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Construction of the A;BCX, and ABX; Chemical Spaces

For the A;BCXy series, we considered 6 possible A cations, 6 B cations, 3 C cations, and
3 X anions. Fractional occupancies were permitted as follows: A = {0, 0.5, 1, 1.5, 2}, B =
{0, 0.5, 1}, C = {0, 0.5, 1}, and X = {0, 1, 2, 3, 4}. E.g., the 6 possible monovalent cations
at the A-site (Na, K, Rb, Cs, Cu, and Ag) could each adopt one of any of the fractional
occupancies {0, 0.5, 1, 1.5, 2} such that the total sums to 2; analogous rules hold for every
other site. Denoting these occupancies by {a1, as, as, a4, as, ag}, non-negative solutions are

sought for the equation:
a1+ as+as+as+as+ag = 2, a; € {0, 0.5, 1, 1.5, 2}

The number of solutions is given by:

4 —1
6 = ) = 126.
6—1 5
For the B, C, and X sites (list of all constituent chemical species shown in Figure [S2]),
the number of valid solutions were calculated to be 21, 6, and 15, respectively, which ulti-
mately leads to 126 x 21 x 6 x 15 = 238,140 total compositions. Considering two types of

nominal cation ordering (not accounting for the additional disorder with alloying) doubles
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Figure S1: DFT workflow used in this study— targeted mixing at the A, B, C, and X sites
was applied to 2 x 2 x 1 and 3 x 3 x 2 supercells, followed by geometry optimization using
the PBEsol and HSEO6 functionals. Finally, static HSE4SOC calculations were performed
on the HSEO6-optimized geometry to accurately determine the properties of interest.

this to 476,280. Out of these compounds, there are 648 pure unalloyed compositions, 12,960
compounds with only A-site mixing, 1,620 compounds with only B-site mixing, 648 com-
pounds with only C-site missing, 2,592 compounds with only X-site mixing, and 457,812

total compounds with simultaneous mixing across multiple sites.

Similarly, for the ABX, series, we considered 6 possible A cations, 3 B cations, and 3 X
anions. To keep it consistent with the definitions for the A;BCX} series, fractional occupancies
were allowed as: A = {0,0.25,0.5,0.75,1}, B = {0,0.25,0.5,0.75,1}, X = {0,0.5,1,1.5,2}.
This leads to a total of 126, 15, and 15 possibilities for A-site mixing, B-site mixing, and X-site
mixing, respectively, resulting in 126 x 15 x 15 = 28,350 unique compositions. Considering two
types of nominal cation ordering again, this number doubles to 56,700. Among these 56,700
compositions, 108 are pure compounds, 2,160 involve only A-site mixing, 432 involve only B-

site mixing, 432 involve only X-site mixing, and 53,568 involve simultaneous multi-site mixing.
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Figure S2: Construction of the ABX, and A;BCX, datasets. (Left) Crystal prototypes
considered. (Middle) Elemental space explored for A, B, C, and X sites. (Right) Distribution
of generated compounds across structural orderings (ordering I vs ordering IT for ABXo;
ordering I vs ordering II for A;BCX,) and across composition types (pure, single-site mixing,
and multiple-site mixing). The total number of structures in each category is indicated in

parentheses.
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Figure S3: Comparison of DFT-computed (PBEsol) properties from 2 x 2 x 1 vs. 3 x 3 X 2:
(a) lattice constant, (b) decomposition energy, and (c) bandgap in terms of different cation
ordering. The color bar indicates the point density (normalized from 0 to 1), where darker
colors represent regions with a higher number of overlapping data points, and lighter colors
indicate sparse or less populated regions in the property space.



> —~ 2 5
9 (a) Sl w10 3 (b) ., 1.0 (c) 1.0
T P 4 - 4 41
— D 4 —_—
5 z s
[b] %
g8 w =3
© o= 4 ©
o] K=l >
a 05 = 0 05 2 05
Q7 3 S 2
2 Qo o
E= S L
" g4 S 21
2" 2
, 0w & | 00 0 00
5% T Ll ‘ ,
5 6 7 8 9 . -2 -1 0 1 2 o 1 2 3 4 5
PBEsol Lattice Parameter (A) PBEsol Decomposition Energy (eV) PBEsol Bandgap (eV)

Figure S4: Comparison of DFT-computed properties from PBEsol and HSE06: (a) lattice
constant, (b) decomposition energy, and (c) bandgap in terms of different cation ordering.
The color bar indicates the point density (normalized from 0 to 1), where darker colors
represent regions with a higher number of overlapping data points, and lighter colors indicate
sparse or less populated regions in the property space.
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Figure S5: Parity plots for rigorously optimized random forest models for (a) decomposition
energy, (b) bandgap, and (c) photovoltaic (PV) efficiency (SLME). The random forest
models were trained on an initial dataset of 1,650 compounds with properties computed
using the HSE +-SOC functional. Error bars represent the standard deviation along with
the minimum and maximum values obtained across 50 independently trained random forest
models initialized with different random seeds.
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Figure S6: (a) Active learning (AL) workflow used in this study: photovoltaic (PV) efficiency
across the remaining design space is initially predicted using a random forest model trained
on only 1650 data points. An acquisition function is then employed to identify the most
promising candidates for the next round of DFT data to be revealed. The random forest
model is iteratively retrained with the newly acquired data and applied to the unexplored
design space. (b) AL schedule illustrating the subsequent simulation batches selected via the
acquisition function to improve the model and reduce the uncertainties.
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Figure S7: Parity plots comparing DF'T crystal formation energies with MLFF-predicted
values for four charge states (¢ = +2, +1, —1, and —2). The dashed line indicates perfect
agreement (y = ). The model achieves low prediction errors with RMSE values of 8.68, 7.00,
8.60, and 6.96 meV /atom for ¢ = +2, +1, —1, and —2, respectively. The color scale denotes
the local point density.
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Figure S8: HSE+SOC electronic band structures of four selected top-ranked chalco-
genide candidates: (a) CuyZnGeSSes, (b) CusMgSnS,;Ses, (¢) AgAlysGagsTes, and
(d) CupCag5Cdg5SnSs. These compounds span diverse compositions with Eg,, in the 1.3~
1.5 eV range, negative AH gecomp, and high SLME values. The dispersive band edges suggest
moderate effective masses favorable for carrier transport.
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Figure S9: Parity plots of MLFF-predicted vs. DFT forces for neutral defect configurations:
(a) PBEsol-trained MLFF (RMSE = 0.051 eV/A) and (b) HSE-trained MLFF (RMSE =
0.030 eV/A). The HSE-trained model shows tighter correlation and lower RMSE, confirming
that training on HSE data yields more accurate force predictions for defect geometry opti-
mization.

Table S1: Summary of key DFT input parameters used in this work.

Parameter 2 x 2 x 1 Supercell 3 X 3 X 2 Supercell
Atoms per supercell 64 288

ENCUT (eV) 500 500

k-grid (PBEsol relax) a; X ki > 30 A I'-only

k-grid (HSE06 relax) a; X k; >20 A I-only

k-grid (HSE06+SOC static) a; x k; > 30 A I-only

EDIFF (eV) 107° 107°

EDIFFG (eV/A) —0.01 static

HSE06 mixing («) 0.25 0.25

HSEO06 screening (w) 0.2 A1 0.2 A1

PAW pseudopotentials
Smearing

VASP 6.4.1 recommended
Gaussian, 0.05 eV

VASP 6.4.1 recommended
Gaussian, 0.05 eV
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Figure S10: Defect formation energy diagrams under cation-rich chemical potential condi-
tions for 18 representative compounds randomly selected from the 314-compound subset.
Calculations were performed using 3 x 3 x 2 supercells (288 atoms) with full PBEsol geometry
optimization followed by static HSE06 calculations, in five distinct charge states (¢ = +2 to
—2). The selected compounds span Cu-, Ag-, K-, and Cs-containing systems with S, Se, Te,
and mixed-anion chemistries. Dashed vertical lines indicate the VBM and CBM (conduction
band minimum). The shaded regions outside the E,,, are shown in gray.
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MLFF optimization convergence for four representative defects in

CuyCag 5Cdg55nSy across all five charge states (¢ = +2,41,0,—1,—-2): (a) Vg, (b) Vs, (¢)
Cugyg, and (d) Cacy. Solid lines show the MLFF energy during geometry optimization and
dashed lines indicate the corresponding DFT total energies. The MLFF-relaxed energies con-
verge to within ~ 0.5-0.7 eV of the DFT reference values, with no systematic overestimation
or underestimation across charge states.

Table S2:

Structural comparison between PBEsol and HSE relaxed geometries for

AgiAly5Gag55.

Property HSE PBEsol

Lattice parameters

a (A) 5.63
c (A) 10.43

5.62

10.41

Bond lengths (mean, A)

ALS 2.25  2.23
Ga-S 2.26  2.25
Ag-S 251  2.48




Computational Definitions of Formation and Decompo-

sition Energies

Energy normalization

The total energy Fy. is obtained from DFT. If the supercell contains N,. atoms and one

formula unit contains Ny, atoms, then the energy per formula unit is

E

Formation energy

The formation energy is computed as the difference between the compound energy and the
sum of the reference elemental energies, divided by the number of atoms in the formula unit.

For AQQCCLO.EJST0.5SHO.5G€0.5SQT€2Z

AHfm«m = [E(AggCCLQ.5STO.5SHO.5G€O‘5SQT€2) - 2E(Ag) - 05E(CCL) - 05E(ST>

1
]
— 0.5E(Sn) — 0.5E(Ge) — 2B(S) — 2E(Te)] . (S1)

Here the denominator (8) is the total number of atoms per formula unit.

Decomposition energy for A, BC'X, compounds

Decomposition is evaluated relative to the most likely set of binary competing phases: - A-X
binaries of type A X, - B—X binaries of type BX, - C—X binaries of type C'X5. The weights
for each binary are determined from stoichiometry: - For the A-X channel, the weight is
(na/2) x (nx/4), where ny and nx are the counts of A and X atoms in the formula. - For
the B—X channel, the weight is (ng/1) X (nx/4). - For the C—X channel, the weight is

(nc/1) x (nx/4). The total competing energy is the sum of all binary references multiplied

10



by their weights. The decomposition enthalpy is then
A]—Idecomp = Lpfu — Sa

where S is the weighted sum of binary reference energies.

Worked example: Ag,Cag5S571055Mn05Geq 55T es

For this composition: - A = Ag (2 atoms), B = Ca, Sr (0.5 each), C' = Sn,Ge (0.5 each),
X = 85,Te (2 each). Weights are: - AgsS and AgoTe: each weight = (2/2) x (2/4) = 0.5. -
CaS,CaTe, SrS, SrTe: each weight = (0.5/1) x (2/4) = 0.25. - SnSy, SnTey, GeSy, GeTey:

each weight = (0.5/1) x (2/4) = 0.25. Thus the competing energy is

S =0.5(E(AgS) + E(AgyTe))
+0.25(E(CaS) + E(CaTe) + E(SrS) + E(SrTe))

+0.25(E(SnSs) 4+ E(SnTey) + E(GeSy) + E(GeTey)). (S2)
The decomposition enthalpy is
AHdecomp = E(AQQCao.5STo.5Sno.5G€0.552T€2) - S.
To account for mixing, a configurational entropy correction is added:
AGiz = ksT Y _ fjIn f;,
J

where f; are the mixing fractions for each binary. For this compound: Two channels with

fraction 0.5 (Ag—S and Ag-Te) and Eight channels with fraction 0.25 (Ca/Sr with S/Te,

11



Sn/Ge with S/Te). So:
AG iz = kT [2-(0.5In0.5) + 8- (0.251n0.25) | = —5kpT In 2.
The full decomposition energy is
Eaecomp = AHgecomp + AG i

Negative Egecomp means the compound is stable against decomposition into the chosen

binaries whereas Positive Ejecom, means the compound tends to decompose.

List of Defects Considered for Each Compound

The following table summarizes, for each compound, the list of defects considered in our
calculations. While detailed defect formation energy diagrams are presented for selected
case studies for the sake of brevity, the entire defect dataset spans over 1,000 native point
defect configurations across 314 compounds, each computed using a 3 x 3 x 2 supercell
with PBEsol geometry optimization followed by static HSE06 calculations. Representative
defect formation energy diagrams for 18 randomly selected compounds under cation-rich
chemical potential conditions are provided in Figure [S10] General trends include: (i)
Cu/Ag vacancies are consistently the lowest-energy acceptors, supporting p-type conductivity;
(ii) anion-related defect energetics are sensitive to the anion species, with Te-containing
compounds showing higher formation energy defects; (iii) anti-site defects involving B/C-site
cations most frequently introduce deep levels in the E,q,,; and (iv) several compounds exhibit
high minimum defect formation energies (> 3 eV) across the entire E,,,, indicating strong

defect tolerance.
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Table S3: List of native point defects considered for each compound, organized by composition
and cation ordering. Defect calculations were performed in 3 x 3 x 2 supercells using PBEsol
geometry optimization followed by static HSEO06 electronic structure calculations in five
charge states (¢ = +2,+1,0,—1, —2).

Compound Ordering Defects Considered
AgAly5GagsSs Ordering 1 Vs, Va

AgAly5Gag5Ses Ordering I Agse, Vai, Sea
AgAly5GagsSes Ordering II Agaa, Vag, Ga;, Gayg
AgAly5GagsTe, Ordering II Alca, Agca, Ve, Gay
AgAly5Ing 5SSe Ordering 1 Ses, Sag, Alpn, Agar, Ingg, Vo, Ing
AgAly5Ing 55Se Ordering II S;, Alg, Seg

AgAlysIng 559 Ordering 1 Vo, Ing

AgAlys5Ing 5Ses Ordering I Inai, Vai, Ve, Vag, Alse
AgAlysIng 55es Ordering II Ag;, Al;, Vge
AgAlysIng5Te, Ordering II Va

AgAlSSe Ordering I Ses, Vse, Agg, Seaqy
AgAlS, Ordering 1 Vg, Alg

AgAlS, Ordering 11 Vg, Alg

AgAlSe, Ordering 1 Ve, Al;

AgAlSe, Ordering II Agge, Aly,, Alge
AgAlTe, Ordering 1 Teaq, Al;, Agy

AgAlTe, Ordering 11 Vg

Continued on next page
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Table S3 — continued from previous page

Compound Ordering Defects Considered
AgGag sIng 55, Ordering [ Ag;, Agrn, Sin

AgGag sIng 599 Ordering II Ing,

AgGag 5Ing 55e, Ordering | Ag;, Vy,

AgGag sIng 55e; Ordering II Veaa

AgGaSTe Ordering | Tega, Agre

AgGaSTe Ordering II Ga;, Agi, Tega, Vag
AgGaS, Ordering 1 Vs, Agaa, Ga;
AgGaS, Ordering II Gayg, Ags

AgGaSeTe Ordering II Agga, Gare, Teg,
AgGaSe, Ordering I Ags,

AgGaSe, Ordering II Vaa, Gase, Agse
AgInSSe Ordering 1 Agi, S, Ingg, Agse
AgInSSe Ordering II Vg

AglInSe, Ordering I Seag

AglInSe, Ordering 11 Vg

AgoBaGeSey Ordering II Agge, VBa, Vae
AgoBaSnS, Ordering I Ags,

AgoBaSnS, Ordering II Snga, Vsn, Vs
AgyCag5Cdg 5ZrSey Ordering | Zrcq, Cd;, Vea, Zri, Zrcg, Cdag

Continued on next page
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Table S3 — continued from previous page

Compound Ordering Defects Considered
AgyCag5Cdg 5ZrSey Ordering II 7r;, x50, Ve, Vod, S€ca, Sez,
AgyCaGeSSeTe, Ordering 1 Sca, Agse, Ste

Agy,CaGeSSes Ordering | Cag, Vg, Gege, Age,
AgyCaGeSSes Ordering II Ge;, Sege

Ag,CaGeS,SeTe Ordering | Cage, Geyg, Seaq, Te;
Agy,CaGeSsSeTe Ordering II Vs, Seagq

AgyCaGeS, Ordering 11 Ag;, Ge;

Agy,CaGeSey Ordering II Se;, Cage

Ag,CaSnS, Ordering 1 Agea, Sneg

Agy,CaSnS, Ordering II Cag, Snca, Vsn, Ssn, Cagn, Cayg
Ag,CdGeSy Ordering II Ved, Sag, Cdg, Geag, Agca, S;
Agy,CdGeSey Ordering I Sege, Cdag, Vag, Seaq
AgyCdGeSey Ordering II Cdge, Gege, Cd;, Agse, Cdg,
Ag,CdSnS, Ordering I Sng, Cdyg, Cd;, Sag, Ved
AgyCdSnSey Ordering 1 Vea, Sty

Ag,CdSnSey Ordering II Snyg, Sn;

AgoMgy sBag 57rSy Ordering 1 Vg, Zrpq, Mgs

AgsMgg sBag5ZrS, Ordering II Mggs, S;, Ags, Vs, Sz, Agga
AgoMgGeS, Ordering 1 Mgg

Continued on next page
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Table S3 — continued from previous page

Compound Ordering Defects Considered

AgoMgGeS, Ordering II Si, Sag

AgoMgGeSey Ordering 1 Mgge, Sege, Mgse

AgoMgGeSey Ordering II Gege, Mgse, Vae

AgoMgGeTey Ordering 1 Gere, Ge;

AgoMgGeTey Ordering II Teyaq, Ge;, Tege, Mg;

AgoMgSnS, Ordering 1 Vg, Agi, Si, Mg;

AgoMgSnSey Ordering 1 Agg,, Mgagy, Snge

AgoMgSnSey Ordering II Shag, Searg

AgoMgZrS,Se, Ordering 1 Vg, Sag, Agzr, Szr, Si, Mgg, Seaq

AgoMgZrS,Ses Ordering 11 Seg

AgySrGeS, Ordering II Sri, Sge, Vae

Ag,SrSnS, Ordering 1 Vs, Srg, Vg

AgsSrSnSey Ordering II Ags,., Se;

AgoSrZrS,SeTe Ordering 11 Zrag, Agsy, Zrse, Vs, Vge, Teg,, Sr;, Sge,
Teagy, Teyz,, Tege

AgyZnGeSy Ordering 1 Agz,

AgyZnGeSy Ordering II Vg, Agz,

AgyZnGeSey Ordering 1 Agz,, Sezn

Ags7ZnSnS, Ordering 1 Ag;, 7m;

Continued on next page
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Table S3 — continued from previous page

Compound Ordering Defects Considered
Agy7ZnSnSey Ordering I Zng,

AgsZnSnSey Ordering II Se;

Cso5Ag0.5A1 5Ing 55Se Ordering II Scs, Ves, Vs, Vag, Algs, Vi,
Csos5Ag05A10.5In0 552 Ordering 1 Alyag, Stn, Csag, Al;
Cso.5Ag05AISSe Ordering | Sear, Vai, Ages
Cso5Ago5AlSeTe Ordering 1 Alrpe, Te;, Csge
Cso5Ago5AlSeTe Ordering II Seag, Alge

Cso.5Ag0.5AlSey Ordering 1 Vi, Se;i, Vag
Cso5Ag05A1Te, Ordering 1 Csag, AL, Tecs

Cso.sAg1 s MgSnSey Ordering I Mgcs, Vg

Cso5Ag1 5sMgSnSey Ordering II Ve, Secs, Snes, Mgag
Csp.5Cup5Alp5Gag 555e Ordering 11 Cuar, Veou, Vse, Sai
Csp5Cugs5Aly 5Gag5S2 Ordering II Vaa

Cso.5Cug5AlSSe Ordering 1 Alg

Csp5Cug5AlS, Ordering 1 Csg, Alcy,

Csp5CugsAlTe, Ordering | Csay, Csre

Csp.5Cug sAlTe, Ordering II Tecw, Cure, Al;, Vai, Vou
Cs1.5Ag0.5MgSnSsSes Ordering | Si; Cssny Csarg, Agarg, Van
CsAly 5Gag 5Ses Ordering | Ve, Cs;, Se;, Gayy

Continued on next page
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Table S3 — continued from previous page

Compound Ordering Defects Considered
CsAlSeTe Ordering II Alp,

CsAlSe, Ordering I Vs, Al;

CsAlSes Ordering II Ve

CsAlTes Ordering I Cs;, Tecs, Csa

CsGaS, Ordering | Vg

CsInS, Ordering 1 Scs

CsoMgSnSey Ordering 1 Mg;, Mgg.

Cug sAgosAlg5Ing 5SSe Ordering I Alg, Sa;, Cuyy, Inge, Aly,

Cug sAgosAlg5Ing 5SSe Ordering II Vi, Cuag, Sin, Sern, Ingg
Cugs5AgosAlg5Ing 5STe Ordering 1 Vi, Alg, Scu, Cugy
Cugs5AgosAlg5Ing 55, Ordering 1 Agoy, Iny

Cugs5Ag05Al05Ing 552 Ordering II Scus Sin, Siy Cuy

Cug sAgosAlg5Ing 5Ses Ordering II Seag, Vin, Se;, Alge
CugsAgysAlSTe Ordering I Agre, Vre, Agcu, Vs, Ste, Te;
Cug sAgosAlSTe Ordering II Sai, Al;

CugsAgysAlS, Ordering I Vg, Agai, Vai
Cug5Ago5AlS, Ordering II Agai, Agi, Ags, Vou, Sag

Cug sAgosAlSeTe Ordering 1 Alg,, Cuy, Vre

Cug sAgosAlSeTe Ordering 11 Cure, Tege, Te;, Var, Agre, Alag

Continued on next page
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Table S3 — continued from previous page

Compound Ordering Defects Considered

Cug sAgo sAlSey Ordering I Ve, Cu;, Cuy;

Cug sAgosAlSey Ordering II Secu, Cuge, Cuy, Cu;, Ve, Se;

CugsAgysAlTe, Ordering I Agre, Aly,

CugsAgosAlTe, Ordering II Tey,

CugsAgosGagslng5Ss Ordering | Sin

Cup.5Ag0.5GagsIng 597 Ordering 11 Gag, Cug,

Cugs5Ag05GagsIng 5Seq Ordering 1 Agaa, Agou, Veou, Ag;

Cug 5Ago5GagsIng 55es Ordering II Agaa, Agi, Ga;, Gagy,

Cug sAgosGaSsy Ordering 1 Agaa, Scu, Cuge, Cugg

Cug sAgosGaSsy Ordering II Agg, Cug,

Cug sAgosGaSes Ordering 1 V ag, S€ga

Cug sAgsGaSes, Ordering 11 Cusge, Cuy,

Cug 5Ago.5InSy Ordering 1 In;, Cug

Cug sAgo.5InSy Ordering II Agey,

CugsAg1 5709 5Cdg5GeS3Te  Ordering 1 Cdzy, Tege, Teg, Geag, Gere, Znag, Ve,
Gecd, Vag, Cuyg, Gezy, Cdre, Scq

Cuy 5AgosBaSnS, Ordering 1 Ag;, Ags, Scu, Bag,, Bag

Cuy 5AgosBaSnS, Ordering II V4g, Cuyy, Cup,

CuAly5Gag5S2 Ordering 1 Vi, Gag, S;

Continued on next page
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Table S3 — continued from previous page

Compound Ordering Defects Considered
CuAlysGagsTes Ordering I Gare, Alre, Vou, Va
CuAlp 5Ing 5Ss Ordering 1 Scus S, Ingy,

CuAlg 5Ing 552 Ordering II Inc,

CuAlp 5Ing 5Se, Ordering 1 Veu, Sea

CuAlg 5Ing 5Se; Ordering II Vse

CuAlSTe Ordering 1 Al

CuAlSTe Ordering II Sai, Teg, Vg

CuAlS, Ordering 1 Cu;, Veou

CuAlS, Ordering II Al;, Ale,

CuAlSeTe Ordering I Alcy, Cu;, Tey
CuAlSeTe Ordering II Teg,

CuAlSe, Ordering I Cuy,, Alg,

CuAlSes Ordering II Se;, Secu, Vse
CuAlTe, Ordering 1 Cuy;

CuAlTe, Ordering II Tecw, Alcu, Veu
CuGagsIng 552 Ordering I Veus Vaas Sca, Vs
CuGag 5Ing 55, Ordering II Ing, Cu;

CuGag 5Ing 55e, Ordering II Secw, Inge

CuGaSSe Ordering II Cuga, Veu

Continued on next page
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Table S3 — continued from previous page

Compound Ordering Defects Considered
CuGaSTe Ordering 1 Ga;, Cug, Cu;, Vro
CuGaS, Ordering 1 Cugq, Gag

CuGaS, Ordering II Vg

CuGaSeTe Ordering I Te;, Garp,

CuGaSeTe Ordering II Secw, Cure, Teqy, Gage, Vou
CuGaSes Ordering 1 Secw,

CulnSSe Ordering II Sse, Secu

CulnS, Ordering I Cu;

CulnS, Ordering II Incy,

CulnSes Ordering 1 Secw

CulnSe, Ordering II Cur,

CuyBaGeS, Ordering I S;

CusBaSng 9571 7554
CuyBaSng 57rg 554
CusBaSng 75712554
CuyBaZrSsSes
CuyBaZrS,
CuyBaZrSy

CuyBaZrSey

Ordering 11
Ordering II
Ordering 11
Ordering 11
Ordering 1
Ordering 11

Ordering 11

Bas, Zl"gn, Basn, CU.S
Visn, Sgn

ch, Zl"Ba, CU.S, Bagn
ZI‘SB, ZI‘Ba, CUZT

SZT7 SCu

ZrBa, VBa, Si

BaZra BaCu

Continued on next page
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Table S3 — continued from previous page

Compound Ordering Defects Considered
CuyCaGeSy Ordering II Scu, Vs, S;

CuyCaGeSey Ordering II Cuge, Cage

CusCaSnS, Ordering II Vea, Cug

CuyCdGeSyTe, Ordering II Teg, Veg, Cug, Vg
CusCdGeSy Ordering II Vg

CuyCdGeSey Ordering 11 Vg

CuyCdSnSsSes Ordering 1 Sse, Sng., Cd;, Segs,,, Secq
CuyCdSnSsSes Ordering II Cdg,, Cugy,

CuyCdSnSy Ordering 1 Ssn, Cu;, Cucy, Scu
Cu,CdSnSey Ordering 1 Veu, Cdgn, Secq, Sn;
CusMgy5Cag55nSy Ordering 1 Mgcw, Vsn

CuysMg5Cag 5SnS, Ordering II Mgcq, Cag, Vgp

CusMgy 5Cag 55nSey Ordering II Cuge, Cacy, Mgow, Sney, Se;
CuaMgg 5Sr0.5ZrSey Ordering I Mgcw, Srew

CusMgq 5510 5Z1rSey Ordering II Mg;, Srz., Mg,
CusMgGeSy Ordering | Sarg, Cunrg, Mg;
CusMgGeSy Ordering II Cuy, S;, Mg;, Gegy, Mgey,
CusMgGeSey Ordering | Veu, Cuge, Vae, Sege
CusMgGeTey Ordering II Tege, Veu

Continued on next page
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Table S3 — continued from previous page

Compound Ordering Defects Considered

CusMgSnSSes Ordering 1 S;, Cuge, Mgsn, Scu, Mg;, Secy, Cugy,

CusMgSnSTes Ordering II Ssn, Mgre, Tecu, Si, Von, Vs

CusMgSnS,Ses Ordering | Vs, Ssn, Mgse, Cug

CusMgSnS,Ses Ordering II Mgs, Sgn, Mg;, Vg

CusMgSnS3Se Ordering I Cuge, Sn;, Vg, Sncy,

CusMgSnS3Se Ordering II S;, Cuge, Mgg, Cug

CusMgSnS, Ordering 1 Sirgs Scu

CusMgSnS, Ordering II Veu, Scu

CusMgSnSey Ordering 1 Secu, Sesn, Cu;

CusMgSnSey Ordering II Mgcw, Secu, Vg

CusMgZrTey Ordering 1 Cuz,

CusMgZrTey Ordering II Mg;, Vre, Tez,, Mgz,

CuySrGeS, Ordering 1 Cug

CuySrGeS, Ordering II Vs, Sae, Gecu, Cug,, Scu

CuySrGeSey Ordering II Secu, Cu;

CusSrSnS, Ordering II Srg

CuyZnGeSsSeTe Ordering 1 Te;, Sge, Tese, Gege, Tezn, Sezn, Vzn,
Cure

CuyZnGeS, Ordering I Geg

Continued on next page
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Table S3 — continued from previous page

Compound

Ordering

Defects Considered

Cllg ZDG€S€4

CUQ ZDSHQ,% Zl"0,75 Sg Se2

CusZnSng 957107554
CuyZnSng 5Zrg 59525¢€5
CuyZnSng 5Zrg 595925¢€;
CuyZnSng 5Zrg 594
CuyZnSng 57Zrg 594
CuyZnSng 571 55¢4

CUQZI’ISH()_5ZI"Q_5S€4

Cllg ZHSH0‘75 ZI‘O.25 82 Seg

CuyZnSng 75710 2554
CuaZnSng 752192554
CuyZnSng 757210 255€4
CuyZnSng 757rg.255€4
CuyZnSnS,Ses
CusZnSnSs,Se,
CuyZnSnSy
CueZnSnSy

CuyZnSnSey

Ordering II
Ordering 11
Ordering 11
Ordering 1
Ordering 11
Ordering 1
Ordering 11
Ordering 1
Ordering 11
Ordering 1
Ordering 1
Ordering II
Ordering 1
Ordering II
Ordering 1
Ordering 11
Ordering 1
Ordering 11

Ordering 1

VSe

Sle, Szn, Snzn, Sge
Van SZn

SHZT, Sle, Vs, ZI’CU

ZrS’ru Si7 ZrCuu VZ’F

SZT‘? VCm ZnSn7 VSn7 VZr

Zri7 ZnS’ru ZrCu

SeSm VSna SnCua vSe; CuZm SnZn

SeZn

ZnCu; ZHS€7 vCu; SZn
Cug, Zrz,

Cuz-, SIlZn

CuZna VZn

Snz,, Sez,

ane, Sezn, Cus8
Sse, Se5n, Vsn, Cu,;
ZHS, Sns, Szn, CuZn
ZnSna ZnCu) SnCu) vC’u

Cui ) SnSe ) SnCu

Continued on next page
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Table S3 — continued from previous page

Compound Ordering Defects Considered
CuyZnSnSey Ordering II Ve, Snge

CuyZnZrS,Se, Ordering 1 Se;, Secw,

CuyZnZrS, Ordering | Cuz,

CuyZnZrS, Ordering II 0y, Vs, Szn, In;, Scu, Irs
CusZnZrSey Ordering | /rg,

CuyZnZrSey Ordering 11 Ve, Sezn, Secu
Kos5Ago5Alg5GagsSTe Ordering 1 Teg, Sa;, Gay,

Ko5Ago5Alg5Ing 599 Ordering 1 Sai, Alg, Alg

Ko 5AgosAlSTe Ordering 1 Sag, Agr, Al;, Alpe, St
Ko5Ago5AlSTe Ordering II Sai, Vg

Ko 5Ago5AlSy Ordering 1 Aly,

Kos5AgosAlSeTe Ordering I Kre, Alpe, Alag, Teas, Vi, Te;, Tege, Sere
Ko s5AgosAlSeTe Ordering II Seaq

Ko5AgsAlSe; Ordering I Agay

Ko5Ag5AlSes Ordering II Vi, Vag, Vse

Kos5AgosAlTe, Ordering | Ki, Alyg, Teg

Ko 5Agos5AlTey Ordering II Teg, Ag;, Va

Ko5Ag05Gag 5Ing 55Se Ordering 1 Ing, Kg, In;, Gage, Agse, Serm, S
Ko5Ag05GaS, Ordering | Ags, Vg, Sk

Continued on next page
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Table S3 — continued from previous page

Compound Ordering Defects Considered
Ko5Ago5GaS, Ordering II Saa, Kaa, Vi, K;

Ko sAg 5S5r7ZrSy Ordering 1 Sr;, Ag;, Zrg

KosAgy 55r7rS, Ordering II Ssr, Agg

Ko 5Cs05Al05GagsSTe Ordering I Csk, Vi, Sk, Tea;, Csre, Teg
Ko.5Csp.5A1p 5109 555¢ Ordering 1 Ve, Csin, Ki, Sin, Sse
Ko.5Cso.5Alp 5Ing 55Se Ordering II K;, Ka;, Kg, Csay, Cs;, Vge, Ingg
Ko.5Csp.5A1Ses Ordering 1 K;, Alg.

Ko.5Csg5AlTes Ordering I Alr,

Ko.5Csg.5AlTe, Ordering II Csk, K;

Ko 5CsAgysMgGeSey Ordering 1 Vs, Sege, Csag, Gecs, Mg;
Ko5Cup5AgCdGeSy Ordering II Cug, Cd;, Cdag, Vs, Kge

Ko.5Cup5AgMgg 5Zng 5 GeSey

K0'5 CUO.5AgMg0,5 ZHO,5 GeSe4

Ordering |

Ordering 11

Gege, Mgzn, Gecy, Cunrg, Mgk, Sea,

KAg7 SeGev MgKa ZnC’u

Ko.5Cug5Aly5GagsSSe Ordering I Alg, Ga;, Seqq, Gag, Alge
Ko.5Cug5Aly 5Gag5SSe Ordering II Vg, Cuge, Alge, Gag, Sga, Secu
Ko.5Cugs5Aly 5Gag.sS2 Ordering II Gay, Cuyy, Ka
Ko.5Cug5Aly5GagsSeTe Ordering 1 Gacu, Vaa, Kaa, Tese, Teqa, Tea;
Ko5Cug5Aly 5Gag55es Ordering 1 Kse, Vse, ALy, Alg,
Ko5Cug5Aly5GagsSes Ordering II Kse, Vou, Secu, Sex, Ga;, Seq

Continued on next page
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Table S3 — continued from previous page

Compound Ordering Defects Considered
Ko5Cug5Alg5Ing 55, Ordering [ K, Aloy, Ing, Ing,
Ko.5Cug5Alp 5Ing 552 Ordering II Sai, Cug

Ko.5Cug5AlSs Ordering | Al;, Alg, Kg, Sk, Kcu
Ko 5Cug5AlSy Ordering II Kg, S;

Ko5Cug5AlSes Ordering 1 Ve, Vi, Vou, Kse, Secu, Vai, Alge
Ko 5Cugs5AlSes Ordering II Kew, Vai, Veu

Ko 5CugsAlTe, Ordering 1 Alre, Teg, Veou
Ko5CugsAlTe, Ordering II Cure, Kow, Teg

Ko 5Cup5GaSs Ordering 1 Cu;

Ko.5Cug5GaS, Ordering II Veu, Cug

Ko 5Cu; 5ZnGeSy Ordering II ey, Scu
Ko5CuAgysCdZrS, Ordering I Cdg, K;, Ags, Veag, Cug,

Ko.5CuAgysMgp 5Cag 5515,

Ordering 11

Ko 5RbgsAgMgg 57Zng 5GeS3Te Ordering 1

Ko5RbgsAgMgg 5Zng 5GeSes” Ordering 1

Ko.5Rbo s AgMgGeS,

Ordering 1

SC’U7 nga MgC’aa Ca‘Sa KC’ua Cai, KSa CuK7
vC’u

Vi, Rb;, Vg, Zng, Rbg, Tege, Gerp, Mgzp,
GeKa Mgza GeZny Zni

Zni7 R'bS& ZHK7 Seia TeKa VK7 Gei

Agi7 SM97 SAg7 GeKa AgK7 Gei: KS; RbZa
Genrg, Karg, Vre, Ky, Mgy

Continued on next page
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Table S3 — continued from previous page

Compound Ordering Defects Considered
Ko5RbosAgMgGeS, Ordering II Vi, Vae, Mgk

Ko 5Rbo5AgZnGeS, Ordering 1 Szn, Ges, Agge, Rbz,, Ky,
Ko5RbosAgZnGeS, Ordering II Agg, Ag;, Rbag, Srs, Kge
Ko sRbgs5Alg5GagsSes Ordering II Ga;, Se;, Seqq

Ko5Rbg 5A1S, Ordering | S;

Ko sRbgsAlSeTe Ordering 1 Alg, Teg, Alse, Ve
Ko5RbgsAlSeTe Ordering II Rba;, Ka;, Ve

Ko.5Rbg 5AlSes Ordering 1 Alge

Ko 5Rbg 5AlSe; Ordering II Ser, Algy

Ko5RbgsAlTes Ordering I Vi, Kgy, Algy

Ko 5RbgsAlTe, Ordering II Rb 4

Ko.5Rbo.5Cs.5A80.5MgSnSey

Ko.5Rbo.5Cso.5AgosMgZrS,

Ko.5Rbg5Cs.5Ag0sMgZrS,

Ko.5Rbo.5Cs0.5A805MgZrSey

Ko.5Rbo.5Cs0.5A805MgZrSey

Ordering I

Ordering 1

Ordering 11

Ordering 1

Ordering II

Sany Mngu VMg7 RbCS7 RbSTIJ CSMg7 Rbl;
SHK, CSRb) KMg7 VSTH AgMga SeSna Rnga

AgSnu SeCs
8087 Rbg, Mgi, AgMg, RbK, CSl’, Rbcs

K57 SAg7 AgRb7 KM97 sza Ki7 VS: AgKa

SM97 VMg7 er
RbKa ZrCsa VZ’I") Zng7 Mme RbSe

Vse, Secs, SGZT, CSAQ, Rng, RbAg, AgRb

Continued on next page




Table S3 — continued from previous page

Compound Ordering Defects Considered

Ko5Rbo5Csp5A805ZnGeS,  Ordering 1 Vg, Zm;, Geyay, Rb;, Agz,, Geg, Rbg,
Agge, Vs

Ko5Rbo5Csp5A805ZnGeS,  Ordering 11 Rbz,, Ge;, Gegy, Agr, Zncs, Csg

Ko sRbg5CsZnZrS, Ordering 1 7n;, Csg, Rbk, Ves, Kes, Vi, Vi, Kz,

Ko5Rbg 5CugsAgosMgGeS, Ordering 11 Mgg, Geay, Cunrg, Cung, Vi, Mgrs, Rby,
Ks

Ko sRbg5CuZnZrS, Ordering 1 Vi, Rbcw, Cug, Rbz,, Zng,

Ko5Rbg5CuZnZrS, Ordering II Veu, Rbs, Ve, Sre, K

Ko sRbgsGaSe, Ordering 1 Gag, Rbg

Linear Correlation between Elemental Features and Target Proper-
ties

Each compound in the dataset is represented by a 50-dimensional feature vector composed of
48 elemental descriptors and 2 ordering indicators. The elemental descriptors are constructed
from 12 fundamental elemental properties evaluated for the A, B, C, and X crystallographic
sites using composition-weighted averages. Two additional binary features encode the cation
ordering type (Table . Using this representation, we computed Pearson correlation
coefficients between each descriptor and the target properties €opticai, AHdecomp, Egap, and
SLME. For clarity, only the most strongly correlated descriptors are discussed here. The
dielectric constant €,picq is dominated by X-site properties, particularly the X-site heat of
fusion, melting point, ionic radius, electronegativity, and heat of vaporization, confirming

the central role of anion chemistry. In contrast, AHgecomp is primarily governed by C-site
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properties, with the C-site boiling point, heat of vaporization, electronegativity, melting
point, and ionic radius showing the strongest correlations. The bandgap Ey,, shows strong
negative correlations with several A-site thermochemical descriptors (heat of vaporization,
boiling point, heat of fusion, and melting point) and with the X-site atomic weight, reflecting
the systematic reduction of E,4,, with heavier and more weakly bound ions. Finally, SLME
correlates most strongly with A-site properties, particularly the A-site ionization energy,
electronegativity, melting point, heat of vaporization, and heat of fusion, while the A-site
ionic radius shows a notable negative correlation. Overall, these trends reveal a clear site-wise
chemical control of €,,ticqr TeSPONSE, stability, E,,,, and photovoltaic efficiency, motivating
the subsequent ML modeling.

Table S4: Full correlation table for Dielectric Constant, Decomposition Energy, Bandgap,
and SLME.

Dielectric Const Decomp Bandgap SLME
Feature Corr Feature Corr Feature Corr Feature Corr
XHeat_fusion 0.509 Cgp 0.596  Apeat vap -0.492  Ajon Energy 0.359
Xup 0.507  Cheat_vap 0.590 Agp -0.492  Agiectronegativity ~ 0-359
Xlon_rad 0.507  Cglectronegativity  ~0-529  AHeat_fusion -0.491  Anp 0.358
XElectronegativity -0.501  Cyp 0.526  Ayp -0.489  AHeat_vap 0.357
XHeat vap 0.499 Cronraq 0.484 XAt wt -0.482  Apeat_fusion 0.356
Ageat _vap 0.496  Cperiod 0.370  Xperiod -0.482  Agp 0.356
Agp 0.495  Ajonraa 0.330  XAt_num -0.482  Agjecaft 0.356
Xpp 0.493 Cglecaft -0.314  Xion_Energy 0.481  Apensity 0.352

Continued on next page
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Table S4 — continued from previous page

Dielectric Const Decomp Bandgap SLME
Feature Corr Feature Corr Feature Corr Feature Corr
AHeat_fusion 0.493  Aneat_vap -0.303 Xgp -0.481  Ajonrad -0.311
Xion_Energy -0.492  App -0.302  Agiectronegativity -0-481  Xpensity 0.276
Anmp 0.490  Aron Energy -0.297  Xglec Aff 0.481 Xglec Aft -0.267
X At_wt 0.485  Afeat_fusion -0.295  Alon_Energy -0.480  Xperiod 0.263
Alon_Energy 0.484 Ayp -0.291  Xiteatvap 20479 Xatoum 0.263
XPperiod 0.483  Agiectronegativity -0-280  Agiec as -0.474 Xt wt 0.262
X At_num 0.483  Agiecaf -0.270  Xpensity -0.472  Xion_Energy -0.257
Agiectronegativity ~ 0-480  Apensity -0.249  Xion rad -0.471 Xgp 0.256
XElec Aff -0.476  Xperiod 0.241 Xyp -0.471  XHeat_vap 0.250
Aglec A 0.473 XAt num 0.241  Apensity -0.469  Xion rad 0.235
Apensity 0.460 X a¢ wt 0.241  Xfeat_fusion -0.461 Xyp 0.234
XDensity 0.446 XEglecAft -0.241  Aqonrad 0.427  XHeat_fusion 0.222
Aton rad -0.445  Xion Energy -0.241  Xgiectronegativity 0425 Xglectronegativity -0.184
BElectronegativity ~ 0.215  Xpp 0.241  Bion Energy -0.303  Bion_Energy 0.157
Bup -0.206  Xpeat_vap 0.240  Bgiectronegativity -0.290  Bgp -0.143
Bion Energy 0.204 Xpensity 0.238 Bup 0.271 Bgilectronegativity ~ 0.127
BDensity 0.202 Bpiectronegativiey  -0-235  Bpensity -0.265 Ordering I 0.107

Continued on next page
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Table S4 — continued from previous page

Dielectric Const Decomp Bandgap SLME
Feature Corr Feature Corr Feature Corr Feature Corr
Bglec_aft 0.151  Xionrad 0.235  Cglectronegativity -0.261  Ordering I -0.107
BHeat_fusion -0.145  Xyup 0.235  Cheat_vap 0.247  Bionrad -0.105
Bion_rad -0.131 Bionrad 0.232 Cyp 0.247 Bwup -0.101
Bgp -0.126  Xgeat_fusion 0.230 Cgp 0.242  Bpensity 0.095
Aperiod -0.123 Bwyp 0.221  Cglecaf -0.225  BHeat vap -0.095
Cwmp -0.091  Byeat_vap -0.213 Bgp 0.217  Catwe 0.086
CHeat vap -0.087  XEiectronegativity -0-211  BHeat_fusion 0.198  Catnum 0.084
Cpp -0.087  Aperiod 0.194  Bion rad 0.190  Cpensity 0.075
Chlectronegativity ~ 0-084  Cpensity 0.185 Ordering I 0.169  Breat_fusion -0.070
BHeat vap -0.063 Ordering II 0.170  Ordering II -0.169  CglecAf 0.066
Chlec_Aft 0.058 Ordering I -0.170  Bglecaft -0.162  Bperiod -0.063
Clon_rad -0.044 Bglecaft -0.141  Cronrad 0.151  Aa¢num 0.063
Catwt 0.042  Cion_Energy -0.128  Cion_Energy -0.140  Aperioa -0.056
CAtnum 0.039 Bgp -0.121  Byeat_vap 0.131 Cyp -0.056
CHeat_fusion -0.038  Aat wt 0.120 Cat wt -0.119  Chglectronegativity ~ 0-053
BAtnum 0.037  Catnum 0.115  Catnum -0.110  Cperioa 0.053
Cpensity 0.033  Bperiod 0.114  Aa¢num -0.087  Aptwt 0.049

Continued on next page
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Table S4 — continued from previous page

Dielectric Const Decomp Bandgap SLME
Feature Corr Feature Corr Feature Corr Feature Corr
Batwt 0.030  Bpeat_fusion 0.110  Cpensity -0.080  Ceat vap -0.044
Cion_Energy 0.026 A At num 0.108  Cheat_fusion 0.070  Cion_Energy 0.041
A At num 0.023  CHeat_fusion 0.093  Aatwe -0.069 Cgp -0.040
Ordering 11 -0.019  Bpensity -0.093  Aperiod 0.065  Cyeat_fusion -0.040
Ordering 1 0.019 Cat_wt 0.091  Bperiod 0.048 Bat wt -0.030
Bperiod -0.018  Bat_num 0.051  Batnum -0.030  Bat_num -0.027
Cperiod -0.005 Bt wt 0.049  Cperioa 0.021 Bglecast 0.014
Antwe 0.003  Bion_Energy -0.036  Bat wt -0.021  Cionrad 0.004
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