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Abstract 

In this study, we present an ab initio theoretical study of the mechanical, electronic, and optical 

properties of AuBiF3 using ultrasoft pseudopotentials within the framework of density functional 

theory (DFT). Our investigation shows the formation energy is negative, which indicates that the 

material is stable thermodynamically. The elastic properties show that the studied perovskite satisfies 

the Born stability criteria, confirming its mechanical stability. Additionally, the Pugh ratio (B/G) 

exceeds 1.75, indicating that the material exhibits ductility. The electronic band gap indicates that this 

material is a semiconductor with a direct M-M band gap of 1.51 eV, as determined using the HSE06 

functional, making it suitable for solar energy applications. An examination of the optical properties 

shows that the absorption coefficient exhibits significant absorption in the visible range, on the order 

of 104 cm⁻¹, along with strong ultraviolet absorption, also on the order of 104 cm⁻¹. Our findings 

suggest that the investigated material possesses notable characteristics, making it promising for solar 

cell applications and other optoelectronic devices.  
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1.  Introduction 

The global energy landscape is facing major challenges resulting from a combination of critical factors, 

including climate change, the constant increase in energy demand linked to population growth, large-

scale industrialization, and the progressive scarcity of conventional fossil fuels [1]. The climate 

emergency and economic constraints are driving scientific and industrial communities to develop 

renewable and sustainable energy solutions [2]. Solar energy is the most promising alternative among 

the existing sources due to its nearly infinite supply and demand, compatibility with large-scale 

activities, and low environmental impact [3]. This dynamic has resulted in deep study into new 

functional materials that can improve the performance of optoelectronic devices, particularly 

photovoltaic cells (PVCs) [4]. The target materials must have desirable optical properties such as a 

high absorption coefficient, high optical conductivity, low reflection, and compatibility with low-cost 

manufacturing techniques [5]. Halogenated perovskites (PHs) with the formula ABX3, where A and B 

are organic or inorganic cations and X is a halogen anion, have received lot of attention [6]. These 

materials have proven to be particularly versatile, with applications ranging from solar cells [7] to 

light-emitting diodes (LEDs)  [8], advanced optoelectronic devices [9], and lasers [10]. Perovskite 

solar cells are notable in the photovoltaic sector for their exceptional electrical and optical properties: 

extended carrier lifetime, high electron mobility, low exciton binding energy, high absorption capacity 

in the visible spectrum, and intrinsic tolerance to crystal defects [11].  

These advantages position PSCs as highly promising materials for PV applications, where the 

efficiency of PSCs has seen a dramatic improvement, with the PCE increasing from 3.8 % in 2009 

[12] to an impressive 28 % these years [13]. This development is the result of multiple strategies, such 

as bandgap engineering, interface modification, chemical composition optimization, and defect 

encapsulation and passivation to limit non-radiative losses [14]. Current theoretical models estimate 

that the theoretical maximum efficiency of these cells could reach approximately 31.1% [15]. These 

advances confirm the disruptive potential of halogenated perovskites in next-generation solar 

technologies and justify the continued exploration of new compositions, device architectures and 

structural modifications to reconcile high performance and long-term stability. 

To advance research in this field, we propose the exploration of new compounds from the halogenated 

perovskite family, which remain largely unexplored both theoretically and experimentally. To this end, 

we selected the compound AuBiF3 for an in-depth study based on density functional theory (DFT). 

The results obtained reveal that this material exhibits a direct bandgap of around 1.51 𝑒𝑉, a crucial 

characteristic for multijunction solar cells to optimize solar spectral capture and maximize conversion 

efficiency  [16, 17]. This study will provide important information on electronic, elastic, and optical 
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properties in order to better understand its potential in solar cell applications. Our work seeks to give 

a complete characterization of the fundamental properties of AuBiF3, allowing us to assess its potential 

for next-generation solar technology. These findings will help to expand the database of functional 

materials suited to solar energy and may open up new pathways in the construction of high-efficiency 

solar cells, particularly in multi-layer topologies where band gap optimization is a critical factor. 

 

2.  Calculation detail 

All calculations presented in this study were performed using the pseudopotential and plane-wave 

method, as implemented in the ab initio simulation code CASTEP [18]. The treatment of the electron 

exchange-correlation energy was performed using the generalized gradient approximation (GGA) with 

the Perdew–Burke–Ernzerhof (PBE) parameterization [19]. For better accuracy in band gap 

estimation, complementary electronic structure calculations were performed using the hybrid Heyd–

Scuseria–Ernzerhof (HSE06) functional [20]. The interactions between ionic cores and valence 

electrons were described using pseudopotentials methode [21]. Kohn-Sham wave functions were 

developed on a plane-wave basis with a cutoff energy set at 600 eV [22]. The Brillouin zones were 

discretized according to the Monkhorst-Pack scheme [23] with a 6 × 6 × 6 mesh for structural 

relaxations and 12 × 12 × 12 for electronic and optical calculations. The mechanical properties of the 

polycrystalline phases were then evaluated from the constants Cij using the Voigt-Reuss-Hill scheme 

[24]. 

 

3.  Structural characteristics 

AuBiF₃ compounds crystallize in a cubic perovskite-like structure ABX₃, belonging to the space group 

Pm3̅m with a number of formulas per unit cell Z = 1. In this configuration, Bi³⁺ ions occupy B sites 

and are octahedral coordinated by six fluorine (F⁻) ions, while Au⁺ ions reside in A sites, at the center 

of a cub octahedral cage formed by twelve fluorine ions. The unit cell of the AuBiF₃ perovskite lattice 

is represented in Figure 1. Before undertaking electronic structure calculations using density functional 

theory (DFT), a first assessment of the geometric stability of the perovskite phase was performed by 

applying the semi-empirical Goldschmidt model [28]. This model predicts the crystallographic 

feasibility of structure based on the tolerance factor, defined by the following equation: 

𝒕 = (𝒓𝑨 + 𝒓𝒙) √𝟐(𝒓𝑩 + 𝒓𝒙)⁄                                                      (1) 

The variables represent the site X, respectively. The Goldschmidt tolerance factor (t) is a useful 

parameter for estimating the stable structure of the studied material. When t is close to 1, it indicates 

an ideal cubic structure, while values between 0.8 and 1.0 suggest the potential stability of a distorted 
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perovskite phase. The calculated tolerance factor of the investigated compounds exhibits 0.916, which 

suggests higher stability in the cubic structure. Table 1 summarizes the obtained results 

 

Table 1. ionic radii 𝑅𝑖, tolerance factor  𝑡, calculated total energy 𝐸𝑇𝑜𝑡, AuBiF3 perovskite. 

 

 

 

 

 

 

Figure 1. The cubic perovskite structures of AuBiF3. The Au, Bi and F atoms are all in special Wyckoff 

positions:1a: (0,0,0), 1b: (1/2,1/2,1/2) and 3c: (1/2,1/2,0), respectively. 

 

4.  Elastic properties 

The stiffness and strength of crystalline materials can be assessed via their single-crystal elastic 

constants. Table 2 presents the values of C11, C12, and C44 for the examined compound, ascertained 

by the strain-stress method [25], elucidating its dynamic response and deformation characteristics 

under an applied load. The elastic constants were utilized to calculate additional mechanical 

parameters, including bulk modulus (B), Pugh's ratio (𝐵/𝐺), Young's modulus (E).  

The examined material met the Born stability criteria [26] :  

C11 − C12 > 0,  C12 > 0, C11 > 0, C11 + 2C12 > 0, and C12 < 𝐵 < C11  

The bulk modulus (B) quantifies a material's resistance to uniform compression and signifies the 

extent of resistance during volumetric deformation. Table 2 indicates that the material possesses 

a high bulk modulus, signifying substantial resistance to hydrostatic pressure. 

Young's modulus quantifies the stiffness of an elastic material, defined as the ratio of stress to 

Material 𝐑𝐢 a t 𝐄𝐓𝐨𝐭 𝑯𝒇 

     

 

     AuBiF3 
Au 1.37 4.57 0.81 -3051 -1.74 

Bi 1.07 

F 1.33 
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strain. The moderate Young's modulus (E) further elucidates the compound's softness. Table 2 

illustrates that the current compound has a moderate value, signifying that it deforms more 

readily under applied stresses and undergoes greater elastic strain compared to stiffer materials 

with elevated Young's moduli. 

The B/G ratio represents the brittleness or ductility of solids [27]. The number above 1.75 implies 

ductile material, whereas lower values suggest brittle material. The B/G ratio reaches 1.75, 

demonstrating the ductile nature and flexibility without fracture of the investigated perovskite, 

which displays high plasticity, which is useful for electronic materials. The obtained results are 

revealed in the table 2.  

 

                          TABLE 2. Elastic constants 𝐶𝑖𝑗, bulk modulus 𝐵(𝐺𝑃𝑎), shear modulus 𝐺(𝐺𝑃𝑎), 𝐵/𝐺 ratio, 

                                                                   and Young’s modulus 𝐸(𝐺𝑃𝑎) of AuBiF3. 

 

Material C11 C12 C44 B B/G E 

AuBiF3 138 23 0.25 61 11.75 33 

 

 

5.  Electronic properties 

Electronic band structure is a fundamental tool for characterizing the energy states 

accessible to electrons in a crystal. From the relaxed geometric configurations, we calculated 

the band structure of the halogenated perovskite compound AuBiF₃ using density functional 

theory (DFT) within the generalized gradient approximation (GGA) framework, according 

to the Perdew–Burke–Ernzerhof (PBE) parameterization, as implemented in the CASTEP 

code. The electronic band dispersion was determined along the high-symmetry directions of 

the first Brillouin zone. The results are presented in Figure 2, for an energy window 

extending from −15 to 15 eV. The analysis reveals that the valence band maximum (VBM) 

and the conduction band minimum (CBM) are located at the M point of the Brillouin zone. 

This configuration confirms that AuBiF₃ is a direct bandgap semiconductor, characterized 

by an (Mc-Mv)-type electronic transition. To obtain a more precise estimate of the bandgap, 

additional calculations were performed using the hybrid Heyd–Scuseria–Ernzerhof (HSE06) 

functional. The findings indicate a direct bandgap value of 1.51 eV. This significant value 

places AuBiF3 as promising compound used in multijunction photovoltaic architectures for 

high-efficiency solar energy conversion devices[16, 17]. 
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           Figure 2. Band structure calculated in high symmetry direction using HSE06 for AuBiF3 perovskites. 

 

Electronic densities of states (DOS) provide valuable information on the contribution of atomic orbitals 

to the valence and conduction bands and therefore allow the identification of the electronic origin of 

the material’s band gap. As illustrated in Figure 3, the valence band of both AuBiF₃, located between 

−12.5 and −5 𝑒𝑉, is dominated by the F-p orbitals with few contribution of Bi: s-p orbitals. Near the 

Fermi level, the maximum valence band (VBM), which extends from 0 eV to −2.5 eV, is 

predominantly occupied by Au-d orbitals. The conduction band minimum (CBM) is mainly formed 

by Bi-p orbitals, while the rest of the conduction band is generated by Au-p and Bi-s orbitals. It can be 

deduced that the band gap energy of AuBiF3 is mainly formed by Au-d in (VBM) and Bi-p in (CBM). 

-20 -10 0 10 20

0

5

10  F-s

 F-p

Energy(eV)

AuBiF3

0

5

10

15

 TDOS

D
O

S
(S

ta
te

s/
eV

/A
to

m
)

0

4

8

12  Au-s

Au-d

 Au-p

0.0

0.4

0.8

1.2  Bi-s

 Bi-p

 
  AuBiF3PBE for -(TDOS) and partial density of states (PDOS) calculated using GGATotal  .3ure Fig

perovskite. 

 



Islamic University Journal of Applied Sciences Special Issue, December 2025, p. 113-122 

 

119 

 

6.  Optical properties 

The optical properties of the materials under consideration were investigated throughout a wide 

spectrum (0 to 25 𝑒𝑉), allowing for an extensive analysis of their electromagnetic response to incident 

radiation. The complex dielectric function [28], which consists of real 𝜀1(𝜔) and imaginary 𝜀2(𝜔) 

parts. given through the relation 

𝜀(𝜔) = 𝜀1(𝜔) + 𝑖𝜀2(𝜔) 

the imaginary part of the dielectric function 𝜀2(𝜔).can be obtained using the following equation [29] 

: 

𝜀2(𝜔) =
2𝜋𝑒2

𝑚𝑒
2𝜔2𝜀0

∑ ∫ |⟨𝜓𝑘
𝑐 |𝑃⃗ 𝑖|𝜓𝑘

𝑣⟩|
2
 𝛿(𝐸𝑘

𝑐 − 𝐸𝑘
𝑣 − ℏ𝜔)𝑑𝑘3.

𝐵𝑍𝑐,𝑉                                      (9)     

the real dielectric function 𝜀1(𝜔) is derived from 𝜀2(𝜔) through the Kramers-Kronig [30] relation 

given by the relation bellow:  

ε1(ω) = 1 +
2

π
P∫

ω′ε2(ω′)

ω′2 − ω2

∞

0

dω′                                                             (10) 

 

The real and the imaginery parts allow to calculate the absorption coefficient given as follows  

𝛼(𝜔) = √2 𝜔 [√𝜀1
2(𝜔) + 𝜀2

2(𝜔) − 𝜀1(𝜔)]
1 2⁄

                                         (11 ) 

The absorption coefficient 𝛼(𝜔) is a fundamental parameter in evaluating the optical performance of 

materials, particularly for solar cell (SC) applications. It measures the efficiency with which a material 

absorbs incident light energy, reflecting its ability to convert light into electrical energy. Figure 3 

shows the variation of the absorption coefficient as a function of photon energy. For candidate solar 

cell materials, typical absorption coefficient values are between 104 and 106 cm-1. In the infrared 

region, the absorbance reaches approximately 2.5 × 104 cm-1, reflecting moderate interaction with low-

energy photons. In the visible region between (1.65 and 3.26 eV), a more pronounced absorption is 

observed, with a peak reaching 6.7 × 104 cm-1, which represents a promising threshold for efficient 

absorption of sunlight. Progressing towards the ultraviolet region, a sharp increase is noted: the 

absorbance peaks at 2.5 × 104 cm-1 for a photon energy of approximately 9.03 eV, illustrating a highly 

absorbing behavior favorable to UV photodetectors and high-performance optoelectronic devices. 
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                    Figure 4. Calculated absorption coefficient using GGA-PBE for AuBiF3 perovskite. 

 

7.  Conclusion 

The rapid advancement of photovoltaic technologies, particularly tandem solar cells, requires materials 

with both high absorption capacity and reliable mechanical stability. The AuBiF₃ perovskite was 

studied using density functional theory (DFT) to characterize its structural, electronic, and optical 

characteristics. Electronic analysis indicates a direct band gap of 1.51 eV using HSE06 functional, 

which coincides with the ideal energy window for the lower layers in tandem multijunction 

architectures. The optical properties, such as absorption coefficient, demonstrate good absorption in 

the infrared, visible and ultraviolet regions, suggesting strong photonic interaction in the visible, and 

near-infrared regions, which is essential for high efficiency. These properties position AuBiF₃ as a 

strong candidate for next-generation photovoltaic devices, particularly in high-performance tandem 

cells and multifunctional optoelectronic applications. These results provide a solid theoretical 

foundation for future experimental work and practical integration on an industrial scale. 
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