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Lead-free double perovskites have emerged as promising alternatives to conventional lead halide 
perovskites for optoelectronic applications due to their enhanced stability and reduced toxicity. In this 
study, we systematically investigate the structural, electronic, and optical properties of K₂AgSbBr₆ 
double perovskite and its doped variants through density functional theory (DFT) calculations. We 
examine three strategic doping schemes: Cu⁺ substitution at the Ag⁺ site, Bi³⁺ substitution at the Sb³⁺ 
site, and I⁻ substitution at the Br⁻ site. Our results reveal that Cu⁺ and I⁻ doping significantly narrow 
the band gap from 0.554 eV to 0.444 eV and 0.440 eV, respectively, enhancing visible light absorption, 
while Bi³⁺ doping widens the gap to 1.547 eV, making it suitable for UV applications. Structural 
analysis shows that Cu⁺ doping leads to lattice contraction with increased mechanical stiffness, while 
I⁻ substitution causes substantial lattice expansion with reduced bulk modulus, potentially facilitating 
ion migration. Thermodynamic and mechanical stability analyses were performed and confirmed 
that all pristine and doped systems are dynamically and mechanically stable, ensuring their viability 
for practical applications. Optical property analysis reveals enhanced polarizability and absorption 
coefficients for I⁻-doped systems, while maintaining favorable dielectric properties across all variants. 
These results explicitly connect the electronic structure modifications to the observed optical behavior, 
offering a clear design strategy for targeted optoelectronic functionalities. Importantly, the calculated 
band gaps and optical responses identify Cu⁺- and I⁻-doped K₂AgSbBr₆ as strong candidates for near-
infrared and broadband photodetectors, while Bi³⁺-doped K₂AgSbBr₆ is more suitable for tandem 
solar cells and UV optoelectronic devices. This explicit mapping of material properties to applications 
provides actionable guidance for experimental synthesis and device prototyping, thereby bridging the 
gap between computational predictions and practical implementation.
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The rapid advancement of perovskite-based optoelectronic devices has been primarily driven by the exceptional 
properties of lead halide perovskites, including high absorption coefficients, long carrier diffusion lengths, and 
tunable band gaps1–3. However, the inherent toxicity of lead and the structural instability of these materials 
under ambient conditions have raised significant concerns for large-scale commercialization4,5. Consequently, 
the development of lead-free alternatives has become a critical research priority in the field of sustainable energy 
materials. Double perovskites with the general formula A₂BB’X₆, where A represents an alkali metal cation, B 
and B’ are metal cations, and X is a halide anion, have emerged as particularly promising candidates6,7. These 
materials offer several advantages over their lead-based counterparts, including enhanced air stability, reduced 
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toxicity, and the potential for fine-tuning properties through compositional engineering8,9. K₂AgSbBr₆ has 
recently attracted growing attention due to its favorable band gap (≈ 0.85 eV), excellent structural and dynamical 
stability, and promising optical absorption, making it a strong candidate for optoelectronic applications10,11. The 
electronic and optical properties of double perovskites are highly sensitive to their chemical composition, making 
strategic doping an effective approach for property optimization12,13. Previous experimental and theoretical 
studies have demonstrated that substitutional doping can significantly modify band gaps, carrier mobilities, 
and optical absorption characteristics14–16. For instance, Cu⁺ substitution has been shown to enhance charge 
transport properties in various perovskite systems17,18, while halide engineering through I⁻ incorporation can 
improve light harvesting efficiency19,20. Similarly, Bi³⁺ incorporation has been explored for its potential to create 
materials with wider band gaps suitable for tandem cell applications21,22. Despite these promising developments, 
a comprehensive understanding of how different doping strategies affect the fundamental properties of 
K₂AgSbBr₆ remains limited. Systematic theoretical investigations using first-principles calculations can provide 
valuable insights into the structure-property relationships and guide experimental efforts toward optimal 
material design23,24. Recent advances in density functional theory (DFT) methodologies have enabled accurate 
predictions of structural, electronic, and optical properties of complex perovskite materials25,26. In this work, 
we present a comprehensive first-principles investigation of K₂AgSbBr₆ and its strategically doped variants. We 
systematically examine three doping schemes: Cu⁺ substitution at the Ag⁺ site (K₂CuSbBr₆), Bi³⁺ substitution at 
the Sb³⁺ site (K₂AgBiBr₆), and I⁻ substitution at the Br⁻ site (K₂AgSbBr₅I). Our analysis encompasses structural 
optimization, electronic band structure calculations, density of states analysis, and comprehensive optical 
property investigations. The results provide crucial insights for designing tailored double perovskite materials for 
specific optoelectronic applications. Therefore, the main goal of this work is not only to analyze the fundamental 
properties of these materials, but also to clarify their practical relevance. By linking the calculated band gaps 
and optical absorption spectra with target applications, we identify which compositions are more suitable for 
photovoltaic solar cells (e.g., wider-gap K₂AgBiBr₆) and which are better suited for near-infrared photodetectors 
(e.g., narrower-gap K₂AgSbBr₆ and K₂CuSbBr₆). This explicit mapping of properties to applications provides 
clear guidance for experimentalists on how to select and tune lead-free perovskites for specific device needs.

Computational methodology
All first-principles calculations were carried out using the plane-wave pseudopotential method as implemented 
in the CASTEP code27. The exchange-correlation potential was treated using the Generalized Gradient 
Approximation (GGA) with the Perdew-Burke-Ernzerhof (PBE) functional28. To address the well-known 
band gap underestimation by GGA-PBE, we additionally performed electronic structure calculations using 
the screened hybrid functional HSE06. This approach provides a more accurate description of the exchange–
correlation potential and yields band gaps that are in closer agreement with experimental values for halide 
perovskites29. The computational parameters employed in this study were carefully optimized to ensure accurate 
and converged results. A high plane-wave cutoff energy of 765.0 eV was applied to guarantee numerical precision 
for all elements involved29. Norm-conserving pseudopotentials were utilized for all elements to provide accurate 
description of core-valence interactions30. The Brillouin zone was sampled using a Monkhorst-Pack mesh of 4 × 
4 × 4 k-points, which was verified to provide well-converged total energies and forces31. Stringent convergence 
criteria were employed: total energy convergence of 10⁻⁵ eV/atom, maximum force tolerance of 0.03 eV/Å, and 
maximum stress tolerance of 0.05 GPa32. Structural optimizations were performed for all systems until the 
convergence criteria were satisfied. Electronic band structures were calculated along high-symmetry k-paths 
in the Brillouin zone, while density of states calculations employed denser k-point meshes to ensure smooth 
curves. Optical properties, including dielectric functions and absorption coefficients, were computed using the 
linear response approach within the framework of time-dependent density functional theory [33].

Results and discussion
Structural properties and analysis
The optimized structural parameters for pure K₂AgSbBr₆ and its doped variants are comprehensively summarized 
in Table  1 and visualized in Fig.  1. The pristine K₂AgSbBr₆ adopts a face-centered cubic double perovskite 
structure (space group Fm-3 m) with a lattice constant of 7.835 Å and a unit cell volume of 340.11 Å³. The 
calculated bulk modulus of 24.34 GPa indicates moderate mechanical stiffness, consistent with the ionic nature 
of the bonding and typical values for halide perovskites. This baseline structure serves as an ideal platform for 
systematic doping studies due to its inherent stability and well-defined octahedral coordination environment.

The substitution of Ag⁺ (ionic radius: 1.00 Å) with the significantly smaller Cu⁺ ion (ionic radius: 0.60 Å) 
induces substantial structural reorganization throughout the crystal lattice. The lattice constant contracts to 
7.663 Å, representing a reduction of 2.2% and leading to a volume contraction of approximately 6.5% (from 
340.11 to 318.13 Å³). This contraction is not merely a simple size effect but reflects complex electronic and 

Compound Lattice constant a₀ (Å) Volume (Å³) Bulk Modulus B₀ (GPa)

K₂AgSbBr6 7.835 340.11 24.34

K₂CuSbBr6 7.663 318.13 24.93

K₂AgBiBr6 7.921 351.46 21.81

K₂AgSbBr5I 7.982 353.38 6.91

Table 1.  Lattice parameters, unit cell volume, and total energy of pristine and doped K₂AgSbBr₆ compounds.
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bonding changes. The increased bulk modulus to 24.93 GPa (+ 2.4%) indicates enhanced mechanical stiffness 
arising from several factors: (i) tighter ionic packing due to the smaller Cu⁺ radius, (ii) stronger electrostatic 
interactions due to reduced interionic distances, and (iii) potential covalent character in Cu-Br bonding due 
to the d¹⁰ electronic configuration of Cu⁺. The Cu⁺ substitution maintains the cubic symmetry while creating 
shorter Cu-Br bond lengths (~ 2.48 Å compared to ~ 2.54 Å for Ag-Br), which could facilitate faster charge 
carrier mobility through enhanced orbital overlap. From a crystallographic perspective, the contracted structure 
maintains the double perovskite ordering with alternating [CuBr₆]⁵⁻ and [SbBr₆]³⁻ octahedra. The reduced lattice 
parameter brings the octahedra closer together, potentially improving electronic coupling between adjacent 
units. This structural modification is particularly relevant for photovoltaic applications where efficient charge 
transport is crucial.

The replacement of Sb³⁺ (ionic radius: 0.76 Å) with the slightly larger Bi³⁺ ion (ionic radius: 1.03 Å) results in 
modest but significant lattice expansion. The lattice constant increases to 7.921 Å (+ 1.1%), with a corresponding 
volume increase of approximately 3.3% (from 340.11 to 351.46 Å³). This expansion is remarkably smaller than 
expected from simple ionic radius considerations, suggesting strong structural tolerance of the double perovskite 
framework to size variations at the B-site. The bulk modulus decreases to 21.81 GPa (-10.4%), reflecting the 
softening effect of the larger ionic radius and potentially weaker Bi-Br interactions compared to Sb-Br. However, 
the relatively modest reduction indicates that the overall structural integrity remains well-preserved. The Bi³⁺ 
substitution introduces subtle changes in the octahedral tilting patterns, with Bi-Br bond lengths (~ 2.59 Å) 
being slightly longer than Sb-Br bonds (~ 2.52 Å). From an electronic perspective, the 6s² lone pair electrons on 
Bi³⁺ introduce additional stereochemical effects that can influence the band structure and optical properties. The 
larger ionic size also creates a more dispersed electron density around the Bi center, which contributes to the 
observed band gap widening through modified orbital overlap integrals.

The most dramatic structural modifications occur upon I⁻ substitution at the Br⁻ site, representing a 
paradigmatic example of halide engineering in double perovskites. The significant size difference between I⁻ 
(ionic radius: 2.20 Å) and Br⁻ (ionic radius: 1.96 Å) creates substantial lattice expansion, with the lattice constant 
increasing to 7.982 Å (+ 1.9%) and volume expanding by approximately 3.9% (from 340.11 to 353.38 Å³). The 
most striking change is the dramatic reduction in bulk modulus to 6.91 GPa (-71.6%), indicating a significantly 
softer lattice structure. This remarkable softening arises from several interconnected factors: (i) weaker I-metal 
interactions due to the larger ionic radius and reduced charge density, (ii) increased lattice parameter leading 

Fig. 1.  Optimized crystal structure of pristine K₂AgSbBr₆ double perovskite, showing the cubic arrangement 
and [AgBr6]/[SbBr6] octahedra.
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to reduced electrostatic interactions, and (iii) enhanced polarizability of the I⁻ anions creating more flexible 
bonding environments. The expanded lattice creates longer metal-halide bonds (Ag-I ~ 2.73 Å, Sb-I ~ 2.65 
Å) and potentially altered octahedral tilting patterns. This structural flexibility has profound implications for 
device performance: the softer lattice could facilitate ion migration and defect formation/migration, potentially 
enhancing ionic conductivity but also creating pathways for degradation. Conversely, the expanded lattice 
provides larger interstitial spaces that could accommodate structural fluctuations and improve tolerance to 
thermal expansion.

The comparative analysis reveals distinct structure-property relationships for each doping strategy. Figure 2 
clearly illustrates the systematic trends: Cu⁺ doping creates the most compact structure with highest mechanical 
stiffness, Bi³⁺ doping produces moderate expansion with maintained stability, while I⁻ doping generates the most 
expanded and flexible structure. The Goldschmidt tolerance factor for double perovskites was recalculated using 
the following relation:

	
t = rA + rX√

2 ×
( rB+rB′

2 + rX

)

where rA​ is the A-site ionic radius, rB and rB′​ are the B/B’ radii, and rX is the halide radius. Calculations employed 
the following radii (Å): rK+=1.64, rBr−=1.96, rI−=2.20, rAg+=1.00, rCu+=0.60, rSb3+=0.76, rBi3+=1.03. The resulting 
tolerance factors are:

Fig. 2.  Comparative bar chart of lattice constant and bulk modulus for K₂AgSbBr₆, K₂CuSbBr₆, K₂AgBiBr₆ and 
K₂AgSbBr5I.
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•	 K₂AgSbBr₆: t = 0.896.
•	 K₂CuSbBr₆: t = 0.964.
•	 K₂AgBiBr₆: t = 0.856.
•	 K₂AgSbBr₅I: t = 0.894.

All values fall within the canonical stability window 0.8 ≤ t ≤ 1.00.8, confirming that the pristine and doped 
structures retain a stable double-perovskite framework.

Electronic properties and band structure analysis
The electronic band structures and calculated band gaps are comprehensively presented in Fig. 3; Table 2, revealing 
profound modifications in the electronic landscape upon strategic doping. The pristine K₂AgSbBr₆ exhibits a 
direct band gap of 0.554 eV at the Γ point, consistent with previous theoretical predictions and experimental 
observations34,35. This relatively narrow gap places the material in the near-infrared region, making it potentially 
suitable for specialized optoelectronic applications.

The Cu⁺ substitution induces a significant band gap narrowing to 0.444  eV, representing a reduction of 
approximately 19.9%. This substantial modification arises from complex electronic orbital interactions that 
fundamentally alter the band edge states. The narrowing is primarily attributed to the mixing of Cu 3d orbitals 
with Br 4p states near the valence band maximum (VBM), creating new electronic states that effectively raise 
the VBM energy by approximately 0.11 eV. The Cu 3d¹⁰ electronic configuration introduces filled d-orbitals 
that hybridize with the halide p-orbitals, creating antibonding states that push the VBM to higher energies. This 
hybridization also introduces significant p-d mixing, which typically enhances hole mobility through improved 
orbital overlap and reduced effective masses. The band structure analysis reveals that the Cu-doped system 

Compound Substitution site Dopant ion Band gap (eV, GGA-PBE) Band gap (eV, HSE)

K₂AgSbBr₆ — — 0.554 0.71

K₂CuSbBr₆ Ag Cu⁺ 0.444 0.65

K₂AgBiBr₆ Sb Bi³⁺ 1.547 1.8

K₂AgSbBr₅I Br I⁻ 0.440 0.71

Table 2.  Calculated band gaps (eV) of pristine and doped systems.

 

Fig. 3.  Band structures of pristine and doped K₂AgSbBr₆ compounds, illustrating the changes in band gap 
upon Cu⁺, Bi³⁺, and I⁻ substitution.
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maintains direct band gap character, crucial for efficient radiative recombination processes. Importantly, the Cu⁺ 
substitution creates intermediate energy levels within the original band gap, facilitating multi-step electronic 
transitions that could enhance quantum efficiency in photovoltaic applications. The density of states near the 
Fermi level increases substantially, suggesting improved electrical conductivity. The calculated effective masses 
for holes decrease from 0.84 m₀ to 0.71 m₀ (where m₀ is the free electron mass), supporting enhanced charge 
carrier mobility. In stark contrast to Cu⁺ doping, Bi³⁺ substitution results in dramatic band gap widening to 
1.547 eV, representing a remarkable increase of 179%. This widening fundamentally transforms the material 
from a narrow-gap semiconductor suitable for infrared applications to a moderate-gap semiconductor ideal for 
visible light applications. The band gap widening is primarily driven by the downward shift of the conduction 
band minimum (CBM) by approximately 0.99  eV, caused by the introduction of Bi 6p states that form the 
new CBM. The Bi 6s² lone pair electrons create additional electronic density that modifies the crystal field 
environment, while the 6p orbitals form new conduction band states at lower energies than the original Sb 
5p-derived states. The electronic structure reveals that the Bi³⁺ substitution creates a type-I band alignment with 
respect to the pristine material, where both the VBM and CBM are shifted in the same direction but with the 
CBM shift being dominant. This creates opportunities for band engineering in heterostructure applications. The 
wider band gap also suggests improved thermal stability and reduced intrinsic carrier concentration, beneficial 
for high-temperature applications. The calculated absorption onset shifts to higher energies (1.55 eV), making 
the material transparent to near-infrared light while maintaining strong absorption in the visible spectrum. This 
property is particularly valuable for tandem solar cell applications where spectral splitting is crucial for efficiency 
optimization. The I⁻ substitution produces band gap narrowing to 0.440 eV, similar to Cu⁺ doping but through a 
fundamentally different mechanism. The narrowing results from the upward shift of the VBM by approximately 
0.114 eV, caused by the higher energy and increased polarizability of I 5p orbitals compared to Br 4p orbitals. The 
larger I⁻ ions create a more diffuse electron density distribution, leading to reduced band splitting and modified 
orbital overlap integrals. The I 5p orbitals have higher binding energies than Br 4p orbitals, creating valence band 
states at higher energies. This modification maintains the direct band gap character while improving the optical 
absorption coefficient through enhanced oscillator strengths. The I⁻ substitution also introduces significant spin-
orbit coupling effects due to the heavier halide, potentially splitting degenerate bands and creating additional 
electronic states. These effects could influence carrier scattering mechanisms and transport properties, generally 
leading to reduced carrier mobilities but potentially enhanced optical transitions.

The systematic comparison reveals distinct electronic modification strategies: Cu⁺ doping primarily affects 
valence band energetics through d-p hybridization, Bi³⁺ doping dramatically modifies conduction band states 
through heavy atom effects, and I⁻ doping influences valence band energetics through halide orbital energy 
variations. All doped variants maintain direct band gap character, crucial for optoelectronic applications. The 
band edge effective masses vary significantly: Cu⁺ doping reduces hole effective masses while maintaining 
electron masses, Bi³⁺ doping increases both carrier masses due to reduced orbital overlap, and I⁻ doping 
moderately affects both masses through modified crystal field environments. The calculated density of states at 
the band edges reveals that Cu⁺ doping creates the highest density near the VBM, favoring p-type conductivity, 
while Bi³⁺ doping creates balanced densities suitable for ambipolar applications, and I⁻ doping enhances both 
valence and conduction band densities, supporting improved optical transitions. To validate the reliability of 
the GGA-PBE results, we recalculated the electronic band structures using the HSE06 hybrid functional. The 
HSE06 results predict significantly improved band gaps: 0.71 eV for K₂AgSbBr₆, 0.65 eV for K₂CuSbBr₆, 1.80 eV 
for K₂AgBiBr₆, and 0.71 eV for K₂AgSbBr₅I, while preserving the direct band gap character. These values are in 
better agreement with expected trends and strengthen the conclusions regarding the suitability of these materials 
for optoelectronic applications. These modifications in band gaps and band-edge states are expected to strongly 
influence the optical response, particularly the position of the absorption edge and the intensity of optical 
transitions. This correlation is analyzed in the following section. Figure 3 has been updated to display the HSE06 
band structures, and Table 2 now includes both GGA-PBE and HSE06 band gaps for direct comparison. For a 
more accurate prediction, the electronic band structures were recalculated using the HSE06 hybrid functional, 
as illustrated in Fig. 4. The results confirm the direct band gap nature and reveal improved band gap values, 
which strengthen the reliability of our conclusions. The partial density of states (DOS) calculations provides 
crucial insights into the electronic structure modifications and orbital contributions upon strategic doping. 
These analyses reveal the fundamental mechanisms driving the observed band gap changes and establish clear 
structure-property relationships for rational material design. The DOS analysis serves as a bridge between the 
structural modifications and the resulting electronic and optical properties, enabling deep understanding of the 
underlying physics governing material behavior. The electronic structure of pristine K₂AgSbBr₆ is illustrated in 
Fig. 5.

The pristine material exhibits a characteristic double perovskite electronic structure with well-defined orbital 
contributions that reflect the cubic crystal symmetry and octahedral coordination environment. The valence band 
region (-8 to 0 eV) shows a complex multi-peak structure arising from different orbital interactions and energy 
levels. The lowest valence band region (-8 to -6 eV) is dominated by K 3p semicore states (65% contribution) 
with minor hybridization from Br 4s states (25%) and negligible contributions from metal d-orbitals (10%). 
This deep valence region provides the electronic foundation but has minimal impact on transport and optical 
properties due to its large energy separation from the Fermi level. The intermediate valence region (-6 to 
-3 eV) exhibits complex hybridization patterns involving Ag 4d states (45% contribution), Br 4p states (40% 
contribution), and Sb 5s states (15%). The Ag 4d₁₀ states split into t₂g and e.g. components due to the octahedral 
crystal field, with t₂g states at lower energies (-5.8 to -4.2 eV) and e.g. states at higher energies (-4.2 to -3.0 eV). 
This d-orbital splitting is crucial for understanding the hole transport properties and optical transitions. The 
upper valence band region (-3 to 0 eV), most relevant for electronic and optical properties, is predominantly 
composed of Br 4p states (75% contribution) with significant hybridization from Ag 4d orbitals (20%) and minor 

Scientific Reports |        (2025) 15:40362 6| https://doi.org/10.1038/s41598-025-24417-6

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


contributions from K 4s states (5%). The valence band maximum (VBM) is primarily formed by antibonding Ag 
4d - Br 4p states, creating a dispersive band structure that facilitates hole transport. The calculated p-d mixing 
parameter is 0.23, indicating substantial orbital hybridization that reduces the effective hole mass to 0.84 m₀. The 
conduction band region (0 to + 5 eV) is dominated by Sb 5p states (60% contribution) forming the conduction 
band minimum (CBM), with additional contributions from Ag 5s states (25%) and Br 4p* antibonding states 
(15%). The Sb 5p orbitals split into px, py, and pz components, with the CBM primarily composed of pz orbitals 
due to crystal field effects. The calculated s-p mixing parameter is 0.18, contributing to the moderate electron 
effective mass of 0.32 m₀. The effects of Cu⁺ substitution is shown in Fig. 6.

Cu⁺ substitution introduces profound and systematic changes in the electronic structure, particularly in the 
valence band region where the Cu 3d¹⁰ electronic configuration creates new states and modifies existing orbital 
interactions. The Cu 3d states appear as distinct peaks in the DOS between − 2.5 and − 0.8 eV, well-separated 
from the main Ag 4d region due to the different ionic environments and reduced ionic radius. The Cu 3d orbital 
splitting in the octahedral [CuBr₆]⁵⁻ environment creates a characteristic pattern with t₂g states (dxy, dxz, dyz) at 
-2.3 to -1.5 eV and e.g. states (dz², dx²-y²) at -1.5 to -0.8 eV. The crystal field splitting (Δ) is calculated to be 0.8 eV, 
smaller than typical oxide perovskites but consistent with the weaker ligand field strength of bromide ions. This 
moderate crystal field splitting ensures that the t₂g states remain well-localized while the e.g. states show increased 
delocalization and stronger hybridization with Br 4p orbitals. The most significant modification occurs in the 
upper valence band region (-1.5 to 0 eV), where Cu 3d states strongly hybridize with Br 4p states to create new 
valence band maximum states. The partial DOS analysis reveals that the new VBM consists of approximately 
35% Cu 3d character (primarily e.g. orbitals), 50% Br 4p character, and 15% from neighboring Sb and remaining 
Ag orbitals. This strong d-p hybridization creates antibonding states that lie approximately 0.11 eV higher than 
the original Ag-Br antibonding VBM. The Cu 3d - Br 4p hybridization exhibits directional character due to the 
octahedral geometry, with stronger hybridization along the Cu-Br bond directions (σ-bonding interactions) and 

Fig. 4.  Electronic band structures of pristine K₂AgSbBr₆, K₂CuSbBr₆, K₂AgBiBr₆, and K₂AgSbBr₅I calculated 
using the HSE06 hybrid functional.
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weaker interactions in perpendicular directions (π-bonding interactions). The calculated overlap integrals show: 
σ(Cu 3dz² - Br 4pz) = 0.24, π(Cu 3dxy - Br 4px, y) = 0.16, indicating substantial covalent character in the Cu-Br 
bonding. The conduction band maintains its Sb 5p character but with modified energy dispersion and density 
of states distribution. The Cu substitution creates an altered electrostatic environment that shifts the Sb 5p states 
to slightly lower energies (-0.03 eV), contributing to the overall band gap narrowing. The conduction band DOS 
shows increased density near the CBM (30% increase), suggesting improved electron injection and transport 
capabilities. A crucial finding is the emergence of intermediate gap states located approximately 0.25–0.35 eV 
above the VBM, primarily composed of Cu 3d - Br 4p bonding states that lie within the original band gap. These 
states, contributing approximately 2% to the total DOS in this energy range, could serve as stepping stones for 
multi-photon absorption processes or as recombination centers, depending on their occupancy and localization 
characteristics.The modifications introduced by Bi³⁺ substitution are presented in Fig. 7. Bi³⁺ substitution creates 
the most dramatic and complex electronic structure modifications, with the DOS exhibiting fundamental 
changes in both valence and conduction band regions that reflect the unique electronic configuration and size 
effects of the heavy Bi atom. The introduction of Bi 6s² lone pair electrons creates highly localized states in the 
deep valence region (-10 to -8 eV), well-separated from the main valence band structure. These 6s² states show 
minimal dispersion (bandwidth < 0.3 eV) and negligible hybridization with other orbitals, consistent with their 
stereo-chemically active lone pair character. The calculated partial DOS shows that these states contribute less 
than 5% to the total valence band DOS but create significant electrostatic screening effects that modify the 
energetics of other orbital interactions. The Bi 6s states (not to be confused with 6s² lone pairs) appear in the 
intermediate valence region (-7 to -5  eV) with moderate hybridization with Br 4s states. These interactions 
create bonding and antibonding combinations that modify the overall valence band structure, contributing 
approximately 15% to the DOS in this energy range.

The most dramatic changes occur in the conduction band region, where Bi 6p states completely reconstruct 
the electronic structure. The Bi 6p orbitals, being significantly more diffuse and higher in energy than Sb 5p 
orbitals, create new conduction band states that lie approximately 0.99 eV higher than the original CBM. The 
conduction band DOS analysis reveals that Bi 6p orbitals contribute approximately 70% to the new CBM, with 
the remaining 30% coming from hybridized Br 4p* states (20%) and K 4s states (10%). The Bi 6p orbitals exhibit 
strong spin-orbit coupling effects due to the heavy atom, creating additional band splitting that contributes to 
the complex conduction band structure. The calculated spin-orbit coupling parameter (ξ₆p) is 1.3 eV for Bi, 
compared to 0.6 eV for Sb, leading to significant j = 1/2 and j = 3/2 state splitting. This splitting creates multiple 
conduction band valleys that could affect electron transport properties and optical selection rules. The valence 

Fig. 5.  Electronic density of states (DOS) for pristine K₂AgSbBr₆ showing the contributions of K, Ag, Sb, and 
Br orbitals.
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Fig. 7.  Partial DOS of Bi³⁺-doped K₂AgSbBr₆.

 

Fig. 6.  Partial DOS of Cu⁺-doped K₂AgSbBr₆.
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band region shows subtle but important modifications due to the altered crystal field environment created by the 
larger Bi³⁺ ion. The Ag 4d - Br 4p hybridization is reduced due to the expanded lattice and modified electrostatic 
environment, leading to slightly more localized valence band states. The partial DOS analysis shows that Br 
4p character in the VBM increases from 75% (pristine) to 78% (Bi³⁺ doped), while Ag 4d character decreases 
correspondingly. A significant finding is the appearance of gap states located approximately 0.6–0.8 eV above 
the original VBM, primarily composed of Bi 6s - Br 4p antibonding interactions. These states, contributing 
approximately 3% to the DOS in this energy range, could serve as intermediate levels for optical transitions or 
as trap states, depending on their occupancy characteristics. Finally, the impact of I⁻ substitution is displayed 
in Fig. 8. I⁻ substitution creates characteristic and systematic modifications in the halide-dominated regions of 
the DOS that reflect both the larger ionic size and different orbital energies of iodide compared to bromide. The 
modifications are most pronounced in the valence band region where halide p-orbitals dominate the electronic 
structure. The I 5p orbitals, having higher binding energies (-10.4 eV) compared to Br 4p orbitals (-11.2 eV), 
create new valence band states at higher energies throughout the valence band structure. The partial DOS 
analysis reveals a systematic shift of halide-dominated features to higher energies, with the most significant 
changes occurring in the upper valence band region. In the upper valence band region (-3 to 0 eV), the mixed I 
5p - Br 4p character creates a complex DOS structure with multiple peaks reflecting the different orbital energies 
and hybridization patterns. The new VBM is formed by I 5p orbitals (45% contribution) mixed with remaining 
Br 4p states (35% contribution) and Ag 4d orbitals (20%). The I 5p orbitals are more diffuse than Br 4p orbitals, 
leading to increased orbital overlap with metal d-orbitals and enhanced covalent character in metal-halide 
bonding. The calculated overlap integrals show significant differences: I 5p - Ag 4d overlap (0.19) compared 
to Br 4p - Ag 4d overlap (0.15), indicating stronger hybridization and more covalent bonding character. This 
enhanced hybridization contributes to the band gap narrowing by raising the VBM energy and creating more 
delocalized hole states. The I 5p orbitals also exhibit enhanced polarizability due to their larger spatial extent 
and reduced effective nuclear charge screening. The calculated static polarizability increases by 25% upon I⁻ 
substitution, contributing to the enhanced optical absorption coefficients and modified dielectric properties. 
The polarizability enhancement is anisotropic, with larger increases along the I-metal bond directions (35%) 
compared to perpendicular directions (20%). The conduction band maintains its Sb 5p character but with 
modified energy dispersion due to the altered electrostatic environment created by the larger I⁻ anions. The 
lattice expansion reduces metal-metal interactions and modifies orbital overlap integrals, leading to flatter 
bands and increased density of states near the CBM. The calculated bandwidth decreases by 12%, suggesting 
reduced electron mobility but potentially enhanced optical absorption through increased density of states. A 
notable feature is the appearance of mid-gap states located approximately 0.2–0.4 eV above the VBM, primarily 
composed of I 5p - metal antibonding interactions. These states contribute approximately 4% to the DOS in 

Fig. 8.  Partial DOS of I⁻-substituted K₂AgSbBr₆.
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this energy range and could serve as intermediate levels for optical transitions, potentially contributing to the 
enhanced absorption coefficients observed in the optical property calculations.

Optical properties and photophysical analysis
The calculated optical properties, including dielectric functions, absorption spectra, and related photophysical 
parameters (Figs.  9 and 10), reveal profound modifications in the light-matter interaction capabilities upon 
strategic doping. These analyses provide crucial insights for optimizing materials for specific optoelectronic 
applications and understanding the fundamental photophysical processes. The complex dielectric function ε(ω) 
= ε₁(ω) + iε₂(ω) provides comprehensive information about the electronic polarization response and optical 
transitions. The static dielectric constants ε₁(0) exhibit systematic variations that correlate directly with the 
electronic structure modifications: K₂CuSbBr₆ shows the highest value (9.9), followed by pristine K₂AgSbBr₆ 
(9.8), K₂AgBiBr₆ (8.9), and K₂AgSbBr₅I (7.9).The enhanced static dielectric constant for Cu⁺ doping results from 
increased electronic polarizability due to the Cu 3d - Br 4p hybridization, creating more delocalized electronic 
states that respond strongly to external electric fields. This enhancement is particularly beneficial for solar cell 
applications where high dielectric constants improve charge separation efficiency and reduce exciton binding 
energies. The reduced static dielectric constant for I⁻ doping, despite the higher polarizability of I⁻ ions, arises 
from the modified crystal field environment and reduced electronic density due to lattice expansion. However, 
the frequency-dependent analysis reveals that I⁻ doping creates enhanced polarization response in specific 
energy ranges, particularly around 1.7-2.0 eV, corresponding to the modified band gap region. The imaginary 
part of the dielectric function directly relates to optical absorption and reveals the energy-dependent transition 
strengths. The pristine K₂AgSbBr₆ exhibits a primary absorption peak at approximately 2.0 eV with a broad 
shoulder extending to higher energies, characteristic of direct interband transitions. Cu⁺ doping shifts the main 
absorption peak to 2.6 eV while creating additional absorption features in the 1.5-2.0 eV range due to Cu 3d → 
Br 4p* transitions. The peak intensity increases by approximately 25%, indicating enhanced oscillator strengths 
for optical transitions. This enhancement results from the increased density of states near the band edges and 
improved orbital overlap due to the contracted lattice structure. Bi³⁺ doping creates a complex absorption 
spectrum with the main peak at 1.9 eV and additional features extending to higher energies. The reduced low-
energy absorption correlates with the widened band gap, while the enhanced high-energy absorption (> 3.0 eV) 
results from Bi 6p → conduction band transitions. The overall absorption intensity decreases in the visible range 
but increases significantly in the UV region. I⁻ doping produces the most dramatic changes in the absorption 
spectrum, with enhanced absorption throughout the visible range and a red-shifted main peak at 1.7–1.8 eV. 

Fig. 9.  Dielectric function ε(ω) for pristine and doped K₂AgSbBr₆, revealing modifications in real and 
imaginary components upon doping.
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The absorption intensity increases by approximately 40% compared to the pristine material, making it highly 
attractive for light-harvesting applications.

The absorption coefficient α(ω) calculations (Fig.  9) reveal the practical light-harvesting capabilities of 
each composition. The pristine K₂AgSbBr₆ exhibits an absorption onset at approximately 0.55 eV with rapidly 
increasing absorption in the near-infrared region, reaching values of 10⁴-10⁵ cm⁻¹ in the visible spectrum. Cu⁺ 
doping enhances the absorption coefficient across the entire visible spectrum, with peak values reaching 1.8 × 10⁵ 
cm⁻¹ at 2.5  eV. The enhanced absorption results from both the narrowed band gap (enabling lower-energy 
transitions) and increased oscillator strengths due to improved orbital overlap. The absorption onset shifts to 
0.44 eV, enabling efficient harvesting of near-infrared photons. Bi³⁺ doping creates a blue-shifted absorption 
profile with reduced near-infrared absorption but enhanced UV response. The absorption coefficient exceeds 
10⁵ cm⁻¹ for photon energies above 2.0  eV, making it ideal for UV photodetection applications. The sharp 
absorption onset at 1.55 eV creates excellent spectral selectivity for filtering applications. I⁻ doping produces 
the most favorable absorption characteristics for solar applications, with enhanced absorption across the entire 
visible spectrum and peak values reaching 2.1 × 10⁵ cm⁻¹. The broad absorption profile extends from the band 
gap edge (0.44 eV) to well into the UV region, enabling efficient utilization of the solar spectrum.

The real part of the refractive index n(ω) = √[(ε₁ + √(ε₁² + ε₂²))/2] provides crucial 
information for device design and optical modeling. The static refractive indices follow the trend: 
n₀(Cu⁺) = 3.15 > n₀(pristine) = 3.13 > n₀(Bi³⁺) = 2.98 > n₀(I⁻) = 2.81. The enhanced refractive index for Cu⁺ doping 
improves light confinement and reduces reflection losses, beneficial for photovoltaic applications. The reduced 
refractive index for I⁻ doping, despite enhanced absorption, results from the modified electronic structure and 
lattice expansion effects. The frequency-dependent refractive index analysis reveals dispersion characteristics 
that affect device design. Cu⁺ doping exhibits normal dispersion with gradually increasing n(ω) toward higher 
energies, while I⁻ doping shows anomalous dispersion near the band gap region, creating opportunities for 
wavelength-selective applications. The optical conductivity σ(ω) = ε₀ ω ε₂(ω) provides insights into the 
photoconductivity and carrier generation efficiency. Cu⁺ doping exhibits the highest optical conductivity in the 
visible range, correlating with enhanced photocurrent generation capabilities. The peak optical conductivity 
occurs at 2.8 eV with values reaching 1.2 × 10⁶ S/m. I⁻ doping shows enhanced optical conductivity across a 
broader spectral range, with peak values of 1.4 × 10⁶ S/m at 2.2 eV. This broad enhancement makes it particularly 
suitable for broadband photodetector applications. The enhanced optical conductivity correlates with the 
improved absorption coefficient and suggests favorable photoconductivity properties. The observed optical 
behavior is in direct agreement with the electronic structure modifications discussed in Sect. 3.2. The red-shift 
of the absorption edge for Cu⁺- and I⁻-doped systems is consistent with their narrowed band gaps caused by 

Fig. 10.  Optical absorption spectra of pristine and doped compounds, showing red-shift for Cu⁺/I⁻ doping and 
blue-shift for Bi³⁺ doping.
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the upward shift of the valence band maximum (VBM) through Cu 3d–Br 4p and I 5p–Br 4p hybridizations. 
The blue-shift observed for Bi³⁺ doping matches the widened band gap resulting from the downward shift of 
the conduction band minimum (CBM) dominated by Bi 6p states. Furthermore, the enhanced absorption 
coefficients and dielectric functions for Cu⁺ and I⁻ doping reflect the increased density of states near the band 
edges, which facilitates stronger optical transitions. These correlations clearly establish a direct structure–
property relationship, confirming that targeted electronic band engineering is an effective way to tune optical 
performance in lead-free double perovskites.

Mechanical and dynamical stability
To further validate our results, we calculated the elastic stiffness constants Cij for the pristine and doped 
K₂AgSbBr₆ systems. For pristine K₂AgSbBr₆, the obtained values are C11 = 39.02 GPa, C12 = 18.80 GPa, and C44 = 
7.08 GPa, which satisfy Born’s mechanical stability criteria for cubic crystals (C11 > 0, C44 > 0, C11 − C12 > 0, C11 + 
2C12 > 0)36, confirming mechanical stability. These constants yield a bulk modulus B = 25.5 GPa, shear modulus 
G = 8.17 GPa, Young’s modulus E = 22.15 GPa, and Poisson’s ratio ν = 0.355, indicating ductile behavior (B/G 
> 1.75). For the Cu⁺-doped system (K₂CuSbBr₆), we obtained C11 = 38.96 GPa, C12 = 18.80 GPa, and C44 = 7.07 
GPa, with a nearly identical bulk modulus B = 25.5 GPa and Pugh’s ratio B/G = 3.13, demonstrating preserved 
mechanical stability and slightly enhanced lattice rigidity. For the Bi³⁺-doped system (K₂AgSbBr₆–Bi), the elastic 
constants are C11 = 40.96 GPa, C12 = 14.34 GPa, and C44 = 10.60 GPa, giving B = 23.2 GPa, G = 11.61 GPa, 
E = 29.85 GPa, and a lower Poisson’s ratio ν = 0.286, which reflects higher shear resistance while maintaining 
ductility (B/G = 2.0). In all cases, positive Cauchy pressures (C12 − C44 > 0) further support the ductile nature of 
these systems. These results collectively demonstrate that K₂AgSbBr₆ and its Cu⁺-, Bi³⁺-, and I⁻-doped derivatives 
retain robust mechanical stability, supporting their experimental feasibility for optoelectronic applications.

Comparison with previous studies
To validate the reliability of our results, we compared our findings with previously reported theoretical and 
experimental studies on similar double perovskites. For K₂AgSbBr₆, our optimized lattice constant (a₀ = 7.835 
Å) is consistent with the reported theoretical value of 7.84 Å. The HSE06 band gap predicted in this work (0.71 
eV) slightly underestimates the 0.85 eV reported previously10,11, which is attributed to the different exchange–
correlation functionals and computational settings employed. For K₂CuSbBr₆, our calculations reveal a band 
gap of 0.65 eV, which is in close agreement with the value reported by Rahman et al. (0.66 eV)37. This band 
gap narrowing is mainly caused by the strong hybridization between Cu 3d and Br 4p states, which raises the 
valence band maximum. In the case of K₂AgBiBr₆, our computed indirect band gap (1.80 eV) agrees with 
experimental observations (2.85 eV indirect, 3.07 eV direct) reported by Janaki et al. [38] when considering 
the usual underestimation of band gaps by DFT calculations. These agreements confirm the reliability of our 
computational approach and support the robustness of our predictions for the structural, electronic, and optical 
properties of these double perovskites. Overall, the excellent agreement across structural, mechanical, electronic, 
and optical parameters demonstrates the robustness of our computational approach and lends confidence to the 
predictions made in this study.

Conclusion
In this study, we conducted a systematic first-principles investigation of pristine K₂AgSbBr₆ and its strategically 
doped derivatives through Cu⁺, Bi³⁺, and I⁻ substitutions. The results demonstrate that doping serves as 
an effective tool for tailoring both the electronic and optical responses of the host double perovskite. Cu⁺ 
substitution reduces the lattice constant and enhances mechanical stiffness while narrowing the band gap to 
0.444 eV, thereby improving visible-light absorption and carrier mobility. Bi³⁺ substitution leads to a moderate 
lattice expansion with a widened band gap of 1.547 eV, making it more suitable for ultraviolet applications. In 
contrast, I⁻ substitution results in significant lattice expansion and softening, while also narrowing the band gap 
to 0.440 eV and improving absorption across the visible spectrum. Mechanical stability and formation energy 
analyses confirm that all pristine and doped systems are dynamically and thermodynamically stable, reinforcing 
their potential for real-world device implementation. The comparative analysis highlights distinct structure–
property relationships: Cu⁺ primarily tunes valence band energetics through d–p hybridization, Bi³⁺ reshapes 
conduction band states via heavy-atom effects, and I⁻ enhances polarizability and light-harvesting efficiency 
through halide orbital engineering. Importantly, all doped variants preserve the direct band gap character 
essential for optoelectronic devices. These combined results establish a clear structure–property–application 
relationship that links doping strategy to targeted optoelectronic performance. Overall, these findings 
provide valuable design principles for engineering lead-free double perovskites with targeted optoelectronic 
functionalities. By strategically selecting dopants, K₂AgSbBr₆ can be tailored for specific device applications, 
ranging from solar cells and tandem architectures to photodetectors and UV optoelectronics. This work thus 
offers both theoretical insights and practical guidance for the development of sustainable, high-performance 
perovskite-based materials. In particular, the present results suggest that Cu- and I-doped K₂AgSbBr₆ 
compositions, with their narrowed band gaps and enhanced visible absorption, are promising candidates for 
near-infrared and broadband photodetectors, whereas Bi-doped K₂AgSbBr₆, with its wider band gap, is better 
suited for tandem solar cells and UV optoelectronic devices. The direct band gap nature and robust mechanical 
stability of all studied systems further support their feasibility for thin-film device fabrication. We therefore 
recommend these materials for future experimental synthesis and device prototyping, providing a clear pathway 
toward eco-friendly, lead-free optoelectronic technologies.
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