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1. Introduction

DFT analysis of the physical properties of direct
band gap semiconducting double perovskites
AsBIrClg (A = Cs, Rb; B = Na, K) for solar cells and
optoelectronic applicationst

Md. Tarekuzzaman, @2 Nazmul Shahadath,® Mufrat Montasir,® O. Alsalmi,?
M. H. Mia,*® Hmoud Al-Dmour,® Md. Rasheduzzaman? and Md. Zahid Hasan & *2

Double perovskite-based optoelectronic devices are gaining attention due to their unique characteristics,
including a simple and stable crystal structure. This study employs density functional theory (DFT) with the
full-potential linearized augmented plane-wave (FP-LAPW) method to investigate the structural, electronic,
optical, mechanical, and thermodynamic properties of A,BIrClg (A = Cs, Rb; B = Na, K) double perovskite
halides. The primary aim is to assess their potential applicability in optoelectronic devices and renewable
energy technologies. The cubic stability of the predicted compounds was confirmed through the
Goldsmith tolerance factor, octahedral factor, and a new tolerance factor. Additionally, to confirm their
thermodynamic stability, we assessed the formation energy, binding energy, and phonon dispersion
curves. We used the TB-mBJ potential to accurately predict the optoelectronic properties. The
calculations of the electronic band structure indicated that the examined double perovskites exhibit
a direct band gap semiconducting nature, with the following band gap values: 1.927 eV for Cs,NalrClg
1.991 eV for CsyKlIrClg, 2.025 eV for RbyNalrClg, and 2.102 eV for Rb,KIrClg. The A;BIrClg (A = Cs, Rb; B
= Na, K) compounds demonstrate impressive optical properties, including low reflectivity and high light
absorption coefficients (10* cm™) in the visible spectrum. Their spectral response extends from the
visible to the UV range, making them ideal candidates for applications in solar cells and optoelectronic
devices. The mechanical stability of the titled compounds was confirmed through the Born-Huang
stability conditions based on their stiffness constants. The brittle nature of all the examined perovskites is
confirmed by Pugh's ratio, Cauchy pressure, and Poisson's ratio. Finally, the Helmholtz free energy (F),
internal energy (E), entropy (S), and specific heat capacity (C,) are calculated based on the phonon
density of states.

to environmental issues including air pollution and climate
change. As a result, governments have had to look for alterna-

The global energy crisis is intensifying daily because of
increasing demand. For many years, burning fossil fuels like
coal, oil (petroleum), and natural gas has released carbon
dioxide and other pollutants into the atmosphere, which has led
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tive energy sources to replace coal, gasoline, oil, and other fossil
fuels, which has been highlighted by the quick growth of
technical developments and the escalating environmental
concerns. Renewable energy can be a good option to lessen
these effects on the environment. Renewable energy can be
produced by decomposing organic waste, allowing for the
capture and use of emitted gases for power production via
generators. Moreover, solar and thermal energy conversion
materials offer a sustainable alternative to environmentally
harmful materials, particularly carbon-based fuels."* The two
primary sources of renewable energy are solar energy and waste
heat, which can be applicable in photovoltaic and thermoelec-
tric procedures. Renewable energy sources like photovoltaics,
thermoelectrics, and devices are great for the economy and
technology since they are credible, affordable, and constantly
functional. The capacity to execute thermal and photoelectric
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functions is contingent upon the selection of materials. The
industry places great priority on the development of new solar
cell technologies and materials with high inbuilt stability, high
efficiency, and lower production costs. For the aforementioned
procedures, perovskite halide materials are very promising. In
the area of materials research, perovskite halides represent
a fundamental change, as they provide a versatile substrate for
a diverse array of usages, with solar power at the vanguard.

Halide perovskite materials have demonstrated remarkable
capabilities as semiconductors, showcasing outstanding
performance in applications like solar cells and lasers.>* Hybrid
perovskites, both organic and inorganic, have emerged as
a prominent category of optoelectronic materials, showcasing
record solar efficiencies alongside encouraging demonstrations
of LEDs and transistors.>® Innovative classes of perovskites,
including double or complex halide perovskites have received
significant attention for their exceptional efficiency and eco-
friendliness.®™* Double perovskites are typically represented by
the formula A,BB’X,, in which the A and B sites suggest the
presence of a variety of elements.”” Halide double perovskite
photovoltaic cells have been stabilized through partial or
complete substitution of the A-site/B-site cation and X-site
anion."” The characteristics of halide double perovskites make
them valuable in several fields, including photo-catalysis,
storage gadgets, X-ray sensors, indoor photovoltaics, LEDs,
and plenty more.**"” Furthermore, a single perovskite is limited
to accommodating only the 2" cationic configuration in B-sites,
while a double perovskite is capable of handling an even wider
range, ranging from 1 to 4'.!* Because of this, the double
perovskite provides better functionality, tunability, stability,
lower defect density, band gap engineering flexibility, and
continual usage advantages.

As a consequence, extensive investigations are underway to
assess the viability of these materials for power generating
applications. Perovskite materials, CH;NH;PbI;, are composed
of a hybrid organic-inorganic mixture and includes lead. The
performance of these compounds in optoelectronic devices and
solar cells has shown significant improvements, leading to
enhanced efficiency.*?° The meticulous analysis carried out has
led to a remarkable enhancement in efficiency, showing
a substantial rise from 3.8% in 2009 to 25.2% in 2020. On top of
that, improvements in this area have also raised efficiency
which is now 29.1%.%' They exhibit a direct energy band gap,
a noticeable absorption in the visible spectrum, and stable
electron-hole masses.”** A combination of toxicity, environ-
mental pollution, and health hazards makes Pb-based
compounds less reliable. The radioactive instability of lead
and its negative impacts on the environment make the substi-
tution with other elements imperative. Consequently, there is
an increasing need for nontoxic lead-free PSCs, prompting the
development of various lead-free perovskite materials. In the
pursuit of alternatives to lead-based perovskites, Pb>" is being
substituted with a range of nontoxic components, such as
bivalent Sn** and Ge**.**

Nonetheless, replacing lead with Ge or Sn, which belong to
the same group, is viewed as more advantageous; yet, this
change results in a 10% decrease in efficiency.”>*® A further

13644 | RSC Adv, 2025, 15, 13643-13661

View Article Online

Paper

layer of difficulty has been added due to the fact that Sn and Ge
both exhibit variable valence electrons (+4, +2), which impacts
their long-term endurance.”” Additionally, Pb>" has also been
substituted with heterovalent M*", like Bi**, which is non-toxic,
isoelectronic with Pb®", and exhibits stability in semi-
conducting halides.”® Because their inherent trap densities and
defect density are smaller, bismuth-based PSCs have longer
charge carrier diffusion durations.” However, adding a highly
charged Bi** ion to the lead-based perovskite also resulted in
worse optoelectronic properties.””** In addition, lead can be
substituted with a complex mixture of monovalent and trivalent
cations, whose structural formula is A,B'B"Z¢. Here, “A” denotes
a large cation (Rb + or Cs+), B’ and B” denote trivalent or
monovalent cations, and “Z” denotes oxygen or halogens.
Recently, the halide perovskite Cs,InAgCls, which is silver
based, has been successfully synthesized and characterized.*
Nevertheless, a large number of these perovskite materials show
a deficient optical profile or a wide bandgap, which suggests
they are only useful for limited functions in the industry of solar
energy.

Additionally, scientific investigation has shown that the
perovskite compound referred to as Cs,AgInCl, features a direct
bandgap and demonstrates significant stability. Regardless,
adding more halides appears to make the perovskite structure
less stable. The observed instability in perovskite materials
could be associated with the presence of trapped states and
structural defects, as indicated by the analysis of charge carrier
relaxation and photoluminescence (PL).***' In addition, the
perovskite materials Rb,AgInCls and Cs,AgInCls have been
shown to have substantial direct band gaps, which is very
important when looking for compounds with outstanding solar
capabilities.*” Reports have been highlighted that the wide band
gap In-based perovskites X,CulnClg (where X= Rb, K, or Cs) and
Rb,InSbX, (Where X = Cl, Br) have remarkable optical absorp-
tion and thermoelectric characteristics.**** Recent reports
indicate that the wide band gap Na-based and K-based perov-
skite Rb,Na/KInX, (where X = Br and I) are promising candi-
dates for thermoelectric and solar energy uses.* A similar stable
molecule, Cs,NaTIBrg, based on sodium, has been the subject
of a recent theoretical investigation. With a straight bandgap of
1.82 eV, it now has a great chance of being used in photovoltaic
applications.®® Similarly, another study reported that Rb,NaTIZ,
(z = Cl, Br, and I) have a direct band gap values of 3.4, 2.6, and
2.1 eV and he light absorption coefficients exhibited absorption
in the visible and ultraviolet regions of the spectrum. Within
these specific energy regions, there was very little loss of optical
energy which suggests that these materials will be a promising
candidate for optoelectronic and photovoltaic devices.”
Furthermore, Cs,InAsFs, Cs = RbIrFs, and Cs,NaRhF, exhibit
a direct band gap and values of 2.76 eV, 3.78 eV and 3.6 eV,
respectively and they exhibit absorption in the ultraviolet (UV)
region, indicating that they might be used as solar energy
devices, laser and UV-shield components.*®

The growing demand for optoelectronic devices underscores
the importance of exploring and discovering additional
members of the double perovskite family, despite the consid-
erable research that has recently been conducted on various Cs

© 2025 The Author(s). Published by the Royal Society of Chemistry
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and Rb based double perovskites. Here in our investigation, we
also examined another group of double perovskites, A,BIrCl (A
= Cs, Rb; B = Na, K). Therefore, this study has examined the
structural stability, optoelectronic characteristics, and thermo-
electric characteristics of the A,BIrClg (A = Cs, Rb; B = Na, K)
double perovskites. We believe that our research will provide
crucial direction for forecasting lead-free DP materials that
might be used in next solar cells and thermoelectric devices.
The thermo-mechanical properties of the materials under study
were also covered in this article as a standard evaluation.

2. Methodology

In this study, we utilized first-principles computations to
explore the structural, dynamical, electronic, optical, mechan-
ical, and thermophysical properties of the double perovskite
A,BIrClg (A = Cs, Rb; B = Na, K). Through the density functional
theory (DFT) approach,** the analysis was conducted using the
Wien2k software, which is based on the FP-LAPW (Full-
Potential Linearized Augmented Plane Wave) method and
employs electronic wave functions.* In this process, the
Generalized Gradient Approximation (GGA) with the Perdew-
Burke-Ernzerhof (PBE)** approach is first employed to compute
the ground state variables. Structural optimization is subse-
quently performed using the FP-LAPW method, guided by the
third-order Birch-Murnaghan equation of state.** The plane
wave cutoff parameter, denoted as Ry X kpnax Was selected to be
8.0. Here, Ry,y refers to the radius of the smallest atomic muffin-
tin sphere, while k.« is the maximum wave vector in the plane
wave basis. Within the muffin tin sphere, a maximum partial
wave component of /., = 10 was defined. The radii of the
atomic muffin-tin spheres were set individually as follows:
Ryir(Cs) = 2.50 a.u., Ryr(K) = 2.13 a.u., Ryp(Ir) = 2.18 a.u., and
Ryr(X) = 1.88 a.u. To precisely represent the potential and
charge density, we utilized a Fourier series incorporating wave
vectors up to Gmax = 14 (RyY?). To ensure computational
precision, a dense k-point mesh consisting of 1000 (10 x 10 X
10) points was utilized within the first Brillouin zone (BZ).
During SCF calculations, the criteria for energy convergence (ec)
and charge convergence (cc) are defined as 10> Ry and 0.001e,
respectively. The TB-mBJ (Trans Blaha modified Becke-
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Johnson)** methodology was applied to assess optoelectronic
characteristics, balancing precision and computational effi-
ciency for inorganic compounds. We used the same k-mesh of
1000 points (10 x 10 x 10) for both the structure optimizations
and the Trans Blaha-modified Becke-Johnson methodology.
VESTA software was used to visualize the crystal structure.*
Additionally, using the Cambridge Serial Total Energy Package
(CASTEP) code,* the materials phonon dynamic stability was
verified. To calculate phonons, a 1 x 1 x 1 supercell model of
the unit cell structure was used. To assess the lattice dynamics,
including phonon dispersion and thermodynamic properties,
we utilized the supercell method with finite displacement. A
cut-off energy of 500 eV is set for the plane-wave basis set. The
convergence criteria are defined as 5 x 107° eV per atom for
total energy, 5 x 10~ A for maximum displacement, 0.01 eV A™*
for maximum force, and 0.02 GPa for maximum stress. To
ensure accurate sampling of the reciprocal space, the Brillouin
zone is integrated using a 2 x 2 x 2 k-point grid, following the
Monkhorst-Pack scheme.

3. Result and discussion
3.1 Structural properties and stability

Structural property analysis is fundamental for assessing
various material characteristics, including the bandgap of
semiconductors.” In addition, the structural characteristics
offer a clear understanding of the basic atomic configuration
and the volume of the unit cell. The chemical formula A,BIrClg
(where A represents Cs or Rb, and B represents Na or K) is
composed of four distinct elements (A, B, Ir, and Cl) in a ratio of
2:1:1:6. Double perovskites possess unique structural
features and stability due to the combination of a large A-site
cation and two distinct B-site cations. The typical crystal
configuration of inorganic double halide perovskites A,BIrClg (A
= Cs, Rb; B = Na, K) is depicted in Fig. 1. The double halide
perovskites A, BIrClg (A = Cs, Rb; B = Na, K) crystallize in a cubic
double-perovskite structure with an Fm3m space group. The
unit cell of A,BIrCls (where A = Cs, Rb; B = Na, K) contains
a total of 10 atoms, including 2 atoms of A, 1 atom of B, 1 atom
of Ir, and 6 atoms of Cl. In the unit cell, Cs/Rb atoms are
positioned at 4a (0, 0, 0), Na/K are at 4b (0.5, 0, 0), Ir occupies 8c
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Fig. 1 Conventional crystal structures of A;BIrClg (A = Cs, Rb; B = Na, K).
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Table 1 The lattice constant ag (A), bulk modulus Bo (GPa), first derivative of bulk modulus B’O, total energy Eiot (Ry), formation energy E; (eV per
atom), and binding energy Eg (eV per atom) for double perovskite (DP) A,BIrClg (A = Cs, Rb; B = Na, K)

7

DP ao (A) B, (GPa) B, Eor (Ry) E¢ (eV per atom) Ej (eV per atom) References
Cs,NalrClg 10.146 38.20 5.00 —72741.20 —2.37 —4.39 This
Cs,KIrClg 10.461 33.77 2.38 —73620.50 —2.40 —4.37 This
Rb,NalrClg 10.022 39.83 4.93 —53505.98 —2.33 —4.38 This
Rb,KIrClg 10.359 33.12 2.80 —54 385.27 —2.34 —4.34 This

(0.25, 0.25, 0.75), and Cl is located at 24e (0.2513, 0, 0). The
lattice parameters for Cs,NalrClg, Cs,KIrCls, Rb,NalrCls, and
Rb,KIrCls have been determined as 10.146 A, 10.461 A, 10.022 A,
and 10.359 A, respectively. The estimated lattice parameter for
the double perovskite (DP) A,BIrCls (A = Cs, Rb; B = Na, K) are
tabulated in Table 1.

Additionally, the stability of double halide perovskites
A,BIrClg (A = Cs, Rb; B = Na, K) can be evaluated through their
formation energy and binding energy, derived from the given
formulas.*®

A B
En,Bircly — Na X ?_”B X T_nlr X —

E = ¥

(2)

Ey=EsB1rcl6—NAXRA—NBX hp—1r X Uiy —TICIX U

Here, E pirc1, indicates the total energy of A,BIrCls, and Ej, Eg,
Ei, and E¢ denote the energies of Cs/Rb, Na/K, Ir, and Cl atoms,
respectively. The parameters n and u indicate the number of Cs/
Rb, Na/K, Ir, and Cl atoms, as well as the free-state energy of all

-72741.1970
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727411995 T
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1600 1640 1680 1720 1760

Rb,NalrCl,

Energy (Ry)

Volume (bohrs)

the atoms combined. The constants k, I, m, and p represent the
number of atoms in each unit cell, while N denotes the total
number of atoms in the system. The negative formation energy
confirms the stability, and a higher degree of negativity suggests
stronger stability. As indicated in Table 1, all the materials
examined show negative formation energy values, confirming
their stability, with Cs,KIrCls being the most stable of the
group. Fig. 2 demonstrates the energy variation with volume for
all the compounds being studied.

To evaluate the stability of a double perovskite material,
parameters such as the tolerance factor (t4), the physically
derived new tolerance factor (t,), and the octahedral factor (u)
are used. Their values are determined from the formulas shown

below:*->*

Ra + Ra

Rp + Ry,
V2 (7‘3 3 IRc1>

T =

(3)
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e Cs KIrCl,
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Energy (Ry)
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1800 1850 1900 1950

2000

Volume (bohr"')

-54385.265
-54385.266
-54385.267 ]
-54385.268 ]
-54385.269 ]
-54385.270 ]
-54385.271
54385.272 ~f—r———T—T—T—T——
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Fig. 2 Birch—Murnaghan total energy vs. volume fitting curve for the A;BIrClg (A = Cs, Rb; B = Na, K).
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Table2 Shannon's ionic radii (r) of ions, Gold-Schmidt tolerance factor (t), octahedral factor (u), and new tolerance factor (z) for A,BIrClg (A =Cs,

Rb; B = Na, K) compounds

Ionic radius of cations Ionic radius Tolerance factor Octahedral New tolerance
DP N of anion (A) (1) factor (u) factor (t,)
Cs,NalrClg rcs (rNa + F1r) ral 0.98 0.47 3.54
2
1.88 0.85 1.81
Cs,KIrClg ros (rg + r1r) ral 0.92 0.57 3.80
2
1.88 1.03 1.81
RbZNaIrC15 'rb ("Na -+ rh—) rcl 0.94 0.47 3.99
2
1.72 0.85 1.81
RbZKII'C16 'rb (I’K -+ rh—) rcl 0.88 0.57 3.97
2
1.72 1.03 1.81
Ry + R, Dynamic stability is crucial for ensuring durability and reli-
T
T 2Ry (5)  able performance of structures and materials under changing

According to the eqn (3)-(5), Ry (Cs, Rb), Rp (Na, K), Ry, and
R¢;indicate the ionic radii of A (A = Cs, Rb), B (Na, K), Ir, and Cl,
while n, denotes the oxidation state of A (Cs, Rb). For
a compound to exhibit cubic stability, its tolerance factor (t4),
should range from 0.813 to 1.107,* while the octahedral factor
(u) must fall within 0.41 to 0.89.*' The newly derived tolerance
factor in our research demonstrates greater precision in fore-
casting structural stability than other approaches. Cubic
stability in perovskites is expected when (t,), remains under
4.18.%° We evaluated these parameters using Shannon's ionic
radii. Table 2 illustrates that every compound analyzed main-
tains cubic structural stability.

(a) Cs,NalrClg

0.

10 i
a
b Ir
2z 6 —a
= | Total DOS
= 5 ——
= i |
@
= |
= 2 i
N
W L T X WK PHDOS (I/THz)
K-points
(c¢) Rb,NalrCl,
10
~N ——Rb
m 8 Na
b Ir
> 6 —a
2 Total DOS
H
- s
2
= 2 L= p
W L T X WK

PH DOS (1/THz)
K-points

or fluctuating forces. Material stability is commonly analyzed
through its phonon dispersion curve and phonon density of
states (PHDOS). Phonons are crucial for understanding the
dynamic behavior and thermal characteristics, which are key
areas in materials science.”® The dynamic stability of the
A,BIrClg (A = Cs, Rb; B = Na, K) compound was evaluated by
calculating the PDC and PHDOS at high symmetry K points (W-
L-I'-X-W-K) in the BZ, as shown in Fig. 3(a-d). The absence of
imaginary frequencies across the Brillouin zone (BZ) signifies
the dynamic stability of crystalline materials. In opposition, the
presence of an imaginary component denotes dynamic insta-
bility. The absence of negative frequencies in the phonon
dispersion curve (PDC) of A,BIrClg (A = Cs, Rb; B = Na, K)
suggests its dynamic stability. In a compound with N atoms, the

(b) Cs,KIrCl,
|
10 1
—_ Cs
N K
: 8 —Ir
g —a
< ;
g> Total DOS
g | |
= 4 ! :
] |
D
E 2 - V
i
0 |
W L I X WK PHDOS (I/THz)
K-points
(d) Rb,KIrCl,
10 !
N I ——Rb
= 8 K
b Ir
g> 6 —0
2 | Total DOS
= |
g4 i §_ E
P
& |
= 2 }
= D
N N [ |
WL T X WK PH DOS (1/THz)
K-points

Fig. 3 Phonon dispersion curve along with phonon DOS of A,BIrClg (A = Cs, Rb; B = Na, K) compounds.
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Table 3 Band gaps, band gap nature and calculated electron and hole effective mass values of DP A,BIrClg (A = Cs, Rb; B = Na, K) compounds

* *

Band gap (eV) m, my
Compounds GGA + PBE TB-mBJ Band gap nature GGA + PBE TB-mB] GGA + PBE TB-mBJ
Cs,NalrClg 0.917 1.927 Direct 0.21m. 0.30m, 1.33m, 1.69m,
Cs,KIrClg 1.048 1.991 Direct 0.23m, 0.32m, 1.51m, 1.98m,
Rb,NalrClg 0.971 2.025 Direct 0.20m, 0.29m, 1.10m, 1.41m,
Rb,KIrClg 1.121 2.102 Direct 0.23m. 0.32m, 1.24m, 1.63m,

primitive cell contains 3N (3 x 10) vibrational modes. The
A,BIrClg (A = Cs, Rb; B = Na, K) compound, with 10 atoms,
exhibits 30 vibrational modes in total, including 27 optical
modes and 3 acoustic modes. As illustrated in Fig. 3, the
acoustic modes at the I'-point are observed to be zero. For
a better understanding of the compound's properties, its
phonon DOS (PHDOS) is displayed next to the dispersion curve.
The figure demonstrates that fluctuations in the PDC are
depicted as smaller peaks, whereas flat dispersion in the PDC
corresponds to prominent peaks in the PHDOS. The PHDOS

GGA Functional (Cs,NalrClg)
(a) ~7

~rC

Eg=0.917leV

s
N
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5
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analysis reveals that the interaction between Cs/Rb and Cl
atoms predominantly influences the lower-frequency phonon
modes, while the Ir-Cl interaction produces the high-frequency
phonon modes in all figures. Furthermore, the Na and K atoms
significantly contribute to the middle-frequency phonon
modes.

3.2 Electronic properties

To deepen our understanding of how the physical attributes of
double perovskites (DPs) adapt with structural variations, it is
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Fig. 4 Band diagram of (a) Cs,NalrClg (GGA), (b) Cs,NalrClg (TB-mB)), (c) CsKIrClg (GGA), (d) CsoKIrClg (TB-mB)).
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Fig. 5 Band diagram of (a) Rb,NalrClg (GGA), (b) Rb,NalrClg (TB-mBj),

essential to analyze their electronic properties, particularly their
band structures and partial density of states (PDOS). The
calculated electronic band structures for A,BIrCls (A = Cs, Rb; B
= Na, K) compounds, determined using GGA-PBE and the more
advanced TB-mB]J functionals, are summarized in Table 3 and
illustrated in Fig. 4 and 5. The Fermi level (Ef) is indicated by
a horizontal green dashed line positioned at 0 eV for reference.
Our computational findings reveal that the conduction band
minimum (CBM) and valence band maximum (VBM) are both
located at the X point in the Brillouin zone, irrespective of the
functional used. This confirms that A,BIrCls (A = Cs, Rb; B =
Na, K) compounds possess a direct bandgap, a highly desirable
feature for semiconductors due to the superior efficiency of
optical transitions it enables. Such a direct alignment is
particularly advantageous for optoelectronic applications,
including solar cells and light-emitting devices (LEDs), where
high photon absorption and emission efficiencies are critical.
The bandgap values for the studied compounds range from
0.917 eV to 1.121 eV (GGA + PBE) and 1.927 eV to 2.102 eV (TB-
mBYJ), as seen in Table 3. The broader bandgap range calculated
using TB-mBJ, renowned for its accuracy in bandgap

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(c) RbKIrClg (GGA), (d) RboKIrClg (TB-mBj).

estimation, reflects a more reliable prediction of the electronic
structure.* These bandgaps indicate the semiconducting
nature of the materials and their suitability for visible-to-near-
infrared (NIR) optoelectronic applications. Moreover, the
substitution of smaller cations (e.g., Rb instead of Cs or K
instead of Na) systematically increases the bandgap. This trend
suggests a shift in optical absorption towards shorter wave-
lengths and enhanced insulating properties. These findings
highlight the critical role of cation substitutions and lattice
distortions in fine-tuning the electronic properties of these
materials.

To further elucidate the band structures, the partial density
of states (PDOS) and total density of states (TDOS) of the double
perovskite compounds A,BIrCls (A = Cs, Rb; B = Na, K) were
analyzed, as depicted in Fig. 6. The vertical dashed line at 0 eV
represents the Fermi energy (Ey). A clear bandgap (E,) is
observed in the TDOS diagrams of all compounds, confirming
their semiconducting nature. In the case of A,BIrClg (A = Cs,
Rb; B = Na, K), the valence band is primarily derived from the Ir-
5d and CI1-3p orbitals, while the conduction band is dominated
by the Ir-5d orbitals with notable contributions from CI-3p. The
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Fig. 6 Total DOS and partial DOS of (a) Cs,NalrCle, (b) Cs,KIrClg, (c) Rb,NalrClg, (d) RbyKIrCl.

hybridization between Ir-5d and Cl-3p states plays a pivotal role
in determining the electronic structure. Substitution of smaller
cations (Rb instead of Cs or K instead of Na) enhances this
hybridization, which increases the bandgap slightly and shifts
the absorption toward shorter wavelengths. The negligible
contributions of A-site and B-site cations to both the valence
and conduction bands indicate that their role is primarily
structural stabilization rather than active participation in elec-
tronic transitions. The Ir 5d orbitals are pivotal in defining the
electronic structure, making Ir the principal determinant of the
semiconducting and optoelectronic properties of these
compounds.

13650 | RSC Adv, 2025, 15, 13643-13661

The effective mass (m*) is a key parameter that describes how
electrons (m;) and holes (m; ) respond to external forces, such
as electric fields, within a semiconductor. A smaller effective
mass for electrons or holes indicates higher mobility, leading to
enhanced charge transport, which is crucial for optoelectronic
device performance. The effective mass (m*) of A,BIrCls (A = Cs,
Rb; B = Na, K) is calculated by fitting the actual E-k curve
around the conduction band minimum (CBM) and the valence
band maximum (VBM) at the X-point. This calculation uses the

equation:*
dZ
=K (dk2) (6)
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where 7 is the reduced Planck's constant, E is the energy of the
particle, and £ is the wave vector. The effective masses of elec-
trons (m,) and holes (m;]) in A,BIrCls (A = Cs, Rb; B = Na, K)
vary among the four compounds, reflecting differences in their
electronic structures. Electron effective masses (m_) are rela-
tively low, ranging from 0.20-0.23m, (GGA + PBE) to 0.29-
0.32m, (TB-mBJ), whereas hole effective masses (my,) are higher,
spanning 1.10-1.51m, (GGA + PBE) to 1.41-1.98m, (TB-mB]J).
Among these, Rb,NalrCls exhibits the lowest m, and m;,
making it the most promising material for enhanced charge
carrier mobility. Lower effective masses, as seen in Rb,NalrClg,
enable higher carrier mobility, crucial for efficient charge
transport in optoelectronic applications. In contrast, Cs,KIrClg
has the highest m;, indicating reduced hole mobility, which
may hinder its performance in applications requiring balanced
charge transport, such as solar cells and light-emitting devices.
The variations in effective mass stem from structural and
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orbital factors. Smaller cations like Rb (vs. Cs) and Na (vs. K)
introduce lattice distortions, enhancing orbital overlap and
reducing effective mass. Additionally, strong Ir 5d-Cl 3p
hybridization broadens the bands, lowering effective mass.
Compounds with higher effective masses experience weaker
hybridization and narrower bands.

3.3 Nature of bonding

Charge density mapping offers a method to study electron
density in materials, giving clues about their bonding and
electronic structures. This method identifies areas of high and
low electron density in the crystal structure, providing insights
into the nature of bonding, whether ionic, covalent, or metallic.
Charge density mapping for A,BIrCls (A = Cs, Rb; B = Na, K)
provides key insights into the bonding interactions among the
constituent atoms. As a part of the double perovskite family,
A,BIrCls (A = Cs, Rb; B = Na, K) exhibits captivating

| Scale: An(r)|

B +0.0007
O +0.9174
B +1.8341
O +2.7509
B +3.6676
B +4.5843

Fig. 7 Contour plot of charge density of (a) Cs,NalrClg, (b) Cs,KIrCle, (c) RbaNalrCls, and (d) RbKIrCle.
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characteristics due to its exceptional bonding and crystal
framework. The cubic crystal structure of these materials,
classified under space group Fm3m, reflects the significant
contributions of cations (Cs’/Rb") and the lattice to their
properties. In this configuration, the Cl ions are centrally
located in the octahedra, while Na and K ions occupy the
corners, sharing the octahedral spaces. The spaces between the
Cs'/Rb" ions create interstitial regions. This arrangement forms
a network of octahedra connected at the corners, influencing
the compound's electronic and bonding properties. Fig. 7
presents the charge density contour map for these compounds.
The A ions (Cs/Rb) are more electronegative than B ions (Na, K),
leading to ionic bonding with the nearby Cl ions. This leads to
the formation of A-Cl bonds with a strong ionic character. The B
(Na, K)-Ir-Cl octahedral structure is characterized by covalent
bonding between the metal ions (B and Ir) and the halogen ions
(Cl). The creation of polar covalent bonds within the octahedral
structure is attributed to the difference in electronegativity
between the metal ions and Cl ions, as seen in prior studies.>*
The B-Ir bonding in the octahedral structure could also display
metallic properties due to the overlap of their atomic orbitals.
The distribution of charge density in materials is influenced by
a combination of ionic, covalent, and metallic bonding inter-
actions. The A ions generate a localized positive charge density,
while the Cl ions create a localized negative charge due to their
greater electronegativity. The unique bonding in A,BIrCly (A =
Cs, Rb; B = Na, K), driven by covalent, ionic, and metallic
interactions, is key to its excellent photovoltaic performance.

3.4 Optical properties

The exceptional optical properties of lead-free (non-toxic)
double perovskites, such as A,BIrCls (A = Cs, Rb; B = Na, K),
and their potential applications in photovoltaic and optoelec-
tronic devices have attracted significant attention. To evaluate
the optical behaviour of these compounds, the dielectric func-
tion, ¢(w), is computed. It is expressed as ¢(w) = &(w) + iey(w),
where ¢;(w) and &,(w) represent the real and imaginary parts of
the dielectric function, respectively.”*>” The real part & (w) is
calculated using the Kramers-Kronig relation:

) mwh(w> /
gw)=1+—=—P| —/——=%dw 7
) =1+ 2P| =l o)
where P indicates the Cauchy principal value of the integral.

The imaginary part ,(w) is determined from the momentum
matrix elements of the occupied and unoccupied wave func-
tions: *%%°

262 . 2
go 2O 6B - B -E) @)

&(w) =

In this equation, w is the photon frequency, y§ and y} are the
wave functions of conduction and valence bands at wave vector
k, e is the electronic charge, Q is the unit cell volume, and Uis
the unit vector along the electric field polarization. The delta
function 6 ensures energy and momentum conservation during
transitions between electronic states. The energies Ef and
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Ey correspond to the conduction and valence band states at k,
respectively.

The dielectric function is a crucial parameter that influences
the charge-carrier recombination rate,’ providing a clear
understanding of the efficiency of optoelectronic devices.*
Materials with higher static dielectric constants generally
exhibit lower recombination rates, which enhances device
performance. The real (¢;(w)) and imaginary (e,(w)) components
of the dielectric constant of A,BIrCl (A = Cs, Rb; B = Na, K) are
depicted in Fig. 8a and b, respectively. The static dielectric
function, &(0), for the investigated double perovskites is
summarized as follows: ¢;(0) = 2.78 for Cs,NalrClg, ¢,(0) = 2.77
for Cs,KIrCls, &(0) = 2.65 for Rb,NalrClg, and &;(0) = 2.68 for
Rb,KIrCls. The relatively high &,(0) values correspond to the
materials’ smaller band gaps, which are advantageous for
reducing carrier recombination rates and enhancing optoelec-
tronic device performance.®” As photon energy increases, &;(w)
reaches its maximum value and then begins to decline, even-
tually attaining negative values. This signifies a transition from
dielectric to metallic-like behavior. The crossover to negative
& (w) values occurs at higher photon energies, indicating the
energy threshold beyond which the materials lose their dielec-
tric properties. This behavior demonstrates that A,BIrClg (A =
Cs, Rb; B = Na, K) acts as a dielectric material up to the specified
energy limits, making it suitable for optoelectronic applications
within this energy range.

The imaginary part of the dielectric function, ¢,(w), provides
valuable insight into the electronic transitions between the
valence and conduction bands. By examining ¢,(w), one can
relate these transitions to the band structure of A,BIrCls (A =
Cs, Rb; B = Na, K). As depicted in Fig. 8(b), the values of ¢,(w)
remain negligible until reaching the band gap energy of each
compound. At this point, significant peaks emerge, corre-
sponding to the allowed transitions across the band gap. For
Cs,NalrClg, Cs,KIrClg, Rb,NalrClg, and Rb,KIrClg, the notable
peaks in ¢,(w) arise as the photon energy surpasses the band
gap, reflecting strong optical transitions. The peaks' locations
correspond to prominent transitions involving Ir 5d and CI 3p
orbitals, which dominate the conduction and valence band
states. The precise energy positions of these peaks highlight the
interplay between the electronic structure and optical proper-
ties of the double perovskites, confirming the direct band gap
nature of these compounds.

Fig. 8(c) displays the fluctuations of refractive index n(w). The
refractive index n(w), which is directly related to &(0) as
n(0) = 1/¢e1(0), ** is shown in Fig. 8(c). The behaviour of ¢ (w)
and n(w) as functions of photon energy provides further insight
into the dielectric properties of these materials. The static
dielectric constants (¢,(0)) and refractive indices (7(0)) indicate
that Cs,NalrCls and Cs,KIrClg exhibit slightly higher dielectric
and refractive properties compared to their Rb-based counter-
parts, consistent with their lower band gaps. For A,BIrCls (A =
Cs, Rb; B = Na, K), the 7(0) values range between 1.63 and 1.67,
while the maximum n(w) reaches approximately 2.4. These
values indicate the dielectric behaviour of these materials and
suggest their suitability for photovoltaic applications. The

© 2025 The Author(s). Published by the Royal Society of Chemistry
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studied compounds.

moderate n(0) values (between 1 and 2) and the maximum 7(w)
values observed further confirm their potential for efficient light
energy dispersion and absorption, essential characteristics for
optoelectronic and energy-harvesting devices. The extinction
coefficient, k(w), quantifies the attenuation of electromagnetic
radiation as it passes through a material. As shown in Fig. 8(d),
the computed k(w) values for A,BIrClg (A = Cs, Rb; B = Na, K)
follow a trend similar to the imaginary part of the dielectric
function, e,(w). This correlation highlights the direct relation-
ship between optical absorption and k(w), as &,(w) represents
the material's ability to absorb energy from incident photons.

The Fig. 8(e) presents the absorption coefficient («) as
a function of photon energy (E) for A,BIrCls (A = Cs, Rb; B = Na,
K) compounds. The absorption coefficient is a measure of how
strongly a material absorbs light at a given energy. The absence
of an electronic transition across the valence band to the
conduction band was seen at incoming energy levels below the
bandgap energy.

The optical conductivity ¢(w) for A,BIrCls (A = Cs, Rb; B =
Na, K) is depicted in Fig. 8(f). As seen, the optical conductivity
does not initiate at zero photon energy, a characteristic typical
of semiconducting materials. Instead, the conductivity begins
at specific photon energy thresholds, reflecting the materials’
electronic band structures. For the compounds Cs,NalrClg,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Cs,KIrCls, Rb,NalrCls, and Rb,KIrClg, the optical conductivity
demonstrates distinct trends across the photon energy range.
The conductivity increases with photon energy, exhibiting
peaks that align well with the electronic transitions predicted by
band structure calculations. These peaks correspond to photon-
induced excitations from the valence band to the conduction
band.

The reflectivity (R) spectra for A,BIrCls (A = Cs, Rb; B = Na,
K) are shown in Fig. 8(g), highlighting the optical response of
these semiconducting compounds. At zero photon energy, the
calculated static reflectivity values R(0) is consistent across all
compounds, as summarized in Table 4. Specifically, the values
for R(0) are 6% for all compounds.

Table 4 The calculated values of real part of dielectric constant ¢;(0),
refractive index n(0), reflectivity R(0) of A,BIrClg (A = Cs, Rb; B = Na, K)
compounds

DP £1(0) 1(0) R(0)
Cs,NalrCl, 2.78 1.67 0.06
Cs,KIrClg 2.77 1.66 0.06
Rb,NalrCl, 2.65 1.63 0.06
Rb,KIrClg 2.68 1.64 0.06
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The Fig. §(f) depicts the loss function, L(w), as a function of
photon energy for A,BIrCls (A = Cs, Rb; B = Na, K). The loss
function represents the energy loss of a fast electron traversing
the material, and its peaks correspond to the plasmon reso-
nance frequencies, which are indicative of collective oscillations
of the electron density. The most notable peaks for all
compounds are observed between 4.5 eV and 6 eV. These peaks
signify the plasmon resonance frequencies and correspond to
the materials’' characteristic energy loss due to plasmon exci-
tation. Among the compounds, Rb,NalrCls exhibits a slightly
higher loss peak compared to the others. At photon energies
below 4 eV, L(w) remains low, suggesting minimal energy loss
due to electronic interactions in this range. This property makes
these materials promising candidates for photovoltaic applica-
tions, where efficient light harvesting is crucial.* After the
prominent peaks, L(w) gradually decreases with increasing
photon energy, indicating reduced plasmonic activity at higher
photon energies. The compounds with higher &;(0) (static
dielectric constant) and lower band gaps tend to exhibit
stronger and sharper plasmon peaks. This relationship corre-
lates with the higher electron density contributing to the plas-
mon resonance.

3.5 Mechanical properties

Elastic constants are vital for understanding the mechanical
behavior, stiffness, and stability of materials. For cubic systems
like A,BIrClg (A = Cs, Rb; B = Na, K), only three independent
elastic constants, Cy;, Cy,, and C,,, are relevant. These
constants are crucial in evaluating material properties like
brittleness, malleability, and anisotropy. Using finite strain
theory,* the mechanical properties of A,BIrCls (A = Cs, Rb; B =
Na, K) have been analyzed, providing insights into the
compound's stability and response under applied forces,
essential for potential engineering applications.

The mechanical stability of Cs,NalrCls, Cs,KIrCls, Rb,-
NalrCls, and Rb,KIrClg is confirmed by meeting the Born
stability criteria® as shown in Table 5. The calculated elastic
constants indicate mechanical robustness, with Cs,NalrClg and
Rb,NalrCls showing higher values of C;; — Cy,, indicating
greater stiffness. Similarly, the high Cy; + 2C;, values for these
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compounds suggest strong resistance to deformation. The
lower C,, for Rb,KIrCls indicates relatively reduced shear
resistance compared to the others. The Cauchy pressure (Cp =
Cy, — C44) is a key indicator of material brittleness and ductility.
A positive Cp suggests ductility, while a negative Cp indicates
brittleness. The calculated Cp values for A,BIrClg (A = Cs, Rb; B
= Na, K) compounds are all negative are enlisted in Table 5.
These results confirm their brittle nature, with Cs,KIrCls being
the most brittle.

The mechanical properties of A,BIrCls (A = Cs, Rb; B = Na,
K) are evaluated using estimated elastic constants, summarized
in Table 5. The bulk modulus (B) measures the material's
resistance to compression and is calculated using the formula:*

_ Cp+2Cp

B - ©)

The shear modulus (G), Young's modulus (E), Poisson’s ratio
(»), and other properties are computed using the Voigt-Reuss
approach. The Voigt and Reuss methods for determining the
moduli are given by:***

1
BV = g(cll =+ 2C12) (10)
1
Gy = g(cll — Ci2+3Cq) (11)
1
Br = By = §(C11 +2C)) (12)
G 5C4u(Ci — Ci2) (13)

- [4Cy + 3(Cyy — C1y)]

The final values of B and G are obtained by averaging the
Voigt and Reuss results:
B =

(By + Br) (14)

N —

(G, + Gr) (15)

N —

Table 5 The evaluated elastic constants C;; (GPa) with Born stability criteria, Cauchy pressure, bulk modulus B (GPa), Shear modulus G (GPa),
Young modulus Y (GPa), Poisson's ratio », Pugh's ratio B/G, and anisotropy coefficient Az of A;BIrClg (A = Cs, Rb; B = Na, K) compounds

Parameters Cs,NalrClg Cs,KIrClg Rb,NalrClg Rb,KIrClg
Born stability Cy; (GPa) 86.02 75.72 89.73 79.74
Ci, (GPa) 15.40 9.49 13.58 8.17
Cy4 (GPa) 19.44 14.97 17.17 9.64
Cy1 — Cy2 (GPa) 70.62 66.23 76.15 71.57
Ci; +2Cy, (GPa) 116.82 94.70 116.89 96.08
Cauchy pressure, Cp (GPa) —4.04 —5.48 -3.59 —1.47
Bulk modulus, B (GPa) 38.94 31.57 38.96 32.03
Shear modulus, G (GPa) 24.74 20.70 23.77 20.10
Young modulus, Y (GPa) 61.26 50.96 59.26 43.04
Poisson's ratio, v 0.24 0.23 0.25 0.24
Pugh's ratio, B/G 1.57 1.53 1.64 1.59
Zener anisotropy index, Az 0.55 0.45 0.45 0.27
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Subsequently, Young's modulus (E) and Poisson's ratio (v) are
determined by the expressions:”*”*

9BG

T 3B+G (16)
_ (3B-20G)
'= 338+ 0) (17)

The estimated bulk moduli of A,BIrClg (A = Cs, Rb; B = Na,
K) compounds, shown in Table 5, indicate that these materials
are soft. Comparing the bulk modulus (B) with the shear
modulus (G) reveals that for all compounds, B > G, suggesting
that the mechanical strength is more influenced by shearing
strain than volume strain. The bulk modulus is closely related
to a material's atomic bond strength, as it inversely correlates
with the unit cell volume and is linked to the cohesive or
binding energy.”>”® From Table 5, it is evident that Cs,KIrClg
exhibits the highest atomic bonding strength, surpassing the
other compounds in terms of its bulk modulus value (31.57
GPa), implying stronger atomic interactions in this compound
compared to the others. The stiffness of a material is described
by its Young's modulus (E), where a higher value indicates
greater stiffness. In Table 5, Cs,NalrCls has the highest Young's
modulus (61.26 GPa), making it the stiffest among the
compounds, while Rb,KIrCl has the lowest E value (43.04 GPa),
indicating it is more flexible. The Young's modulus is critical for
analyzing thermal shock resistance (R), as the critical R value is
inversely proportional to E.”* Thus, materials with a low E value,
such as Rb,KIrCls, exhibit higher thermal shock resistance
compared to those with a higher E value like Cs,NalIrCls.

Pugh's ratio (B/G) and Poisson's ratio (v) are important
indicators of a material's ductility or brittleness. For the
compounds in Table 5, the Poisson's ratio values range from
0.23 to 0.25, while the Pugh's ratio ranges from 1.53 to 1.64.
According to Pugh's criterion, a material is considered ductile if
both » > 0.26 and B/G > 1.75.°7% Based on these criteria, all the
titled compounds are classified as brittle.

The Zener anisotropy index (A) is a key parameter used to
understand the isotropy and anisotropy of a material. It is
calculated using the equation:™

2Cu

A= —2
270 - O

(18)
where a value of 1 indicates isotropic behaviour, and deviations
from this value indicate varying degrees of anisotropy.””” From
Table 5, Cs,NalrCls has a Zener anisotropy index of 0.55, indi-
cating moderate anisotropysss. Cs,KIrCls and Rb,NalrCls, with
Az values of 0.45, show similar, moderate anisotropic behavior.
RDb,KIrClg has the lowest A, value of 0.27, suggesting it has the
most pronounced anisotropy among the compounds, meaning
its mechanical properties exhibit more directional dependence.

3.6 Thermodynamic properties

The thermodynamic properties of A,BIrCls (A = Cs, Rb; B = Na,
K) perovskites, including density (p), sound velocities (v}, v, Vi),
Debye temperature (), melting temperature (7y,), minimum

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 6 The computed density (p), longitudinal, transverse, and
average sound velocities (v, vy and vy, respectively), Debye tempera-
ture (6p), minimum thermal conductivity (Kmin), melting temperature
(Tm), molar mass (M), Grlneisen parameter (y) and lattice thermal
conductivity (K) of A;BIrClg (A = Cs, Rb; B = Na, K) compounds

Parameters Cs,NalrClg  Cs,KIrClgs Rb,NalIrCls Rb,KIrClg
p x 10° (kg m™3) 4.41 4.12 3.95 3.67
v (ms™) 4037.75 3794.49  4235.57 3851.50
v (ms™) 2368.22 2244.38  2456.71 2142.20
Vi (ms™) 2625.46 2486.22  2726.31 2385.66
0y (K) 263.48 241.82 276.67 234.49
T + 300 (K) 1061.35 1000.50  1083.31 1024.29
M (kg mole™ ) 0.69 0.71 0.60 0.61
Knin Wm™ ' K1) 0.41 0.37 0.44 0.36
v 1.45 1.41 1.50 1.65
K, (Wm™ 'K 1.64 1.43 1.51 0.78

thermal conductivity (kmin), and lattice thermal conductivity
(Ky) are presented in Table 6. The methodology for these
calculations is detailed in ref. 73 and 78. The Debye tempera-
ture, 0p, represents the highest normal mode of vibration in
a crystal and correlates with material hardness and thermal
conductivity. For most crystals, the Debye temperature (fp)
typically ranges between 200-400 K.”® The estimated 6y values
for A,BIrCls (A = Cs, Rb; B = Na, K), as shown in Table 6, fall
within this range. The values of 6, range from 234.49 K (Rb,-
KIrClg) to 276.67 K (Rb,NalrCls), indicating that all compounds
are soft with low thermal conductivity. Rb,NalrCl, exhibits the
highest 0p, suggesting stronger bonding and greater hardness
compared to others. Density (p) varies from 3.67 kg m™> (Rb,-
KIrClg) to 4.41 kg m ™~ (Cs,NalrClg), while sound velocities (v, vy,
V) are consistent with the calculated Debye temperatures.
These findings provide valuable insights into the thermal and
mechanical behaviour of these compounds for further research.

The melting temperature (7)) and minimum thermal
conductivity (kmin) of A,BIrCls (A = Cs, Rb; B = Na, K) are shown
in Table 6. The phonon mean free path has a strong influence
on the lattice thermal conductivity. The lowest possible thermal
conductivity may be attained if the phonon mean free path is
like the interatomic distance. The calculated T, values range
from 1000.50 K (Cs,KIrCls) to 1083.31 K (Rb,NalrClg), with
Rb,NalrCls having the highest melting point, suggesting
stronger atomic interactions. The ki, values vary from 0.36 W
m ' K ! (Rb,KIrClg) to 0.44 W m ™' K~ ' (Rb,NalrCly), indicating
poor thermal conductivity across all compounds. The molar
mass (M) ranges from 0.60 kg mole ' (Rb,NalrClg) to 0.71 kg
mole ™" (Cs,KIrClg), aligning with the observed thermal prop-
erties. These findings highlight the compounds’ low thermal
conductivity and melting temperatures.

The lattice thermal conductivity (k) is crucial for evaluating
thermoelectric properties and the efficiency of energy conver-
sion in thermoelectric materials, especially under high-
temperature applications. Low Kj, is a prerequisite for mate-
rials intended for thermal insulation and thermoelectric
devices.**®* Weak chemical bonding leads to strong lattice
anharmonicity, which is closely linked to the Griineisen
parameter (y) and affects thermal transport by enhancing
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phonon scattering. At elevated temperatures, increased anhar-
monicity reduces phonon contribution to thermal conductivity.
The parameters for A,BIrCl (A = Cs, Rb; B = Na, K) perovskites,
shown in Table 6, indicate that K, ranges from 0.78 Wm ™' K"
(Rb,KIrClg) to 1.64 W m~" K~ ' (Cs,NalrClg). The Griineisen
parameter (y) varies from 1.41 (Cs,KIrClg) to 1.65 (Rb,KIrClg),
highlighting significant anharmonicity.

The thermodynamic potential of a system provides an in-
depth view of its optimal behavior. By applying the quasi-
harmonic method * and the computed phonon density of
states, we calculate the thermodynamic potential for A,BIrClg (A
= Cs, Rb; B = Na, K). The parameters considered include
entropy (S), internal energy (E), Helmholtz free energy (F), and
specific heat (C,), which are calculated using the following
equations.®

max hw

F =3uNkgT = L In (2 sinh sinh (m)>g(u})dw (19)

h (Wmax h
E= 3nN§ JO w coth (2k:)T>g(w)dw, (20)
“max [ hw
S = 3nNk th
e L {ZkBTCO (sz T>
hw
—In|( 2 sinh d 21
n( sin (2kBT>)}g(w) ) (21)
©max hw \2/ hw
C, = 3nNk d 22
= [ () (s oo, @2)
7 Enthalpy, E
Free enegry, F
5 Entropy, S
2 3
53]
= 1
%’3 ________________________
= -1
=
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In these equations, kg refers to the Boltzmann constant, N
stands for Avogadro's number, n indicates the number of atoms
in each unit cell, w denotes the phonon frequency, Wy, is the
maximum phonon frequency, and g(w) is the normalized
density of states for phonons. With,

Jw g(w)do = 1 (23)

0

Fig. 9 and 10 display the computed values of F, E, S, and C,
across a temperature range from 0 K to 1000 K. The Helmholtz
free energy (F) of A,BIrCls (A = Cs, Rb; B = Na, K) is shown in
Fig. 10, displaying a steady decrease with increasing tempera-
ture. The reduction in free energy is a natural phenomenon,
where it becomes more negative as the process progresses. The
data indicates that enthalpy, entropy, and heat capacity increase
as temperature rises.

The thermodynamic behavior of solids can be understood by
analyzing their specific heat, which indicates their heat reten-
tion ability. Our findings reveal that the heat capacity of the
material increases more prominently compared to its enthalpy
and entropy, indicating that the A,BIrCls (A = Cs, Rb; B =Na, K)
systems are highly responsive to temperature changes. As the
temperature rises, the heat capacity gradually increases, even-
tually stabilizing at approximately 58 (Cs,NalrClg), 57 (Cs,-
KIrClg), 58 (Rb,NalrClg), and 57 (Rb,KIrClg) cal per cell K. This
value is frequently identified as the Dulong-Petit limit.** The
Debye temperature (p) serves as a vital parameter in numerous
thermophysical properties. Higher (6p) values usually correlate

7 Enthalpy, E
Free enegry, F

5 Entropy, S
S s
&3]
=01
&0
§ [====—-----m-mmmmmmmmmmme
= -1
=

-3

5 (b) Cs3KIrClg

0 200 400 600 800 1000
Temperature, 7 (K)

7

5
% 3
R
= 1
8 L e —————————
3
= -1
=

-3

5 (d) Rb,KIrClg

0 200 400 600 800 1000

Temperature, T (K)

Fig. 9 The temperature-dependent variations of the computed thermodynamic parameters enthalpy (E), free energy (F), and entropy (S) for

AsBIrClg (A = Cs, Rb; B = Na, K) at zero pressure.
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Fig. 10 The temperature-dependent variations of the computed thermodynamic parameters heat capacity and Debye temperature for A;BIrClg

(A = Cs, Rb; B = Na, K) at zero pressure.

with more robust atomic bonding and a greater phonon role in
heat conduction. For all the compounds examined, the Debye
temperature grows with increasing temperature. The maximum
Debye temperature for all studied compounds is around 450 K
at 1000 K.

4. Conclusion

This study presents the first exploration of four novel double
halide perovskites, A,BIrCls (A = Cs, Rb; B = Na, K), and
investigates their structural, electronic, optical, mechanical,
and thermo-physical properties, providing essential insights
into their potential applications. The stability of the cubic phase
structure is validated through several criteria, including toler-
ance factors between 0.88 and 0.98, as well as octahedral factors
ranging from 0.47 to 0.57. The assessment of their thermody-
namic stability and dynamic equilibrium was based on their
positive phonon dispersion, along with negative formation and
binding energies. These materials exhibit semiconducting
properties, with a direct band gap identified at the X-X
symmetry k-points. The energy band gaps calculated for Cs,-
NalrClg, Cs,KIrClg, Rb,NalrCls, and Rb,KIrCls are 1.927 eV,
1.991 eV, 2.025 eV, and 2.102 eV, respectively, making them
highly suitable for use in solar cell and optoelectronics appli-
cations. Additionally, the investigation of their optical proper-
ties highlighted significant visible light absorption (up to
10* em ") and minimal reflectivity, pointing to their potential as
highly effective absorber layers in solar cell applications. The
elastic constants Poisson's ratio, Pugh's ratio, and Cauchy
pressure obtained from the study suggest that the perovskites
analyzed exhibit mechanical stability, though they demonstrate

© 2025 The Author(s). Published by the Royal Society of Chemistry

brittle characteristics. The thermodynamic characteristics of
A,BIrClg (A = Cs, Rb; B = Na, K), including specific heat,
Helmholtz free energy, internal energy, entropy, Debye
temperature, melting point, minimum thermal conductivity,
lattice thermal conductivity, and the Griineisen parameter,
indicate their thermodynamic stability. These findings indicate
that the titled double perovskite materials are potential candi-
dates for optoelectronic and photovoltaic applications.
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