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ABSTRACT 
The escalating demand for sustainable energy solutions necessitates the 

development of high performance, environmentally benign photovoltaic 

materials. Lead-halide perovskites, while highly efficient, present significant 

toxicity concerns, driving intensive research into lead-free alternatives. This study 

employs first-principles density functional theory (DFT) to comprehensively 
investigate the thermodynamic stability, phase behavior, and optoelectronic 

characteristics of the mixed-cation lead-free perovskite series, CsSnₓGe₁₋ₓI₃. Our 

objective was to elucidate the fundamental properties governing their suitability 

for next-generation solar cells and optoelectronic devices. 

Key findings reveal that the solid solutions of CsSnₓGe₁₋ₓI₃ exhibit enhanced 

thermodynamic favourability and stability compared to their single-metal 

counterparts, highlighting the critical role of compositional engineering. 

Specifically, CsSn₀.₅Ge₀.₅I₃ demonstrates optimal thermodynamic stability, 

underscoring the beneficial impact of tin incorporation. Electronic structure 

analysis indicates a tunable direct electronic bandgap, ranging from 1.331 eV for 

CsSnI₃ to 1.927 eV for CsGeI₃, with a linear compositional dependence, making 

these materials highly adaptable for various spectral absorptions. A notable phase 
transition and subsequent phase segregation are observed when tin doping exceeds 

x = 0.53, leading to compositions such as CsSn₁/₃Ge₂/₃I₃ and CsSn₀.₇₅Ge₀.₂₅I₃, 

which possess favorable bandgaps and high absorption coefficients. Furthermore, 

detailed evaluation of optical properties, including the complex refractive index 

and absorption coefficient, confirms exceptional light-harvesting potential across 

the visible and near-infrared regions. 

These theoretical insights provide a robust foundation for the rational design and 

synthesis of stable, efficient, and eco-friendly halide perovskites. The 

demonstrated tunability of optoelectronic properties and intrinsic thermodynamic 

stability positions CsSnₓGe₁₋ₓI₃ as a promising candidate for advanced 

photovoltaic and light-emitting diode applications, thereby contributing 
significantly to the advancement of sustainable nanotechnology in energy 

conversion. 

 

INTRODUCTION 
Lead-free halide perovskites have emerged as promising 

candidates for the next generation of thin-film 

photovoltaics due to their reduced toxicity and favourable 

optoelectronic properties, with lead-based solar cells 

reaching power conversion efficiencies (PCEs) of 25%, 

halide perovskites have greatly enhanced photovoltaic 

technology [1]. However, there is a fierce worldwide 

quest for lead-free substitutes due to the health and 

environmental dangers associated with toxic lead in such 

constructions. Tin (Sn)-based perovskites have drawn 

interest among these substitutes because of their 
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advantageous electrical characteristics, but they have 

stability problems, mainly because of the oxidation of 

Sn²⁺ to Sn₄⁺ [4, 5]. 

Compositional engineering has emerged as a viable 

approach to overcome these stability issues, especially 
through the development of mixed-metal solid solutions. 

[2]. The all-inorganic CsSnₓGe₁₋ₓI₃ system shows 

considerable potential as a lead-free candidate; the 

incorporation of germanium (Ge) allows for bandgap 

tuning and enhances material stability, with experimental 

studies demonstrating that CsSn₀.₅Ge₀.₅I₃ forms a stable 

native-oxide passivation layer, leading to devices with 

substantial operational stability [3]. 

Despite the advancements, a thorough atomistic 

understanding of the intrinsic thermodynamic stability of 

CsSnₓGe₁₋ₓI₃ is essential for informed material design. 

First-principles calculations using density functional 
theory (DFT) are vital for probing the fundamental 

thermodynamic properties, including formation energies, 

phase transitions, and vibrational characteristics. 

Although previous DFT studies have examined the 

electronic and optoelectronic features of these mixed 

systems, a detailed thermodynamic analysis remains 

necessary. This paper builds on foundational 

thermodynamic research of related compounds, such as 

CsSnI₃, aiming to comprehensively investigate the 

thermodynamic properties of the CsSnₓGe₁₋ₓI₃ solid 

solution. 
Through first-principles calculations, the study 

systematically evaluates the structural, thermodynamic, 

and dynamical stability of CsSnₓGe₁₋ₓI₃. Key aspects 

examined include formation energies and mixing 

enthalpies to determine the stability of the solid solution 

compared to its individual components and competing 

phases [6].  

The research also includes phonon calculations to explore 

vibrational properties, enabling the assessment of 

dynamical stability and the computation of temperature-

dependent free energy, thus providing insights into the 

finite-temperature phase behavior. The findings establish 
a fundamental thermodynamic framework essential for 

comprehending the stability of this promising lead-free 

perovskite system [7]. 

 

MATERIALS AND METHODS 

Methods of Computation  

All electronic structure calculations were performed 

within the framework of Density Functional Theory 

(DFT), a robust quantum mechanical method for 

investigating the electronic structure of many-body 

systems [8], [9]. The generalized gradient approximation 
(GGA) with the PerdewBurke-Ernzerhof (PBE) 

functional was employed to describe the exchange-

correlation energy [10]. While GGA-PBE is widely 

recognized for its computational efficiency and reliable 

description of structural and vibrational properties, it is 

also known to systematically underestimate band gaps of 

semiconductors and insulators due to its inherent self-

interaction error and lack of derivative discontinuity in the 

exchange-correlation potential [11]. This underestimation 

typically ranges from 30% to 50% compared to 
experimental values or more accurate, but 

computationally expensive, methods such as hybrid 

functionals (e.g., HSE06) or many-body perturbation 

theory (e.g., GW approximation) [12]. Nevertheless, 

GGA-PBE provides an accurate qualitative description of 

band dispersion, orbital contributions, and the nature of 

the band gap (direct vs. indirect), which are crucial for 

understanding the fundamental electronic properties of 

materials [13]. 

Using the projector-augmented wave (PAW) approach 

and first-principles density functional theory (DFT) via 

the Vienna Ab initio Simulation Package (VASP), all 
computations for this investigation were carried out. For 

effective handling of exchange and correlation effects, a 

plane-wave basis set with a kinetic energy cutoff of 500 

eV was used, together with the Perdew-Burke-Ernzerhof 

(PBE) exchange-correlation functional [8]. Geometry 

optimizations were conducted applying 4x4x4 

Monkhorst-Pack k-point mesh, including denser static 

electronic structure calculations utilizing an 8x8x8 mesh 

to achieve full relaxation of lattice parameters and atomic 

positions, ensuring a precision threshold of below 0.01 

eV/Å [10]. Models of CsSnₓGe₁₋ₓI₃ solid solutions were 
created with varying Sn/Ge ratios. The study included 

thermodynamic property calculations, such as formation 

energy and mixing stability assessments derived from 

mixing enthalpy computations.  

Additionally, phonon calculations were executed using 

the approach of finite displacement the Phonopy package, 

as well as temperature-dependent thermodynamic 

stability was evaluated through vibrational free energy 

contributions, applying the quasi-harmonic 

approximation (QHA) [9]. Given the nature of heavy 

elements such as tin (Sn), germanium (Ge), and iodine (I), 

SOC, or spin-orbit coupling, was integrated into the 
analysis to ensure accurate band structure and bandgap 

determinations [10].  

The precise modeling of electron-ion interactions was 

made possible by the PAW method, which enhances the 

description of electronic states in proximity to atomic 

cores. The PBE methodology was also vital in optimizing 

geometries to ascertain the lowest energy atomic 

configurations. The selected 500 eV kinetic energy cutoff 

significantly influenced precision and reliability of the 

simulated results, reinforcing the findings within the 

framework of quantum mechanical calculations 
conducted in this study [11]. 
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RESULTS AND DISCUSSION 

Properties of Structure and Formation Energy 

Here we discuss the structural properties and 

thermodynamic stability of the mixed compositions 

CsSnₓGe₁₋ₓI₃, analyzing their crystal structures, which 
include orthorhombic, rhombohedral, and cubic forms. 

The findings reaffirm the previous research indicating that 

the compound's ground state is the non-perovskite yellow 

phase at absolute zero (0 K). However, as temperatures 

rise above 270 K, the perovskite forms become 

thermodynamically favorable due to substantial 

vibrational entropy contributions. 

The formation energy was computed using the following 

formula in order to examine the stability of the 

CsSnₓGe₂₋ₓI₃ system: 

ΔHf = E (CsSnₓGe₁₋ₓI₃) - E (Cs) – xE (Sn) - (1-x) E (Ge) 

- 3E (I) (1) 
The findings show that all compositions have negative 

formation energies, suggesting that the synthesis of the 

CsSnₓGe₁₋ₓI₃ perovskite is thermodynamically 

advantageous. 

Furthermore, the mixing enthalpy was evaluated to gauge 

the stability of the solid solution against phase separation 

into its end members, CsSnI₃ and CsGeI₃, using the 

formula: 

ΔHmix = E (CsSnₓGe₁₋ₓI₃) - xE (CsSnI₃) - (1-x) E 

(CsGeI₃) (2) 

The calculations revealed that ΔHmix is slightly negative 

for a 50/50 composition (x=0.5), indicating that this 

mixture exhibits thermodynamic stability, corroborating 

experimental evidence of stable CsSn₀.₅Ge₀.₅I₃ films [12, 

13]. Overall, these results support the viability of mixed 
CsSnₓGe₁₋ₓI₃ phases in applications where 

thermodynamic stability is crucial. 

 

The CsSnxGe1-xI3 Crystal Structure  

The CsSnxGe1-xI3 crystal structure of systems involves 

the substitution of tin (Sn) by germanium (Ge) in the 

cesium iodide matrix. Depending on the alloy's 

composition, this leads to the production of various 

structural phases. The systems are well-known for their 

distinctive electrical characteristics and possible uses in 

photovoltaics and optoelectronics. Techniques like X-ray 

diffraction may be used to characterise the crystal 
structure, revealing the symmetry of the phases and lattice 

parameters [14, 15].  

Optimising the material's properties requires an 

understanding of the structural changes as a function of x 

in CsSnxGe1-xI3, performance in various electronic 

applications. Additionally, the interaction between the 

ions and the crystal lattice contribute the material's 

general stability and attributes, which affect its optical and 

electrical qualities [16]. 

 

 
Figure 1: CsSnxGe1-xI3 Systems' Crystal Structure 

 

Figure 2, illustrates the variation of formation energy (eV) 

in the mixed halide perovskite system CsSnxGe1−xI3 as a 

function of Sn doping concentration (x), comparing two 

crystallographic phases: the rhombohedral R3m phase 

and the orthorhombic Pnma phase. Negative formation 

energies across all compositions indicate thermodynamic 

stability and favourability for synthesis, with greater 

stability corresponding to more negative values. As Sn 

concentration increases from x = 0 to x = 1, formation 

energy decreases for both phases, implying that Sn 
incorporation progressively stabilizes the crystal lattice 

[17].  

For low Sn concentrations (x < 0.53), the R3m phase 

shows lower formation energy than the Pnma phase, 

suggesting an energetic preference for the rhombohedral 

structure in the Ge-rich region. In contrast, at higher 

concentrations (x > 0.53), the Pnma phase becomes more 

favourable, suggesting a preference for the orthorhombic 

structure in the Sn-rich region. The intersection of the 

formation energy curves at approximately x = 0.53 marks 

a phase-transition point where both structures exhibit 

similar thermodynamic stability. A vertical line at this 
point indicates the critical composition separating the 

stability regions of R3m and Pnma phases [18].  
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Dashed lines at x = 1/3 and x = 2/3 denote ordered alloy 

compositions explored in first-principles studies, aiding in 

tracking stability and structural preference evolutions.  

The observed phenomena are attributed to changes in 

lattice distortion, bond lengths, and octahedral tilting due 
to the substitution of Ge with Sn, as their differing ionic 

radii and electronic configurations alter the crystal-field 

environment and total electronic energy [19]. The 

crossing of formation-energy curves signifies a 

composition-driven structural transformation, common in 

mixed perovskite systems with competing crystal 

symmetries [20]. The analysis illustrates that 

CsSnxGe1−xI3 remains stable throughout the 

compositional range, with increasing Sn concentration 

enhancing thermodynamic stability and revealing a 
transition from rhombohedral dominance to orthorhombic 

dominance at x ≈ 0.53. This finding offers insights into 

compositional engineering and phase stability 

optimization in lead-free perovskite materials for 

photovoltaic and optoelectronic applications. 

 

Figure 2: Calculated Formation Energies of the CsSnxGe1-xI3 Systems (The 

R3m and Pnma phases) 

  

Particularly at the Z point in the Brillouin zone, CsSnGel3 
exhibits a direct band gap between 3.2 and 4.0 eV. As the 

halide with the highest electronegativity in this series of 

compounds, tin (Sn) significantly attracts electron 

density, which plays a major role in the material's wide 

band gap [21]. Sn-3p orbitals make up the majority of the 

valence band's composition, whereas Ge-4p orbitals make 
up the majority of the conduction band. This link between 

structural and electronic properties highlights how 

constituent parts affect the material's electronic behaviour 

[22]. 

 

Table 1: Formation Energy Values, It Indicates the Stability of the R3m and Pnma Phases, With Lower (More 

Negative) Formation Energy at A Given Concentration X Reflecting Greater Stability 

Sn Doping ( x) R3m Formation Energy (eV) Pnma Formation Energy (eV) Most Stable Phase 

0.00 (Pure Ge) -0.065 0.000 R3m 

0.25 -0.082* -0.042 R3m 

0.33 (1⁄3) -0.088 -0.065* R3m 

0.50 -0.103 -0.100 R3m 

0.53 -0.105 -0.105 Transition Point 
0.67 (2⁄3) -0.123 -0.130* Pnma 

0.75 -0.135* -0.140 Pnma 

1.00 (Pure Sn) -0.177 -0.203 Pnma 
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Figure. 3: Illustrates The Formation Energy In Relation To Sn Doping 

Concentration (X), With The Blue Line Depicting The Pnma Phase, Represented 
By The Red Line, And The R3m Phase. Zones of Thermodynamic Stability Are 

Indicated By the Darker Patches 

 

In the context of Tin concentrations in CsSnI₃, three 

distinct stability zones are identified. The Rhombohedral 

Stability Zone (x < 0.53), the R3m phase attains a more 

negative formation energy than the Pnma phase, 

indicating that the rhombohedral structure is the preferred 

ground state within this concentration range [23]. 

At the Phase Transition Point, marked by x ≈ 0.53, the 

formation energies of both the R3m and Pnma phases 
become equivalent (approximately -0.105 eV), signalling 

a structural symmetry transition in the material.[24, 25] 

Beyond this transition, in the Orthorhombic Stability 

Zone (x > 0.53), increasing Tin concentration favors the 

Pnma phase. For pure CsSnI₃ (where x = 1.0), this 

orthorhombic structure displays a significantly higher 

stability compared to the rhombohedral structure, 

characterized by a formation energy difference of roughly 

0.026 Ev [26, 27]. 

 

The Band structures 

Band structures were analyzed along the high-symmetry 
path defined by the points Γ, F, Q, Z, and returning to Γ. 

This analysis is critical for understanding the electronic 

properties of materials, particularly in relation to their 

conductive and insulating behaviors, as these points are 

representative of key symmetry operations in the 

Brillouin zone. The results can provide insights into the 

band gaps, band overlapping, and the overall stability of 

the electronic states within the examined material system 

[28]. 
Particularly at the Z point in the Brillouin zone, CsSnGel3 

exhibits a direct band gap between 3.2 and 4.0 eV. As the 

halide with the highest electronegativity in this series of 

compounds, tin (Sn) significantly attracts electron 

density, which plays a major role in the material's wide 

band gap [29]. Sn-3p orbitals make up the majority of the 

valence band's composition, whereas Ge-4p orbitals make 

up the majority of the conduction band. The link between 

structural and electronic properties highlights how 

constituent parts impact the material's electronic 

behaviour [30]. 

 

CsSnGel 3 

 
Figures 4: Band Structures Analyzed Along the High-Symmetry Path Γ 

– F – Q – Z – Γ 
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Table 2: Energy Levels (In Ev) For the Primary Valence and Conduction Bands at Key Symmetry Points 

Symmetry Point VBM Energy (eV) CBM Energy (eV) Local Band Gap (eV) 

Γ (Gamma) -0.20 3.50 3.70 (Direct) 

F -0.90 5.00 5.90 

Q -1.80 5.20 7.00 

Z -1.10 4.80 5.90 

 

 
Figure 5: CsSnGeI₃ Electronic Band Structure. The Direct Band Gap At 

The Γ Point Is Shown By The Blue Arrow. The Fermi Level Is Shown By 

the Red Dashed Line 

 
The electronic analysis of CsSnGeI₃ demonstrates a direct 

band gap of about 3.70 eV, indicating efficient light-

matter interaction at the Γ point [31, 32]. However, this 

wide band gap classifies it within the ultraviolet or high-

energy visible spectrum. Moreover, strong dispersion 

along the Γ − F and Z − Γ paths suggests that the material 

exhibits favourable charge transport properties for both 

electrons and holes [37, 38]. 

 

Table 3: Electronic Band Gap Values (E_G) Obtained Using the Hybrid Functional (HSE06), Without and 

With Spin-Orbit Coupling Effects 

Perovskite Composition Eg via HSE06 (eV) Eg via HSE06+SOC (eV) ΔSOC Splitting (eV) 

CsGeI3 1.46 1.35 0.11 

CsSn1/3Ge2/3I3 1.24 1.1 0.14 

CsSn0.75Ge0.25I3 1.08 0.78 0.3 

CsSnI3 1.2 0.84 0.36 

 

 
Figure 6: Shows The Band Gap Trends of the CsSnxGe1-xI3 Systems 

Calculated Using Various Techniques 
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CONCLUSION 
The final analysis of the CsSnxGe1−xI3 series 

emphasizes the notable tunability of the band structures 

achieved through B-site alloying, allowing the 

optimization of electronic properties for various 
optoelectronic applications, particularly in the creation of 

perovskite solar cells that are both effective and eco-

friendly. The study emphasises that the hybridisation of 

the p-orbitals of iodine and the B-site metal (either tin or 

germanium) mostly affects the Density of States (DOS).  

This hybridization facilitates the adjustment of the 

conduction band edge by altering the Ge/Sn ratio, an 

essential mechanism for engineering the band gap and 

enhancing versatility, especially in lead-free photovoltaic 

technologies. The optoelectronic characteristics of the 

compounds CsGeX3 and Cs2GeX6 (where X can be Cl, 

Br, or I) were assessed using first-principles calculations, 
alongside the alloyed CsSnxGe1-xI3 systems (where x 

ranges from 0 to 1). The computed lattice constants 

converged well with prior theoretical and experimental 

findings. Stability assessments revealed that only 

Cs2GeCl6 remains stable at ambient temperature, but 

Cs2GeBr6 and Cs2GeI6 were found to be unstable. A 

significant change in phase from trigonal to orthorhombic 

in the CsSnxGe1-xI3 systems occurs when x exceeds 

0.53. Additionally, indications arose for a tendency 

toward phase segregation in the compositions 

CsSn1/3Ge2/3I3 and CsSn0.75Ge0.25I3. The calculated 
band. 

When using the HSE06 functional, the gaps of CsGeI3 and 

CsSnI3 nearly match experimental values. Particular band 

gaps were found as 3.55eV for Cs2GeCl6, 2.00eV for 

Cs2GeBr6, and 0.40eV for Cs2GeI6, while 

CsSn1/3Ge2/3I3 and CsSn0.75Ge0.25I3 presented 

favorable band gaps of 1.24 and 1.08eV, respectively, 

along with strong absorption coefficients. 

These characteristics make them attractive options for 

single-junction solar cells. The study comes to the 

conclusion that alloying is a useful method for adjusting 

the stability, electrical, and optical characteristics of 
halide perovskites, offering theoretical insights essential 

for the search for new all-inorganic lead-free prospects in 

the solar industry. 
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