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S1. The SOC effect on the band structure of A;B,X, perovskites
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Fig. S1 Band structures of A;B,ly perovskites calculated by the PBE functional with and without
SOC. The band structure of (a) H-phase K3Sb,ly, (b) H-phase Rb;Sb,ly, (¢c) H-phase Rb;Bily, (d)
H-phase Cs;Sbylo, (¢) H-phase Cs;Bi,ly, (f) T-phase K3Sb,ly, (g) T-phase Rb;Sbyly, (h) T-phase
Rb;Bi,ly, (1) T-phase Cs3Sbslg, and (j) T-phase Cs;Bisly. The dash lines and solid lines denote the
band structures calculated with and without the SOC effect, respectively. The horizontal dash lines

at the energy zero point denote the position of Fermi level.

Using ten A;B;lg perovskite structures as examples, their band structures are calculated
by the PBE functional with and without SOC effect (Fig. S1). The band structures of
A;B;lg perovskites calculated by the PBE+SOC notably deviate from those obtained by
the PBE functional. More specifically, the SOC effect induces the downshift of bands
at the lower conduction band and upshift of bands at the higher valence band, resulting
in the reduction of bandgap in these perovskites. Therefore, the SOC effect has been

considered in the calculations of this work.



S2. Effect of materials thickness on the PCE of A;B,Xy perovskites
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Fig. S2 PCE (#) of A3B,Xy perovskites as a function of material thickness (L). (a,b) Thickness
dependent PCE of H-phase A;B,ly perovskites along the (a) in-plane (7,) and (b) out-of-plane (7,)
direction. (c¢,d) Thickness dependent PCE of T-phase A;B,ly perovskites along the (c) in-plane (7))
and (d) out-of-plane (7, ) direction.

Using ten A;B;lg perovskite structures as examples, the material thickness effect on the
PCE of these perovskites are predicted by equation (6) described in main text. As shown
in Fig. S2, it can be seen that the PCE value of these perovskites indicates an increase
trend with increasing thinckness (L) of perovskite thin films and tends to be saturated
when L arrives at ~500 nm. Therefore, the maximum PCE value of A;B;ly perovskites

is predicted by using L = 500 nm.



S3. Synthetic conditions and phase structures of A3;B,X perovskites in experiment

Table S1 Synthetic conditions and phase structures of A3;B,Xo perovskites reported in experiment.

Materials Phase Temperature (K) Precursors Method Ref.
Cs3Sb,Cly T 313-358 CsCIl+SbCl; Solution method [1]
Cs;Sb,Bry T 403 CsBr+SbBr; Solution method [2]
Cs3Sb,ly T 973 CsI+Sbl; CVD [3]
Cs;Sb,l, H 348 CsI+Sbl, Solution method [4]
Cs3Bi,Cly T 433 Bi(OAc);+Cs,CO;  Solution method [5]
Cs;Bi1,Bry T 353 CsBr+BiBr; Solution method [6]
Cs;3Bislg H 973 CsI+Bil; CVD [3]




S4. Projected band structures of A;B,Xy perovskites in H and T phases
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Fig. S3 Projected band structures of K;B,Xy (B = Sb) perovskites in H and T phases. Projected band
structure of (a) H-phase K;Sb,Cly, (b) H-phase K;Sb,Bry, (c) H-phase K;Sbyly, (d) T-phase
K;Sb,Cly, (e) T-phase K3Sb,Bry, (f) T-phase K;Sb,lo. The dash lines denote the position of Fermi
level.
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Fig. S4 Projected band structures of Rb;B, Xy (B = Sb, Bi) perovskites in H and T phases. Projected
band structure of (a) H-phase Rb;Sb,Cly, (b) H-phase Rb;Sb,Bry, (¢) H-phase Rb;Sb,ly, (d) H-phase
Rb;Bi,Cly, () H-phase Rb;Bi,Bry, (f) H-phase Rb;Bi,ly, (g) T-phase Rb;Sb,Cly, (h) T-phase
Rb;Sb,Bry, (1) T-phase Rbs;Sb,ly, (j) T-phase Rb;Bi,Cly, (k) T-phase Rb;Bi,Brg, (I) T-phase
Rb;Bi,ly. The dash lines denote the position of Fermi level.
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Fig. S5 Projected band structures of Cs;B,X (B = Sb, Bi) perovskites in H and T phases. Projected
band structure of (a) H-phase Cs;Sb,Cly, (b) H-phase Cs;Sb,Bry, (¢) H-phase Cs;Bi,Cly, (d) H-phase
Cs3Bi,Bry, (e) T-phase Cs;Sb,Cly, (f) T-phase Cs;Sb,Bry, (g) T-phase Cs3;BiCly, (h) T-phase
Cs3Bi,Bry. The dash lines denote the position of Fermi level.



SS. Projected density of states of Cs;Sb,ly perovskite in H and T phases
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Fig. S6 Projected density of states of (a) H-phase Cs;Sb,lg and (b) T-phase Cs;Sb,ly. The dashed

lines denote the position of Fermi level.



S6. Illustration of the band-edge orbital coupling in A3;B,X, perovskites
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Fig. S7 Schematic illustration of the band-edge orbital interactions in A3;B,Xo perovskites with lone
pairs. The s-p orbital inteactions between the B-site cations and X anions create filled bonding and
antibonding combinations.

S7. The comparison between the calculated and experimental bandgaps of some
A;3B, Xy perovskites

Table S2 The comparison of the calculated (Cal.) and experimental (Exp.) bandgaps (in eV) of bulk
A;B, X, perovskites. The calculated bandgaps were obtained by the HSE06 functional in this work,

and the experimental bandgaps were extracted from previous literatures.! 48

Materials Phase structure Cal. Exp.
Cs3Sb,Cly T 2.79 2.89!
Cs;3Sb,Bry T 2.36 2.367
Cs;Sbylg T 1.76 1.898
Cs;Sbylg H 2.21 2.02¢
Cs3Bi,Clg T 3.01 3.093
Cs;3Bi,Bry T 2.47 2.646
Cs3Bily H 2.29 2.06%




S8. Optical absorption spectra of A;B,Xy perovskites in H and T phases
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Fig. S8 Optical absorption spectra of T- and H-phase K;B,Xy perovskites. Optical absorption
spectra of T-phase and H-phase K;Sb,Xy perovskites along (a) in-plane (0,) and (b) out-of-plane
() direction. The range of dash lines corresponds to the visible-light region with the wavelength
range from 390 to 780 nm.
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Fig. S9 Optical absorption spectra of T- and H-phase Rb3;B,Xy perovskites. Optical absorption
spectra of T-phase and H-phase Rb;Sb, X, perovskites along (a) in-plane (oy,) and (b) out-of-plane
(o) direction. Optical absorption spectra of T-phase and H-phase Rb;Bi, Xy perovskites along (c)
in-plane (0,,) and (d) out-of-plane (o, ) direction. The range of dash lines corresponds to the visible-
light region with the wavelength range from 390 to 780 nm.
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Fig. S10 Optical absorption spectra of T- and H-phase Cs;B,Xy perovskites. Optical absorption
spectra of T-phase and H-phase Cs;Sb,X perovskites along (a) in-plane (a,,) and (b) out-of-plane
() direction. Optical absorption spectra of T-phase and H-phase Cs;Bi,Xo perovskites along (c)
in-plane (ay,) and (d) out-of-plane (o, ) direction. The range of dash lines corresponds to the visible-
light region with the wavelength range from 390 to 780 nm.



S9. The computational details for intrinsic defects of T-phase Cs;Sb;l,

In order to understand the defect formation in A;B,Xo perovskites, we used T-phase
Cs3Sb,ly as an example. Ten potential intrinsic point defects were considered, including
three vacancy defects (V¢s, Vs, and Vi), four antisite defects (Sbes, Cssp, Csy, Sby), and
three interstitial atoms (Ics, Isp, and Ij). The defect models were constructed by
introducing the point defects into a (2x2x2) supercell including 112 atoms. The stability
of these intrinsic point defects was evaluated by the defect formation energy (4H)) as

follows,’

AH :ED—EP+ZAnl.,u[ (1)

where E) is the total energy of the defective system, E,, is the total energy of the perfect
Cs3Sb,ly system, y; is the chemical potential of atomic species i (i = Cs, Sb, and I), and
An; is the difference of the number of atomic species i between the defective and perfect
systems. In the equilibrium conditions, the chemical potential of Cs, Sb, and I should
satisty 3ucy + 2usy + 9y = E7(Cs;3Sbylg), where E7 is the total energy of Cs;Sb,ly per

formula cell. It can be transformed into the following equation,

3Apc, +2Apg, +9Au, = AH (Cs,Sb,1,) (2)
where AH (Cs,Sb,1,) is the enthalpy of formation of Cs;Sbyly. In order to ensure the

formation of Cs3;Sb,ly, the secondary phases CsI and Sbl; as well as the element crystals
Cs, Sb, and I need to be avoided, so the chemical potentials and enthalpies of binary

compounds should satisfy the following constraint conditions:

Apte, +Ap, < AH (Csl) 3)
Aptg, +3Au, < AH (SDI) 4)

By means of the equations (2)—(4), the allowed range of chemical potentials for the
formation of T-phase Cs;Sb,ly can be determined, as shown in the gray shaded region
of Fig. S11. The allowed chemical potential range is surrounded by the critical points
A—C. The point A corresponds to I-rich condition, and the chemical potential at the

points B and C can be determined by the equation (2). According to the allowed



chemical potential range, we calculated the defect formation energy of ten intrinsic
point defects, as listed in Table S3. It can be seen that the Cs vacancy (V) and I
vacancy (V) are the most two stable defect structures in the allowed chemical potential
range. Furthermore, we calculated the band structure of Cs;Sb,ly with Vg and Vi,
respectively. The band structure of perfect Cs;Sb,ly was also calculated for comparison.
As shown in Fig. S12, Cs;Sb,lo with Vgindicates a p-type character and Cs;Sb,ly with
V) exhibits a n-type character. For both of two defect structures, they do not induce the

formation of deep defect levels.

Al‘st (eV)
-4 -3 -2 -1 0

Fig. S11 Calculated stable phase diagram of T-phase Cs;Sbyly as a function of the chemical

potentials of Cs (pcs) and Sb (ugp). The gray area is the thermodynamically stable range for the
equilibrium growth of Cs;Sb,ls. The stable region is surrounded by points A-C.

Table S3 Defect formation energies (AH)) of ten intrinsic point defects in T-phase Cs3;Sb,ly under
the equilibrium conditions of three chemical potential conditions. The three chemical potential
conditions correspond to three critical points A, B, and C in Fig. S11.

Defect formation energy AH,(in eV)

Intrinsic defects

A B C
Ve -0.24 1.55 0.95
Ve 3.22 3.22 1.43
Vi 1.93 1.33 1.93
Sbes 1.81 3.60 4.79
Cssp 4.98 3.19 2.00
Cs; 4.51 2.12 3.32
Sby 2.75 2.15 4.54
Ies 3.76 1.97 2.57
Isp 1.77 1.77 3.56

L 1.35 1.95 1.35
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Fig. S12 Band structure of (a) perfect T-phase Cs;Sb,ly, (b) T-phase Cs;Sb,ly with a Cs vacancy,
(c) T-phase Cs3Sb,lo with a I vacancy. The dash lines denote the position of Fermi level.



S10. Thickness effect on electronic structures of 2D T-phase Cs;B,Xy nanosheets
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Fig. S13 Thickness effect on band structures of 2D T-phase Cs;Sb,Xg (X = Cl, Br, I) nanosheets.
Projected band structure of (a-d) Cs;Sb,Cly, (e-h) Cs3;Sb,Bry, (i-1) Cs;Sb,lg with the thickness range

from the monolayer (1L) to tetralayer (4L). The blue and red bands are contributed by Sb and X,
respectively. The dash lines denote the position of Fermi level.
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Fig. S14 Thickness effect on band structures of 2D T-phase Cs;Bi, Xy (X = Cl, Br, I) nanosheets.
Projected band structure of (a-d) Cs;Bi,Cly, (e-h) Cs;Bi,Bry, (i-1) Cs;Bi, ]y with the thickness range
from the monolayer (1L) to tetralayer (4L). The blue and red bands are contributed by Bi and X,
respectively. The dash lines denote the position of Fermi level.



S11. Thickness effect on optical absorption of 2D T-phase Cs3;B,X, nanosheets
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Fig. S15 Thickness effect on optical absorption spectra of 2D T-phase Cs;SbyXo (X = Cl, Br)
nanosheets. (a,b) Optical absorption spectra of 2D T-phase Cs;Sb,Cly nanosheets with the thickness
range from 1L to 4L along the (a) in-plane (0,/) and (b) out-of-plane (o) polarization direction. (c,d)
Optical absorption spectra of 2D T-phase Cs;Sb,Bry nanosheets with the thickness range from 1L
to 4L along the (c) in-plane (a,) and (d) out-of-plane (o) polarization direction.The range of dash
lines corresponds to the visible region with the range of wavelength from 390 to 780 nm.
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Fig. S16 Thickness effect on optical absorption spectra of 2D T-phase Cs;Bi,Xo (X = Cl, Br, 1)
nanosheets. (a,b) Optical absorption spectra of 2D T-phase Cs;Bi,Cly nanosheets with the thickness

range from 1L to 4L along the (a) in-plane (a,/) and (b) out-of-plane (o) polarization direction. (c,d)

Optical absorption spectra of 2D T-phase Cs;Bi,Bry nanosheets with the thickness range from 1L

to 4L along the (c) in-plane (o)) and (d) out-of-plane (a,) polarization direction. (e,f) Optical

absorption spectra of 2D T-phase Cs;Bi,ly nanosheets with the thickness range from 1L to 4L along

the (e) in-plane (o,) and (f) out-of-plane (o) polarization direction. The range of dash lines

corresponds to the visible region with the range of wavelength from 390 to 780 nm.
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