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First-principles investigation of lead-free RbzSbXg
(X = F, Cl, Br, I) mixed-halide double perovskites
promising for photovoltaics and scintillation
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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 RbzSbXg (X =
F, CL Br, |). The optimized lattice constants were found to increase from 9.61 A for RbsSbFe to 13.01 A for
RbsSblg. 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 e(w), absorption coefficient a(w), reflectivity R(w), and refractive
index n(w), were evaluated, demonstrating strong optical responses across the series. Notably, the
estimated ideal light yield for RbsSblg 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™* K1), 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 RbzSbXg (X = F, CL, Br, 1)
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1 Introduction

In recent years, perovskite-derived materials have attracted wide-
spread interest within the scientific 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 ABXj;, 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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double perovskites are promising candidates for use in radiation detection and optoelectronic devices.

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 field of study due
to their adaptable chemistry and superior optoelectronic perfor-
mance."” Kojima et al. first 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%.> Since this initial
demonstration, the PCE has steadily improved, exceeding 22% by
2017, approaching the theoretical limit of ~27%.*> Notably, the
highest reported efficiency of 22.1% has been achieved using
halide perovskite materials.*® 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 costeffective and straightforward solution-based
synthesis of halide perovskites enhances their potential as ideal
absorber materials for emerging photovoltaic technologies.®
Halide perovskites have drawn considerable attention in
optoelectronics due to their strong light absorption, long carrier
diffusion lengths, and tunable electronic band gaps. However,
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the prevalent reliance on lead-based compositions has led to
significant environmental and health concerns, given lead's
toxicity and the limited intrinsic stability of these materials.”” In
response, researchers have devoted extensive efforts to identi-
fying lead-free alternatives capable of maintaining favorable
optoelectronic properties without the associated hazards.'**?
Single and double halide perovskites are among the most
promising candidates in this regard. Within this broad class, the
A;BXc-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 [BXs] octahedra are separated by
alkali-metal cations. This separation reduces the overall dimen-
sional connectivity compared to the classic three-dimensional
ABX; frameworks.”'*** Such structural features allow consider-
able compositional flexibility, 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 A;BXs materials have provided
important reference points for theoretical exploration. For
instance, Rb;InCls and Rbz;InBrg have been shown to crystallize
in the cubic Fm3m space group, with isolated InX; octahedra and
band gaps exceeding 4 eV, making them promising candidates
for ultraviolet-transparent dielectric applications and deep-UV
optoelectronics."*>  Likewise, although Cs;Bil adopts
a slightly different A;B,X, stoichiometry, its zero-dimensional or
layered motifs are structurally related, and its ~2 eV band gap has
made it of interest as a lead-free absorber for photovoltaic
applications.'*™® A key advantage of the A;BX, 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.”>" 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 Rbs;SbX, (X = F, Cl, Br, I)
family remains relatively underexplored. Incorporating Sb(m) at
the B-site introduces an ns® lone-pair configuration, which can
generate local structural distortions and defect-tolerant elec-
tronic states properties that may be advantageous for optoelec-
tronic performance.”*® Early computational investigations
suggest that Rb;SbXs 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.>*** Density Functional
Theory (DFT) is a first-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 first-
principles studies examining their structural stability, elec-
tronic band structures, optical absorption properties, and defect
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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
Cs3SbX, (X = F, Cl) using density functional theory (DFT). The
optimized lattice parameters were found to be 10.12 A for
Cs;SbF, and 11.89 A for Cs;SbClg. The electronic band gaps were
evaluated using the PBE-GGA functional in combination with the
Tran-Blaha modified Becke-Johnson (TB-mBJ) potential,
revealing that the fluorinated 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
Cs3SbFs and 123 304.56 ph per MeV for Cs;SbClg, highlighting
their potential application in scintillation detectors. Additionally,
optical properties including the complex dielectric function &(w),
absorption coefficient a(w), reflectivity R(w), and refractive index
n(w) 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 C, trends. Overall, the findings indicate
that Cs;SbX, (X =F, Cl) are promising candidates for high-energy
radiation detection and optoelectronic applications.”

This work employs density functional theory (DFT) as a first-
principle approach to conduct a detailed examination of the
structural, electronic, elastic, thermodynamic, and optical
features of Rb3SbX¢ (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 fitting the computed total energies to the Birch-
Murnaghan equation of state (BM-EOS), employing the PBEsol
parameterization of the generalized gradient approximation
(GGA).>® For precise Brillouin zone sampling during structural
relaxation, a 10 x 10 x 10 k-point grid was utilized.

By
B, (HO - 1)

(-2 ()" g

E(V)=Ey(V) +
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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 Ry X Kpax = 8 was applied, with the maximum
angular momentum quantum number /.« set to 12, and Gpax
specified 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 field (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 (tf), and
formation enthalpies (AHg).*”

R R
et +R x @
\/E(BTB/) + Ry
AHp = Erp,svx, — 2Erb — Esp — 6Ercipom 3)

The PBEsol-GGA approximation has been employed to
accurately capture the essential structural characteristics of the
system and its ground-state configuration, despite recognized
limitations in predicting optoelectronic properties with high
precision. To address this, the TB-mB] potential was utilized,
demonstrating notable effectiveness in yielding reliable esti-
mates of the electronic band gap.”® The elastic tensor compo-
nents were computed using the method proposed by Morteza
Jamal*=** within the WIEN2K computational framework,
enabling the identification 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 these materials
for photonic and optoelectronic applications.*> A central
quantity in describing the optical response of a material is the
complex dielectric function, which comprises the real part,
&1(w), and the imaginary part, &,(w). The real component, ¢;(w),
governs the material's ability to store and refract light, directly
influencing its reflectance and transmittance characteristics.
Conversely, the imaginary component, &,(w), describes energy
absorption and loss mechanisms, thereby defining the mate-
rial's absorption profile across specific energy ranges. The
interdependence between ¢;(w) and &,(w) is rigorously estab-
lished through the Kramers-Kronig relations® in eqn (14) and
(15).

* es()
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a(w) 3 - (9)
Rl Ratio of incident light _ |(e1() + iea(w))" 1 ’
() = Ratio of reflected light (e1(w) + iex(w))* + 1
(10)
_ ;1 —TIm &(w)
tor=m( o) =l ] o

The wave vector (k) and Cauchy principal value (P) are
defined accordingly, where A7 denotes Planck's constant,
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 algorithm?* was employed to
evaluate the thermal stability of the investigated material. Based
on the Debye quasi-harmonic approximation, the GIBBS soft-
ware expresses the Gibbs non-equilibrium function as G*(V; P,
T).35

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

9@]3 . Op @D
Avib[@D: T} = I’ZkBT|:kB—T+ 3 lnj(l - CO /T) - D(T):| (13)

Op TY (> 3
D=2 =3(— d
(F)=3(5) |, a5

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

S = nkg {4D(@—TD) —3nf(1—e/T) - D(®_]l?):|

(14)

(15)

3 Results and discussion
3.1 Structural properties

All calculations were performed based on the crystal structures
of the Rb;SbX, (X = F, Cl, Br, I) halides, which crystallize in the
cubic face-centered space group Fm3m (#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 a, [A] and the bulk modulus B,
(GPa), pressure derivative B,, optimized volume V, [a.u]’, and
stable state unit cell energy E, [Ry.]. The Birch-Murnaghan
equation of state®® was employed for volume optimization to
extract the equilibrium lattice constant a, [A] and the bulk
modulus B, (GPa), as summarized in Table 1. The atomic
arrangements in Rb;SbX, 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 RbzSbXg (X = F, Cl, Br, 1) halide DPs
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Materials ao [A] Vo [a.u]? B, [GPa] B, Eo [Ry.] T AHp [eV per atom] Econ p[gem™

Rb;SbFg 9.61 1501.74 41.30 5.00 —32035.53 1.0 —2.88 0.28 3.67 This work
Cs3SbF, 10.12 1752.33 34.80 5.00 —60908.54 1.1 —2.64 0.26 4.06 25
Rb;SbClg 11.54 2594.62 20.06 5.00 —36395.29 0.97 —-2.11 0.21 2.55 This work
Cs3SbClg 11.89 2836.30 18.61 5.00 —65248.10 1.0 —1.99 0.19 2.90 25
Rb;SbBrg 12.12 3008.35 17.18 5.00 —62136.79 0.96 —-1.70 0.17 3.19 This work
Rb;Sblg 13.01 3717.55 12.78 5.00 —116285.70 0.94 —1.34 0.13 3.44 This work

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).%**"
Fig. 1(a-d) illustrate both the optimized crystal structures
(inset) and the calculated energy-volume relationships for the
cubic (C-phase) Rb3;SbXs compounds. To evaluate the structural
properties of Rb;SbXe, 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 B, (GPa), its pressure
derivative B, 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 B, (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..** The bulk modulus B, (GPa)
characterizes the material's incompressibility; a lower value
indicates greater structural flexibility. Accordingly, the
computed bulk moduli follow the sequence B, (RbsSbFe) > B,
(Rb3SbCls) > B, (RbsSbBrg) > B, (RbsSbls), reflecting the
progressive softening of the lattice with larger halide ions. The
nonlinear bulk modulus derivative B, = 5.00 is commonly fixed
during Birch-Murnaghan EOS fitting to ensure stable and
consistent results, especially when limited energy-volume data
is available. This standard approximation simplifies the fitting
process without significantly affecting the accuracy for most
solids. The density trend is governed by the competing effects of
increasing molar 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 (tg) 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
7 values for the investigated halide compounds fall within this
stability window, as presented in Table 1, thereby confirming
their potential stability in the cubic phase. To further validate
their thermodynamic stability in the cubic configuration, the
formation energies (AHy) of RbsSbXs (X = F, Cl, Br, I) were

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

computed.**** The total energy of the Rb;SbXs compounds is
denoted as E (RbsSbXe), 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 L. The resulting formation
energies, (AHg), 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 Rb;SbXs (X = F, Cl,
Br, I), band structure analyses were carried out using the
modified Becke-Johnson (TB-mBJ) exchange-correlation
potential. The choice of exchange correlation functional
significantly impacts the accuracy of the computed bandgap,
necessitating the use of TB-mB] 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,
confirming the direct nature of the bandgaps. According to the
TB-mBJ calculations, the bandgap energies were determined to
be 5.47 eV for Rb;SbFg, 4.18 eV for Rb;SbClg, 3.54 eV for Rb;-
SbBrg, and 2.85 eV for Rb;Sblg, 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.>>¢

To achieve a more detailed insight into the electronic band
structure, it is essential to evaluate the specific 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 RbzSbXe (X = F, CL, Br, I).

to the valence band through their p-orbitals, while the p-states
of Rb and Sb exhibit minor contributions in the ranges of p-orbitals of halides and Sb, with energy intervals observed at
(—5.4 to 5.8) eV for Rb3SbF, 4.2 to 4.5 eV for Rb;SbClg, 3.6 to

roughly (—6 to —3.89) eV, (—6 to —5.5) eV, and (—5.3 to 4) eV.
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In contrast, the conduction band is largely derived from the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 DOS plots of RbsSbXg (X = F, CL, Br, I).
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4.1 eV for Rb;SbBrg, and 2.9 to 3.5 eV for Rb;Sble. These results
confirm the semiconducting properties of the Rb;SbX, (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.*®

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.**** Eqn (16) is employed to estimate the
effective masses by performing a non-linear fit to the band
structure (BS) data.

1 10E 16)
m* R oK?

In addition, the exciton binding energy (Ef°) was determined
using the effective carrier masses along with the static (zero-
frequency) dielectric constant &(0), as described by eqn (17).
This energy quantifies 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.

4
© B y356te ]

Eex - - ~
" 2(dpiegh?)’ &1 (0) me & (0)°

17)

The effective masses and exciton binding energies for the
RDb3SbX, (X = F, Cl, Br, I) compounds are summarized in Table
2. Rb;SbF is found to exhibit higher electron and hole effective
masses relative to Rb;SbCls, Rb;SbBrs, and Rb;Sblg, indicating
reduced carrier mobility and enhanced scattering or localiza-
tion effects.** Moreover, the calculated exciton binding energies
(EEY) for RbsSbX, are substantially larger than those reported for
Rb,CuAsFs (0.29 eV)*> and In,AgSbCls (0.058 eV).** These
elevated binding energies suggest strong coulombic interac-
tions between electrons and holes, highlighting the potential
suitability of Rb;SbXs 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 RbzSbXg
(X=F, CLBr1)

Parameters Method Rb;SbFg  Rb;SbClg  Rb;SbBrg  Rb;Sblg
m; TB-mB]J 0.157 0.120 0.059 0.061
m: TB-mB]J 0.159 0.092 0.039 0.045
EZ TB-mB] 2.877 1.676 1.234 0.703
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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, often derived from DFT calculations, are essential
for evaluating the structural reliability of perovskites in devices
like solar cells, flexible electronics, and radiation detectors. The
elastic properties of cubic halide double perovskites Rb;SbXe (X
=F, Cl, Br, I) were investigated through the calculation of their
three independent elastic constants, which define 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 (v), elastic anisotropy factor (A), Cauchy's pres-
sure (Cp), Lamé’s constants (1), the Voigt-Reuss-Hill averages
(Gy, Gr), and the Griineisen parameter (y). The Born stability
criteria were applied to assess the mechanical stability of the
compounds, imposing specific constraints on the elastic
constants (Cj).*

Ci1>0,Cs4>0,(Cyy +2C12)>0and Gy — C12>0  (18)

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

B Ci +2Cp (19)
3
G = M (20)
2
_ 9BGy
" 3B+ Gy (21)
~ 3B-2G 22)
"7 23B+20)

Reuss-modulus (Gg), Viogt modulus (Gy), could also be easily
computed using the expressions

_ 5C4u(Ci — Ci2)
4Cyy 4+ 3(C1 — Cp)

R

—_

Gy (Cii — Cip +4Cu)

=5

The bulk modulus B (GPa), which quantifies a material's
resistance to volumetric compression under applied pressure,**
exhibits a systematic decrease down the halide series. As pre-
sented in Table 3, Rb;Sbls shows the lowest B (GPa) value,
indicating higher compressibility compared to Rb;Sb(F/Cl/Br)s
(X = F, Cl, Br). Notably, Rb;SbF, 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), reflecting 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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This work Other work
Compounds Rb;SbFg Rb;SbClg Rb;SbBrg Rb;Sbl, Cs3SbFg Cs3SbClg
o 85.25 46.29 41.63 30.34 43.40 (ref. 25) 24.22 (ref. 25)
Cis 18.60 5.40 5.00 3.26 8.77 (ref. 25) 3.79 (ref. 25)
Cu 3.09 3.46 11.60 3.73 3.43 (ref. 25) 1.46 (ref. 25)
Bulk modulus B;; [GPa] 40.82 19.03 17.21 12.28 20.31 (ref. 25) 10.60 (ref. 25)
Shear modulus Gy [GPa] 10.01 7.72 13.94 6.45 7.02 (ref. 25) 6.60 (ref. 25)
Young's modulus Yy [GPa] 27.77 20.41 32.93 16.48 18.88 (ref. 25) 9.69 (ref. 25)
Poisson ratio vy 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 C, = C5 — Cyq 15.52 1.93 —6.60 —0.48 5.34 (ref. 25) 2.33 (ref. 25)
Kleinman parameter & 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 Ty, [K] 1056.82 826.56 799.05 732.28 809.49 (ref. 25) 696.11 (ref. 25)
Debye temperature 6, [K] 187.40 177.37 235.21 120.01 60.99 (ref. 25) 52.95 (ref. 25)
Transverse velocity v, [m s '] 1736.49 1839.05 2250.40 1413.03 557.50 (ref. 25) 552.14 (ref. 25)
Longitudinal velocity v, [m s '] 3841.78 3391.07 3349.85 2367.41 2703.31 (ref. 25) 2304.42 (ref. 25)
Mean velocity vy, [m s 1958.10 2052.02 2457.67 1563.95 637.25 (ref. 25) 630.60 (ref. 25)
Lamé 1st constant A 34.14 13.88 7.92 7.98 15.63 (ref. 25) 8.20 (ref. 25)
Lamé 2nd constant 15.66 12.42 24.17 10.61 11.17 (ref. 25) 5.72 (ref. 25)
Griiensien parameter vy 1.75 2.05 2.58 2.24 1.95 (ref. 25) 1.93 (ref. 25)
Machinability uy 13.22 5.49 1.48 3.29 — —
Thermal expansion « 1.60 x 107* 2.07 x 107* 1.15 x 107* 2.48 x 107* — —

“ Ref. 25.

evaluated (Table 3). Rb3SbBre exhibits the highest shear
modulus (13.94 GPa), substantially exceeding that of Rb;Sbls
(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.*® According to Table 3, Rb;SbBrs attains the highest
Young's modulus (32.93 GPa), while Rb;Sbls 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
Rb;SbX, (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.*® 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= C;, — Ci4) (see Table 3).
Positive Cp values obtained for Rb;SbF¢ and Rb;SbCl, indicate
covalent bonding tendencies and imply ductile behavior (Cp >
0). In contrast, negative Cp values observed for Rb;SbBre and
Rb;SbI reflect ionic bonding characteristics and suggest
a brittle nature (Cp < 0). Further insight into ductility and brit-
tleness is provided by the Poisson's ratio (v)*” and Pugh's ratio
(B/G).* Typically, materials with » > 0.26 and B/G > 1.75 exhibit
ductile behavior. For the Rb;SbXs (X = F, Cl, Br, I) series, most
compounds show Poisson's ratios exceeding 0.26 and Pugh's
ratios above the critical threshold, confirming their ductile
nature. However, Rb;SbBr, 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 (4) provides a quan-
titative assessment of elastic anisotropy in crystalline solids,
with A = 1 characterizing an ideal isotropic medium.*® 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, confirming their aniso-
tropic elastic behavior.

2Cu

Zener Anisotropic Factor=4 = ————
P (Cn — )

(25)

Elastic anisotropy is a fundamental factor influencing the
prediction of micro-hardness and mechanical robustness in
crystalline materials. Elevated levels of elastic anisotropy are
often associated with an increased propensity for microcrack
formation, thereby compromising structural integrity. It is
noteworthy that even materials crystallizing in cubic symmetry
can exhibit significant deviations from isotropic elastic
behavior. Fine et al*® established a notable relationship
between the melting temperature (7y,) and the elastic constant
Ci, for cubic crystalline materials.

T,, = [500 + (5.91 K GPa ")C},] F 300 K (26)

Table 3 shows that Rbs;Sbls possesses the lowest melting
temperature (7,,) 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, {, which

RSC Adv, 2025, 15, 33708-33725 | 33715
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characterizes the internal strain of the crystal lattice,® is
determined using the following expression:

- Cy 4+ 8Cy,

= o 27

Table 3 summarizes the comparative ease of bond bending
relative to bond stretching in the Rb;SbXs (X = F, Cl, Br, I)
double perovskites. The Kleinman parameter ({) quantifies this
behavior, with { = 0 representing pure bond bending and { =1
indicating pure bond stretching. The calculated { 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 defined as A
= C;, and u = G.>* However, the Rb;SbX, 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 Op, (K) for these materials. The average sound velocity (V,,,)
was determined by combining the transverse (v,) and longitudinal
(vL) components, applying the Navier equation of state (NEOS).>>**
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, Rb;Sblg
exhibits a Debye temperature of 120.01 K, suggesting enhanced
stability at low temperatures, consistent with prior correlations
between O, (K) and vibrational properties.*

h (3nNap)'?
0D = — Vm
kB aTtM

(28)

In eqn (28), N, denotes Avogadro's number, kg is the Boltzmann
constant, p is the density of the material, M is the molecular
mass, and v, represents the mean sound velocity. The calcu-
lated Debye temperatures for Rb;SbXs (X = F, Cl, Br, I) are listed
in Table 3. Among these, Rb;SbBr, exhibits a higher Debye
temperature than Rb;SbFg, Rb;SbClg, and Rb;Sblg. As the Debye
temperature is directly related to the lattice specific heat
capacity, this result suggests that Rb;SbBrs has an improved
ability to accommodate thermal energy arising from lattice
vibrations.*®** The thermodynamic stability of these
compounds is also temperature-dependent. The Griineisen
M}, was determined for
2(2 —3v)

RDb3SbX, using the Poisson's ratio (v). This parameter provides
insight into the anharmonicity of lattice vibrations and influ-
ences key physical properties such as thermal conductivity,
thermal expansion, high-temperature elastic behavior, and
acoustic wave attenuation. The estimated values of the Grii-
neisen parameter for the Rb;SbX, series are also presented in
Table 3.

The thermal expansion coefficient («) is closely linked to
properties such as thermal conductivity (k), specific heat, band
gap temperature dependence, and electron effective mass (m, ).
Precise knowledge of « is essential for controlling strain during

parameter,® given by {y =
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epitaxial growth and minimizing defects in electronic and
spintronic devices. The coefficient can be evaluated using the
following relation.*

1.6 x 10°
0= —

- (29)

The empirical relation o = 0.02/T,*® describes the inverse
correlation between melting temperature and thermal expansion.
For Rb;SbXs (X = F, Cl, Br, 1), calculated « values (x10* K™ ') are
1.60 (F), 2.07 (Cl), 1.15 (Br), and 2.48 (I). Table 3 shows Rb;SbBr,
has lower o than Rb;SbClg, consistent with its higher Ty,.

Machinability describes the ease with which a solid can be
shaped or cut using standard tooling, and is commonly quan-
tified by the machinability index (uy = B/C44), which also serves
as an indicator of plasticity and dry lubrication performance.
Higher u\ values correspond to improved dry lubricating
behavior and reduced friction. The calculated u,; values for
Rb;SbXs (X = F, Cl, Br, I) compounds (Table 3) indicate gener-
ally good machinability, with Rb;SbFs 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.””

To assess the elastic anisotropy of Rb;SbXs (X = F, Cl, Br, I)
double perovskites, three-dimensional (3D) and two-
dimensional (2D) contour plots were generated using the
ELATE Tensor Analysis code®® based on the calculated elastic
stiffness coefficients (C;). In isotropic crystals, such represen-
tations appear as perfect spheres, indicating uniform mechan-
ical response. However, the pronounced deviations from
spherical symmetry observed in Rb;SbX, highlight significant
directional dependence in their elastic properties.* Fig. 4
displays the 2D and 3D visualizations of the Young's modulus
(Y), shear modulus (G, in GPa), and Poisson's ratio (v), clearly
revealing the degree of anisotropy inherent in these
compounds.”® 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 (v) for Rb;SbXs (X = F, Cl, Br, I) in different crystallo-
graphic orientations, as summarized in Table 4.

The anisotropy of these elastic parameters follows the order
Rb;SbFs > Rb3SbClg > RbzSbls > Rb;SbBrs. Notably, Rb;SbCls
(26.94) demonstrates the highest Poisson anisotropy among the
series, followed by Rb;Sbls (15.86), RbzSbBrs (3.98), and
Rb;SbFs (3.20). The anisotropy of Rb;SbF¢ (8.96) Young's
modulus is lower than that of Rb;SbClg (4.61), RbsSbBry (1.42),
and Rb;Sblg (2.92). Generally, RbsSbBrs exhibits the least
anisotropy, as the three-dimensional representations of all
moduli approximate a spherical shape, while Rb;SbClg 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 Rb;SbXs compounds. These
results have significant implications for the design and opti-
mization of materials with tailored mechanical performance,
ensuring structural stability and reliability under diverse
loading conditions.>***

© 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 RbzSbXe (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

RbzSbXe (X = F, C, Br, 1)

This work Other work
Parameters Rb;SbF, Rb;SbClg Rb;SbBrg Rb;Sblg Cs;SbFg Cs3SbClg
Gumin 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)
Yinin 9.04 9.78 28.41 10.16 9.74 (ref. 25) 4.18 (ref. 25)
Yinax 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)
Vinin 0.02 0.02 0.08 0.03 0.04 (ref. 25) 0.03 (ref. 25)
Vimax 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)
“ Ref. 25.

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 Rb;SbXe (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, ¢(0),
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was determined to be 1.53 for Rb3SbFg, 2.15 for RbzSbClg, 2.62
for Rb;SbBrg, and 3.40 for Rb;Sbls. Beyond the static limit, all
compositions exhibit rising dielectric values, reaching prom-
inent peaks of 4.53 at 5.53 eV (Rb;SbF), 5.01 at 4.28 eV (Rbs-
SbClg), 5.31 at 3.65 €V (Rb3SbBrs), and 6.35 at 2.97 eV (Rb;Sblg).
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, & (w), is attributed to intense interband
electronic transitions that significantly influence 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 reflected 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, ¢,(w), displays pronounced
absorption peaks due to electronic excitations, it can lead to
corresponding negative dips in & (w). Such features are common
in materials with strong electronic interactions and reflect 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
reflects 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, ¢,(w), for the
Rb;3SbX; series. The threshold energies of ¢,(w) were found to be
5.26 eV (Rb3SbFg), 4.01 eV (Rb3SbClg), 3.36 €V (Rb3SbBrg), and
2.67 eV (Rb;3Sblg). The corresponding maximum ¢,(w) values
reached 5.41 at 5.78 eV, 5.98 at 6.92 eV, 6.61 at 5.78 €V, 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.”

In Fig. 5(c), the computed energy-dependent refractive index
n(w) is presented, which is influenced 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.*** The static refractive index values n(0) for Rb;SbXs
(X = F, Cl, Br, I) are found to be 1.24, 1.46, 1.62, and 1.84,
respectively. A progressive increase in n(w) is observed with
increasing energy, reaching peak values of 2.22 at 5.56 eV
(Rb,SbFy), 2.33 at 6.74 eV (Rb;SbClg), 2.35 at 3.65 eV (Rb;SbBry),
and 2.56 at 3.02 eV (Rb;Sblg). Beyond these maxima, n(w)
exhibits multiple local fluctuations, with notable peaks occur-
ring at 1.66 (9.47 eV), 2.30 (4.32 €V), 1.94 (8.87 €V), and 2.39
(4.24 eV) for the respective halide compositions. Fig. 5(d)
illustrates the extinction coefficient K(w), which corresponds to
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the imaginary component of the complex refractive index and
signifies that how much light is absorbed when light travels
through the material. The threshold onset of K(w) occurs at
5.17 eV, 3.94 eV, 3.36 eV, and 2.64 eV for Rb;SbFs, Rb;SbClg,
Rb;SbBrs, and Rb;Sblg, respectively, with corresponding peak
values of 1.68 (5.87 eV), 1.76 (7.04 eV), 1.81 (5.88 €V), 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-
firming the optical activity in the near-UV region. These obser-
vations are consistent with the behavior of the imaginary part of
the dielectric function &,(w) and the absorption coefficient «(w),
which demonstrate significant optical transitions near the
ultraviolet threshold. Reflectivity, which quantifies a material's
capability to reflect incident electromagnetic radiation, is
a crucial parameter for optoelectronic applications and energy-
efficient design. In general, metals exhibit higher reflectivity
due to the abundance of free carriers, whereas semiconductors
demonstrate lower values. The low reflectivity observed across
the studied Rb;SbX, (X = F, Cl, Br, I) compounds confirms their
semiconducting character.”>**

Optical conductivity o(w) characterizes charge-carrier
dynamics under optical excitation. Fig. 5(e) presents the simu-
lated o(w) spectra for lead-free halide double perovskites
Rb;SbX, (X = F, Cl, Br, I). In all cases, g(w) remains negligible
below the optical band gap, with calculated cutoff energies of
5.09 eV (Rb;SbFg), 3.93 eV (Rb;SbClg), 3.26 eV (Rb;SbBry), and
2.65 eV (Rb;Sblg). Maximum optical conductivities are observed
at 4215.77 Q' em™! (5.77 eV), 5573.59 Q' em " (6.90 eV),
5164.38 Q' ecm™ ! (5.78 eV), and 4894.68 Q' cm ™' (7.50 eV),
respectively. The absorption coefficient «(w), shown in Fig. 5(f),
describes the material's capacity to attenuate incident radia-
tion.®»** The absorption edges are determined as 5.21 eV
(Rb;SbFg), 4.00 eV (Rb;SbCl), 3.38 eV (Rb;SbBr), and 2.70 eV
(Rb3Sblg). All compounds exhibit pronounced absorption in the
ultraviolet region, with primary peaks at 132.15 x 10* cm™*
(10.25 eV), 126.57 x 10* cm™* (7.05 eV), 108.90 x 10* cm ™" (5.88
eV), and 120.37 x 10* ecm™" (9.63 eV), confirming strong UV
absorption behavior relevant for optoelectronic applications.*

Fig. 5(g) displays the calculated energy loss function, L(w),
for the Rb;SbXs (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(w)
exerts limited influence on the overall optical response of these
materials. The computed L(w) peak values are 5.09 at 10.73 eV
for Rb;SbF, 3.06 at 7.58 eV for Rb;SbClg, 2.39 at 6.42 eV for
Rb;SbBrg, and 1.70 at 5.13 eV for Rb;Sbls. 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 reflectivity in the visible
range, and minimal energy loss in the near-ultraviolet region.*

Reflectivity, defined as the ratio of incident to reflected
radiation intensity,** is illustrated in Fig. 5(h). The R(w)
spectra show lower reflectivity 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 Rb3zSbXg (X = F, Cl, Br, ) compounds.

Rb;SbX, (X = F, Cl, Br, I) at normal incidence. As evident from peaks are calculated to be 49.10 at 6.12 eV for Rb;SbFg, 49.86 at
Fig. 5(h), all investigated Rb;SbXs compounds exhibit strong 7.30 eV for Rb3SbClg, 45.77 at 6.17 eV for Rb;SbBrg, and 39.44 at
absorption in the ultraviolet region. The maximum reflectivity 4.91 eV for Rb;Sbls. These findings highlight the potential of
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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.”

3.5 Light yield

The light yield (LY), which defines 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.
SQ

—= % 10°photons per MeV

LY =
BE,

(30)

The energy transfer efficiency is denoted by S, and the
quantum efficiency by Q, while 8 and the band gap (E,, in eV)
are considered constant. The energy required to generate an
electron-hole (e-h) pair is expressed as 8E,. Typically, 8 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 fixing 8 at 2.5. Using 8 = 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 reflection effects within the crystal. Among the
compounds investigated, Rb;Sblg 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.*>?*¢

3.6 Thermodynamic properties

A practical method for assessing the thermodynamic properties
of materials employs the GIBBS program.®® In this work, the

Table 5 Computed light yield values for the RbzSbXe (X = F, CL, Br, I)*

View Article Online
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macroscopic thermal behavior of Rb3SbX, (X = F, Cl, Br, I) was
evaluated as a function of pressure (P, GPa) and temperature (7,
K).* Fig. 6 (top left) 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 Rb;SbF¢ to Rb;Sblg, reflecting 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.** 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 often 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 Rb;SbX, under 0 GPa and 10 GPa, also
calculated using the quasi-harmonic approximation via
GIBBS?2. For all compositions, the bulk modulus decreases with
increasing temperature, reflecting typical lattice softening due
to enhanced atomic vibrations. At ambient pressure, bulk
moduli are comparatively lower and decrease from Rb;SbF¢ to
Rb;Sbls, 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.*

This work Other work
Compounds Rb;SbF¢ Rb;SbClg Rb;SbBrg Rb;Sblg Cs3SbFg Cs3SbClg
LY values [photorls per MeV) 73032.68 95510.98 112 898.67 140301.65 106 411.28* 123 304.56 (ref. 25)

“ Ref. 25.
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Fig. 6 Computed thermodynamic properties of the RbzSbXe (a)-(d) (X = F, Cl, Br, I) at (200 to 600) K and (0, and 10) GPa.

Fig. 6 (bottom left) depicts the temperature dependence of
entropy for Rb;SbX, (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 fixed 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
configurations, and thus lowers overall disorder.*

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

The Gibbs free energy (G), defined 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 Rb;SbX, 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 (—7S) 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
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differences between the two pressure conditions suggest that
the Rb;SbXs compounds maintain thermodynamic stability
over the entire range of temperatures and pressures
examined.>?*

4 Conclusion

In this work, the structural, electronic, mechanical, optical,
thermodynamic, and scintillation-relevant properties of the
lead-free halide double perovskites Rb;SbXs (X = F, Cl, Br, I)
were systematically explored using first-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
confirms the mechanical stability of all phases, with ductile
behavior observed in Rb;Sb(F/Cl/I)s and brittleness in Rbj-
SbBrs. Optical investigations reveal that halide substitution
strongly influences 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, Rb;Sbl; emerges as the most
promising candidate for optoelectronic and scintillation appli-
cations. These findings provide a theoretical basis for further
experimental studies and potential device integration of these
environmentally friendly, lead-free double perovskites.
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