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Abstract—This study provides a comprehensive investigation into the structural, optoelectronic, and elastic
properties of inorganic metal halide perovskites FrBX; (B = Pb, Zr; X = Br, Cl) using first-principles calcu-
lations based on density functional theory (DFT). Structural analysis confirms the stability of these per-
ovskite phases through optimized lattice parameters and positive formation energies. Electronic band struc-
ture calculations reveal that FrZnX; compounds exhibit direct band gaps, while FrPbX; compounds possess
indirect band gaps. Using the GGA-PBE functional, the band gaps are found to decrease in the order:
FrPbCl; (2.237 eV), FrPbBr; (1.795 €V), FrZnCl; (1.185 €V), and FrZnBr; (0.057 €V), highlighting their
potential for photovoltaic applications, particularly in solar energy harvesting. The optical properties, evalu-
ated via dielectric functions, absorption coefficients, and refractive indices, demonstrate strong absorption in
the visible region, suggesting their suitability as efficient light-absorbing materials. Furthermore, the elastic
properties, including elastic constants, bulk modulus, shear modulus, and Poisson’s ratio, confirm the
mechanical stability and ductility of all studied compounds, as they satisfy the Born stability criteria. More-
over, the calculated elastic anisotropy indicates that these materials exhibit moderate directional dependence
in their mechanical response, which is advantageous for thin-film fabrication processes. Overall, the combi-
nation of favorable electronic, optical, and mechanical properties makes these Fr-based perovskites promis-

ing candidates for use in next-generation photovoltaic devices and other optoelectronic applications.
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1. INTRODUCTION

Halide perovskites (HPs), usually expressed by the
general formula ABX;, where A stands for a monova-
lent cation (such as methylammonium (MA™), forma-
midinium (FA™), or cesium (Cs*)), B for a divalent
metal cation (lead (Pb*") or tin (Sn?")), and X for a
halide anion (chloride (C17), bromide (Br™), or iodide
(I")) have emerged as a versatile and highly promising
class of materials due to their exceptional optoelec-
tronic properties [1—4]. These materials have revolu-
tionized the field of photovoltaics, achieving remark-
able progress in solar cell efficiency due to their intrin-
sic properties, such as high absorption coefficients [5],
tunable bandgaps, long carrier diffusion lengths, and
low exciton binding energies. Beyond their application
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in photovoltaics, HPs exhibit a range of multifunc-
tional properties, including strong photocatalytic
activity [6], exceptional photovoltaic performance [7],
piezoelectricity [8], and ferroelectricity [9]. These
characteristics have catalyzed extensive research into
their potential applications across various fields such
as light-emitting diodes (LEDs) [10], lasers [11], field-
effect transistors (FETs) [12], and photodetectors
[13]. Despite impressive advancements, particularly in
achieving power conversion efficiencies (PCE) of
25.7% in solar cells and LED efficiencies up to 23.4%
[14], halide perovskite technologies continue to con-
front critical challenges. Key areas requiring further
improvement include long-term stability of devices
under operational and environmental stress, reducing
the toxicity linked to lead-based compounds, and
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enhancing overall device efficiency through targeted
compositional and structural engineering strategies.

Recent research into perovskite materials have
focused on compositional engineering, particularly
through cation substitution at the A and B sites, to tai-
lor electronic and optical properties. For instance,
substituting alkali metals such as Li, Na, K, Rb, and
Cs at the A site has demonstrated considerable
improvements in photovoltaic performance [15].
Studies, such as those by Wittig et al. [15], have under-
scored the tunability of band gaps in CsPbX;-based
materials, offering a pathway to engineer materials
with desirable absorption characteristics across the
visible spectrum. Similarly, Pitriana et al. [16]
reported that APbI; perovskites (A = Li, Na, K, Rb,
Cs) exhibit semiconducting behavior well-suited for
solar cell absorbers, emphasizing the versatility of
alkali cation incorporation in optimizing optoelec-
tronic performance.

Although numerous studies have been conducted
on A-site cation substitutions in halide perovskites,
francium has received little attention. This is mainly
due to its high radioactivity, short half-life, and rare
natural abundance, all of which pose significant
experimental and safety challenges. Nonetheless,
understanding the influence of heavy, radioactive ele-
ments on the structural and electronic properties of
perovskites presents a unique opportunity to broaden
their potential applications. Hasana et al. [10] have
demonstrated that Fr-based perovskites, specifically
FrBX; (B = Ge, Sn; X = Cl, Br, I), possess strong opti-
cal conductivity, minimal reflectivity, and high
absorption coefficients, positioning them as viable
candidates for photovoltaic and optoelectronic
devices. Notably, FrGel; was identified as a leading
material for such applications due to its favorable elec-
tronic and mechanical properties. Moreover, the
inherent radioactivity of Fr-based perovskites opens
up intriguing possibilities for specialized applications,
particularly in fields such as nuclear medicine and
advanced imaging technologies.

Lead-free perovskites have garnered attention as
alternatives to mitigate toxicity concerns associated
with lead-containing compounds. Bushra et al. [17]
investigated FrBCl; (B = Zn, Cd) perovskites, reveal-
ing their indirect band gaps, robust optical absorption,
and mechanical stability. These findings highlight the
potential of Fr-based perovskites in thin-film technol-
ogies, where mechanical flexibility and ductility are
essential. Furthermore, their high Debye tempera-
tures indicate favorable thermal stability, a critical fac-
tor for device longevity.

The unique combination of tunable electronic
band structures, strong optical absorption, and
mechanical stability in FrBX; perovskites (B = Pb, Zr;
X = Br, Cl) opens a broad spectrum of applications.
One of the most prominent applications is in photo-
voltaic devices. These materials, with suitable band
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gaps and high absorption coefficients, are promising
candidates for solar cell absorbers. Their ability to har-
vest sunlight efficiently can lead to the development of
next-generation photovoltaic technologies with
enhanced power conversion efficiencies. In addition
to photovoltaics, FrBX; perovskites exhibit excep-
tional potential for optoelectronic applications. Their
strong optical conductivity and low reflectivity make
them ideal for use in devices such as light-emitting
diodes (LEDs), photodetectors, and lasers. These
properties enable the fabrication of devices with
improved luminous efficiency, fast response times,
and broad spectral sensitivity, which are crucial for
high-performance optoelectronic systems.

In this work, we examine how the structural, elec-
trical, optical, and mechanical properties of Fr-based
halide perovskites with the general formula FrBX;
(B = Pb, Zr; X = Br, Cl) are affected by B-site cation
substitution. By incorporating francium at the A site
and varying the B-site cation between lead (Pb) and
zirconium (Zr), we investigate how differences in
ionic radius and atomic mass impact the overall
behavior of these materials. The contrasting electronic
configurations and chemical characteristics of Pb and
Zr offer a unique opportunity to study the interplay
between lattice distortions, band structure modifica-
tions, optical absorption, and mechanical stability.
First-principles calculations within the density func-
tional theory (DFT) framework are employed to com-
prehensively characterize these compounds, uncover
the fundamental mechanisms governing their proper-
ties, and evaluate their potential for use in photovolta-
ics, optoelectronics, radiation detection, and thin-
film technologies.

2. COMPUTATIONAL METHODS

The structural, electronic, optical, and mechanical
properties of the FrBX; (B = Pb, Zr; X = Br, Cl) inor-
ganic metal halide perovskites were investigated using
first-principles calculations within the framework of
density functional theory (DFT), as implemented in
the CASTEP code [18]. The exchange-correlation
energy was treated using the generalized gradient
approximation (GGA) with the Perdew—Burke—
Ernzerhof (PBE) functional, which is widely used due
to its reasonable accuracy in predicting structural and
electronic properties. To effectively model the interac-
tions between ions and valence electrons, Vanderbilt-
type ultrasoft pseudopotentials [19] were employed,
enabling accurate calculations at a reduced plane-
wave cutoff energy.

Geometry optimizations were performed using the
Broyden—Fletcher—Goldfarb—Shanno (BFGS) algo-
rithm until the following convergence thresholds were
met: total energy within 5 x 10~% eV/atom, maximum
force less than 0.01 eV/A, maximum atomic displace-
ment less than 5 % 10~4 A, and stress within 0.02 GPa.
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These criteria ensured well-relaxed structures suitable
for subsequent property calculations. The Brillouin
zone was sampled using the Monkhorst—Pack scheme
with a k-point grid of 12 X 12 X 12 for structural opti-
mization. For electronic structure and density of states
(DOS) calculations, a denser k-point mesh of 30 X
30 x 30 was used to capture finer details of the band
structure. The plane-wave basis set cutoff energy was
fixed at 600 eV after performing convergence tests to
ensure reliable and accurate results without unneces-
sary computational cost.

The mechanical properties, essential for evaluating
material stability and suitability for device fabrication,
were determined by calculating the second-order elas-
tic constants (Cy) via the finite strain approach [20].
Small deformations were applied to the equilibrium
structures, and the resulting stress tensors were ana-
lyzed to extract the elastic constants. From the C; val-
ues, key mechanical parameters, including the bulk
modulus (B), shear modulus (G), and Young’s modu-
lus (E), were computed using the Voigt, Reuss, and
Hill averaging schemes [21—23], offering a compre-
hensive understanding of the materials’ resistance to
deformation. Additionally, the Poisson’s ratio (v) and
Pugh’s ratio (B/G) were derived to assess ductility and
mechanical stability, which are critical for practical
applications.

Optical properties were computed based on the fre-
quency-dependent dielectric function, calculated
using the linear response formalism within CASTEP.
A k-point mesh of 20 x 20 x 20 was adopted to ensure
adequate resolution of optical transitions. From the
complex dielectric function, various optical con-
stants—such as the refractive index, absorption coeffi-
cient, reflectivity, and energy loss function—were
derived using established theoretical relations [24].
These parameters are essential for assessing the poten-
tial of FrBX; perovskites in optoelectronic applica-
tions, including solar cells and photodetectors, where
strong light absorption and favorable optical behavior
are desired.

This computational framework provides a system-
atic approach to exploring the effects of substituting
different B-site cations (Pb and Zr) and halogen

anions (Br and CI) on the physical properties of
Fr-based perovskites, offering valuable insights into
their potential for advanced technological applica-
tions.

3. RESULTS AND DISCUSSION
3.1. Structural Aspects

The structural properties of FrBX; (B = Pb, Zn;
X = Br, Cl) perovskite compounds were investigated in
the cubic Pm-3m space group (no. 221) within the
non-magnetic phase. This crystal structure adopts a
typical perovskite configuration, characterized by a
three-dimensional network of corner-sharing BXg
octahedra. In this arrangement, the larger Fr cations
occupy the cubic voids formed by the octahedral
framework, providing structural stability and ensuring
overall charge balance.

In the optimized unit cell, Fr atoms are positioned
at the Wyckoffsite (0, 0, 0), B-site cations (Pb or Zn)
are located at the body center (0.5, 0.5, 0.5), and hal-
ogen atoms (Br or Cl) occupy the face-centered posi-
tions at (0.5, 0, 0.5), (0.5, 0.5, 0), and (0, 0.5, 0.5).
This configuration results in each B-site cation being
octahedrally coordinated by six halogen atoms, form-
ing nearly perfect BX; octahedra due to the inherent
cubic symmetry. The Fr cations, located at the cube
corners, are coordinated by twelve halogen atoms,
emphasizing the strong ionic interactions that stabilize
the structure.

To determine the equilibrium structural parame-
ters, total energy versus unit cell volume calculations
were performed using the Generalized Gradient
Approximation (GGA) and fit to the Birch—Mur-
naghan equation of state [25]. The resulting energy—
volume relationships are depicted in Fig. 1, while
Table 1 presents the equilibrium lattice constants (ay),
volumes (V;), bulk moduli (B,), pressure derivatives
(B'), ground-state energies (E,,,), and formation
energies (AH)).

The total energy versus volume curves in Fig. 1
exhibit the expected parabolic profiles, each reaching
a minimum at its equilibrium volume, thereby con-

Table 1. Calculated equilibrium lattice constant (a, (A)), volume " (A3)), bulk modulus (B (GPa), pressure derivative
(B"), cohesive energy (E,,;,), and formation energy (Ey,,) for FrBX; (where B = Pb, Zr and X = Br, CI)

Alloys ay, A V,, A3 B,, GPa B E.on €V Ej,,, €V/atom
FrZnCl, 5.111 133.420 32.97 4.70 —3469.43 —2.95
5.10 [17] 132.76 [17] 3469.44 [17]
FrZnBr; 5.395 157.00 27.1364 5.03567 —3341.19 —2.59
FrPbCl, 5.765 191.637 21.096 4.497 —3419.78 —3.49
FrPbBr; 6.015 217.578 18.24 4.64 —3291.68 —-3.16
6.01458
PHYSICS OF THE SOLID STATE  Vol. 67 No. 10 2025
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Fig. 1. Total energy vs. unit cell volume of FrBX; (B = Zn, Pb and X = Br, CI).

firming the structural stability of the investigated com-
pounds. Among them, FrZnCl; shows the steepest
curvature, correlating with the highest bulk modulus
(By = 32.97 GPa), which indicates stronger bonding
and greater resistance to compression. Conversely,
FrPbBr; demonstrates the most gradual curve, corre-
sponding to the lowest bulk modulus (B,
18.24 GPa), and thus the highest compressibility.

Examining Table 1, the equilibrium lattice con-
stants and volumes reveal clear trends based on the
ionic sizes and bonding characteristics of the constitu-
ent elements. Compounds containing Br exhibit larger
lattice constants and volumes compared to their
ClI counterparts, consistent with the larger ionic radius
of Br~. Similarly, substituting Zn with Pb leads to an
expansion of the lattice due to the larger ionic radius of
Pb%*. For instance, FrPbBr; has the largest lattice con-
stant (a, = 6.015 A) and volume (¥, = 217.578 A%),
while FrZnCl, shows the smallest values (a, = 5.111 A,
V,=133.420 A3). These variations significantly influ-
ence the materials’ electronic and optical properties.

The formation energies [26] are calculated using

FrBX;
E Total »

the equilibrium total energy and the equilib-
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rium total energies per atom for bulk Fr, B (Pb or Zr)

and X (Cl or Br): Efn., Ebo, EX., and Et),i(lil’ B),
using the following equation:

E ~ Ey, — Ey —3E
AH; (FrBX3) — [ tot(FrBX;) Fr B X]'

s (1)

The formation energies (AH;) across all com-
pounds are negative, signifying thermodynamic stabil -
ity and potential experimental feasibility. FrPbCl,
stands out with the most negative formation energy
(—3.49 eV/atom), suggesting enhanced stability rela-
tive to the other studied compounds. In contrast,
FrZnBr; exhibits the least negative formation energy
(—2.59 eV/atom), indicating comparatively lower sta-
bility. These findings align with the calculated cohe-
sive energies, where stronger atomic interactions cor-
relate with more negative values.

Furthermore, the pressure derivatives of the bulk
modulus (B'), ranging between 4.47 and 5.04, suggest
that the materials possess moderate anharmonicity
and maintain their mechanical integrity under applied
pressure. Notably, the ability to tune these properties
through elemental substitution at the B-site and halo-
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Table 2. Crystalline structural stability conditional parameters for cubic FrBX; (where B = Pb, Zr and X = Br, Cl)

In GGA-PBE method

Alloys Goldschmidt Octahedral Tonic radii (A) Tolerance Bond length (A)
tolerance factor (1) factor (1) ra g rx factor (7)

FrPbCl, 0.987 0.428 Frt = 1.80 0.99 L, = 4.077
Pb>" =0.775 Lpy_c) =2.883

Cl- =181
FrPbBr; 0.972 0.395 Frt=1.80 0.99 L, g, = 4.253
Pb>" =0.775 Lpy_g, = 3.007

Br~=1.96
FrZnCl, 1.001 0.409 Fr=1.80 1 Le,_c; = 3.613
Zn*" =0.74 Ly_c) =2.555

Cl- =138l
FrZnBr, 0.985 0.378 Fr*=1.80 1 L,_p, = 3.815
Zn** =0.74 Ly, g, = 2.697

Br—=1.96

gen positions provides flexibility for tailoring these
materials to specific applications.

The structural analysis of FrBX; perovskites under-
scores the significant influence of B-site cation and
halogen substitutions on lattice dimensions, mechan-
ical properties, and overall stability. The tunability of
these structural attributes, combined with their
favorable energetic profiles, highlights the potential
of these materials for various technological applica-
tions, including optoelectronic devices and radiation
detectors.

3.2. Structural Stability Factors

The stability of perovskites, particularly haloge-
nated perovskites, pertains to their ability to retain
structural, chemical, and optoelectronic properties
under varying environmental conditions. Stability is a
key factor for these materials, especially in applica-
tions like solar cells and LEDs, where long-term per-
formance is essential. To assess the structural stability
of FrBX; (B = Zn, Pb; X = Br, Cl) perovskites, we cal-
culated the tolerance factor (), Goldschmidt toler-
ance factor (#;), and the octahedral factor (L) using
ionic radii and bond lengths derived from optimized
structural parameters (Table 2).

The tolerance factor () was determined based on
anion—cation bond lengths in existing perovskites
using the relation [27]:

LA—X
t=-—=AX (2)
V2L
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where L, x and Lg_x represent the bond lengths
between the A-site cation (Fr*) and halogen (X™), and
B-site cation (Pb?*" or Zn*") and halogen, respectively.
Additionally, the Goldschmidt tolerance factor (75)

and octahedral factor (i) were calculated via the equa-
tions [28, 29]:

- _Iatix 3
¢ \/E(rB+rX)’ )
w==2, @)

x

where r,, g, and ry are the ionic radii of Fr* (1.80 A),
B-site cations (Zn?*: 0.74 A, Pb**: 0.775 A), and hal-
ogens (CI: 1.81 A, Br—: 1.96 A), respectively.

A perfect cubic structure is achieved when the tol-
erance factor equals 1. Generally, a stable perovskite
structure forms when 0.8 <7< 1.0; values beyond this
range may lead to distorted or alternative crystal
phases [30]. Table 2 reveals that all studied com-
pounds have tolerance factors close to unity (ranging
from 0.972 to 1.001), strongly supporting the forma-
tion of stable cubic perovskites. Notably, FrZnCl; and
FrZnBr; exhibit tolerance factors of 1.001 and 0.985,
respectively, indicating minimal structural distortions
and favoring a cubic geometry. Similarly, FrPbCl; and
FrPbBr; have tolerance factors of 0.987 and 0.972,
respectively, also suggesting stable cubic frameworks.

The octahedral factor (W) is crucial for determining
the stability of BX; octahedra, with stable perovskites
generally adhering to the range 0.377 < <0.895 [31].
Lower p-values indicate greater octahedral distor-
tions. In this study, the p-factors are 0.428 for
Vol. 67

No. 10 2025



UNVEILING THE PROPERTIES OF FrBXj; 923

Table 3. Elastic constants, shear modulus, bulk modulus, anisotropy factor, Young’s modulus, Poisson’s ratio, and By/Gy
ratio for FrBX; (B = Zn, Pb; X = Br, Cl)

Parameters FrZnCl, FrZnBr; FrPbCl, FrPbBr;
Cy 40.683 41.08 45.64 46.26
Ch 22.05 21.13 7.59 12.02
Cyy 19.30 18.27 5.24 4.12
B 28.26 27.78 20.27078 23.43
G 14.41 14.33 9.07 7.62
B/G 1.96 1.93 2.23 3.07
E 36.94 36.68 23.68 20.62
c 0.28 0.28 0.30 0.35
Op 188.31 167.25 131.95 110.34
A 0.66 0.45 2.284 2.877

FrPbCl;, 0.395 for FrPbBr;, 0.409 for FrZnCl;, and
0.378 for FrZnBr; (Table 2), all falling within the sta-
bility range. Among them, FrZnBr; has the lowest LL-
factor, suggesting a slightly higher tendency for octa-
hedral distortion, whereas FrPbCl; exhibits the high-
est U-factor, reflecting a more rigid and stable octahe-
dral environment.

Bond lengths further validate these observations.
The Fr—X bond lengths range from 4.077 A in FrPb Cly
to 4.253 A in FrPbBr;, indicating that the substitution
of Cl with the larger Br ion elongates the bond length.

Similarly, B—X bond lengths vary from 2.555 A in
FrZnCl; to 3.007 A in FrPbBr;, aligning with the
expected increase due to larger halogen ionic radii.
These bond length variations suggest that bromide-
based compounds possess slightly expanded lattices
compared to their chloride counterparts, which may
influence their electronic and optical properties.

The calculated stability parameters—tolerance fac-
tors, octahedral factors, and bond lengths—demon-
strate that the FrBX; perovskites studied possess stable
cubic structures with minimal distortions. This struc-
tural integrity, combined with favorable ionic size
compatibility, positions these materials as promising
candidates for optoelectronic and energy-related
applications.

3.3. Elastic Aspects

Elastic properties are crucial for evaluating the
mechanical behavior and practical usability of materi-
als. Parameters such as elastic constants (C,;, C}5, Cy4),
shear modulus (G), bulk modulus (B), Young’s mod-
ulus (F), Poisson’s ratio (¢), and anisotropy factor (4)
provide essential information on mechanical strength,
flexibility, and resistance to deformation [32]. These
properties are particularly vital for applications requir-
ing mechanical stability and durability, such as flexible

electronics, structural coatings, and stress-resilient
components.

The mechanical stability of cubic crystals is deter-
mined by the Born stability criteria [33, 34]:

(Ci=Cin)>0; (G, +2C,) >0, G, >0;
Cy >0; and C, <B<(,.

As shown in Table 3, the computed elastic con-
stants satisfy these conditions, confirming the
mechanical stability of all FrBX; investigated per-
ovskites. Among them, FrPbBr; shows the highest C|,
value (46.26 GPa), indicating robust resistance to uni-
axial compression. Conversely, FrZnBr; has the low-
est Cyy (18.27 GPa), reflecting relatively lower shear
resistance.

The bulk modulus (B), indicative of resistance to
uniform compression, follows the trend: FrZnCl;
(28.26 GPa) > FrZnBr; (27.78 GPa) > FrPbBr,
(23.43 GPa) > FrPbCl, (20.27 GPa). This order sug-
gests that Zn-based perovskites are more incompress-
ible compared to their Pb-based counterparts, which
can be beneficial in high-pressure applications. A sim-
ilar trend is observed for the shear modulus (G),
underscoring the mechanical rigidity of Zn-based
materials.

The B/G ratio, introduced by Pugh [35], serves as a
criterion to distinguish between ductile and brittle
behavior. Materials with B/G > 1.75 are considered
ductile, while those with lower values are brittle. All
examined perovskites display B/G values exceeding
1.75, confirming their ductile nature. Notably,
FrPbBr; attains the highest ratio (3.07), highlighting
its superior ductility, which is advantageous for appli-
cations requiring flexibility and impact absorption.

Poisson’s ratio (G), typically ranging between 0.25
and 0.35 for stable solids, provides insights into the
plasticity and bonding characteristics of materials
[36]. The calculated c-values range from 0.28 to 0.35,

(%)
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indicating stable and ductile structures with good plas-
ticity. Young’s modulus (F), representing the stiffness
of a material, shows that Zn-based compounds, par-
ticularly FrZnCl, (36.94 GPa), possess enhanced elas-
tic resistance relative to Pb-based variants. This indi-
cates better dimensional stability and elastic recovery
after mechanical loading, which is essential for devices
that undergo repeated deformation or vibration.

The Debye temperature (®p), which correlates
with lattice vibrations and thermal conductivity,
reveals that FrZnCl; has the highest Op (188.31 K),
suggesting improved thermal conduction and stability
[37]. This characteristic makes Zn-based perovskites
potentially more suitable for thermally demanding
environments.

Elastic anisotropy, evaluated using the anisotropy
factor (A4), indicates the variation in mechanical prop-
erties with direction. An isotropic material has A = 1,
while deviations from unity imply anisotropic behav-
ior. All studied perovskites exhibit 4 values differing
from 1, with FrPbBr; showing the most pronounced
anisotropy (2.877). Such pronounced anisotropy in
FrPbBr; could be exploited in direction-sensitive sen-
sors or strain-tunable optoelectronics. In contrast, the
near-isotropic behavior of FrZnCl; is favorable for
uniform stress distribution, making it more robust for
coating layers or encapsulation [38, 39].

Thus, elastic analysis demonstrates that FrBX; per-
ovskites are mechanically stable, ductile, and exhibit
varying degrees of anisotropy. FrZn-based per-
ovskites, due to their higher stiffness, incompressibil-
ity and thermal stability, are ideal for structural coat-
ings, photonic substrates, and wear-resistant opto-
electronic layers. In contrast, FrPb-based perovskites,
particularly FrPbBr;, exhibit notable ductility and
anisotropy, making them promising candidates flexi-
ble solar cells, bendable LEDs, and mechanical sen-
sors [39—41].

The elastic anisotropy of the FrPbBr;, FrPbCls,
FrZnBr;, and FrZnCl; compounds was analyzed
through the three-dimensional (3D) and two-dimen-
sional (2D) representations of the Young’s modulus,
as illustrated in Fig. 2. The 3D surface plots (Figs. 1la—
1d) display the angular dependence of Young’s modu-
lus (£), highlighting the directional variation of stiff-
ness in the studied materials.

For FrPbBr; (Fig. 1a) and FrPbCl; (Fig. 1b), the
3D plots reveal pronounced lobes along certain crys-
tallographic directions, indicating strong elastic
anisotropy. These elongated regions suggest higher
stiffness along specific directions, whereas com-
pressed areas represent softer orientations. The aniso-
tropic behavior is attributed to the directional nature
of Pb—Br and Pb—Cl bonds, consistent with previ-
ously reported anisotropy in halide perovskites [42,
43]. In contrast, FrZnBr; (Fig. 1c) and FrZnCl,
(Fig. 1d) exhibit nearly cubic shapes, reflecting a
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near-isotropic elastic response. The smoother surfaces
indicate minimal variation in stiffness with direction,
which can be linked to the more ionic and less direc-
tional bonding nature of Zn—halide bonds. Notably,
FrZnCl; presents slightly higher uniformity than
FrZnBr;, likely due to the shorter and stronger Zn—Cl
bonds [43, 44].

Figures 2a—2d display the 3D surface plots of the
bulk modulus (B), highlighting the resistance of the
materials to uniform compression. The nearly spheri-
cal shapes observed in all four compounds indicate an
overall isotropic response to hydrostatic pressure.
FrPbBr; (Fig. 2a) and FrPbCl, (Fig. 2b) exhibit slight
deviations from perfect sphericity, reflecting minor
anisotropic compressibility along certain directions,
likely due to the heavier Pb atoms and their influence
on lattice vibrations [45]. FrZnBr; (Fig. 2c) and
FrZnCl; (Fig. 2d) display more spherical contours,
underscoring their uniform compressive resistance.
Among the studied materials, FrZnCl; demonstrates
the highest isotropy in bulk modulus distribution,
which can be attributed to the enhanced bonding
strength of Zn—Cl interactions [45].

The shear modulus (G) surfaces, shown in
Figs. 3a—3d, provide further understanding of the
resistance to shape deformation. FrPbBr; and FrPbCl,
exhibit noticeable anisotropy, with lobes and indenta-
tions indicating varying shear stiffness along different
crystallographic axes. Such anisotropic behavior is
primarily due to the directional bonding and lattice
distortions influenced by the Pb—halide interactions
[42]. Conversely, FrZnBr; and FrZnCl; present rela-
tively smoother surfaces, signifying reduced anisot-
ropy. The smoother shear modulus profile of FrZnCl,
further confirms its higher structural stability and iso-
tropic mechanical response, reinforcing the effect of
CI’s smaller ionic radius and stronger bonding com-
pared to Br [44, 45].

Further insight into the elastic anisotropy is pro-
vided by the 2D transverse sections (Figs. 2e—2h),
taken in the (X-=Y), (X—2), and (Y—Z2) planes. For
FrPbBr; (Fig. 2e) and FrPbCl; (Fig. 1f), the plots
exhibit four-lobed patterns, emphasizing significant
anisotropy in the (X—Y) plane. The outermost curves
correspond to directions with higher Young’s modu-
lus, while the innermost curves indicate softer
mechanical responses. These anisotropic features
stem from the layered atomic arrangement and vari-
able bond strengths along different crystallographic
axes [45]. Conversely, the 2D plots for FrZnBr,
(Fig. 2g) and FrZnCl; (Fig. 2h) show nearly circular
contours, confirming their near-isotropic behavior.
Among them, FrZnCl, displays the most uniform dis-
tribution, consistent with its higher structural symme-
try and the presence of smaller Cl ions. The slight
inward curvature observed in FrZnBr; suggests weak
anisotropy influenced by the larger Brions [45].
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The differences in elastic anisotropy between
FrPb- and FrZn-based compounds have significant
technological implications. The pronounced anisot-
ropy in FrPbBr; and FrPbCl; may benefit applications
requiring directional mechanical reinforcement, such
as flexible electronics where stress distribution varies
with orientation. In contrast, the near-isotropic
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mechanical behavior of FrZnBr; and FrZnCl; makes
them suitable for coatings and substrates in optoelec-
tronic devices, where uniform mechanical properties
are crucial [42—46]. Additionally, the higher isotropy
observed in FrZnCl, suggests its potential advantage in
devices exposed to multidirectional mechanical
stresses [42—46].
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Fig. 3. Spin polarized band structure of FrBX5 (B = Zn, Pb and X = Br, Cl) at their equilibrium lattice.

3.4. Electronic Aspects

Analyzing the electronic band structure is vital for
understanding the relationship between the physical
properties of crystalline solids and their atomic
arrangement. This analysis provides essential informa-
tion on charge carrier dynamics, electrical resistivity,
and optical responses, which are critical for applica-
tions in electronics and optoelectronics. By examining
how electron energy varies with momentum in the
reciprocal lattice, one can assess the suitability of
materials for devices like solar cells, photodetectors,
and transistors.

To explore the electronic characteristics of cubic
FrBX; (B = Pb, Zn; X = Cl, Br) perovskites, we
employed the generalized gradient approximation
with the Perdew—Burke—Ernzerhof (GGA-PBE)
functional to calculate their band structures along the
high-symmetry k-path R—I'-X—M-—I" (Fig. 3). The
computed band gaps, listed in Table 4, reveal that all
studied compounds exhibit semiconducting behavior,
with the Fermi level set at 0 eV. For FrPbCl; and

PHYSICS OF THE SOLID STATE

FrPbBr;, both the valence band maximum (VBM) and
conduction band minimum (CBM) occur at the
Rpoint, indicating a direct band gap. Conversely,
FrZnCl; and FrZnBr; display an indirect band gap,
with the VBM at R and the CBM at I'. At zero pres-
sure, the calculated band gap values are 2.237 eV for
FrPbCl;, 1.795 eV for FrPbBr;, 1.185 €V for FrZnCl;,
and 0.057 eV for FrZnBr;.

A noticeable trend emerges when substituting Zn
with Pb at the B-site: the band gap decreases for the
same halogen atom, suggesting enhanced electronic
delocalization due to Pb’s larger atomic orbitals. Sim-
ilarly, replacing CI with Br at the X-site reduces the
band gap, a consequence of the increased atomic size
and decreased electronegativity of bromine, which
leads to higher valence band energies (Fig. 3). Such
tunability of the band gap through elemental sub-
stitution is advantageous for tailoring the optical
absorption properties of these materials for specific
applications.

Vol. 67

No. 10 2025



UNVEILING THE PROPERTIES OF FrBXj;

20 T T
1 —TDOS
—Fr s
—Fr p
Zn_s
—Zn p

——7n d
\/ Cl s

—ClLp

FrZnCl, W
N

10

DOS, states/eV
=
T

0 AL L

-10 -5 0 5
Energy, eV

20 . ,

——TDOS
—Frs
—Frp
Zns
—Znp
——7Znd
Brs
—Brp b

DOS, states/eV
=
T

FrZnBr;

A

Pt ]

0 - -~
-10 -5 0 5
Energy, eV

0

927

T | T
5 — TDOS
20 — Fr s
— Fr p
— Pb_p
%15} — Pbd A
P Pb_s
= Cl s
%10l — Cl_p |
7 10 Cld
=
| | FrPbCl,
0 |
-10 -5 5 10
Energy, eV
20 T T T
. —TDOS
—Frp
—Frs
Pb s
2 —Pb p
> —Pb d
3 Br_s
S10r —Brp 1
%
<  FrPbBr,
0 N | K\. ,_za\\@ o M’\,\ X
-10 -5 0 5 10

Energy, eV

Fig. 4. The total and partial density of states of the FrBX; (B = Zn, Pb and X = Br, Cl) calculated by GGA.

The total density of states (TDOS) and partial den-
sity of states (PDOS) for FrBX; perovskites are
depicted in Fig. 4, covering an energy range from —10
to 10 eV. The valence band, spanning from —10 to 0 eV,
primarily arises from the halogen (Cl and Br) p-states,
whereas the conduction band (0—10 eV) exhibits sig-
nificant contributions from the B-site cations. In
FrPbCl; and FrPbBr;, Pb-p orbitals dominate the
conduction band region up to approximately 5 eV,
indicating strong hybridization with halogen p-states.
This hybridization implies a covalent character in Pb—
halide bonds. In contrast, FrZnCl; and FrZnBr; show
notable contributions from Zn-s and Zn-p states in the
conduction band, coupled with halogen p-states. The
stronger hybridization between Zn and Cl compared
to Zn and Br correlates with the observed differences
in band gap and mechanical stability.

The PDOS analysis reveals that halogen atoms
contribute most significantly near the Fermi level,
reflecting their pivotal role in determining the valence
band structure. While the Fr atom exhibits minimal
electronic participation, its presence influences the
lattice constants and overall stability. Notably, the

PHYSICS OF THE SOLID STATE  Vol.67 No. 10

proximity of the Fermi level to the valence band max-
imum in all compounds suggests an n-type semicon-
ducting behavior, favorable for electron transport
applications. The ability to manipulate electronic
properties through compositional variation enhances
the potential of FrBX; perovskites in photovoltaic and
optoelectronic devices.

3.5. Optical Aspects

The complex dielectric function, (g, + i€,), plays a
critical role in understanding a material’s interaction
with electromagnetic radiation. The real part (g,) rep-
resents dispersion and polarization, while the imagi-
nary part (€,) accounts for optical absorption [47].

Figure 5a illustrates the real and imaginary parts of
the dielectric functions for FrPbBr; and FrPbCl;. The
static dielectric constants (€,(0)) for both compounds
are around 5—6, indicating moderate polarizability.
Notably, the imaginary part (&,) exhibits significant
absorption peaks in the energy range of 2—10 eV.
FrPbBr; shows slightly higher absorption in the lower
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energy region, suggesting stronger absorption in the
visible to ultraviolet (UV) range. The real part (g,)
experiences a sharp rise near the absorption edge
(~2 eV) before decreasing beyond 10 eV. Negative val-
ues of (g;) between 12—20 eV indicate plasma reso-
nance, implying high reflectivity in this region [47].
This behavior suggests that FrPbBr; is more suitable
for optoelectronic applications requiring visible light
absorption compared to FrPbCls.

Figure 5b presents the dielectric function compo-
nents for FrZnCl; and FrZnBr;. Both compounds
have static dielectric constants near 5, similar to those
observed in FrPb-based materials, signifying compa-
rable polarizability. The imaginary part (€,) shows
prominent absorption peaks within 3—12 eV. FrZnBr;
displays higher intensity in the visible range, support-
ing its use in photovoltaic and photodetector applica-
tions. The real part (g,) shows strong dispersion below
10 eV and displays negative values between 15—25 eV,
reflecting metallic characteristics and high reflectivity
in the UV region [47]. These properties highlight
FrZnBry’s potential for broad-spectrum photon
absorption.

Comparing both sets of compounds reveals that
bromide-based materials FrPbBr; and FrZnBr; con-
sistently exhibit higher absorption in the visible spec-
trum than their chloride counterparts. This character-
istic makes them favorable for solar energy and opto-
electronic device applications [46]. The negative
regions of (¢,) in all materials indicate metallic-like
reflectivity at high photon energies, suggesting their
utility in UV-protective coatings. Additionally, the
moderate static dielectric constants across the com-
pounds point to their potential in semiconductor
applications, where balanced polarization and screen-
ing effects are essential.

These findings align with previous studies high-
lighting the importance of dielectric properties in opti-
mizing materials for optoelectronic applications [46].
Further investigations of refractive index and reflectiv-
ity, derived from the presented dielectric functions,
would provide deeper insights into their practical
applications.

In Fig. 5c, the absorption spectra of FrPbCl; and
FrPbBr; reveal prominent absorption peaks between
approximately 5—20, 25—35, and 35—45 eV. FrPbCl,
exhibits higher absorption intensities in the high-
energy region (above 35 eV), indicating stronger inter-
band transitions in comparison to FrPbBr;. These
peaks are attributed to electronic transitions from the
valence to conduction bands, with variations due to
the differing atomic masses and electronegativity of Cl
and Br atoms. The shift of FrPbBr; peaks to lower
energies suggests that Br incorporation reduces the
band gap, allowing for earlier photon absorption.

Figure 5d compares the absorption spectra of
FrZnCl; and FrZnBr;. Both compounds demonstrate
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intense absorption in the 5—20 eV range, with FrZnCl,
showing slightly higher absorption peaks. The main
absorption peak occurs around 15 eV for both materi-
als, indicating strong photon absorption within the
ultraviolet region. Beyond 30 ¢V, the absorption coef-
ficient rapidly decreases for both compounds, suggest-
ing limited absorption capabilities in the high-energy
spectrum. The marginal shift of the FrZnBr; peaks
toward lower energies emphasizes halogen substitu-
tion effects on the optical properties, making Br-con-
taining compounds more suitable for applications
requiring lower-energy photon absorption.

Figure Se illustrates the reflectivity spectra of the
studied compounds. All materials exhibit high reflec-
tivity in the UV region with noticeable peaks between
10—20 eV. FrZnCl; and FrZnBr; show relatively higher
reflectivity compared to their lead-based counter-
parts, with maximum reflectivity values around 0.4 for
FrZnCl;. The elevated reflectivity in the UV region
suggests these compounds could be effective coatings
for UV-reflective devices. Beyond 20 eV, reflectivity
gradually decreases for all materials, indicating
reduced reflection efficiency at higher energies.

Figure 6f shows the energy loss function (ELF),
which characterizes the energy loss of fast electrons
traversing the materials, revealing plasmonic reso-
nance features. All compounds exhibit pronounced
peaks between 20—25 eV, with FrZnCl; showing the
highest peak intensity, indicating a strong plasmonic
response. The observed peaks correspond to the
plasma frequency where the material exhibits maxi-
mum energy loss, crucial for applications in electron
energy loss spectroscopy and plasmonic devices.
Additional smaller peaks are observed beyond 30 eV,
especially for FrPbCl; and FrPbBr;, indicating sec-
ondary plasmonic resonances influenced by the
heavier Pb atoms.

Overall, these perovskites demonstrate notable
UV absorption, moderate reflectivity, and distinct
plasmonic features. The influence of halogen substi-
tution is evident in the shift of absorption peaks and
reflectivity behavior, offering pathways to tailor the
optical properties for specific optoelectronic and pho-
tovoltaic applications.

Figures 5g and 5h present the real and imaginary
parts of optical conductivity for the FrPbCl;, FrPbBr;,
FrZnCl;, and FrZnBr; compounds as functions of
photon energy. These plots provide crucial insights
into the electronic transitions and charge carrier
dynamics within the studied materials.

In Fig. 5g, which illustrates FrPbCl; and FrPbBrs;,
the real part of the conductivity (Re) exhibits distinct
peaks around 12—15 and 35—40 eV, indicating strong
interband electronic transitions. FrPbCl; shows higher
conductivity peaks compared to FrPbBr;, suggesting
better carrier transport and a higher density of states
near the conduction band. The imaginary part (Im),
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representing the energy dissipation within the mate-
rial, follows similar trends with prominent peaks at
corresponding energies, reflecting high absorption in
those regions.

Figure 5h shows the optical conductivity for
FrZnCl; and FrZnBr;. Both compounds display nota-
ble conductivity peaks between 10—20 eV, with
FrZnCl; having slightly higher real conductivity val-
ues. The imaginary part follows a decreasing trend
beyond 20 eV, indicating reduced energy absorption at
higher photon energies. These conductivity profiles
are consistent with the absorption and reflectivity
behaviors discussed earlier, reaffirming the materials’
potential for optoelectronic applications.

The differences observed between the chloride and
bromide counterparts can be attributed to variations in
their electronic band structures and bonding environ-
ments. Notably, the shift of peaks to lower energies in
bromide-based compounds reflects their narrower
band gaps, enhancing their absorption in the visible
range. These findings underscore the impact of halo-
gen substitution on the electronic and optical proper-
ties of the materials, offering a tunable approach for
designing devices with tailored optical responses.

Figures 5j and 5k depict the refractive index (») and
extinction coefficient (k) of FrPbCl;, FrPbBr;,
FrZnCl;, and FrZnBr; as functions of photon energy.
In Fig. 5j, FrPb-based compounds exhibit maximum
static refractive indices at approximately 2.5 (FrPbCl,)
and 2.3 (FrPbBr;), indicating strong light-matter
interaction at low photon energies. Both compounds
display a decreasing trend with increasing photon
energy, suggesting reduced optical density at higher
energies. The extinction coefficient shows prominent
peaks around 12 and 35 eV, corresponding to strong
absorption regions.

Figure 5k shows the refractive index and extinction
coefficient for FrZn-based materials. FrZnCl; exhibits
a higher static refractive index (~2.6) than FrZnBr,
(~2.4), indicating stronger initial optical interaction.
Both compounds show decreasing n values beyond
10 eV, with FrZnBr; declining more rapidly. The
extinction coefficient peaks near 11—13 and 30 eV
indicate the energy regions where absorption is most
pronounced.

The analysis reveals that FrZn-based compounds
exhibit higher refractive indices and extinction coeffi-
cients at lower energies compared to FrPb-based com-
pounds, suggesting superior optical absorption and
light-guiding capabilities. These properties make them
potential candidates for applications in photonic and
optoelectronic devices, including solar cells and opti-
cal sensors.
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4. CONCLUSIONS

This comprehensive investigation provides valu-
able insights into the structural, electronic, optical,
and elastic properties of inorganic metal halide per-
ovskites FrBX; (B = Pb, Zr; X = Br, Cl) through first-
principles calculations based on density functional
theory (DFT). The structural analysis, validated by
optimized lattice parameters and negative formation
energies, confirms the thermodynamic stability of all
investigated compounds, ensuring their feasibility for
practical applications. The electronic band structure
reveals that FrZnX; compounds possess direct band
gaps, whereas FrPbX; compounds exhibit indirect
band gaps. The observed decreasing trend in band
gaps—from FrPbCl; to FrZnBr;—highlights the tun-
ability of these materials for optoelectronic applica-
tions. Notably, the extremely narrow band gap of
FrZnBr; suggests potential use in infrared detection
and thermophotovoltaic devices, while the moderate
band gaps of FrPbCl; and FrPbBr; make them suitable
for visible-light-driven photovoltaic applications.

The optical analysis reveals strong absorption in
the visible region, high dielectric constants, and favor-
able refractive indices, indicating the ability of these
materials to efficiently harvest solar energy with mini-
mal optical losses. Such properties not only enhance
light absorption but also improve charge carrier gener-
ation, essential for high-efficiency solar cells. More-
over, the calculated optical parameters suggest poten-
tial applicability in photodetectors, light-emitting
diodes (LEDs), and other optoelectronic devices
beyond solar cells.

From a mechanical perspective, the calculated
elastic constants, bulk modulus, shear modulus, and
Poisson’s ratio confirm that all studied compounds
meet the Born stability criteria, ensuring mechanical
robustness. The observed ductility, indicated by the
positive values of Poisson’s ratio and favorable Pugh’s
ratio, suggests that these materials can endure
mechanical stress without fracturing, which is crucial
for long-term device reliability. Furthermore, the
moderate elastic anisotropy offers an advantageous
balance between mechanical stability and flexibility,
facilitating the development of thin-film devices that
can withstand fabrication processes and operational
stresses without compromising performance.

The synergy between structural stability, tunable
electronic band gaps, exceptional optical absorption,
and mechanical resilience positions the Fr-based per-
ovskites as promising candidates for next-generation
photovoltaic devices, optoelectronic components, and
flexible electronics. To fully realize their potential,
future research should focus on experimental valida-
tion, investigating the effects of doping, defect engi-
neering, and long-term environmental stability. Addi-
tionally, exploring heterostructures and interfacial
behavior with other materials could pave the way for
Vol. 67
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the development of multi-functional, high-perfor-
mance optoelectronic devices.
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