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Figure S1. (a) The violin plot for calculated band gap distribution of binary and ternary oxides from
ref. [1]. (b) The box plot of experimental band gap distribution for fluorides, chlorides, bromides, and
iodides from ref. [2-8].
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Figure S2. Representative types of structures based on octahedral interconnections and dimension. The
structures consist of (a) only corner sharing, (b) corner and edge sharing, (c) corner and face sharing,
(d) only edge sharing, (¢) edge and none sharing, and (f) only face sharing are shown
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Figure S3. Relation of light absorption to band gaps

Table S1. Decomposition energies of chalcogenide materials to competitive phases.

Competitive phases

Decomposition E

Material (meV/atom)
Formula ICSD ids GGA SCAN
1 1
SbBiSe; = = 617072, 651516 -19 -266
ZBI2883+28b2863
1 1
INSbSe; = = 4478, 651516 +37 +33
2In2Se3+28b28e3
1 1
SbYTe; = = 653174, 185952 -25 -40
2Y2Te3+28b2T63
1 1
InBiSe; = s . 4478, 617072 +2 +11
2|n,Se;+2Bi,Se;
LaSbS ! 1 i 69730, 651516, 651489 19 122
aSbSe — — — , , - -
* 10La40Se19+30Sb,Ses+15Sb
1 1
BilnS; 151644, 30775 +2 -10

2In,S4+2Bi,S;
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(a) RbGel; (mp-571458)
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(e) CsSnBr; (mp-27214)
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(i) CsGels (mp-642690)
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Figure S4. DFT results for unit-cell structure, band structures, and absorptivities of top 20 candidate
materials with highest figure of merit (FoM); (a) RbGel; (mp-571458), (b) CsSnl; (mp-568570), (c)
CsSnl; (mp-616378), (d) CsPbl; (mp-1069538), (¢) CsSnBr; (mp-27214), (f) CsGel; (mp-28377), (g)
RbSnBr; (mp-998157), (h) CsSnl; (mp-614013), (i) CsGel; (mp-642690), (j) LaSbSe; (mp-1222966),
(k) BilnS; (mp-1078776), (1) SrZrS; (mp-5193), (m) LaCrS; (mp-10328), (n) CeCrS; (mp-21871), (0)
TlTaSes; (mp-12027), and (p) SrCoOs (mp-505766).
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Figure S5. Band edge positions of SnO,, CsPbl;, SbBiSes;, InSbSe;, SbYTes, and InBiSe;. Following
the methodology of previous study!®], the bandgap centers relative to the vacuum level were calculated
at the GGA level. The VBM and CBM positions were then corrected using experimental band
2aps(SnO,!'% and CsPbl;[') or HSE06 band gaps(SbBiSe;, InSbSe;, SbYTes, and InBiSes). The black
lines are experimental band edge positions in previous literatures!!®-11],
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Figure S6. Projected density of states (PDOS) of cations for (a) @-CsPbls, (b) 6-CsPbls, and (c)
InSbSe;. The PDOS calculations were performed using the GGA functional, with band gap corrections
using the HSEQ6 functional.
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Figure S7. Partial pair distribution functions (PDFs) for (a) Pb-Pb and (b) Cs-Pb in 8 =~ CsPbls, and (c)
Sb-Sb and (d) In-Sb in InSbSes.

To further clarify the underlying reasons behind the differing trends in terms of octahedral
interconnections between halides and chalcogenides, we have conducted a detailed comparisons
between two representative materials, CsPbls and InSbSes. This study aimed to understand why
InSbSe;, which has a similar octahedral structure to 8-CsPbls, exhibits promising photovoltaic
properties, while CsPblj; loses its excellent characteristics through a phase transition from the o to &
phase.

First, projected density of state (PDOS) of a-CsPbl;, 5-CsPbl;, and InSbSe; (Fig. S6) reveals that Cs
shows no contribution to the band-edge states in both &-, and 8-CsPbl. In contrast, both In and Sb in
InSbSe; significantly contribute to the band-edge states. Due to the 1D-like octahedral interconnections
of Pbl; in 5—CstI3, the A-site cations (Cs) act as barriers to charge transport between the Pbl;
octahedral rods. Whereas, in InSbSe;, both In and Sb function as transport paths for each other,
facilitated by their joint contribution to the band edge states.

Secondly, we focused on the structural differences between 8-CsPbl; and InSbSes. Despite the
similarity in their octahedral interconnections, which contain BX; 1D rods, the two structures are
precisely distinct. The partial pair distribution functions (PDFs) indicate that closest Sb-Sb distances
between two adjacent SbSe; rods in InSbSe; are much closer than Pb-Pb distances across Pbl; rods in
8-CsPbl; (~ 5.9 A vs. ~ 8.4 A, see Fig. S7(b,e)) Refer to the Cs-Pb and In-Sb PDFs in each materials
(as shown in Fig. S7(c,f)), we could infer these differences primarily arise from the relative sizes of the
A cations (Cs vs. In).
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Figure S8. Distribution of light absorptions in total halides (unfilled symbol) and fully corner-sharing
halides (filled symbol) according to the (a) distortion vector index (D), and (b) quadratic elongation
(Q.). Distribution of band gap in the same materials according to (¢) Dy, and (d) Q..
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Figure S9. Distribution of light absorptions in chalcogenides according to the (a) distortion vector index
(Dyec), and (b) quadratic elongation (Q). Distribution of band gap in the same materials according to

(¢) Dyee, and (d) Q.
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Figure S10. Energy above hull distribution according to (a) distortion vector index (D), and (b)
quadratic elongation (Qy).
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Figure S12. (a) Example of peak shift in the imaginary part of the dielectric function with SOC
consideration. The violet line represents result without SOC consideration, while the green line
represents result with SOC consideration. (b) Tested elements, and the peak shift in the imaginary part
of the dielectric function in the ZZ direction with SOC consideration.

Reproduced by Wonzee, J., (2022). First-principles study of perovskite solar cells for long-term
stability [Unpublished master’s thesis]. Chungnam National Univ.



—~~
Q
N—"

g(x) = 1.05 x (b) f(x) = 1.04 x

7 T T T T T T T T T T T T T
14 - b
6 7. .
. & .o 1 g(x)=0.78
—~ 5 b = ..
o 4+ — o o 00
g o S 8 oF oo 1
8 3t ? . 8 &
T . g 6f 2 -
7] %
T Ll | I b h(x)
: ® 4 - 7 a=0.6 [ ] |
L) h(x) ; f(x)
1r =025 e 21 4.2 =025 o 7
0 | | | | g()f) | 0 I. I | | g!(X) | I
0 1 2 3 4 5 6 7 0O 2 4 6 8 10 12 14
Experimental gap (eV) Experimental gap (eV)

Figure S13. Comparison between theoretical and experimental band gaps(?#®! for (a) compounds with
group IV, V, and VI anions, and (b) halides. In halides, the hybrid mixing ratio @ = 0.6 gives more
accurate prediction for experimental band gaps.

Reproduced by Wonzee, J., (2022). First-principles study of perovskite solar cells for long-term
stability [Unpublished master’s thesis]. Chungnam National Univ.
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Figure S14. Schematic E-K diagram comparing DFT calculation results and their BZT?2 interpolation

results. @ represents an extension connecting the first and second points of the DFT results, while 2

represents extension of BZT?2 interpolation results.



Appendix. Practical mean of electron and hole effective masses

Given that ionized defect scattering is dominant in crystalline semiconductors, the relationship

between the conductivity @ and effective mass ™M "is approximately as follows!!2131:

1 (Eq. S1)

T

Since the conductivity 0 is a function of electron mobility He and hole mobility Hh and they are also

inversely proportional to V™ as below,

0 =enu, + epuy, (Eq. S2)

1 (Eq. S3)

T

practical mean of electron and hole effective mass can be defined as follows:
Lt
otpy, Jmte mty (Eq. $4)
'umean = 2 x 2
S it
o+ s

h
m

(Eq. S5)

Considering the Eq. S1, the practical mean of effective masses
square root form.

mean is applied to FoM in inversed
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