNL NBG (FASnI3)0.6(MAPbI3)0.4 

perovskite precursor solutions exposed to ambient air for varying durations. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Figure S3. Full scan of XPS spectra of the a, control and b, CNL perovskite 

films. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Figure S4. Top-view SEM images and grain size distributions of the a, 

control and b, CNL perovskite films. 

 

 

 

 

 

 

 

 

 



 

Figure S5. AFM images of the a, control and b, CNL perovskite films. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Figure S6. a, UV-Vis-NIR absorption spectra of the control and CNL 

perovskite films b, Tauc plots of the control and CNL perovskite films. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Figure S7. Electronic impedance spectroscopy (EIS) plots of the control 

and CNL NBG single junction PSCs. The insect shows the equivalent 

circuit diagram of EIS measurements. 

 

 

 

 

 

 

 

 

 



 

Figure S8. UPS spectra of the a, control and b, CNL perovskite films. 

 

 

 

 

 

 



 

Figure S9. Energy level diagram of the devices based on mixed Sn-Pb 

perovskites.  

 

 

 

 

 

 

 

 

 

 

 



 

Figure S10. Statistics of J-V parameters for single junction NBG PSCs 

without or with different concentrations of CNL (1.5, 2, 2.5, 3 and 3.5 

mol%, relative to MAI+FAI in perovskite) a, Voc; b, Jsc; c, FF; d, 

Efficiency. 

 

 

 



 

Figure S11. J-V curves of the champion control and CNL single junction 

NBG perovskite solar cells under reverse (R) and forward (F) voltage 

scan (aperture area of 1.035 cm2). 

 

 

 

 

 

 

 

 

 

 

 



 

Figure S12. Fitting curves of light intensity-dependent Voc measurements 

for control and CNL single junction NBG perovskite solar cells. 

 

 

 

 

 

 

 

 

 

 

 



 

Figure S13. Dark J-V curves of the control and CNL single junction 

NBG perovskite solar cells. 

 

 

 

 

 

 

 

 

 

 

 

 



 

Figure S14. Curves of Mott-Schottky (M-S) measurements of the control 

and CNL single junction NBG perovskite solar cells. 

 

 

 

 

 

 

 

 

 

 

 

 



 

Figure S15. J-V curves of the champion single junction WBG perovskite 

solar cell under reverse (R) and forward (F) voltage scan (aperture area of 

0.077 cm2). 

 

 

 

 

 

 

 

 

 

 

 



 

Figure S16. Photovoltaic performance distributions of 64 monolithic all-

perovskite tandem solar cells a, Voc; b, Jsc; c, FF; d, Efficiency. 

 

 

 

 

 

 

 

 



 

Figure S17. J-V curves of the champion monolithic all-perovskite 

tandem solar cells under reverse (R) and forward (F) voltage scan 

(aperture area of 1.035 cm2). 

 

 

 

 

 

 

 

 

 

 

 



 

 

 



 



 

Figure S18. Certification report for an encapsulated all-perovskite tandem 

solar cell based on a CNL NBG subcell by Chinese National PV Industry 

Measurement and Testing Center (NPVM). 



Supplemental Tables 

 

Table S1. Summary of the efficiency and operation stability of the recent 

reported NBG PSCs and all-perovskite TSCs 

PCE-NBG(%) PCE-TSC(%) MPPT-TSC Ref 

20.74 25.6 T88-500h 
Tan et al. Nat. Energy, 2020, 

5, 870-880. 

22.2 26.7 T90-600h 
Tan et al. Nature, 2022, 603, 

73-78. 

22.2 25.5 T80-1500h 
Zhu et al. Nat. Energy, 2022, 

7, 642-651. 

21.51 25.05 T90-450h 
Li et al. Nat. Energy, 2022, 

7, 744-753. 

21.5 26.29 T86-500h 
Sargent et al. Nature, 2023, 

613, 676-681. 

23.24 26.3 T80-301h 
Zhao et al. Nat. Energy, 

2023, 8, 714-724. 

23.8 28 T90-600h 
Tan et al. Nature, 2023, 620, 

994-1000. 

21.72 27.34 / 
Ke et al. Nature, 2023, 

624,69-73. 

22.58 26.33 T88-1000h 
Wang et al. Energy Environ. 

Sci. 2024, 17, 2512-2520.  

21.65 26.96 T80-370h 
Ning et al. Nat. Energy, 

2024, 9, 298-307. 

23.11 27.35 / 
Ke et al. Nat. Commun. 

2024, 15, 2324. 

21.88 27.81 T80-292h 
Zhao et al. Sci. Adv. 2024, 

10, 16 

22.7 27.8 T90>1000h Yan et al. Joule, 2024 

23.7 28.48 T90-750h This work. 

 

 

 



Table S2. Photovoltaic parameters of the champion WBG subcell, NBG 

subcell and tandem solar cell (aperture area of 0.077 cm2). 

 Scan 

Direction 

Jsc 

(mA cm-2) 

Voc 

(V) 

FF 

(%) 

PCE 

(%) 

NBG 

(control) 

Reverse 30.42 0.757 74.8 17.22 

Forward 30.4 0.751 68.64 15.67 

NBG 

(CNL) 

Reverse 32.85 0.883 81.7 23.7 

Forward 32.86 0.888 80.08 23.38 

WBG 
Reverse 16.9 1.314 83.15 18.46 

Forward 16.79 1.301 80.81 17.65 

Tandem 

(control) 

Reverse 14.32 1.996 78.83 22.55 

Forward 14.33 1.999 74.13 21.23 

Tandem 

（CNL） 

Reverse 15.77 2.153 84.58 28.71 

Forward 15.77 2.156 83.1 28.25 

Stabilized —— —— —— 28.56 

 

 

 

 

 

 

 

 



Table S3. Photovoltaic parameters of the champion NBG and tandem 

perovskite solar cell (aperture area of 1.035 cm2). 

 Scan 

Direction 

Jsc 

(mA cm-2) 

Voc 

(V) 

FF 

(%) 

PCE 

(%) 

NBG 

(control) 

Reverse 30.4 0.752 71.3 16.30  

Forward 30.38 0.752 63.63 14.54  

NBG 

(CNL) 

Reverse 32.5 0.869 78.18 22.08  

Forward 32.37 0.869 76.31 21.47 

Tandem 
Reverse 15.8 2.12 81.21 27.2 

Forward   15.76 2.121 79.51 26.57 

 

 

 

 

 

 

 

 

 

 

 

 

 



Table S4. PL decay lifetimes of control and CNL perovskite films. τ1 and 

τ2 correspond to the fast and slow decay components, respectively. 

 τ1(ns) A1 τ2(ns) A2 τaverage(ns) 

Control 8.547 0.823 153.8 0.53 123.91 

CNL 6.538 0.53 417.52 0.434 409.81 
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