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Lead-free new alkali metals double perovskites
A>InAgFg (A = Na, K, and Rb) for optoelectronic
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Sharmin Islam,
Mahmud, 2% Samah Saidi,
and Md Saiduzzaman (& *@

@ Shatha A. Aldaghfag,

® Ali El-Rayyes, @ ¢ Abdullah Al

9 Omar Alsalmi, @ ¢ Mohd Taukeer Khan (& *f

The growing demand for sustainable energy and the environmental drawbacks of lead-based perovskites

have led to the emergence of lead-free double perovskites as promising alternatives. In this work, first-

principles calculations based on density functional theory (DFT) are employed to systematically

investigate the structural, mechanical, electronic, optical, and thermodynamic properties of fluoride-
based double perovskites AInAgFs (A = Na, K, and Rb). Structural analysis confirms that all three
compounds are stable in the cubic space group, with negative formation energies. Mechanical
evaluations demonstrate that all three compounds satisfy the Born-stability criteria and exhibit ductile

behavior.

Electronic band structure calculations reveal that these materials are direct bandgap

semiconductors, with bandgaps increasing from 3.02 eV for Na,InAgFe to 3.88 eV for RbyInAgFg using
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the Hybrid-HSEO6 functional. Furthermore, the materials exhibit low reflectivity and strong optical

absorption in the UV range, alongside stable thermodynamic profiles at high temperature. These findings

DOI: 10.1039/d6ra01318;j

rsc.li/rsc-advances thermoelectric applications.

1 Introduction

The increasing depletion of fossil fuels and the urgent need to
reduce carbon emissions have made solar energy a promising
renewable solution to the global energy crisis. The efficiency
of solar cells depends on the optical and electronic properties of
the materials used.® Although silicon-based photovoltaic cells
dominate the market due to their reliability and efficiency, their
broader use is restricted by high production costs and modest
power conversion efficiency (PCE).** Perovskites have attracted
significant attention as promising alternatives for emerging
solar cell technologies. Since 2009, perovskite solar cells have
achieved PCEs exceeding 25%, comparable to commercial
silicon-based cells.® This performance arises from their unique

“Department of Materials Science and Engineering, Khulna University of Engineering &
Technology, Khulna 9203, Bangladesh. E-mail: msaiduzzaman@mse.kuet.ac.bd
*Department of Physics, College of Sciences, Princess Nourah bint Abdulrahman
University, P. O. Box 84428, Riyadh 11671, Saudi Arabia

‘Center for Scientific Research and Entrepreneurship, Northern Border University,
73213, Arar, Saudi Arabia

“Department of Physics, College of Science and Humanities in Al-Kharj, Prince Sattam
Bin Abdulaziz University, Al-Kharj 11942, Saudi Arabia

“Department of Physics, College of Science, Umm Al-Qura University, Makkah, 21955,
Saudi Arabia

/Department of Physics, Faculty of Science, Islamic University of Madinah, Madinah,
Saudi Arabia. E-mail: khanmtk@iu.edu.sa

21168 | RSC Adv, 2026, 16, 21168-21187

highlight the potential of A,InAgFs compounds for next-generation optoelectronic, photovoltaic, and

properties, including long charge-carrier diffusion lengths,
tunable bandgaps, and low exciton binding energies.”® These
features enable applications in solar cells, light emitting diodes,
photodetectors, and thermoelectric devices.*® Additionally, they
are low cost, lightweight, and amenable to large-scale fabrica-
tion." However, conventional Pb-based perovskites suffer from
serious drawbacks such as toxicity and poor stability under
moisture, heat, and UV exposure,'* motivating the exploration
of lead-free alternatives such as double perovskites.'*

The A,BB'X, double perovskite structure has recently gained
attention for sustainable energy applications due to its composi-
tional flexibility and ecofriendly nature. These materials crystallize
in the cubic Fm3m structure, where the A-site is occupied by alkali
metal ions (e.g., K, Rb"); the B and B’ sites by mono- and trivalent
cations (e.g., Ag", Cu’, In*", Bi*"), and the X-site by halogens (e.g.,
F, Cl7, Br, I').”*" This structural versatility allows tuning of
bandgaps, carrier mobility, and optical absorption, making them
suitable for photovoltaic and optoelectronic applications. Lead-
free double perovskites such as Cs,AgBiBrs and Cs,AgBiCls show
indirect and large bandgaps (>2 €V), limiting efficiency, while
Cs,TiBrg exhibits an improved bandgap and a power conversion
efficiency (PCE) of 3.3%.">'® To overcome such limitations, halide
substitution and cation engineering have been widely used to tune
material properties. These materials exhibit good stability, long
carrier diffusion lengths, and strong optical absorption, making
them promising for optoelectronic applications.'”**

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Recent studies further demonstrate the potential of Pb-free
double perovskites. For example, A,YAuls (A = Rb, Cs),
studied by Nazir et al," shows ductile behavior and direct
bandgaps (~1.7 eV) suitable for clean energy. X,AgBils (X = K,
Rb, Cs) exhibits stability, ideal bandgaps (1.26-1.35 eV), strong
absorption, and promising thermoelectric performance.*® Nasir
et al.** reported X,CuAsF, (X = Na, K) with bandgaps (0.8 to 1.56
eV) and strong optical response.** A,AlAuClg (A = Cs, K, Rb)
shows ~2 eV bandgaps with UV-visible absorption and ther-
moelectric potential.?> A-site substitution significantly influ-
ences properties; for example, A,AgAlls (A = Na, K, and Rb)
demonstrates decreasing bandgaps with A-site variation,> while
RDb,AlAgCls and Cs,AlAgClg studied by Lantri et al.>* reveal
bandgap tuning and UV responsiveness. Similarly, K,AlInI;,
Rb,AlInlg, & Cs,AllnIs highlight the A site effect on electronic
and thermoelectric properties.”® Studies on K,NaInX (ref. 26)
and Rb,GeSnX, reveal halide-dependent tuning of optical and
thermoelectric properties.”” Recent first-principles studies on
Rb,NaTlZs (Z = Cl, Br, I) by Shah et al.*® report structural
stability, direct bandgaps (3.4-2.1 eV), and thermoelectric
performance (ZT up to 0.71). DFT studies on Cs,NaXClg (X = In,
La, Sc, Y) by Shakeel et al.*® show stability, wide bandgaps (4.1-
6.4 eV), strong UV absorption, and low thermal conductivity
(0.169-0.228 W mK™*). Rb,CuSbX, (X = Cl, Br, I) exhibits
pressure-dependent bandgaps (1.08-0.33 eV) and tunable
optoelectronic and thermoelectric properties.*® In another study
by Shah et al.,** K,NaTIX, (X = Cl, Br, I) exhibits strain-tunable
direct bandgaps and improved optoelectronic properties under
uniaxial strain (—4% to 4%). Saeed et al* reported that
X,BAgCls (X = K, Rb, Cs; B = Sc, Y) exhibits semiconducting
behaviour with bandgaps (3.56-4.88 eV), strong UV absorption,
and moderate thermoelectric performance (ZT = 0.38-0.42).

Despite these advances, fluoride-based double perovskites
remain less explored than iodide, bromide, and chloride
systems. In particular, a systematic theoretical study of A-site
cation effects on structural stability and optoelectronic prop-
erties is still lacking, representing an important scientific gap.
In this context, A,InAgFs (A = Na, K, and Rb) provides an ideal
platform to investigate the role of A-site cation size and chem-
istry. These compounds consist of non-toxic elements and are
promising for sustainable applications, while Ag" and In** are
expected to enhance structural stability and electronic perfor-
mance. Therefore, in this work, density functional theory (DFT)
is employed to study the structural, electronic, optical, phonon,
and thermodynamic properties of A,InAgF, (A = Na, K, and Rb).
The objective of this work is to understand the effect of A-site
variation and identify the most suitable composition for effi-
cient and stable clean energy applications.

2 Computational methods

First-principles calculations based on DFT**** were performed
using the Cambridge Serial Total Energy Package (CASTEP)
module.*® The electronic exchange-correlation interactions
were treated using the generalized gradient approximation
(GGA) with the Perdew-Burke-Ernzerhof (PBE)*® functional for
geometry optimization and electronic properties calculation.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Additionally, spin-orbit coupling (SOC) was incorporated. For
more precise evaluation of the bandgaps and optical properties,
the Hybrid-HSEO06 functional was employed in the calculations.
Ultrasoft pseudopotentials were employed to describe the core-
valence electron interactions for all elements. The structural
optimization of the crystal was conducted using the Broyden-
Fletcher-Goldfarb-Shanno (BFGS) minimization scheme.?”*°
The plane-wave basis set energy cutoff was set to 500 eV, and
a Monkhorst-Pack k-point mesh of 4 x 4 x 4 was used to
sample the Brillouin zone.*"** The convergence thresholds were
set to 1.0 x 10 ® eV per atom for self-consistent field (SCF)
cycles, and 1.0 x 10 eV per atom for total energy. Additionally,
the maximum force, stress, and atomic displacement tolerances
were set to 0.03 eV A%, 0.05 GPa, and 0.001 A, respectively. A k-
point mesh of 8 x 8 x 8 was chosen, and the Kramers-Kronig
relations were used to derive the frequency-dependent complex
dielectric function, which allowed optical constants, including
the absorption coefficient, refractive index, and reflectivity, to
be calculated.* Small finite strains were applied to the opti-
mized structure in order to evaluate the second-order elastic
constants. The GGA-PBEsol framework, which offers better
lattice parameter predictions for solids, was used for these
computations. The determined elastic constants were used to
investigate mechanical stability and anisotropy. The final
crystal structures of A,InAgF, fluoride perovskites are visualized
using the VESTA visualization software.* The elastic modulus
parameters are produced using three-dimensional rendering by
means of the ELATE software.** Phonon dispersion and ther-
modynamic calculations were performed using a higher cutoff
energy of 880 eV and a reduced 2 x 2 X2 k-point grid to ensure
the accuracy of the lattice dynamical properties.** The conver-
gence criteria for these calculations were set to 0.5 x 107 eV
per atom for SCF energy, 0.1 x 10~ " eV A" for force, 0.2 x
10~* GPa for stress, and 0.5 x 107> A for displacement.

3 Result and discussions
3.1 Structural properties

The cubic space group Fm3m (# 225) represents the funda-
mental crystal symmetry of double perovskites with the general
formula A,B'B"X,."* The fluoride double perovskites A,InAgFg (A
= Na, K, and Rb) also crystallize in this highly symmetric cubic
structure, which is characteristic of stable double perovskite
systems. Each conventional unit cell contains 40 atoms, corre-
sponding to four formula units. The alkali metal cations (Na,
K', and Rb") are accommodated within the interstitial sites of
the perovskite lattice, where they play a crucial role in stabi-
lizing the overall crystal structure. Fig. 1 presents the schematic
crystal structure of the cubic double perovskite A,InAgFe. In this
structure, the alkali metal cations occupy the 8¢ Wyckoff posi-
tions (0.25, 0.25, 0.25), while the In** ions are located at the 4a
sites (0, 0, 0) and the Ag" ions reside at the 4b sites (0, 0, 0.5).
The fluoride anions are positioned at the 24e sites (0, 0, x),
where the internal coordinate x shows a slight dependence on
the size of the A-site cation.

The formation enthalpy values are computed using the
following equation:

RSC Adv, 2026, 16, 21168-21187 | 21169
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Fig. 1 The schematic crystal representation of the double perovskite A;InAgFe (A = Na, K, and Rb) structure.

1
AE; = - [Exongr, — 2B — B — BRI =35 ] (1)

N

The formation energy AE:; represents the energy change
associated with forming the compound A,InAgFs from its
constituent elements in their most stable bulk and molecular
reference states. In this expression, E imagr, denotes the total
energy of the optimized compound obtained from DFT calcu-
lations. The terms ERUX EPUX and EK;“‘ correspond to the
energies per atom of the alkali metal (A = Na, K, Rb), indium,
and silver in their respective bulk crystalline phases. The fluo-
rine contribution is represented by Eg , which is the total energy
of an isolated fluorine molecule, and it is multiplied by 3
because six fluorine atoms in the compound correspond to

1 .
three F, molecules. The factor N normalizes the total energy

difference per atom, where N is the total number of atoms in the
formula unit (10 in this case). A negative value of AE; indicates
that the compound is thermodynamically stable with respect to
its elemental constituents. The calculated formation energies
(AEy) are negative for all three compounds, confirming their
stability and spontaneous formation tendency from their
constituent elements.** Among the studied systems, Rb,InAgFs
exhibits the most negative formation energy (—2.319 eV per
atom), indicating the highest structural stability as shown in
Fig. 2(a). In comparison, K,InAgF, shows a slightly less negative
value (—2.298 eV per atom), while Na,InAgF¢ has the least
negative formation energy (—2.114 eV per atom), suggesting
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comparatively lower lattice cohesion. The increase in stability
with increasing A-site ionic size can be attributed to enhanced
lattice strain and reduced geometric compatibility within the
perovskite framework. Additionally, we also calculated cohesive
and binding energy. The following equations are used to
calculate the cohesive and binding energy:

1 iso iso iso is0

AE, = [EAZIHA% —2EX — Ei — ER° — 6 ] (2)
1 . ) . )

AE, = — [2EA + ES° + BN + GER — EAZInAgFJ (3)

The cohesive energy AE. and binding energy AE;, describe
the strength of atomic bonding in A,InAgFs, but they are
defined with slightly different sign conventions. In the cohesive
energy expression, Ex magr, is the total energy of the compound,
while E5°, Eii, Exs, and Ex° represent the energies of isolated
(free) atoms of A, In, Ag, and F, respectively. These isolated
atomic energies are multiplied by their stoichiometric coeffi-
cients (2 for A, 1 for In, 1 for Ag, and 6 for F) to account for all
atoms in the formula unit. The cohesive energy equation
calculates the energy difference between the compound and its
constituent isolated atoms, normalized by the total number of
atoms N, and typically yields a negative value, indicating energy
release upon formation of the solid from free atoms. In
contrast, the binding energy AE;, uses the same terms but
reverses the subtraction order, effectively measuring the energy
required to break the compound into isolated atoms. As
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(a) Formation energy, (b) lattice constant, and volume for AInAgFe (A = Na, K, and Rb) compounds.
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a result, binding energy is usually positive for stable systems.
Both quantities provide insight into bond strength and struc-
tural stability, with larger magnitudes indicating stronger
interatomic interactions. The calculated cohesive energies of
Na,InAgFs, K,InAgFe, and Rb,InAgFs are —4.154, —4.231, and
—4.226 €V per atom, respectively. This decrease in cohesive
energy indicates a weakening of the internal bonding strength,
as a lower amount of energy is required to separate the crystal
into its constituent isolated atoms. Similarly, the calculated
binding energies for Na,InAgFs, K,InAgF,, and Rb,InAgF, are
also found to be 4.154, 4.231, and 4.226 eV per atom, respec-
tively. This well-ordered atomic arrangement gives rise to
a highly symmetric cubic lattice and ensures ideal octahedral
coordination around the B-site metal ions. The increase in ionic
size leads to an expansion of the perovskite lattice, resulting in
an increase in the lattice constant from 8.98 A for Na,InAgF; to
9.05 A for K,InAgFs and further to 9.12 A for Rb,InAgFs as
shown in Fig. 2(b). The unit cell volume increases from 720.44
A® to 740.15 A® and 760.09 A%, respectively. This behavior is
consistent with the fundamental characteristics of perovskite
structures, where larger A-site cations enlarge the perovskite
cage by increasing the metal-fluorine bond lengths and inter-
octahedral spacing.” Laihnuna et al reported the lattice
parameter and formation energy of K,InAgFs, while Laihnuna
et al. and Ahmad et al reported comparable structural and
energetic parameters for K,InAgClg, K,InAgBr, and K,InAglg;
these values are in good agreement with our results, confirming
the reliability of the present calculations.*”** All the values are
given in Table 1.

The structural stability was further assessed using the
Goldschmidt tolerance factor (tg), and the octahedral factor (u)
defined as:

ORI
w= <VB;:B> (5)

where r,, g, s and rx stand for the elements’ respective
Shannon ionic radii at locations A, B, B/, and X. Table 2
demonstrates the ionic radius of each atom. For stable cubic
perovskites, the tolerance factor typically lies within the range
0.825 < 76 < 1.059, while the octahedral factor satisfies 0.414 < u
< 0.732.°° The calculated values for A,InAgFs (A = Na, K, and
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Table 2 Shannon ionic radii of constituent ions in A;InAgFe (A = Na, K,
and Rb)

Tonic radius (A)

Ton [Shannon ionic radii (1976)]
Na" (12-coordinated) 1.39
K" (12-coordinated) 1.64
Rb" (12-coordinated) 1.72
In** (6-coordinated) 0.80
Ag" (6-coordinated) 1.15
F~ (6-coordinated) 1.33

Table 3 Goldschmidt's tolerance factor (zg), Bartel's tolerance factor
(tg) and octahedral factor (u) for AzInAgFs (A = Na, K, and Rb)
compounds

Compound TG g "

Na,InAgFe 0.83 4.384 0.73
K,InAgFy 0.91 3.599 0.73
Rb,InAgF, 0.94 3.472 0.73

Rb), presented in Table 3, fall within these acceptable limits,
confirming their structural compatibility with the cubic perov-
skite framework. The tolerance factors are 0.83 for Na,InAgF,
0.91 for K,InAgFs, and 0.94 for Rb,InAgFs The closer proximity
of 7 to unity for K,InAgFs and Rb,InAgF, indicates a more
favorable cubic perovskite geometry, whereas the lower value
for Na,InAgFe suggests increased octahedral distortion due to
size mismatch at the A-site. This confirms that larger alkali ions
provide Dbetter structural stabilization of the cubic
framework.**

Bartel et al.>* proposed another tolerance factor to predict the
stability of perovskite materials. To further assess structural
stability, the data driven tolerance factor proposed by Bartel
et al. was used, given by:

N
<r3+r3/)

_ rx 2
TB—anA A — —— (6)
2 Inl—"2
g+ 1y
2

Table 1 Calculated lattice constants a (A), unit cell volume V (A%), formation energy (AE;), cohesive energy (AE.), and binding energy (AE,)

Lattice parameter, a (A)

Formation energy, Cohesive energy, Binding energy,

Compound This study Previous study v (A% (eV per atom) (eV per atom) (eV per atom)
Na,InAgFe 8.98 — 720.44 —2.114 —4.154 4.154
K,InAgFg 9.05 9.003 (ref. 47) 740.15 —2.298 —4.231 4.231
Rb,InAgF, 9.12 — 760.09 —2.319 —4.226 4.226

K,InAgClg (ref. 47 and 48) —
K,InAgBry (ref. 47 and 48) —
KoInAgl, (ref. 47 and 48) —

© 2026 The Author(s). Published by the Royal Society of Chemistry

10.502, 19.930 —
11.0543, 20.9559 —
11.8904, 22.5263 —

RSC Adv, 2026, 16, 21168-21187 | 21171


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ra01318j

Open Access Article. Published on 22 April 2026. Downloaded on 4/30/2026 7:05:50 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

where 1, is the oxidation state of the A-site cation. According to
this criterion, double perovskites are structurally stable when tg
< 4.63.%> The calculated values (3.599 for K, 3.472 for Rb, and
4.384 for Na) confirm that all three compounds fall within the
stability range. However, the relatively higher 7z value of Na,-
InAgF, indicates greater lattice strain, while K,InAgFs and
Rb,InAgF, exhibit superior geometric compatibility and struc-
tural robustness. Therefore, the calculated 7y values, presented
in Table 3, further support the structural stability of the studied
compounds.

Overall, the combined analysis of lattice parameters,
formation energy, and tolerance factors demonstrates that
K,InAgFs and Rb,InAgFs possess highly stable cubic double
perovskite structures, whereas Na,InAgFs, although stable,
shows comparatively higher structural distortion. This system-
atic dependence of structural stability on the A-site cation size
plays a crucial role in tuning the mechanical, vibrational, and
optoelectronic properties of fluoride double perovskites.

3.2 Mechanical properties

In density functional theory, the reaction of a material to stress
and other conditions is described in terms of its mechanical
properties.*® The elastic stiffness constants symbolized by the
C;; matrix in Table 4 describe the mechanical response of Na,-
InAgF,, K,InAgFs, and Rb,InAgF, and illustrated in Fig. 3(a).
These constants are also significant for their structural stability,
anisotropy, and potential applications.

The elastic constant C;, defines how a material resists forces
of compression along the principal crystallographic direction.
Measurement of elasticity creates higher stiffness along this
particular direction.* C,, measurements define the behavior of
the material to respond to stress that is equally acting on
multiple axes, stress is applied in one direction, and strain in
a direction perpendicular [1 1 0] plane.*® The material responds
to shear strains through the Shear Elastic Constant measure-
ment expressed as C,4. The concept of resistance to the change
in shape without a change in volume is an important aspect to
explore.** The Born stability criteria of the compounds are
described through the equations noted below:*”

Ci1>0,C>0,C1—C12>0,Cy; +2C12>0 (7)

Among the three compounds, Na,InAgF, has the highest Cy;
value at 63.69 GPa. This means it resists uniaxial stress better
than K,InAgFs (60.26 GPa) and Rb,InAgFs (50.65 GPa). The
higher resistance of Na,InAgFs comes from the shorter and

Table 4 Calculated elastic stiffness constants for Na>InAgFg, K>InAgFe,
and Rb,InAgFe

Compounds Ci1 Cis Cas Cs Cp 4
Na,InAgFg 63.69 26.06 6.22 18.82 19.83 0.55
K,InAgFg 60.26 23.50 7.07 18.38 16.43 0.53
RbZInAgFE 50.65 23.80 10.72 13.42 13.08 0.60
K,InAgCl (ref. 48)  44.42 22.82  7.31 — 15.51  —
K,InAgBr (ref. 48)  47.43 14.86  9.81 — 5.05 —
K,InAgle (ref. 48)  43.17 859 824 — 036 —

21172 | RSC Adv, 2026, 16, 21168-21187

View Article Online

Paper

stronger In-F bonds, which give improved strength along the
axis. For C;,, Na,InAgF, has the largest value of 26.06 GPa, while
Rb,InAgFs shows 23.80 GPa, and K,InAgF, has 23.50 GPa.
Na,InAgF, exhibits more resistance to uniform multidirectional
stress compared to the other two compounds. For shear resis-
tance, the C,4 values show that Rb,InAgF, (10.72 GPa) has the
strongest one. Na,InAgFs and K,InAgF, have the C,, values of
6.22 GPa and 7.07 GPa, respectively. As a conclusion, Rb,InAgFs
resists shape changes better than the others. Therefore, Na,-
InAgFs has the highest resistance to compression, but Rb,-
InAgFs is stronger against shear deformations. These
compounds show moderate stiffness and elastic anisotropy,
which makes them suitable for mechanical and optoelectronic
applications.® Cauchy pressure (Cp) is an indicator of whether
a material is ductile or brittle. Negative values signify brittle-
ness, while positive values suggest ductility.> The parameter
known as crystal stiffness (Cs) measures the overall rigidity of
the crystal structure.®

A material's ability to resist changes in shape reflects its
mechanical strength, as these characteristics are directly linked
to its level of robustness. The Kleinman parameter () describes
how easily the internal coordinates of a crystal can be modified
when subjected to an applied strain. The formulas for deter-
mining Cauchy pressure, crystal stiffness, and the Kleinman
parameter are as follows:

C,=Cip— Cy (8)
_ Cy—Cp

C=— 9)
Cy +8Cp,

= — 10

< TCii +2Cyp (10)

The C, of Na,InAgFs is 19.83 GPa, which is the highest
among the compounds. This shows that it is the most ductile,
compared to K,InAgF, (16.43 GPa) and Rb,InAgF, (13.08 GPa).
The higher ductility of Na,InAgFs can be explained by the
stronger bonding created by the smaller Na' ion, which
improves structural integrity and resistance to brittle failure.
The crystal stiffness (C;) values are 18.82 GPa for Na,InAgFs,
18.38 GPa for K,InAgFe, and 13.42 GPa for Rb,InAgFs. Na,-
InAgF, shows the highest crystal stiffness parameter (Cy), indi-
cating stronger resistance to lattice deformation at the atomic
scale. The reason is that the Na-F bonds are shorter and
stronger than K-F and Rb-F bonds, as the ionic radius of Na" is
smaller, leading to stronger electrostatic attraction. For the
Kleinman parameter ({), Rb,InAgF, has the highest value at
0.60. Na,InAgF¢ has the value at 0.55, and K,InAgF¢ has the
lowest value at 0.53. This means Rb,InAgF; is the most flexible
among the three compounds. The larger size of Rb* weakens the
bonding strength, which makes the lattice more adaptable to
internal distortions under stress. Na,InAgF offers the best
balance between ductility and thermal stability. Rb,InAgFs
exhibits higher stiffness and lower anisotropy, making each
compound suitable for different mechanical applications.
However, its lower bulk modulus and melting temperature

© 2026 The Author(s). Published by the Royal Society of Chemistry
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suggest reduced resistance to volumetric compression and
lower thermal stability compared to Na,InAgF, Material's
resistance to volumetric deformation under applied pressure is
measured by its bulk modulus (B); higher B values indicate
more compression resistance. Shear modulus (G) represents the
ability to tolerate shape changes and shear deformation, as well
as its stiffness against forces that cause angular distortion.
Young's modulus (E) measures the stiffness under uniaxial
stress. Table 5 shows the evaluated mechanical properties of
Na,InAgFs, K,InAgFs, and Rb,InAgFs, and is illustrated in
Fig. 3(b). These properties include their strength, elasticity,
ductility, and thermal stability. These values were determined
using the relationships described below:**%*

B=

(Br + Bv) (11)

N —

(Gr + Gv) (12)

N —

9BG

V=336 (13)

The bulk modulus demonstrates the maximum value in
Na,InAgF, (38.60 GPa), which decreases to 35.75 GPa for
K,InAgFs and subsequently to the lowest value observed in
Rb,InAgF, (32.75 GPa). The highest value of bulk modulus for
Na,InAgF, indicates that it is the most incompressible and
mechanically stable material, which reflects stronger atomic
bonding compared to the other two compounds. The shear
modulus shows its highest value in Rb,InAgFs (11.73 GPa),
which is greater than K,InAgF, (10.48 GPa) and Na,InAgFs (9.88
GPa). This characteristic suggests that Rb,InAgFs is the most
resistant to shear forces and shape distortion, whereas Na,-
InAgF, is the least resistant compound. Young's modulus,
which measures stiffness, is also highest in Rb,InAgF, (31.44
GPa), which shows a decrease in K,InAgF (28.65 GPa) and
Na,InAgFs (27.31 GPa). A higher value of Young's modulus

Table 5 Computed mechanical parameters including bulk modulus (B), shear modulus (G), Young's modulus (E), Poisson's ratio (v), Pugh's ratio

(B/@G), anisotropy factor (A), and melting temperature (T,

Compounds B (GPa) G (GPa) E (GPa) v B/IG A Tm (K)
Na,InAgFg 38.60 9.88 27.31 0.38 3.91 0.33 930
K,InAgFg 35.75 10.48 28.65 0.37 3.41 0.38 910
Rb,InAgF, 32.75 11.73 31.44 0.34 2.79 0.80 853
K,InAgCly (ref. 48) 30.02 8.55 23.43 0.37 3.51 0.68 —
K,InAgBry (ref. 48) 25.72 12.03 31.23 0.29 2.14 0.60 —
KoInAgl, (ref. 48) 20.12 11.14 28.21 0.27 1.81 0.48 —
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indicates greater stiffness and resistance to elastic deformation.
Therefore, K,InAgFs shows moderate flexibility with balanced
stiffness and ductility.®® The Poisson ratio, v is the dimensional
alteration of a material in directions perpendicular to stress
application.®* The B/G ratio demonstrates the ductility or brit-
tleness of a material, with greater values of over 1.75 indicating
ductility.® Mechanical anisotropy is present to a larger degree
in materials exhibiting A factors that are not 1 in all directions.*®
The material's melting point in Kelvin indicates its thermal
stability as given by T,,.” The following formulas are used to
calculate these four parameters:

3B-2G
V= 3GB+6) (14)
2C
A= —"™7" 15
Cll - C12 ( )
Ty = (554 + 5.911Cy,) + 300 K (16)

Material's deformation under stress is quantified by Poisson's
ratio (). Among all three studied compounds, Na,InAgF, has the
highest Poisson ratio of 0.38, followed by K,InAgFs at 0.37 and
Rb,InAgFs at 0.34. Na,InAgF, has a high v value, indicating
a large lateral expansion, which signifies better ductility
compared to the rest of the compounds. The ductile versus brittle
behaviour of materials is primarily determined by Pugh's ratio (B/
G). Na,InAgF, demonstrates the greatest ductility with a B/G
value of 3.91, closely followed by K,InAgF, at 3.41, whereas
Rb,InAgF is the least ductile with 2.79. All compounds exhibit
ductile behavior, as their B/G ratios exceed the critical value of
1.75 with different values as illustrated in Fig. 3(c).

Mechanical anisotropy is measured by the anisotropy factor
(4), where 1 is ideal isotropy. Rb,InAgFs (0.80) is the least
anisotropic, making it the most mechanically uniform of the
three compounds. Ahmad et al reported similar elastic and
mechanical properties for K,InAgCls, K,InAgBrs, and K,InAgly,
which are in close agreement with our calculated values, thereby
confirming the reliability of the present results.*® The thermal
stability is measured using the melting temperature (Ty,). The
highest T, is exhibited by Na,InAgF, at 930 K, followed by
K,InAgF, at 910 K, and Rb,InAgF at 853 K. The excellent thermal
resistance of Na,InAgFs makes it the most appropriate
compound for applications at high temperatures, whereas Rb,-
InAgF; is the least thermally stable. Overall, Na,InAgFs demon-
strated the best combination of ductility and thermal stability,
while Rb,InAgF, represented the lowest elastic anisotropy, indi-
cating more isotropic mechanical behaviour. The elastic local
anisotropy tool, ELATE* was used to create the three-
dimensional visualizations of anisotropic Young's modulus (E),
shear modulus (G), and Poisson ratio (v) visualization of
A,InAgXs (A = Na, K, and Rb) shown in the Fig. 4.

3.3 Electronic properties

The band structure is a crucial element in the evaluation of
materials’ electronic properties. Band structures, including
conductor, semiconductor, and insulator forms, can clarify the

21174 | RSC Adv, 2026, 16, 21168-21187
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electrical properties of a material. The bandgap is the energy
variation between the valence band maximum (VBM) and
conduction band minimum (CBM) in a material's electronic
band structure.®® This study analyses the band structures
depicted in Fig. 5, calculated using Generalized Gradient
Approximation (GGA-PBE) both with and without SOC, as well
as with the HSE06 functionals for three halide double perov-
skites, A,InAgFs (A = Na, K, and Rb). The Band Structure
diagrams of A,InAgF, (A = Na, K, and Rb) demonstrate that the
VBM and CBM align exactly at the highest symmetry k-point,
known as the G point, within the first Brillouin zone. Within
GGA-PBE, the calculated direct bandgaps are 0.98 eV, 1.52 eV,
and 1.70 eV for Na,InAgFe, K,InAgF,, and Rb,InAgFs, respec-
tively. The impact of relativistic spin orbit coupling (SOC) on the
electronic structure is depicted in the top panels of Fig. 5. The
inclusion of SOC breaks the degeneracy of several electronic
states, with a noticeable effect in the valence band near the M
point for A,InAgFs (A = Na, K, and Rb). Furthermore, SOC
causes a significant shift in the conduction band, lowering its
energy, which leads to a considerable narrowing of the
bandgap. As a result, the bandgaps calculated with SOC are
consistently smaller than those predicted without SOC. This
reduction becomes more pronounced with the substitution of
heavier A-site atoms, reflecting the stronger relativistic effects
associated with higher atomic numbers. Specifically, the
bandgap of Na,InAgF, decreases from 0.98 eV to 0.59 eV with
SOC inclusion, while for K,InAgFg, it is significantly reduced
from 1.52 eV to 1.18 eV, and for Rb,InAgF, it decreases from
1.70 eV to 1.42 eV. The substantial reduction in the bandgap
observed in A;InAgFs (A = Na, K, and Rb) compounds under-
scores the importance of including SOC for accurately
describing the electronic properties of halide perovskites con-
taining heavier elements like In and Ag, as SOC can notably
modify the band dispersion and reduce the bandgap.

As expected, the HSE06 functional yields larger and more
accurate bandgaps of 3.02 eV, 3.63 eV, and 3.88 eV for Na,-
InAgFs, K,InAgFs, and Rb,InAgFs, respectively as shown in
Table 6. The atomic radius increases in the order: Na < K < Rb.
Due to differences in atomic shapes and sizes, the bandgap
varies, rising from sodium to potassium and rubidium to
regulate the total repulsion among the electronic states.®® Direct
bandgap double halide perovskites provide substantial benefits
for optoelectronic applications owing to their effective light
absorption and emission characteristics. These attributes
render them exceptionally appealing for next-generation solar
cells, LEDs, and various photonic gadgets.”

The Density of States (DOS) diagrams offer critical insights
into the electronic structures of the A,InAgFs (A = Na, K, and
Rb) compounds by depicting both Total Density of States
(TDOS) and Partial Density of States (PDOS) across a wide
energy spectrum. Fig. 6 illustrates the DOS profiles for the three
variants, spanning energies from —10 eV to +10 eV, with the
Fermi level (E¢) positioned at 0 eV, separating the occupied and
unoccupied states. A detailed observation reveals characteristic
features in both the valence and conduction bands, helping
determine the bonding nature and electronic conductivity of
each composition. In the lower valence region, strong peaks

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 The physical properties of the elastic parameters of A;InAgFe (A = Na, K, and Rb) (a) Young's modulus, (b) shear modulus, and (c) Poisson's

ratio are described in the 3D illustration.

appear. These peaks come from the hybridization between F-2p
and Ag-4d orbitals. This shows the presence of strong covalent
bonding. The p-states of the A-site cations (Na, K, Rb) appear
only weakly. They stay localized in shallow energy ranges. This
means they have only a small role in electronic interactions. The
conduction band begins just above 0 eV and goes up to +10 eV.

© 2026 The Author(s). Published by the Royal Society of Chemistry

The conduction band mainly consists of contributions from In-
5s, Ag-5s, and F-2p orbitals. There are clear differences in the
start of conduction for the three compounds. From the DOS
curves, the bandgaps are estimated. Rb,InAgF, has the widest
bandgap of 3.88 eV. This means it has very few electronic states
near the Fermi level and is less conductive. K,InAgFs shows

RSC Adv, 2026, 16, 21168-21187 | 21175


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ra01318j

Open Access Article. Published on 22 April 2026. Downloaded on 4/30/2026 7:05:50 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

(a) Na,InAgF

(b) K,;InAgF,

= Without SOC
e With SOC

View Article Online

Paper

(c) Rb,InAgF,

Without SOC
= With SOC

GGA -PBE
Energy, E (eV)

|
wn

HSE06
Energy, E (eV)

T i 1

I 5 e I | L | | | |

o [ 1 - L1 1 " — 1
X R M G R X R M G R X R M G R

High Symmety Points

High Symmety Points

-

High Symmety Points

Fig. 5 Calculated band structure of (a) NaslnAgFe, (b) KaInAgFe, (c) RbalnAgFg using GGA-PBE with and without spin—orbit coupling (SOC) and

calculated band structure using Hybrid-HSEO6 functional.

a moderate bandgap of 3.63 eV. Na,InAgF has the smallest
bandgap of 3.02 eV. This shows it has the highest density of
conduction states near Er. The bandgap becomes smaller as the
A-site cation decreases in size from Rb" to Na'. The reduction
happens because smaller cations cause more structural distor-
tion and stronger orbital overlap between Ag-F and In-F. This
makes electronic excitation easier. Based on these bandgaps,
the expected order of conductivity is: Rb,InAgFs < K,InAgF, <
Na,InAgFs. Na,InAgFs is therefore expected to exhibit the
highest intrinsic conductivity. However, the relatively sharp
density of states features near the conduction band edge in
Na,InAgF, indicate favorable charge transport characteristics,
making it a promising candidate for optoelectronic device
applications requiring balanced transport properties. On the
other hand, Rb,InAgF, has a wide bandgap and low conduction.
It may be more useful in applications that need high resistivity

or insulating properties. The PDOS confirms the active roles of
Ag-d, In-p, and F-p orbitals in shaping the electronic structure of
these compounds.

The effective mass (m*) of charge carriers in the A,InAgF, (A
= Na, K, RDb) series was evaluated to determine the electronic
transport properties, as it is inversely proportional to the
curvature of the energy bands according to the relation:

ot — <d2E<k>)

-1

e (17)
where E(k) and / are band energy as a function of the wave
vector k and reduced Planck constant, respectively. The HSE06
calculations reveal a consistent electron effective mass (m;) of
0.10 across all three compounds, indicating a highly dispersive
conduction band minimum (CBM) that favors high n-type
mobility. Conversely, the hole effective masses (m;) are

Table 6 The computed bandgap and effective mass of the carriers of A;InAgFg (A = Na, K, and Rb) compounds

Bandgap (eV)

Effective mass

GGA-PBE HSEO06
Previous study
Compounds Without SOC With SOC (mbj-PBE sol) HSE06 m,, my,
Na,InAgFg 0.98 0.59 — 3.02 0.10 0.82
K,InAgFg 1.52 1.18 — 3.63 0.10 0.86
Rb,InAgF, 1.70 1.42 — 3.88 0.10 0.94
K,InAgCly (ref. 48) — — 2.48 — — —
K,InAgBry (ref. 48) — — 1.47 — — —
KoInAgl (ref. 48) — — 0.23 — — —
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Fig. 6 The Total Density of States (TDOS) and Partial Density of States (PDOS) of the compounds (a) NaxInAgFe, (b) K2InAgFe, and (c) RbolnAgFsg.

significantly higher, ranging from 0.82 for Na,InAgF, to 0.94 for
Rb,InAgF,, suggesting a flatter valence band maximum (VBM)
and potentially restricted p-type transport. This pronounced
asymmetry between m,, and m; implies that while these halides
are excellent candidates for electron conduction, the relatively
heavy holes may limit overall bipolar charge extraction effi-
ciency in optoelectronic applications. Furthermore, the
marginal increase in mj; from Na to Rb correlates with the
widening of the bandgap from 3.02 eV to 3.88 eV, reflecting the
influence of the A-site cation on the electronic structure.

The Electron Localization Function (ELF) analysis quantifies
the charge distribution within a given region of space. The ELF
analysis shown in Fig. 7 along the (100) and (200) crystallo-
graphic planes provide valuable insights into the physical
properties and bonding characteristics of A,InAgFs (A = Na, K,
and Rb) double perovskites. The charge density map on the
right side of Fig. 7 uses a color scale where red areas represent
higher electron density, reaching up to 0.4713 e A%, and blue
areas indicate lower electron density approaching 0 e A=3. The

presence of overlapping elliptical contours between In and F
atoms on the (100) plane confirms covalent bonding. In
contrast, spherical contours around Ag and F atoms on the (200)
plane, with no atomic overlap, suggest that ionic bonding
predominates.

3.4 Optical properties

The optical characteristics prescribe how the materials interact
with electromagnetic (EM) radiation, which includes absorp-
tion, reflection, transmission, and optical conductivity. An
overall knowledge of these properties has been vital in the
design and optimization of materials in the optoelectronic
structures, such as solar cells, light emitting diodes (LEDs), and
photodetectors.” The optical parameters of A,InAgFs (A = Na,
K, and Rb) have been determined at photon energies of 30 eV,
revealing the regulation of the material's optical characteristics.

A convergence test with respect to the k-point mesh was
performed to ensure the accuracy and reliability of the optical

(a) Na,InAgF, (b) K;InAgF, (c) Rb,InAgF,
NG T T
g - ‘ ‘ r ‘ - 2.356¢-1
m m m m | ll78e.l
In In’ In 0000
'- S ' ‘ ' ‘ - 4.713e-1
‘ - 3.535¢e-1
FoOC OO0 OOC IR
‘ . ‘ . ‘ - 0.000
(100) and (200) )

Fig. 7 Electron localization function (ELF) analysis along the (100) and (200) crystallographic plane of (a) Na,InAgFs, (b) KzInAgFe, and (c)

szlnAng.
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spectra. The optical properties of Na,InAgFs were calculated
using k-point meshes of 4 x 4 x 4,6 x 6 x 6,8 x 8 x 8, and 10
x 10 x 10. The results showed that the optical spectra for the 8
x 8 x 8and 10 x 10 x 10 k-point meshes were nearly identical,
as shown in Fig. 8, indicating that increasing the k-point mesh
beyond 8 x 8 x 8 does not significantly affect the calculated
optical properties. That's why this k-point mesh was subse-
quently used for the calculation of the optical properties for all
other A,InAgF, (A = Na, K, and Rb) compounds.

3.4. 1 Dielectric functions. The dielectric function is an
indispensable quantity for analyzing the optical properties,
which are related to absorption characteristics, as indicated by
the following equation for materials:

&(w) = &1(w) + iex(w) (18)
Here, &(w) represents the dielectric constant (real part), while
&(w) denotes the imaginary part. The dielectric function physically
represents the frequency-dependent relative permittivity of the
material. The material's ability to polarize and reflect incident
light is governed by &;(w), while optical absorption is primarily
described by ¢,(w), which also influences device performance. The
capacity of a material to dissipate energy is dictated by its &,(w),
which also confirms its appropriateness for a certain application
within a defined energy spectrum.” The real dielectric function
&1(w) and imaginary dielectric function ¢,(w) defined as:
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e(w)=1+ %PJOO %dw, (19)
ev) = — 5 ZJ My (k) PSlove (k) — ok (20)

Here, P denotes the momentum matrix element between the
electronic states of bands « and § under the crystal momentum
k.

The comparatively larger &;(0) values are associated with the
materials' narrower bandgaps, which are useful for minimizing
carrier recombination rates and improving optoelectronic
device efficacy.” Fig. 9(a) indicates the dielectric function of
A,InAgF¢ (A = Na, K, and Rb) compounds. The real component
of the static dielectric function &;(0), for the evaluated double
perovskites, is summarized as follows: ¢,(0) = 1.55 for Na,-
InAgFs, €1(0) = 1.64 for K,InAgFe, and ¢(0) = 1.74 for Rb,-
InAgFs. As the photon energy increases, the real part ¢ (w)
initially rises to a maximum in the low-energy region (~5-8 eV)
and then gradually decreases, eventually attaining negative
values at higher energies. This behavior indicates a transition
from dielectric to metallic-like response due to strong electronic
excitations. Among the studied compounds, Rb,InAgF, exhibits
the most intense peak, indicating enhanced optical polariza-
tion, while K,InAgFs and Na,InAgF, show comparatively lower
and broader peaks, reflecting reduced polarization strength.
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Fig.8 The convergence test of k-point mesh for the calculation of (a) real part, (b) imaginary part of the dielectric function, (c) absorption, and (d)
reflectivity of NasInAgFg calculated using k-point meshes of 4 x 4 x 4,6 x 6 x 6, 8 x 8 x 8,and 10 x 10 x 10.
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Fig. 9 The visualization of the A;InAgFg (A = Na, K, and Rb) compounds'
and (d) loss function.

The imaginary part of the dielectric function, &,(w), provides
important information about interband electronic transitions
between the valence and conduction bands. From Fig. 9(b),
&(w), remains nearly zero up to the bandgap energy for all
compounds, indicating the absence of optical transitions in this
region. As the photon energy exceeds the bandgap, & (w),
increases sharply and exhibits multiple pronounced peaks,
corresponding to strong optical transitions. Rb,InAgFs shows
the highest peak intensity (~2.67 near ~20.6 eV), followed by
K,InAgFs and Na,InAgFs. These variations arise from differ-
ences in their electronic band structures and transition proba-
bilities. Overall, the dielectric response confirms strong optical
activity in the UV region, highlighting their potential for opto-
electronic applications.

3.4. 2 Reflectivity. Reflectivity in density functional theory
(DFT) refers to the portion of incident light reflected by
a substance's surface, based upon the material's electronic
structure. This property can be determined using the following
equation:

(n—1)7 4+ k2

K= e

(21)

Fig. 9(c) presents an analysis of the reflectance spectra for
A,InAgFs (A = Na, K, and Rb) double halide perovskite

© 2026 The Author(s). Published by the Royal Society of Chemistry
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compounds. The obtained static coefficients of reflection R (0)
are 0.011, 0.015, and 0.018 for A,InAgFs (A = Na, K, and Rb)
compounds, respectively. With increasing photon energy, R(w)
shows peaks due to interband transitions. Rb,InAgFs has the
highest reflectivity (~0.212 at ~20.6 eV), K,InAgFs shows
moderate peaks (~0.101 at ~28.9 eV), while Na,InAgF, remains
lower (0.049). Low visible-region reflectivity and moderate UV
values suggest efficient absorption, making these materials
suitable for optoelectronic applications.

3.4. 3 Loss function. The loss function represents funda-
mental insights into plasmonic events and dielectric responses
by specifying the mechanisms via which electrons dissipate
energy during interactions with external electromagnetic
fields.” The computation is done according to the equation as
shown below:

&(w)

L((U) = 612(Q))+822((,L))

(22)

Fig. 9(d) shows the energy loss function L(w), representing
electron energy dissipation. All compounds exhibit low loss at
low photon energies and prominent peaks at higher energies.
The main peaks appear around ~24.7 eV for Rb,InAgFs,
~24.5 eV for Na,InAgFs, and ~29 eV for K,InAgFs, indicating
plasma resonance. Rb,InAgFs shows the highest intensity
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(~2.07), followed by K,InAgFs (~1.86), while Na,InAgF, has
lower values (~0.85). These peaks correlate with optical
conductivity and reflect collective electronic excitations. The
low loss in the visible region and strong high-energy peaks
suggest reduced energy dissipation, highlighting their potential
for optoelectronic and photovoltaic applications.

3.4.4 Refractive index. The index refraction of a substance
is a significant characteristic for assessing photon absorption
during the chemical degradation process in mixtures. A high
refractive index is correlated with a denser medium, as docu-
mented in an earlier study.” Complex refractive index (n + ik) is
an important characteristic of a solid material, giving infor-
mation about the velocity with which light travels, and has
prospective uses in optoelectronics.” The calculations follow
the equation stated below:

(23)

Applying eqn (17), the actual components of the complex
refractive index were obtained. The value of n(w) fluctuates based
on the material, although semiconductors often have a low k(w).
The refractive index n(w) of A;InAgFs (A = Na, K, Rb) shown in
Fig. 10(a) follows a trend similar to the real part of the dielectric
function, & (w). At zero photon energy, the static refractive indices
are about 1.25, 1.28, and 1.32 for Na,InAgF¢, K,InAgFs, and
Rb,InAgF,, respectively. With increasing photon energy, n(w)
shows small peaks in the low-energy region (~6-10 eV), reaching
~1.4-1.45, and then gradually decreases, becoming less than
unity at higher energies due to reduced polarization and strong
dispersion. This behavior indicates normal dispersion at low
energies and anomalous dispersion at higher energies. The
moderate refractive index values suggest good transparency and
confirm the dielectric nature of these compounds, making them
suitable for optoelectronic applications.

3.4. 5 Extinction coefficient. The extinction coefficient,
k(w), can be defined to measure the loss of electromagnetic

2.0
(a) Na,InAgF,

B ——K,InAgF,
= 15} ——Rb,InAgF
o
WD
=
= 10}
o
=
N
Z
& 05F
3}
=

0.0 A A A A

0 6 12 18 24 30

Photon Energy, E (eV)
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radiation through material expression. As can be seen in
Fig. 10(b), the calculated k(w) of A,InAgF, (A = Na, K, and Rb)
has a trend that is similar to that of the imaginary component of
the dielectric function, &,(w). This correspondence spells the
direct correlation between optical absorption with k(w), seeing
that &,(w) is the capacity of the material to be able to absorb
photon energy.

A;InAgFs exhibits the highest peak (~1.1 at ~20-21 eV),
followed by K,InAgFs (~0.6 at ~25-26 eV), and Na,InAgFs
shows lower values (~0.4). Multiple peaks in the 18-26 eV range
indicate various interband transitions in Fig. 10(b). Overall,
strong UV response and low visible absorption highlight their
suitability for ultraviolet optoelectronic applications.

3.4. 6 Conductivity. Optical conductivity ¢(w) is a crucial
parameter that indicates the response of charge carriers at
optical frequencies. The optical conductivity of a material is
intrinsically linked to its electronic band structure, as it origi-
nates from interband electronic transitions. Optical conduc-
tivity arising from interband electronic transitions within the
visible to ultraviolet energy range is essential for optoelectronic
applications.”” Substitution of alkali metals exerts only a minor
influence on the optical conductivity within the visible spec-
trum. The conductivity was obtained using the following
equation:

(24)

Fig. 11(a) and (b) show the real and imaginary parts of the
optical conductivity, 4(w) and g,(w), of A,InAgFs (A = Na, K, and
Rb). The real part o,(w) indicates charge transport due to photon
absorption. All compounds exhibit negligible conductivity at low
energies (visible region), confirming insulating behavior, while
conductivity increases sharply in the UV region due to enhanced
interband transitions. Rb,InAgF, shows the highest peak (~6.66
(fs™") at ~20.6 eV), followed by K,InAgF, (~3.63 (fs ') at ~25.5
eV), whereas Na,InAgF; exhibits lower (~1.7 (fs~!) at ~12.7 eV)
and broader peaks. The imaginary part o, (w) reflects energy
storage and dissipation. It remains negative at low energies,

1.2
~~
g (b)
<
< 09}
'g Na,InAgF,
é = K,InAgF,
g 06F —Rb,InAgF,
Q
=
2
s 03f
£
C—
e
m 0 0 L L i
0 6 12 18 24 30

Photon Energy, E (eV)

Fig. 10 The visualization of the A>InAgFe (A = Na, K, and Rb) compounds' (a) refractive index, and (b) extinction coefficient.
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indicating weak optical response, and becomes positive at higher
energies with multiple oscillations, especially in the 18-28 eV
range. Rb,InAgF, again shows the highest intensity (~2.5-2.7
(fs™1)), followed by K,InAgF, and Na,InAgF,. Overall, the absence
of conductivity in the visible region and strong response in the
UV region confirm their wide bandgap nature and suitability for
ultraviolet optoelectronic applications.

3.4. 7 Absorption coefficient. The effectiveness of opto-
electronic and photovoltaic devices is significantly determined
by their capacity to absorb sunlight, as the creation and trans-
portation of charge carriers are directly correlated with the
absorption coefficient.”* The absorption coefficient a(w) is
essential for describing the mechanisms by which materials
absorb photons and generate pairs of electrons and holes,
which is vital for the operation of photovoltaic devices such as
solar cells. An increased absorption coefficient results in
enhanced light absorption and a more significant decrease in
the intensity of light passing. This eventually boosts the device's
efficiency. This is calculated by the equation:

_ 4nK
)

a(w) (25)

The absorption coefficient a(w) of A,InAgF, (A = Na, K, Rb)
in Fig. 11(c) shows clear dependence on the A-site cation, with

View Article Online

RSC Advances

slight shifts in the absorption edge indicating variation in
optical bandgaps. Na,InAgFs exhibits the earliest onset, fol-
lowed by K,InAgFs and Rb,InAgF,. All compounds display weak
absorption at low energies and strong absorption in the ultra-
violet (UV) region. Rb,InAgFs shows the highest peak (~3.61 x
10° em™! at ~21-22 eV), followed by K,InAgF, (~2.45 x
10° em ™' at ~26 eV), while Na,InAgF, has the lowest intensity
(~1.1 x 10° em™"). Multiple peaks in the 18-26 eV range indi-
cate various interband electronic transitions, arising from
differences in their band structures. Negligible absorption in
the visible region suggests transparency to visible light. The
overall behavior of «(w) follows &,(w), with minor deviations due
to the independent-particle approximation. The strong UV
absorption highlights their potential for ultraviolet optoelec-
tronic applications.

A comparable analysis of dielectric response, absorption,
and optical behavior has been reported by Shah et al” for
halide double perovskites, highlighting the strong dependence
of optical properties on compositional variation. The A,InAgF,
(A = Na, K, and Rb) compounds exhibit a systematic enhance-
ment in optical properties with increasing A-site cation size,
where Rb,InAgFs demonstrates the strongest dielectric
response, absorption, and optical conductivity, indicating
superior ultraviolet optoelectronic performance. Substituting

6.8 3.9
(a) Real part (b) Imaginary part
e £ 56
= 51 Na,InAgFg = 3 Na,InAgF,
S — K;lnAgF(, e ——K,InAgF,
- ——— Rb,InAgF . —_— )
Z a4l 2INAgES Z 1.3 Rb,InAgF,
b= E
° 5]
] = 0.0
= <
= L7F =
3 S
& -1.3
0.0 A A ' A A s 'S
0 6 12 18 24 30 0 6 12 18 24 30
Photon Energy, E (eV) Photon Energy, E (eV)
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5
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Fig. 11 The visualization of the A;InAgFe (A = Na, K, and Rb) compounds' (a) real part, (b) imaginary part of conductivity, and (c) absorption.
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the halide with hydrogen may enable these compounds to
function as hydrogen storage materials.** Beside double
perovskite®® A,B,- and AB,-type materials also used for hydrogen
storage (Table 7).5%%

3.5 Phonon dispersion and thermodynamic properties

The dynamic stability of these double perovskites is analyzed by
their phonon dispersion spectra. The calculated phonon spectra
of A,InAgFs (A = Na, K, and Rb) along the high-symmetry paths
(X-R-M-G-R) in the Brillouin zone are shown in Fig. S1. The
presence of imaginary frequencies in a material's phonon
dispersion is a key indicator of dynamic instability at 0 K.
Conversely, a lattice is considered dynamically stable if all its
phonon frequencies are real and positive. As there are imaginary
frequencies of Na,InAgFs, K,InAgFs and Rb,InAgFs phonon
spectra, it shows the dynamic instability of them leading to
significant structural changes at certain temperatures. Impor-
tantly, theoretical dynamical instabilities at 0 K do not necessarily
rule out experimental feasibility. For example, the well-known
perovskite BaTiO; exhibits imaginary phonon modes in its
cubic phase at 0 K, yet it becomes dynamically stable at finite
temperatures due to anharmonic lattice vibrations and thermal
effects.”® Similarly, compounds such as AlH3,* superconducting
Y,C;,* and high-pressure H3;S* have been predicted to display
dynamical instabilities in theoretical studies, but have nonethe-
less been successfully synthesized and experimentally charac-
terized. In the present work, all A,InAgF, (A = Na, K, and Rb)
compounds exhibit negative formation enthalpies and satisfy the
Born mechanical stability criteria, indicating their intrinsic
thermodynamic and mechanical stability. Therefore, the
observed imaginary phonon modes may suggest a tendency
toward lower-symmetry structures, which could be stabilized
under finite-temperature conditions.

Thermodynamic properties are the measurable parameters
of a system that describe its state and the surrounding envi-
ronment. The thermodynamic properties of Na,InAgFg,
K,InAgFs, and Rb,InAgFs compounds are systematically
analyzed to comprehend their vibrational and thermal behav-
iour. These properties, including enthalpy, entropy, free energy,
heat capacity, and Debye temperature, are estimated using
density functional perturbation theory across the temperature
range of 0-1000 K.

The parameters are determined from the phonon density of
states g(w) according to the following relations:

Table 7 Key optical properties of A,InAgFg (A = Na, K, and Rb)
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1 ho
H(T) = E + 3 g(w)hw dw + fiw o g(w) dw
) eksT — 1
(26)
hw e
S(T) = ks JTg(w)dw - Jg(w)ln 1—ehl |dw| (27)
efsT — 1
1 o
F(T)=E + 5 Jg(a))hw dw + kBTJg(w)ln 1 —eksT |dw
(28)

where kg is the Boltzmann constant. As shown in Fig. 12(a), the
enthalpy increases monotonically with temperature for all
studied compounds. This behaviour indicates the accumulation
of vibrational energy with increasing thermal energy. Among the
materials, Rb,InAgFs shows the highest enthalpy at elevated
temperatures, which may be attributed to its heavier cationic
mass and greater unit-cell energy storage capability. As depicted
in Fig. 12(a), the entropy increases with temperature, which is
consistent with the increasing vibrational disorder and pop-
ulation of phonon modes at higher temperatures. Among the
examined systems, Rb,InAgFs shows a slightly higher entropy,
reflecting enhanced vibrational degrees of freedom compared to
Na,InAgF, and K,InAgFs. The free energy, as illustrated in
Fig. 12(b), exhibits a decreasing trend with temperature. This
decrease results from the growing entropy contribution to the
Helmbholtz free energy, which dominates at higher temperatures
and reduces the total free energy. The negative values throughout
the temperature range confirm the thermodynamic stability of
these compounds. Fig. 12(c) displays the heat capacity behaviour
as a function of temperature. A rapid rise is observed initially,
levelling off at higher temperatures, consistent with the Dulong-
Petit law for classical solids. The slightly lower saturation heat
capacity of Rb,InAgFs may be associated with its distinctive
lattice stiffness and phonon cut-off frequencies. In line with the
third law of thermodynamics, all the calculated thermodynamic
functions approach zero as the temperature approaches absolute
zero, reflecting the disappearance of lattice vibrations in
a perfectly ordered state. The Debye temperature has been
measured to see if the compounds were good enough to be used

Optical property Na,InAgF, K,InAgFs Rb,InAgF,
Static dielectric constant, ¢,(0) 1.55 1.64 1.74
Maximum imaginary dielectric function, &,(w) ~2.1 ~2.4 ~2.67
Static reflectivity, R(0) 0.011 0.015 0.018
Maximum reflectivity, R(w) 0.049 0.101 0.212
Static refractive index, n(0) 1.25 1.28 1.32
Maximum extinction coefficient, k(w) 0.4 0.6 1.1
Maximum absorption coefficient, & (cm™") 1.1 x 10° 2.45 x 10° 3.61 x 10°
Maximum optical conductivity, o,(w) 1.7 3.63 6.66
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Fig. 12 The visualization of the AInAgFes (A = Na, K, and Rb) compounds’ (a) enthalpy and entropy, (b) free energy, (c) heat capacity, and (d)

Debye temperature.

in industrial equipment, as illustrated in Fig. 12(d). The Debye
temperature (fp) is the highest temperature at which a crystal can
vibrate in its normal way. It is a key factor in connecting a solid's
elastic and thermodynamic properties, like its melting point,
specific heat, and vibrational entropy. It was calculated by
utilizing an equation that has already been published to find the
average sound velocity by adding up the elastic wave velocities in

the crystal.*”
gy = 1|31 (Nar
Pk lam\ M)

The symbols & and k, respectively, are used to denote Planck's
and Boltzmann's constants. In addition, the symbols Ny, 1, M,
and p represent the numerical values of Avogadro's number, the
number of atoms present in the unit cell, the molecular mass,
and the density, respectively. When calculating the velocity of
the sound (vy,), it is possible to utilize both the transverse ()
and longitudinal (v;) sound velocities.

1/2 1\
S
G
V= 4/—
p

© 2026 The Author(s). Published by the Royal Society of Chemistry

W=

(29)

(30)

(31)

(32)

3B+4G
O P

Debye temperature increases in a linear manner as temper-
ature increases. At elevated temperatures, it is evident that
Na,InAgF, exhibits the highest Debye temperature among the
three compounds.

4 Conclusion

This research provides a comprehensive theoretical investigation
into the influence of A-site cation substitution on the physical
properties of fluoride-based double perovskites A,InAgF, (A =
Na, K, and Rb). All three compounds are structurally stable, with
the Rb-based variant exhibiting the highest stability based on its
highly negative formation energy. The lattice parameters and
unit cell volumes expand predictably with the increasing ionic
size of the A-site cation. The compounds are identified as semi-
conductors with direct bandgaps ranging from 3.02 to 3.88. The
bandgap is tunable through A-site cation engineering, where
smaller cations (Na) result in smaller gaps due to structural
distortion and stronger orbital overlap. The electron localization
function analysis indicated a mixed covalent-ionic bonding
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nature. The materials are mechanically stable and inherently
ductile, standing out for their high resistance to compression
and superior thermal stability, making them suitable for high-
temperature applications. The optical conductivity and absorp-
tion spectra exhibit notable features extending beyond the visible
region, indicating promising potential for applications in ultra-
violet (UV) technologies. The negative Helmholtz free energy
values across a wide temperature range (0-1000 K) confirm that
these compositions remain thermodynamically stable under
varying thermal conditions, indicating a promising candidate for
high temperature applications. Overall, Rb,InAgF; is identified
as a promising candidate for charge transport devices due to its
pronounced density of states features, while the entire family
offers a non-toxic, efficient, and robust platform for the devel-
opment of future clean energy technologies.
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