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ABSTRACT: Advances in photovoltaic technology are a viable
route for contributing to cleaner and more sustainable energy
solutions, placing perovskite-based materials among the best
candidates for solar energy conversion. However, some challenges
must be addressed to enhance their performance and stability.
Herein, we report an investigation of the AsNCa3 antiperovskite
system for its potential in photovoltaic devices, using the density
functional theory with semilocal and hybrid exchange−correlation
functionals. We consider eight distinct crystalline phases, their
structural parameters, dynamical stability, and electronic and
optical properties. Furthermore, we consider each structural
phase’s contributions to solar harvesting efficiency by calculating
the power conversion efficiency (PCE) using the spectroscopic
limited maximum efficiency formalism, which in this case reaches a maximum of 31.2%. All dynamically stable phases exhibit a band
gap around ∼1.3 eV, which lies within the optimal range for single-junction solar cells and yields PCE values comparable to the
theoretical maximum PCE for silicon. These results place AsNCa3 antiperovskite as promising candidate for high-efficiency
photovoltaic applications. Notably, the PCE is only slightly changed by structural phase modification, suggesting that phase
transitions induced by environmental conditions during device operation might not compromise the device performance.

1. INTRODUCTION
Solar energy promises to address the increasing global demand
for electricity by harnessing photovoltaic (PV) technologies
that convert direct sunlight into electric energy.1,2 Of all the
materials used in PV devices, halide perovskites are exceptional
through their high absorption coefficient, long carrier diffusion
length, and low-cost processing, among other benefits.3,4 At the
same time, however, regardless of the very high power
conversion efficiencies that these materials, including organ-
ic−inorganic metal halide perovskites (MHPs),5,6 are capable
of, there exist several significant challenges. Among them are
(i) thermal and moisture instability;7,8 (ii) sensitivity to
ultraviolet radiation;9,10 (iii) chemical degradation by exposure
to oxygen, water, and other species;11−13 (iv) toxicity, as most
of the efficient MHPs are lead-based [e.g., MAPbI3, CsPbI3,
Cs2PbI2Cl2, and (BA)n(MA)n−1PbI4];

8,10,14−17 (v) ion migra-
tion, wherein mobile species such as iodide and methyl-
ammonium migrate under electric fields or light exposure,
causing changes in the structure and loss of efficiency.18−20

Expanding the knowledge on chemically and structurally
related materials becomes vital for overcoming these
limitations.

The cubic phase of α-CsPbI3, one of the most representative
all-inorganic MHPs, has been widely investigated, given its
band gap close to 1.70 eV, which fits well within the optimal
range for single-junction solar cells.21−23 However, stabilizing
this cubic phase at ambient conditions remains a chal-
lenge,24−26 since at room temperature, it spontaneously
transforms into an orthorhombic phase (δ-CsPbI3, namely,
yellow phase) with a much larger band gap of 2.82 eV, i.e., the
absorption spectrum is shifted toward the ultraviolet
region.27,28 In this context, beyond thermodynamic strategies
such as pressure-induced stabilization,29,30 manipulating the
composition of ABX3 represents a practical approach to
correlate phase stability with desirable optoelectronic proper-
ties.8,10,15,16

Another perovskite-related family of materials, the anti-
perovskites, has also attracted notable interest in recent years
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due to their respective sets of novel properties, including
superconductivity,31 giant magnetoresistance,32 and zero or
negative thermal expansion.33 Antiperovskites are characterized
by the reversal of the A and X site occupancies of the classical
perovskite structure, but still retaining the exact ideal cubic
space group symmetry (Pm3̅m).1,34−36 Perhaps the most
fascinating of these materials is AsNCa3 due to its tunable band
structures and likely topological character.37 Additionally, its
thermoelectric, piezoelectric,38 photovoltaic application,39,40

and charge transport behavior41 are highly desirable for future
energy applications and quantum devices.

Here, we investigate the photovoltaic (PV) potential of
antiperovskite AsNCa3 using first-principles calculations. We
systematically study its structural, electronic, and optical
properties by advancing across eight different polymorphs:36

cubic, black, orthorhombic, yellow, hexagonal (2H and 4H),
tetragonal, and a so-called supercubic phase,36 which provides
a more realistic description of the cubic phase (a realistic
distortion of the ideal cubic structure). Thus, the main idea is
to understand how structural variations influence the material’s
light-harvesting performance and to identify promising phase
configurations for photovoltaic applications.

2. METHODOLOGY
We performed density functional theory (DFT) calculations
using the Vienna ab initio simulation package (VASP),42,43

solving the Kohn−Sham equations44,45 via the projector
augmented-wave (PAW) method.46 The exchange−correlation
energy was initially described using the Perdew−Burke−
Ernzerhof (PBE) semilocal functional.47 To compensate for
the well-known underestimation of band gaps by local and
semilocal functionals, which is attributable to self-interaction
and derivative discontinuity errors,48,49 we employed the
HSE06 screened hybrid functional,50,51 which typically reduces
band gap discrepancies for common semiconductors.52,53 The
structural optimization was conducted by relaxing both the
stress tensor and atomic forces, with a plane-wave cutoff
energy of 800 eV and a k-point density equivalent to 40 Å−1.

Convergence thresholds were set at 10−6 eV for the total
energy and 0.010 eV/Å for atomic forces. All subsequent
calculations used a cutoff of 450 eV, while density of states
(DOS) calculations employed a refined k-point density of 80
Å−1.

Dynamical stability was assessed via phonon dispersion
calculations at 0 K using the Phonopy package54 in
combination with the DFTB+ code,55 based on the extended
tight-binding method (xTB)56 with GFN1-xTB parametriza-
tion.57,58 For these calculations, the crystal structure was also
optimized with DFTB+; the results are closer to those
obtained with DFT, validating the approximation. This hybrid
approach reproduces phonon frequencies at a computational
cost lower than that of standard DFT phonon calculations. We
used a k-point density of 40 Å−1, with 3 × 3 × 3 supercells for
the cubic phase and 2 × 2 × 2 supercells for all other phases to
capture long-range interactions efficiently.

Optical absorption spectra were computed within the
independent-particle approximation (IPA) using WanTi-
BEXOS.59 The calculations rely on a maximally localized
Wannier function tight-binding Hamiltonian extracted from
DFT-HSE06 calculations via the Wannier90 code,60 with s-, p-
and d- orbital projections for As and Ca, and p-orbital
projections for N. Full parameter details are provided in
Section S10, Table S5, of the Supporting Information. Finally,
we evaluated the power conversion efficiency (PCE) using the
spectroscopic limited maximum efficiency (SLME) frame-
work,61 assuming the AM 1.5G solar spectrum62 and device
operation at 300 K. The PCE is calculated by dividing the
maximum output power density (Ppv) of the photovoltaic
device by the total incoming power density from the solar
spectrum, Psolar, as

P

P
PCE pv

solar
=

(1)

To ensure that our findings are fully reproducible,63,64

transferable,65,66 and compliant with the FAIR67 data
principles, we openly provide all key input files used

Figure 1. Structural representations of the eight AsNCa3 antiperovskite polymorphs investigated in this work. Octahedral frameworks are
highlighted to emphasize symmetry variations and distortions across different crystalline phases.
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throughout this work, including VASP, DFTB+, xTB,
Wannier90, and WanTiBEXOS configurations, in a dedicated
repository at https://github.com/ac-dias/AsNCa3-paper-raw-
data. This archive also includes postprocessing scripts and
auxiliary data, enabling straightforward verification and
extension of the present results.

3. RESULTS
3.1. Stability and Structural Properties. The antiper-

ovskite AsNCa3 was examined in eight structural polymorphs,
some of them previously identified by Dias et al.,36 as
illustrated in Figure 1. The number of formula units per cell
(Z) varies by phase, as listed in Table 1. The assigned space
groups are as follows: ideal cubic (Pm3̅m); super cubic (P1,
considered as a symmetry-lowered supercell of the cubic
phase); P1 group for super-cubic, tetragonal, and orthorhom-
bic phases; black and yellow phases (both in Pnma); 2H

hexagonal (P63/m); and 4H hexagonal (Cmc21). Complete
atomic positions are provided in Supporting Information.
Table 1 reports equilibrium lattice parameters (a0, b0, and c0),
relative total energy per atom (Erel), cohesive energies (Ecoh),
average N−Ca bond length (DAV), and effective coordination
number (ECN). Note that ECN is calculated using a distance-
weighted scheme (based on Hoppe’s method)68,69 to quantify
the extent of octahedral distortion; values below 6 indicate
deviations from ideal symmetry due to bond-length variation.

High-symmetry structures, namely, ideal cubic, supercubic,
tetragonal, orthorhombic, and black, exhibit short energy
differences (≤6 meV/atom) and nearly constant average N−
Ca bond lengths (within ≈0.030 Å), compared to lower
symmetry phases (yellow, 2H, and 4H hexagonal). These
observations suggest that such phases may interconvert under
environmental perturbations (phase transitions), including
solar illumination (energy influx from solar radiation). The
ECN of N, in the center of NCa6 octahedra, reveals the

Table 1. Equilibrium Structural Parameters of AsNCa3 in Eight Different Polymorphs, Including the Number of Formula Units
per Cell (Z), the Space Group (S.G.), Lattice Constants (a0, b0, and c0), Relative Total Energy per Atom and by Formula Units
per Cell (Erel), Cohesive Energy per Atom (Ecoh), ECN, and Average N−Ca Bond Length (DAV)a

phase Z S.G. a0 (Å) b0 (Å) c0 (Å) Erelative (eV/atom) Erelative (eV/Z) Ecoh (eV/atom) ECN (N) DAV (Å)

ideal cubic 1 Pm3̅m 4.76 4.76 4.76 0.000 0.00 −3.883 6.000 2.380
super cubic 8 P1 9.53 9.53 9.53 −0.006 −0.030 −3.890 6.000 2.408
tetragonal 4 P1 6.72 6.72 9.57 −0.003 −0.015 −3.887 6.000 2.398
orthorhombic 4 P1 6.76 6.72 9.52 −0.003 −0.015 −3.887 6.000 2.395
black 4 Pnma 6.73 6.74 9.56 −0.006 −0.030 −3.890 6.000 2.410
yellow 4 Pnma 7.92 3.99 13.68 0.086 0.423 −3.798 5.495 2.474
2H hexagonal 2 P63/m 6.63 6.63 5.88 0.089 0.445 −3.795 6.000 2.325
4H hexagonal 4 Cmc21 6.71 6.71 11.30 0.035 0.175 −3.848 5.996 2.352

aNegative cohesive energies across all phases confirm favorable thermodynamic formation.

Figure 2. Phonon dispersions for eight AsNCa3 antiperovskite polymorphs. Frequencies are given in terahertz (THz), and the path in the first
Brillouin zone depends on the symmetry of each crystal. The figures are (a) 2H, (b) 4H, (c) black, (d) yellow, (e) ideal cubic, (f) orthorhombic,
(g) super cubic, and (h) tetragonal.
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octahedral distortion. More distorted structures exhibit ECN
values lower than the ideal value of 6, such as 5.495 and 5.996
for yellow and 4H phases, respectively. Furthermore, negative
cohesive energies across all polymorphs confirm exothermic
formation and a favorable structural stability.

Phonon dispersion calculations were carried out to further
evaluate the structural stability of the AsNCa3 phases. As
shown in Figure 2, for all polymorphs, the absence of
imaginary frequencies across the Brillouin zone confirms the
dynamical stability of all considered phases except for the 2H
hexagonal phase, which exhibits negative (imaginary) phonon
modes, indicative of dynamic instability. Based on these results,
only dynamically stable phases were considered in the
subsequent electronic and optical properties analyses.
3.2. Electronic Properties. The electronic properties were

investigated through band structure and DOS calculations. All
of the stable phases are presented in Figure 3. In all cases, the
conduction band minimum predominantly comprises Ca
atomic states, regardless of the structural phase. However,
the nature of the valence band maximum (VBM) varies with
symmetry. In the high-symmetry phases, ideal cubic, super
cubic, tetragonal, and black, the VBM is primarily derived from
N orbitals. In contrast, for lower-symmetry structures such as
the yellow, 2H, and 4H hexagonal phases (represented by the
yellow phase in Figure 3), the VBM is dominated by As
orbitals. This shift in orbital character at the VBM is attributed
to the symmetry breaking caused by octahedral distortions,
which modify the local crystal field and orbital hybridization.36

As well-established and reported in the literature,36,52,70,71

the PBE functional underestimates band gaps, while HSE06
predictions align more closely with experimental observations.
Therefore, the band gaps predicted using HSE06, as presented
in Table 2, are considered more reliable for these materials. All

dynamically stable phases exhibit a direct band gap at the Γ-
point, as illustrated in Figure 3. The computed gap values
range from 1.33 to 1.72 eV, which falls within the optimal
window (1.1−1.7 eV) for single-junction photovoltaic cells.61

According to the Shockley−Queisser theory, the maximum
theoretical efficiency occurs at a band gap near 1.34 eV61

(under AM 1.5G illumination). Hence, solely on the basis of
band gap alignment, all examined phases demonstrate
promising prospects for solar cell applications. This behavior
contrasts with that of many halide perovskites, where phase
transitions can significantly alter the band gap. In contrast, the
similar band gap values across all AsNCa3 phases suggest that
efficiency should remain stable even if phase conversions occur
in response to environmental stimuli such as light or moisture.
3.3. Optical Properties and Application to Solar Cells.

To further explore the optoelectronic behavior of AsNCa3, we
investigated its linear optical response via the absorption
coefficient (Figure 4) for all dynamically stable polymorphs.
We found that most polymorphs exhibit isotropic optical
absorption, where the spectra for x̂, ŷ, and z ̂ polarization

Figure 3. Band structures and DOS for AsNCa3 antiperovskite polymorphs. The valence-band maximum has been shifted to 0 eV. Orange lines
correspond to bands from PBE calculations and black lines to HSE06. The structures are (a) 4H, (b) black, (c) yellow, (d) ideal cubic, (e)
orthorhombic, (f) super cubic, and (g) tetragonal.

Table 2. Band Gaps Computed with PBE (EgPBE) and HSE06
(EgHSE06), alongside Maximum Theoretical PCE (PCESLME)
within the IPA and at T = 300 K

phase Eg
PBE (eV) Eg

HSE06 (eV) PCESLME (%)

ideal cubic 0.69 1.49 31.23
super cubic 0.90 1.72 27.50
tetragonal 0.83 1.65 28.84
orthorhombic 0.83 1.64 29.05
black 0.90 1.72 27.25
yellow 0.67 1.33 30.24
4H hexagonal 0.77 1.45 30.71
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(shown in red, blue, and green, respectively) are nearly
identical. Conversely, the yellow phase displays optical
anisotropy, reflecting its reduced symmetry, and absorption
amplitudes vary notably across different polarizations in the
visible range, as depicted in Figure 4. Detailed values of
absorption coefficients, refractive indices (n), and reflectivity
(R) for all stable phases are provided in the Supporting
Information (Section S10).

To evaluate the PV potential of AsNCa3, we calculated the
PCE using the SLME model as a function of absorber layer
thickness (Figure 5). Calculations were performed at 300 K
within the IPA, considering film thicknesses up to 1 μm to

minimize defect-mediated recombination. Table 2 summarizes
the maximum SLME values. Among the polymorphs, the ideal
cubic exhibits the highest PCE of 31.23%, while the black
phase shows the lowest at 27.25%.

Despite the yellow phase band gap (1.33 eV) being very
close to the Shockley−Queisser limit of 1.34 eV, it fails to
reach the maximum SLME. This discrepancy arises from its
optical anisotropy, an uneven absorption profile across
polarizations, which reduces photon harvesting efficiency,
particularly at lower energies. Nevertheless, increasing the
film thickness to above 1 μm can partly mitigate this effect.

Importantly, all stable phases deliver SLME values near or
above the theoretical limit for silicon single-junction cells
(≈29%).72 The consistency in high efficiencies across phases
suggests that photovoltaic performance will remain largely
unaffected by environment-driven phase transitions, such as
those induced by light or moisture, even considering the lowest
values in Table 2.

4. CONCLUSION
By analyzing the optoelectronic properties of AsNCa3
antiperovskite polymorphs, we demonstrate their strong
potential for single-junction solar-cell applications, achieving
estimated SLME efficiencies near the theoretical maximum.
Our findings also reveal that unlike many halide perovskites,
whose band gaps and conversion efficiencies are significantly
degraded by phase transitions, AsNCa3 maintains consistent
photovoltaic performance across all stable structural forms,
with efficiencies closely tracking those of silicon (≈29%) and
exceeding it in some cases. Nevertheless, the device’s

Figure 4. Comparison of the absorption coefficient for AsNCa3 antiperovskite polymorphs. The plots show the linear absorption response under
light polarized along the crystallographic directions x̂ (red), ŷ (blue), and z ̂ (green). The color bar highlights the visible spectrum range, within
which the material exhibits strong optical absorption. The structures are (a) 4H, (b) black, (c) yellow, (d) ideal cubic, (e) orthorhombic, (f) super
cubic, and (g) tetragonal.

Figure 5. PCESLME versus AsNCa3 antiperovskite thickness for all
stable phases.
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operational stability of AsNCa3 over the long term must be
investigated, particularly under conditions relevant to device
deployment (e.g., exposure to moisture, ultraviolet light, and
device-level electrical bias). What was learned from halide
perovskite solar cells is the value of tailored passivation
schemes and robust encapsulation for removing degradation
mechanisms associated with environmental stressors and ionic
migration. The same strategies, including grain boundaries,
interfaces, and moisture barriers, will likely be required to
realize the full potential of antiperovskite-based photovoltaics.
These challenges must be overcome to translate the
encouraging intrinsic properties of AsNCa3 into high-perform-
ance, stable solar-cell devices.
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