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Abstract

BazPCl3 is a promising emerging antiperovskite material with potential applications in optoelectronics
and photovoltaics. In this study, we investigate the electronic and optical properties of the BazPCl3 using
many-body approaches, specifically the GW approximation and the Bethe-Salpeter equation (BSE). Using
the one-shot GW approximation, we observed a direct quasiparticle band gap of 1.99 eV for the unstrained
crystal. However, when the crystal was subjected to an isotropic compressive strain of up to 3%, while
retaining its direct band gap character, the band gap decreased significantly to 1.59 eV. Optical spectra
derived from the Bethe-Salpeter equation reveal pronounced excitonic peaks in the visible light region for
both unstrained and strained structures, with a systematic red shift observed as the compressive strain
increases. In addition, the excitonic binding energy decreases from 110 meV in the unstrained crystal to 50
meV at 3% compressive strain, indicating enhanced dielectric screening. Furthermore, we calculated the
spectroscopic limited maximum efficiency (SLME) to assess the photovoltaic performance of the crystal.
The results indicate a maximum efficiency of approximately 25% for the unstrained crystal, which increases
to approximately 32% under 3% compressive strain at a crystal thickness of > 0.3 ym. This study shows
that strain engineering can effectively tune the electronic structure, optical properties, and photovoltaic
efficiency of BazPCl3, thereby supporting its viability as a lead-free solar absorber.
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1. INTRODUCTION

There is a growing global demand for clean, abundant, and renewable energy sources to support the rapidly advancing technolo-
gies. Solar energy is an ideal solution, but the efficient conversion of solar energy to electricity is still a big challenge. Conventional
photovoltaic materials, such as crystalline silicon, are fundamentally constrained by a maximum practical efficiency of approxi-
mately 31%, as stated by the Shockley—Queisser limit [1]. Halide perovskites have recently emerged as promising alternatives with
power conversion efficiencies of around 25% [16, 9]. Although these are remarkable developments, the most promising perovskite
materials for PV applications like MAPbI3 have significant limitations, including toxicity of lead and long-term environmental and
structural instability [17, 30, 29]. These challenges have stimulated intensive research into environmentally friendly and stable per-
ovskite materials, leading to the exploration of several structural variants. In particular, antiperovskites with the general formula
A3zBX have been the subject of significant interest because of their inverted crystal structure and tunable optoelectronic properties
[7,10, 11].

Recently, Tang et al. [11] proposed a new class of antiperovskites, X3BAj for solar cell applications. Barium-based X3BA3 com-
pounds, including BasBil3, BazSbl; and Ba3zBiBrs were reported to have theoretical power conversion efficiencies (PCE) greater
than 24%. Other studies have predicted that the PCE of BagPCl; is greater than 27%. These high-efficiency estimates, however,
were made with band gaps (around 0.99 eV) and excitation parameters calculated using the standard density functional theory
(DFT) [4, 5, 6, 31, 33]. The DFT method is known to underestimate band gaps and optical excitation energies. Talukder et al. [8] and
Gang et al. [11] reported larger band gaps of about 1.50 and 1.65 eV, respectively, using a hybrid functional-HSE06.

Many-body perturbation theory, such as the GW approximation for quasiparticle energy calculations and the Bethe-Salpeter
equation (BSE) for the description of excitonic effects and calculation of optical spectra, is a state-of-the-art computational frame-
work for the accurate determination of band gaps and optical spectra [12, 13, 14]. To our knowledge, no peer-reviewed studies have
used many-body GW and Bethe—Salpeter equation (BSE) methods to investigate the electronic and optical properties of BazPCls.
This absence of GW/BSE-based analyses makes it difficult to quantitatively assess its optoelectronic and photovoltaic properties.
In this context, Talukder et al. [8] specifically suggested that future studies should use GW/BSE methods to make quantitative
predictions of the electronic structure and optical properties of BazPCl3.
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In this study, we use the GW/BSE framework to investigate the electronic and optical properties of the antiperovskite BazPCls.
The single-shot GW (GyWj) approximation [12, 14] is use to calculate the energies of quasiparticles. To accurately account for exci-
tonic effects and optical properties, we solve the Bethe—Salpeter equation (BSE) on top of GyWy. The effects of isotropic compressive
strain on the electronic and optical properties of the crystal of BazPClz were also investigated. For a cubic crystal, isotropic strain is
equivalent to hydrostatic strain and is applied uniformly in all crystallographic directions, preserving the crystal symmetry. This
deformation results in a uniform change in the crystal volume without altering its symmetry and is mechanically equivalent to
applying hydrostatic pressure. The resulting strain tensor € has equal normal components, €xx = €yy = €;; = 7, and zero shear
components, €y, = €x; = €y; = 0, where 7 denotes the applied strain. In addition, we explore the effect of isotropic compressive
strain on the electronic structure, optical response, and solar energy conversion efficiency of BazPCl3 and determine its suitability
as a photovoltaic absorber under strain.

2. COMPUTATIONAL METHODS

The structural, electronic, and optical properties of unstrained and isotropically strained BazPCl; crystals were studied using meth-
ods based on density functional theory (DFT) as implemented in the Quantum ESPRESSO [18, 19] and GW approximation, as well
as solution to Bethe-Salpeter equation (BSE) as implemented in YAMBO codes [20]. Spin—orbit coupling (SOC) was explicitly in-
cluded in the calculations to accurately capture the relativistic effects. The DFT calculations utilized a plane-wave basis set and
norm-conserving pseudopotentials [25]. The exchange-correlation energy was treated within the generalized gradient approxima-
tion (GGA) using the Perdew—-Burke-Ernzerhof (PBE) functional [21]. Based on convergence test, a kinetic energy cutoff of 1224 eV
and a Monkhorst-Pack k-point grid mesh [22] of 6 X 6 x 6 were employed for self-consistent field (SCF) calculations and structural
relaxation. For non-self-consistent field (NSCF) calculations, a denser 12 x 12 x 12 mesh was utilized to generate accurate wave-
functions and eigenvalues for subsequent many-body calculations. Structural optimization was performed until the total energy
converged within 107® eV and the residual forces on each atom were below 0.02 eV/A. The dynamical stability of the crystal
structures was evaluated using the PHONOPY package [23] with a 3 x 3 x 3 supercell.

In the single-shot GyW( approximation [12, 14], quasiparticle energies, E,?P, are obtained as a first-order perturbative correction
R

to DFT energies, , using the following expression:

P P
ESY = EDFT + Z,y (| Z(EST) — Vel (1)

where X = iGyWj denotes the GW self-energy, Gy is non-interacting Green’s function, Wy is screened Coulomb interaction, Vi,
represents the DFT exchange—correlation potential, Efjf T are DFT eigenvalues, i, are DFT orbitals and Z,; is the quasiparticle
renormalization factor. The GW calculations were performed using eigenvalues and wave functions obtained from the Non-Self-
Consistent Field (NSCF) step. Comprehensive convergence tests (see Supplementary Document) were conducted to determine
the optimized parameters for the GW calculations, ensuring an accuracy within quasiparticle band gap of 0.01 eV. The optimized
parameters include 220 bands for the dielectric response, a screening cutoff of 108 eV, and 230 bands for the correlation component
of the self-energy.

Excitonic and optical properties were computed by solving the Bethe-Salpeter equation on top of the GoWy quasiparticle
energies, explicitly accounting for electron-hole interactions. The BSE Hamiltonian, chski, oy [24] is defined as:

P P
HESE, o = (ES” — ESP)6000 6000100 + K @)
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where Egkp and ECQkP are the quasiparticle band energies of the valence and conduction bands, respectively, v and ¢ denote
valence and conduction bands, respectively, and Keh is the electron—hole interaction kernel that includes the screened and bare
exchange terms. The frequency-dependent dielectric function, ¢(w), was then obtained from the BSE solution, which allowed for
the derivation of optical absorption, excitonic features, and refractive index spectra. Through a careful convergence study (refer
to Supplementary Information), the optimized BSE parameters were established as a 12 x 12 x 12 k-point sampling, an exchange
energy cutoff of 816.3 eV, a dielectric function cutoff of 68.05 eV, and 16 bands (8 valence bands and 8 conductor bands) for the
excitonic Hamiltonian.

We evaluated the photovoltaic performance of the crystal by calculating the spectroscopic limited maximum efficiency (SLME)

[2, 3]:
q/oooa(E)Isun(E)dE— 47 Jy H(E)flrbb(E’T) dE (ek% 1)} } 3)

where 7 ME is the spectroscopic limited maximum efficiency, Py, is the incident solar power density under the AM1.5G spec-
trum, V is the operating voltage, g is the elementary charge, Jsc = ¢ [;° a(E)Isun(E) dE is the short-circuit current density, Isun(E)
is the AM1.5G solar photon flux, I, (E, T) is the black-body photon flux at temperature T, kg is the Boltzmann constant, a(E) is
the photon absorptivity, a(E) is the absorption coefficient, L is the absorber thickness, f; is the fraction of radiative recombination,
Ega is the dipole-allowed direct band gap, and E, is the fundamental band gap of the material. This method provides a realistic
estimate of solar cell efficiency by considering the computed absorption coefficient, the finite thickness of the absorber, and losses
from nonradiative recombination [2, 3].
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FIGURE 1: a) The crystal structure of BazPClz antiperovskite. (b) The High symmetry points (I'-X-M-R) sampling in the first Brillouin
zone.

3. RESULTS AND DISCUSSIONS

3.1. Crystal structure and Dynamical stability

BasPCl; crystallizes in a cubic structure (Figure 1) belonging to the space group Pm3m. The phosphorus (P) atom occupies the
Wyckoff position 1a with fractional coordinates (0, 0, 0), whereas the barium (Ba) atoms are located at the Wyckoff positions 3d
with fractional coordinates (0.5, 0, 0), (0, 0.5, 0), and (0, 0, 0.5). The chlorine (Cl) atoms reside at the Wyckoff positions 3c with
fractional coordinates (0.5, 0.5, 0), (0.5, 0, 0.5), and (0, 0.5, 0.5). The equilibrium lattice constant is calculated to be 6.42548 A, which
is in good agreement with previously reported values [8, 11]. Upon the application of isotropic compressive strains of 1.2%, 2.4%,
and 3.0%, the lattice parameter is reduced to 6.34837 A, 6.27127 A, and 6.23272 A, respectively.

We performed phonon dispersion calculations for both the unstrained and strained BazPCl3 configurations. As shown in Fig. 2,
the phonon spectra computed along the high-symmetry path T-X-M-T-R exhibit no imaginary frequencies for any of the configu-
rations, which indicates that both the unstrained and strained crystals are dynamically stable. In addition, an overall upward shift
of the optical phonon mode is observed as compressive strain increases.

)]

N

Frequency (THz)

Wave vector

FIGURE 2: Phonon dispersion for unstrained (0.0%) and compressively strained (1.2%, 2.4%, 3.0%) BazPClj3 crystal.
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3.2. Electronic structure properties

The electronic structure of BazPClz was investigated within the framework of DFI-PBE-GGA+SOC and GoWj + SOC. Fig-
ure 3 presents the band structures for unstrained (0.0%) and compressively strained BazPCls along the high-symmetry path
T'-M-T'-R-M-R in the Brillouin zone. Both DFT-PBE-GGA and GyW, calculations indicate that the unstrained and strained struc-
tures have direct band gaps at the I point.

Within DFT-PBE-GGA, the calculated direct band gap of the unstrained (0.0%) structure is 0.95 eV, in good agreement with
the previous reported value [8, 4, 33]. Upon application of compressive strain, a systematic reduction of the band gap is observed.
For compressive strains of 1.2%, 2.4%, and 3.0%, the band gap decreases by approximately 11.6%, 22.1%, and 29.5%, respectively,
relative to the unstrained crystal.

To address the well-known underestimation of the band gap in Density Functional Theory (DFT), a GyW( quasiparticle calcula-
tion was conducted. The resulting GoW direct quasiparticle (QP) band gap for the unstrained crystal (0.0% strain) is 1.99 eV, which
is more than double the corresponding DFT-PBE-GGA value. This QP gap is also larger than the band gaps of 1.50 eV and 1.65 eV
obtained using the HSE06 functional, as reported in previous studies [8, 11]. This behavior is anticipated because HSE06 utilizes
a fixed fraction of exact exchange and a constant screening parameter [34], while GyWj calculates the screened Coulomb interac-
tion based on the material-dependent dielectric response [12]. As a result, the GW method provides a more accurate quasiparticle
description and typically yields band gaps closer to experimental values than standard hybrid functionals.

According to the DFT trend, the Quasiparticle (QP) band gap decreases as compressive strain increases. Specifically, the QP
band gap reduces from 1.99 eV at 0.0% strain to 1.59 eV at 3.0% compressive strain. This observed trend in the energy gap cor-
responding to compressive deformation aligns with the results reported in the earlier work by Shimul et al. [4]. These results
demonstrate that lattice compression in BazPCl3 significantly influences its electronic structure, enabling band-gap tuning via
strain. The strain-induced reduction of the band gap places it near-optimal range for photovoltaic application predicted by the
Shockley—Queisser limit [1], thereby improving the material’s suitability for efficient absorption in the visible spectral region.

The electron and hole effective masses, which are critical parameters governing carrier transport, were evaluated at the GW
quasiparticle conduction band minimum (CBM) and valence band maximum (VBM). These quantities were obtained by perform-
ing a parabolic fit to the band dispersion in the vicinity of the band extrema and subsequently applying the second-derivative
definition of the effective mass:

1 1d°E .

mr hz A2 ( )

where m* is the effective mass of the electron or hole, 7 is the reduced effective mass, and E is the energy of the band at a particular

wave vector, k. The effective masses calculated are approximately 1.4 mg for electrons and 0.4 mg for holes. The values of the

effective mass are detailed in Table ??. It can be observed that the effective hole masses are smaller than the electron masses. This

means that the valence-band maximum is less flat (more dispersive) than the conduction-band minimum, which corresponds to a
smaller hole effective mass and potentially higher hole mobility.

It is observed that when the strain is compressive, the band gap is significantly decreased, but the effective masses of both
the electron and hole are relatively unaffected. This indicates that the band edges shift rigidly rather than changing the curvature
around the conduction band minimum (CBM) and valence band maximum (VBM) under compressive strain. This means that the
absolute energies of the band extrema are altered, but the dispersion near these extrema does not change significantly, yielding a
very nearly constant effective mass of the carriers.

This behavior suggests that the band gap of this material may be tuned by strain engineering while preserving carrier transport
properties. This is a very useful property of semiconductors and optoelectronic devices. The possibility of tuning band gap with
nearly constant effective masses enables fine tailoring of the optical absorption edge, emission wavelength and electronic structure,
without significant changes in carrier mobility.

This strain-tuned band gap can be useful for strain-sensitive optoelectronic and energy-harvesting devices. In addition, the
effective mass is important for maintaining low losses of charge-transport and carrier-collection efficiencies that are necessary for
the performance of solar cells and other optoelectronic applications.
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FIGURE 3: GyW( and DFT-PBE-GGA Bandstructures of (a) 0.0%, (b) 1.2%, (c) 2.4% and (d) 3.0% compressively strained BazPCls.

3.3. Optical properties

We investigated the optical properties of BazPCls by calculating the frequency-dependent dielectric function using the solution
of BSE. This approach explicitly incorporates electron-hole interactions beyond the independent-particle approximation, thereby
enabling a reliable description of excitonic effects and their influence on the optical absorption spectrum.

Figure 4(a) presents the imaginary part of the dielectric function, €;(w), which is directly related to the absorption spectrum
[28, 27]. The spectrum was calculated with Lorentzian broadening, using a broadening factor of 0.01 eV. Pronounced excitonic
peaks are observed in the visible light spectrum range, and these peaks undergo a systematic redshift with increasing compressive
strain. This indicates a strain-induced renormalization of the quasiparticle band gap and an enhancement of dielectric screening.
The first bright excitonic peaks, which define the optical gaps, are located at 1.88, 1.76, 1.62, and 1.54 eV for compressive strain
of 0.0%, 1.2%, 2.4%, and 3.0%, respectively. In addition, the exciton binding energy (defined as the difference between the GW
quasiparticle band gap and the corresponding optical gap) decreases with increasing compressive strain, from 110 meV at 0.0%
strain to 50 meV at 3.0% strain. The reduction in exciton binding energy is expected to promote more efficient exciton dissociation
into free charge carriers, thereby enhancing the charge-generation efficiency.

We evaluated the absorption coefficient, a(w), to describe the attenuation of electromagnetic waves propagated through
BazPCl3. This coefficient is obtained from an expression based on dielectric function [28, 27]. Figure 4(b) displays the absorp-
tion coefficients of BagPCl; under different strain conditions. For all considered strains, a strong absorption coefficient that exceeds
approximately 1 x 10° cm~! in the visible region is noticed. This magnitude is comparable to that reported for state-of-the-art lead-
halide perovskites, such as MAPbI;3 [26], which are widely recognized for their strong light-harvesting performance in photovoltaic
applications.

The real part of the dielectric function, &1 (w), accounts for the crystal polarization and screening effects Figure 4(c) presents
€1(w) for the BagPCl; system subjected to different levels of compressive strain. The static dielectric constant, €1(0), increases
from 1.61 at 0.0% strain to 1.82 at 3.0% strain. This enhanced dielectric screening resulting from increased compression contributes
to the observed reduction in the band gap with increasing compressive strain. The enhanced screening simultaneously weakens
the electron-hole Coulomb interaction, resulting in a reduction of the exciton binding energy, in agreement with the previously
discussed trends. For all strain conditions, a pronounced increase in ¢1(w) to values exceeding 3.5 is observed in the vicinity of
the excitonic resonance. This sharp rise indicates a substantial increase in screening at the optical transition energy, which in turn
lowers the exciton binding energy and facilitates more efficient charge separation. Moreover, a redshift of &1 (w) is observed in the
0.0-2.0 eV photon energy range as the compressive strain is increased relative 0.0% strain.

Refractive index, which is expressed in terms of the real and imaginary parts of the dielectric function [28, 27], was calculated to
examine the propagation and interaction of electromagnetic radiation within the system. As shown in Figure 4(d), the frequency-
dependent refractive index exhibits a clear dependence on the applied compressive strain. The static refractive index, n(0), increases
with compressive strain, reaching approximately 1.35 at the 3.0% compressive deformation. This trend is consistent with an increase
in dielectric screening within the material. A sharp increase in the refractive index, n(w), with values exceeding 2.0, is noticed in
the visible-light region, particularly near the excitonic peaks. This phenomenon is attributed to the strong interactions occurring
between light and matter during excitonic transitions, which correlate with the pronounced features illustrated in the dielectric
function. Furthermore, a significant redshift in the refractive index features is observed within the 0.0 - 2.0 eV photon energy
range as the compressive strain increases. This redshift is associated with the strain-induced narrowing of the quasiparticle band
gap.These findings suggest that compressive strain can effectively tune light propagation, optical absorption, and exciton-photon
coupling, while preserving carrier transport characteristics. A summary of the extracted optical parameters is provided in Table ??.
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FIGURE 4: (a) Absorption spectra (imaginary part of dielectric functions), (b) absorption coefficients, (c) real part of dielectric
functions, and (d) refractive indices for unstrained and strained BazPCls.

3.4. BasPClj as a potential photovoltaic absorber

We evaluate the suitability of BazPCl; as a photovoltaic absorber by calculating the spectroscopic limited maximum efficiency
(SLME). The SLME gives a more realistic estimate of photovoltaic conversion efficiency than the conventional Shockley—Queisser
limit, as it explicitly incorporates the material’s absorption coefficient, the finite absorber thickness, and nonradiative recombination
losses [2, 3]. Figure 5 presents the SLME as a function of absorber thickness for unstrained and compressively strained BazPCl;.
In all cases, the SLME increases rapidly with increasing thickness and approaches saturation at approximately 0.3 ym, indicating
that the maximum achievable efficiency is reached at this thickness and beyond. The saturation thickness depends mainly on the
absorption coefficient, x. The absorbance of the solution is represented by

A(E) =1—¢ (B ®)

where L is the thickness of the absorber. As the thickness increases, the absorbance tends to unity (A tends to unity), and the
SLME tends to become saturated. For our calculations, the absorption coefficient is only slightly dependent on strain, so that the
photons are absorbed over a similar penetration depth for all values of strain. This results in a near complete absorption at the
same thickness, which is strain independent, for the absorber.

The maximum SLME increases systematically under compressive strain, reaching approximately 25.40%, 27.89%, 30.16%, and
31.57% for strains of 0.0%, 1.2%, 2.4%, and 3.0%, respectively. This improvement in efficiency is primarily attributed to strain-
induced band-gap narrowing, a red shift in absorption onset, and improved dielectric screening, which collectively enhance photon
absorption.
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FIGURE 5: The SLME as a function of absorber thickness for 0.0% , 1.2%, 2.4% and 3.0% compressive strain of BazPCl3

Comp. Lattice PBE-GGA GW  {ole Electron Optical  Exciton

Strain  Const. Gap Gap  Mass Mass Gap Binding SLME
(%) A) (eV) (eV)  (mo) (mo) (eV) (meV)  &(0) n(0) (%)
0.0 6.4255 0.95 1.99 0.47 1.39 1.88 110 1.61 1.27 25.40
1.2 6.3484 0.84 1.84 0.42 1.38 1.76 80 1.68 1.29 27.89
2.4 6.2713 0.74 1.68 0.37 1.48 1.62 60 1.76 1.33 30.16
3.0 6.2327 0.67 1.59 0.35 1.44 1.54 50 1.82 1.35 31.57

TABLE 1: Calculated structural, electronic, and optical parameters of unstrained and compressively
strained BazPCls.

4. CONCLUSION

We study the electronic and optical properties of unstrained and strained BazPCl3 crystals using many-body perturbation theory
at the GW and Bethe-Salpeter equation (GW/BSE) levels. The study demonstrates that applying an isotropic compressive strain
significantly reduces the quasiparticle band gap of the BagPCl; crystal by up to 20.1% at 3% strain, approaching the near-optimal
band gap for an efficient solar absorber. Analysis of the dielectric function’s real and imaginary components, along with the refrac-
tive index, indicates increased electronic polarizability and stronger light-matter interactions under strain. A pronounced exciton is
observed in the visible light region, and it is redshifted with an increase in compressive strain. A redshift of about 18.1% is noticed
at a 3.0% strain. This redshift is linked to enhanced dielectric screening, resulting in a decrease in exciton binding energy (from 110
to 50 meV). A lower exciton binding energy means that excitons can be more easily separated, benefiting charge carrier generation
in photovoltaic applications. Calculations of the spectroscopic limited maximum efficiency (SLME) demonstrate that compressive
strain significantly enhances photovoltaic performance. Specifically, as strain increases from 0.0% to 3.0%, the maximum SLME
rises from approximately 25% to 32%.

In conclusion, compressive strain is effective in enhancing the optoelectronic response and photovoltaic efficiency of BazPCls.
The GW/BSE analysis provides valuable insights into the interactions between strain, dielectric screening, and excitonic effects,
highlighting the potential of this material for advanced optoelectronic and solar energy applications.
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