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Abstract
Lead-free vacancy-ordered double perovskite hydrides are gaining attention as environmentally friendly mate-
rials for next-generation optoelectronic applications. In this work, first-principles density functional theory 
(DFT) calculations are employed to systematically investigate the structural, elastic, electronic, optical, and 
thermodynamic properties of cubic Cs2GeH6 and Cs2SnH6 crystallizing in the antifluorite-type Fm𝟑𝟑m structure. 
Structural optimization yields lattice constants of 8.620 Å and 8.990 Å, respectively, while negative formation 
energies confirm thermodynamic stability. Phonon dispersion analysis shows no imaginary modes, establishing 
dynamical stability. Elastic constants satisfy the Born criteria, indicating mechanically robust lattices with near-
isotropic behavior in Cs2GeH6 and moderate anisotropy in Cs2SnH6. Electronic structure calculations reveal 
that both compounds are direct band-gap semiconductors, with band gaps of 1.60 eV (Cs2GeH6) and 1.80 eV 
(Cs2SnH6). Density-of-states and charge-density analyses indicate mixed ionic–covalent bonding, dominated 
by strong Cs–H ionic interactions and covalent M–H bonding within isolated [MH6]2− octahedra. Optical 
calculations show an enhanced dielectric response and high absorption coefficients in the visible spectrum. 
Thermodynamic analysis indicates a stiffer lattice and higher Debye temperature for Cs2GeH6. These findings 
suggest that Cs2GeH6 and Cs2SnH6 are mechanically robust, thermally stable, and optically tunable lead-free 
perovskite hydrides, making them promising candidates for photovoltaic optoelectronic applications.

Keywords  Vacancy-ordered double perovskites · Cs2MH6 (M = Ge, Sn) · Density functional theory (DFT) · 
Direct band gap semiconductors · Phonon dispersion · Stability optoelectronic properties

Introduction

The global energy system is currently undergoing a significant transformation driven by the steadily rising 
demand for energy worldwide. This increase in consumption has intensified the need to reconsider how energy is 
generated, transmitted, stored, and ultimately utilized in a sustainable manner1. Within this context, solar energy 
conversion has attracted considerable interest, largely because solar energy is abundant, environmentally benign, 
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and capable of supporting long-term energy requirements2,3. The performance of solar cells and optoelectronic 
devices is closely linked to the properties of the active materials employed. In particular, efficient absorption 
of visible light, combined with adequate structural and thermodynamic stability, is essential for reliable device 
operation4,5. For this reason, extensive research efforts have been devoted to identifying semiconducting materi-
als with band gaps in the optimal range of approximately 1.5–2.0 eV, which is considered ideal for photovoltaic 
and photoactive applications6. In recent years, perovskite materials have emerged as one of the most promising 
classes of semiconductors due to their remarkable optoelectronic performance, structural versatility, and ease 
of compositional engineering7,8. The characteristic ABX₃ perovskite framework accommodates a wide range of 
elemental substitutions at the A, B, and X sites. This flexibility enables systematic tuning of key material prop-
erties, including the band gap, stability, and charge transport behavior, making perovskites highly attractive for 
next-generation optoelectronic technologies9.

Double perovskite (DP) semiconductors have gained increasing attention in recent years because of their 
strong potential for optoelectronic applications10,11 . A key advantage of these materials lies in their pronounced 
structural and compositional flexibility, which allows their electronic properties to be tailored through targeted 
elemental substitution. As a result, many double perovskites exhibit favorable optoelectronic characteristics, 
including high charge-carrier mobility, strong absorption in the visible region, efficient carrier transport, tun-
able band gaps, and relatively low effective masses12,13 These features make DP semiconductors particularly 
attractive for a broad range of electronic and photonic devices. Consequently, perovskite-based semiconductors 
are now central to several modern technologies, such as light-emitting diodes, photodetectors, and sensing plat-
forms, as well as emerging information-processing devices. Beyond conventional optoelectronics, their influence 
is expanding into wider application areas, including communication systems, transportation technologies, and 
healthcare-related devices, highlighting their growing technological relevance14.

Optoelectronic materials are designed to enable efficient conversion between optical and electrical signals, 
which is essential for modern energy and information technologies. Within this framework, organic–inorganic 
hybrid perovskites have attracted substantial interest because of their high photovoltaic efficiencies and their 
demonstrated potential in devices such as light-emitting diodes and transistors15,16. A notable example of this 
progress is the rapid increase in the power conversion efficiency of perovskite solar cells, which has risen from 
approximately 3.8% to 25.5% in just over a decade4. Despite these impressive performance gains, many of the 
most efficient halide perovskites rely on lead as a key component, giving rise to serious concerns regarding toxic-
ity and environmental sustainability17,18. In response, significant research efforts have been directed toward the 
development of lead-free double perovskites. These materials offer greater compositional flexibility, competitive 
optoelectronic performance, and improved environmental compatibility, making them attractive candidates for 
solar cell and optoelectronic applications19–21. From an environmental perspective, the replacement of hazardous 
lead with benign alternatives is a central design goal. One commonly explored approach involves substituting Pb 
with elements from the same group of the periodic table, particularly tin (Sn) and germanium (Ge), which share 
similar valence configurations22,23. However, solar cell devices based on Sn- and Ge-containing perovskites have, 
to date, generally exhibited lower power conversion efficiencies than their lead-based counterparts, highlighting 
the need for further materials optimization24.

Vacancy-ordered double perovskites with the general formula A2BX6 have emerged as an important subclass 
of perovskite materials because of their inherent structural stability and tunable electronic behavior. These com-
pounds are characterized by an ordered arrangement of vacancies that strongly influences their electronic structure 
and lattice dynamics. In a representative study, Maham M. S. Karim et al. demonstrated that Cs2SnX6 (X = Cl, Br, 
I) compounds crystallizing in the cubic 𝐹𝐹𝐹𝐹3𝑚𝑚 phase exhibit composition-dependent optical band gaps, pronounced 
octahedral distortions, and distinct vibrational features. Their conclusions were supported by a combination of 
experimental measurements and first-principles calculations, highlighting the sensitivity of the optoelectronic 
properties to halide substitution25. These findings highlight the strong sensitivity of electronic and vibrational 
properties to the local coordination of the BX6 octahedra. Despite extensive investigations of halide-based A2BX6 
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systems, their hydride counterparts, such as Cs2SnH6 and Cs2GeH6, remain largely unexplored. Recent experi-
mental advances have further enhanced the technological relevance of vacancy-ordered Cs2SnX6 (X = Cl, Br, I) 
perovskites. Perovskite nanocrystals have been encapsulated in more stable and environmentally safe materials, 
such as metal oxides (such as AlOₓ and TiO2)26, polymers27, silica28, and metal–organic frameworks (MOFs)29, 
which act as protective shells for the perovskite nanocrystals in order to reduce stability and toxicity concerns. In 
particular, the epitaxial growth of Cs2SnX6 shells on all-inorganic CsPbX₃ nanocrystals has enabled the formation 
of stable core–shell heterostructures with tunable type-I and type-II band alignments, exhibiting excellent optical 
performance, efficient charge transport, and strong resistance to moisture, light, and air exposure30. These obser-
vations confirm that Cs2Sn-based A2BX6 perovskites are structurally stable and functionally versatile materials. 
At the same time, they emphasize the importance of extending existing studies beyond halide systems in order to 
gain deeper insight into the intrinsic structural, electronic, and vibrational properties of this class of compounds. 
Determination of the electronic band structures and optical spectra of semiconductor electronics, photovoltaics, 
and optoelectronic devices are particularly important for technological applications. Hydride research is fascinat-
ing from a fundamental perspective and appealing in terms of potential technological uses.

Accurate theoretical predictions of perovskite properties depend strongly on the choice of exchange–correla-
tion (XC) functional within density functional theory (DFT)31. Among the available approaches, the local density 
approximation (LDA) and the generalized gradient approximation (GGA) remain the most widely employed 
because they offer a practical balance between accuracy and computational cost. LDA is known to overbind 
atoms, often resulting in underestimated lattice constants and overestimated cohesive energies, whereas GGA 
incorporates density gradients, leading to improved structural parameters and energetics for many solid-state 
systems32–34. Comparative studies on oxide and halide perovskites, including those reported by García-Fernández 
et al.35, and Borlido et al.36 show that GGA—particularly in the form of the PBE functional provides equilib-
rium geometries that are generally in better agreement with experimental data. However, both LDA and GGA 
are found to systematically underestimate electronic band gaps. These findings highlight that careful selection 
of the XC functional is essential to achieve a meaningful compromise between structural accuracy and reliable 
electronic property predictions in perovskite modeling.

Recently, lead-free hydride perovskites have been identified as environmentally stable semiconductors with 
suitable band gaps of approximately visible range, placing them within the optimal range for visible-light absorp-
tion11,37–39. A detailed understanding of their structural and electronic behavior under different XC approxima-
tions can therefore provide critical insights into the design and optimization of high-performance, sustainable 
perovskite-based devices.

In this work Density functional theory (DFT) calculations were performed using the plane-wave pseudopo-
tential method as implemented in the Cambridge Serial Total Energy Package (CASTEP) within the Materials 
Studio framework to systematically examine the Optoelectronic properties of hydride perovskites Cs2GeH6 and 
Cs2SnH6. However, to the best of our knowledge, a comprehensive first-principles density functional theory 
(DFT) investigation of the structural, elastic, electronic, thermodynamic and optical properties of the hydride 
perovskites Cs2GeH6 and Cs2SnH6 has not yet been reported.

The remainder of the paper is organized as follows: Section "Computational details" outlines the computa-
tional methodology, Section "Results and discussion" presents and discusses the structural, elastic, electronic, 
optical, and Thermodynamic results, and Sect. 4 summarize the main conclusions.

Computational details

First-principles calculations were carried out using the CASTEP code within the framework of Density Func-
tional Theory (DFT) as implemented in Materials Studio 202040. The exchange–correlation interactions were 
described using the Generalized Gradient Approximation (GGA) with the Perdew–Burke–Ernzerhof (PBE) 
functional32,41, while ion–electron interactions were treated using ultrasoft pseudopotentials. A scalar-relativistic 
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Koelling–Harmon approach was applied to accurately describe the heavy Cs atoms. The valence electron con-
figurations considered were H (1s1), Ge (4s24p2), Sn (5s25p2), and Cs (5s25p⁶6s1).

The crystal structures of Cs2GeH6 and Cs2SnH6 were modeled in the cubic 𝐹𝐹𝐹𝐹3𝑚𝑚 (No. 225) space group with 
lattice parameters of 8.620 Å and 8.990 Å, respectively. A plane-wave energy cutoff of 380 eV and a 4 × 4 × 4 
Monkhorst–Pack k-point mesh were employed42,43. The choice of these plane-wave and sampling grid parameters 
was strictly validated through systematic pre-calculation convergence tests, confirming that further increases in 
either the cutoff threshold or k-mesh density produce total energy fluctuations below 0.5 meV/atom and maintain 
band gap stability to within 0.01 eV. Structural optimization was performed using the BFGS algorithm with con-
vergence criteria of 1.0 × 10⁻5 eV/atom for total energy, 0.03 eV/Å for forces, 0.05 GPa for stress, and 1.0 × 10⁻3 
Å for atomic displacements.

Phonon properties were calculated using Density Functional Perturbation Theory (DFPT)44,45. Born effec-
tive charges were computed to include long-range electrostatic interactions, enabling the evaluation of non-ana-
lytic corrections and LO–TO splitting at the Γ point. Phonon dispersion relations along the high-symmetry path 
(G − F −Q − Z −G) and phonon density of states were analyzed to assess the dynamical stability of the compounds.

Results and discussion

Structural properties and stability

The structural properties of 𝐶𝐶𝐶𝐶2𝐺𝐺𝐺𝐺𝐺𝐺6 and 𝐶𝐶𝐶𝐶2𝑆𝑆𝑆𝑆𝑆𝑆6 were examined through full geometry optimization of both the 
unit cell parameters and internal atomic positions (Fig. 1). The calculations confirm that both compounds are 
stable in the cubic antifluorite-type structure, also referred to as the 𝐾𝐾2𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃6- type or ordered vacancy double 
perovskite structure, crystallizing in the 𝐹𝐹𝐹𝐹3𝑚𝑚(No. 225) space group.

In this crystal structure, the Ge/Sn atoms occupy the 4𝑎𝑎 Wyckoff position (0, 0, 0), while the Cs atoms reside 
at the 8𝑐𝑐 site (0.25, 0.25, 0.25). The hydrogen atoms are located at the 24𝑒𝑒 Wyckoff position (𝑥𝑥𝑥 𝑥𝑥 𝑥). The resulting 
framework consists of isolated [𝑀𝑀𝑀𝑀6]

2−  octahedra positioned at the corners and face centers of the cubic unit cell, 

Fig. 1  Optimized crystal structure and modeling framework of vacancy-ordered double perovskite hydrides Cs2GeH6 and 
Cs2SnH6
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with the 𝐶𝐶𝐶𝐶 atoms forming a three-dimensional cubic sublattice that provides structural stabilization. The struc-
ture consists of isolated [MH6]2⁻ octahedra embedded in a Cs-based cubic lattice. Unlike ABX₃ perovskites, the 
vacancy-ordered A2BX6 framework avoids corner-sharing connectivity, thereby eliminating under-coordinated 
atoms and dangling bonds. Charge neutrality is fully maintained (2Cs⁺ + M4⁺ + 6H⁻ = 0), and the fully coordinated 
M4⁺ centers form stable closed-shell configurations, which suppress the formation of mid-gap defect states.

The optimized structural parameters are summarized in Table 1. The calculated lattice constants are 8.620 Å for 
𝐶𝐶𝐶𝐶2𝐺𝐺𝐺𝐺𝐺𝐺6 and 8.990 Å for 𝐶𝐶𝐶𝐶2𝑆𝑆𝑆𝑆𝑆𝑆6. The corresponding unit cell volumes increase from 640.504 Å3 to 726.573 Å3 upon 
replacing 𝐺𝐺𝐺𝐺 with the larger 𝑆𝑆𝑆𝑆 atom. This expansion reflects the size difference between the two metal cations 
and follows the expected periodic trend. These results are in excellent agreement with previous theoretical studies 
by Boudrifa, O., et al.43 and Luo et al.44, who reported that lattice parameters in 𝐴𝐴2𝑀𝑀𝑀𝑀6 complex hydrides scale 
systematically with the ionic radius of the central 𝑀𝑀 cation.

A key structural feature of these materials is the M  H bond length within the [𝑀𝑀𝑀𝑀6]
2−  octahedral unit. After 

structural relaxation, the internal hydrogen positional parameter (𝑥𝑥) was found to be 0.21 for 𝐶𝐶𝐶𝐶2𝐺𝐺𝐺𝐺𝐺𝐺6 and 0.20 for 
𝐶𝐶𝐶𝐶2𝑆𝑆𝑆𝑆𝑆𝑆6, corresponding to bond lengths of 1.81 Å and 1.80 Å, respectively. These results confirm the stability of the 
octahedral coordination and are in good agreement with previously reported structural benchmarks46.

Before examining the electronic, optical, and other physical properties, a comprehensive evaluation of struc-
tural stability was performed, considering thermodynamic, mechanical, and dynamical stability criteria.

Thermodynamic stability

The thermodynamic stability of the investigated compounds was assessed by calculating the formation energy 
𝛥𝛥𝐻𝐻𝑓𝑓, which provides a measure of energetic favorability relative to the constituent elements. The formation 
energy per atom was computed using the following expression:

	 𝛥𝛥𝐻𝐻𝑓𝑓 = 𝐸𝐸𝐸𝐸𝐸𝐸𝐸2𝑀𝑀𝑀𝑀6) − 2𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸  𝐸𝐸𝐸𝐸𝐸𝐸𝐸  𝐸𝐸𝐸𝐸𝐸𝐸𝐸
9 ,� (1)

where 𝛥𝛥𝐻𝐻𝑓𝑓 denotes the formation energy per atom, 𝐸𝐸𝐸𝐸𝐸𝐸𝐸2𝑀𝑀𝑀𝑀6) is the total energy of the fully optimized compound, 
and 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸, 𝐸𝐸𝐸𝐸𝐸𝐸, and 𝐸𝐸𝐸𝐸𝐸𝐸 represent the average total energies of the constituent elements in their respective refer-
ence states. The denominator corresponds to the total number of atoms in the formula unit. As summarized in 
Table 1, the calculated formation energies are −0.62 eV/atom for 𝐶𝐶𝐶𝐶2𝐺𝐺𝐺𝐺𝐺𝐺6 and −0.58 eV/atom for 𝐶𝐶𝐶𝐶2𝑆𝑆𝑆𝑆𝑆𝑆6. The nega-
tive values indicate that both compounds are thermodynamically stable and energetically favorable with respect 
to elemental decomposition. These results are consistent with previously reported theoretical studies on A2MH6 
vacancy-ordered perovskites47.

Table 1  Optimized lattice constant (a), unit cell volume (V), internal hydrogen coordinate (x), metal–hydrogen bond length 
(M–H), and formation energy (𝛥𝛥Hf) of ordered vacancy double perovskite hydrides.
Compounds Data source a (Å) V (Å3) M–H (Å) ΔHf (eV/atom)
Cs2GeH6 This work 8.620 640.504 1.81  − 0.62
Cs2SnH6 This work 8.990 726.573 1.80  − 0.58
Ba2BeH6

44 7.577 435.023 1.64  − 0.75
Ba2CaH6

44 8.102 531.921 2.13  − 0.57
Ba2MgH6

44 7.915 495.765 1.92  − 0.74
Ca2BeH6

44 6.757 308.527 1.60  − 0.84
Sr2MgH6

44 7.511 423.737 1.90  − 0.75
Reference data are taken from Luo et al.44 (Nanomaterials 2025, 15, 1339).
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Dynamical stability

Phonon dispersion analysis is a key method for assessing the dynamical stability of crystalline materials, as 
it provides direct information about lattice vibrations and interatomic interactions. The absence of imaginary 
phonon frequencies throughout the Brillouin zone is generally taken as evidence of dynamical stability, whereas 
the presence of such modes indicates structural instabilities or possible phase transitions. The Cs2MH6(M = Ge, Sn
) compounds contain nine atoms per primitive cell, giving rise to a total of 27 phonon branches, which include 
three acoustic modes and 24 optical modes.

The calculated phonon dispersion curves (Fig.  2) along the high-symmetry k-points of the Brillouin zone 
(G − F −Q − Z −G) are shown in Fig. 1. A key observation is the complete absence of imaginary (negative) fre-
quencies for both Cs2GeH6 and Cs2SnH6, indicating that these materials are dynamically stable. The absence of 
imaginary phonon modes across the entire Brillouin zone confirms that both compounds reside at a true local 
minimum on the potential energy surface. This means that all phonon modes correspond to positive curvature, 
and there are no lattice vibration directions that can lower the total energy. In contrast, imaginary modes would 
indicate structural instabilities leading to spontaneous distortions such as symmetry breaking or phase transitions. 
Since no such unstable modes are present, the cubic phase is dynamically stable and any possible phase transi-
tion would require overcoming a finite energy barrier, which is not accessible under low-temperature conditions.

Fig. 2  Phonon dispersion curves and DOS of Cs2GeH6 and Cs2SnH6.
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The dispersion curves also reveal a clear separation between the low-frequency acoustic and optical modes, 
dominated by the heavier Cs and Ge/Sn atoms, and the high-frequency optical modes associated with vibrations 
of the lighter hydrogen atoms within the [MH6]

2−  octahedra.
The absence of imaginary modes confirms that both compounds correspond to true local minima on the poten-

tial energy surface, ensuring their long-term structural stability. These results further validate the reliability of the 
PBE-GGA functional employed in this study and support the potential use of these materials in energy storage 
and optoelectronic applications46.

Mechanical stability

Predicting the mechanical behavior of Cs2SnH6 and Cs2GeH6 is essential for evaluating their suitability in opto-
electronic applications. Elastic parameters provide insight into how these A2MH6 (M = Ge, Sn) vacancy-ordered 
double perovskites respond to stress, which can influence both electronic and optical performance. The mechani-
cal properties were calculated using the GGA-PBE functional, which has been widely validated for predicting the 
elastic behavior of crystalline materials, while the HSE06 hybrid functional was employed only for the electronic 
and optical property calculations. Using the calculated elastic constants, key mechanical parameters including 
elastic anisotropy (A), bulk modulus (B), shear modulus (G), Young’s modulus (E), Poisson’s ratio (ν), and Vick-
ers hardness (H) were determined using the following Elastic Property Equations:48,49.

Elastic Anisotropy:

	
𝐴𝐴 𝐴 2𝐶𝐶44

𝐶𝐶11 − 𝐶𝐶12 � (2)

Bulk Modulus:

	 𝐵𝐵 𝐵 𝐶𝐶11 + 2𝐶𝐶12
3 � (3)

Voigt Shear Modulus:

	 𝐺𝐺𝑉𝑉 = 𝐶𝐶11 − 𝐶𝐶12 + 3𝐶𝐶44
5 � (4)

Reuss Shear Modulus:

	
𝐺𝐺𝑅𝑅 =

5𝐶𝐶44(𝐶𝐶11 − 𝐶𝐶12)
4𝐶𝐶44 + 3(𝐶𝐶11 − 𝐶𝐶12) � (5)

Average Shear Modulus:

	 𝐺𝐺 𝐺 𝐺𝐺𝑉𝑉 + 𝐺𝐺𝑅𝑅
2 � (6)

Young’s Modulus:

	 𝐸𝐸 𝐸 9𝐵𝐵𝐵𝐵
3𝐵𝐵 𝐵 𝐵𝐵 � (7)

Poisson’s Ratio:

	
𝜈𝜈 = 3𝐵𝐵 𝐵 𝐵𝐵𝐵

2(3𝐵𝐵 𝐵 𝐵𝐵𝐵 � (8)

The computed mechanical parameters are summarized in Table 2. Cs2GeH6 exhibits higher elastic stiffness than 
Cs2SnH6, with B = 10.08 GPa vs. 3.75 GPa, G = 11.42 GPa vs. 6.74 GPa, and E = 24.86 GPa vs. 12.65 GPa. This 
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indicates that Cs2GeH6 is mechanically more rigid, while the softer Cs2SnH6 can better accommodate strain with-
out fracture, which is beneficial for thin-film optoelectronic applications.

The calculated Poisson’s ratio for 𝐶𝐶𝐶𝐶2𝑆𝑆𝑆𝑆𝑆𝑆6 is − 0.062, indicating a weak auxetic tendency. This behavior can 
be attributed to the vacancy-ordered zero-dimensional (0D) structure composed of isolated [𝑆𝑆𝑆𝑆𝑆𝑆6]

2− octahedra 
embedded within a compliant 𝐶𝐶𝐶𝐶+ ionic matrix. The absence of a continuous corner-sharing network allows 
enhanced local structural flexibility under applied strain, which can lead to unconventional transverse strain 
response. However, the small magnitude of the negative value suggests that the auxetic effect is weak. In contrast, 
𝐶𝐶𝐶𝐶2𝐺𝐺𝐺𝐺𝐺𝐺6 exhibits a small positive Poisson’s ratio (0.089), consistent with conventional elastic behavior.

Vickers hardness, calculated via Chen’s model50 is 6.93 GPa for Cs2SnH6 and 5.94 GPa for Cs2GeH6, confirm-
ing sufficient mechanical robustness for device fabrication. The melting points, estimated from elastic constants 
using the relation 51:

	 𝑇𝑇𝑚𝑚 = [553 + 5.911 × 𝐶𝐶12] ± 300𝐾𝐾 � (9)

are approximately 549–567 K for Cs2SnH6 and 567–580 K for Cs2GeH6, suggesting thermal stability suitable for 
optoelectronic processing.

When compared with previously reported A2MH6 perovskites (e.g., Ca2BeH6 and Ba2MgH6), which exhibit 
B/G ratios ranging from 1.11 to 1.42 49,50, Cs2SnH6 and Cs2GeH6 are moderately softer and show lower B/G 
ratios of 0.56 and 0.88, respectively. According to the Pugh criterion, these values place both hydrides in the 
brittle regime (B/G < 1.75). However, their relatively low Young’s moduli (E = 12.65 GPa for Cs2SnH6 and 24.86 
GPa for Cs2GeH6) indicate high mechanical compliance.

In flexible optoelectronic applications, a low Young’s modulus reduces internal bending stress (σ = E·ε), thereby 
suppressing crack formation under applied strain in thin-film configurations. This combination of mechanical 
stability, low stiffness, and near-isotropic behavior makes these materials promising candidates for flexible opto-
electronic devices where strain tolerance and stable optical response are essential.

The spatial distributions of Young’s modulus, shear modulus, and Poisson’s ratio, obtained using ELATE52–54 
are shown in Fig. 3a–c for Cs2SnH6 and Fig. 4a–c for Cs2GeH6. These plots demonstrate quasi-isotropic behavior 
with minor directional variations, further supporting uniform electronic and optical response in both thin-film 
and bulk configurations.

Since Cs2SnH6 and Cs2GeH6 have been confirmed to be thermodynamically, dynamically, and mechanically 
stable, we now turn our attention to their electronic, optical, and thermodynamic properties to assess their suit-
ability for optoelectronic application.

Electronic properties

The electronic properties of Cs2GeH6 and Cs2SnH6 were examined through a systematic analysis of their electronic 
band structures55, total density of states (TDOS), and partial density of states (PDOS) to evaluate their potential 
for optoelectronic and photovoltaic applications. The computed band structures of Cs2GeH6 and Cs2SnH6 along 

Material Cs2SnH6 Cs2GeH6

B (GPa) 3.748 10.079
G (GPa) 6.743 11.417
E (GPa) 12.646 24.862
Ν  − 0.062 0.089
E_min (GPa) 11.045 24.532
E_max (GPa) 14.498 24.670
A 1.313 0.00086
H (GPa) 6.928 5.944
T (K) 549–567 567–580

Table 2  Elastic and thermal 
properties of Cs2SnH6 and 
Cs2GeH6.
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the high-symmetry directions of the Brillouin zone56,57 are presented in Fig. 5, obtained using both the general-
ized gradient approximation (GGA-PBE) and the local density approximation (LDA). The horizontal dashed 
line at 0 eV denotes the Fermi energy. In both compounds, the valence band states are entirely located below 
the Fermi level, while the conduction band states appear above it, with no band crossing at the Fermi level, 
confirming the non-metallic and intrinsic semiconducting nature of these materials. The valence band maximum 

Fig. 3  Spatial distributions of (a) Young’s modulus (E), (b) shear modulus (G), and (c) Poisson’s ratio (ν) for Cs2SnH6, 
shown in both 2D and 3D representations, visualized using ELATE, illustrating quasi-isotropic elastic behavior with minor 
directional variations.
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and conduction band minimum are found at the Γ symmetry point for both compounds, indicating that Cs2GeH6 
and Cs2SnH6 possess direct band gaps, which is favorable for efficient optical transitions without momentum 
change. Exchange–correlation phenomena primarily account for the observed discrepancies between the GGA 
and the LDA58. The calculated band gap values show a clear dependence on the exchange–correlation functional. 
Within the GGA-PBE approximation, the direct band gaps are approximately 1.60 eV for 𝐶𝐶𝐶𝐶2𝐺𝐺𝐺𝐺𝐺𝐺6 and 1.80 eV 
for 𝐶𝐶𝐶𝐶2𝑆𝑆𝑆𝑆𝑆𝑆6, placing both materials in the visible-light energy range. In contrast, the LDA approach yields smaller 
band gaps of about 1.39 eV and 1.50 eV, respectively, consistent with the well-known tendency of LDA to 
underestimate band gaps due to its simplified treatment of exchange–correlation effects. Furthermore, the HSE06 
hybrid functional provides improved band gap values of 2.41 eV for 𝐶𝐶𝐶𝐶2𝐺𝐺𝐺𝐺𝐺𝐺6 and 2.18 eV for 𝐶𝐶𝐶𝐶2𝑆𝑆𝑆𝑆𝑆𝑆6, offering a 

Fig. 3  (continued)
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Fig. 4  Spatial distributions of (a) Young’s modulus (E), (b) shear modulus (G), and (c) Poisson’s ratio (ν) for Cs2GeH6 shown 
in both 2D and 3D representations, calculated and visualized using ELATE, illustrating near-isotropic elastic behavior with 
minimal directional variation
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more accurate description of the electronic structure59,60. Compared to LDA, the PBE functional systematically 
predicts wider band gaps, leading to a relative blue shift of the optical absorption edge. This behavior suggests 
that Cs2SnH6 exhibits a slightly larger band gap than Cs2GeH6, indicating higher-energy optical absorption, while 
both materials demonstrate electronic characteristics that make them promising candidates for lead-free optoelec-
tronic and photovoltaic devices.

Fig. 4  (continued)

 



Article in Press

Scientific Reports

https://doi.org/10.1038/s41598-026-70710-3

Figure 6 displays the TDOS and PDOS for Cs2GeH6 and Cs2SnH6, as calculated using the GGA-PBE and 
LDA functionals. The energy scale is referenced to the valence band maximum (VBM), which is set at 0 eV. 
The region above this value represents the electronic band gap. For both compounds, the valence band ranges 
from approximately − 9 eV to the Fermi level, while the conduction band starts above the band gap and extends 
to higher energies. The TDOS in the valence band exhibits significant intensity peaks, indicating a high density 
of occupied electronic states. A pronounced, slender peak in the deep valence region, approximately between − 9 
and − 6 eV, predominantly originates from H-1s states, with slight contributions from Ge or Sn atoms, signifying 
robust hydrogen-dominated bonding. A second prominent valence feature, situated nearer to the Fermi level at 
around − 3 to − 2 eV, is distinguished by a wider TDOS peak due to significant hybridization between metal p states 
and H-1s orbitals, hence affirming the existence of metal–hydrogen bonding states. As the VBM is approached, 
the density of states progressively diminishes to zero. The PDOS study indicates that the valence band edge is 
mostly influenced by hybridized H-1s and Ge (Sn)-p orbitals. The TDOS in the conduction band region displays 
a progressive increase above the band gap, accompanied by small intensity peaks predominantly derived from 
antibonding metal s and p states combined with H-1s orbitals. The strong spatial overlap and hybridization 
between the metal s/p and H-1s states lead to highly dispersive electronic bands near the conduction band mini-
mum. This pronounced band curvature corresponds to a small electron effective mass (m*). Since carrier mobil-
ity is inversely proportional to the effective mass (μ ∝ 1/m*), this electronic structure supports efficient charge 
transport and enhanced carrier mobility, making these hydrides promising candidates for solar energy harvesting 

Fig. 5  Band structure of Cs2GeH6 and Cs2SnH6 with Hybrid function, GGA and LDA exchange correlation functions 
respectively.
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applications. Charge transport behavior was analyzed based on the curvature of the electronic band structure near 
the Γ-point. The conduction band minimum shows a highly dispersive nature, indicating light electron effective 
masses, while the valence band maximum is relatively flatter due to localized H-1s orbital contributions, sug-
gesting heavier hole effective masses. This asymmetry in band dispersion implies favorable charge separation 
and reduced recombination probability, which is beneficial for optoelectronic applications. At elevated energies, 
generally ranging from + 4 to + 8 eV, the influence of d orbitals becomes more significant, indicating a stronger 
metal-centered nature in the upper conduction band. Cs-derived states remain insignificant near the band margins 
and are only detectable at much elevated energies. Likewise, in PDOS-like band structures, variations occur 
due to the use of GGA and LDA exchange–correlation functionals. The comparison indicates that the TDOS 
in GGA shifts to elevated energies relative to LDA, leading to an expanded band gap and less overlap between 
valence and conduction states, while maintaining the overall shape and orbital characteristics of the DOS. This 
phenomenon arises because the LDA overestimates electron correlation, leading to underestimated band gaps 
and compressed energy levels61. A comparison of the two materials within the same functional context reveals 
that Cs2SnH6 exhibits higher conduction band onset and more significant metal-related contributions in the con-
duction region than Cs2GeH6, which aligns with its larger band gap. TDOS and PDOS show that hydrogen-rich 
bonding states dominate the valence band, while metal–hydrogen antibonding interactions define the conduction 

Fig. 5  (continued)
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Fig. 6  Total and partial density of state (PDOS) of Cs2GeH6 and Cs2SnH6 with HESO6, GGA and LDA respectively.
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band. Systematic variations in these electronic states account for the observed functional and material-dependent 
differences in the electronic band gap.Beyond the ideal band-edge electronic structure, intrinsic point defects play 
an important role in the optoelectronic performance of perovskite materials. In 𝐶𝐶𝐶𝐶2𝐺𝐺𝐺𝐺𝐺𝐺6 and 𝐶𝐶𝐶𝐶2𝑆𝑆𝑆𝑆𝑆𝑆6, the zero-
dimensional (0D) vacancy-ordered structure is expected to enhance defect tolerance compared to conventional 
𝐴𝐴𝐴𝐴𝐴𝐴3 perovskites. In these isolated [𝑀𝑀𝑀𝑀6]

2− units, native defects such as Cs or H vacancies are unlikely to intro-
duce deep mid-gap states. Instead, defect-induced states are expected to remain shallow and near the band edges 
due to strong orbital hybridization. As a result, the fundamental band gap is largely preserved, supporting long 
carrier lifetimes and stable optoelectronic performance.

The distinct separation between hydrogen-dominated valence bands and metal–hydrogen antibonding con-
duction bands, together with the large band gaps, indicates that Cs2GeH6 and Cs2SnH6 are electronically stable 
wide-band-gap semiconductors. These characteristics render them promising candidates for optoelectronic and 
energy-related applications, such as ultraviolet photodetectors, insulating layers, and hydrogen-rich materials in 
which strong metal–hydrogen bonding and electronic stability are essential.

Charge density analysis

Mulliken population analysis plays an important role in understanding the nature of chemical bonding in crystal-
line materials by revealing how electronic charge is distributed among constituent atoms. This method provides 
valuable quantitative information on atomic (partial) charges, bond populations, and bonding interactions, which 
helps distinguish between ionic and covalent contributions within a solid62. By analyzing the overlap of atomic 
orbitals, Mulliken population analysis allows the effective charge on each atom (α) to be determined (Eq. 10) , 
offering insight into charge transfer mechanisms and the strength of interatomic bonding. Such information is 
essential for interpreting the electronic structure and bonding behavior of materials at the atomic level.

	
𝑄𝑄 (𝛼𝛼) = ∑

𝑘𝑘
𝑊𝑊𝑊𝑊

𝑂𝑂𝑂𝑂 𝑂𝑂
∑

𝑂𝑂𝑂𝑂 𝑂𝑂

𝑂𝑂𝑂𝑂 𝛽𝛽
∑
𝑣𝑣

2𝑃𝑃𝑢𝑢𝑢𝑢 (𝑘𝑘) 𝑆𝑆𝑢𝑢𝑢𝑢 (𝑘𝑘)� (10)

A positive Mulliken charge corresponds to electron loss and donor behavior, while a negative Mulliken charge 
indicates electron gain and acceptor behavior, with the magnitude reflecting the relative ionic or covalent contri-
bution to bonding63,64. In this study, Mulliken population analysis indicates a significant redistribution of elec-
trical charge within the crystal lattice. A substantial transfer of electron density occurs from Cs atoms to the 
surrounding framework. Cs exhibits a positive charge of + 1.27 e, indicating a predominantly ionic character in 
the structure. In contrast, hydrogen atoms accumulate electron density, resulting in a charge of − 0.38 e. While the 
Mulliken analysis assigns a small negative charge to the Sn atoms (− 0.24 e), this negative value is a well-known 
mathematical artifact arising from the spatial partitioning of the localized atomic basis set projections in heavy-
element hydrides. To resolve this and verify the true physical electrostatic landscape, a topological Bader charge 
analysis was conducted. The grid-based Bader method yields a physically correct positive charge of + 1.54 e for 
Sn (along with + 0.85 e for Cs and − 0.40 e for H), confirming its role as an electropositive electron donor. The 
Sn–H bond population value of 0.73 and an average bond length of 1.89 Å further support the presence of strong 
covalent bonding between Sn and hydrogen. The negative bond population (− 0.08) and the hydrogen–hydro-
gen distance of approximately 2.68 Å indicate that the interaction between hydrogen atoms remains weak. The 
coexistence of strong ionic Cs–H interactions and covalent Sn–H bonds demonstrates that the hydride perovskite 
exhibits mixed bonding characteristics. The strong ionic character of Cs–H interactions provide long-range elec-
trostatic stabilization by anchoring the [MH6]2⁻ octahedra and suppressing structural distortions, thereby enhanc-
ing overall lattice stability. This mixed bonding also influences the material’s anisotropic electrical properties.

Constant bond lengths and uniformly distributed charges among symmetry-equivalent atomic positions 
indicate a high degree of electronic homogeneity within the crystal, which is closely associated with dynami-
cal stability65. The structural and electronic characteristics obtained in this study are in strong agreement with 
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previously reported results for similar hydride perovskites, such as Cs2GeH6 and Cs2SnH6, thereby supporting 
the reliability of the present computational methodology. Compared with Mulliken population analysis, the Bader 
charge analysis provides a more reliable description of charge transfer because it is based on the topology of the 
electron density rather than basis-set-dependent atomic populations. The observed charge transfer and mixed 
ionic–covalent bonding provide a solid basis for understanding the electronic structure and the optical properties 
discussed in the following sections. The electron transfer from Cs and the metal atoms to hydrogen influences the 
distribution of electronic states, which contributes to the calculated band gaps and the strong optical absorption 
of both compounds.

Electron density difference and bonding analysis

The electron density difference maps depicted in Fig. 7 offer supplementary data about the bonding characteristics 
in Cs2GeH6 and Cs2SnH6. The maps demonstrate a significant concentration of electron density near the hydro-
gen atoms, along with a reduction at the Ge and Sn centers, signifying electron transfer from the metal atoms to 
hydrogen. This behavior aligns with the charge distribution patterns derived by Mulliken population analysis. 
The diminished electron density around the Cs atoms confirms their function as electron donors in the lattice. 
The redistribution of charge along the Ge–H and Sn–H bonds indicate significant covalent interactions with ionic 
contributions. A more pronounced localization of electron density around hydrogen is noted in Cs2GeH6 rela-
tive to Cs2SnH6, attributable to the greater electronegativity of Ge and, subsequently, enhanced Ge–H bonding. 
The consistency between electron density difference maps and Mulliken charge analysis underscores the hybrid 
ionic–covalent bonding nature of these hydride perovskites.

Optical properties

The analysis of optical properties provides critical insights into the interactions between electromagnetic radia-
tion and materials. In this study, key optical characteristics, such as optical conductivity, reflectivity, refractive 
index n(ω), energy loss function L(ω), and dielectric response were determined. These optical quantities were 
derived from the complex frequency-dependent dielectric function, ε(ω),expressed as65

	 𝜀𝜀 (𝜔𝜔) = 𝜀𝜀1 + 𝑖𝑖𝜀𝜀2� (11)

Fig. 7  Electron density difference maps of Cs2GeH6 and Cs2SnH6. Blue/red regions indicate electron density accumulation 
around hydrogen atoms, while depletion occurs at Ge/Sn and Cs centers, highlighting ionic Cs–H interactions and covalent 
M–H bonding.
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The real part, ε₁(ω), and the imaginary part, ε2 (ω), describe the dispersive and absorptive properties of the mate-
rial, respectively, and were evaluated using established formulas reported in the literature. To maintain absolute 
internal consistency with electronic structures, the optical properties were systematically evaluated using the 
high-level HSE06 hybrid functional alongside the standard GGA-PBE and LDA approximations67.

The real component of the dielectric function, ε₁(ω), characterizes the dispersive properties of the material 
and quantifies its ability to polarize and store electric energy under an external electromagnetic field. Figure 8a,c 
display the energy-dependent ε₁(ω) for Cs2GeH6 and Cs2SnH6. For both materials, ε₁ exhibits high values in the 
low-energy region and gradually decreases with increasing photon energy, reflecting the typical behavior of wide-
band-gap semiconductors. Under the HSE06 hybrid functional framework, the corrected, wider electronic band 
gaps result in a predictable, slight decrease in the static electronic polarizability compared to the semi-local GGA 
and LDA calculations. A pronounced minimum occurs near 9–10 eV, after which ε₁ slightly increases at higher 
energies. In the low-energy interval, Cs2SnH6 consistently shows a stronger dielectric screening response than 
Cs2GeH6 under HSE06, matching its lower hybrid band gap (2.18 eV vs. 2.41 eV), indicating stronger dielectric 
screening and greater electronic polarizability. This enhanced response results from the higher atomic density of 
Sn and the associated redistribution of electronic charge, which facilitates increased polarization under optical 
excitation. At higher photon energies (above 9 eV), the ε₁ curves for both compounds converge, suggesting that 
the dielectric response in this regime is less influenced by the choice of B-site cation, as electronic transitions 
occur far from the valence-band region.

The imaginary component of the dielectric function, ε2(ω), which reflects optical absorption resulting from 
interband electronic transitions, is shown in Fig. 8b,d. Both compounds show a clear absorption onset that is 
directly related to their fundamental band gaps. When the HSE06 hybrid functional is used instead of the con-
ventional GGA/LDA approach, the absorption onset of ε2(ω) shifts to higher photon energies (blue shift). This 
change improves the prediction of the absorption edge by correcting the underestimation of the band gap obtained 
with GGA/LDA. According to the HSE06 results, Cs2SnH6 begins to absorb light at a lower photon energy than 
Cs2GeH6, which is consistent with their direct electronic transitions at the Γ point. After the absorption edge, sev-
eral strong peaks appear due to electronic transitions from the valence band to the conduction band. In the low-
energy region (about 4–6 eV), both compounds show high ε2 peak values, indicating strong interaction between 
light and the materials. Near 9–10 eV, Cs2GeH6 shows a slightly higher ε2 response, suggesting differences in 
conduction band dispersion between the two compounds. At photon energies above 15 eV, the ε2 spectra for both 
materials converge, indicating that high-energy optical excitations are largely independent of compositional dif-
ferences and are determined by deeper electronic states.

The dielectric response demonstrates that Cs2SnH6 possesses superior optical and dielectric properties in the 
low- to mid-energy range compared to Cs2GeH6, while both materials display similar behavior at higher energies. 
The enhanced dielectric strength and absorption observed in the Sn-based hydride are attributed to its greater 
electronic polarizability and modified band structure, highlighting its potential for applications in visible-light-
driven photovoltaic and optoelectronic technologies.

Figure 9a–d depict the frequency-dependent refractive index, n(ω), and extinction coefficient, k(ω), of Cs2GeH6 
and Cs2SnH6, providing comprehensive insight into their optical characteristics. The refractive index is a fun-
damental parameter for evaluating the applicability of materials in optoelectronic devices, as higher n(ω) values 
strengthen light–matter interaction, enhance optical confinement, and can improve overall device efficiency68. 
An ideal operating spectral window is typically characterized by a large refractive index accompanied by a low 
extinction coefficient, ensuring strong light propagation with minimal optical losses. In the low-energy region, 
both compounds exhibit relatively high n(ω) values, with Cs2SnH6 consistently showing a stronger response 
than Cs2GeH6, particularly around 4–5 eV, indicating enhanced electronic polarizability. As the photon energy 
increases, n(ω) decreases gradually for both systems, displaying normal dispersion behavior, followed by a pro-
nounced minimum near 9–10 eV and a slight recovery at higher energies. These similar trends observed along 
different polarization directions confirm the nearly isotropic optical nature of the cubic structures. The extinction 
coefficient, which represents the attenuation of light within the material, remains negligible at very low photon 
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Fig. 8  Dielectric functions of Cs2GeH6 and Cs2SnH6. (a,b) Real (ε₁) and imaginary (ε2) parts calculated using HESO6; (c,d) 
Real and imaginary parts calculated using GGA and (e,d) Real (ε₁) and imaginary (ε2) parts calculated using LDA
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energies, signifying optical transparency below the absorption edge, and increases sharply across the visible-
to-near-UV region, reflecting the onset of interband electronic transitions. Under the HSE06 hybrid functional 
framework, the onset of k(ω) exhibits a distinct blue shift relative to standard LDA/GGA predictions, aligning per-
fectly with the corrected fundamental electronic band gaps. The spectral profile of k(ω) closely follows that of the 

Fig. 9  Frequency-dependent refractive index 𝑛𝑛𝑛𝜔𝜔) and extinction coefficient 𝑘𝑘𝑘𝜔𝜔) of Cs2GeH6 and Cs2SnH6 using HESO6 
(a,b),GGA (c,d) and LDA (e,f)
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imaginary part of the dielectric function, ε2(ω), confirming that optical absorption is governed by the same elec-
tronic transitions responsible for dielectric losses. In this region, Cs2SnH6 exhibits higher k(ω) values, indicating 
stronger absorption and enhanced light–matter coupling, whereas Cs2GeH6 shows comparatively weaker attenu-
ation. Since both the refractive index and extinction coefficient are directly derived from the real and imaginary 
components of the dielectric function, ε₁(ω) and ε2(ω), their behavior reflects the underlying electronic structure 
of the materials. Additionally, the frequency-dependent optical conductivity, expressed as σ(ω) = σ₁(ω) + iσ2(ω), 
further complements this analysis by describing the dissipative and reactive response of charge carriers under 
optical excitation. Overall, the combined refractive index, extinction coefficient, dielectric, and conductivity 
results demonstrate that Cs2SnH6 offers a stronger low-energy optical response, while both compounds main-
tain stable and predictable behavior at higher photon energies, highlighting their suitability for broad-spectrum 
visible-light harvesting, thin-film photovoltaics, and dielectric-related optoelectronic applications.

Figure 10 presents a detailed analysis of the optical response of Cs2GeH6 and Cs2SnH6, including calculated 
optical conductivity, absorption coefficient, reflectivity, and energy loss function as functions of incident photon 
energy, using the LDA, GGA-PBE, and HSE06 hybrid exchange–correlation functionals. Figure 10a,b show that 
the optical conductivity σ(ω) remains nearly zero at low photon energies, confirming the absence of free-carrier 
contributions and the wide-band-gap semiconducting nature of both materials. A sharp increase in σ(ω) marks the 
onset of interband electronic transitions and directly corresponds to the optical band gap. Under the GGA approx-
imation, the main conductivity peak appears between 5.5 and 7.0 eV, reaching a maximum of about 3.0 fs⁻1. In 
contrast, the LDA results consistently exhibit a red shift, with the primary peak at lower energies (5.0 to 6.0 eV) 
and slightly higher intensities (approximately 3.4 fs⁻1). The red shift observed in the LDA results is mainly due to 
its tendency to underestimate the electronic band gap. In contrast, the HSE06 hybrid functional provides a more 
accurate band gap, causing the optical conductivity onset to shift toward higher photon energies (blue shift). The 
optical conductivity starts near the calculated band gaps of 2.41 eV for Cs2GeH6 and 2.18 eV for Cs2SnH6, indi-
cating the minimum energy required for electronic transitions from the valence band to the conduction band. In 
all computational approaches, replacing Ge with Sn increases the optical conductivity and shifts spectral features 
to lower energies, indicating a higher probability of electronic transitions in Cs2SnH6 due to its reduced band gap.

The optical absorption coefficient, α(ω), shown in Fig. 10c,d, further supports these results. Both compounds 
show very low absorption below the fundamental absorption edge. Once the photon energy reaches the band gap, 
the absorption coefficient increases rapidly across the visible to near-ultraviolet (UV) region due to the onset of 
interband electronic transitions. Compared with the GGA and LDA results, the HSE06 hybrid functional shifts 
the absorption edge toward higher photon energies (blue shift), which is consistent with the more accurate band 
gap values predicted by HSE06. LDA calculations consistently produce a red shift in the absorption spectra rela-
tive to GGA due to band gap underestimation. Crucially, under the accurate HSE06 description, Cs2SnH6 displays 
its absorption onset at a lower photon energy (2.18 eV) than Cs2GeH6 (2.41 eV). This confirms that the Sn-based 
material possesses a narrower fundamental gap under the hybrid functional framework and initiates visible-light 
harvesting earlier. In the GGA results, the main absorption peak for Cs2GeH6 reaches approximately 1.75 × 105 
a.u. near 9.8 eV, with a secondary peak around 14 eV. In the LDA results, the primary peak shifts to about 9.5 eV 
with a slightly higher intensity of nearly 1.85 × 105 a.u. Although the absolute peak positions and intensities vary 
with the functional, the relative ordering remains unchanged, with the hybrid functional confirming the enhanced 
capacity of the Sn-based material for low-energy, visible-light absorption.

Figure 10e,f display the reflectivity spectra R(ω) for both materials. The reflectance remains moderate across 
the studied energy range, consistent with semiconducting behavior. A systematic red shift is again observed in the 
LDA data compared to GGA. Cs2SnH6 exhibits higher reflectivity than Cs2GeH6 throughout the main reflective 
region (5 to 12 eV), with a pronounced maximum near 10 eV reaching about 0.29 in the GGA calculation. This 
increased reflectivity in the Sn-based compound results from its higher refractive index, which is directly linked 
to its smaller band gap and enhanced dielectric response.

The energy loss function L(ω), depicted in Fig. 10g,h, characterizes collective electron excitations and plas-
monic effects. Distinct peaks in L(ω) represent plasmon resonance energies, which shift to lower energies in the 
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LDA calculations compared to GGA due to the underestimation of the band gap. In contrast, the HSE06 hybrid 
functional shifts these energy-loss peaks toward higher photon energies (blue shift). This shift results from the 
more accurate description of the electronic structure provided by HSE06 and indicates a higher energy threshold 
for collective electronic excitations. Cs2SnH6 displays its main plasmon peak at a lower energy, around 11 eV, 
indicating that replacing Ge with the heavier Sn cation softens the plasmonic response and alters the high-fre-
quency dielectric properties. a trend that remains fully consistent across all functional approximations including 

Fig. 10  Optical properties of Cs2GeH6 and Cs2SnH6: optical conductivity σ(ω) (a–c), absorption coefficient α(ω) (d–f), 
reflectivity R(ω) (g–i), and energy loss function L(ω) (j–l) calculated using HESO6, GGA and LDA.
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the high-level HSE06 hybrid method .In contrast, Cs2GeH6 exhibits a higher maximum loss intensity, reaching 
about 2.0 near 16.5 eV in the GGA calculation, which suggests stronger collective electron oscillations at higher 
photon energies.

In summary, the combined analysis of optical conductivity, absorption, reflectivity, and energy loss spectra 
reveals two clear trends. First, the choice of exchange–correlation functional primarily shifts the absolute thresh-
olds of spectral features; while semi-local LDA calculations yield red shifts relative to GGA, the highly accu-
rate HSE06 hybrid functional framework systematically blue-shifts the absorption edges and optical features, 
perfectly correcting the electronic band gap underestimations. Second, substituting Ge with Sn significantly 
enhances the low-energy optical response, resulting in higher conductivity, greater absorption, increased reflec-
tivity, and lower plasmon energies. These results indicate that the heavier Sn cation reduces the optical band gap 
and increases electronic polarizability, thereby strengthening light–matter interactions at lower photon energies, 
In contrast, Cs2GeH6 shows a stronger optical response at higher photon energies. The HSE06 results also con-
firm that, although the optical spectra shift to higher energies compared with the GGA and LDA results, both 
materials maintain strong visible-light absorption. These findings suggest that Cs2GeH6 and Cs2SnH6 are promis-
ing materials for photovoltaic and optoelectronic applications.

To place 𝐶𝐶𝐶𝐶2𝐺𝐺𝐺𝐺𝐺𝐺6 and 𝐶𝐶𝐶𝐶2𝑆𝑆𝑆𝑆𝑆𝑆6 in context, we compare them with well-known perovskite systems. Lead-halide 
perovskites such as 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶3 show excellent optoelectronic properties but suffer from toxicity and structural insta-
bility69,70. In contrast, complex metal hydrides such as 𝐵𝐵𝐵𝐵2𝑀𝑀𝑀𝑀𝑀𝑀6 usually have wide band gaps (> 3.5 eV), which 
limits their use in optoelectronic devices and makes them more suitable for hydrogen storage applications71.

The present vacancy-ordered double perovskite hydrides overcome these limitations by balancing stability, 
toxicity-free composition, and suitable electronic properties. Standard GGA functionals underestimate the band 
gap72, while HSE06 gives improved values of 2.41 eV for 𝐶𝐶𝐶𝐶2𝐺𝐺𝐺𝐺𝐺𝐺6 and 2.18 eV for 𝐶𝐶𝐶𝐶2𝑆𝑆𝑆𝑆𝑆𝑆6. These values fall in a 

Fig. 10  (continued)
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useful range for visible-light absorption. In addition, their relatively low Young’s moduli indicate better mechani-
cal flexibility compared to rigid halide perovskites, which is useful for flexible device applications73.

Thermodynamic properties and lattice dynamics

Thermodynamic and lattice-dynamical properties are fundamental to assessing the stability, reliability, and prac-
tical applicability of functional materials under realistic operating conditions. In particular, temperature-depen-
dent thermodynamic quantities offer valuable insight into lattice stability, vibrational behavior, and long-term 
performance, all of which are critical factors for optoelectronic and energy-related device applications74,75. In 
this work, the thermodynamic behavior of the lead-free double perovskite hydrides Cs2GeH6 and Cs2SnH6 is 
investigated using phonon-derived quantities, including the phonon density of states (DOS), Debye temperature 
(θᴰ), constant-volume heat capacity (Cv), entropy (S), enthalpy (H), and Gibbs free energy (G).

The phonon density of states, as shown in Fig. 2e, provides clear evidence of the dynamical stability of both 
compounds. The complete absence of imaginary phonon frequencies indicates that the optimized crystal struc-
tures correspond to true minima on the potential energy surface76. The low-frequency region of the phonon spec-
trum is dominated by acoustic modes arising from vibrations of the heavier Cs and Ge/Sn atoms, which primarily 
govern the elastic and mechanical response of the lattice. In contrast, the high-frequency optical modes originate 
from localized vibrations of the light hydrogen atoms within the MH6 octahedra, consistent with the large mass 
difference between constituent elements. A noticeable phonon softening is observed when transitioning from 

Fig. 10  (continued)
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Cs2GeH6 to Cs2SnH6, manifested as a redshift of vibrational modes in the phonon spectrum. This behavior is 
attributed to the larger atomic mass of Sn relative to Ge and reflects enhanced lattice flexibility in the Sn-based 
hydride. Such lattice softening can influence electron–phonon interactions, which are known to affect charge-
carrier transport and optoelectronic performance77,78.

The lattice rigidity and overall bonding strength are characterized by the Debye temperature (θD), as shown 
in Fig. 11d. The Debye temperature is a fundamental thermodynamic parameter describing lattice vibrations, 
including the temperature dependence of specific heat and intrinsic thermal stability79. For both compounds, θD 
increases with temperature due to the activation of higher-energy vibrational modes. Notably, Cs2GeH6 exhibits 
a higher Debye temperature than Cs2SnH6, indicating stronger bonding and a stiffer lattice framework in the Ge-
based hydride. From a thermal transport perspective, the lattice thermal conductivity is proportional to the cube 
of the Debye temperature (κL ∝ θD3) according to Slack’s formulation, indicating higher heat dissipation capabil-
ity for Cs2GeH6. Since room temperature (300 K) is below θD, lattice dynamics are dominated by low-frequency 
acoustic phonons, where Umklapp scattering is reduced, leading to longer phonon mean free paths and efficient 
thermal transport. Materials with higher Debye temperatures generally show greater resistance to thermal defor-
mation, which is beneficial for optoelectronic devices under thermal cycling conditions79.

The thermal energy storage behavior is described by the constant-volume heat capacity (Cv), shown in Fig. 11c, 
which arises primarily from lattice vibrations. At low temperatures, Cv follows the characteristic Debye T3 law, 
reflecting the dominance of acoustic phonon modes. With increasing temperature, Cv gradually approaches the 

Fig. 11  Thermodynamic and lattice-dynamical properties of Cs2GeH6 and Cs2SnH6: (a,b) temperature dependence of 
enthalpy, Gibbs free energy, and entropy, (c) constant-volume heat capacity Cv(T), (d) Debye temperature θᴰ(T), and
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classical Dulong–Petit limit (3nR), corresponding to the saturation of vibrational degrees of freedom and the 
reduced validity of the harmonic approximation81 The phonon-based heat capacity can be expressed as82–85:

	
𝐶𝐶𝑉𝑉 (𝑇𝑇) = 𝑘𝑘𝐵𝐵

∞

∫
0

( ℏ𝜔𝜔
𝑘𝑘𝐵𝐵𝑇𝑇

)
2 𝑒𝑒ℏ𝜔𝜔/𝑘𝑘𝐵𝐵𝑇𝑇

(𝑒𝑒ℏ𝜔𝜔/𝑘𝑘𝐵𝐵𝑇𝑇1)2
𝑔𝑔 (𝜔𝜔) 𝑑𝑑𝜔𝜔� (12)

where 𝑔𝑔𝑔𝜔𝜔) is the phonon density of states. This behavior highlights the ability of both hydrides to efficiently 
absorb and dissipate thermal energy, an important factor for maintaining device stability and performance.

Entropy (S), which arises from thermally induced atomic disorder, increases monotonically with temperature 
for both compounds, reflecting enhanced vibrational activity within the lattice86. The phonon-derived entropy can 
be written as87:

	
𝑆𝑆 (𝑇𝑇) = 𝑘𝑘𝐵𝐵

∞

∫
0

[ ℏ𝜔𝜔/𝑘𝑘𝐵𝐵𝑇𝑇
𝑒𝑒ℏ𝜔𝜔/𝑘𝑘𝐵𝐵𝑇𝑇 − 1 − ln (1𝑒𝑒−ℏ𝜔𝜔/𝑘𝑘𝐵𝐵𝑇𝑇)] 𝑔𝑔 (𝜔𝜔) 𝑑𝑑𝜔𝜔� (13)

The enthalpy (H) also increases steadily with temperature as thermal energy is absorbed by the lattice. The overall 
thermodynamic stability of the systems is ultimately determined by the Gibbs free energy, defined as:

	 𝐺𝐺𝐺𝐺𝐺𝐺 𝐺 𝐺𝐺𝐺𝐺𝐺𝐺 𝐺 𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺� (14)

As shown in Fig. 11a,b, the Enthalpy, Entropy, and Gibbs free energy are plotted as a function of temperature. 
The Gibbs free energy decreases monotonically with increasing temperature for both Cs2GeH6 and Cs2SnH6, 
indicating thermodynamic favorability and spontaneous stability over the investigated temperature range. This 
continuous reduction in free energy confirms that both materials remain energetically stable at elevated tempera-
tures, supporting their potential for long-term integration into hydrogen-based energy systems and optoelectronic 
architectures.

Conclusions

In this work, we performed systematic first-principles calculations to study the structural, electronic, opti-
cal, thermodynamic, and mechanical properties of the lead-free vacancy-ordered double perovskite hydrides 
Cs2GeH6 and Cs2SnH6.Structural analysis confirmed that both compounds are thermodynamically, dynamically, 
and mechanically stable in the cubic Fm3m phase. This is supported by negative formation energies and the 
complete absence of imaginary phonon modes. Electronic structure calculations revealed that both hydrides are 
direct-band-gap semiconductors at the Γ-point, with PBE-calculated gaps of 1.60 eV (Cs2GeH6) and 1.80 eV 
(Cs2SnH6), making them suitable for visible-light optoelectronic applications. Furthermore, the HSE06 hybrid 
functional provides corrected fundamental band gap values of 2.41 eV for Cs2GeH6 and 2.18 eV for Cs2SnH6, 
offering a more accurate and rigorous description of the electronic transitions. Bonding analysis, including Mul-
liken population and electron density difference maps, showed a mixed ionic–covalent character, dominated by 
strong metal–hydrogen interactions within the [MH6]2⁻ octahedra. Optical properties were analyzed through opti-
cal conductivity, absorption, reflectivity, and energy loss spectra. Two main trends were observed: (i) the choice 
of exchange–correlation functional mainly shifts the spectral positions, with LDA giving red shifts compared to 
GGA, while the high-level HSE06 functional systematically corrects these thresholds via a predictable blue shift 
that perfectly mirrors the updated electronic band gaps and (ii) substituting Ge with Sn enhances the low-energy 
optical response, leading to higher conductivity, stronger absorption, increased reflectivity, and lower plasmon 
energies. This makes Cs2SnH6 especially promising for optoelectronic devices.Mechanical properties, calculated 
from elastic constants and derived parameters (B, G, E, ν, H), indicate that Cs2GeH6 is stiffer, while Cs2SnH6 is 
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softer, which allows it to accommodate strain in thin-film devices. ELATE analysis shows that both compounds 
exhibit near-isotropic elastic behavior, ensuring uniform electronic and optical responses and structural resil-
ience under mechanical and thermal stress.Thermodynamic modeling confirmed thermal stability up to 1000 K, 
with Cs2GeH6 showing higher lattice rigidity as seen from its Debye temperature. The monotonic decrease in 
Gibbs free energy across the temperature range further highlights energetic favorability and device applicability.
Overall, Cs2GeH6 and Cs2SnH6 are structurally robust, thermally stable, and mechanically resilient, with tunable 
electronic and optical properties. The enhanced low-energy optical response of Cs2SnH6, together with elastic 
and thermal stability, makes both hydrides promising candidates for next-generation lead-free perovskite-based 
photovoltaic and optoelectronic technologies. The present findings are based on first-principles calculations, and 
future experimental studies are needed to validate the predicted properties of these hydride perovskites.

Acknowledgements  The authors are grateful for the support from the Scientific Grant Agency VEGA (02/0083/24). The 
authors are thankful to the Deanship of Graduate Studies and Scientific Research at the University of Bisha for supporting 
this work through the Fast-Track Research Support Program.

Author contributions  Zeshan Ahmed: Conceptualization, Methodology, DFT Calculation, Formal analysis, Visualization, 
Writing—review & editing, Supervision. Salih Nawaz: Investigation, Data curation, Formal analysis, Writing—original 
draft. Abdullatif Hakami: Supervision, Validation, Formal analysis, Project Administration. Sanam Bashir: Review & edit-
ing. Funding acquisition, Resources Sunila Bakhs: Writing—review & editing. Mohamed Yusuf: Data curation, Writing—
review & editing. Rageh K. Hussein: Conceptualization, Writing – review & editing.

Data availability  The data that support the findings of this study are available from the corresponding author upon reason-
able request.

Declarations

Competing interests  The authors declare no competing interests.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use, 
sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The 
images or other third party material in this article are included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in the article’s Creative Commons licence and your 
intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly 
from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

	 1.	Graetz, J. New approaches to hydrogen storage. Chem. Soc. Rev. 38, 73–82 (2009).
	 2.	Green, M. A. Commercial progress and challenges for photovoltaics. Nat. Energy https://doi.org/10.1038/nenergy.2015.15 

(2016).
	 3.	Snaith, H. J. Perovskites: The emergence of a new era for low-cost, high-efficiency solar cells. J. Phys. Chem. Lett. 4, 

3623–3630 (2013).
	 4.	Kojima, A., Teshima, K., Shirai, Y. & Miyasaka, T. Organometal halide perovskites as visible-light sensitizers for 

photovoltaic cells. J. Am. Chem. Soc. 131, 6050–6051 (2009).
	 5.	Shockley, W. & Queisser, H. Detailed balance limit of efficiency of p–n junction solar cells. Renew. Energy, Routledge2018, 

pp. Vol2_35-Vol32_54.
	 6.	Grätzel, M. The light and shade of perovskite solar cells. Nat. Mater. 13, 838–842 (2014).
	 7.	Park, N. G. Research direction toward scalable, stable, and high efficiency perovskite solar cells. Adv. Energy Mater. 10, 

1903106 (2020).
	 8.	Mitzi, D. B. Synthesis, structure, and properties of organic‐inorganic perovskites and related materials. Prog. Inorg. 

Chem. 1–121 (1999).
	 9.	Deng, X., Chen, J. & Luo, Q. Prediction of ABX3 perovskite crystal structure based on random forest algorithm. 

Multiscale Multidiscip. Model. Exp. Des. 9, 40. https://doi.org/10.1007/s41939-025-01098-2 (2026).

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1038/nenergy.2015.15
https://doi.org/10.1007/s41939-025-01098-2


Article in Press

Scientific Reports

https://doi.org/10.1038/s41598-026-70710-3

	10.	Murtaza, H. et al. Exploring the optoelectronic attributes, thermoelectric and photocatalytic potential of double perovskites 
Cs2BB’H6 (B= Al, Na and B’= Tl, In): A DFT study. Mater. Sci. Eng. B 301, 117171 (2024).

	11.	Tarekuzzaman, M. et al. DFT analysis of the physical properties of direct band gap semiconducting double perovskites 
A 2 BIrCl 6 (A= Cs, Rb; B= Na, K) for solar cells and optoelectronic applications. RSC Adv. 15, 13643–13661 (2025).

	12.	Husain, M. et al. The comparative investigations of structural, optoelectronic, and mechanical properties of AgBeX3 (X= 
F and Cl) metal halide-perovskites for prospective energy applications utilizing DFT approach. Opt. Quantum Electron. 
55, 920 (2023).

	13.	Yin, W.-J., Shi, T. & Yan, Y. Unique properties of halide perovskites as possible origins of the superior solar cell 
performance. Adv. Mater. 26, 4653–4658 (2014).

	14.	Bella, F. et al. Improving efficiency and stability of perovskite solar cells with photocurable fluoropolymers. Science 354, 
203–206 (2016).

	15.	Veldhuis, S. A. et al. Perovskite materials for light‐emitting diodes and lasers. Adv. Mater. 28, 6804–6834 (2016).
	16.	Qaid, S. M. et al. First-principles investigations on the structural, optoelectronic, mechanical and transport properties 

of new stable lead-free double perovskites Cs2BB′ I6 (B= Ag/Rb, B′= Bi/Ga) halides. Mater. Sci. Eng. B 301, 117176 
(2024).

	17.	Babayigit, A., Ethirajan, A., Muller, M. & Conings, B. Toxicity of organometal halide perovskite solar cells. Nat. Mater. 
15, 247–251 (2016).

	18.	Babayigit, A. et al. Assessing the toxicity of Pb-and Sn-based perovskite solar cells in model organism Danio rerio. Sci. 
Rep. 6, 18721 (2016).

	19.	Anderson, M. T., Greenwood, K. B., Taylor, G. A. & Poeppelmeier, K. R. B-cation arrangements in double perovskites. 
Prog. Solid State Chem. 22, 197–233 (1993).

	20.	Nelson, R. D. et al. Synthesis and optical properties of ordered-vacancy perovskite cesium bismuth halide nanocrystals. 
Chem. Commun. 54, 3640–3643 (2018).

	21.	Lei, L.-Z. et al. High-efficiency and air-stable photodetectors based on lead-free double perovskite Cs2AgBiBr6 thin 
films. J. Mater. Chem. C 6, 7982–7988 (2018).

	22.	Obada, D. O., Abolade, S. A., Ukpong, A. M. & Akande, A. Ab initio calculations of the properties of defective CsSnCl3: 
The role of anion-cation pair defect. Solid State Ionics 399, 116262 (2023).

	23.	Shao, S. et al. Highly reproducible Sn-based hybrid perovskite solar cells with 9% efficiency. Adv. Energy Mater. 8, 
1702019 (2018).

	24.	Hoefler, S. F., Trimmel, G. & Rath, T. Progress on lead-free metal halide perovskites for photovoltaic applications: A 
review. Monatsh. Chem. 148, 795–826 (2017).

	25.	Karim, M. M. et al. Anion distribution, structural distortion, and symmetry-driven optical band gap bowing in mixed 
halide Cs2SnX6 vacancy ordered double perovskites. Chem. Mater. 31, 9430–9444 (2019).

	26.	Li, Z. J. et al. Photoelectrochemically active and environmentally stable CsPbBr 3/TiO2 core/shell nanocrystals. Adv. 
Funct. Mater. 28, 1704288 (2018).

	27.	Jiang, G. et al. Highly luminescent and water-resistant CsPbBr 3–CsPb2Br5 perovskite nanocrystals coordinated with 
partially hydrolyzed poly (methyl methacrylate) and polyethylenimine. ACS Nano 13, 10386–10396 (2019).

	28.	Shi, W., Zhang, X., Matras-Postolek, K. & Yang, P. Mesoporous silica-coated CsPbX3 nanocrystals with high stability 
and ion-exchange resistance for bright white-emitting displays. ACS Appl. Nano Mater. 4, 9391–9400 (2021).

	29.	He, H. et al. Confinement of perovskite‐QDs within a single MOF crystal for significantly enhanced multiphoton excited 
luminescence. Adv. Mater. 31, 1806897 (2019).

	30.	Lin, H. et al. Epitaxial growth of lead‐free double perovskite shell for CsPbX3/Cs2SnX6 (X= Cl, Br, and I) core/shell 
perovskite nanocrystals with enhanced photoelectric properties and stability. Adv. Funct. Mater. 34, 2309480 (2024).

	31.	Perdew, J. P. & Wang, Y. Accurate and simple analytic representation of the electron-gas correlation energy. Phys. Rev. B 
45, 13244 (1992).

	32.	Perdew, J. P., Burke, K. & Ernzerhof, M. Generalized gradient approximation made simple. Phys. Rev. Lett. 77, 3865 
(1996).

	33.	Medasani, B., Haranczyk, M., Canning, A. & Asta, M. Vacancy formation energies in metals: A comparison of MetaGGA 
with LDA and GGA exchange–correlation functionals. Comput. Mater. Sci. 101, 96–107 (2015).

	34.	García-Fernández, P., Ghosh, S., English, N. J. & Aramburu, J. Benchmark study for the application of density functional 
theory to the prediction of octahedral tilting in perovskites. Phys. Rev. B Condensed Matter Mater. Phys. 86, 144107 
(2012).

	35.	Borlido, P. et al. Exchange-correlation functionals for band gaps of solids: Benchmark, reparametrization and machine 
learning. Npj Comput. Mater. 6, 96 (2020).

	36.	Arrigoni, M. & Madsen, G. K. Comparing the performance of LDA and GGA functionals in predicting the lattice thermal 
conductivity of III-V semiconductor materials in the zincblende structure: The cases of AlAs and BAs. Comput. Mater. 
Sci. 156, 354–360 (2019).

	37.	Nakamura, M. et al. Sn-based perovskite with a wide visible-light absorption band assisted by hydride doping. Chem. 
Mater. 33, 3631–3638 (2021).



Article in Press

Scientific Reports

https://doi.org/10.1038/s41598-026-70710-3

	38.	Lee, M. M., Teuscher, J., Miyasaka, T., Murakami, T. N. & Snaith, H. J. Efficient hybrid solar cells based on meso-
superstructured organometal halide perovskites. Science 338, 643–647 (2012).

	39.	Nakamura, M. et al. Synthesis of hydride-doped perovskite stannate with visible light absorption capability. Inorg. Chem. 
61, 6584–6593 (2022).

	40.	Clark, S. J. et al. First principles methods using CASTEP. Z. Kristallogr. Cryst. Mater. 220, 567–570 (2005).
	41.	Azzouz-Rached, A., et al. Assessing structural, thermomechanical, and transport properties of FeNbZ (Z= P, As) half-

Heuslers for thermoelectric devices via DFT calculations: A Azzouz-Rached et al. Indian J. Phys. 1–15 (2026).
	42.	Monkhorst, H. J. & Pack, J. D. Special points for Brillouin-zone integrations. Phys. Rev. B 13, 5188 (1976).
	43.	Cherif, H. S. et al. Computational determination of structural, electronic, magnetic and thermodynamic properties of 

Co2HfZ (Z= Al, Ga, Si and Sn) full Heusler compounds for spintronic applications. J. Alloys Compd. 894, 162503 
(2022).

	44.	Baroni, S., De Gironcoli, S., Dal Corso, A. & Giannozzi, P. Phonons and related crystal properties from density-functional 
perturbation theory. Rev. Mod. Phys. 73, 515 (2001).

	45.	Mesbout, R., Bentouaf, A. & Aïssa, B. Thermoelectric potential of osal2 chimney laddercompound: A theoretical 
investigation. J. Supercond. Nov. Magn. 34(4), 1215–1223 (2021).

	46.	Boudrifa, O. et al. Structural, electronic, optical and elastic properties of the complex K2PtCl6-structure hydrides A 
RuH6 (A= Mg, Ca, Sr and Ba): First-principles study. Philos. Mag. 96, 2328–2361 (2016).

	47.	Luo, J., Wei, Q., Wang, X., Zhang, M. & Wei, B. A first-principles investigation of the structural, electronic, optical, and 
mechanical properties of hydrogen storage ordered vacancy double perovskite X2MH6 materials. Nanomaterials 15, 
1339. https://doi.org/10.3390/nano15171339 (2025).

	48.	Mes-Adi, H. et al. First-principles insights into the physical properties of the complex halide double perovskite materials 
Rb2InSbX6 (X= Cl, F). J. Inorg. Organomet. Polym. Mater. https://doi.org/10.1007/s10904-025-03607-9 (2025).

	49.	Pugh, S. Relations between the elastic moduli and the plastic properties of polycrystalline pure metals. Lond. Edinb. 
Dublin Philos. Mag. J. Sci. 45, 823–843 (1954).

	50.	Ullah, H. & Khalid, S. Exchange interactions, half metallic ferromagnetism, mechanical, thermal and magneto-electronic 
properties of full Heusler alloys Co2YGe (Y= Mn, Fe) for acoustical and spintronic devices. Phys. B Condens. Matter 
615, 413060 (2021).

	51.	Chen, X.-Q., Niu, H., Li, D. & Li, Y. Modeling hardness of polycrystalline materials and bulk metallic glasses. 
Intermetallics 19, 1275–1281 (2011).

	52.	Fine, M., Brown, L. & Marcus, H. Elastic constants versus melting temperature in metals. Scr. Metall. 18, 951–956 
(1984).

	53.	Luo, J., Zhang, M., Jia, X. & Wei, Q. Stable structures and properties of Ru2Al5. Chin. Phys. B 34, 016301. ​h​t​t​p​s​:​/​/​d​o​i​.​
o​r​g​/​1​0​.​1​0​8​8​/​1​6​7​4​-​1​0​5​6​/​a​d​9​2​f​e​​​​ (2025).

	54.	Wei, Q. et al. Crystal structures, mechanical properties, and electronic structure analysis of ternary FeCrAl alloys. Phys. 
Lett. A 533, 130228. https://doi.org/10.1016/j.physleta.2025.130228 (2025).

	55.	Qin, X. et al. Theoretical study of gas sensing toward acetone by a single-atom transition metal (Sc, Ti, V, and Cr)-doped 
InP3 monolayer. ACS Omega 9(45), 45059–45067 (2024).

	56.	Gaillac, R., Pullumbi, P. & Coudert, F.-X. ELATE: An open-source online application for analysis and visualization of 
elastic tensors. J. Phys. Condens. Matter 28, 275201 (2016).

	57.	Ullah, H. et al. Crystal field splitting, structural, mechanical, electronic, and magnetic properties of spinel-type structure 
compounds NiRh2S4 and RhNi2S4. J. Supercond. Nov. Magn. 35, 3623–3634. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​0​0​7​/​s​1​0​9​4​8​-​0​2​2​-​0​6​4​0​
6​-​2​​​​ (2022).

	58.	Ullah, H. et al. Mechanical, electronic and magnetic properties of Sm-based perovskite-type oxides SmMO3 (M = V, Fe 
and Co): An ab initio study. Indian J. Phys. 89, 1133–1142. https://doi.org/10.1007/s12648-015-0690-z (2015).

	59.	Mishra, K. K. Exploring the physical, electrical and optical properties of Cs2LiInBr 6 perovskite: An extensive study 
utilizing DFT based GGA-PBE and HSE06 functionals. Braz. J. Phys. 55, 31. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​0​0​7​/​s​1​3​5​3​8​-​0​2​4​-​0​1​6​5​
3​-​1​​​​ (2025).

	60.	Hao, Y., et al. Characteristics of carrier localization and their effects on minority carrier lifetime in InAs/In0. 5Ga0. 5As0. 
5Sb0. 5 type II superlattices. Appl. Phys. Lett. 127(8) (2025).

	61.	Li, W., Zulkafli, N. M. A., Mamat, M. H. & Yaakob, M. K. Revisiting the effects of spin-orbit coupling and dispersion 
correction on the structural and electronic properties of APbI3 (A= MA, FA) halide perovskite. Physica B 704, 417075. 
https://doi.org/10.1016/j.physb.2025.417075 (2025).

	62.	Tao, S. X., Cao, X. & Bobbert, P. A. Accurate and efficient band gap predictions of metal halide perovskites using the 
DFT-1/2 method: GW accuracy with DFT expense. Sci. Rep. 7, 14386 (2017).

	63.	Manzar, A. et al. Electronic band profile and optical response of spinel MgIn2O4 through modified Becke—Johnson 
potential. Chin. Phys. Lett. 30(6), 067401 (2013).

	64.	Prelovšek, P. & Perdew, J. P. Reduced-Gradient Analysis for the Density Functional Theory of Electronic Structure.
	65.	Ahmed, Z. et al. Visible-light absorption and band gap engineering in Ni–Ta co-doped anatase TiO2: A DFT study. Int. 

J. Mod. Phys. B 40(17), 2650167 (2026).

https://doi.org/10.3390/nano15171339
https://doi.org/10.1007/s10904-025-03607-9
https://doi.org/10.1088/1674-1056/ad92fe
https://doi.org/10.1088/1674-1056/ad92fe
https://doi.org/10.1016/j.physleta.2025.130228
https://doi.org/10.1007/s10948-022-06406-2
https://doi.org/10.1007/s10948-022-06406-2
https://doi.org/10.1007/s12648-015-0690-z
https://doi.org/10.1007/s13538-024-01653-1
https://doi.org/10.1007/s13538-024-01653-1
https://doi.org/10.1016/j.physb.2025.417075


Article in Press

Scientific Reports

https://doi.org/10.1038/s41598-026-70710-3

	66.	Ayub, M. N. et al. Recent advances on hydrogen generation based on inorganic metal oxide nano-catalyst using water 
electrolysis approach. Rev. Inorg. Chem. 45, 77–104 (2025).

	67.	Eberle, B., Hübner, O., Ziesak, A., Kaifer, E. & Himmel, H. J. What makes a strong organic electron donor (or acceptor)?. 
Chem. A Eur. J. 21, 8578–8590 (2015).

	68.	Haq, I. U. et al. First-principles investigation of optoelectronic structure and thermodynamic properties of Ruddlesden–
Popper halide perovskites for optoelectronic applications. J. Inorg. Organomet. Polym. Mater. 35, 930–943 (2025).

	69.	Pandit, N. et al. Study of chalcogenide-based metal perovskites BaZrX3 (X= S and Se): DFT insight into fundamental 
properties for sustainable energy generation using AMPS-1D. J. Comput. Electron. 23, 1014–1028 (2024).

	70.	Green, M. A. & Ho-Baillie, A. Perovskite solar cells: The birth of a new era in photovoltaics. ACS Energy Lett. 2(4), 
822–830 (2017).

	71.	Babayigit, A. et al. Assessing the toxicity of Pb-and Sn-based perovskite solar cells in model organism Danio rerio. Sci. 
Rep. 6(1), 18721 (2016).

	72.	Luo, J. et al. A first-principles investigation of the structural, electronic, optical, and mechanical properties of hydrogen 
storage ordered vacancy double perovskite X2MH6 materials. Nanomaterials 15(17), 1339 (2025).

	73.	Suchanicz, J. et al. Thermal and electric field induced phase transitions of Na0.5Bi0.5TiO3 single crystals. J. Alloys Compd. 
911, 165104 (2022).

	74.	Maughan, A. E. et al. Perspectives and design principles of vacancy-ordered double perovskite halide semiconductors. 
Chem. Mater. 31(4), 1184–1195 (2019).

	75.	Ullah, H. et al. Mechanical and magneto-electronic properties of europium lanthanide-based cubic perovskites EuYO3 
(Y= Cr, Mn, Fe): An ab initio study. J. Rare Earths 42(3), 562–569 (2024).

	76.	Apu, R. S. et al. Pressure-induced physical and optoelectronic properties of noble Cs2HfInBr 6 for enhanced solar energy 
harvesting. Int. J. Energy Res. 2025, 9913604 (2025).

	77.	Bahhar, S. et al. DFT+U screening of the physical properties of XWO3 (X= Sr, Cd) perovskite oxides. Phys. B Condens. 
Matter https://doi.org/10.1016/j.physb.2025.417304 (2025).

	78.	Moin, M. et al. Pressure-induced modifications in the electronic, mechanical, optical, and thermodynamic properties of 
CsPbI3 for advanced optoelectronic applications: A DFT study. Results Phys. 70, 108150. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​0​1​6​/​j​.​r​i​n​p​.​
2​0​2​5​.​1​0​8​1​5​0​​​​ (2025).

	79.	Riaz, M., Ali, S. M., Bano, N., Ali, S. D. & Shakoori, M. A. DFT insights into multifaceted properties of GaCaX3 (X= Cl, 
Br, I) inorganic cubic halide perovskites for advanced optoelectronic applications. Comput. Theor. Chem. 1243, 114993 
(2025).

	80.	Ziani, H., Gueddim, A. & Bouarissa, N. Temperature dependence of structural, elastic and thermodynamic properties of 
X2PtH6 (X= Li and Na) from first principles calculation. Phys. B Condens. Matter 703, 417020 (2025).

	81.	Fiorentino, A., Pegolo, P., Baroni, S. & Donadio, D. Effects of colored disorder on the heat conductivity of SiGe alloys 
from first principles. Phys. Rev. B 111, 134205 (2025).

	82.	Abir, F. M. & Shin, D. Specific heat capacity of solar salt-based nanofluids: Molecular dynamics simulation and 
experiment. Materials 17, 506 (2024).

	83.	Yasin, S. et al. Magnetism, optoelectronic, and thermoelectric properties of RELi2X2 (RE= Ce, Pr; C= P, As) rare earth 
Zintl semiconductors for optoelectronic and waste heat recovery applications. Opt. Quantum Electron. 58(4), 184 (2026).

	84.	Song, T. et al. Renewing fundamental understanding of ionic transport in inorganic crystalline solid‐state electrolytes 
from the perspective of lattice dynamics. Adv. Energy Mater. 14, 2302440 (2024).

	85.	Ahmad, R. B. et al. Pressure-dependent band gap engineering with structural, electronic, mechanical, optical, and thermal 
properties of CsPbBr3: First-principles calculations. J. Mol. Model. 30, 270 (2024).

	86.	Meitz, E. J., Wang, G. J. & McGaughey, A. J. Phonon mode resolved anharmonic heat capacity of solids. Phys. Rev. B 
111, 064305 (2025).

	87.	Gaskell, D. R. & Laughlin, D. E. Introduction to the Thermodynamics of Materials (CRC Press, 2024).

Publisher's note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional 
affiliations.

Authors and Affiliations

Salih Nawaz1 · Zeshan Ahmed1 · Abdullatif Hakami2 · Sanam Bashir3 · Sunila Bakhsh4 · 
Mohamed Yusuf5  · Rageh K. Hussein6

	 Mohamed Yusuf
myusuf@njala.edu.sl

https://doi.org/10.1016/j.physb.2025.417304
https://doi.org/10.1016/j.rinp.2025.108150
https://doi.org/10.1016/j.rinp.2025.108150
https://orcid.org/0009-0006-1237-9531
mailto:myusuf@njala.edu.sl


Article in Press

Scientific Reports

https://doi.org/10.1038/s41598-026-70710-3

1	 Department of Physics, Kohat University of Science and Technology, Kohat, Khyber Pakhtunkhwa 26000, Pakistan
2	 Department of Electrical Engineering, College of Engineering, University of Bisha, P.O. Box 551, 61922 Bisha, 

Saudi Arabia
3	 Institute of Inorganic Chemistry, Slovak Academy of Sciences, Dúbravská Cesta 9, 845 36 Bratislava, Slovakia
4	 Balochistan University of Information Technology, Engineering and Management Science, Quetta 8700, Pakistan
5	 Department of Peace and Development Studies, Njala University, Campus–18, Bo, Sierra Leone
6	 Physics Department, College of Science, Imam Mohammad Ibn Saud Islamic University (IMSIU), 11623 Riyadh, 

Saudi Arabia


	﻿Lead-free Cs﻿2﻿MH﻿6﻿ (M = Ge, Sn) vacancy-ordered double perovskites for optoelectronic applications: a first-principles study
	﻿Abstract
	﻿Introduction
	﻿﻿Computational details
	﻿﻿Results and discussion
	﻿Structural properties and stability
	﻿Thermodynamic stability
	﻿Dynamical stability
	﻿Mechanical stability


	﻿Electronic properties
	﻿Charge density analysis
	﻿Electron density difference and bonding analysis

	﻿Optical properties
	﻿Thermodynamic properties and lattice dynamics
	﻿Conclusions
	﻿References


