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Ternary metal halides based on Cu(I) and Ag(I) have attracted intensive attention in optoelectronic applications due
to their excellent luminescent properties, low toxicity, and robust stability. While the self-trapped excitons (STEs) emission
mechanisms of Cu(I) halides are well understood, the STEs in Ag(I) halides remain less thoroughly explored. This study
explores the STE emission efficiency within the A2AgX3 (A=Rb, Cs; X =Cl, Br, I) system by identifying three distinct STE
states in each material and calculating their configuration coordinate diagrams. We find that the STE emission efficiency
in this system is mainly determined by STE stability and influenced by self-trapping and quenching barriers. Moreover,
we investigate the impact of structural compactness on emission efficiency and find that the excessive electron–phonon
coupling in this system can be reduced by increasing the structural compactness. The atomic packing factor is identified as
a low-cost and effective descriptor for predicting STE emission efficiency in both Cs2AgX3 and Rb2AgX3 systems. These
findings can deepen our understanding of STE behavior in metal halide materials and offer valuable insights for the design
of efficient STE luminescent materials. The datasets presented in this paper are openly available in Science Data Bank at
https://doi.org/10.57760/sciencedb.12094.

Keywords: self-trapped exciton, Ag-based ternary halides, configuration coordinate diagrams, emission effi-
ciency
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1. Introduction
All inorganic ternary metal halides based on monova-

lent ions of the IB elements, i.e., Cu(I) and Ag(I), are
noted for their superior luminescent properties, low tox-
icity, cost-effectiveness, and high stability, making them
prominent in optoelectronic applications.[1–6] Among them,
Cu(I) halides, forming 1D or 0D structures, exhibit highly
efficient self-trapped exciton (STE) luminescence, suitable
for light-emitting diodes (LEDs) and ray detection.[7–14]

Though Ag(I) halides generally have lower emission effi-
ciency than Cu(I) halides, they offer stronger compositional
modulation of luminescence properties and broader spec-
tral coverage.[3,4] Additionally, Ag(I) halides exhibit supe-
rior stability due to better oxidation resistance, which is cru-
cial for applications.[15–17] Ag(I) ternary metal halides, form-
ing 2D or 1D structures, can be classified into CsAgX2,[3,17]

CsAg2I3,[18] and A2AgX3.[3,4,19] Among them, the A2AgX3

(A = Rb, Cs; X = Cl, Br, I) system with 1D structures, as
shown in Figs. 1(a) and 1(b), stands out for its flexible com-
position and adjustable luminescence, covering nearly the en-
tire visible spectrum from violet to red.[3–6,15,16,20,21] In single
crystals of such materials, fast decay time in the nanosecond
range and minimal self-absorption due to large Stokes shifts
are commonly found, making them excellent for x-ray de-

tection, especially when doped with small amounts of Cu(I)
ions.[5,6,15,22,23]

However, despite a broader spectral range and abundant
luminescence modulation methods, the atomistic understand-
ing of STEs in Ag(I) halides remains insufficient. Kumar et al.
investigated the composition-dependent luminescence proper-
ties of the A2AgX3 system and calculated the STE excitation
and luminescence energies.[4] They found significant discrep-
ancies with experimental measurements and attributed the lu-
minescence source to defect-bound excitons (DBEs). Zhang
et al. conducted theoretical calculations of STE and DBE in
Rb2AgBr3, finding the STE localized within a [AgBr4] tetra-
hedron with an Ag atom distorted perpendicular to the 1D
chain, while the Br vacancy DBE exhibited an excited-state
structure with two closely approached Ag atoms.[5] Their STE
calculations also diverged significantly from experimental re-
sults. In Cu(I) halides CsCu2X3 (X =Cl, Br, I), which also fea-
ture a 1D structure, Du identified three distinct STE states for
each material and explained the luminescence energy redshift
trend from CsCu2Cl3 to CsCu2I3.[24] This suggests a poten-
tially rich STE landscape in 1D metal halides, which remains
unexplored in Ag(I) halides.

Another important yet complex question is why differ-
ent metal halides exhibit varying photoluminescence quantum
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yield (PLQY). For instance, in 1D Ag(I) halides, Rb2AgCl3
has a PLQY of 60%,[6] whereas Rb2AgI3 has less than 1%.[4]

Understanding and predicting STE emission efficiency are
complex as it requires not only an accurate description of the
STE state but also consideration of the competition with other
recombination processes, including non-radiative and free ex-
citon (FE) recombination. There are experimental techniques,
such as applying pressure, that can regulate the STE emis-
sion efficiency and provide deeper insights.[25–29] The one-
dimensional configuration coordinate diagram (CCD) is an
effective theoretical framework for describing the lumines-
cence process of localized states.[30] It depicts the variation
of ground-state and excited-state energies along the deforma-
tion path between the ground-state and excited-state equilib-
rium positions. A typical CCD of STE includes three potential
energy surfaces (PESs): the ground state, the FE state, and
the STE state, as illustrated in Fig. 1(c). After identifying the
stable or metastable STE state, the three key energies, FE en-
ergy (Efree), STE energy (ESTE), and the ground-state energy
corresponding to the deformed STE structure (Edeform), can
be obtained, allowing for the calculation of excitation energy
(Eexc = Efree), emission energy (EPL = ESTE − Edeform), and
self-trapping energy (Etrap = Efree − ESTE). The energies of
intersection points between PESs are critical for understand-
ing transitions between different states. They determine the
energy barriers for the transition processes between states,
namely, the self-trapping barrier (Ebarrier = Etrans −Efree) for
the transition from FE to STE and the luminescence quenching
barrier (Equench = Ecross − ESTE) for the non-radiative return
from STE to the ground state through the PESs crossing point.
The rates of these processes critically affect the efficiency of
STE emission. A lower self-trapping barrier (Ebarrier) favors
the formation of the STE state and enhances the emission ef-
ficiency, while a higher quenching barrier (Equench) inhibits
non-radiative recombination and improves the STE emission

as well.[31,32]

However, relevant studies are still limited for metal
halide materials. CCD calculations for low-dimensional
Cu(I) halides such as Cs3Cu2I5

[33] and CsCu2I3
[34] have

revealed very low or even non-existent self-trapping bar-
riers, explaining their high emission efficiency. Besides,
CCD calculations for different STE states in 2D hybrid per-
ovskites have explained the origin of STE luminescence[35]

and the phenomenon of pressure-induced enhancement of STE
emissions.[28] Yet, no studies have rationalized the differ-
ences in emission efficiency across various materials based on
CCDs. In this study, we explore the origin of varying STE
emission efficiencies in the A2AgX3 (A = Rb, Cs; X = Cl,
Br, I) system by identifying three unique STEs in each ma-
terial and calculating their CCDs. We find that the emission
efficiencies are primarily determined by STE stability and are
significantly influenced by self-trapping and quenching barri-
ers. Rb2AgCl3 is identified as having the highest STE emis-
sion efficiency, consistent with experimental results. Addi-
tionally, by examining the structural compactness, we explain
the composition-dependent emission efficiency trends in the
Cs2AgX3 and Rb2AgX3 systems. Our study shows that the ex-
cessive electron–phonon coupling strength in 1D Ag(I) halides
can be reduced by more compact structures, leading to bet-
ter emission efficiency. We identify the atomic packing fac-
tor as a low-cost, effective descriptor for emission efficiency
in Cs2AgX3 and Rb2AgX3. These findings reveal the com-
plex STE landscape in A2AgX3 materials and demonstrate the
effectiveness of CCD-based analysis for understanding STE
emission efficiency, offering a pathway for designing novel,
efficient STE luminescent materials. The identification of the
packing factor as a key descriptor provides a new perspective
for understanding and optimizing STE emission efficiency in
metal halide materials.
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Fig. 1. The 1D crystal structure of A2AgX3 (A = Rb, Cs; X = Cl, Br, I) and illustration of STE-CCD. (a) The unit cell viewed from b axis.
(b) The X-atom-shared 1D Ag–X atomic chain. Some X atoms are labeled XI or XII, depending on whether they have one or two coordinating
atoms. (c) Schematic of the one-dimensional CCD of STE. The crossing points of the FE-PES and STE-PES, STE-PES and GS-PES are marked
by yellow triangle and star, respectively.
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2. Computational method
The constrained density functional theory method[36] to-

gether with hybrid PBE0 functional,[37,38] which has 25%
non-local Fock exchange, is used to study STEs in this work.
All calculations were performed under the projector aug-
mented wave (PAW) potential framework implemented in the
Vienna Ab initio Simulation Package code.[39,40] A kinetic en-
ergy cutoff of 400 eV was used for the plane-wave basis. The
1× 3× 1 supercell with 72 atoms was used in STE calcula-
tions, and lattice parameters were fixed to the experimental
values. One gamma point was adopted for the Brillouin zone
sampling in STE calculations. Residual forces on atoms con-
verged below 0.01 eV/Å in all ground- and excited-state struc-
ture relaxations. The electronic self-consistent field calcula-
tions converged with a criterion of 10−5 eV/atom. The exci-
ton binding energies were calculated by ∆Eb = E (GS)+Eg −
E(exciton), where E (GS) and E(exciton) are the total ener-
gies of the ground state and the free exciton state, respectively,
and Eg is the band gap. The atomic packing factor was cal-
culated by summing the volumes of the atoms within the unit
cell and dividing by the volume of the unit cell. The atomic
volumes were determined using empirical atomic radii as mea-
sured by Slater.[41]

3. Results and discussion
The 1D crystal structure of A2AgX3 (A = Rb, Cs; X = Cl,

Br, I) is illustrated in Fig. 1(a). In this structure, Ag atoms form
tetrahedra with four coordinating halogen atoms, creating a
1D chain by sharing vertices between two tetrahedra. This
arrangement allows only two X atoms in each Ag–X tetrahe-
dron to bond with two Ag atoms, while the other two X atoms
bond with only one Ag atom. Within one unit cell, the ratio of
singly-coordinated XI atoms to doubly-coordinated XII atoms
is 2:1. This loose connection makes the structure prone to dis-
tortions and renders the Ag–X bonds of the singly-coordinated
X atoms highly susceptible to stretching and rotation due to the
lack of additional coordination. The proximity of Ag–X chains
allows for potential interactions during excited-state structural
distortions as well.

Under the PBE functional, these materials exhibit similar
electronic structures (Figs. S1 and S2 in supplementary ma-
terial). The valence band comprises both flat, non-dispersive
bands and dispersive bands, indicating charge localization be-
tween 1D chains and delocalization within 1D chains. The
density of states (DOS) results (Figs. S1 and S2) show that the
valence bands are primarily composed of Ag d orbitals and
halogen p orbitals, which differs with Cu(I) halides where Cu
d orbitals dominate the valence band edge. The conduction
band is mainly derived from Ag s orbitals and halogen p or-
bitals, with a dominance of Ag s orbitals. The DOS shape of

Ag s orbitals and halogen p orbitals in the conduction band
is consistent, reflecting the strong coupling between these or-
bitals. Four of the six compounds have direct band gaps at
the Γ point, except for Rb2AgBr3 and Rb2AgI3, which have
indirect band gaps only 0.01 eV smaller than the direct gaps
at the Γ point. The PBE band gaps range from 2.62 eV to
3.09 eV, decreasing with the increasing atomic number of the
halogens and increasing with the atomic number of the alkali
metals. Using the PBE0 hybrid functional, the band gap in-
creases by 1.8 eV to 2.2 eV, depending on the halogen species.
Specific band gap values are listed in Table S1 of the supple-
mentary material. By comparing the band gaps (free carrier
energies) and energies of the free exciton states, both obtained
using the PBE0 functional, we determined the exciton bind-
ing energies in the A2AgX3 system, which range from 0.63 eV
to 0.78 eV, as shown in Table S2 of the supplementary mate-
rial. These relatively large exciton binding energies indicate
that free carriers in this system will spontaneously form ex-
citons and are unaffected by thermal fluctuations. The strong
Coulomb interaction responsible for this behavior arises from
the dimensional confinement of band-edge electrons in the 1D
structure, which restricts the spatial distribution of free carriers
and promotes exciton formation.

The ground-state electronic structure of the A2AgX3 can
be summarized by noting that the valence band edge consists
of Ag d and X p orbitals, while the conduction band edge con-
sists of Ag s and X p orbitals. Upon excitation, the excited
electrons predominantly occupy the Ag s orbitals, and holes
occupy the halogen p orbitals. This causes the excited-state
electrons to repel the X− ions and holes repel the Ag+ ions, re-
sulting in Ag–X bond elongation, which is the dominant form
of structural distortion of the STE in 1D Ag(I) halides. The
absence of additional bonding constraints makes Ag–XI bonds
with 1-coordinated halogen atoms more prone to deformation.
Due to the hole occupation of p orbitals, XI atoms may come
close to neighboring halogen or Ag atoms to form new X–X
or X–Ag bonds, enhancing p–p or p–d hybridization and re-
ducing system energy. These two deformation forms, noted as
STE1 and STE2, were successfully identified in all six com-
pounds. Figures 2(a) and 2(b) show the partial charge densities
of excited-state electron and hole wave functions in STE1 and
STE2 of Cs2AgBr3, with results for other materials in supple-
mentary material Figs. S3–S7. In STE1, one Ag–XI bond elon-
gates, allowing the XI atom to approach another XI atom in a
neighboring chain, forming a halogen atom pair. The excited-
state electron is mainly distributed in the Ag s orbitals of the
elongated Ag–XI bond, while the hole is primarily located on
the two adjacent halogen atoms and the Ag d orbitals of the
neighboring chain. In STE2, the Ag–XI bond elongates and
breaks, bringing the XI atom close to the Ag atom of the ad-
jacent chain, forming a new Ag–X bond. The excited-state
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electrons in STE2 are mainly on the Ag atom that loses the X
atom, while the holes are on the d orbitals of the Ag atom that
gains the X atom and on the p orbitals of its ligand halogen
atom.

In Cu(I) halides, the primary STE distortion involves two
neighboring Cu atoms coming close and forming new Cu–Cu
bonds. In 1D Ag(I) halides, the larger interatomic distance be-
tween Ag atoms makes it harder for two Ag atoms to approach.
However, although this distortion pathway is not the primary
mode for STEs in Ag(I) halides, a similar STE state, referred
to as STE3, can still be identified in all six compounds. Fig-
ure 2(c) shows STE3 in Cs2AgBr3, where two Ag atoms in the
same chain approach, repelling the XII atom bonded to both
Ag atoms and elongating the two Ag–XII bonds. This repelled
XII atom may form a halogen atom pair with an XI atom on a
neighboring atomic chain, especially with Br or I, as shown in
Fig. 2(c) and supplementary material Figs. S4(c), S6(c), and
S7(c). However, if the halogen is Cl, as in Cs2AgCl3 and
Rb2AgCl3, STE3 will not affect neighboring chains, confin-
ing structural distortions and excited-state holes to a single
atomic chain, as shown in supplementary material Figs. S3(c)
and S5(c).

By interpolating between and on both sides of the pris-

tine and STE deformed structures and calculating the ground
and excited-state energies, we obtain first-principles CCDs for
all 16 STE states in the six compounds, as shown in Fig. 3.
These CCDs include the same elements as in Fig. 3, includ-
ing clearly distinguished FE states and STE states, along with
the corresponding transition barriers. Due to computational
limitations, we cannot determine the exact intersection of the
STE state and the ground state in all CCDs. However, these
intersections can be predicted by fitting a harmonic PES func-
tion using data points to the right of the STE state, as shown
in Fig. S8 in the supplementary material. An important ob-
servation is that the self-trapping energy (Etrap) of the 16 STE
states varies significantly, with many STE states showing neg-
ative Etrap values, indicating their compromised stability. In
Fig. 3, we compare the same type of STEs in three materials,
Cs2AgX3 (X =Cl, Br, I) and Rb2AgX3 (X =Cl, Br, I), to high-
light the effect of halogen variation on STEs. It is evident that
as the halogen atomic number increases, the degree of struc-
tural distortion increases, reflected by the rise in ∆Q. This
occurs because as the halogen atomic number increases, the
Ag–X bond lengths become longer and the bonding weakens,
making the structure more prone to deformation.
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Fig. 2. Partial charge densities of the electron and hole wavefunctions for (a) STE1, (b) STE2, and (c) STE3 in Cs2AgBr3, viewed along the a
and b axes, with isosurface level set to 0.0008.
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Fig. 3. The calculated CCDs of [(a) and (d)] STE1, [(b) and (e)] STE2 and [(c) and (f)] STE3 in A2AgX3 (A = Rb, Cs; X = Cl, Br, I).

We summarize all the ∆Q data in Fig. 4(a) and find that,
in addition to a significant increase with the halogen atomic
number, there is also a trend of increasing ∆Q with the atomic
number of the A-site for the same STE species. This is because
a higher atomic number at the A-site increases the atomic vol-
ume and cell size, providing more free space within the cell,
which enhances the STE distortions. The ∆Q relationship
between different STE species depends on the A-site atomic
species: STE1 distortions are larger than STE2 distortions in
the same material when A=Cs (except for Cs2AgI3, where the
two STEs are nearly equally distorted), and vice versa when
A = Rb. STE3 is the most distorted STE species in all materi-
als because two Ag atoms are involved in the distortion.

All the excitation and emission energies are summarized
in Fig. 4(b). The excitation energies show a significant red-
shift with increasing halogen atomic number, consistent with
the redshift observed in the bandgap. The emission energies of
different STE species exhibit varying trends: STE1 and STE2
show a slight blue shift or oscillation with increasing halogen
atomic number, while STE3 shows a redshift trend. Notably,
the STE3 emission energy changes abruptly when the halogen
changes from Cl to other halogens, due to the expansion of the
STE distortion from a single atomic chain to two neighboring
chains.

We also summarize the available experimental spectro-
scopic results for the six compounds and label the transition
energies in Fig. 4(b) and Table S3 of the supplementary mate-
rial. Overall, the calculated transition energies agree well with
the experimental values. The excitation energies match the ex-
perimental values and show an identical trend. For emission

energies, Cs2AgI3 has three experimental measurements with
significant differences, and their distribution aligns with the
calculated emission energies of the three STEs, suggesting the
possibility that all three STEs contribute to the luminescence
in this material. For the other five materials, STE2 is the STE
species with emission energies that most closely match the ex-
perimental values. In the Rb2AgX3 (X = Cl, Br, I) system, the
emission energies of STE2 precisely match the trend observed
in the experimental values, indicating that STE2 may be the
primary STE species in these materials.

Until now, the origin of the different emission efficien-
cies exhibited in the six materials remains unknown. We sum-
marize the PLQY data for the six materials found in the lit-
erature in Table 1. This data shows that only three mate-
rials, Cs2AgCl3, Rb2AgCl3, and Rb2AgBr3, have measured
PLQYs greater than 25%, with the highest value being 60%
for Rb2AgCl3. In contrast, the maximum PLQY in the other
materials did not exceed 21%, with Rb2AgI3 having a PLQY
of only 0.37%.

Table 1. PLQY data of A2AgX3 (A = Rb, Cs; X = Cl, Br, I) from
experiment measurements.

Compound PLQY (%)

Cs2AgCl3 28.46,[42] 20,[17] 17[3]

Cs2AgBr3 21,[3] 6.37,[4] 1.97[16]

Cs2AgI3 14.41,[4] 4.28,[20] < 1[22]

Rb2AgCl3 60,[6] 47.87[15]

Rb2AgBr3 27,[5] 21.3,[21] 13.9,[23] 1.52[4]

Rb2AgI3 0.37[4]
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To elucidate the underlying causes of the significant dif-

ferences in emission efficiency, we compared the self-trapping
energy (Etrap), self-trapping potential barrier (Ebarrier), and
quenching potential barrier (Equench) for all STE states across
the six materials, as summarized in Fig. 5. Due to the broad
range of Equench values and the absence of intersections for
certain STE states, we presented the reciprocal of the quench-
ing potential barriers (E−1

quench) in Fig. 5(a), setting E−1
quench to

0 for STE states lacking intersections. These three parame-
ters, i.e., Etrap, Ebarrier, and Equench, are related to the stability,
formability, and quenching probability for emissions of the
STE states, respectively, all of which critically influence the
emission efficiency. Firstly, as shown in Fig. 5(c), most STE
states in these 1D Ag halides have negative self-trapping en-
ergies, indicating that they are generally unstable. Only STE2
and STE3 in Cs2AgCl3, Rb2AgCl3, Rb2AgBr3, and STE1 in
Rb2AgI3 have positive self-trapping energies, meaning that
they are more stable than the FE state. Regarding the Ebarrier,
as shown in Fig. 5(b), it is generally inversely proportional to
the self-trapping energy, indicating that more stable STE states
often have lower formation potential barriers. All stable STE
states have Ebarriers below 0.4 eV. For the E−1

quench, as shown in
Fig. 5(a), stable STE states also have lower E−1

quench values (less
than 0.3 eV−1), indicating higher quenching potential barri-
ers, except for STE1 in Rb2AgI3. Ultimately, STE2 and STE3
in Cs2AgCl3, Rb2AgCl3, and Rb2AgBr3 are identified to have
better emission efficiencies, aligning with those having experi-
mental PLQYs greater than 25%. Among them, Rb2AgCl3 has
the lowest self-trapping barrier, explaining its highest emission
efficiency. These results demonstrate that STE emission effi-
ciency in 1D Ag halides can be effectively understood based
on complete CCD results from first-principles calculations.

While the CCD provides predictive insights for the STE
emission efficiency, it cannot be directly linked to compo-
sitional changes in 1D Ag halides. However, experimental
results reveal a negative correlation between PLQY and the
atomic number of the halogens in both Cs2AgX3 (X = Cl, Br,
I) and Rb2AgX3 (X = Cl, Br, I) systems, and understanding
this intriguing trend could enhance our insight into STE lu-
minescence. In Fig. 4(a), we observed a clear linear rela-
tionship between ∆Q and halogen composition, with ∆Q in-
creasing linearly as the halogen atomic number rises. This
finding prompted us to investigate the connection between ∆Q
and emission efficiency. In Fig. 6(a), we plotted the average
∆Q values of the three STEs for each material (∆Qavr) against
the maximum values of experimentally measured PLQY. We
found a strong linear negative correlation between PLQY and
∆Qavr in both the Cs2AgX3 and Rb2AgX3 systems. This sug-
gests that in these two material systems, the excited-state
structural deformation, which is linked to electron–phonon
coupling, is excessive, so that the reduced ∆Q can help alle-
viate this issue and improve the efficiency. The dependence
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of ∆Q on halogen composition can be attributed to smaller
halogen atoms creating more compact structures with stronger
bonding, thus reducing deformation. To support this idea,
we further explored the relationship between the atomic pack-
ing factor and ∆Qavr, as shown in Fig. 6(b). A clear nega-
tive linear relationship between the packing factor and ∆Qavr

was observed, confirming that changes in halogen composi-
tion can influence excited-state structural deformation by af-
fecting structural compactness. We then examined the re-
lationship between the packing factor and PLQY, as shown
in Fig. 6(c), which reveals a strong positive linear relation-
ship in both systems. By summarizing the relationships in
Fig. 6, we propose the following mechanism for the composi-
tional dependent trend of STE emission efficiency in 1D Ag(I)
halides. Both Cs2AgX3 and Rb2AgX3 systems generally have
loose structures and high electron–phonon coupling strengths,

leading to significant excited-state structural deformation and
reduced emission efficiency (compared to Cu(I) halides). In
this context, smaller halogen atoms result in more compact
structures (as reflected by the packing factors) and stronger
bonding, which reduces the excited-state structural deforma-
tion and enhances the emission efficiency. Notably, we found a
perfect positive linear relationship between the packing factor
and emission efficiency in both Cs2AgX3 and Rb2AgX3 sys-
tems, which is remarkable because the packing factor can be
obtained directly from experimentally measured crystal struc-
tures without the need for excited-state or even ground-state
first-principles calculations. These findings suggest that the
packing factor may serve as an effective and low-cost de-
scriptor for STE emission efficiency in metal halide materials,
though further validation in additional material systems is still
required.
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Fig. 6. Trend of compositional dependent STE emission efficiency in 1D Ag halides and its correlation with excited-state structural deforma-
tion and ground-state atomic packing factor. (a) ∆Qavr versus experimentally measured PLQY maxima; (b) stacking factor versus ∆Qavr, and
(c) stacking factor versus experimentally measured PLQY maxima.

4. Conclusion

In this study, we investigated the factors influencing STE
emission efficiency in the A2AgX3 (A = Rb, Cs; X = Cl, Br, I)
system. By identifying three distinct STE states in each ma-
terial and calculating CCDs, we explored the differences in
emission efficiency by examining STE stability, self-trapping,
and quenching barriers. Additionally, our study highlighted
the significant impact of structural compactness on emission
efficiency. We demonstrated that excessive electron–phonon
coupling, a common issue in 1D Ag(I) halides, can be miti-
gated by increasing structural compactness, thereby enhancing
emission efficiency. The atomic packing factor emerged as a
low-cost and effective descriptor for STE emission efficiency
in this system, offering a novel perspective on understanding
STEs in metal halide materials. These findings deepen our
understanding of emission efficiency in metal halides and pro-
vide valuable insights for optimizing and designing new high-
performance STE-based luminescent materials.
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