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Formation energy calculation of Sn vacancy 

We calculate the formation energies of Sn vacancy of CsSnyPb1-yI3 perovskite (y = 0.25, 0.5, and 0.75). 

As references, we also calculate the same formation energy of pristine CsSnI3. The details of the 

computational procedure are as follows. The formation energy of Sn vacancy have been calculated by 

using a 2×2×1 supercell, as given in eq 1. 

ΔEvac [CsSnyPb1-yI3] = Etot [Snvac] – Etot [perovskite] + μ[Sn] + Ef                            (1) 

where Etot [Snvac] and Etot [perovskite] are the total energies of the perovskite with and without Sn 

vacancy, respectively, and μ[Sn] and Ef are the chemical potential of Sn and Fermi energy, respectively. 

The μ[ion] is assumed to be the same for all perovskites. This approximation is valid because in our 

experiments the important parameters (e.g., precursor concentration, the source of ions, and synthesis 

temperature) during synthesis process of these perovskites are kept the same. The Ef is assumed to be 

similar or with negligible difference for CsSnyPb1-yI3 and CsSnI3.1 

We define the relative formation energy as Ref 2. The suppression of Sn vacancy formation by mixing 

Sn and Pb is quantitatively evaluated by eq 2: 

                                                                        ΔΔEvac = ΔEvac [Sn-Pb] – ΔEvac [Sn]                                                       (2) 

Where ΔEvac [Sn-Pb] is the formation energy of Sn vacancy in Sn and Pb mixed perovskite, and ΔEvac 

[Sn] represents the one of the pure CsSnI3 perovskite. 
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Table S1. Lattice constants (in Å) of ten pure perovskite and non-perovskite phases considered in this 

work obtained by PBE functional compared to experimental data. a: ref 3, b: ref 4, c: ref. 5, d: ref. 6, e: 

ref. 7, f: ref. 8. Lattice parameter mismatch percentage (in %) of this work compared with experimental 

values. 

Material Lattices constants 
 

(this work) 

Lattice constants 
 

(experimental) 

Lattice constant 
mismatched percentage 

(%) 

-FAPbI3 6.47 6.357 a 1.78 

δ-FAPbI3 8.72, 8.72, 7.95 8.622, 8.622, 7.945 b 1.14, 1.14, 0.06 

-CsPbI3 6.38 6.2894 c 1.44 

δ-CsPbI3 10.90, 4.88, 18.22 10.462, 4.799, 17.765 d 4.19, 1.69, 2.56 

-CsSnI3 8.99, 12.52, 8.63 8.69, 12.38, 8.64 e 3.45, 1.13, -0.12 

δ-CsSnI3 10.94, 4.82, 17.99 10.35, 4.76, 17.68 e 5.70, 1.26, 1.75 

-CsSnBr3 5.89 5.804 f 1.48 

-CsSnBr3 8.36, 11.79, 8.22 - - 

δ-CsSnBr3 10.02, 4.59, 17.12 - - 
 

Table S2. Lattice constants (in Å) of ten pure perovskite and non-perovskite phases considered in this 

work obtained by PBEsol functional compared to experimental data. a: ref 3, b: ref 4, c: ref. 5, d: ref. 6, 

e: ref. 7, f: ref. 8. Lattice parameter mismatch percentage (in %) of this work compared with 

experimental values. 

Material Lattices constants 
 

(this work) 

Lattice constants 
 

(experimental) 

Lattice constant 
mismatched percentage 

(%) 

-FAPbI3 6.37 6.357 a 0.2 

δ-FAPbI3 8.66, 8.66, 7.90 8.622, 8.622, 7.945 b 0.44, 0.44, -0.57 

-CsPbI3 6.23 6.2894 c -0.94 

δ-CsPbI3 10.42, 4.76, 17.68 10.462, 4.799, 17.765 d -0.40, -0.81, -0.48 

-CsSnI3 8.76, 12.25, 8.38 8.69, 12.38, 8.64 e 0.81, -1.05, -3.01 

δ-CsSnI3 10.40, 4.69, 17.59 10.35, 4.76, 17.68 e 0.48, -1.47, -0.51 

-CsSnBr3 5.75 5.804 f -0.93 

-CsSnBr3 8.23, 11.53, 7.92 - - 

δ-CsSnBr3 9.67, 4.47, 16.62 - - 
 

Table S3. Lattice constants (in Å) of ten pure perovskite and non-perovskite phases considered in this 

work obtained by SCAN-rVV10 functional compared to experimental data. a: ref 3, b: ref 4, c: ref. 5, d: 

ref. 6, e: ref. 7, f: ref. 8. Lattice parameter mismatch percentage (in %) of this work compared with 

experimental values. 

Material Lattices constants 
 

(this work) 

Lattice constants 
 

(experimental) 

Lattice constant 
mismatched percentage 

(%) 

-FAPbI3 6.26 6.357 a -1.53 

δ-FAPbI3 8.66, 8.66, 7.90 8.622, 8.622, 7.945 b 0.44, 0.44, -0.57 

-CsPbI3 6.05 6.2894 c -0.38 

δ-CsPbI3 10.03, 4.61, 17.15 10.462, 4.799, 17.765 d -4.13, -3.94, -3.46 

-CsSnI3 9.17, 11.94, 7.22 8.69, 12.38, 8.64 e 5.52, -3.55, -16.44 

δ-CsSnI3 10.00, 4.52, 17.20 10.35, 4.76, 17.68 e -3.38, -5.04, -2.71 

-CsSnBr3 5.60 5.804 f -3.51 

-CsSnBr3 8.65, 11.29, 6.78 - - 

δ-CsSnBr3 9.17, 4.13, 16.60 - - 
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Table S4. The detailed synthetic recipes for obtaining various quantum dots (QDs) with compositions 

of CsSn1-yPbyI3 (y = 0, 0.25, 0.5, 0.75, 1). 

QDs TOP (mL) SnI2 (mmol) PbI2 (mmol) 

CsPbI3 2.5 / 2 

CsSn0.25Pb0.75I3 2.5 2 0.9 

CsSn0.5Pb0.5I3 2.5 2 0.7 

CsSn0.75Pb0.25I3 2.5 2 0.45 

CsSnI3 2.5 2 / 

 

 

 

 

 

Figure S1. Structure models of (a) yellow δ-phase FAPbI3 and (b) black α-phase FAPbI3. The 1×1×2 δ-

FAPbI3 and 2×2×2 α-FAPbI3 supercells are used for the calculations presented in the main text. It 

should be noted that, for CsxFA1-xPbI3 perovskites, the non-perovskite structure of FAPbI3 and CsPbI3 

are different. According to previous study,9-10 in the range of 0 ≤ x ≤ 0.5, the δ phase with hexagonal 

structure is adopted; for 0.5 ≤ x ≤1, the δ-phase with orthorhombic structure is chosen. For x = 0.5, we 

calculate the energies of δ-phase with both hexagonal and orthorhombic structures and adopt the one 

with the most negative energy. 
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Figure S2. Structure models for 2×2×2 α-FAPbI3 with different FA orientations (paralleled and tilted) 

by increasing degree of disorder of FA. The configuration with the most disordered distribution of 

tilted FA cations is the most stable one, highlighted by blue dashed line. 

 

 

Figure S3. Structure models for 1×1×2 hexagonal δ-FAPbI3 with different FA orientation by increasing 

degree of FA disorder. The configuration with the most disordered distribution of FA cations is the 

most stable one, highlighted by blue dashed line. 

 

 

Figure S4. Structure models for 2×2×2 Cs0.25FA0.75PbI3 perovskite with different combination of Cs and 

FA cations. The most stable configuration is highlighted by blue dashed line. 
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Figure S5. Structure models for 2×2×2 Cs0.5FA0.5PbI3 perovskite with different combination of Cs and 

FA cations. The most stable configuration is highlighted by blue dashed line.  

 

 

Figure S6. Structure models for 2×2×2 Cs0.75FA0.25PbI3 perovskite with different combination of Cs and 

cations. The most stable configuration is highlighted by blue dashed line. 

 

 

Figure S7. Structure models for 1×1×2 hexagonal Cs0.25FA0.75PbI3 non-perovskite with different 

combination of Cs and FA cations. The most stable configuration is highlighted by blue dashed line. 
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Figure S8. Structure models for both 1×1×2 hexagonal Cs0.5FA0.5PbI3 and 1×1×1 orthorhombic 

Cs0.5FA0.5PbI3 non-perovskite with different combination of Cs and FA cations. The most stable 

configuration is highlighted by blue dashed line. 

 

 

Figure S9. Structure models for 1×1×1 orthorhombic Cs0.75FA0.25PbI3 non-perovskite with different 

combination of Cs and FA cations. The most stable configuration is highlighted by blue dashed line. 

 

 

 

Figure S10. Structure models of CsI, FAI, PbI2, and SnI2. The CsI model consists of 4 Cs atoms, and 4 I 

atoms, respectively. The FAI model consists of 4 C atoms, 8 N atoms, 20 H atoms, and 4 I atoms, 

respectively. The PbI2 model consists of 1 Pb atom and 2 I atoms, respectively. The SnI2 model consists 

of 6 Sn atoms and 12 I atoms, respectively. To calculate the formation energy of the perovskites, their 

energies are normalized by each formula unit (AM or MX2). 
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Figure S11. Comparison of partial Density of State (pDOS) and Crystal Orbital Hamilton Population 

analysis (-COHP) of CsSnI3 in the form of perovskite and non-perovskite: (a) and (c) are pDOS, and (b) 

and (d) are orbital-resolved -COHP. The -COHP plots are normalized by each AMX3 formula unit. 

 

 

 

Table S5. The -ICOHP of metal-halide bond and FA-I interaction from -4 eV to EF for the perovskite and 

non-perovskite CsxFA1-xPbI3 (x = 0, 0.25, 0.5, 0.75, 1). The values are normalized by each AMX3 formula 

unit. 

CsxFA1-xPbI3 0 0.25 0.5 0.75 1 

-ICOHPperovskite I-Pb 3.69 3.67 3.65 3.65 3.52 

-ICOHPperovskite FA-I 1.29 0.89 0.54 0.24 0 

-ICOHPperovskite 4.98 4.56 4.19 3.89 3.52 

 

-ICOHPnon-perovskite I-Pb 3.35 3.34 3.53 3.49 3.50 

-ICOHPnon-perovskite FA-I 1.32 0.87 0.56 0.27 0 

-ICOHPnon-perovskite 4.67 4.21 4.09 3.76 3.50 

 

-ICOHP difference 0.31 0.35 0.1 0.13 0.02 
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Table S6. The -ICOHP of metal-halide bond from -4 eV to EF for the perovskite and non-perovskite 

CsSn(BrzI1-z)3 (z = 0, 1/3, 1/2, 2/3, 1). These values are normalized by each AMX3 formula unit. 

CsSn(BrzI1-z)3 0 1/3 1/2 2/3 1 

-ICOHPperovskite X-Sn 3.22 3.10 3.08 3.02 2.98 

-ICOHPnon-perovskite X-Sn 3.17 2.34 2.34 2.32 2.30 

-ICOHP difference X-Sn 0.05 0.76 0.74 0.70 0.68 

 

 

 

 

Table S7.  The -ICOHP of metal-halide bond from -4 eV to EF for the perovskite and non-perovskite 

CsSnyPb1-yI3 (y = 0, 0.25, 0.5, 0.75, 1). These values are normalized by each AMX3 formula unit. 

CsSnyPb1-yI3 0 0.25 0.5 0.75 1 

-ICOHPperovskite I-M 3.66 3.57 3.43 3.32 3.22 

-ICOHPnon-perovskite I-M 3.50 3.40 3.32 3.24 3.17 

-ICOHP difference I-M 0.16 0.17 0.11 0.08 0.05 

 

 

 

 

Table S8. Cell volume of CsxFA1-xPbI3, CsSnyPb1-yI3, and CsSn(BrzI1-z)3 for both phases of perovskite and 

non-perovskite. The unit is in Å3 and the values are normalized by each AMX3 formula unit. 

           Phase 

 

Percentage 

CsxFA1-xPbI3 CsSn(BrzI1-z)3 CsSnyPb1-yI3 

perovskite 
non-

perovskite 
perovskite 

non-

perovskite 
perovskite 

non-

perovskite 

0 260.44 255.64 224.96 214.25 233.09 218.97 

1/6 - - 219.46 208.56 - - 

1/4 247.62 247.42 - - 230.80 217.40 

1/3 - - 213.54 202.46 - - 

1/2 242.86 247.75 206.81 197.66 228.65 216.36 

2/3 - - 200.76 190.94 - - 

3/4 238.95 229.79 - - 226.93 215.05 

5/6 - - 194.45 183.79 - - 

1 241.97 218.97 188.06 179.25 224.96 214.25 
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