
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
Se

pt
em

be
r 

20
25

. D
ow

nl
oa

de
d 

on
 4

/1
6/

20
26

 3
:4

4:
11

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
First-principles in
aMaterial Modeling Lab, Department of Phy
bDepartment of Physics, Qilu Institute of

Province, P.R. China. E-mail: hmyarkhan@y
cFaculty of Articial Intelligence and Eng

Cyberjaya, Malaysia. E-mail: ielee@mmu.ed
dCentre for Smart System and Automation, C

Multimedia University, 63100 Cyberjaya, M
eDepartment of Chemistry, College of Scien

Saudi Arabia

Cite this: RSC Adv., 2025, 15, 33708

Received 9th July 2025
Accepted 20th August 2025

DOI: 10.1039/d5ra04902d

rsc.li/rsc-advances

33708 | RSC Adv., 2025, 15, 33708–
vestigation of lead-free Rb3SbX6

(X = F, Cl, Br, I) mixed-halide double perovskites
promising for photovoltaics and scintillation

Muhammad Awais Jehangir,a Muhammad Yar Khan, *b Muhammad Noman,a

It Ee Lee,*cd Qamar Wali,cd Tariq Usman, b Yang Mub and Abdullah Al Souwailehe

In this work, density functional theory (DFT) calculations were performed to systematically explore the

structural, mechanical, electronic, optical, light yield and thermodynamic properties of a series of

environmentally benign, lead-free mixed-halide double perovskites with the general formula Rb3SbX6 (X =

F, Cl, Br, I). The optimized lattice constants were found to increase from 9.61 Å for Rb3SbF6 to 13.01 Å for

Rb3SbI6. Electronic band structures were obtained using the Tran–Blaha modified Becke–Johnson (TB-

mBJ) exchange–correlation functional, revealing a decreasing band gap trend from 5.477 eV (F) to 2.851 eV

(I), in accordance with the increasing ionic radius of the halide anions. Density of states (DOS) analysis

highlighted the specific orbital contributions to the valence and conduction bands. Optical properties,

including the complex dielectric function 3(u), absorption coefficient a(u), reflectivity R(u), and refractive

index n(u), were evaluated, demonstrating strong optical responses across the series. Notably, the

estimated ideal light yield for Rb3SbI6 indicates its potential for scintillation applications. Thermodynamic

stability was assessed through temperature-dependent calculations of the Gibbs free energy, unit cell

volume, entropy (S, J mol−1 K−1), and bulk modulus (B, GPa). The results consistently exhibit negative Gibbs

free energies, thermal expansion with increasing temperature, rising entropy, and a gradual decrease in

bulk modulus, confirming good thermal stability. These findings suggest that Rb3SbX6 (X = F, Cl, Br, I)

double perovskites are promising candidates for use in radiation detection and optoelectronic devices.
1 Introduction

In recent years, perovskite-derived materials have attracted wide-
spread interest within the scientic community due to their
remarkable crystal structures and diverse range of functional
attributes. These characteristics make them highly suitable for
integration into numerous advanced technologies, such as opto-
electronic devices, energy storage systems, and radiation detec-
tors. The canonical perovskite lattice, generally expressed by the
formula ABX3, is particularly notable for its excellent light
absorption, efficient charge transport properties, and favorable
optical behavior. Such advantages have led to its incorporation in
applications including photovoltaic cells, light-emitting diodes
(LEDs), photodetectors, and scintillation devices. Importantly, the
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structural and electronic versatility of perovskites can be
enhanced through compositional tuning at the A, B, and X sites,
allowing for a wide scope of material optimization. Among these,
halide-based perovskites where the X-site is occupied by a halogen
have emerged as a dynamic and rapidly growing eld of study due
to their adaptable chemistry and superior optoelectronic perfor-
mance.1,2 Kojima et al. rst introduced an organo-lead halide
perovskite as a light-harvesting material in dye-sensitized perov-
skite solar cells (PSCs), reporting an initial power conversion
efficiency (PCE) of approximately 3.8%.2 Since this initial
demonstration, the PCE has steadily improved, exceeding 22% by
2017, approaching the theoretical limit of ∼27%.3 Notably, the
highest reported efficiency of 22.1% has been achieved using
halide perovskite materials.4,5 These materials exhibit remarkable
photovoltaic performance due to favorable properties such as
balanced electron and hole mobilities, long carrier diffusion
lengths, low exciton binding energies, high optical absorption
coefficients, suitable bandgaps, and defect tolerance. Further-
more, the cost-effective and straightforward solution-based
synthesis of halide perovskites enhances their potential as ideal
absorber materials for emerging photovoltaic technologies.6

Halide perovskites have drawn considerable attention in
optoelectronics due to their strong light absorption, long carrier
diffusion lengths, and tunable electronic band gaps. However,
© 2025 The Author(s). Published by the Royal Society of Chemistry
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the prevalent reliance on lead-based compositions has led to
signicant environmental and health concerns, given lead's
toxicity and the limited intrinsic stability of these materials.7–9 In
response, researchers have devoted extensive efforts to identi-
fying lead-free alternatives capable of maintaining favorable
optoelectronic properties without the associated hazards.10–12

Single and double halide perovskites are among the most
promising candidates in this regard. Within this broad class, the
A3BX6-type halide double perovskites have emerged as an espe-
cially intriguing subgroup. Structurally, these compounds can be
seen as vacancy-ordered derivatives of the traditional cubic
perovskite lattice, where isolated [BX6] octahedra are separated by
alkali-metal cations. This separation reduces the overall dimen-
sional connectivity compared to the classic three-dimensional
ABX3 frameworks.7,10,13 Such structural features allow consider-
able compositional exibility, making it possible to systemati-
cally tailor both the stability and electronic properties through
careful selection of the A- and X-site ions. Experimental synthesis
and characterization of various A3BX6 materials have provided
important reference points for theoretical exploration. For
instance, Rb3InCl6 and Rb3InBr6 have been shown to crystallize
in the cubic Fm�3m space group, with isolated InX6 octahedra and
band gaps exceeding 4 eV, making them promising candidates
for ultraviolet-transparent dielectric applications and deep-UV
optoelectronics.14,15 Likewise, although Cs3Bi2I9 adopts
a slightly different A3B2X9 stoichiometry, its zero-dimensional or
layeredmotifs are structurally related, and its∼2 eV band gap has
made it of interest as a lead-free absorber for photovoltaic
applications.16–18 A key advantage of the A3BX6 structural motif
lies in its potential for band-gap tuning via halide substitution.
Across the halide series (F, Cl, Br, I), the band gap systematically
decreases, primarily due to increasing halide ionic radii and
decreasing electronegativity, which elevate the valence-band
maximum.19–21 This behavior has been demonstrated both
experimentally and through density functional theory (DFT)
simulations, supporting the rational design of materials opti-
mized for diverse uses from UV photodetectors (F, Cl) to visible-
light photovoltaic and scintillation technologies (Br, I). Despite
these promising characteristics, the Rb3SbX6 (X = F, Cl, Br, I)
family remains relatively underexplored. Incorporating Sb(III) at
the B-site introduces an ns2 lone-pair conguration, which can
generate local structural distortions and defect-tolerant elec-
tronic states properties that may be advantageous for optoelec-
tronic performance.22,23 Early computational investigations
suggest that Rb3SbX6 compounds exhibit direct or nearly direct
band gaps spanning approximately 2.8 eV to 5.5 eV, indicating
their potential suitability for photovoltaic and scintillation
applications depending on composition.24,25 Density Functional
Theory (DFT) is a rst-principles computational approach that
enables the study of ground-state properties of materials by
reformulating the many-body electron problem in terms of
electron density. Its reliability and efficiency make it particularly
suitable for predicting the structural, electronic, optical, and
thermodynamic characteristics of emerging materials such as
halide-based perovskites. Nonetheless, comprehensive rst-
principles studies examining their structural stability, elec-
tronic band structures, optical absorption properties, and defect
© 2025 The Author(s). Published by the Royal Society of Chemistry
behavior are still lacking. Such studies are essential for rigorously
assessing their potential as environmentally friendly, lead-free
semiconductors for device integration.

In a recent study, M. Y. Khan et al. (2025) systematically
investigated the structural, elastic, optoelectronic, and thermo-
dynamic properties of the novel ternary halide double perovskites
Cs3SbX6 (X = F, Cl) using density functional theory (DFT). The
optimized lattice parameters were found to be 10.12 Å for
Cs3SbF6 and 11.89 Å for Cs3SbCl6. The electronic band gaps were
evaluated using the PBE-GGA functional in combination with the
Tran–Blaha modied Becke–Johnson (TB-mBJ) potential,
revealing that the uorinated compound exhibits a larger band
gap due to the smaller ionic radius of F− compared to Cl−. An
inverse correlation between the band gap and lattice constant
was observed, indicating that an increase in lattice parameter
results in a decrease in band gap energy. Density of states (DOS)
analysis provided insight into the electronic contributions to the
valence and conduction bands. The calculated maximum light
yields under ideal conditions were 106 411.28 ph per MeV for
Cs3SbF6 and 123 304.56 ph per MeV for Cs3SbCl6, highlighting
their potential application in scintillation detectors. Additionally,
optical properties including the complex dielectric function 3(u),
absorption coefficient a(u), reectivity R(u), and refractive index
n(u) were computed to evaluate the optical response of these
materials. Thermodynamic parameters such as Gibbs free energy
and heat capacity suggest good thermal stability, with negative G
values and increasing Cv trends. Overall, the ndings indicate
that Cs3SbX6 (X= F, Cl) are promising candidates for high-energy
radiation detection and optoelectronic applications.25

This work employs density functional theory (DFT) as a rst-
principle approach to conduct a detailed examination of the
structural, electronic, elastic, thermodynamic, and optical
features of Rb3SbX6 (X = F, Cl, Br, I) halide double perovskites.
By analyzing trends in band gaps, dielectric properties, and
electronic transitions, the study aims to deliver critical insights
that can guide the development of these lead-free materials for
use in next-generation photovoltaic absorber layers and scin-
tillation detection technologies.

2 Method of simulations

Structural calculations were carried out using the full-potential
linearized augmented plane wave (FP-LAPW) method imple-
mented in the WIEN2K code. The equilibrium volume was
determined by tting the computed total energies to the Birch–
Murnaghan equation of state (BM-EOS), employing the PBEsol
parameterization of the generalized gradient approximation
(GGA).26 For precise Brillouin zone sampling during structural
relaxation, a 10 × 10 × 10 k-point grid was utilized.
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2
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The muffin-tin radii (RMT, in atomic units) assigned to the
constituent atoms were: Rb (2.50), Sb (1.41/2.50), F (0.72), Cl
(0.99), Br (1.14), and I (1.33). For the plane-wave cutoff, the
condition RMT × Kmax = 8 was applied, with the maximum
angular momentum quantum number lmax set to 12, and Gmax

specied as 12. The core–valence separation was maintained by
adopting a core-state cutoff energy of −6.0 Ry in the WIEN2k
calculations. The self-consistent eld (SCF) cycles were
converged to thresholds of 0.0001 Ryd for total energy and
0.0001e for charge density. Additionally, structural stability
assessments of the target compounds were performed via
calculation of the Goldschmidt tolerance factor (sf), and
formation enthalpies (DHF).27

sF ¼ RA þ RXffiffiffi
2

p �
RB þ RB

0

2

�
þ RX

(2)

DHF = ERb3SbX6
− 2ERb − ESb − 6EF/Cl/Br/I (3)

The PBEsol-GGA approximation has been employed to
accurately capture the essential structural characteristics of the
system and its ground-state conguration, despite recognized
limitations in predicting optoelectronic properties with high
precision. To address this, the TB-mBJ potential was utilized,
demonstrating notable effectiveness in yielding reliable esti-
mates of the electronic band gap.28 The elastic tensor compo-
nents were computed using the method proposed by Morteza
Jamal29–31 within the WIEN2K computational framework,
enabling the identication of both spherical and planar
harmonic vibrational modes in the material. Furthermore,
a comprehensive investigation of the optical properties was
conducted to evaluate the potential suitability of thesematerials
for photonic and optoelectronic applications.32 A central
quantity in describing the optical response of a material is the
complex dielectric function, which comprises the real part,
31(u), and the imaginary part, 32(u). The real component, 31(u),
governs the material's ability to store and refract light, directly
inuencing its reectance and transmittance characteristics.
Conversely, the imaginary component, 32(u), describes energy
absorption and loss mechanisms, thereby dening the mate-
rial's absorption prole across specic energy ranges. The
interdependence between 31(u) and 32(u) is rigorously estab-
lished through the Kramers–Kronig relations33 in eqn (14) and
(15).

31ðuÞ ¼ 1þ 2

p
P

ðN
0

�u32ð�uÞ
�u2 � u2

d�u (4)

32ðuÞ ¼ �2u

p
P

ðN
0

�u31ð�uÞ
�u2 � u2

d�u (5)

nðuÞ ¼
�
1

2

� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
312ðuÞ þ 322ðuÞ

p
þ 31ðuÞ

��1
2

(6)

kðuÞ ¼
�
1

2

� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
312ðuÞ þ 322ðuÞ

p
� 31ðuÞ

��1
2

(7)
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sðuÞ ¼ s1ðuÞ þ is2ðuÞ ¼ �i u
4p

½31ðuÞ þ i32ðuÞ � 1� (8)

aðuÞ ¼ 4pkðuÞ
l

¼ 2pkðuÞ
c

(9)

RðuÞ ¼ Ratio of incident light

Ratio of reflected light
¼

					
ð31ðuÞ þ i32ðuÞÞ1=2 � 1

ð31ðuÞ þ i32ðuÞÞ1=2 þ 1

					
2

(10)

LðuÞ ¼ Im

� �1
3ðuÞ

�
¼ Im

�
32ðuÞ

312ðuÞ þ i322ðuÞ
�

(11)

The wave vector (k) and Cauchy principal value (P) are
dened accordingly, where h denotes Planck's constant, u

represents the angular frequency, and M refers to the molar
mass. Accurate determination of thermodynamic properties
under conditions of elevated temperature and pressure is
essential for understanding material behavior, a critical aspect
of solid-state research and the design of novel materials. In this
study, the quasi-harmonic GIBBS2 algorithm34 was employed to
evaluate the thermal stability of the investigatedmaterial. Based
on the Debye quasi-harmonic approximation, the GIBBS so-
ware expresses the Gibbs non-equilibrium function as G*(V; P,
T).35

G*(V: P, T) = E(V) + PV + Avib[QD:T] (12)

Avib½QD: T � ¼ nkBT

�
9QD

kBT
þ 3 ln f



1� eQD=T

��D

�
QD

T

��
(13)

D

�
QD

T

�
¼ 3

�
T

QD

�3 ðQD

0

x3

ex � 1
dx (14)

The vibrational term and the Debye integral are shown in the
eqn (13) and (14). The Entropy of the system is expressed as,

S ¼ nkB

�
4D

�
QD

T

�
� 3 ln f



1� eQD=T

��D

�
QD

T

��
(15)

3 Results and discussion
3.1 Structural properties

All calculations were performed based on the crystal structures
of the Rb3SbX6 (X = F, Cl, Br, I) halides, which crystallize in the
cubic face-centered space group Fm�3m (#225). Structural opti-
mizations were carried out using the generalized gradient
approximation (GGA) in the Perdew–Burke–Ernzerhof (PBE)
functional to determine the ground-state lattice parameters
including the lattice constant a0 [Å] and the bulk modulus B0
(GPa), pressure derivative B

0
0, optimized volume V0 [a.u]3, and

stable state unit cell energy E0 [Ry.]. The Birch–Murnaghan
equation of state36 was employed for volume optimization to
extract the equilibrium lattice constant a0 [Å] and the bulk
modulus B0 (GPa), as summarized in Table 1. The atomic
arrangements in Rb3SbX6 adopt a face-centered cubic (FCC)
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Structural properties of the Rb3SbX6 (X = F, Cl, Br, I) halide DPs

Materials a0 [Å] V0 [a.u]
3 B0 [GPa] B

0
0 E0 [Ry.] sF DHF [eV per atom] ECoh r [g cm−3]

Rb3SbF6 9.61 1501.74 41.30 5.00 −32035.53 1.0 −2.88 0.28 3.67 This work
Cs3SbF6 10.12 1752.33 34.80 5.00 −60 908.54 1.1 −2.64 0.26 4.06 25
Rb3SbCl6 11.54 2594.62 20.06 5.00 −36395.29 0.97 −2.11 0.21 2.55 This work
Cs3SbCl6 11.89 2836.30 18.61 5.00 −65 248.10 1.0 −1.99 0.19 2.90 25
Rb3SbBr6 12.12 3008.35 17.18 5.00 −62136.79 0.96 −1.70 0.17 3.19 This work
Rb3SbI6 13.01 3717.55 12.78 5.00 −116285.70 0.94 −1.34 0.13 3.44 This work
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geometry with Rb atoms occupying the Wyckoff positions (0.5,
0, 0), Sb atoms located at the center of the unit cell (0, 0, 0), and
the halide anions (X = F, Cl, Br, I) positioned at (0.23, 0, 0).25,37

Fig. 1(a–d) illustrate both the optimized crystal structures
(inset) and the calculated energy–volume relationships for the
cubic (C-phase) Rb3SbX6 compounds. To evaluate the structural
properties of Rb3SbX6, input parameters including the lattice
constant, space group symmetry, and precise atomic coordi-
nates were required. Table 1 reports the optimized structural
parameters and derived stability criteria for all compositions. In
addition to the equilibrium bulk modulus B0 (GPa), its pressure
derivative B

0
0 represents a key mechanical property of the

materials, indicating their resistance to volumetric compres-
sion under applied pressure. An increase in the lattice constants
accompanied by a systematic decrease in B0 (GPa) (as shown in
Fig. 1(f)) is observed with substitution of the halide anion from
F to I. This trend can be attributed to the increasing ionic radius
of the halide species, which is consistent with previously re-
ported results by M. Y. Khan et al..25 The bulk modulus B0 (GPa)
characterizes the material's incompressibility; a lower value
indicates greater structural exibility. Accordingly, the
computed bulk moduli follow the sequence B0 (Rb3SbF6) > B0
(Rb3SbCl6) > B0 (Rb3SbBr6) > B0 (Rb3SbI6), reecting the
progressive soening of the lattice with larger halide ions. The
nonlinear bulk modulus derivative B

0
0 ¼ 5:00 is commonly xed

during Birch–Murnaghan EOS tting to ensure stable and
consistent results, especially when limited energy–volume data
is available. This standard approximation simplies the tting
process without signicantly affecting the accuracy for most
solids. The density trend is governed by the competing effects of
increasingmolar mass (due to heavier halides and A-site cations
like Cs) and expanding unit cell volume (due to larger ionic
radii). Initially, volume dominates, lowering density (F / Cl),
but later, mass gain offsets volume increase, leading to rising
density (Cl / I).

Goldsmith's tolerance factor (sF) is employed to assess the
structural stability of double perovskites. According to Gold-
smith's criterion, a value approaching unity is indicative of an
ideal, stable cubic structure (see Fig. 1(e)). In practice, the
tolerance factor range of 0.8 to 1.0 is considered critical for the
stabilization of cubic double perovskite phases. The calculated
sF values for the investigated halide compounds fall within this
stability window, as presented in Table 1, thereby conrming
their potential stability in the cubic phase. To further validate
their thermodynamic stability in the cubic conguration, the
formation energies (DHF) of Rb3SbX6 (X = F, Cl, Br, I) were
© 2025 The Author(s). Published by the Royal Society of Chemistry
computed.31,38,39 The total energy of the Rb3SbX6 compounds is
denoted as E (Rb3SbX6), while the reference energies of the
constituent elements in their bulk phases are given by E (Rb), E
(Sb), and E (X), where X= F, Cl, Br, or I. The resulting formation
energies, (DHF), are all negative, indicating that these
compounds are thermodynamically stable and potentially
amenable to experimental synthesis (see Fig. 1(e)).

3.2 Electronic properties

To explore the electronic characteristics of Rb3SbX6 (X = F, Cl,
Br, I), band structure analyses were carried out using the
modied Becke–Johnson (TB-mBJ) exchange–correlation
potential. The choice of exchange correlation functional
signicantly impacts the accuracy of the computed bandgap,
necessitating the use of TB-mBJ for more reliable predictions, as
the PBE-GGA functional whose results may not align with the
reported data. The band structures and corresponding total
density of states (TDOS) were computed along key
high-symmetry paths in the Brillouin zone and are depicted in
Fig. 2.

The Fermi level was aligned at 0 eV for consistency. The
valence band maximum (VBM) and conduction band minimum
(CBM) are positioned at different high-symmetry locations,
conrming the direct nature of the bandgaps. According to the
TB-mBJ calculations, the bandgap energies were determined to
be 5.47 eV for Rb3SbF6, 4.18 eV for Rb3SbCl6, 3.54 eV for Rb3-
SbBr6, and 2.85 eV for Rb3SbI6, all corresponding to direct
transitions at the L–L points. These values categorize the
materials as wide-bandgap semiconductors. Due to their wide
bandgaps, halide double perovskites in this series are expected
to exhibit low photon emission per absorbed photon, making
them well-suited for ultraviolet (UV) optoelectronic applica-
tions. Such materials are particularly promising for use in UV
photodetectors, UV light-emitting diodes, scintillation detec-
tors, and related devices.25,26

To achieve a more detailed insight into the electronic band
structure, it is essential to evaluate the specic contributions of
the constituent atomic orbitals to the electronic bands.
Accordingly, the partial density of states (PDOS) was computed
and is displayed across an energy window from −6 eV to +6 eV,
as shown in Fig. 3. The valence band spans approximately−6 eV
to 0 eV, with its maximum situated at the Fermi level. The
comparatively elevated density of states per electron volt in the
valence band, as opposed to the conduction band, is indicative
of the material's p-type character. The PDOS analysis indicates
that the halide atoms (F, Cl, Br, I) make dominant contributions
RSC Adv., 2025, 15, 33708–33725 | 33711
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Fig. 1 (a–d) Crystal structure (inset graphs) and energy vs. volume plots (e) tolerance factor and formation energy (f) variation in lattice constants
and bulk modulus for Rb3SbX6 (X = F, Cl, Br, I).
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to the valence band through their p-orbitals, while the p-states
of Rb and Sb exhibit minor contributions in the ranges of
roughly (−6 to −3.89) eV, (−6 to −5.5) eV, and (−5.3 to 4) eV.
33712 | RSC Adv., 2025, 15, 33708–33725
In contrast, the conduction band is largely derived from the
p-orbitals of halides and Sb, with energy intervals observed at
(−5.4 to 5.8) eV for Rb3SbF6, 4.2 to 4.5 eV for Rb3SbCl6, 3.6 to
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Band structure plots of the Rb3SbX6 (a)–(d) (X = F, Cl, Br, I).

Fig. 3 DOS plots of Rb3SbX6 (X = F, Cl, Br, I).

© 2025 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2025, 15, 33708–33725 | 33713
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4.1 eV for Rb3SbBr6, and 2.9 to 3.5 eV for Rb3SbI6. These results
conrm the semiconducting properties of the Rb3SbX6 (X = F,
Cl, Br, I) compounds, highlighting their potential utility in
optoelectronic technologies. The computed density of states
supports the presence of band gaps consistent with the semi-
conducting nature of these materials.28

Furthermore, the effective mass serves as an essential indi-
cator for analyzing the electronic and optical characteristics of
materials, such as their conductivity and carrier mobility. Since
carrier mobility is inversely dependent on the effective masses
of electrons and holes, larger effective mass values correspond
to lower mobility.40,41 Eqn (16) is employed to estimate the
effective masses by performing a non-linear t to the band
structure (BS) data.

1

m*
¼ 1

ħ2
v2E

vK2
(16)

In addition, the exciton binding energy (Eexb ) was determined
using the effective carrier masses along with the static (zero-
frequency) dielectric constant 31(0), as described by eqn (17).
This energy quanties the requirement to dissociate an
exciton—a coulombically bound electron–hole pair into inde-
pendent charge carriers. For photovoltaic applications, mate-
rials with lower exciton binding energies are advantageous, as
they enable more efficient photon absorption and enhance
charge separation and collection processes.

Eex
b ¼ e4

2


4pi30ħ2

�2 mr

31ð0Þ2
z 13:56

mr

me

1

31ð0Þ2
(17)

The effective masses and exciton binding energies for the
Rb3SbX6 (X = F, Cl, Br, I) compounds are summarized in Table
2. Rb3SbF6 is found to exhibit higher electron and hole effective
masses relative to Rb3SbCl6, Rb3SbBr6, and Rb3SbI6, indicating
reduced carrier mobility and enhanced scattering or localiza-
tion effects.41 Moreover, the calculated exciton binding energies
(Eexb ) for Rb3SbX6 are substantially larger than those reported for
Rb2CuAsF6 (0.29 eV)42 and In2AgSbCl6 (0.058 eV).43 These
elevated binding energies suggest strong coulombic interac-
tions between electrons and holes, highlighting the potential
suitability of Rb3SbX6 compounds as absorber layers in photo-
voltaic applications.
3.3 Elastic properties

In perovskites, elastic properties describe the material's resis-
tance to deformation and its mechanical stability under stress.
Table 2 Effective masses and exciton binding energies of Rb3SbX6
(X = F, Cl, Br, I)

Parameters Method Rb3SbF6 Rb3SbCl6 Rb3SbBr6 Rb3SbI6

m*
h TB-mBJ 0.157 0.120 0.059 0.061

m*
e TB-mBJ 0.159 0.092 0.039 0.045

Eexb TB-mBJ 2.877 1.676 1.234 0.703

33714 | RSC Adv., 2025, 15, 33708–33725
Key parameters, such as elastic constants, bulk modulus, shear
modulus, Young's modulus, Poisson's ratio, and Pugh's ratio
are used to assess stiffness, compressibility, and ductility. These
properties, oen derived from DFT calculations, are essential
for evaluating the structural reliability of perovskites in devices
like solar cells, exible electronics, and radiation detectors. The
elastic properties of cubic halide double perovskites Rb3SbX6 (X
= F, Cl, Br, I) were investigated through the calculation of their
three independent elastic constants, which dene the
mechanical behavior of cubic crystals. These constants were
employed to derive essential mechanical parameters, including
the bulk modulus (B), shear modulus (G), Young's modulus (Y),
Poisson's ratio (n), elastic anisotropy factor (A), Cauchy's pres-
sure (CP), Lamé’s constants (l), the Voigt–Reuss–Hill averages
(Gv, GR), and the Grüneisen parameter (g). The Born stability
criteria were applied to assess the mechanical stability of the
compounds, imposing specic constraints on the elastic
constants (Cij).29

C11 > 0, C44 > 0, (C11 + 2C12) > 0 and C11 − C12 > 0 (18)

The calculated bulk modulus and elastic constants of the
studied compounds meet the mechanical stability criteria,
conrming their mechanical robustness. The elastic properties,
including the bulk modulus (B), shear modulus (G), Young's
modulus (Y), and Poisson's ratio (y), were subsequently derived
using standard theoretical formulations.

B ¼ C11 þ 2C12

3
(19)

G ¼ GV þ GR

2
(20)

Y ¼ 9BGV

3Bþ GV

(21)

y ¼ 3B� 2G

2ð3Bþ 2GÞ (22)

Reuss-modulus (GR), Viogt modulus (GV), could also be easily
computed using the expressions

GR ¼ 5C44ðC11 � C12Þ
4C44 þ 3ðC11 � C12Þ (23)

GV ¼ 1

5
ðC11 � C12 þ 4C44Þ (24)

The bulk modulus B (GPa), which quanties a material's
resistance to volumetric compression under applied pressure,44

exhibits a systematic decrease down the halide series. As pre-
sented in Table 3, Rb3SbI6 shows the lowest B (GPa) value,
indicating higher compressibility compared to Rb3Sb(F/Cl/Br)6
(X = F, Cl, Br). Notably, Rb3SbF6 displays the highest bulk
modulus (40.82 GPa), suggesting enhanced resistance to
volume reduction and greater intrinsic hardness relative to the
iodide analogue. The shear modulus G(GPa), reecting resis-
tance to shape deformation under shear stress, was also
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Computed elastic properties of Rb3SbX6 (X = F, Cl, Br, I)a

Compounds

This work Other work

Rb3SbF6 Rb3SbCl6 Rb3SbBr6 Rb3SbI6 Cs3SbF6 Cs3SbCl6

C11 85.25 46.29 41.63 30.34 43.40 (ref. 25) 24.22 (ref. 25)
C12 18.60 5.40 5.00 3.26 8.77 (ref. 25) 3.79 (ref. 25)
C44 3.09 3.46 11.60 3.73 3.43 (ref. 25) 1.46 (ref. 25)
Bulk modulus BH [GPa] 40.82 19.03 17.21 12.28 20.31 (ref. 25) 10.60 (ref. 25)
Shear modulus GH [GPa] 10.01 7.72 13.94 6.45 7.02 (ref. 25) 6.60 (ref. 25)
Young's modulus YH [GPa] 27.77 20.41 32.93 16.48 18.88 (ref. 25) 9.69 (ref. 25)
Poisson ratio nH 0.39 0.32 0.18 0.28 0.35 (ref. 25) 0.35 (ref. 25)
Pugh's ratio B/G 4.08 2.46 1.23 1.90 2.89 (ref. 25) 2.95 (ref. 25)
Cauchy pressure Cp = C12 − C44 15.52 1.93 −6.60 −0.48 5.34 (ref. 25) 2.33 (ref. 25)
Kleinman parameter x 0.37 0.27 0.27 0.26 0.35 (ref. 25) 0.31 (ref. 25)
Anisotropy A 0.09 0.17 0.63 0.28 0.20 (ref. 25) 0.14 (ref. 25)
Melting temperature Tm [K] 1056.82 826.56 799.05 732.28 809.49 (ref. 25) 696.11 (ref. 25)
Debye temperature qD [K] 187.40 177.37 235.21 120.01 60.99 (ref. 25) 52.95 (ref. 25)
Transverse velocity vt [m s−1] 1736.49 1839.05 2250.40 1413.03 557.50 (ref. 25) 552.14 (ref. 25)
Longitudinal velocity vL [m s−1] 3841.78 3391.07 3349.85 2367.41 2703.31 (ref. 25) 2304.42 (ref. 25)
Mean velocity vm [m s−1] 1958.10 2052.02 2457.67 1563.95 637.25 (ref. 25) 630.60 (ref. 25)
Lamé 1st constant l 34.14 13.88 7.92 7.98 15.63 (ref. 25) 8.20 (ref. 25)
Lamé 2nd constant m 15.66 12.42 24.17 10.61 11.17 (ref. 25) 5.72 (ref. 25)
Grüensien parameter g 1.75 2.05 2.58 2.24 1.95 (ref. 25) 1.93 (ref. 25)
Machinability mM 13.22 5.49 1.48 3.29 — —
Thermal expansion a 1.60 × 10−4 2.07 × 10−4 1.15 × 10−4 2.48 × 10−4 — —

a Ref. 25.
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evaluated (Table 3). Rb3SbBr6 exhibits the highest shear
modulus (13.94 GPa), substantially exceeding that of Rb3SbI6
(6.45 GPa), indicating superior rigidity against shear-induced
distortions. Young's modulus Y (GPa) provides an additional
measure of elastic stiffness. Higher Y-values correspond to
greater stiffness, hardness, and resistance to elastic deforma-
tion.45 According to Table 3, Rb3SbBr6 attains the highest
Young's modulus (32.93 GPa), while Rb3SbI6 has the lowest
(16.48 GPa), underscoring the enhanced mechanical robustness
of the bromide phase. Furthermore, the shear modulus G is
critical in assessing dynamic stability, as it indicates resistance
to tetragonal distortions. The computed GGG values for all
Rb3SbX6 (X = F, Cl, Br, I) compounds are summarized in Table
3. An important elastic parameter for evaluating the angular
nature of atomic bonding is the Cauchy pressure CP.46 A nega-
tive CP is generally associated with ionic bonding, whereas
a positive value suggests covalent character. Materials with
more pronounced directional bonding typically exhibit lower
atomic mobility as CP becomes increasingly negative. CP was
calculated using the relation (CP= C12 − C44) (see Table 3).
Positive CP values obtained for Rb3SbF6 and Rb3SbCl6 indicate
covalent bonding tendencies and imply ductile behavior (CP >
0). In contrast, negative CP values observed for Rb3SbBr6 and
Rb3SbI6 reect ionic bonding characteristics and suggest
a brittle nature (CP < 0). Further insight into ductility and brit-
tleness is provided by the Poisson's ratio (n)47 and Pugh's ratio
(B/G).48 Typically, materials with n > 0.26 and B/G > 1.75 exhibit
ductile behavior. For the Rb3SbX6 (X = F, Cl, Br, I) series, most
compounds show Poisson's ratios exceeding 0.26 and Pugh's
ratios above the critical threshold, conrming their ductile
nature. However, Rb3SbBr6 exhibits a Poisson's ratio of 0.18 and
© 2025 The Author(s). Published by the Royal Society of Chemistry
a Pugh's ratio of 1.28, indicating a tendency toward brittleness
(see Table 3). The Zener anisotropy factor (A) provides a quan-
titative assessment of elastic anisotropy in crystalline solids,
with A = 1 characterizing an ideal isotropic medium.36 Devia-
tions from unity indicate the presence and degree of elastic
anisotropy. As shown in Table 3, the calculated values of A for
the studied materials differ from one, conrming their aniso-
tropic elastic behavior.

Zener Anisotropic Factor ¼ A ¼ 2C44

ðC11 � C12Þ (25)

Elastic anisotropy is a fundamental factor inuencing the
prediction of micro-hardness and mechanical robustness in
crystalline materials. Elevated levels of elastic anisotropy are
oen associated with an increased propensity for microcrack
formation, thereby compromising structural integrity. It is
noteworthy that even materials crystallizing in cubic symmetry
can exhibit signicant deviations from isotropic elastic
behavior. Fine et al.49 established a notable relationship
between the melting temperature (Tm) and the elastic constant
C11 for cubic crystalline materials.

Tm = [500 + (5.91 K GPa−1)C11] H 300 K (26)

Table 3 shows that Rb3SbI6 possesses the lowest melting
temperature (Tm) among the studied compounds, measured at
732.28 K. Although this represents the minimum value within
the series, it still indicates considerable thermal stability. In
comparison, the other compounds exhibit markedly higher
melting temperatures. The Kleinman parameter, z, which
RSC Adv., 2025, 15, 33708–33725 | 33715
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characterizes the internal strain of the crystal lattice,50 is
determined using the following expression:

z ¼ C11 þ 8C12

7C11 þ 2C12

(27)

Table 3 summarizes the comparative ease of bond bending
relative to bond stretching in the Rb3SbX6 (X = F, Cl, Br, I)
double perovskites. The Kleinman parameter (z) quanties this
behavior, with z = 0 representing pure bond bending and z = 1
indicating pure bond stretching. The calculated z values for
these compounds lie in the range 0–0.4, demonstrating that
bond bending is energetically more favorable than bond
stretching. Values approaching unity would imply a dominant
bond-stretching character, which is not observed here.

For isotropic materials, the Lamé coefficients are dened as l
= C12 and m = G.51 However, the Rb3SbX6 compounds exhibit
anisotropy, as evidenced by their calculated elastic constants in
Table 3, and thus do not satisfy the conditions for isotropy. Table
3 also reports the computed sound velocities and Debye temper-
atures QD (K) for these materials. The average sound velocity (Vm)
was determined by combining the transverse (vt) and longitudinal
(vL) components, applying the Navier equation of state (NEOS).52,53

The Debye temperature was then estimated using the mean
acoustic velocity according to established methods. The relative
Debye temperatures provide insight into lattice dynamical
stability across different temperatures. For example, Rb3SbI6
exhibits a Debye temperature of 120.01 K, suggesting enhanced
stability at low temperatures, consistent with prior correlations
between QD (K) and vibrational properties.54

qD ¼ h

kB

�
3nNAr

4pM


1=3

nm (28)

In eqn (28), NA denotes Avogadro's number, kB is the Boltzmann
constant, r is the density of the material, M is the molecular
mass, and vm represents the mean sound velocity. The calcu-
lated Debye temperatures for Rb3SbX6 (X= F, Cl, Br, I) are listed
in Table 3. Among these, Rb3SbBr6 exhibits a higher Debye
temperature than Rb3SbF6, Rb3SbCl6, and Rb3SbI6. As the Debye
temperature is directly related to the lattice specic heat
capacity, this result suggests that Rb3SbBr6 has an improved
ability to accommodate thermal energy arising from lattice
vibrations.53,54 The thermodynamic stability of these
compounds is also temperature-dependent. The Grüneisen

parameter,30 given by
�
g ¼ 3ð1þ nÞ

2ð2� 3nÞ
�
, was determined for

Rb3SbX6 using the Poisson's ratio (n). This parameter provides
insight into the anharmonicity of lattice vibrations and inu-
ences key physical properties such as thermal conductivity,
thermal expansion, high-temperature elastic behavior, and
acoustic wave attenuation. The estimated values of the Grü-
neisen parameter for the Rb3SbX6 series are also presented in
Table 3.

The thermal expansion coefficient (a) is closely linked to
properties such as thermal conductivity (k), specic heat, band
gap temperature dependence, and electron effective mass ðm*

eÞ.
Precise knowledge of a is essential for controlling strain during
33716 | RSC Adv., 2025, 15, 33708–33725
epitaxial growth and minimizing defects in electronic and
spintronic devices. The coefficient can be evaluated using the
following relation.55

a ¼ 1:6� 103

G
(29)

The empirical relation a z 0.02/Tm56 describes the inverse
correlation between melting temperature and thermal expansion.
For Rb3SbX6 (X = F, Cl, Br, I), calculated a values (×10−4 K−1) are
1.60 (F), 2.07 (Cl), 1.15 (Br), and 2.48 (I). Table 3 shows Rb3SbBr6
has lower a than Rb3SbCl6, consistent with its higher Tm.

Machinability describes the ease with which a solid can be
shaped or cut using standard tooling, and is commonly quan-
tied by the machinability index (mM = B/C44), which also serves
as an indicator of plasticity and dry lubrication performance.
Higher mM values correspond to improved dry lubricating
behavior and reduced friction. The calculated mM values for
Rb3SbX6 (X = F, Cl, Br, I) compounds (Table 3) indicate gener-
ally good machinability, with Rb3SbF6 exhibiting the highest
index. This favorable behavior is attributed to their mixed
ionic–covalent bonding, suggesting suitability for applications
requiring effective shaping and low-friction properties.57

To assess the elastic anisotropy of Rb3SbX6 (X = F, Cl, Br, I)
double perovskites, three-dimensional (3D) and two-
dimensional (2D) contour plots were generated using the
ELATE Tensor Analysis code58 based on the calculated elastic
stiffness coefficients (Cij). In isotropic crystals, such represen-
tations appear as perfect spheres, indicating uniform mechan-
ical response. However, the pronounced deviations from
spherical symmetry observed in Rb3SbX6 highlight signicant
directional dependence in their elastic properties.59 Fig. 4
displays the 2D and 3D visualizations of the Young's modulus
(Y), shear modulus (G, in GPa), and Poisson's ratio (n), clearly
revealing the degree of anisotropy inherent in these
compounds.25 The present work reports the computed and
graphically illustrated minimum and maximum values of
Young's modulus (Y), shear modulus (G) (in GPa), and Poisson's
ratio (n) for Rb3SbX6 (X = F, Cl, Br, I) in different crystallo-
graphic orientations, as summarized in Table 4.

The anisotropy of these elastic parameters follows the order
Rb3SbF6 > Rb3SbCl6 > Rb3SbI6 > Rb3SbBr6. Notably, Rb3SbCl6
(26.94) demonstrates the highest Poisson anisotropy among the
series, followed by Rb3SbI6 (15.86), Rb3SbBr6 (3.98), and
Rb3SbF6 (3.20). The anisotropy of Rb3SbF6 (8.96) Young's
modulus is lower than that of Rb3SbCl6 (4.61), Rb3SbBr6 (1.42),
and Rb3SbI6 (2.92). Generally, Rb3SbBr6 exhibits the least
anisotropy, as the three-dimensional representations of all
moduli approximate a spherical shape, while Rb3SbCl6 displays
the highest anisotropy, with its 3D graphs of all moduli signif-
icantly deviating from a spherical form. Such numerical and
graphical analyses are essential for elucidating the orientation-
dependent elastic behavior of Rb3SbX6 compounds. These
results have signicant implications for the design and opti-
mization of materials with tailored mechanical performance,
ensuring structural stability and reliability under diverse
loading conditions.25,43
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 2D & 3D plots of the elastic moduli of the Rb3SbX6 (X = F, Cl, Br, I).

Table 4 Maximum and minimum values for shear modulus in GPa, Young's modulus in GPa, and Poison ratio along with anisotropy in GPa for
Rb3SbX6 (X = F, Cl, Br, I)a

Parameters

This work Other work

Rb3SbF6 Rb3SbCl6 Rb3SbBr6 Rb3SbI6 Cs3SbF6 Cs3SbCl6

Gmin 3.09 3.46 11.60 3.73 3.43 (ref. 25) 1.46 (ref. 25)
Gmax 33.32 20.44 18.31 13.54 17.31 (ref. 25) 10.21 (ref. 25)
A 10.78 5.90 1.57 3.63 5.04 (ref. 25) 6.69 (ref. 25)
Ymin 9.04 9.78 28.41 10.16 9.74 (ref. 25) 4.18 (ref. 25)
Ymax 78.58 45.16 40.55 29.70 40.45 (ref. 25) 23.19 (ref. 25)
A 8.96 4.61 1.42 2.92 4.15 (ref. 25) 5.53 (ref. 25)
nmin 0.02 0.02 0.08 0.03 0.04 (ref. 25) 0.03 (ref. 25)
nmax 0.87 0.75 0.32 0.63 0.75 (ref. 25) 0.80 (ref. 25)
A 3.20 26.94 3.98 15.86 15.06 (ref. 25) 26.15 (ref. 25)

a Ref. 25.
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3.4 Optical characteristics

The real and imaginary components of the dielectric function
were computed to elucidate the radiation response of the halide
© 2025 The Author(s). Published by the Royal Society of Chemistry
double perovskites Rb3SbX6 (X = F, Cl, Br, I), as presented in
Fig. 5(a). The calculated dielectric spectra cover the photon
energy range from 0 to 12 eV. The static dielectric constant, 3(0),
RSC Adv., 2025, 15, 33708–33725 | 33717
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was determined to be 1.53 for Rb3SbF6, 2.15 for Rb3SbCl6, 2.62
for Rb3SbBr6, and 3.40 for Rb3SbI6. Beyond the static limit, all
compositions exhibit rising dielectric values, reaching prom-
inent peaks of 4.53 at 5.53 eV (Rb3SbF6), 5.01 at 4.28 eV (Rb3-
SbCl6), 5.31 at 3.65 eV (Rb3SbBr6), and 6.35 at 2.97 eV (Rb3SbI6).
Additional minor features are observed in the 4.20–9.42 eV
region, with calculated values of 2.62 (9.42 eV), 2.99 (6.08 eV),
5.01 (5.51 eV), and 5.14 (4.20 eV), respectively, as shown in
Fig. 5(a). Following these maxima, the dielectric response
displays further increases, with several local peaks attributable
to interband electronic transitions. Negative values of the real
part of the dielectric function were calculated in the 4.56–
7.56 eV and 9.39–12 eV ranges, indicating metallic-like behavior
in these energy intervals in line with the predictions of Penn's
model. The occurrence of negative values in the real part of the
dielectric function, 31(u), is attributed to intense interband
electronic transitions that signicantly inuence the optical
characteristics of the material. These negative values suggest
that, at certain photon energies, the material exhibits behaviour
similar to that of metals, where electromagnetic waves are
predominantly reected rather than transmitted. This
phenomenon results from the Kramers–Kronig relations, which
connect the real and imaginary components of the dielectric
function. When the imaginary part, 32(u), displays pronounced
absorption peaks due to electronic excitations, it can lead to
corresponding negative dips in 31(u). Such features are common
in materials with strong electronic interactions and reect their
complex light–matter interactions. A negative real part of the
dielectric function in a narrow UV range is typically caused by
strong interband transitions rather than true metallicity, and
reects dispersive optical behavior rather than free-electron
conduction. Fig. 5(b) shows the threshold and peak energies
of the imaginary part of the dielectric function, 32(u), for the
Rb3SbX6 series. The threshold energies of 32(u) were found to be
5.26 eV (Rb3SbF6), 4.01 eV (Rb3SbCl6), 3.36 eV (Rb3SbBr6), and
2.67 eV (Rb3SbI6). The corresponding maximum 32(u) values
reached 5.41 at 5.78 eV, 5.98 at 6.92 eV, 6.61 at 5.78 eV, and 7.50
at 4.50 eV. These peaks become increasingly pronounced at
higher energies, approaching the ultraviolet region, which
suggests potential for optoelectronic applications within that
spectral range.25

In Fig. 5(c), the computed energy-dependent refractive index
n(u) is presented, which is inuenced by the real part of the
dielectric function, incident photon energy, and intrinsic
material composition. The refractive index provides essential
insight into the optical response of the material by quantifying
the degree of light bending as it propagates through the
medium.60,61 The static refractive index values n(0) for Rb3SbX6

(X = F, Cl, Br, I) are found to be 1.24, 1.46, 1.62, and 1.84,
respectively. A progressive increase in n(u) is observed with
increasing energy, reaching peak values of 2.22 at 5.56 eV
(Rb3SbF6), 2.33 at 6.74 eV (Rb3SbCl6), 2.35 at 3.65 eV (Rb3SbBr6),
and 2.56 at 3.02 eV (Rb3SbI6). Beyond these maxima, n(u)
exhibits multiple local uctuations, with notable peaks occur-
ring at 1.66 (9.47 eV), 2.30 (4.32 eV), 1.94 (8.87 eV), and 2.39
(4.24 eV) for the respective halide compositions. Fig. 5(d)
illustrates the extinction coefficient K(u), which corresponds to
33718 | RSC Adv., 2025, 15, 33708–33725
the imaginary component of the complex refractive index and
signies that how much light is absorbed when light travels
through the material. The threshold onset of K(u) occurs at
5.17 eV, 3.94 eV, 3.36 eV, and 2.64 eV for Rb3SbF6, Rb3SbCl6,
Rb3SbBr6, and Rb3SbI6, respectively, with corresponding peak
values of 1.68 (5.87 eV), 1.76 (7.04 eV), 1.81 (5.88 eV), and 1.90
(4.58 eV). Secondary features are observed at 1.27 (10.25 eV),
1.39 (4.59 eV), 1.27 (4.06 eV), and 1.23 (3.41 eV), further con-
rming the optical activity in the near-UV region. These obser-
vations are consistent with the behavior of the imaginary part of
the dielectric function 32(u) and the absorption coefficient a(u),
which demonstrate signicant optical transitions near the
ultraviolet threshold. Reectivity, which quanties a material's
capability to reect incident electromagnetic radiation, is
a crucial parameter for optoelectronic applications and energy-
efficient design. In general, metals exhibit higher reectivity
due to the abundance of free carriers, whereas semiconductors
demonstrate lower values. The low reectivity observed across
the studied Rb3SbX6 (X = F, Cl, Br, I) compounds conrms their
semiconducting character.25,31

Optical conductivity s(u) characterizes charge-carrier
dynamics under optical excitation. Fig. 5(e) presents the simu-
lated s(u) spectra for lead-free halide double perovskites
Rb3SbX6 (X = F, Cl, Br, I). In all cases, s(u) remains negligible
below the optical band gap, with calculated cutoff energies of
5.09 eV (Rb3SbF6), 3.93 eV (Rb3SbCl6), 3.26 eV (Rb3SbBr6), and
2.65 eV (Rb3SbI6). Maximum optical conductivities are observed
at 4215.77 U−1 cm−1 (5.77 eV), 5573.59 U−1 cm−1 (6.90 eV),
5164.38 U−1 cm−1 (5.78 eV), and 4894.68 U−1 cm−1 (7.50 eV),
respectively. The absorption coefficient a(u), shown in Fig. 5(f),
describes the material's capacity to attenuate incident radia-
tion.62,63 The absorption edges are determined as 5.21 eV
(Rb3SbF6), 4.00 eV (Rb3SbCl6), 3.38 eV (Rb3SbBr6), and 2.70 eV
(Rb3SbI6). All compounds exhibit pronounced absorption in the
ultraviolet region, with primary peaks at 132.15 × 104 cm−1

(10.25 eV), 126.57 × 104 cm−1 (7.05 eV), 108.90 × 104 cm−1 (5.88
eV), and 120.37 × 104 cm−1 (9.63 eV), conrming strong UV
absorption behavior relevant for optoelectronic applications.25

Fig. 5(g) displays the calculated energy loss function, L(u),
for the Rb3SbX6 (X = F, Cl, Br, I) double perovskites. The results
reveal that energy loss is maximum in regions where the
absorption coefficient attains its maximum, indicating that L(u)
exerts limited inuence on the overall optical response of these
materials. The computed L(u) peak values are 5.09 at 10.73 eV
for Rb3SbF6, 3.06 at 7.58 eV for Rb3SbCl6, 2.39 at 6.42 eV for
Rb3SbBr6, and 1.70 at 5.13 eV for Rb3SbI6. These comparatively
high peak intensities suggest that the energy loss function
substantially affect the absorption behavior of the examined
compounds. The optical analysis thus indicates that these lead-
free halide double perovskites are promising candidates for
light-harvesting optoelectronic applications, given their strong
absorption, favorable dispersion, low reectivity in the visible
range, and minimal energy loss in the near-ultraviolet region.64

Reectivity, dened as the ratio of incident to reected
radiation intensity,61,65 is illustrated in Fig. 5(h). The R(u)
spectra show lower reectivity values in the visible range relative
to the near-UV region, and are 1%, 3%, 6%, and 9% for the
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a–h) Optical plots of the Rb3SbX6 (X = F, Cl, Br, I) compounds.
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Rb3SbX6 (X = F, Cl, Br, I) at normal incidence. As evident from
Fig. 5(h), all investigated Rb3SbX6 compounds exhibit strong
absorption in the ultraviolet region. The maximum reectivity
© 2025 The Author(s). Published by the Royal Society of Chemistry
peaks are calculated to be 49.10 at 6.12 eV for Rb3SbF6, 49.86 at
7.30 eV for Rb3SbCl6, 45.77 at 6.17 eV for Rb3SbBr6, and 39.44 at
4.91 eV for Rb3SbI6. These ndings highlight the potential of
RSC Adv., 2025, 15, 33708–33725 | 33719
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these materials for application in ultraviolet photodetectors,
light-emitting diodes, photovoltaic devices, and other opto-
electronic technologies. Moreover, increased ultraviolet irradi-
ation enhances absorption, while energy loss remains a critical
consideration, as it represents a pathway for energy dissipation
that can reduce device efficiency.25
3.5 Light yield

The light yield (LY), which denes the scintillation response of
the materials examined in this study, constitutes a fundamental
parameter for evaluating the performance of scintillators and
phosphors. The computed number of photons emitted per MeV
of absorbed radiation energy provides a quantitative basis for
comparing scintillation efficiency. A higher LY, in conjunction
with an improved signal-to-noise ratio, is particularly desirable
for the reliable detection of low-energy or low-intensity radia-
tion. This equation estimates the light yield of the scintillating
material based on a phenomenological model describing the
mechanisms governing detected light emission in scintillators.

LY ¼ SQ

bEg

� 106photons per MeV (30)

The energy transfer efficiency is denoted by S, and the
quantum efficiency by Q, while b and the band gap (Eg, in eV)
are considered constant. The energy required to generate an
electron–hole (e–h) pair is expressed as bEg. Typically, b ranges
between 1.5 and 2 for most materials, whereas for covalent
materials it generally lies between 3 and 4. Empirical relation-
ships derived from experimental studies of various scintillators
justify xing b at 2.5. Using b= 2.5 under ideal conditions (i.e., S
= Q = 1), the light yield (LY) of the studied compounds can be
straightforwardly estimated. The values presented in Table 5
thus represent the theoretical maximum LY achievable by these
materials. It should be noted that, under ideal circumstances,
the actual LY may slightly exceed these calculated values due to
internal reection effects within the crystal. Among the
compounds investigated, Rb3SbI6 exhibits particularly high LY
values in the ultraviolet and higher-energy regions, highlighting
its potential as a promising candidate for high-power radiation
detection, scintillation and other optoelectronic
applications.25,26
3.6 Thermodynamic properties

A practical method for assessing the thermodynamic properties
of materials employs the GIBBS program.66 In this work, the
Table 5 Computed light yield values for the Rb3SbX6 (X = F, Cl, Br, I)a

Compounds

This work

Rb3SbF6 Rb3SbCl6 Rb

LY values (photons per MeV) 73 032.68 95 510.98 112

a Ref. 25.

33720 | RSC Adv., 2025, 15, 33708–33725
macroscopic thermal behavior of Rb3SbX6 (X = F, Cl, Br, I) was
evaluated as a function of pressure (P, GPa) and temperature (T,
K).35 Fig. 6 (top le) shows the calculated unit cell volume as
a function of temperature (200–600 K) at two pressures: 0 GPa
(blue curves) and 10 GPa (red curves), obtained using the quasi-
harmonic approximation. At 0 GPa, all compositions exhibit an
approximately linear increase in volume with temperature,
consistent with expected thermal expansion arising from lattice
vibrations. The absolute volume at ambient pressure increases
systematically from Rb3SbF6 to Rb3SbI6, reecting the larger
ionic radii of heavier halides. Under 10 GPa, the unit cell
volumes decrease due to compression, with a reduced temper-
ature dependence that indicates suppression of thermal
expansion and diminished lattice anharmonicity at elevated
pressure. The volume difference between 0 GPa and 10 GPa is
more pronounced for Cl, Br, and I, suggesting greater
compressibility associated with the heavier halide ions.35 The
temperature range of 200–600 K is selected because it aligns
with the typical operational and stability conditions of halide
perovskites in practical applications such as solar cells, photo-
detectors, and scintillation devices. Within this range, the
materials remain in their thermodynamically stable phase,
avoiding decomposition or phase transitions that oen occur at
higher temperatures. Moreover, this range is ideal for applying
the quasi-harmonic approximation, which provides reliable
predictions of thermodynamic properties like entropy and
Gibbs free energy at low to moderate temperatures. It also
facilitates direct comparison with experimental data, as most
thermal characterization techniques operate effectively within
this temperature range. At ambient pressure (∼0.1 MPa), the
trends in both volume and bulk modulus and other parameter
closely follow those at 0 GPa, showing negligible deviation.
Therefore, the 0 GPa data effectively represent ambient pressure
behaviour.

Fig. 6 (top right) depicts the temperature dependence of the
bulk modulus for Rb3SbX6 under 0 GPa and 10 GPa, also
calculated using the quasi-harmonic approximation via
GIBBS2. For all compositions, the bulk modulus decreases with
increasing temperature, reecting typical lattice soening due
to enhanced atomic vibrations. At ambient pressure, bulk
moduli are comparatively lower and decrease from Rb3SbF6 to
Rb3SbI6, consistent with the trend of increasing halide ionic
radius and weaker lattice cohesion. Under 10 GPa, the bulk
moduli are substantially higher, indicating lattice stiffening
under compression, while their temperature dependence is
notably less steep, suggesting reduced anharmonic effects at
high pressure.35
Other work

3SbBr6 Rb3SbI6 Cs3SbF6 Cs3SbCl6

898.67 140 301.65 106 411.28A 123 304.56 (ref. 25)

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Computed thermodynamic properties of the Rb3SbX6 (a)–(d) (X = F, Cl, Br, I) at (200 to 600) K and (0, and 10) GPa.
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Fig. 6 (bottom le) depicts the temperature dependence of
entropy for Rb3SbX6 (X = F, Cl, Br, I) under pressures of 0 GPa
and 10 GPa, highlighting essential thermodynamic character-
istics. For all compositions and pressures, entropy increases
consistently with temperature. This behavior is attributed to
enhanced kinetic energy at elevated temperatures, which allows
access to a greater number of microstates, thereby increasing
the system's disorder. Conversely, entropy exhibits a clear
negative correlation with pressure. At a xed temperature,
increasing the pressure from 0 GPa to 10 GPa results in
a reduction of entropy. This effect arises from the material's
compression under pressure, which constrains atomic and
molecular movement, reduces the available phase space for
congurations, and thus lowers overall disorder.35
© 2025 The Author(s). Published by the Royal Society of Chemistry
The Gibbs free energy (G), dened by G = H − TS (where H
represents enthalpy, T is temperature, and S is entropy), is
a crucial parameter for assessing the stability of materials under
varying temperature and pressure. For the Rb3SbX6 series,
analyzing the Gibbs free energy as a function of these variables
provides critical insights into their thermal and mechanical
stability. Fig. 6 (bottom right) demonstrates that Gibbs free
energy decreases with increasing temperature from 200 K to 600
K at both pressure conditions. This trend aligns with theoretical
expectations since the entropy term (−TS) grows with temper-
ature, reducing the free energy. At 10 GPa, the Gibbs free energy
values are slightly less negative than at 0 GPa across all
temperatures, indicating a minor reduction in thermodynamic
stability under higher pressure. Nevertheless, the small
RSC Adv., 2025, 15, 33708–33725 | 33721
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differences between the two pressure conditions suggest that
the Rb3SbX6 compounds maintain thermodynamic stability
over the entire range of temperatures and pressures
examined.25,35

4 Conclusion

In this work, the structural, electronic, mechanical, optical,
thermodynamic, and scintillation-relevant properties of the
lead-free halide double perovskites Rb3SbX6 (X = F, Cl, Br, I)
were systematically explored using rst-principles calculations
within the DFT framework. All compounds exhibit wide, direct
band gaps, making them suitable for UV photodetectors and
high-energy radiation detection. The mechanical analysis
conrms the mechanical stability of all phases, with ductile
behavior observed in Rb3Sb(F/Cl/I)6 and brittleness in Rb3-
SbBr6. Optical investigations reveal that halide substitution
strongly inuences light yield, absorption, and dielectric
behavior. Thermodynamic results demonstrate thermal
stability across the studied temperature and pressure range,
with predictable trends in entropy, Gibbs free energy, and bulk
modulus. Among the series, Rb3SbI6 emerges as the most
promising candidate for optoelectronic and scintillation appli-
cations. These ndings provide a theoretical basis for further
experimental studies and potential device integration of these
environmentally friendly, lead-free double perovskites.
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H. J. Snaith and A. M. Belcher, Tailoring metal halide
perovskites through metal substitution: inuence on
photovoltaic and material properties, Energy Environ. Sci.,
2017, 10, 236–246.

16 Y.-X. Li, J. Zhong, X.-J. Xiong, Y.-Q. Ning, Y. Xu, H.-P. Zhu,
Y.-Q. Zhao and B. Li, Optoelectronic and transport
properties of layer-dependent two-dimensional perovskite
Cs3Bi2I9, Phys. Lett. A, 2024, 528, 130053.

17 S. L. Hamukwaya, H. Hao, M. M. Mashingaidze, T. Zhong,
S. Tang, J. Dong, J. Xing and H. Liu, Potassium Iodide-
Modied Lead-Free Cs3Bi2I9 Perovskites for Enhanced
High-Efficiency Solar Cells, Nanomaterials, 2022, 12, 3751.

18 S. Li, S. Song, P. Lv, S. Wang, J. Hong and G. Tang, Enhanced
charge transport in A-site ordered perovskite derivatives A2

A0Bi2 I9 (A = Cs; A0 = Ag, Cu): a rst-principles study, Phys.
Chem. Chem. Phys., 2025, 27, 14948–14956.

19 S. Ghorui, J. Kangsabanik, M. Aslam and A. Alam,
Optoelectronic and transport properties of vacancy-ordered
double-perovskite halides: A rst-principles study, Phys.
Rev. Appl., 2024, 21, 024036.

20 H. I. Ali, A. Ayyaz, N. D. Alkhaldi, I. Boukhris, M. S. Al-
Buriahi, Q. Mahmood, T. Alshahrani and S. Bouzgarrou,
Forecasting phase stability, optoelectronic behavior, and
transport mechanisms of double perovskites Cs2AuMX6
(M = As, Bi and X = Cl, Br) for applications in renewable
energy technologies, Inorg. Chem. Commun., 2025, 176,
114301.

21 M. Saiduzzaman, T. Ahmed, K. M. Hossain, A. Biswas,
S. K. Mitro, A. Sultana, M. S. Alam and S. Ahmad, Band
gap tuning of non-toxic Sr-based perovskites CsSrX3 (X =

Cl, Br) under pressure for improved optoelectronic
applications, Mater. Today Commun., 2023, 34, 105188.

22 Y.-T. Huang, S. R. Kavanagh, D. O. Scanlon, A. Walsh and
R. L. Z. Hoye, Perovskite-inspired materials for
photovoltaics and beyond—from design to devices,
Nanotechnology, 2021, 32, 132004.

23 G. Laurita and R. Seshadri, Chemistry, Structure, and
Function of Lone Pairs in Extended Solids, Acc. Chem. Res.,
2022, 55, 1004–1014.

24 S. Adhikari and P. Johari, Theoretical insights into
monovalent-metal-cation transmutation effects on lead-free
halide double perovskites for optoelectronic applications,
Phys. Rev. Mater., 2023, 7, 075401.

25 M. Y. Khan, M. A. Jehangir, N. Israr, A. Hassan, U. Younis,
J. Khan, M. Khan, A. Khan and A. Al Souwaileh, First-
principles study of Cs3SbX6 (X = F, Cl) for scintillation
and optoelectronic applications, Phys. B, 2025, 707, 417150.

26 M. A. Javed, R. Ahmed, S. A. Tahir and B. Ul Haq,
Investigations of optoelectronic and scintillating properties
of novel halide perovskites Cs2KSnX6 (X=Cl, Br, I), J. Solid
State Chem., 2025, 341, 125084.

27 M. A. Jehangir, G. Murtaza, A. R. Chaudhry, K. Ali Khan,
M. D. Albaqami, N. Israr, S. H. Shah and M. Ibrar, Optical
and Transport Properties of Novel X2bagcl6 (Where K, Rb,
© 2025 The Author(s). Published by the Royal Society of Chemistry
Cs, and B = Sc, Y) Double Pervoskites, SSRN, 2024, DOI:
10.2139/ssrn.4844866.

28 M. Manzoor, J. A. Abraham, R. Sharma, M. Aslam, A. Kumar,
F. N. Almutairi, M. Jeridi and H. Ullah, Probing the
Optoelectronic and Thermoelectric Performance of
Inorganic Halide Perovskite Rb2KInI6 for Renewable
Energy Applications via DFT Computations, J. Inorg.
Organomet. Polym., 2025, 35, 3296–3312.

29 M. Born, On the stability of crystal lattices. I, Math. Proc.
Camb. Phil. Soc., 1940, 36, 160–172.

30 N. Israr, M. A. Jehangir, A. M. Tighezza, S. Khan, G. Murtaza
and M. Saeed, The effect of PBEsol GGA and mBJ potentials
on the structural, electronic, optical, elastic and
thermoelectric properties of A2BAuI6 (A = K or Rb or Cs, B
= Sc or Y), Mater. Sci. Semicond. Process., 2025, 186, 109116.

31 M. A. Jehangir, G. Murtaza, M. D. Albaqami, S. Mohammad,
S. Khan, N. Israr, M. Shaq and S. H. Shah, Exploring the
stability, optoelectronic, and thermoelectric properties of
Sc-based double perovskites X2ScAgI6 (X = K, Rb, Cs) for
renewable energy applications, Comput. Condens. Matter.,
2025, 42, e00988.

32 U.-G. Jong, C.-J. Yu and Y.-H. Kye, Computational prediction
of structural, electronic, and optical properties and phase
stability of double perovskites K2 SnX6 (X = I, Br, Cl), RSC
Adv., 2020, 10, 201–209.

33 V. B. Bobrov, S. A. Trigger, G. J. F. Van Heijst and
P. P. J. M. Schram, Kramers-Kronig relations for the
dielectric function and the static conductivity of Coulomb
systems, Europhys. Lett., 2010, 90, 10003.

34 A. Otero-de-la-Roza, D. Abbasi-Pérez and V. Luaña, Gibbs2: A
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