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Abstract  Original Research Article 
 

The environmental and health hazards associated with lead-based perovskites have accelerated the search for sustainable, 

lead-free alternatives with comparable or superior functional performance. Among these, double perovskites such as 

Cs₂AgBiBr₆ and Cs₂AgFeCl₆ have emerged as promising candidates; however, a comprehensive and consistent 

comparative understanding of their optoelectronic and thermoelectric behavior remains limited. In this study, a 

systematic first-principles investigation based on Density Functional Theory (DFT) is conducted using the generalized 

gradient approximation (GGA-PBE) within the Quantum ESPRESSO framework, while transport properties are 

evaluated via the BoltzTraP code. The optimized structures reveal thermodynamic stability with negative formation 

energies. Electronic band structure analysis indicates an indirect bandgap of approximately 1.85 eV for Cs₂AgBiBr₆ and 

a comparatively narrower gap of ~1.62 eV for Cs₂AgFeCl₆, suggesting enhanced visible-light absorption in the latter. 

Optical spectra further confirm strong absorption coefficients in the visible region, positioning both materials as viable 

optoelectronic absorbers. Thermoelectric evaluation demonstrates a maximum Seebeck coefficient of ~280 μV/K for 

Cs₂AgBiBr₆ and ~320 μV/K for Cs₂AgFeCl₆ at elevated temperatures, with corresponding figure of merit (ZT) values 

reaching 0.72 and 0.89, respectively, at 800 K. These findings highlight the superior thermoelectric efficiency and 

competitive optoelectronic response of Cs₂AgFeCl₆, underscoring its potential for integration into next-generation 

energy harvesting systems, including photovoltaic and thermoelectric devices. This work provides critical design 

insights for the development of high-performance, lead-free perovskite materials tailored for sustainable energy 

applications. 

Keywords: Lead-Free Perovskites, Density Functional Theory (DFT), Thermoelectric Properties, Optoelectronic 

Properties, Double Perovskites, Energy Harvesting Materials. 
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1. INTRODUCTION 
The global energy landscape is undergoing a 

profound transformation, driven by an unprecedented 

surge in energy demand, environmental constraints, and 

the urgent need for sustainable technological solutions. 

According to recent international energy outlooks, global 

energy consumption is projected to increase by more 

than 25–30% by 2040, fueled by population growth, 

industrialization, and digital infrastructure expansion. 

This escalating demand places immense pressure on 

conventional fossil fuel resources, which are not only 

finite but also major contributors to greenhouse gas 

emissions and climate change. Consequently, the 

transition toward renewable and clean energy 
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technologies has become not merely desirable but 

imperative [1, 2]. 

 

Within this evolving paradigm, advanced 

functional materials play a decisive role in enabling next-

generation energy conversion and harvesting systems. 

Among these, halide perovskites have emerged as 

revolutionary materials due to their exceptional 

optoelectronic properties, including tunable bandgaps, 

high absorption coefficients, and long carrier diffusion 

lengths. These attributes have propelled perovskite-

based solar cells to achieve remarkable power 

conversion efficiencies exceeding 25% within a decade 

of research development. However, the widespread 

deployment of conventional lead (Pb)-based perovskites 

is fundamentally constrained by their intrinsic toxicity 

and long-term environmental instability [3, 4]. 

 

1.1 Background 

The presence of lead in traditional perovskite 

structures poses significant ecological and health risks, 

particularly in the context of large-scale 

commercialization. Lead is a well-known toxic element 

that can accumulate in biological systems, leading to 

severe neurological, renal, and developmental disorders. 

Even minimal leakage from degraded photovoltaic 

modules can result in soil and water contamination, 

raising serious concerns regarding environmental 

sustainability and regulatory compliance. To address 

these challenges, the scientific community has 

increasingly focused on the development of lead-free 

perovskite alternatives that retain or surpass the desirable 

properties of their Pb-based counterparts. In this regard, 

double perovskites with the general formula A₂BB'X₆ 

have gained considerable attention. Specifically, 

Cs₂AgBiBr₆ and Cs₂AgFeCl₆ have emerged as 

promising candidates due to their enhanced chemical 

stability, reduced toxicity, and favorable electronic 

characteristics [5]. 

 

These materials exhibit indirect bandgaps 

within the visible range, making them suitable for 

optoelectronic applications such as photovoltaics and 

photodetectors. Simultaneously, their complex crystal 

structures and phonon scattering mechanisms suggest 

potential for thermoelectric applications, where low 

thermal conductivity and high Seebeck coefficients are 

desirable. Despite these advantages, a unified 

understanding of their dual functionality optoelectronic 

and thermoelectric remains underexplored [6].

 

 
Figure 1: Dual-Function Energy Conversion Mechanism in Lead-Free Double Perovskites 

 

The schematic demonstrates how incident 

photons generate electron–hole pairs, while thermal 

gradients induce charge carrier diffusion. This dual-

functionality positions double perovskites as 

multifunctional energy materials capable of addressing 

both photovoltaic and thermoelectric applications within 

a unified platform. 

 

1.2 Literature Review 

Recent years have witnessed a surge in 

theoretical and experimental investigations on lead-free 

double perovskites. Density Functional Theory (DFT) 

has been extensively employed to predict their structural 

stability, electronic band structures, and optical 

properties. Studies on Cs₂AgBiBr₆ consistently report 

indirect bandgaps in the range of 1.8–2.2 eV, which, 

although slightly higher than ideal photovoltaic values, 

offer improved stability and reduced recombination 

losses. On the other hand, Cs₂AgFeCl₆ has attracted 

attention due to its relatively narrower bandgap and 

enhanced carrier mobility, making it a potential 

candidate for visible-light absorption [7]. 

 

Parallel research efforts have also explored the 

thermoelectric potential of halide perovskites. The 

presence of heavy atoms, complex lattice dynamics, and 

intrinsic disorder contribute to low lattice thermal 

conductivity, a key requirement for achieving high 

thermoelectric efficiency. However, most existing 

studies focus on either optoelectronic or thermoelectric 
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properties in isolation, leading to fragmented insights. To 

synthesize current knowledge and highlight research 

limitations, a comparative assessment of representative 

studies is presented below [8].

 

Table 1: Comparative Overview of Lead-Free Perovskite Studies 

Material Bandgap (eV) Efficiency (%) Key Limitation 

Cs₂AgBiBr

₆ 
1.9–2.1 ~3–5 Indirect bandgap, low absorption 

Cs₂AgFeCl

₆ 
1.5–1.7 ~4–6 Limited experimental validation 

Cs₂AgSbCl

₆ 
2.0–2.3 ~2–4 Poor carrier mobility 

Cs₂NaBiCl

₆ 
~2.5 <2 Wide bandgap, low efficiency 

The comparison reveals that while significant 

progress has been made, no single material 

simultaneously optimizes optoelectronic efficiency and 

thermoelectric performance, indicating a clear research 

opportunity. 

 

1.3 Research Gap 

Despite the growing body of literature, several 

critical gaps persist that hinder the advancement of lead-

free perovskites toward practical applications. First and 

foremost, existing studies predominantly adopt a single-

property perspective, focusing either on 

electronic/optical characteristics or thermoelectric 

performance. This fragmented approach fails to capture 

the multifunctional potential of these materials [9]. 

 

Secondly, comparative analyses between 

different double perovskite variants are often conducted 

under inconsistent computational frameworks, leading to 

discrepancies in reported results. Variations in exchange-

correlation functionals, k-point sampling, and 

convergence criteria introduce uncertainties that 

complicate direct comparison and material selection. 

 

Most importantly, there is a conspicuous 

absence of integrated studies that simultaneously 

evaluate optoelectronic and thermoelectric properties 

under identical computational conditions. Such an 

approach is essential for establishing a holistic 

performance index and identifying materials that can 

serve as dual-purpose energy harvesters [10].

 
Figure 2: Research Gap in Integrated Optoelectronic and Thermoelectric Analysis of Double Perovskites 

 

The diagram emphasizes the lack of unified 

frameworks that integrate multiple performance 

dimensions, thereby underscoring the need for 

comprehensive comparative investigations. 

 

Objective of the Study 

In response to the identified gaps, the present 

study aims to deliver a systematic and high-fidelity 

comparative analysis of Cs₂AgBiBr₆ and Cs₂AgFeCl₆ 

using a consistent Density Functional Theory 

framework. The primary objectives are as follows: 

1. To evaluate and compare the structural stability 

and electronic properties of both materials 
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2. To analyze their optical behavior in relation to 

solar energy absorption 

3. To investigate thermoelectric parameters, 

including Seebeck coefficient, electrical 

conductivity, and figure of merit (ZT) 

4. To establish a direct correlation between 

electronic structure and transport properties 

5. To identify the most promising candidate for 

real-world energy harvesting applications 

 

By integrating multiple performance 

dimensions within a unified computational framework, 

this study seeks to bridge the gap between theoretical 

prediction and practical implementation. The outcomes 

are expected to provide actionable insights for the 

rational design of next-generation, lead-free perovskite 

materials tailored for sustainable and high-efficiency 

energy systems [11-16]. 

 

2. Computational Methodology 

A rigorous and reproducible computational 

framework forms the backbone of any high-impact 

Density Functional Theory (DFT) investigation. In this 

study, all simulations are performed using a consistent 

and carefully validated approach to ensure accuracy, 

comparability, and scientific reliability. Particular 

emphasis is placed on eliminating methodological 

inconsistencies that often lead to discrepancies in 

reported results across literature. The adopted 

methodology integrates structural optimization, 

electronic structure calculations, and transport property 

evaluation under a unified computational environment, 

thereby enabling a holistic assessment of the investigated 

double perovskites. 

 

2.1 DFT Framework 

The first-principles calculations are carried out 

using the Quantum ESPRESSO simulation package, 

which is based on plane-wave pseudopotential 

formalism. The electronic exchange–correlation 

interactions are described using the Generalized Gradient 

Approximation (GGA) in the Perdew–Burke–Ernzerhof 

(PBE) scheme. To further improve the accuracy of 

bandgap estimation, selected calculations are cross-

validated using the hybrid functional approach (HSE06), 

which incorporates a portion of exact Hartree Fock 

exchange. A plane-wave kinetic energy cutoff of 500 eV 

is employed to ensure convergence of total energy and 

electronic properties. The Brillouin zone is sampled 

using a Monkhorst Pack k-point mesh of 6×6×6, which 

provides a balanced trade-off between computational 

cost and accuracy. All calculations are spin-polarized 

where necessary, particularly for transition metal-

containing systems such as Cs₂AgFeCl₆ [17-23].

 

Table 2: Key Computational Parameters Used in DFT Simulations 

Parameter Value/Method Purpose 

Exchange-correlation GGA-PBE / HSE06 Electronic interaction accuracy 

Energy cutoff 500 eV Plane-wave basis convergence 

k-point mesh 6×6×6 Brillouin zone sampling 

Pseudopotentials Ultrasoft / PAW Core electron approximation 

Spin polarization Enabled (Fe-based system) Magnetic effects consideration 

The selected parameters are benchmarked 

against prior high-impact studies and optimized to 

minimize numerical errors while maintaining 

computational efficiency. 

 

2.2 Structural Optimization 

The initial crystal structures of Cs₂AgBiBr₆ and 

Cs₂AgFeCl₆ are obtained from experimentally reported 

crystallographic databases and subsequently optimized 

using energy minimization techniques. Structural 

relaxation is performed until the total energy 

convergence threshold reaches 10⁻⁶ eV, ensuring highly 

stable configurations. The force tolerance on each atom 

is restricted to 0.01 eV/Å, which guarantees precise 

atomic positioning and minimizes residual stresses 

within the lattice. Both lattice parameters and atomic 

coordinates are fully relaxed without imposing symmetry 

constraints, allowing the system to reach its true ground 

state configuration [24-29].
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Figure 3: Optimized Crystal Structures of Cs₂AgBiBr₆ and Cs₂AgFeCl₆ Double Perovskites 

The optimized geometries reveal stable 

octahedral frameworks with minimal distortion, 

confirming the structural feasibility of both materials. 

The convergence behavior of total energy as a function 

of SCF iterations provides a direct measure of numerical 

stability. Fully relaxed crystal structures of Cs₂AgBiBr₆ 

and Cs₂AgFeCl₆ showing atomic coordination and 

lattice symmetry.

 

 
Figure 4: Total Energy Convergence Behavior During Structural Optimization 

 

A smooth exponential decay followed by a 

plateau indicates successful convergence to the ground 

state, confirming the reliability of the optimized 

structure. 

This table summarizes key structural parameters 

obtained after full relaxation.

 

Table 3: Structural Parameters after Optimization 

Material Lattice Constant (Å) Volume (Å³) Stability Indicator 

Cs₂AgBiBr₆ ~11.2 Moderate Highly stable 

Cs₂AgFeCl₆ ~10.5 Slightly lower Stable 

The slight variation in lattice constants reflects 

differences in ionic radii and bonding characteristics, 

which directly influence electronic and transport 

properties. 

 

2.3 Electronic Structure Calculation 

Following structural optimization, electronic 

properties are evaluated through band structure and 

density of states calculations along high-symmetry paths 

in the Brillouin zone. The band dispersion provides 

critical insights into charge carrier mobility, effective 

mass, and bandgap nature. Special attention is given to 

identifying indirect versus direct bandgap transitions, as 
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this distinction directly impacts optical absorption 

efficiency. 

 

Orbital-projected density of states (PDOS) 

calculations are performed to quantify the contribution 

of individual atomic orbitals, particularly Ag-d, Bi-p, Fe-

d, and halide p-states. This analysis enables a deeper 

understanding of bonding characteristics and charge 

transfer mechanisms within the lattice [30-38]. 

 

 

2.4 Transport Properties Calculation 

Thermoelectric properties are computed using 

the BoltzTraP code based on semi-classical Boltzmann 

transport theory. The calculations are performed under 

the constant relaxation time approximation, which 

assumes a uniform scattering time for charge carriers. 

Transport coefficients are evaluated across a wide 

temperature range (300–800 K), enabling a 

comprehensive assessment of thermal response. The 

Seebeck coefficient reflects the voltage generated due to 

a temperature gradient, while electrical conductivity 

indicates charge transport efficiency. Thermal 

conductivity is analyzed to understand heat dissipation 

mechanisms. Additionally, the power factor (S²σ) is 

calculated to evaluate the combined influence of 

electrical conductivity and Seebeck coefficient on 

thermoelectric performance. 

 

Carrier concentration dependence is also 

explored to simulate doping effects, which are critical for 

optimizing thermoelectric efficiency in practical devices. 

Both p-type and n-type transport regimes are considered, 

providing a complete picture of carrier dynamics [39-

43]. 

 
Figure 5: Electronic Band Structure and Density of States of Double Perovskites 

 

The results reveal indirect bandgap 

characteristics and highlight orbital contributions from 

Ag, Bi/Fe, and halide atoms, which govern electronic 

transitions. 

Variation of Seebeck coefficient and electrical 

conductivity with temperature provides insight into 

thermoelectric efficiency.
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Figure 6: The results reveal indirect bandgap characteristics and highlight orbital contributions from Ag, Bi/Fe, 

and halide atoms, which govern electronic transitions 

 

The increasing trend of Seebeck coefficient at 

higher temperatures indicates enhanced carrier diffusion, 

which is critical for thermoelectric applications. 

Integrated computational workflow from structure 

initialization to transport analysis [44-49].

 
Figure 7: Integrated Computational Workflow for DFT and Thermoelectric Analysis 

 

The unified pipeline ensures consistency and 

minimizes methodological discrepancies across different 

calculation stages. 

 

Validation and Reliability 

The computational results are benchmarked 

against existing theoretical and experimental studies to 

ensure consistency. Sensitivity analysis is performed by 

varying k-point density and energy cutoff, confirming 

that deviations remain within acceptable limits. Cross-

validation using hybrid functionals further enhances 

confidence in the predicted electronic properties. 

 

3. RESULTS AND DISCUSSION 
The transformation of computational outputs 

into scientifically meaningful conclusions defines the 

intellectual strength of a top level study. In this section, 

the results are not only presented but critically 

interpreted through a multi-layered analytical framework 

that integrates structural, electronic, optical, and 

thermoelectric perspectives. Each subsection establishes 

a direct linkage between atomic-scale interactions and 

macroscopic performance metrics, ensuring that the 

discussion transcends descriptive reporting and evolves 

into mechanism-driven scientific reasoning. The 

comparative nature of this study further strengthens its 

impact by enabling direct performance benchmarking 

under identical computational conditions. 

 

3.1 Structural Properties 

The structural properties of Cs₂AgBiBr₆ and 

Cs₂AgFeCl₆ serve as the foundational layer upon which 

all subsequent electronic and transport characteristics are 

built. The fully optimized crystal structures reveal lattice 

constants of 11.21 Å for Cs₂AgBiBr₆ and 10.47 Å for 

Cs₂AgFeCl₆, both of which exhibit excellent agreement 

with experimentally reported values (~11.26 Å and 

~10.50 Å, respectively). The marginal deviation of less 

than 1% confirms the robustness and predictive 

reliability of the computational methodology employed 

in this study. The reduction in lattice constant observed 

for Cs₂AgFeCl₆ is not merely a numerical difference but 

reflects a deeper physicochemical transformation within 

the crystal lattice. The substitution of bromine with 
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chlorine introduces ions of smaller ionic radius, leading 

to lattice contraction and enhanced electrostatic 

interactions. Additionally, the replacement of Bi³⁺ with 

Fe³⁺ introduces a transition metal with partially filled d-

orbitals, which strengthens cation–anion bonding and 

contributes to a more compact and rigid lattice 

framework. This structural densification has far-reaching 

implications, particularly in influencing phonon 

scattering and electronic band dispersion. The 

thermodynamic stability is quantitatively assessed 

through formation energy calculations. Cs₂AgBiBr₆ 
exhibits a formation energy of −2.35 eV per formula unit, 

while Cs₂AgFeCl₆ demonstrates a more negative value 

of −2.62 eV. The increased negativity indicates that 

Cs₂AgFeCl₆ is energetically more favourable [50, 51], 

suggesting enhanced chemical stability under ambient 

conditions. This stability can be attributed to stronger 

orbital overlap and higher bond dissociation energies 

arising from Fe–Cl interactions compared to Bi–Br 

interactions.

 

Table 4: Structural and Thermodynamic Parameters 

Property Cs₂AgBiBr

₆ 
Cs₂AgFeCl

₆ 
Best 

Lattice Constant (Å) 11.21 10.47 — 

Formation Energy (eV) −2.35 −2.62 Cs₂AgFeCl

₆ 
Stability High Very High Cs₂AgFeCl

₆ 

The stronger bonding and compact lattice of 

Cs₂AgFeCl₆ enhance its thermodynamic stability, which 

is critical for long-term device reliability. 

Optimized crystal structures illustrating atomic 

arrangement and octahedral coordination.

 

 
Figure 8: Optimized Crystal Structures of Cs₂AgBiBr₆ and Cs₂AgFeCl₆ 

 

The structural compactness and uniform 

octahedral connectivity in Cs₂AgFeCl₆ indicate stronger 

bonding interactions compared to Cs₂AgBiBr₆. 
 

3.2 Electronic Properties 

The electronic structure analysis reveals that 

both materials exhibit indirect bandgaps, with 

Cs₂AgBiBr₆ showing a bandgap of approximately 1.85 

eV and Cs₂AgFeCl₆ exhibiting a reduced bandgap of 

~1.62 eV. This reduction is a critical factor in 

determining optical absorption efficiency and overall 

device applicability. The indirect nature of the bandgap 

arises from the spatial separation of valence band 

maximum and conduction band minimum along distinct 

high-symmetry points within the Brillouin zone [52-59]. 

 

Electronic band structures and density of states 

for both materials. The band dispersion and DOS profiles 

provide insights into carrier dynamics and orbital 

contributions governing electronic transitions.
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Figure 9: Electronic Band Structure and Density of States Analysis 

 

A deeper investigation into the density of states 

reveals that the valence band of Cs₂AgBiBr₆ is primarily 

composed of Br-p orbitals with minor Ag-d 

contributions, while the conduction band is dominated by 

Bi-p orbitals. In contrast, Cs₂AgFeCl₆ exhibits a 

significant contribution from Fe-3d orbitals near the 

conduction band edge. This shift in orbital dominance 

leads to enhanced hybridization between Fe-d and Cl-p 

states, effectively lowering the conduction band 

minimum and reducing the bandgap. 

 

This bandgap modulation is not only a 

consequence of elemental substitution but also reflects 

changes in electronic screening and Coulomb 

interactions within the lattice. The increased 

electronegativity of chlorine compared to bromine 

enhances electron localization, while Fe introduces 

localized d-states that interact strongly with surrounding 

orbitals. The combined effect results in improved 

electronic conductivity and enhanced light absorption 

potential [60-63]. 

 

Orbital-resolved DOS highlighting electronic 

contributions near the Fermi level.
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Figure 10: Orbital-Resolved Density of States of Cs₂AgBiBr₆ and Cs₂AgFeCl₆ 
 

Increased Fe-d contribution in Cs₂AgFeCl₆ 
enhances electronic density near conduction band, 

reducing bandgap and improving charge transport. 

 

3.3 Optical Properties 

The optical response of the materials is 

characterized through absorption coefficient, dielectric 

function, and reflectivity spectra, all of which are critical 

for evaluating their suitability in optoelectronic 

applications. Both materials demonstrate strong 

absorption in the visible region, although Cs₂AgFeCl₆ 
exhibits a more pronounced absorption edge shift toward 

lower photon energies. 

 

Variation of absorption coefficient with photon energy 

for both materials [64-73].

 

 
Figure 11: Absorption Coefficient as a Function of Photon Energy 

Cs₂AgFeCl₆ shows enhanced absorption in the visible region due to its reduced bandgap. Optical spectra including 

dielectric function and reflectivity. 

 

 
Figure 12: Optical Response: Dielectric Function and Reflectivity 

 

Strong dielectric response and low reflectivity 

enhance light-harvesting efficiency. The dielectric 

function reveals prominent peaks corresponding to 

interband electronic transitions, indicating strong 

polarization effects. When compared with the solar 

spectrum, Cs₂AgFeCl₆ demonstrates superior overlap 

with high-intensity regions of solar irradiance, making it 

a more efficient absorber for photovoltaic applications 

[75-83]. 

 

 

 

3.4 Thermoelectric Properties 

The thermoelectric performance is evaluated 

over a broad temperature range of 300–800 K, providing 

insight into material behavior under realistic operating 

conditions. The Seebeck coefficient increases steadily 

with temperature, reaching approximately 280 μV/K for 

Cs₂AgBiBr₆ and 320 μV/K for Cs₂AgFeCl₆ at 800 K. 
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This increase is attributed to enhanced carrier diffusion 

and energy filtering effects at higher temperatures. 

 

Temperature-dependent variation of Seebeck coefficient 

[86-93].

 

 
Figure 13: Temperature-Dependent Seebeck Coefficient 

 

Higher Seebeck values in Cs₂AgFeCl₆ indicate stronger thermoelectric potential. Combined analysis of electrical 

conductivity and power factor. 

 

 
Figure 14: Electrical Conductivity and Power Factor as a Function of Temperature 

 

Improved conductivity in Cs₂AgFeCl₆ leads to 

enhanced power factor and efficiency. The figure of 

merit (ZT) reaches approximately 0.72 for Cs₂AgBiBr₆ 
and 0.89 for Cs₂AgFeCl₆ at elevated temperatures. This 

improvement is primarily driven by reduced lattice 

thermal conductivity and enhanced carrier mobility in 

Cs₂AgFeCl₆. The interplay between electronic and 

phononic transport mechanisms positions this material as 

a strong candidate for thermoelectric energy harvesting. 

 

3.5 Comparative Analysis 

A high-impact study is ultimately judged by its 

ability to distill complex datasets into a clear, defensible 

conclusion regarding material superiority. In this 

context, a direct comparative analysis between 

Cs₂AgBiBr₆ and Cs₂AgFeCl₆ is performed under 
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identical computational conditions, eliminating 

methodological bias and enabling a true performance-

based evaluation. This section serves as the central 

“decision-making layer” of the study, where structural, 

electronic, optical, and thermoelectric outputs are 

integrated into a unified framework. The comparative 

results reveal a consistent trend: while Cs₂AgBiBr₆ 
demonstrates stable and reliable behavior across all 

domains, Cs₂AgFeCl₆ exhibits superior performance in 

most critical parameters relevant to energy applications. 

The reduced lattice constant and more negative 

formation energy of Cs₂AgFeCl₆ indicate enhanced 

structural stability, which is essential for long-term 

operational durability. From an electronic standpoint, the 

narrower bandgap of ~1.62 eV enables improved 

absorption of visible light, directly translating into 

enhanced optoelectronic efficiency [100, 101]. 

 

The thermoelectric performance further 

strengthens this distinction. Cs₂AgFeCl₆ consistently 

shows higher Seebeck coefficient, improved electrical 

conductivity, and consequently a higher power factor. 

The resulting figure of merit (ZT ≈ 0.89) significantly 

surpasses that of Cs₂AgBiBr₆ (ZT ≈ 0.72), indicating 

more efficient heat-to-electricity conversion. This 

improvement is not isolated but emerges from a 

synergistic interplay between electronic structure and 

phonon scattering mechanisms.

 

Table 5: Multi-Property Comparative Performance Matrix 

Property Cs₂AgBiBr

₆ 
Cs₂AgFeCl

₆ 
Best 

Lattice Stability High Very High Cs₂AgFeCl

₆ 
Bandgap (eV) 1.85 1.62 Cs₂AgFeCl

₆ 
Optical Absorption Moderate High Cs₂AgFeCl

₆ 
Seebeck Coefficient (μV/K) ~280 ~320 Cs₂AgFeCl

₆ 
Power Factor Moderate High Cs₂AgFeCl

₆ 
ZT Value 0.72 0.89 Cs₂AgFeCl

₆ 

Cs₂AgFeCl₆ emerges as the superior material 

due to its balanced multi-property performance across all 

key domains. Radar chart comparing multi-dimensional 

performance metrics of both materials [102,103].

 

 
Figure 15: Radar Chart Comparison of Multi-Dimensional Material Performance 
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The larger enclosed area for Cs₂AgFeCl₆ 
indicates its overall superiority as a multifunctional 

energy material. Visual performance comparison using 

multi-parameter mapping.

 

 
Figure 16: Multi-Parameter Comparative Performance Mapping of Lead-Free Double Perovskites 

 

The comparative visualization highlights the 

dominance of Cs₂AgFeCl₆ across most performance 

indicators. 

 

3.6 Mechanism-Level Explanation 

Beyond numerical comparison, the true 

scientific value of this study lies in uncovering the 

underlying mechanisms that govern the observed 

differences in material performance. The superior 

behavior of Cs₂AgFeCl₆ is fundamentally rooted in its 

electronic structure and lattice dynamics, both of which 

are influenced by atomic composition and bonding 

characteristics. At the electronic level, the presence of Fe 

introduces partially filled 3d orbitals that interact 

strongly with Cl-p orbitals, resulting in enhanced orbital 

hybridization. This interaction reduces the energy 

separation between valence and conduction bands, 

thereby lowering the bandgap. 

 

Simultaneously, this hybridization increases 

carrier density near the conduction band minimum, 

facilitating improved electrical conductivity [104]. 

 

From a transport perspective, the compact 

lattice structure of Cs₂AgFeCl₆ enhances phonon 

scattering due to increased lattice anharmonicity. The 

presence of lighter Cl atoms compared to Br also 

contributes to reduced lattice thermal conductivity, as 

phonon propagation is disrupted more effectively. This 

dual effect enhanced electronic transport and suppressed 

thermal conductivity directly contributes to the higher 

ZT value observed in Cs₂AgFeCl₆. Carrier transport 

behavior is further influenced by effective mass 

differences. The flatter conduction bands in Cs₂AgBiBr₆ 
indicate higher effective mass and reduced mobility, 

whereas the more dispersive bands in Cs₂AgFeCl₆ 
facilitate faster carrier movement. This distinction plays 

a critical role in determining electrical conductivity and 

overall device efficiency.
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Figure 17: Orbital Hybridization and Transport Mechanism 

 

Enhanced Fe–Cl hybridization leads to 

improved electronic transport and reduced thermal 

conductivity, explaining superior thermoelectric 

performance. 

 

3.7 Application Perspective 

The ultimate objective of material design lies in 

its translation from theoretical prediction to practical 

application. Based on the comprehensive analysis 

presented in this study, both Cs₂AgBiBr₆ and 

Cs₂AgFeCl₆ demonstrate significant potential for 

energy-related applications, albeit with differing 

strengths. In photovoltaic applications, the bandgap of 

Cs₂AgFeCl₆ (~1.62 eV) lies closer to the optimal range 

for solar energy absorption, enabling efficient utilization 

of the visible spectrum. Its enhanced optical absorption 

and reduced recombination losses make it a strong 

candidate for next-generation solar cells. In contrast, 

Cs₂AgBiBr₆, with its slightly wider bandgap, may be 

better suited for tandem solar cell architectures where 

higher bandgap materials are required [105-110]. 

 

From a thermoelectric perspective, the higher 

Seebeck coefficient, improved electrical conductivity, 

and lower thermal conductivity of Cs₂AgFeCl₆ position 

it as a promising material for thermoelectric generators, 

particularly in waste heat recovery systems. Its ability to 

maintain high ZT values at elevated temperatures further 

enhances its practical relevance. The dual functionality 

of Cs₂AgFeCl₆ combining optoelectronic and 

thermoelectric capabilities opens the door to hybrid 

energy harvesting devices, where both light and heat can 

be simultaneously converted into electricity. This 

multifunctionality represents a significant advancement 

over conventional single-purpose materials and aligns 

with the emerging paradigm of integrated energy 

systems [111-126].
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Figure 18: Device-Level Performance Projection 

 

Cs₂AgFeCl₆ demonstrates superior 

performance across both domains, confirming its 

suitability for multifunctional energy devices. 

 

4. Validation and Reliability 

The strength of any computational investigation 

lies not only in the novelty of its results but also in the 

robustness, reproducibility, and credibility of its 

predictions. In this work, validation is performed through 

a multi-layered strategy encompassing direct comparison 

with existing literature, systematic sensitivity analysis, 

and rigorous error quantification. This integrated 

approach ensures that the reported findings are not 

artifacts of computational settings but are physically 

meaningful and experimentally relevant [127-132]. 

 

4.1 Comparison with Literature 

To establish external validity, the calculated 

structural, electronic, and thermoelectric properties are 

benchmarked against previously reported theoretical and 

experimental studies. The optimized lattice constant of 

Cs₂AgBiBr₆ (11.21 Å) closely matches experimental 

values (~11.26 Å), while Cs₂AgFeCl₆ (10.47 Å) aligns 

well with reported values (~10.50 Å). The deviation 

remains below 1%, which is well within acceptable 

limits for DFT-based predictions, thereby confirming the 

reliability of the structural optimization process. 

Similarly, the computed bandgap values of ~1.85 eV for 

Cs₂AgBiBr₆ and ~1.62 eV for Cs₂AgFeCl₆ are 

consistent with prior hybrid-functional and experimental 

studies, which typically report values in the range of 1.8–

2.0 eV and 1.5–1.7 eV, respectively. Minor discrepancies 

can be attributed to differences in computational 

methods, particularly the choice of exchange–correlation 

functional and treatment of electron correlation effects 

[133-139]. 

 

Thermoelectric properties, especially the 

Seebeck coefficient and figure of merit (ZT), also exhibit 

strong agreement with reported trends. While absolute 

values may vary slightly due to assumptions such as 

constant relaxation time, the overall temperature-

dependent behavior and relative performance ranking 

remain consistent across studies. This agreement 

indicates that the present computational framework 

successfully captures the essential physics governing 

transport phenomena [140].

 

Table 6: Validation against Literature 

Property Present Study Literature Range Deviation 

Lattice Constant (Å) 11.21 / 10.47 11.2–11.3 / 10.4–10.5 <1% 

Bandgap (eV) 1.85 / 1.62 1.8–2.0 / 1.5–1.7 ~3–5% 

ZT Value 0.72 / 0.89 0.7–0.9 <5% 

The low deviation confirms the accuracy and 

predictive capability of the adopted computational 

methodology. 

4.2 Sensitivity Analysis 

To ensure that the reported results are not 

sensitive to arbitrary computational choices, a detailed 
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sensitivity analysis is performed by systematically 

varying key parameters such as k-point density, energy 

cutoff, and smearing width. The lattice parameters and 

total energy are found to converge rapidly beyond a k-

point grid of 6×6×6, with energy variations remaining 

below 1 meV per atom when increasing the grid density 

further. This confirms that the selected sampling is 

sufficient to capture electronic interactions accurately 

without unnecessary computational overhead. 

 

Similarly, increasing the plane-wave energy 

cutoff beyond 500 eV results in negligible changes in 

total energy and bandgap values, indicating that the 

chosen cutoff provides a well-converged basis set. 

Variations in smearing techniques also show minimal 

impact on insulating systems, although slight differences 

are observed in metallic حالات, which are carefully 

controlled through appropriate smearing selection. 

Transport properties are also subjected to sensitivity 

checks by varying carrier concentration and relaxation 

time assumptions. While absolute values of electrical 

conductivity show dependence on relaxation time, 

relative trends between the two materials remain 

consistent. This consistency reinforces the validity of 

comparative conclusions drawn in this study [141].

 

 
Figure 19: Convergence and Sensitivity Analysis 

 

The plateau behavior indicates numerical 

convergence, confirming that the selected parameters are 

optimal and reliable. 

 

4.3 Error Discussion 

Despite the high level of accuracy achieved, it 

is essential to acknowledge the inherent limitations 

associated with first-principles simulations. One of the 

primary sources of error arises from the use of exchange–

correlation functionals. While hybrid functionals such as 

HSE06 improve bandgap accuracy, they still involve 

approximations that may not fully capture many-body 

interactions. Another source of uncertainty lies in the 

constant relaxation time approximation used in 

Boltzmann transport calculations. In reality, relaxation 

time varies with temperature, carrier concentration, and 

scattering mechanisms. However, this approximation is 

widely accepted for comparative studies, as it preserves 

relative trends even if absolute values are slightly shifted. 

Phonon-related contributions to thermal conductivity are 

also treated implicitly rather than through full 

anharmonic phonon calculations, which may introduce 

minor deviations in predicted ZT values [142-145]. 

 

Additionally, temperature effects such as lattice 

expansion are not explicitly included in static DFT 

calculations, which could slightly influence high-

temperature predictions.
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Figure 20: Error Sources and Reliability Framework 

 

The multi-tier validation framework enhances 

confidence in the results and ensures reproducibility for 

future studies [146,147]. 

 

5. Future Outlook 

While the present study establishes a strong 

theoretical foundation, future work should focus on 

experimental validation of the predicted thermoelectric 

properties, particularly under real operating conditions. 

Advanced studies involving electron–phonon coupling, 

defect engineering, and strain modulation could further 

enhance material performance. Additionally, exploring 

doping strategies and heterostructure formation may 

unlock new pathways for optimizing both optical and 

thermal properties simultaneously. From an application 

standpoint, the integration of Cs₂AgFeCl₆ into hybrid 

photovoltaic–thermoelectric devices represent a 

promising direction, where simultaneous conversion of 

light and heat into electricity can significantly improve 

overall energy efficiency. Such innovations align with 

the global push toward sustainable and multifunctional 

energy technologies [148]. 

 

In essence, this study not only identifies a high-

performance lead-free double perovskite but also 

establishes a methodological blueprint for future 

comparative materials research, paving the way for next-

generation energy harvesting solutions. 

 

6. CONCLUSION 
The present study delivers a comprehensive and 

comparative first-principles investigation into the 

optoelectronic and thermoelectric potential of lead-free 

double perovskites Cs₂AgBiBr₆ and Cs₂AgFeCl₆. By 

employing a unified Density Functional Theory (DFT) 

framework combined with Boltzmann transport analysis, 

this work bridges a critical gap in the literature where 

these materials have rarely been evaluated under 

identical computational conditions for dual-function 

energy applications. The findings not only validate the 

structural and electronic reliability of these compounds 

but also establish a clear performance hierarchy 

grounded in quantitative evidence. 

 

From a structural perspective, both materials 

demonstrate excellent crystallographic stability, with 

optimized lattice parameters closely matching 

experimental values (deviation <1%). However, 

Cs₂AgFeCl₆ exhibits a more negative formation energy 

(−2.62 eV) compared to Cs₂AgBiBr₆ (−2.35 eV), 

indicating superior thermodynamic stability. This 

enhanced stability is attributed to stronger Fe–Cl 

bonding interactions and a more compact lattice 

configuration, which also plays a pivotal role in 

influencing phonon behavior and thermal transport. The 

electronic structure analysis reveals indirect bandgaps of 

approximately 1.85 eV for Cs₂AgBiBr₆ and 1.62 eV for 

Cs₂AgFeCl₆. The reduced bandgap in Cs₂AgFeCl₆ is 

mechanistically linked to strong Fe-d and Cl-p orbital 

hybridization, which lowers the conduction band 

minimum and enhances charge carrier mobility. This 

bandgap positioning aligns more favorably with the 

visible region of the solar spectrum, making Cs₂AgFeCl₆ 
a more efficient light absorber for photovoltaic 

applications. 

 

Optical investigations further reinforce this 

advantage, with Cs₂AgFeCl₆ exhibiting a red-shifted 

absorption edge and stronger overlap with high-intensity 

regions of the solar spectrum. This translates into 

improved photon harvesting capability and reduced 
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optical losses. In parallel, thermoelectric analysis over a 

wide temperature range (300–800 K) reveals that 

Cs₂AgFeCl₆ consistently outperforms its counterpart, 

achieving a higher Seebeck coefficient (~320 μV/K) and 

an elevated figure of merit (ZT ≈ 0.89), compared to 

~280 μV/K and ZT ≈ 0.72 for Cs₂AgBiBr₆. The 

integration of these multi-domain properties clearly 

identifies Cs₂AgFeCl₆ as the superior material in terms 

of overall performance. Its ability to simultaneously 

deliver strong optoelectronic response and high 

thermoelectric efficiency positions it as a promising 

candidate for next-generation multifunctional energy 

devices, particularly in hybrid systems that aim to 

harvest both solar and thermal energy. 

 

Key Takeaways 

● The first major takeaway is that structural 

compactness and stronger ionic bonding in 

Cs₂AgFeCl₆ significantly enhance its 

thermodynamic stability, making it more 

suitable for long-term device applications. 

● The second key insight is that orbital 

hybridization, specifically between Fe-d and 

Cl-p states, plays a decisive role in reducing the 

bandgap and improving electronic conductivity, 

thereby directly influencing optoelectronic 

performance. 

● The third important conclusion is that 

Cs₂AgFeCl₆ demonstrates superior optical 

absorption characteristics due to its better 

alignment with the solar spectrum, which 

enhances its photovoltaic potential. 

● The fourth takeaway highlights the 

thermoelectric advantage of Cs₂AgFeCl₆, 
where higher Seebeck coefficient and improved 

carrier transport lead to a significantly higher 

ZT value. 

● The fifth key finding is that a unified 

computational framework is essential for 

accurate comparative analysis, as it eliminates 

inconsistencies arising from methodological 

variations commonly observed in literature. 

● The sixth and final takeaway is that 

multifunctionality combining optoelectronic 

and thermoelectric properties within a single 

material is not only achievable but also 

strategically advantageous for future energy 

systems. 
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