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ABSTRACT

Lead-free halide double perovskites have emerged as promising candidates for sustainable energy technologies
due to their low toxicity and structural stability. In this work, we investigate the structural, electronic, optical,
and thermoelectric properties of NayAgSbXe (X = Cl, F) using density functional theory. Both compounds
crystallize in a stable cubic Fm-3m structure, with tolerance factors (0.808-0.829) confirming their structural
feasibility. The calculated indirect band gaps of 2.398 eV (Cl) and 4.11 eV (F) reveal tunable optoelectronic
behavior spanning the visible to ultraviolet regions. Optical analysis demonstrates strong light absorption with
low reflectivity, highlighting their suitability for photovoltaic applications. Furthermore, the compounds exhibit
favorable Seebeck coefficients and promising thermoelectric performance with ZT values approaching techno-
logically relevant ranges. The combination of environmental compatibility, tunable electronic structure, and
multifunctional energy conversion capabilities positions NasAgSbXe double perovskites as attractive candidates

for next-generation sustainable photovoltaic and thermoelectric devices.

1. Introduction

Halide double perovskites are promising alternatives to lead-based
perovskites such as MAPbI3 because they offer good optoelectronic
properties, lower toxicity, better stability, and cost-effective synthesis.
Consequently, research has shifted toward developing lead-free alter-
natives with enhanced thermal, structural, and environmental stability.
Among these alternatives, the compound NapAgSbXe (X = Cl, F) has
emerged as a promising candidate. It exhibits favorable thermodynamic
and mechanical stability, with negative formation energies, indirect
band gaps in the solar spectrum range, and ZT values approaching 1,
indicating its potential for energy conversion applications [1]. Its
bismuth-based analogue NayAgBiBre¢ has also demonstrated a suitable
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band gap (~2.6 eV), strong light absorption, and a thermoelectric per-
formance factor ZT = 0.77, reinforcing its utility in photovoltaic and
thermoelectric applications [2]. Studies on the Cs;AgBXg family (B = In,
Sb; X = F, Cl, Br, I) reveal cubic perovskite structures with balanced
electron and hole effective masses and band gaps ranging from visible to
UV regions, making them suitable for high-efficiency optoelectronic
devices [3]. Furthermore, mesoporous single crystals of CsyAgBiBrg
prepared using infrared-assisted spin-coating techniques have shown
enhanced solar cell efficiency (from 0.28% to 0.86%) due to increased
light scattering and surface area [4]. CsyAgBiBrg single crystals also
display high resistivity (~10°-10'° Q ¢m), indirect band gaps (~2.1 eV),
and excellent photo-response to X-ray radiation, positioning them as
reliable candidates for photodetectors and radiation sensors [5].
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Comparatively, CspAgBiClg exhibits higher mechanical and thermal
stability with better resistance to environmental degradation, making it
more suitable for robust energy devices [6]. Other halide double pe-
rovskites such as X3GeSnClg (X = Na, K) have demonstrated direct band
gaps (~2.2 eV), strong visible absorption, and low reflectivity, along
with high thermoelectric efficiency (ZT ~ 1), marking them as
dual-purpose materials for solar and thermal energy harvesting [7].
RbyAgBilg has been synthesized for the first time as a thin film, showing
thermal stability up to 440°C and a direct band gap (~1.98 eV), suitable
for low-cost solar cell fabrication [8]. Likewise, CsoAgInClg and CsyA-
gInBrg have shown direct band gaps (2.61 eV and 1.68 eV, respectively),
high absorption in the visible spectrum, and high Seebeck coefficients
with increasing electrical conductivity, confirming their potential for
next-generation thermoelectric devices [9]. Another group of Na-based
double perovskites, NasCuMXg (M = Sb, Bi; X = Cl, Br), was found to
possess cubic structures, direct band gaps in the visible range, strong
optical absorption, and excellent charge transport, making them strong
candidates for sustainable energy applications [10]. Most recently,
DFT-based investigations on RbyTISbXg (X = Cl, Br, I) have shown highly
stable perovskite structures with direct band gaps between 1.04 and
2.07 eV, high Seebeck coefficients, and ultralow thermal conductivity.
These features lead to thermoelectric figures of merit (ZT) exceeding
1.9, alongside strong visible light absorption and low reflectivity, posi-
tioning these compounds at the forefront of high-performance opto-
electronic and thermoelectric materials [11]. Recent studies have also
emphasized that the practical performance of perovskite and optoelec-
tronic materials is not determined only by the band-gap value, but also
by device stability, hysteresis behavior, interface/passivation engi-
neering, defect control, carrier localization, charge transport, and
long-term operation. For example, passivation layers in degraded 2D-3D
perovskite solar cells were shown to reduce hysteresis and degradation
effects, which are critical for practical photovoltaic performance [12].
Defect passivation has also been reported as an effective strategy to
improve transport stability in functional electronic materials [13]. In
addition, heterostructure engineering can enhance charge-transfer
behavior and energy-conversion performance [14], while carrier local-
ization and minority-carrier lifetime strongly influence the optical
response of advanced optoelectronic heterostructures [15]. These
studies indicate that a realistic assessment of new lead-free per-
ovskite-inspired materials should combine electronic, optical, thermal,
mechanical, and transport-related descriptors rather than relying only
on band-gap values. Recent developments in perovskite and
double-perovskite materials further demonstrate the importance of
combining structural, electronic, optical, mechanical, and thermoelec-
tric descriptors when evaluating materials for energy-related technolo-
gies. For example, BagNX3 (X = F, Cl) halide perovskites have been
reported to exhibit direct band gaps, strong optical absorption, and
promising thermoelectric performance, with ZT values reaching 1.23 for
BagNF;3 and 0.90 for BagNCls at 700 K [16]. Similarly, copper-based
double perovskites RbyYCuXg (X = Br, I) were shown to possess stable
cubic structures, suitable semiconducting band gaps, high optical ab-
sorption in the visible/near-visible range, and promising optoelectronic
and thermoelectric behavior [17]. Experimental studies on Mg-doped
SroFeNbOg double perovskites also confirmed that doping can tune the
band gap, optical response, dielectric behavior, and structural stability,
which is important for advanced optoelectronic and wireless applica-
tions [18]. Moreover, lead-free CaMnMoOg double perovskite has been
reported as a mechanically stable material with strong optical absorp-
tion and promising spintronic/optoelectronic potential [19]. These
recent studies highlight that the current challenge is not only to identify
lead-free perovskites with suitable band gaps, but also to evaluate their
stability, optical response, mechanical behavior, and transport-related
properties in a unified framework. Accordingly, the present work fo-
cuses on NapAgSbClg and NayAgSbF¢ and investigates their structural,
electronic, optical, elastic, thermodynamic, phonon, and thermoelectric
properties using first-principles calculations. It should be noted that
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NayAgSbXe (X = F, Cl, Br, I) compounds have already been investigated
in a previous theoretical study, where structural, electronic, optical,
thermodynamic, mechanical, phonon, and thermoelectric properties
were reported. Therefore, the present work is not claimed as the first
study of this family. Instead, it provides a focused reassessment of the Cl-
and F-based compounds using an internally consistent DFT framework,
with emphasis on mBJ-GGA-based electronic and optical interpretation,
elastic anisotropy analysis, phonon-supported stability, thermodynamic
behavior, and a more cautious classification of their realistic application
domains [20]. A systematic comparison between the two cations con-
figurations is maintained throughout, and the calculated results are
discussed in relation to available experimental observations and previ-
ous theoretical studies. More broadly, the reliability of first-principles
calculations for predicting physical properties has been demonstrated
across different families of functional materials. For example, DFT-based
approaches have been successfully applied to doped semiconductors to
predict magnetic, optical, and thermoelectric behavior [21], and to
fluorite mixed oxides for evaluating structural, electronic, mechanical,
and optical properties [22]. Similar first-principles strategies have also
been used for spinel oxide ceramics and BaTiO3-based systems, where
structural stability, optical response, and thermoelectric trends were
investigated [23,24]. In addition, Heusler alloys and organic semi-
conductors have been studied using DFT to understand magnetic, op-
toelectronic, and composition-dependent electronic behavior [25,26].
Related lead-free halide double perovskites, such as Na,AgBiXg (X = Br,
Cl), have also been investigated using first-principles calculations to
assess structural, elastic, electronic, and optical properties [27]. There-
fore, although the present work is computational, it follows a
well-established predictive strategy that has been successfully applied to
diverse materials systems. Recent first-principles studies have further
emphasized the growing interest in lead-free double perovskites and
related perovskite-like materials for energy applications. Madra-Gack-
owska et al. investigated A;BBiClg (A = Cs, K; B = Ag, Au) halide double
perovskites and demonstrated their structural, dynamical, optoelec-
tronic, mechanical, and thermodynamic relevance for next-generation
photovoltaic applications [28]. Szeleszczuk et al. reported a combined
optoelectronic and thermoelectric analysis of X,YBiClg (X = Cs, Na; Y =
Ag, Au) double perovskites, highlighting the role of cation modification
in tuning visible-light absorption and thermoelectric response [29]. In
addition, DFT-based studies on X3NI3 (X = Sr, Ba) halide perovskites
have shown that band-gap modulation can improve thermoelectric
response [30]. Cubic X5YInOg (X = Ba, Sr; Y = Nb, V) double perovskites
have also been investigated for their coupled optoelectronic and ther-
moelectric performance [31]. Furthermore, SroMReOg (M = Li, Na, K)
double perovskites demonstrate that cation tuning is an effective strat-
egy for controlling electronic and thermoelectric behavior [32].
Although NajyAgSbXg compounds have been previously reported, the
present work extends earlier studies by providing a combined analysis of
structural, phonon, electronic, optical, elastic anisotropy, thermody-
namic, and thermoelectric properties within one consistent DFT
framework. This comprehensive approach allows a clearer evaluation of
the realistic potential of NasAgSbClg for visible/near-UV optoelectronic
and thermoelectric applications, and NapAgSbFg for wide-band-gap
UV-related and thermally robust applications.

2. Computational methods

First-principles calculations were carried out using the WIEN2k
package [33], which is based on the FP-LAPW method within density
functional theory. The exchange-correlation effects were described
using both PBE-GGA and the modified Becke-Johnson potential [34,35],
with the latter used to obtain more reliable semiconductor band gaps.
This choice is motivated by the well-known limitation of standard
semilocal functionals such as PBE-GGA, which usually underestimate
the experimental band gaps of semiconductors and halide perovskites
due to self-interaction errors and the lack of derivative discontinuity in
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the exchange-correlation potential [36]. Therefore, the mBJ-GGA po-
tential was employed to obtain a more reliable estimation of the elec-
tronic band gaps and the related optical response, while keeping a
reasonable computational cost compared with hybrid functional. The
muffin-tin radii were selected as 2.5 a.u. for Na, Ag, and Sb, 2.30 a.u. for
Cl, and 1.95 a.u. for F, while the cutoff parameter was fixed at
RMT xKmax = 9.0. Brillouin-zone integrations were performed using
1000 k-points for structural and electronic calculations, 10000 k-points
for optical and thermoelectric properties, and 5000 k-points for elastic
properties [37]. The convergence criteria were set to 10~# Ry for total
energy and 1073 e for charge. Optical properties were obtained through
the optic module within the random phase approximation, whereas
thermoelectric coefficients were calculated using BoltzTraP under the
constant relaxation time approximation over 300-900 K [38]. Finally,
phonon dispersions were computed with PHONOPY using the finite
displacement method and WIEN2k forces to verify the dynamical sta-
bility [39].

3. Results and discussion
3.1. Structural properties

The NayAgSbXe (X = Cl, F) compounds crystallize in the cubic double
perovskite (Fm-3m). Fig. 1 shows the schematic crystal structure, where
Na™ cations occupy the A-sites, while Ag* and Sb>" cations alternately
occupy the B-sites in an ordered arrangement, surrounded by X~ anions
forming octahedral coordination.

The crystal structures were optimized by fitting the energy-volume
data to the Birch-Murnaghan equation of state to obtain the equilibrium
parameters [40].

_BoV [(Vo/ V) BoVo
B(V) ~B(Vo) =~ |+ 1| — M
’E 4 0E
B=V5: =55 2
B, = 0B /0P ®)

The structural optimization results are presented in Table 1 and
Fig. 2. The calculated equilibrium lattice parameters are 10.673 A for
NayAgSbClg and 9.181 A for NayAgSbFe. These values show excellent
agreement with previous theoretical calculations, with deviations of less
than 0.5%. The smaller lattice parameter for the fluoride compound is
consistent with the smaller ionic radius of F~ compared to Cl™.The bulk

©

Fig. 1. Schematic crystal structure ofNayAgSbX¢(X = Cl, F).
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Table 1
Thermodynamics parameters of Na,AgSbXe (X = Cl, F).
ag(Ang) B(GPa) B' Eo(Ry)
NayAgSbClg 10.673 29.005 5.463 —29790.404882
10.648[1] 29.856[1] 4.855[1] —29790.378[1]
NayAgSbFg 9.181 47.584 4.972 —25450.7377
9.056[1] 52.693[1] 4.776[1] —25450.646[1]

moduli are calculated to be 29.005 GPa and 47.584 GPa for NasAgSbClg
and NapAgSbFg, respectively. The higher bulk modulus of the fluoride
compound indicates stronger bonding and reduced compressibility,
which is attributed to the higher electronegativity and smaller size of
fluorine.

The structural stability of double perovskites can be assessed using
the Goldschmidt tolerance factor (t) and octahedral factor (p). The
calculated values are presented in Table 2. For NasAgSbClg, t = 0.808
and p = 0.522, while for NapAgSbFg, t = 0.829 and p = 0.710. These
values fall within the acceptable range for stable perovskite structures
(0.8 <t < 1.0 and 0.4 <p < 0.7), confirming the structural stability of
both compounds. However, the octahedral factor of NayAgSbFg
(p = 0.710) is slightly above the commonly accepted upper limit of 0.70
and should therefore be interpreted as very close to, rather than strictly
within, the ideal range. This slight deviation may indicate reduced ideal
octahedral compatibility or a possible tendency toward structural
distortion; however, the optimized cubic structure, elastic stability
criteria, and phonon results support its computational stability.

Although the tolerance factor and octahedral factor provide useful
preliminary indicators of structural feasibility, they are not sufficient
alone to confirm the stability of double perovskite compounds. There-
fore, additional stability criteria were considered in the present work.
The calculated formation energies were used as thermodynamic stability
indicators, while the elastic constants were used to evaluate mechanical
stability according to the Born stability criteria. In addition, phonon
dispersion calculations were performed to further examine the dynam-
ical stability of NazAgSbClg and NapAgSbFg. Therefore, the stability of
the studied compounds is discussed based on combined structural,
thermodynamic, mechanical, and dynamical criteria rather than on the
tolerance factor alone.

To further clarify the origin of structural differences between
NapAgSbClg and NapAgSbFg, the ionic radii of the substituted halide ions
are considered. The ionic radius of CI~ (1.81 A) is significantly larger
than that of F~ (1.33 10\). This reduction in ionic size leads to lattice
contraction in NapAgSbFg, as observed in Table 1. The smaller F~ ion
enhances electrostatic interactions and strengthens the B-X bonding
framework, which is consistent with the higher bulk modulus and
reduced compressibility of the fluoride compound. However, this size
mismatch also slightly affects the ideal octahedral coordination envi-
ronment, contributing to a mild structural distortion reflected in the
octahedral factor value. Overall, halide substitution plays a key role in
tuning lattice parameters, bond strength, and elastic response in these
double perovskites. Fig. 3; presents the phonon dispersion curves of
NayAgSbClg and NasAgSbFe along the selected high-symmetry di-
rections in the Brillouin zone. The phonon spectra reveal the presence of
a few imaginary phonon branches near specific symmetry points, indi-
cating a degree of dynamical instability in the ideal cubic phase at 0 K.
Such soft phonon modes are commonly associated with octahedral tilt-
ing, lattice distortions, or possible symmetry-lowering structural tran-
sitions. Similar behavior has been reported for Na;AgSbXg (X =F, CL, Br,
and I) double perovskites by Kumari et al. [20], where imaginary
phonon modes were also observed and attributed to lattice instabilities
in the cubic structure. Despite these soft modes, the optimized structures
satisfy the structural and mechanical stability criteria and may be sta-
bilized at finite temperatures through anharmonic lattice effects.
Therefore, the present phonon results suggest that the ideal cubic phase
is mechanically stable but exhibits signatures of dynamical instability
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Fig. 2. Energy vs. volume curves for Na,AgSbCle and Na,AgSbFg using GGA approximation.

Table 2
Goldschmidt tolerance factor (t) and octahedral factor (p) for NazAgSbXe(X = Cl,
F).

t-factor p-factor
NayAgSbClg 0.808 0.522
Na,AgSbFg 0.829 0.710

that may drive structural distortions under certain conditions.

3.2. Electronic properties

The electronic band structures calculated using the mBJ-GGA func-
tional are shown in Fig. 4. Both compounds exhibit indirect semi-
conductor behavior with the valence band maximum (VBM) located at
the I" point and the conduction band minimum (CBM) at different k-
points along the Brillouin zone. The calculated band gaps are signifi-
cantly different between the two compounds: 2.398 eV for NayAgSbClg
and 4.11 eV for NapAgSbFg (Table 3).

The nature of the band gap has been carefully confirmed from the
electronic band structures, where the VBM is located at the I" point while
the CBM appears at different k-points in the Brillouin zone. This clearly
confirms that both NayAgSbClg and NayAgSbF¢ exhibit indirect band
gap behavior. This substantial difference is primarily attributed to the
different electronegativities and ionic radii of the halogen atoms. The
larger band gap of the fluoride compound makes it more suitable for UV

applications, while the chloride compound with its smaller band gap is
better suited for visible light applications. However, due to the indirect
nature of the band gap and the relatively large value of 2.398 eV,
NayAgSbClg should be considered more cautiously as a visible/near-UV
optoelectronic material rather than an ideal single-junction photovoltaic
absorber. In contrast, the wide band gap of NapAgSbFg confirms its more
realistic suitability for UV-related and wide-band-gap applications. The
total and partial density of states (DOS) are presented in Fig. 4. The
analysis reveals that the valence band is primarily composed of halogen
p-states and Ag d-states, while the conduction band is dominated by Sb
p-states with some contribution from halogen s-states. The sharp peaks
in the DOS near the Fermi level indicate strong localization of electronic
states, which is characteristic of ionic compounds. For Nay;AgSbClg, the
valence band shows significant contribution from CI 3p states hybrid-
ized with Ag 4d states, while for Na;AgSbFe, the F 2p states dominate the
valence band. The conduction band in both compounds is primarily
composed of Sb 5p states, indicating that the optical transitions are
mainly from halogen p-states to Sb p-states. To further assess the reli-
ability of the electronic structure, spin-orbit coupling (SOC) effects were
also considered by comparing GGA, mBJ, and mBJ + SOC calculations.
The results show that SOC slightly reduces the band-gap values for both
compounds due to relativistic effects associated with Sb and Ag atoms.
However, SOC does not significantly alter the band dispersion, nor does
it change the positions of the VBM and CBM, indicating that the overall
electronic nature remains preserved.

Furthermore, comparison with the HSE06 functional shows good

9 N aZAngCl6I

‘NazAngFﬁ

-
/'

Fig. 3. Phonon dispersion curves of Na;AgSbCls and Na,AgSbFs.
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Fig. 4. Electronic properties of Na;AgSbXes (X = Cl, F): (a,b) electronic band structures and (c,d) total and partial density of states calculated using the mBJ-

GGA approach.

Table 3
Calculated band-gap energies (eV) of NayAgSbXe (X = Cl, F) obtained using
GGA, mBJ, mBJ + SOC, and HSE06 functionals.

GGA mBJ mBJ + SO HSE06
Na,AgSbClg 1.296 2.398 2.341 1.269
2.212[41]
2.833[1]
Na,AgSbFe 1.713 4.11 4.023 3.019
3.986[1]

agreement with the mBJ trends, confirming the reliability of the calcu-
lated band-gap values. Small differences between GGA, mBJ, mBJ +
SOC, and HSE06 are expected due to the different treatments of
exchange-correlation effects.

3.3. Elastic properties

The elastic constants show that NayAgSbFg has higher values
(C17 = 93.539 GPa) compared to NasAgSbClg (C17 = 57.31 GPa), indi-
cating stronger resistance to deformation along the crystallographic
axes. The relatively large increase in C;; for NasAgSbFg was carefully
verified and can be attributed to the smaller ionic radius and higher
electronegativity of fluorine compared with chlorine, which strengthen
the interatomic interactions and increase the rigidity of the crystal lat-
tice. Similar trends relating stronger bonding interactions to enhanced
elastic stiffness have been reported in previous first-principles

investigations of functional materials and intermetallic compounds
[42-44]. The calculated bulk moduli (By) are 28.711 GPa and
47.857 GPa for the Cl and F compounds, respectively, confirming the
higher incompressibility of the fluoride compound. The shear moduli
(Gp) are 10.234 GPa and 12.653 GPa, respectively, indicating moderate
resistance to shear deformation. The anisotropy factors (A) are 0.276
and 0.160 for the Cl and F compounds, respectively. Values significantly
different from 1 indicate elastic anisotropy, with the chloride compound
showing higher anisotropy.For NayAgSbCls, the values are
Ey = 31.904 GPa, Eg = 22.801 GPa, and Ey = 27.442 GPa. The fluoride
compound shows higher values: Ey = 45.627 GPa, Eg = 23.527 GPa, and
Ey = 34.885 GPa. The Hill average provides the most reliable estimate of
the Young's modulus, indicating that NayAgSbFe has approximately 27%
higher stiffness than Naz;AgSbCle.The significant difference between the
Voigt and Reuss bounds indicates elastic anisotropy in both compounds,
with the chloride compound showing greater anisotropy
(AE = 9.103 GPa vs. 22.1 GPa for the fluoride).The Poisson's ratio (v)
provides insight into the lateral contraction when a material is stretched.
For NapAgSbCle, the calculated values are vy = 0.315, vg = 0.368, and
vg = 0.341. The fluoride compound shows higher values: vy = 0.341,
VR = 0.418, and vy = 0.379 (Table 4).The Poisson's ratio values for both
compounds are in the typical range for ionic materials (0.2-0.4), indi-
cating normal lateral deformation behavior. The higher Poisson's ratio of
NayAgSbFg suggests greater lateral contraction upon stretching, which is
consistent with its more ionic character due to the higher electronega-
tivity of fluorine. The Pugh's ratio (By/Gp) is a key indicator of ductility
versus brittleness. The calculated ratios are 2.805 and 3.782 for



K. Bouferrache et al.

Table 4
Summary of the elastic and mechanical characteristics of Na;AgSbXe (X = Cl, F).
NayAgSbClg NayAgSbFg
C11 (GPa) 57.31 93.539
C12 (GPa) 14.412 25.016
Cy4 (GPa) 5.922 5.511
Gy (GPa) 12.133 17.011
Gr (GPa) 8.336 8.295
Gy (GPa) 10.234 12.653
By (GPa) 28.711 47.857
A 0.276 0.160
Ey (GPa) 31.904 45.627
Eg (GPa) 22.801 23.527
Ey (GPa) 27.442 34.885
dv 0.315 0.341
I 0.368 0.418
S 0.341 0.379
Bu/Gu 2.805 3.782
The average wave velocity (m/s) 2199.548 2195.569
Debye Temperature(K) 209.823 243.493

NayAgSbCls and NayAgSbFe, respectively. Since both values are greater
than the critical value of 1.75, both compounds exhibit ductile behavior,

Poisson's ratio

okl

Bulk modulus

Shear modulus

Young's modulus
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which is beneficial for practical applications and processing. The higher
Bp/Gy ratio of the fluoride compound (3.782) indicates greater ductility
compared to the chloride compound (2.805). This enhanced ductility is
advantageous for manufacturing processes and mechanical reliability in
device applications. The mechanical behavior observed for Na;AgSbClg
and NayAgSbF is consistent with previous first-principles investigations
on functional materials, where the fulfillment of the Born mechanical
stability criteria and Pugh's ratio values exceeding 1.75 were associated
with mechanically stable and ductile compounds. Similar methodologies
have been successfully applied to cubic perovskites, Heusler alloys, and
intermetallic systems to evaluate elastic stiffness, structural robustness,
and mechanical reliability under external perturbations [42-44]. The
present results therefore further support the mechanical stability and
potential technological applicability of the studied double perovskites.

The Debye temperature 0p can be defined as the temperature at
which all the atomic modes of vibrations in a solid become activated. At
low temperatures, 6p can be calculated from the speed of velocity v, as
follows [45]:

~ h[(3n\ Nap]"”?
o= (30) 37 @

Fig. 5. Configuration of elastic moduli in 2D and 3D forms for Na,AgSbXs (X = Cl, F).
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In the expression of equation (4), the quantities h, n, p, kg, M and Ny
denote: the Planck constant; the number of atoms in the unit cell, the
density of the solid, the Boltzmann constant, the molar mass of the solid
and the Avogadro number, respectively.

The values are 209.823 K for NayAgSbClg and 243.493 K for
NapAgSbFg. The higher Debye temperature of NapAgSbFg suggests
stronger bonding and a higher characteristic phonon frequency
compared with NayAgSbClg. The average wave velocity was calculated
to be 2199.548 m/s and 2195.569 m/s for NapAgSbClg and NayAgSbFg,
respectively. The similar values indicate comparable acoustic properties
despite the different Debye temperatures. Fig. 5 presents the three-
dimensional and two-dimensional representations of the elastic moduli
for both compounds, providing valuable insights into the anisotropic
behavior of these materials. For NaAgSbClg, the 3D representation
shows significant deviations from spherical symmetry, indicating pro-
nounced elastic anisotropy. The Young's modulus varies considerably
with crystallographic direction, with maximum values along certain
high-symmetry directions and minimum values along others.

The non-spherical shape of the 3D surface confirms the anisotropic
nature of the material, consistent with the calculated Zener anisotropy
factors. Since an isotropic material has A = 1, any deviation from unity
indicates elastic anisotropy. The calculated values of A = 0.276 for

= Na,AgSbCl
== Na,AgSbF

(o)

(@
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NayAgSbClg and A = 0.160 for NapAgSbFg indicate that both compounds
are elastically anisotropic, with NasAgSbFg showing stronger anisotropy
according to the Zener criterion because its value is farther from unity.
Therefore, the comparison between the two compounds should be based
on their deviation from A = 1 rather than on the apparent smoothness of
the 3D elastic surface alone. Fig. 5 confirms the directional dependence
of the elastic moduli, with NayAgSbCls showing stronger anisotropic
behavior, whereas NayAgSbFg exhibits relatively smoother directional
variation. The shear modulus representations reveal that both com-
pounds have relatively low shear resistance, consistent with their ductile
nature. The 3D surfaces for shear moduli show similar anisotropic pat-
terns to the Young's modulus, with the chloride compound exhibiting
greater directional variation.

These visualizations are particularly important for understanding: i.
The directional dependence guides the selection of optimal crystallo-
graphic orientations for specific mechanical applications. ii. The degree
of anisotropy affects the mechanical properties of polycrystalline sam-
ples. iii. Anisotropic materials may develop stress concentrations along
certain directions under mechanical loading.

The more isotropic behavior of NayAgSbF¢ makes it potentially more
suitable for applications where uniform mechanical properties are
desired, while the anisotropic nature of NayAgSbClg could be

5
= N2, AgSbCl
== Na,AgSbF
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Fig. 6. Optical spectra of Na,AgSbX, (X = Cl, F) calculated using the mBJ-GGA approach: (a) real part of the dielectric function ¢;(®), (b) imaginary part of the
dielectric function e5(w), (c) refractive index n(w), (d) extinction coefficient k(w), (e) energy-loss function L(w), (f) absorption coefficient a(w), (g) optical conductivity

o(w), and (h) reflectivity R(w) as a function of photon energy.
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Fig. 6. (continued).

advantageous for applications
properties.

requiring directional mechanical

3.4. Optical properties

Using the mBJ-GGA functional for accurate band-gap estimation, the
frequency-dependent optical functions are shown in Fig. 6. The real part
of the dielectric function £1(®) shows static dielectric constants of 3.282
for NapsAgSbClg and 1.913 for NayAgSbFg, with the lower value of the
fluoride compound being consistent with its wider band gap and
stronger ionic character (Table 5). The imaginary part indicates that
optical absorption for NapAgSbClg begins around 2.4 eV, matching the
fundamental band gap and exhibiting multiple peaks in the visible and
UV regions due to various interband transitions, whereas for NapAgSbFg
the onset occurs at about 4.1 eV, restricting absorption to the UV range.

Table 5
Calculated static dielectric constant e(0)and, static refractive index and static
optical reflectivity for of NasAgSbXe (X = Cl, F).

£(0) n(0) R(0)
Na,AgSbClg 3.282 1.811 0.083

5.327[1] 2.346[1] 0.479[1]
NayAgSbFg 1.913 1.383 0.025

3.713[1] 1.974[1] 0.549[1]

The static refractive indices are 1.811 and 1.383 for the chloride and
fluoride compounds, respectively, with the higher value for Na;AgSbClg
attributed to its smaller band gap and greater polarizability. Reflectivity
spectra reveal relatively low reflectivity values of 0.083 for NayAgSbClg
and 0.025 for NayAgSbF, indicating limited optical losses at low photon
energies. The absorption coefficient a(w) reaches 10*-10° cm’l, with
NapAgSbCle absorbing mainly in the visible/near-UV region and
NayAgSbFg being mainly active in the UV range.

Nevertheless, the photovoltaic interpretation should be considered
with caution. The indirect band gap of NayAgSbCls and its absorption
onset around 2.4 eV make it less suitable as a primary single-junction
solar absorber compared with lower-gap direct semiconductors. There-
fore, NapAgSbClg may be more realistically described as a visible/near-
UV optoelectronic or complementary absorber material. On the other
hand, NayAgSbFe, with a band gap above 4 eV and absorption mainly in
the UV region, is better suited for UV photodetectors, transparent/
window-layer applications, and wide-band-gap optoelectronic devices
rather than conventional photovoltaic absorbers.

3.5. Thermoelectric properties

The thermoelectric properties, calculated using the BoltzTraP code
and shown in Fig. 7, reveal temperature-dependent transport behaviors
that underline the potential of these materials for thermoelectric
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applications.
The Seebeck coe
values depending on

fficient S(T) displays both positive and negative
carrier type and temperature, ranging from —200

to +400 pV/K for NapAgSbClg between 300 and 800 K, with the sign
change suggesting the feasibility of both n-type and p-type conduction
under suitable doping. NapsAgSbFg generally exhibits larger absolute
values, reaching up to 600 pV/K, a result of its wider band gap and lower
carrier concentration. The electrical conductivity o(T) decreases with

temperature for both

compounds, characteristic of semiconductors, with

NayAgSbClg showing higher values due to its smaller band gap, while
NayAgSbFg remains lower in line with its insulating character. Thermal

Materials Today Advances 31 (2026) 100872

conductivity consists of electronic (k) and lattice (k) components; K
follows the Wiedemann-Franz law and scales with ¢(T), whereas « is
lower for NayAgSbClg due to stronger phonon scattering from heavier Cl
atoms. The thermoelectric figure of merit ZT = S26T/x reaches peak
values of about 0.8 for NayAgSbClg and 0.6 for NayAgSbFg at high
temperatures, indicating moderate yet promising thermoelectric per-
formance, particularly with optimized doping strategies. It should be
noted that these thermoelectric results were obtained within the con-
stant relaxation time approximation as implemented in BoltzTraP.
Therefore, the electrical conductivity and electronic thermal conduc-
tivity should be interpreted as 6/t and k¢/7, respectively, rather than
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Fig. 7. Temperature dependence of thermoelectric transport properties: (a) Seebeck coefficient, (b) electronic thermal conductivity, (c) lattice thermal conductivity,
(d) total thermal conductivity, (e) electrical conductivity, and (f) thermoelectric figure of merit (ZT) for Na,AgSbXs (X = Cl, F) perovskites using the mBJ-GGA

approximation.
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absolute values unless a specific relaxation time is assumed. In the
present work, the lattice thermal conductivity k. was estimated using a
semi-empirical relation based on the Debye temperature and related
elastic/thermodynamic parameters, rather than from a full phonon
Boltzmann transport treatment [46]. Consequently, the reported ZT
values should be regarded as indicative estimates and comparative
trends rather than definitive absolute thermoelectric figures of merit. A
more rigorous assessment of thermoelectric performance would require
explicit carrier-concentration optimization, relaxation-time evaluation,

and full phonon-transport-based lattice thermal conductivity
calculations.
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3.6. Thermodynamic properties

The thermodynamic properties of NayAgSbXg (X = Cl, F), obtained
using the quasi-harmonic approximation, are shown in Figs. 8 and 9 as
functions of temperature and pressure.

These results include heat capacity, entropy, Debye temperature, and
thermal expansion coefficient, with Cy and Cp approaching the
Dulong-Petit limit at high temperatures. The Debye temperatures are
209.823 K for NayAgSbClg and 243.493 K for NayAgSbFg, the higher
value for the fluoride reflecting stronger interatomic bonding and higher
phonon frequencies associated with the smaller and more electronega-
tive F atoms. The thermal expansion coefficient a(T) rises with tem-
perature for both materials, with values typical of ionic solids; the
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Fig. 8. Temperature-dependent thermodynamic properties of Na,AgSbClg at different pressures, including Cv, Cp, entropy, Debye temperature, and thermal

expansion coefficient, calculated using GGA.
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expansion coefficient, calculated using GGA.

chloride compound exhibits slightly higher expansion, consistent with
its weaker bonding.

3.7. Comparison with related perovskite systems and limitations

To further place the present results in context, a comparison with
related lead-free double perovskites and perovskite-like systems is use-
ful. Previous studies on CsyAgBiX¢ (X = Br, Cl) reported indirect band-
gap behavior and visible-light optical response, while also empha-
sizing that indirect-gap double perovskites should be considered care-
fully for photovoltaic applications [47]. This is consistent with the
present interpretation of NayAgSbClg, which exhibits visible/near-UV
absorption but should not be regarded as an ideal single-junction
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photovoltaic absorber due to its indirect band gap. Similarly, recent
investigations on Sb-based halide double perovskites such as KoAgSbBrg
and its doped derivatives have shown that compositional modification
can strongly tune the band gap and optical absorption, confirming that
halide and cation chemistry play a key role in controlling optoelectronic
functionality [48].

Recent DFT studies on Au-, In-, As-, and transition-metal-based
double perovskites further confirm that the optoelectronic and ther-
moelectric responses of these materials are strongly composition-
dependent. For example, RbyAsAuBrg and RbyAsAuClg have been
investigated as multifunctional double perovskites combining opto-
electronic and thermoelectric behavior [49], while Cs;InAgBrg and
CsyInAgCle have been reported as lead-free double perovskites with
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coupled optical and thermoelectric potential [50]. In comparison, the
present NapAgSbXe compounds show a more application-dependent
behavior. NasAgSbClg is more relevant for visible/near-UV optoelec-
tronic and thermoelectric-related applications, whereas NayAgSbFg,
because of its wide band gap of 4.11 eV and UV-dominated absorption, is
better described as a wide-band-gap UV-related material.

Related DFT studies on RbyLiAsXg (X = F, Cl, Br, I) double perov-
skites also demonstrate that the optical response shifts systematically
with halide substitution, supporting the present trend observed between
the Cl- and F-based compounds [51]. Moreover, studies on KyCuVClg
and RbyCuVClg have shown that double perovskite frameworks can be
tuned toward spintronic, optoelectronic, and energy-related function-
alities through cation selection and electronic-structure engineering
[52]. Additional theoretical investigations on oxide double perovskites
such as Sr,AlXOg (X = Ta, Nb, V) and Cs,CaMClg (M = Ge, Pb) further
support the usefulness of first-principles calculations for predicting
structural, elastic, electronic, optical, phonon, thermoelectric, and
thermodynamic trends in related perovskite families [53,54]. It should
be emphasized, however, that the present study remains computational.
In the absence of direct experimental synthesis and device-level mea-
surements for NayAgSbClg and NayAgSbFe, the predicted properties
should be viewed as theoretical indicators rather than definitive per-
formance metrics. Further experimental validation, synthesis feasibility
assessment, carrier-transport measurements, and more advanced
phonon-transport calculations are required to confirm their practical
applicability.

4. Conclusions

We have presented a comprehensive first-principles investigation of
the lead-free double perovskites NasAgSbXe (X = Cl, F) using state-of-
the-art computational methods. Our key findings can be summarized
as follows:

1. Both compounds exhibit structural feasibility and mechanical sta-
bility indicators in the cubic double perovskite structure, as
confirmed by the Goldschmidt tolerance factors and octahedral fac-
tors within or close to the acceptable ranges.

2. The materials are indirect semiconductors with band gaps of
2.398 eV (NayAgSbClg) and 4.11 eV (NapAgSbFg), making them
suitable for different optical applications. The electronic structure
analysis reveals that optical transitions are primarily from halogen p-
states to Sb p-states.

3. The elastic constants confirm mechanical stability, with both com-
pounds showing ductile behavior. The fluoride compound exhibits
higher mechanical strength and lower compressibility than the
chloride compound.

4. Strong optical absorption in the visible and UV regions application-
dependent optoelectronic potential rather than universal photovol-
taic suitability. NasAgSbClg shows superior visible light absorption,
while NayAgSbFg is more suitable for UV applications.

5. Both compounds show moderate thermoelectric behavior with sig-
nificant Seebeck coefficients and indicative figures of merit. The
temperature-dependent transport properties suggest potential for
thermoelectric applications, particularly with appropriate doping
optimization, although more rigorous transport calculations are
required for quantitative performance assessment.

6. The comprehensive thermodynamic analysis demonstrates favorable
thermal response over a wide temperature range, with the fluoride
compound showing higher Debye temperature and stronger inter-
atomic bonding.

Overall, the present results indicate that NapAgSbXe double perov-
skites are computationally promising lead-free materials with
application-dependent optoelectronic, thermal, and thermoelectric fea-
tures. However, further experimental validation and more advanced
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stability and transport calculations are required to assess their practical
device performance.
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