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SPECIAL TOPIC — Artificial intelligence and smart materials innovation: From fundamentals to applications
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Nitride antiperovskites have recently been theoretically identified as promising optoelectronic materials, yet their
chemical space remains largely unexplored. Here, we employ a high-throughput first-principles screening workflow to
systematically investigate the X3BA antiperovskite family. Six candidates that exhibit both structural and dynamical sta-
bility together with desirable bandgaps are identified. Electronic-structure calculations reveal that the alkaline-earth-based
compounds (e.g., Ca3AsSb, Sr3AsSb, Ba3AsSb) not only possess suitable direct bandgaps and strong optical absorption,
but also exhibit favorable ambipolar carrier mobilities and low exciton binding energies (< 45 meV). Notably, Sr3AsSb and
Ba3AsSb are predicted to achieve theoretical maximum power-conversion efficiencies of 28.1% and 29.4%, respectively.
Finally, an interpretable machine-learning model demonstrates that the electronegativity of the A-site anion is the single
most influential descriptor governing bandgap trends across the chemical space. This work establishes a data-driven design
heuristic and provides a predictive framework for the accelerated discovery of efficient and stable antiperovskite-based
optoelectronic materials.

Keywords: antiperovskite, physical properties, first-principles calculations, interpretable machine learning
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1. Introduction
In recent years, halide perovskite semiconductors have

attracted tremendous research interest in optoelectronics due
to their tunable direct bandgaps,[1–3] high optical absorp-
tion coefficients,[4] and long carrier diffusion lengths and
lifetimes.[5,6] Since the first report of a modest 3.8% power-
conversion efficiency in 2009,[7] perovskite solar cells have
undergone remarkable progress, with efficiencies now ap-
proaching 27%.[8] Their low-temperature solution process-
ability, mechanical flexibility, and seamless heterojunction in-
tegration further highlight their potential for next-generation
cost-effective optoelectronic technologies.[9]

Despite these advances, perovskite materials remain in-
trinsically prone to hydrolytic, oxidative, and thermal degra-
dation, which continues to limit their long-term stability
and device reliability.[10–13] To address these challenges, re-
searchers have explored diverse engineering strategies. Be-
yond compositional tuning, external stimuli have emerged as
powerful tools for modulating physical properties.[14] These
methods, together with structural–compositional approaches

such as two-dimensional/three-dimensional heterostructure
design,[15,16] interface passivation,[17] and defect control,[18]

have shown promise in significantly improving the stability
of perovskites under moisture-, thermal-, and light-induced
stress. More recently, an innovative ion-type inversion strat-
egy has attracted growing attention, in which the cation
and anion sites of perovskite structures are interchanged to
yield antiperovskites.[19–21] These antiperovskites retain the
cubic symmetry and three-dimensional framework character-
istic of typical perovskites, while exhibiting superior com-
positional tunability and rich structural polymorphism.[22,23]

These features offer promising opportunities to design antiper-
ovskite candidates with optimized optoelectronic performance
through rational compositional engineering.

In this work, we employed high-throughput first-
principles screening to explore elemental combinations across
a wide range of antiperovskite compounds. Key descriptors,
including tolerance factors, electronic bandgaps, phase stabil-
ity (energy differences), and phonon spectra, were system-
atically evaluated, leading to the identification of six struc-
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turally robust candidates: Cs3OCl, Cs3SI, Rb3ClTe, Ca3AsSb,
Sr3AsSb, and Ba3AsSb. These materials were further char-
acterized in terms of their electronic band structures, carrier
mobilities, exciton binding energies, optical absorption spec-
tra, and theoretical maximum photovoltaic efficiencies. More-
over, interpretable machine-learning analysis revealed that the
electronegativity of the A-site anion serves as the dominant
factor controlling the bandgap in cubic X3BA antiperovskites.

2. Computation details
All calculations were carried out using the Vienna

ab initio simulation package (VASP) with the projector-
augmented-wave (PAW) method.[24,25] The Perdew–Burke–
Ernzerhof (PBE) exchange–correlation functional within the
generalized-gradient approximation (GGA)[26] was employed
for geometry optimizations. A plane-wave cutoff energy of
550 eV and a k-point mesh density of 2π × 0.02 Å−1 were
used. Structural convergence was achieved when the to-
tal energy variation was less than 10−6 eV and the residual
atomic forces were below 0.02 eV·Å−1. To obtain more accu-
rate electronic structures and bandgaps, the Heyd–Scuseria–
Ernzerhof hybrid functional (HSE06)[27] was adopted. Spin–
orbit coupling (SOC) was included to account for relativistic
effects, which are particularly pronounced in heavy-element
systems.[28] Phonon dispersions were computed using density-
functional perturbation theory (DFPT) with 2 × 2 × 2 su-
percells, and the resulting data were post-processed using
the SUMO package.[29] To assess dynamical stability at fi-
nite temperatures and include anharmonic effects, the phonon
spectrum at 300 K was additionally calculated using the
temperature-dependent effective potential (TDEP) code.[30]

The required force–displacement data for this method were
generated from ab initio molecular dynamics (AIMD) sim-
ulations carried out in the canonical (NVT) ensemble. Car-
rier mobility calculations were performed at 300 K using the
ab initio scattering and transport code (AMSET),[31] with a
31×23×33 k-point grid employed for all computations. This
code explicitly incorporates three major scattering processes
within the Boltzmann transport framework: acoustic deforma-
tion potential (ADP) scattering from lattice vibrations; polar
optical phonon (POP) scattering driven by long-range electro-
static interactions; and ionized impurity (IMP) scattering in-
duced by charged defects.[31] Electronic and optical properties
were further analyzed with VASPKIT.[32] The exciton binding
energy (Eb) was evaluated using the Wannier–Mott model

Eb = Ry
µ∗

ε2
r
, (1)

where Ry = 13.606 eV is the atomic Rydberg energy, and the
reduced exciton mass µ∗ is defined as 1/µ∗ = 1/mh + 1/me.

The optical absorption coefficient α (ω) was derived from the
frequency-dependent dielectric function using the expression

α (ω) =

√
2ω

c

(√
ε2

1 + ε2
2 − ε1

) 1
2
, (2)

where ε1(ω) and ε2(ω) denote the real and imaginary parts
of the dielectric function, respectively, and ω is the optical
frequency. Data processing and machine-learning workflows
were carried out in Python.[33] Gradient-boosting models were
constructed using the XGBoost library,[34] and model inter-
pretability was obtained using the SHapley additive exPlana-
tions (SHAP) framework.[35]

3. Results and discussion
3.1. High-throughput screening workflow

We focus on antiperovskite compounds with the general
formula X3BA, obtained by interchanging the anionic and
cationic species at the X, B, and A sites relative to conven-
tional perovskites.[21] The elemental selection criteria used in
the screening process are presented in Fig. 1(a). For the X
site, alkali metals with a +1 oxidation state (e.g., Li, Na)
and alkaline-earth metals with a +2 oxidation state (e.g., Mg,
Ca) were considered. The choice of the B- and A-site ele-
ments was guided by compositions commonly reported for an-
tiperovskite compounds,[36–41] ensuring charge neutrality and
structural feasibility of the resulting compounds.

Fig. 1. (a) Periodic table locations of the X-, B-, and A-site elements
considered in the X3BA antiperovskite chemical space. (b) Schematic
overview of the high-throughput screening workflow, including tolerance-
factor filtering, bandgap evaluation, dynamical-stability assessment, and
electronic-structure analysis. (c) Illustration of the structural transforma-
tion from the ideal high-symmetry cubic phase (Pm-3m) to a thermody-
namically favored low-symmetry distorted phase.

A high-throughput computational workflow was then es-
tablished to identify antiperovskite phases that are both struc-
turally and dynamically stable and possess potentially suit-
able bandgaps for optoelectronic applications, as illustrated in
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Fig. 1(b). As the first structural-stability filter, we applied the
Goldschmidt tolerance factor t,[42] defined as t = rA+rX√

2(rB+rX)
,

where r denotes the effective Shannon ionic radius of each
species.[43] Owing to its simplicity and predictive utility, the
tolerance factor has been widely adopted as a stability descrip-
tor in perovskite systems;[42,44,45] its applicability has also
been extended to antiperovskites.[45] In this work, compounds
satisfying the empirical stability window of 0.65≤ t ≤ 1.1[46]

were retained. Subsequently, bandgaps were screened based
on the Shockley–Queisser (SQ) efficiency limit, which indi-
cates that high-performance photovoltaic absorbers typically
exhibit bandgaps in the range of 1.1–1.55 eV.[47] To mitigate
the well-known bandgap underestimation of PBE, PBE+SOC
calculations were employed, and a preliminary selection win-
dow of 0.3–1.0 eV was adopted to ensure that the HSE06-
corrected bandgaps would reasonably fall within the SQ op-
timal range.

To further evaluate phase stability, we defined Ediff =

EPm-3m−E as the energy difference between the ideal cubic
phase (EPm-3m) and distorted structural variants (E). Struc-
tures with Ediff <−38 meV/atom were retained (see Figs. S1–

S3). This threshold is consistent with widely used heuristics in
high-throughput materials screening, since many experimen-
tally synthesizable metastable compounds are found within
similar energy windows above the convex hull.[48,49] Finally,
phonon dispersion calculations were performed to confirm
dynamical stability (Fig. 1(c)). Six dynamically stable an-
tiperovskite compounds were identified: Ca3AsSb, Sr3AsSb,
Ba3AsSb, Cs3OCl, Cs3SI, and Rb3ClTe. All six adopt the
orthorhombic Pnma space group. Notably, the small imagi-
nary modes observed in the phonon spectrum of Cs3OCl near
the Γ and U points are attributed to numerical artifacts inher-
ent to density functional theory (DFT) calculations rather than
any intrinsic dynamical instability (see Fig. S4).[50] To further
validate the stability of these materials at room temperature,
we performed anharmonic phonon calculations at 300 K for
the representative candidate Ba3AsSb. As shown in Fig. S5,
the resulting spectrum exhibits no imaginary frequencies, con-
firming its dynamical stability at typical photovoltaic operat-
ing temperatures and thus strengthening the reliability of our
screening results.
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Fig. 2. Band structures (upper panel) and distributions of transition dipole moments (lower panel) for six antiperovskite materials, calculated
using HSE06+SOC. The materials shown correspond to (a) Ca3AsSb, (b) Sr3AsSb, (c) Ba3AsSb, (d) Cs3OCl, (e) Cs3SI, and (f) Rb3ClTe.
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3.2. Electronic band structures and density of states

To assess the electronic properties of the six selected
antiperovskite compounds, their band structures were calcu-
lated using the HSE06 + SOC method. The corresponding
bandgap values are summarized in Table 1. Overall, the three
compounds containing alkaline-earth metals at the X site ex-
hibit smaller bandgaps than those incorporating alkali-metal
cations. In particular, Sr3AsSb and Ba3AsSb show bandgaps
of 1.351 eV and 1.315 eV, respectively, which lie within
the optimal photovoltaic window suggested by the Shockley–
Queisser limit (1.1–1.55 eV). These results indicate that both
materials may be promising candidates for photovoltaic appli-
cations.

Figure 2 shows the band structures and the correspond-
ing transition-dipole matrix elements for the six compounds
under study, all of which are found to be direct-gap semi-
conductors with both the valence-band maximum (VBM) and
the conduction-band minimum (CBM) located at the Γ point.
A systematic trend observed across our dataset is that alkali-

metal-based compounds consistently exhibit wider bandgaps
than their alkaline-earth-based counterparts. The origin of this
phenomenon can be rationalized by the interplay between ion-
icity and covalency, which is governed by two key factors ac-
cording to established orbital-interaction theory:[36–38,41,50–52]

(i) the initial energy separation (∆ ) between the frontier or-
bitals, as dictated by their electronegativity difference, and
(ii) the covalent hybridization strength (V ). In the alkali-
metal-based systems, the large electronegativity difference re-
sults in a substantial ∆ , which suppresses covalent hybridiza-
tion and leads to an ionicity-driven wide bandgap, where a
deeply stabilized VBM and a high-lying localized CBM dom-
inate. Conversely, the smaller electronegativity difference
in the alkaline-earth-based systems allows for strong cova-
lent hybridization, particularly the p–d hybridization between
cation d and anion p orbitals, which significantly lowers the
energy of the antibonding CBM and results in a narrower,
covalency-driven bandgap.
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Fig. 3. Projected density of states (PDOS) of (a) Ca3AsSb, (b) Sr3AsSb, (c) Ba3AsSb, (d) Cs3OCl, (e) Cs3SI, and (f) Rb3ClTe.

The PDOS results in Fig. 3 further support this mecha-
nism. In the alkali-metal systems, the PDOS exhibits sharp,
localized, atomic-like peaks at the band edges, while the
alkaline-earth systems display broad, highly overlapping con-
tinuous states, which are clear indicators of weak and strong
hybridization, respectively. Notably, an interesting chemi-
cal trend also emerges within the alkaline-earth family. The
bandgap of Ca3AsSb (1.619 eV) is significantly larger than
those of Sr3AsSb and Ba3AsSb. Our projected band-structure
analysis suggests that this is primarily due to the progressive

lowering of the cation d-orbital energies from Ca-3d to Sr-4d
to Ba-5d, which enhances the p–d hybridization in Sr3AsSb
and Ba3AsSb. This stronger hybridization lowers their CBM,
ultimately resulting in a reduced bandgap.

3.3. Carrier mobility and exciton binding energy

We further evaluated the carrier-transport properties by
performing first-principles calculations of both electron (n-
type) and hole (p-type) mobilities in the six candidate mate-
rials. As shown in Fig. 4, all compounds exhibit strong po-
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tential for efficient charge transport. In the intrinsic or lightly
doped regime (carrier concentration < 1016 cm−3), electron
mobilities generally exceed 100 cm2·V−1·s−1, with particu-
larly high values observed in the alkaline-earth-based systems.
In this regime, mobility is predominantly limited by polar op-
tical phonon (POP) scattering, a characteristic feature of polar
semiconductors in which conduction electrons strongly couple

to macroscopic polarization fields associated with longitudi-
nal optical phonons.[53,54] These Fröhlich interactions lead to
polaron formation, thereby reducing carrier mobility. As the
carrier concentration increases into the heavily doped regime
(> 1018 cm−3), ionized-impurity IMP scattering becomes the
dominant mechanism, resulting in a pronounced decrease in
mobility.
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Fig. 4. Carrier mobility as a function of doping concentration for n-type antiperovskites at 300 K for the six materials calculated based on
DFT, including (a) Ca3AsSb, (b) Sr3AsSb, (c) Ba3AsSb, (d) Cs3OCl, (e) Cs3SI, and (f) Rb3ClTe. The purple, light blue, green, and red curves
represent the total mobility, IMP scattering, ADP scattering, and POP scattering, respectively.

In contrast to the consistently high electron mobili-
ties, the hole-transport properties (Fig. 5) exhibit pronounced
material-dependent behavior and a substantially broader per-
formance spread, reflecting a more intricate set of governing
physical mechanisms. The alkaline-earth-based compounds
(Figs. 5(a)–5(c)) maintain relatively high hole mobilities, with
values comparable to their electron counterparts. Consistent
with the n-type behavior, POP scattering remains the dominant
mobility-limiting mechanism, and the mobility decreases sys-
tematically with increasing hole effective mass from Ca3AsSb
to Ba3AsSb (see Table 1). However, the alkali-metal-based
materials (Figs. 5(d)–5(f)) display markedly different behav-
ior. For Cs3SI and Rb3ClTe, the hole mobilities are extremely

low (< 1 cm2·V−1·s−1), indicative of poor p-type conduc-
tivity. This originates from their exceptionally flat valence-
band maxima, which result in very large hole effective masses
(mh = 1.160 m0 and 3.680 m0, respectively).

The most notable outlier is Cs3OCl (Fig. 5(d)). Despite
having one of the largest hole effective masses among all can-
didates (mh≈ 3.034 m0), it unexpectedly maintains a moderate
mobility of∼ 10 cm2·V−1·s−1. Analysis of the scattering con-
tributions elucidates the origin of this behavior: in Cs3OCl,
the dominant mobility-limiting mechanism shifts from POP
scattering to ADP scattering, with POP scattering strongly
suppressed. This suppression is attributed to its exception-
ally large static dielectric constant (εst ≈ 82, see Table 1),
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which provides substantial dielectric screening and signifi-
cantly weakens the long-range Coulomb interactions between
charge carriers and longitudinal optical phonons. As a result,
the POP scattering strength is reduced by nearly an order of
magnitude, effectively mitigating the detrimental influence of

the large effective mass and preserving a non-negligible level
of hole mobility. These observations highlight a potential de-
sign principle: enhancing dielectric screening may serve as an
effective strategy to counteract large carrier effective masses
in antiperovskites.
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Fig. 5. Hole mobility as a function of doping concentration for p-type antiperovskites at 300 K for the six materials calculated based on DFT,
including (a) Ca3AsSb, (b) Sr3AsSb, (c) Ba3AsSb, (d) Cs3OCl, (e) Cs3SI, and (f) Rb3ClTe. The purple, light blue, green, and red curves represent
the total mobility, IMP scattering, ADP scattering, and POP scattering, respectively.

Table 1. Static dielectric constants (εpoly
st ) including both electronic (εpoly

∞ ) and ionic contributions (εpoly
ion ), bandgaps calculated using HSE06+

SOC, average hole and electron effective masses, exciton binding energies (Eb) estimated by the Wannier–Mott model, and maximum predicted
photovoltaic efficiencies (ηmax, %) of 2 µm thin films computed via the spectroscopic limited maximum efficiency (SLME) method for six
antiperovskite materials.

Compounds a (Å) b (Å) c (Å) α = β = γ (◦) ∠B–X–B (◦) ε
poly
ion ε

poly
∞ ε

poly
st Eg mh me Eb (meV) ηmax

Ca3AsSb 7.980 10.733 7.541 90 142.828 9.175 9.439 18.614 1.619 0.449 0.646 42 24.0
Sr3AsSb 8.473 11.373 7.949 90 141.610 8.204 9.008 17.212 1.351 0.499 0.163 22 28.1
Ba3AsSb 8.991 12.014 8.362 90 140.497 9.595 9.220 18.815 1.315 0.838 0.200 27 29.4
Cs3OCl 8.346 11.441 7.900 90 148.055 78.790 3.188 81.978 1.717 3.034 0.381 433 21.8
Cs3SI 9.531 13.009 9.084 90 146.469 5.003 3.020 8.024 2.075 1.160 0.410 456 17.0

Rb3ClTe 9.296 12.003 8.349 90 141.212 3.922 3.331 7.253 2.310 3.680 0.325 374 13.8

The exciton binding energies for all six antiperovskites,
evaluated via the Wannier–Mott model based on the cal-
culated effective masses and static dielectric constants, are
summarized in Table 1. The results reveal that, owing to

their relatively large hole effective masses, the alkali-metal-
based antiperovskites generally exhibit higher exciton binding
energies compared to their alkaline-earth-metal-based coun-
terparts. Notably, Sr3AsSb and Ba3AsSb possess optimal
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bandgaps alongside exciton binding energies of 22 meV and
27 meV, respectively. These relatively low binding ener-
gies imply facilitated exciton dissociation, which is advanta-
geous for improving charge-carrier transport efficiency in pho-
tovoltaic applications.

3.4. Photovoltaic properties

In addition to suitable bandgaps and charge-carrier effec-
tive masses, strong visible-light absorption is an indispens-
able property for solar-cell absorber materials. Using the
HSE06+SOC method, the absorption coefficients of six an-
tiperovskite materials were computed, with results presented
in Fig. 6(a). The absorption onset closely aligns with the
bandgap values of the respective materials. As photon en-
ergy increases, the absorption coefficient rapidly rises, reach-
ing approximately 104 cm−1 within a range of ∼ 0.44 eV.
At this point, the absorption growth of alkali-metal-based an-
tiperovskites begins to plateau, whereas that of alkaline-earth-
metal-based materials continues to increase, ultimately ex-
ceeding 105 cm−1 within ∼ 0.37 eV before leveling off. No-
tably, the alkaline-earth-metal-based antiperovskites demon-
strate significantly superior absorption performance compared
to their alkali-metal-based counterparts, primarily due to their
more favorable direct bandgaps. Furthermore, the strong
optical transitions at the Γ point between the valence-band
maximum and conduction-band minimum, characterized by
transition-dipole moments P2 > 50 Debye2, further facilitate
effective photon excitation and enhance their light-absorption
capabilities.
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Fig. 6. (a) Absorption spectra of the six materials calculated using the
HSE06+SOC method; (b) SLME as a function of thin-film thickness for
the six candidate antiperovskites.

The photovoltaic performance of the materials was ul-
timately assessed using the SLME method.[55] By integrat-
ing optical absorption properties with bandgap characteristics,
SLME offers a systematic and comprehensive theoretical ap-
proach for the screening and evaluation of emerging photo-
voltaic materials. Figure 6(b) illustrates the variation of SLME
as a function of thin-film thickness for the six antiperovskite
compounds. Notably, at a film thickness of 2 µm, Sr3AsSb and
Ba3AsSb exhibit SLME values of 28.1% and 29.4%, respec-
tively, indicating their promising potential as absorber materi-

als for solar cells. This is primarily attributed to their optimal
bandgaps and excellent visible-light absorption capabilities.

3.5. Key bandgap descriptors identified by interpretable
machine learning

To identify the key factors governing the bandgaps (Eg)
of X3BA-type antiperovskites, we developed and trained
an interpretable machine-learning model using PBE + SOC
bandgaps computed for 114 compounds obtained from our
high-throughput screening. It is noted that the present screen-
ing set comprises only cubic X3BA antiperovskites; mixed-
halide, chalcogenide, and vacancy-ordered variants were not
considered due to the limited availability of reliable structural
and electronic data in existing databases. A consistency check
was performed by comparing PBE+SOC and HSE06+SOC
bandgaps for a representative subset of materials (Fig. S6),
which confirmed that both approaches yield similar trends.
This agreement supports the use of PBE+SOC data for sub-
sequent interpretability analysis to infer bandgap-driving fea-
tures. To represent the compositional characteristics of each
material, atomic descriptors including electronegativity, cova-
lent radius, and polarizability were assigned to each crystal-
lographic site. Statistical metrics such as extrema, standard
deviation, and variance were then computed, yielding a 24-
dimensional feature vector per compound. Pearson correla-
tion analysis was carried out to select the ten features most
strongly correlated with the bandgap for input into the model.
As shown in Fig. 7(a), electronegativity-related descriptors ex-
hibit the strongest correlation with Eg, consistent with chemi-
cal intuition and prior theoretical understanding.

Subsequently, the robustness of the selected descriptors
was further evaluated using uniform manifold approxima-
tion and projection (UMAP) for dimensionality reduction.[56]

As shown in Fig. 7(b), compounds with similar Eg values
form well-separated clusters in the UMAP embedding space.
Density-based clustering via the DBSCAN algorithm[57] re-
veals seven major clusters, each containing more than ten sam-
ples (highlighted in gray). The consistent color distribution
within individual clusters indicates that materials grouped to-
gether exhibit comparable bandgaps, thereby validating the
discriminative capability and physical relevance of the se-
lected descriptors for capturing bandgap trends in antiper-
ovskites.

In our preliminary model assessment, we compared sev-
eral representative regression algorithms, including linear re-
gression, random forest, and XGBoost. XGBoost was ulti-
mately selected due to its superior performance in five-fold
cross-validation, consistently achieving the highest coefficient
of determination (R2) and the lowest mean absolute error
(MAE). The model hyperparameters were then optimized us-
ing Bayesian optimization, with the R2 on the training set used
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as the evaluation metric, which led to a clear improvement in
performance. A comparison of the parity plots before and after
tuning is shown in Fig. S7, and the corresponding numerical
results are listed in Table S1. Model evaluation was conducted
using a standard 80/20 train-test split. As shown in Fig. 8(a),
the parity plot between the predicted and calculated Eg val-

ues reveals that the data points for both the training and test
sets lie close to the ideal diagonal line. The optimized model
achieves an R2 of 0.97, demonstrating its strong predictive ca-
pability and indicating that XGBoost effectively captures the
underlying correlations between the selected descriptors and
the bandgap.
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Fig. 7. (a) Pearson correlation matrix between the selected features and Eg; (b) dimensionality reduction of the selected features using the
UMAP method followed by clustering analysis based on the DBSCAN algorithm[56] (gray regions indicate clusters). The color of each data
point corresponds to the magnitude of Eg.

σr

Mean(|SHAP value|)

Fig. 8. (a) Parity plot comparing PBE+SOC-calculated Eg with XGBoost model predictions; (b) SHAP beeswarm plot illustrating the contri-
bution of selected features across samples; (c) bar chart of feature importance based on the mean absolute SHAP values; (d) scatter plot of the
A-site ion electronegativity (χA) versus its SHAP contribution, with point colors representing the corresponding Eg.

To further interpret the model’s decision-making process,
SHAP values were employed to evaluate the contribution of
each feature to the model output. As shown in Figs. 8(b)
and 8(c), the SHAP beeswarm plot and the feature importance
bar chart based on mean absolute SHAP values are presented.
Notably, the feature importance ranking obtained from SHAP
analysis is highly consistent with the previous Pearson corre-
lation results, further validating the rationality of the feature

selection approach. From Figs. 8(b) and 8(c), it is evident that
the electronegativity of the A-site ion (χA) contributes most
significantly to the prediction of PBE+ SOC Eg. The color
gradient from blue to red in the SHAP beeswarm plot indi-
cates a positive correlation between χA and its contribution to
the Eg prediction, which is further confirmed by the scatter plot
of χA versus SHAP values in Fig. 8(d). Moreover, among the
top five most important features identified by the model, four
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are related to electronegativity. This highlights the decisive
role of electronegativity in determining Eg, which is consis-
tent with its fundamental influence on chemical bond strength
and electronic structure.[58] These findings further validate the
reliability of our model interpretability analysis.

4. Conclusion
In conclusion, we have performed a systematic high-

throughput screening of X3BA-type antiperovskite materials
based on first-principles calculations. Six dynamically sta-
ble compounds were identified, including three alkali metal–
based (Cs3OCl, Cs3SI, and Rb3ClTe) and three alkaline-earth
metal–based systems (Ca3AsSb, Sr3AsSb, and Ba3AsSb). The
HSE06+ SOC results indicate that the alkaline-earth metal–
based compounds possess narrower bandgaps Eg due to the
lower electronegativity of their constituent elements, while ex-
hibiting strong optical absorption with coefficients exceeding
105 cm−1, which can be attributed to their direct bandgaps
and large transition dipole moments (P2). Moreover, Sr3AsSb
and Ba3AsSb exhibit theoretical maximum photovoltaic ef-
ficiencies of 28.1% and 29.4%, respectively, comparable to
CH3NH3PbI3 perovskites, suggesting their great potential as
efficient photovoltaic absorbers. Interpretable machine learn-
ing analysis further reveals that the electronegativity of the
A-site ion serves as the dominant descriptor governing the
PBE+SOC Eg in cubic antiperovskites. Although this work
focuses on 114 cubic compounds, future studies will expand
the dataset to over 200 systems, including mixed halides,
chalcogenides, and vacancy-ordered antiperovskites, to re-
duce chemical bias and test the universality of the descrip-
tors. To assess the experimental feasibility, we calculated the
decomposition enthalpies (∆H) relative to binary precursors.
The negative ∆H values for Sr3AsSb (−2.003 eV/f.u.) and
Ba3AsSb (−2.121 eV/f.u.) indicate favorable thermodynamic
stability (see Table S2), with magnitudes significantly smaller
than those of typical perovskite oxides and halides.[58,59] Such
characteristics suggest that these compounds can be synthe-
sized via conventional solid-state reactions under inert condi-
tions. Overall, this work provides both fundamental insights
into the structure–property relationships of antiperovskites
and concrete design strategies for developing stable, high-
performance, and lead-free optoelectronic materials.
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