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Fig. S1 Visualization of GGA+U DFT data—(a) Cation (In) vs anion(S) defect rich formation energy, (b) +2/+1 vs +1/0 and (c) 0/-1 vs
-1/-2 defect levels.

Fig. S2 (a) DFT optimized vs unoptimized defect formation energy (DFE) (b) Distribution of DFE difference (DFT optimized – DFT
unoptimized) for SACs.
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Fig. S3 DFE of all the native defects in ZIS as a function of EF using HSE06 functional under S-rich conditions. The lowest energy
donor and acceptor are depicted with solid line.

Fig. S4 Comparison of defect levels between DFT calculations and experimental observations for various (a) binary zinc blende (ZB)
semiconductors and (b) transition metal dichalcogenide (TMDC) semiconductors. Collected from prior literature52,53. Permission to
reuse Fig. S4(a) has been obtained from Elsevier.

∆µSc +2∆µS = ∆H(ScS2)

∆µTi +2∆µS = ∆H(TiS2)

∆µV +2∆µS = ∆H(VS2)

∆µCr +2∆µS = ∆H(CrS2)

∆µMn +2∆µS = ∆H(MnS2)

∆µFe +∆µS = ∆H(FeS)

∆µCo +2∆µS = ∆H(CoS2)

∆µNi +2∆µS = ∆H(NiS2)

∆µCu +∆µS = ∆H(CuS)
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Fig. S5 (a) Snapshots of the crystal structure of Ybi (green color) in ZIS during AIMD simulations at 300 K. (b) Energy profile during
the AIMD simulation. (c) Normalized vibrational density of states (VDOS) for Ybi in ZIS.

∆µY +∆µS = ∆H(YS)

∆µZr +∆µS = ∆H(ZrS)

∆µNb +3∆µS = ∆H(NbS3)

∆µMo +2∆µS = ∆H(MoS2)

∆µTc +2∆µS = ∆H(TcS2)

∆µRu +2∆µS = ∆H(RuS2)

∆µRh +2∆µS = ∆H(RhS2)

∆µPd +2∆µS = ∆H(PdS2)

2∆µAg +∆µS = ∆H(Ag2S)

∆µCd +∆µS = ∆H(CdS)

∆µLa +∆µS = ∆H(LaS)

∆µCe +∆µS = ∆H(CeS)

∆µPr +∆µS = ∆H(PrS)

∆µNd +∆µS = ∆H(NdS)

∆µPm +∆µS = ∆H(PmS)

∆µSm +∆µS = ∆H(SmS)

∆µEu +∆µS = ∆H(EuS)

∆µGd +∆µS = ∆H(GdS)

∆µTb +∆µS = ∆H(TbS)

∆µDy +∆µS = ∆H(DyS)

∆µHo +∆µS = ∆H(HoS)

∆µEr +∆µS = ∆H(ErS)

∆µTm +∆µS = ∆H(TmS)

∆µYb +∆µS = ∆H(YbS)

∆µLu +∆µS = ∆H(LuS)

2∆µHf +∆µS = ∆H(Hf2S)

3∆µTa +2∆µS = ∆H(Ta3S2)

∆µW +2∆µS = ∆H(WS2)
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Fig. S6 (a) Diffusion profile of Ybi SAC in ZIS simulated through DFT, (b) DFT calculated migration energy barrier of the same SAC
as a function of migration coordinate, (c) cluster of Ybi (quadruple) SACs in ZIS, (d) defect formation energy of single, double, triple,
and quadruple SACs. Color scheme: In (Pink), Zn (Silver), S (Yellow), and Yb (Cyan). .

∆µRe +2∆µS = ∆H(ReS2)

∆µOs +2∆µS = ∆H(OsS2)

∆µIr +2∆µS = ∆H(IrS2)

∆µPt +2∆µS = ∆H(PtS2)

2∆µAu +∆µS = ∆H(Au2S)

∆µHg +∆µS = ∆H(HgS)
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Table SI Gibbs Free Energy of SACs

Defects Gibbs Free Energy (eV)

ScIn 2.06
TiIn 0.61
CoIn 0.50
YIn 2.14
ZrIn 0.37
CdIn 0.64
LaIn 2.20
CeIn 1.31
PrIn 2.18
NdIn 2.18
PmIn 2.16
SmIn 2.16
EuIn 0.63
GdIn 2.14
TbIn 2.14
DyIn 2.13
HoIn 2.12
ErIn 2.12
TmIn 2.11
YbIn 1.06
LuIn 2.10
HfIn 0.32
TaIn 0.30
HgIn 0.91
ScZn 0.97
MnZn 1.04
NiZn 0.49
YZn 0.92
TcZn 0.17
CdZn 2.27
LaZn 0.81
CeZn 0.85
PrZn 0.83
NdZn 0.86
PmZn 0.89
SmZn 0.90
EuZn 2.20
GdZn 0.92
TbZn 3.37
DyZn 3.37
HoZn 3.37
ErZn 0.94
TmZn 0.95
YbZn 2.20
LuZn 0.95
HgZn 2.20
AgS 3.08
AuS 0.19
Cui 0.95
Yi 0.91
Agi 2.81
Lai 0.20
Ndi 6.42
Eui 0.24
Gdi 0.65
Tmi 0.93
Ybi 0.07
Hfi 1.12
Aui 0.30
Hgi 0.93
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