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Calculation details

The density-functional theory (DFT) calculations were conducted with the
Vienna Ab Initio Simulation Package (VASP). The core and valence electronic
interactions were described with the frozen-core projector augmented-wave (PAW)
potentials. The exchange correlation energy was described with the Perdew-Burke-
Ernzerhof (PBE) in generalized gradient approximation (GGA). An energy cutoff of
400 eV was used for the plane-wave function’s expansion. Energy convergence of
electronic calculations adopted the tolerance of 10~ eV. The residual forces on atoms
was set to converge to below 0.02 eV/A. The DFT-D3 method was used to describe
van der Waals (vdW) interaction. A I'-centered k-point sampling of 3x3x3 for
Brillouin zone integration was generated using the Monkhorst-Pack scheme. Because
of the HSE+SOC functional are very costly, so we first considered the band structures
with complicate K-path using the PBE+SOC functional. As the direct and indirect
characteristics and locations of VBM and CBM are determined, we use a simple K-
path for direct band structures calculation using the HSE+SOC functional. While the
complicate K-path is used for the indirect band structures calculation using the
HSE+SOC functional. Dielectric constants were calculated using the density
functional perturbation theory (DFPT) method. We used the package LOBSTER to
compute the crystal orbital Hamiltonian populations (COHP) for the bonding analysis,
which is calculated based on PBE scheme. The optical absorption spectra are
calculated using the PBE+SOC scheme, and corrected to match with the HSE06+SOC
value using the scissor operator. The theoretical maximum PCE is evaluated using the

“spectroscopic limited maximum efficiency” (SLME) method.



Table S1. The optimized lattice constants and calculated band gaps (eV) for 2D
double perovskites BDALMM[;Clg (M; = Na*, K*, Rb*, Cu*, Ag", and Au®; My; =
Bi3*, In’*, and Sb**") using the PBE, PBE+SOC, and HSE06 + SOC schemes. The “I”
in bracket denotes that it belong to indirect band gap type, and “D” in bracket denotes
that it belong to direct band gap type.

Compounds Lattice constant (A) Band gap (eV)
a) b@A) c(A) PBE PBE+SOC HSE06+SOC

BDA;NaBiClg 7.62 7.83 938 4.09() 3.18() 4.14
BDA,NaInClg 7.56 7.71 929 349() 3.48() 4.82
BDA,NaSbClg 7.58 7.79 935 349() 3.28() 4.24
BDA,KBiCly 7.64 798 9.57 420(0) 3.23(]) 4.19
BDAKInClg  7.59 7.86 948 3.45() 3.45(D 4.82
BDA,KSbCly  7.61 793 9.69 3.61() 3.35(D) 4.23
BDA;RbBiClg  7.67 8.05 9.63 4.04(1) 3.13(D) 4.22
BDA,RbInClg  7.61 793 956 335(1) 3.34() 4.71
Cl BDA,RbSbCIgy  7.66 8.01 9.60 3.56() 3.32() 4.21
BDA,CuBiClg 7.70 791 899 220() 1.34(D) 2.44
BDA,CulnClg 7.62 7.81 890 1.80() 1.78(I) 3.13
BDA,CuSbClg 7.63 7.81 9.16 2.11(I) 1.86(D) 3.00
BDA,AgBiClg 7.71 7.92 9.14 286() 2.06 (D) 3.10
BDA,AgInClg  7.66 7.80 9.06 246() 2.45(D) 3.68
BDA,AgSbClg 7.70 7.87 9.12 264() 2.52(D) 3.53
BDA,AuBiClg 7.83 8.12 896 293() 2.01 (D) 2.95
BDA,AulnCly  7.77 796 8.89 2.64() 2.50() 3.66

BDA,AuSbClg 7.81 805 893 2.63(I) 241(D) 3.32




Table S2. The optimized lattice constants and calculated band gaps (eV) for 2D
double perovskites BDA,MM ;Brg (M; = Na*, K*, Rb*, Cu?, Ag*, and Au*; My; =
Bi3*, In’*, and Sb**") using the PBE, PBE+SOC, and HSE06 + SOC schemes. The “I”
in bracket denotes that it belong to indirect band gap type , and “D” in bracket denotes
that it belong to direct band gap type.

Material Lattice constant (A) Bandgap (eV)
a) b@A) cA) PBE PBE+SOC HSE06+SOC
BDA;NaBiBrg 791 8.06 9.56 349(1) 2.63(]) 3.48
BDA,NalnBrg 7.89 793 948 2.65() 2.56() 3.65
BDA,NaSbBrg 7.89 8.03 9.54 3.03(I) 2.84() 3.61
BDA;KBiBrg  7.93 822 9.74 337(1) 2.52(I) 3.49
BDA,KInBrg 790 811 9.66 251() 2.46(1) 3.59
BDA,KSbBrg  7.92 819 9.70 3.13() 291() 3.69
BDA;RbBiBrg 7.95 830 9.76 320() 2.40() 3.38
BDA,RbInBrg 7.91 8.18 9.75 239(1) 2.36() 3.48
Br BDA,RbSbBrg 7.92 828 9.78 3.07() 2.89(]) 3.65
BDA,CuBiBrg 7.95 8.07 923 1.84() 1.09(D) 2.03
BDA,CulnBrg 7.87 798 9.19 1.24(1) 1.24() 2.33
BDA,CuSbBrg 7.93 8.02 921 1.72() 1.52(D) 2.48
BDA,AgBiBrg 7.98 8.09 937 233() 1.66 (D) 2.48
BDA,AgInBrg 792 8.01 930 1.82() 1.81(D) 2.83
BDA,AgSbBrg 795 8.05 936 2.13() 2.05(D) 2.89
BDA,AuBiBrg 8.09 825 9.18 2.18() 1.47(D) 2.20
BDA,AulnBrg 8.02 8.12 9.14 1.77() 1.70(D) 2.62

BDA,AuSbBrg 8.06 821 9.15 195() 1.83(D) 2.59




Table S3. The optimized lattice constants and calculated band gaps (eV) for 2D
double Perovskites BDA MMyl (M; = Na*, K*, Rb*, Cu*, Ag*, and Au*; My = Bi’",
In3*, and Sb**) using the PBE, PBE+SOC, and HSE06 + SOC schemes. The “I” in
bracket denotes that it belong to indirect band gap type , and “D” in bracket denotes
that it belong to direct band gap type.

Material Lattice constant (A) Bandgap (eV)
aA) b@A) cA) PBE PBE+SOC HSE06+SOC
BDA;NaBily 832 841 986 2.73(]) 1.91 (1) 2.62
BDA,Nalnlg 820 828 991 1.66() 1.53 () 2.32
BDA,NaSbly 834 837 9.79 2461 2.22(D) 2.85
BDA,KBilg 835 8.54 10.01 242() 1.71 () 2.45
BDA,KInlg 833 841 997 1.53(D) 1.43 (I) 2.28
BDA,KSblg 833 851 999 233() 2.12() 291
BDA,RbBily 837 8.61 10.06 2.33() 1.57 (I) 2.31
BDA,RbInlg 8.34 8.49 10.06 1.36(D) 1.29(D) 2.13
I BDA,RbSbly 8.35 8.57 10.07 2.13 () 1.96 (1) 2.76
BDA,CuBily 824 831 974 149() 0.87(D) 1.58
BDA,Culnly 8.26 831 954 0.68() 0.69 (D) 1.46
BDA,CuSbly 831 835 954 143(1) 1.26(D) 1.97
BDA,AgBilg 837 843 9.69 1.82() 1.24(D) 1.84
BDA,AgInlg 830 836 9.64 1..00(I) 1.00() 1.89
BDA,AgSbly 833 840 9.66 1.64() 1.56(D) 2.23
BDA,AuBilg 845 852 955 147() 1.01(D) 1.54
BDAAulnlg 839 842 950 0.85()  0.83 (D) 1.46

BDA,AuSbl; 841 848 951 129(I) 1.22(D) 1.87
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Fig. S1. Calculated band structures of several representative 2D double perovskites
using PBE (green) and PBE+SOC (red) schemes, respectively.
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Fig. S2. Orbital projected band structures of Na-based 2D double perovskites (the
pink lines represent the halide p states; the violet lines represent the Bi 6p, In 5s, and
Sb 5p states in BDA;NaBiXg, BDA;NalnXg, and BDA,;NaSbXs, respectively).
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Fig. S3. Orbital projected band structures of K-based 2D double perovskites (the pink
lines represent the halide p states; the violet lines represent the Bi 6p, In 5s, and Sb 5p
states in BDA,KBiXg, BDA,KInXg, and BDA,KSbXj, respectively).
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Fig. S4. Orbital projected band structures of Rb-based 2D double perovskites (the
pink lines represent the halide p states; the violet lines represent the Bi 6p, In 5s, and
Sb 5p states in BDA;RbBiXg, BDA,;RbBiXg, and BDA,RbBiXg, respectively).
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Fig. S5. Calculated projected density of states (PDOS) of (a) BDA,KBiBrg and (b)
BDA,KInBrg based on PBE+SOC scheme.
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Fig. S6. The projected crystal orbital Hamilton population (pCOHP) analysis of (a) K-
Br, Bi-Br, and apical Br-Br bonding interactions in BDA;KBiBrg and (b) K-Br, In-Br,
and apical Br-Br bonding interactions inBDA,KInBrs.



Fig. S7. The valence band maximum (VBM) and conduction band minimum (CBM)
of (a) BDA,KBiBrg and (b) BDA,KInBrg based on PBE+SOC scheme.
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Fig. S8. Orbital projected band structures of Cu-based 2D double perovskites (the
green and pink lines represent the Cu 3d and halide p states; the violet lines represent
the Bi 6p, In 5s, and Sb 5p states in BDA,CuBiXg, BDA,CulnXg, and BDA,CuSbXs,
respectively).
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Fig. S9. Orbital projected band structures of Ag-based 2D double perovskites (the
green and pink lines represent the Cu 3d and halide p states; the violet lines represent
the Bi 6p, In 5s, and Sb 5p states in BDA,AgBiXg, BDA,AgInXg, and BDA,AuSbXs,
respectively).
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Fig. S10. Orbital projected band structures of Au-based 2D double perovskites (the
green and pink lines represent the Cu 3d and halide p states; the violet lines represent
the Bi 6p, In 5s, and Sb 5p states in BDA,AuBiXg, BDA,AulnXg, and BDA,AuSbXs,
respectively).
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Fig. S11. (a) Calculated projected density of states (PDOS) of BDA,AgInBrg; and (b)
the corresponding projected crystal orbital Hamilton population (pCOHP) analysis of
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Fig. S12. The valence band maximum (VBM) and conduction band minimum (CBM)
of BDA,AgInBrg based on PBE+SOC scheme.
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Fig. S13. PBE+SOC calculated band structures, projected density of states (PDOS),
and corresponding transition matrix elements (in unit of Debey?) for (a) BDA,CuBilg,
(b) BDA,AgBilg, and (c) BDA,AuBil;.
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Fig. S14. The projected crystal orbital Hamilton population (pCOHP) analysis of Bi-I,
Cu-I, and apical I-I bonding interactions in BDA,CuBils.
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Fig. S15. The projected crystal orbital Hamilton population (pCOHP) analysis of Bi-I,
Ag-1, and apical I-I bonding interactions in BDA,AgBils.
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Fig. S16. The projected crystal orbital Hamilton population (pCOHP) analysis of Bi-I,
Au-I, and apical I-I bonding interactions in BDA,AuBils.



Fig. S17. The valence band maximum (VBM) and conduction band minimum (CBM)
of BDA,AuBilg based on PBE+SOC scheme.
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Table S4. The calculated dielectric constants of 2D double perovskites
BDA,M M Clg (M; = Na*, K¥, Rb*, Cu*, Ag*, and Au”; My = Bi**, In**, and Sb3")
including the electron contribution (e,,) and the ionic contribution (&); the effective
masses of electrons (m,") in the conduction band and holes (m,") in the valence band;
exciton binding energies, E, (eV) in different directions.

Exciton Binding

Direction Dielectric Constants Effective Mass )
Compounds Enetgles
k & & Eud m: m; E,
X 2.96 431 7.27 23.99 2.67 3.73
BDA;,NaBiClg Y 2.91 3.22 6.13 2.82 10.89 3.60
V4 2.90 1.79 4.69 3.02 4.84 3.01
X 2.84 4.36 7.20 1.7 3.74 1.97
BDA;NaInClg Y 2.77 7.21 9.98 1.14 4.12 1.58
Z 2.75 1.93 4.68 2.78 4.34 3.05
X 3.01 6.34 9.35 5.73 5.42 4.18
BDA;NaSbClg Y 2.96 4.15 7.11 1.6 3.82 1.75
Z 2.94 3.66 6.60 3.37 3.57 2.73
X 2.86 3.08 5.94 421 3.63 3.24
BDA,KBiClg Y 2.86 2.84 5.70 3.13 4.49 3.07
Z 2.83 2.29 5.12 3.05 5.98 3.43
X 2.74 2.61 5.35 1.63 24.32 2.77
BDA,KInClg Y 2.72 2.13 4.85 1.19 29.74 2.10
V4 2.70 1.76 4.46 3.3 1.35 1.79
X 291 4.13 7.04 3.37 5.39 3.33
BDA,KSbClg Y 2.89 3.84 6.73 2.75 2.88 2.29
Z 2.88 2.66 5.54 2.56 23.99 3.79
X 2.81 2.81 5.62 3.21 6.87 3.77
BDA,RbBiClg Y 2.82 4.62 7.44 3.25 15.08 4.57
Z 2.79 1.90 4.69 3 1.16 1.46
X 2.69 2.65 5.34 1.49 10.36 245
BDA,RbInClg Y 2.69 2.43 5.12 1.14 20.86 2.03
Z 2.66 1.95 4.61 3.36 1.03 1.52
X 2.86 2.72 5.58 2.84 2.89 2.38
BDA,RbSbClg Y 2.87 3.90 6.77 3.34 2.38 2.29
V4 2.84 2.05 4.89 2.23 29.2 3.49
X 3.61 7.53 11.14 1.17 0.69 0.45
BDA,CuBiClg Y 3.54 435 7.89 0.94 0.71 0.44
Z 3.07 2.56 5.63 4.46 54.61 5.95
X 3.38 7.36 10.74 2.22 1.88 1.21
BDA,CulnClg
Y 3.28 6.81 10.09 0.79 1.72 0.68




Z 2.92 1.24 4.16 2.18 18.56 3.11
X 3.73 13.56 17.29 1.42 0.63 0.43
BDA,CuSbClg Y 3.66 6.63 10.29 0.98 0.65 0.40
Z 3.11 243 5.54 5.48 23.71 6.26
X 3.29 4.54 7.83 1.98 0.73 0.67
BDA,AgBIClg Y 3.24 4.07 7.31 1.32 0.74 0.61
Z 3.04 2.74 5.78 5.17 30.36 6.50
X 3.13 3.35 6.48 4.35 1.49 1.54
BDA,AgInClg Y 3.05 2.76 5.81 2.01 1.43 1.22
Z 292 1.83 4.75 2.11 4.5 2.29
X 3.44 7.38 10.82 291 0.67 0.63
BDA,AgSbClg Y 3.37 8.31 11.68 1.41 0.68 0.55
Z 3.11 2.35 5.46 6.94 13.26 6.41
X 3.23 5.56 8.79 1.42 0.56 0.52
BDA,AuBIClg Y 3.17 3.64 6.81 1.10 0.58 0.51
Z 3.05 2.73 5.78 5.04 18.71 5.82
X 3.07 3.76 6.83 3.92 1.35 1.45
BDA,AulnClg Y 2.99 2.79 5.78 0.76 1.23 0.71
Z 2.92 1.54 4.46 2.45 11.80 3.24
X 3.36 5.75 9.11 1.96 0.49 0.47
BDA,AuSbClg Y 3.30 0.92 4.22 1.08 0.52 0.44
Z 3.10 3.49 6.59 5.75 9.95 5.16




Table S5. The calculated dielectric constants of 2D double perovskites
BDA,MM;Brg (M; = Na*, K*, Rb*, Cu’, Ag®, and Au*; My = Bi**, In?*, and Sb3")
including the electron contribution (e,,) and the ionic contribution (&); the effective
masses of electrons (m,") in the conduction band and holes (m,,) in the valence band;
exciton binding energies, £}, (eV) in different directions.

o . . . Exciton Binding
Direction  Dielectric Constants Effective Mass

Energies

Compounds P z & - £
std m: m; b
X 3.38  3.68 7.06 16.31 3.76 3.64
BDA;NaBiBry Y 3.31 2.90 6.21 3.16 6.21 2.60
V4 3.28 1.60 4.88 2.37 3.33 1.75
X 323 4.05 7.28 1.83 1.75 1.17
BDA,;NalnBr; Y 3.14 341 6.55 0.96 9.78 1.21
V4 3.10 1.74 4.84 1.73 19.3 2.25
X 345 498 8.43 5.11 5.15 2.93
BDA,NaSbBrg Y 338 11.10 1448 1.17 4.01 1.08
V4 334 247 5.81 1.99 1.97 1.21
X 322 311 6.33 3.8 4.06 2.57
BDA,KBiBrg Y 321 331 6.52 2.17 9.78 2.34
V4 3.19 1.71 4.90 1.52 1.35 0.96
X 3.08 2.28 5.36 1.62 14.87 2.09
BDA,KInBry Y 3.05 253 5.58 1.01 16.69 1.39
V4 3.01 1.96 4.97 2.24 1.12 1.12
X 328 3.25 6.53 3.07 53 2.46
BDA,KSbBryg Y 326 2.66 5.92 2.26 3.75 1.80
V4 324 231 5.55 1.19 2.14 0.99
X 3.14 343 6.57 2.92 6 2.71
BDA,RDbBiBrg Y 3.15 352 6.67 2.22 11.29 2.54
V4 3.11 2.30 5.41 1.58 0.83 0.77
X 3.00 2.61 5.61 1.45 12.24 1.96
BDA,RbInBrg Y 298 2.61 5.59 0.98 16.13 1.41
V4 2.95 1.63 4.58 2.31 0.75 0.88
X 320 6.33 9.53 2.74 2.07 1.57
BDA,;RbSbBryg Y 320  3.21 6.41 2.93 2.76 1.89
V4 3.17  3.18 6.35 1.12 6.33 1.29
X 463 794 12.57 0.68 0.47 0.18
BDA,CuBiBry Y 4.51 8.54 13.05 0.55 0.49 0.17
V4 3.50 1.63 5.13 2.24 9.43 2.01




X 433 366 799 1.1 1.17 0.41

BDA,CulnBr; Y 421 479 9.00 0.5 1.13 0.27
Z 333 1.6l 4.94 1.35 6.15 1.36

X 494 1129 16.23 0.8 0.45 0.16

BDA,CuSbBr; Y 480 818 1298 0.59 0.48 0.16
Z 3.56 221 5.77 3.65 6.21 247

X 376 491 8.67 1.07 0.56 0.35

BDA,AgBiBrg Y 3.69 291 6.60 0.75 0.57 0.32
Z 334 319 653 2.33 3.58 1.72

X 376 4.02  7.78 13.67 1.04 0.93

BDA,AgInBrg Y 3.64 327 6091 0.5 1.05 0.35
Z 331 227 5358 1.39 2.01 1.02

BDA,AZSbBr X 4.16 742 11.58 1.33 0.55 0.31
Y 4.08 10.21 14.29 0.83 0.56 0.27

" Z 355 283 638 3.31 2.95 1.68

X 4.04 367 771 0.72 0.36 0.20

BDA,AuBiBrg Y 395 346 741 0.55 0.38 0.20
Z 346 211 5.57 2.2 5.16 1.75

X 374 413 7.87 1.28 0.77 0.47

BDA,AulnBrg Y 3.62 451 8.13 0.46 0.74 0.29
Z 329 421 7.50 1.51 431 1.41

BDA,AuSbBr X 424 649 10.73 1.02 0.35 0.20
Y 4.14  s5.61 9.75 0.62 0.37 0.18

" Z 352 3.06 6.58 2.83 34 1.70




Table S6. The calculated dielectric constants of 2D double perovskites BDA,MMyylg
(M; = Na*, K*, Rb", Cu’, Ag?, and Au*; My = Bi*', In*', and Sb**) including the
electron contribution (e,) and the ionic contribution (&); the effective masses of
electrons (m,") in the conduction band and holes (m,") in the valence band; exciton
binding energies, £, (eV) in different directions.

Exciton Binding

Direction Dielectric Constants Effective Mass )
Energies

Compounds P . & - E
std mz m; b
X 4.10 4.96 9.06 5.12 2.73 1.44
BDA;NaBily Y 4.07 3.50 7.57 1.67 2.89 0.87
Z 3.99 2.01 6.00 0.99 4.39 0.69
X 3.98 5.27 9.25 5.1 2.05 1.26
BDA,Nalnlg Y 3.90 3.70 7.60 0.98 3.69 0.69
Z 3.80 1.94 5.74 0.97 5.2 0.77
X 4.22 9.97 14.19 7.76 2.54 1.46
BDA,NaSblg Y 4.16 5.35 9.51 1.42 2.37 0.70
Z 4.07 3.89 7.96 0.58 1.03 0.30
X 3.75 2.87 6.62 4.58 3.36 1.87
BDA,KBilg Y 3.74 2.81 6.55 1.56 4.88 1.15
Z 3.72 1.94 5.66 0.69 0.97 0.40
X 3.73 3.44 7.17 2.77 14.83 2.28
BDA,KInlg Y 3.71 3.36 7.07 0.97 7.86 0.85
Z 3.64 1.79 5.43 1.4 0.95 0.58
X 3.95 491 8.86 3.25 2.83 1.32
BDA,KSblg Y 3.94 3.53 7.47 2.88 3.81 1.44
Z 3.93 3.69 7.62 0.44 1.03 0.27
X 3.73 3.02 6.75 3.15 4.13 1.75
BDA,RDbBilg Y 3.75 2.61 6.36 1.45 5.83 1.12
Z 3.73 1.99 5.72 0.72 0.64 0.33
X 3.57 2.69 6.26 0.99 8.96 0.95
BDA,RbInlg Y 3.57 2.64 6.21 1.44 8.26 1.31
Z 3.50 2.02 5.52 1.38 0.61 0.47
X 3.80 3.66 7.46 291 3.72 1.54
BDA,RbSbI; Y 3.81 3.32 7.13 2.94 4.59 1.68
Z 3.79 3.00 6.79 0.44 0.63 0.25
X 6.03 7.35 13.38 0.46 0.37 0.08
BDA,CuBily Y 5.92 9.31 15.23 0.36 0.37 0.07
Z 4.28 1.87 6.15 1.08 2.49 0.56




X 5.65 6.49 12.14 0.6 0.78 0.14
BDA,Culnly Y 5.58 5.27 10.85 0.33 0.8 0.10
Z 4.10 1.76 5.86 0.75 1.95 0.44
X 5.76 7.22 12.98 0.53 0.35 0.09
BDA,CuSblg Y 5.69 4.82 10.51 0.37 0.37 0.08
Z 4.45 1.51 5.96 1.82 1.8 0.62
X 5.18 6.41 11.59 0.63 0.47 0.14
BDA,AgBiIlg Y 5.13 5.44 10.57 0.45 0.44 0.11
Z 4.27 3.22 7.49 1.08 1.17 0.42
X 5.13 3.69 8.82 1.55 0.79 0.27
BDA,AglInlg Y 5.04 431 9.35 0.36 0.82 0.13
Z 4.18 1.89 6.07 0.81 0.92 0.34
X 5.45 7.44 12.89 1.65 0.46 0.16
BDA,AgSblg Y 5.39 6.94 12.33 0.6 0.46 0.12
Z 4.35 4.40 8.75 1.01 1.05 0.37
X 5.55 4.97 10.52 0.4 0.27 0.07
BDA,AuBil Y 5.44 3.73 9.17 0.31 0.27 0.07
Z 4.22 1.79 6.01 1.2 1.61 0.53
X 5.12 4.59 9.71 0.55 0.53 0.14
BDA,Aulnlg Y 5.03 4.20 9.23 0.3 0.55 0.10
Z 4.02 2920  33.22 0.86 1.5 0.46
X 6.03 8.44 14.47 1.54 0.26 0.08
BDA,AuSbl; Y 590 1510  21.00 0.87 0.28 0.08
Z 4.33 11.03 15.36 0.58 1.27 0.29




