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  ABSTRACT  

This study focuses on the crystalline lithium-based 

perovskite material, LiGeCl , with a view to improving its 

structural, elastic, electronic and optical properties by 

exploiting the effect of hydrostatic pressure. Combining 

density of states (DOS and PDOS) analysis with DFT and 

GGA approximation results, it is shown that the 

application of pressure reduces the lattice parameter, 

enhancing self-cohesion and stabilising the atomic 

structure. At ambient pressure, LiGeCl  exhibits 

semiconducting properties with a direct band gap, 

dominated by the p-orbitals of Cl atoms in the valence 

band and Ge in the conduction band. Under increasing 

pressure (0 to 6 GPa), the band gap is progressively reduced 

until it disappears at 6 GPa, leading to an electronic 

transition from a semiconducting to a metallic state.

This transition results from the compression of the crystal lattice, which intensifies orbital 

interactions and causes the valence and conduction bands to overlap. In addition, pressure 

significantly enhances the optoelectronic properties of LiGeCl , including absorption in the visible 

spectrum, spectral reflectivity and refractive index, making the material more suitable for 

photovoltaic applications. These results highlight the potential of LiGeCl  in engineering advanced 

materials for semiconductor and optoelectronic devices, while demonstrating the crucial role of 

hydrostatic pressure as a tool for modulating material properties.
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تحت الضغط  للتحسينات الهيكلية والمرنة والبصرية الإلكترونية في  DFTتحليل 

 لتطبيقات الطاقة الكهروضوئية

 يت القاضيا، يوسف يوسف جواد، عبد الله بوزايدحمزة بلخنشي،  ،يونس زيات ،محمد ميري

، بهدف تحسين خصائصها LiGeClتركز هذه الدراسة على مادة بيروفسكايت الليثيوم البلورية القائمة على الليثيوم،  :ـصـملخـ

الهيكلية والمرنة والإلكترونية والبصرية من خلال استغلال تأثير الضغط الهيدروستاتيكي. من خلال الجمع بين تحليل كثافة 

، يظهر أن تطبيق الضغط يقلل من معامل الشبكة، مما يعزز GGAوتقريب  DFT( مع نتائج تحليل PDOSو DOSالحالات )

خصائص شبه موصلة مع فجوة نطاق مباشرة، تهيمن  LiGeClالتماسك الذاتي ويثبت البنية الذرية. عند الضغط المحيط، يُظهر 

جيجا باسكال(، تتقلص فجوة  إلى   في نطاق التوصيل. تحت ضغط متزايد )من Geفي نطاق التكافؤ و Clلذرات  pعليها المدارات 

جيجا باسكال، مما يؤدي إلى انتقال إلكتروني من حالة شبه موصلة إلى حالة معدنية. وينتج  النطاق تدريجيًا حتى تختفي عند 

. وبالإضافة هذا الانتقال من انضغاط الشبكة البلورية التي تكثف التفاعلات المدارية وتتسبب في تداخل نطاقات التكافؤ والتوصيل

، بما في ذلك الامتصاص في الطيف المرئي LiGeClإلى ذلك، يعزز الضغط بشكل كبير من الخصائص الإلكترونية الضوئية ل 

والانعكاسية الطيفية ومعامل الانكسار، ما يجعل المادة أكثر ملاءمة للتطبيقات الكهروضوئية. وتسلط هذه النتائج الضوء على 

دسة المواد المتقدمة لأشباه الموصلات والأجهزة الإلكترونية الضوئية، مع إظهار الدور الحاسم للضغط في هن LiGeClإمكانات 

 الهيدروستاتيكي كأداة لتعديل خصائص المواد.

 الامتصاص؛ الخواص البصرية؛ أشباه الموصلات؛ البيروفسكايت. الكلمات المفتاحية:

 

1. INTRODUCTION 

Today's environmental challenges, such as dependence on unsustainable energy sources 

and their negative impact on the environment, call for innovative, ecosystem-friendly solutions 

[1]. Energy transition has become a global priority, with growing interest in the development 

and adoption of renewable energies, notably photovoltaics and wind power. These technologies 

offer a unique opportunity to produce clean energy while significantly reducing greenhouse 

gas emissions, by harnessing abundant natural resources such as solar cells and wind [2, 3, 4]. 

In this context, solar cells occupy a central position as key solutions for sustainable energy 

[5]. They have been the focus of intensive research aimed at fully exploiting their potential for 

converting solar energy into electricity. This work has focused on analyzing the intrinsic 

properties of photovoltaic materials, in particular their photonic and photoluminescent 

characteristics, which play a crucial role in improving their efficiency and durability [6]. This 

in-depth exploration has also uncovered other remarkable properties of the materials used, 

including their ability to be integrated into advanced devices such as lasers, radiation detectors 

or thermoelectric systems [7, 8, 9]. 

Among these materials, perovskites have attracted particular interest thanks to their 

unique chemical structure and great versatility [10, 11, 12]. Their ABX3 

properties for photovoltaic applications [13]. For example, studies on CsXCl3 perovskites (X = 

Sn, Pb) have demonstrated a clear relationship between their lattice parameter and their band 

gap, establishing a direct link between their crystal structure and their electronic properties 

[14]. These results underline the importance of theoretical modeling in understanding the 

fundamental behavior of materials. 

With this in mind, density functional theory (DFT) has established itself as an essential 

tool for analyzing the properties of materials, particularly in the field of perovskites [15, 16]. 
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Beyond the study of intrinsic characteristics, the application of hydrostatic pressure has been 

identified as a promising lever for tuning and optimizing electronic, optical and mechanical 

properties. Work on AGeF3 compounds (A = K, Rb) has revealed that pressure can significantly 

enhance atomic interactions, thereby modifying elastic constants, band gap and other key 

properties [10, 17, 18, 19]. These results demonstrate that by manipulating external conditions, 

such as pressure, materials can be optimized to meet the requirements of advanced 

technological applications [20, 21, 22]. 

analytical elements and experiments. It does not work because there is no experimental 

This signifies the limit of the original approximation and simulation numbers to improve these 

properties. In the absence of experimental research, we have discovered that the first 

e experimental investigations that reveal 

these results [23, 24]

controlled phase transitions under pressure, allowing for finer modulation of optoelectronic 

and less stable transitions [25, 26, 27, 28]

opening the way for applications in high-pressure environments requiring optimal optical and 

properties under pressure, unlike more unstable perovskites. Its gradual phase transitions give 

it better adaptability to extreme environments, ensuring increased durability and reliability for 

high-pressure applications. 

In this context, this study focuses on LiGeCl3 perovskite, a particularly promising material 

for photovoltaic and optoelectronic technologies [29]. Using density functional theory, we 

analyze its optoelectronic, mechanical and elastic properties, taking into account the effect of 

pressure. The application of pressure leads to significant changes in crystal structure, lattice 

parameters and chemical bonding, resulting in notable improvements in material 

performance. By exploring these aspects, this research contributes to an in-depth 

understanding of the relationships between lattice parameters, band gap and mechanical 

stability under pressure. This knowledge paves the way for optimizing perovskites for next-

generation energy and technology applications, responding to the growing need for 

sustainability and efficiency in renewable energies. 

2. CALCULATION METHOD  

To study the characteristics of the LiGeCl3 material, density functional theory (DFT) was 

used, based on the WIEN2k code, known for its precision in modeling crystalline materials [30, 

16, 11, 12]. This method is based on linearized full potential augmented waves (FP-LAPW), 

enabling detailed analysis of electronic, structural and optical properties. To describe exchange 

and correlation interactions, the generalized gradient approximation (GGA), based on the 

Perdew-Burke-Ernzerhof (GGA-PBE) formalism, has been applied [31, 32], this approach 

enables better modeling of electronic interactions by taking into account spatial variations in 

electron densities, thus improving the accuracy of predictions and making this methodology 

particularly suitable for the study of crystalline systems such as LiGeCl3. To guarantee adequate 
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accuracy, the parameter RMTKmax, which corresponds to the product between the radius of 

the Muffin-Tin sphere and the maximum wave vector, was set to an optimum value after 

convergence tests. The radii of the Muffin-Tin spheres were adjusted for each atom, taking into 

account the dimensions of the crystal lattice. A dense k-point grid, based on the Monkhorst-

Pack method, was used to sample the Brillouin zone with optimized density, guaranteeing 

reliable results for total energies and electronic properties. The static calculations for the 

-points and energy convergence 

limit of 10-5 Ry to ensure accuracy. The relation RMT.Kmax = 7 was used to optimize the 

calculation basis and balance accuracy and efficiency. The atomic sphere radii (RMT) for Li, 

Ge, and Cl atoms are 2.50, 2.50 and 2.32, respectively. 

The effect of hydrostatic pressure was simulated by applying uniform stresses to the 

optimized crystal cell. Calculations were carried out for pressures ranging from 0 GPa to 6 GPa, 

with regular increments, and at each step, a complete optimization of the geometry enabled the 

total energy to be minimized and the lattice parameters to be readjusted according to the 

applied stresses. This approach made it possible to explore variations in electronic, optical and 

mechanical properties under pressure. 

Electronic properties were studied through electronic band structures and densities of 

states, enabling the evolution of the band gap with pressure to be monitored. Optical 

properties, such as absorption coefficient, refractive index and complex dielectric function, 

were calculated taking into account state-dependent electronic transitions. Elastic constants 

were also determined by applying small strains to the optimized lattice parameters, enabling 

mechanical stability to be assessed and material stiffness variations to be analyzed under stress. 

Thanks to this methodology, it has been possible to provide a comprehensive analysis of 

the fundamental properties of LiGeCl3, highlighting its optoelectronic and mechanical 

behavior under various pressure conditions. These results are essential for optimizing the 

performance of this material in advanced technological applications, notably in photovoltaic 

and optoelectronic devices. 

3. RESULTS AND DISCUSSION  

3.1. Structural Properties 

The cubic structure of LiGeCl3 belongs to the class of single-halide inorganic perovskites, 

renowned for their unique crystallographic arrangement and remarkable properties. As 

illustrated in Figure 1, the crystal structure of LiGeCl3 consists of a unit cell containing five 

distinct atoms. The geometric configuration and precise arrangement of these atoms play a 

decisive role in the material's optoelectronic and mechanical properties. 

Inorganic perovskites based on metal halides, such as LiGeCl3, are particularly valued for 

their high symmetry and structural stability. These features make them ideal for theoretical 

research using advanced computational methods such as density functional theory (DFT), as 

well as for practical applications in fields such as photovoltaic and optoelectronic devices. The 

simplicity of the cubic structure provides a solid basis for modeling and predicting material 

performance under a variety of conditions. In this cubic structure, which belongs to space 
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group 221 (Pm3m), the Li cation is located in (0, 0, 0), the metal cation Ge in (0.5, 0.5, 0.5), and 

the Cl anions are arranged in (0.5, 0, 0.5), (0.5, 0.5, 0) and (0, 0.5, 0.5) according to Wyckoff 

coordinates [33]. The unit cell characterized by lattice parameter of LiGeCl3 is a0= 5.21 Å, these 

values corresponding to the theoretical values in which a0= 5.19 Å [34]. This perfectly 

symmetrical and balanced arrangement is essential for maintaining the material's structural 

and electronic properties. 

 
Figure 1: Structure crystalline of LiGeCl3 

 

Detailed understanding of this atomic structure provides a valuable basis for exploring the 

relationships between structure and material properties, such as mechanical stability, elastic 

constants and electronic transitions. These fundamental characteristics confirm LiGeCl3's 

potential as a key material for many modern technological applications, particularly in the 

fields of energy and advanced electronics. 

To optimize the material's stability and strength, the size of the unit cells was carefully 

adjusted while taking into account the total energy of the system. This approach has enabled 

us to determine the optimum structural parameters for stable crystal formation and low energy. 

The lattice parameter, which determines the dimensions of the unit cell, plays a crucial role in 

determining the overall properties of the material. 

Precise total energy calculations were carried out by systematically varying the size of each 

unit cell. These variations were used to plot a characteristic energy-volume curve, describing 

the energy behavior of the crystal as a function of lattice compression or expansion. To analyze 

these data, the Birch-Murnaghan equation of state was used [35].  

𝐸 = 𝐸0 +
𝐵0

𝐵0
′ (𝑉 − 𝑉0) −

𝐵0𝑉0

𝐵0
′(1−𝐵0

′)
[(

𝑉

𝑉0
)

1−𝐵0
′

− 1]                             (1) 

This equation offers a robust theoretical framework for modeling the relationship between 

energy, volume and pressure in crystalline solids, and is particularly well suited to describing 

behavior under high pressure or extreme conditions, providing valuable information on the 

structural stability of materials. 

By minimizing the total energy E while optimizing the volume V of the unit cell, the 

234



Mohammed Miri et al 

Solar Energy and Sustainable Development, Special Issue (STR2E) , May  2025. 

 

 

 

 

optimal values of two critical parameters, the mass modulus B and its derivative B′ at zero 

pressure, have been determined (see Figure 2). These two parameters provide essential 

information on the mechanical response of the material and are crucial for designing strong, 

stable structures. 

 
Figure 2 : Variation of total energy as a function of volume for LiGeCl3 

 

The mass modulus B, which measures the material's resistance to compression, is 

particularly important for applications requiring strength and durability. A high value of B 

indicates high stiffness. The derivative B′, representing the variation of B under pressure, 

provides additional information on the material's thermoplastic and elastic properties, such as 

ductility and crystalline rigidity [36]. Simultaneous optimization of B and B′ improves the 

overall strength of the material and its ability to resist deformation under stress. 

Table 1 summarizes the optimized parameters E, V, B, and B′, providing an overview of 

the structural performance of LiGeCl3. These results also enable relevant comparisons between 

different materials and crystal configurations, contributing to a better understanding of 

structure-property relationships. 

Table1: Lattice parameters and gap energy as a function of pressure of LiGeCl3 

Lattice Parameter a0  (Å) E (Ry) V (a.u)3 B (GPa)  

Optimized Other 

5.21 5.19 [34] 970.77 6982.58 28.97 4.71 

The dependence of the cubic lattice constant on pressure was determined using the 

relationship established by according to the following formulae [37]: 

𝑃(𝑉) =
𝐵0

𝐵0
′ [(

𝑉0

𝑉
)

𝐵0
′

− 1]                                                           (2) 

𝑎0 = (𝑉(𝑃))
1

3⁄                                                                   (3) 

Moreover, the results are summarized in Table 2. 
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Table 2: Lattice parameter and gap energy versus pressure. 

Pressure (GPa) Parameter a0 (Å) Energy Gap Eg (eV) 

0 5.21 0.72 

2 5.11 0.34 

4 5.03 0.12 

6 4.97 0.00 

Hydrostatic pressure has a significant influence on the structural and electronic properties 

in the lattice parameters and cell volume, which results in a reduction of interatomic distances. 

This closer atomic proximity strengthens chemical bonds and enhances the repulsive forces 

between atoms, leading to greater rigidity and hardness in the crystal structure. These 

structural changes contribute to an improved mechanical response and increased resistance to 

crystalline compression under high pressure. 

pressure, the material exhibits a direct band gap of 0.72 eV, making it suitable for electronic 

and optoelectronic applications. However, with increasing pressure, the band gap undergoes 

significant changes. Initially, the band gap widens, reflecting the saturation of compression 

effects on electronic transitions, as observed in Table 2. Conversely, Table 2 illustrates that 

under the influence of PBE-GGA functions, the band gap decreases with increasing pressure, a 

behavior attributed to structural effects. The reduction in lattice constants narrows the atomic 

distances, intensifies electron-ion interactions, and increases the overlap of atomic orbitals. 

This leads to a decreased energy separation between the valence and conduction bands, thereby 

reducing the band gap. 

These findings underscore the dual effects of hydrostatic pressure on both structural and 

electronic properties. While it enhances the material's strength and hardness by intensifying 

interatomic interactions, it simultaneously modifies electronic transitions, affecting its band 

gap characteristics. Such insights are crucial for applications requiring materials with stable 

structural and electronic properties under high-pressure conditions. 

3.2. Elastic properties: 

The elastic constants of solids represent fundamental parameters that make it possible to 

describe the mechanical behavior of materials. These constants characterize in particular the 

way in which a solid reacts to mechanical deformations under the influence of external stresses. 

independent elastic constants denoted Cij, represented by C11 , C12 , and C44 [38]. These 

parameters play a fundamental role in assessing the mechanical stability of solids as well as the 

internal forces acting between their atoms. In addition, they make it possible to establish an 

accurate relationship between the mechanical properties (such as hardness) and the dynamic 

properties (such as the propagation of sound waves) of crystals [39]. In order to validate the 

mechanical stability of materials, the elastic coefficients must satisfy the stability criteria 

defined by Born [40]: 

C11+2C12 > 0, C11-C12>0, C11> 0 and C11>B > C12                                     (4) 
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parameters C11, C12 and C44 respect the criteria of the limits previously defined. This confirms 

that the material studied is mechanically stable. 

Table 3:  Elastic constants of LiGeCl3 

Pressure  C11 
 

 C12  C44 
 

Cp 
 
 

0 GPa  46.07  10.68   8.52 2.16 

2 GPa  57.44  13.96   9.81 4.15 

4 GPa  69.32  16.73  10.54 6.19 

6 GPa  78.98  19.20  11.44 7.76 

At 0 GPa, the elastic constants and mechanical properties of the material are in good 

agreement with previous theoretical analyses, thus confirming the validity of the results 

obtained [34, 23]. When the material is subjected to increasing pressures, ranging from 0 to 

6 GPa, a progressive and significant increase in mechanical parameters is observed. This trend 

indicates a notable improvement in the strength and ductility of the material under 

compression. When examining the specific elastic constants, it is noted that the constants C11 

and C12 increase at a faster rate than C44. This difference is attributed to the fact that C11 ,and 

C12 are mainly influenced by the strengthening of atomic bonds in the longitudinal direction 

and between crystal planes. Under pressure, these bonds become stiffer, resulting in higher 

values of these constants. In contrast, C44, which reflects the resistance of the material to shear 

deformation, shows a more moderate increase. This trend indicates that the flexibility related 

to shape deformations is less affected by pressure compared to longitudinal and transverse 

stresses. These disparities in the behavior of elastic constants highlight a complex interplay 

between the effects of pressure, the overall strength of the material, and its ability to deform 

without fracture. More specifically, pressure contributes to increasing the material hardness 

while adjusting its ductility properties, providing a balance between stiffness and flexibility 

[41]. This correlation is particularly important for applications where robust mechanical 

properties are required in high-stress environments. 

The Cauchy pressure (Cp=C12-C44) is a key parameter for assessing the brittleness and 

ductility of materials, with a positive value indicating ductility and a negative value signaling 

brittleness [42]

increases with pressure, highlighting a progressive improvement in the ductility of the 

material with increasing pressure. The three moduli  bulk modulus (B), shear modulus (G), 

and elastic modulus (E)  are essential for evaluating elastic interactions within materials. 

These parameters help distinguish between ductile materials, which can absorb large amounts 

of energy before rupture, and brittle materials, which fail abruptly under stress without 

significant deformation. Such distinctions are critical for understanding how materials 

behave under mechanical stress, including their capacity to withstand collisions or resist 

catastrophic failure. These parameters offer a specific classification, adapting to diverse 

applications: ductile materials for use tolerant of deformations, such as structures, and fragile 

materials for stable and controlled environments [43]. This analysis provides a 

comprehensive framework for the design and selection of materials, as well as for industrial 

applications and technological advancements, in line with Hill's approximations [44, 45, 46]. 
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𝐵 =
𝐶11+ 2𝐶12 

3
                                                                    (5) 

 𝐺 =
𝐺𝑉+ 𝐺𝑅 

2
                                                                      (6) 

 𝐸 =
9𝐵𝐺

3𝐵+𝐺
                                                                        (7)  

  𝜈 =
(3𝐵−2𝐺) 

3(2𝐵+𝐺)
                                                                      (8) 

Or                                                  𝐺𝑉 =
𝐶11− 2𝐶12+3𝐶44 

5
                                                                  (9) 

𝐺𝑅 =
5(𝐶11− 𝐶12)𝐶44 

4𝐶44+3(𝐶11− 𝐶12)
                                                              (10) 

Table 4 shows the significant impact of pressure on the material's elasticity and mechanical 

strength parameters. As pressure increases, mechanical properties change significantly, 

reflecting an overall improvement in material performance. The incompressibility modulus 

(B), which measures the material's resistance to volumetric compression, increases from 22.47 

GPa to 39.12 GPa, indicating improved resistance at higher pressures. At the same time, the 

shear modulus (G), which reflects the material's rigidity to shear-type deformation, increases 

from 11.47 GPa to 17.00 GPa, reflecting increased rigidity. Furthermore, the modulus of 

elasticity (E), an indicator of the material's overall capacity for reversible deformation, 

increased from 29.40 GPa to 44.54 GPa, underlining a significant improvement in its elastic 

properties. 

Based on the moduli B, G and E, two ratios can be determined: Pugh (B/G) [47], and 

of crystals.  B/G and v are identified the brittleness and toughness of materials according to 

their critical values 1.75, and 0.26 [48], respectively. Whereas brittleness is indicated by a low 

value, ductility is linked to a high B/G ratio. Roughly 1.75 is the crucial number that divides 

materials into ductile and brittle categories; that is, (brittle < 1.75 < ductile) [49]. In addition, 

to a higher ductility [48]. Analysis of the B/G ratio, which rises from 1.96 to 2.30 at a pressure 

of 6 GPa, reveals a marked tendency for the material to become more ductile under pressure. 

o 0.293. 

This increase indicates a better ability of the material to resist volumetric deformation, 

confirming a more ductile behavior as pressure increases. 

These results show that the application of pressure simultaneously improves the material's 

stiffness and ductility, offering an optimum balance between these two properties, essential for 

applications requiring both mechanical strength and the ability to absorb deformation. 

Table 4: The parameters of elastic 

Pressure   B G E B/G v 

0  22.47 11.47 29.40 1.96 0.261  

2  28.45 13.57 35.12 2.09 0.275 
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4  34.26 15.35 40.06 2.22 0.286 

6  39.12 17.00 44.54 2.30 0.293 

3.3. Electronic Properties 

The analysis of electronic structures is a fundamental tool for understanding the intrinsic 

properties of materials, in particular for examining the distribution of energy bands and their 

evolution under different external factors [50]. This study provides crucial information on the 

relative position of the top of the valence band (VB), the bottom of the conduction band (CB), 

and the precise location of the Fermi level. These data not only allow us to characterize the 

electronic states of a material, but also to differentiate between insulators, semiconductors and 

conductors according to their band structure. Furthermore, the detailed interpretation of 

electronic band structures provides information on conduction mechanisms, electron-lattice 

interaction, and the tailoring of materials' physical properties to technological applications, 

such as semiconductor devices, sensors, or optoelectronic systems. 

increasing hydrostatic pressures ranging from 0 to 6 GPa, as illustrated in Figure 3. At 0 GPa, 

the electronic structure at the R symmetry point in the Brillouin zone shows an energy gap of 

 gap semiconductor. The 

valence band is well-defined and high, while the conduction band is relatively low, reinforcing 

its semiconducting behavior at ambient pressure (Figure 3(a)). 

With increasing pressure, significant changes in band structure are observed. At 2 GPa and 

4 GPa (Figure 3 (a and b)), the CB minimum shifts to lower energies, while the VB maximum 

remains localized at the R-point. This evolution, while reducing the value of the energy gap to 

 gap 

semiconducting character. However, beyond 4 GPa, the band gap progressively decreases until 

it becomes 0 ev at 6 GPa, at which point a major electronic transition is observed: the material 

changes from a semiconducting to a metallic state. This transformation is directly linked to the 

compression of the crystal lattice and the intensification of interactions between atoms. 

Compression under high pressure tightens inter-atomic distances, enhancing interactions 

between neighboring atomic orbitals. This causes the conduction and valence bands to overlap, 

removing the energy barrier necessary for electron excitation. As a result, electrons become 

free to circulate in the crystal, transforming the material's electronic properties from 

semiconductor to metallic conductor, this phenomenon highlights the crucial impact of 

pressure on the modulation of electronic properties [51]. 

Pressure is also emerging as a powerful tool for fine-tuning the optical and electronic 

properties of crystalline materials. It allows controlled modification of key parameters such as 

band gap width, density of states and charge carrier mobility. This approach paves the way for 

the exploration of new states of matter, where phase transitions, changes in crystallographic 

symmetry, or even novel electronic behaviors can be observed under high pressure. From a 

practical perspective, the use of pressure in high-performance semiconductor engineering 

represents a bridge between fundamental research and technological applications. 
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(a) (b) 

 
 

(c) (d) 
Figure 3 : Band structure at (a) 0, (b) 2, (c) 4 and (d) 6GPa 

Figures 4 and 5 illustrate the densities of electronic states (DOS) and projected densities of 

the crystal lattice. These analyses identify the contribution of atoms and orbitals to specific 

energy levels, offering a detailed understanding of the electronic interactions and fundamental 

mechanisms of the material. While total density of states (TDOS) gives an overview of the 

electronic structure, PDOS attributes these contributions to specific atoms such as lithium (Li), 

germanium (Ge) and chlorine (Cl), and their respective orbitals (s, p and d). This 

differentiation is crucial to deciphering the atomic and orbital electronic interactions that 

underlie the fundamental properties of the material. 

-orbitals 

of chlorine (Cl) atoms in the valence band (VB), while the conduction band (CB) is mainly 

influenced by the p-orbitals of germanium (Ge) and to a lesser extent by the s-orbitals of 

lithium (Li). The main orbital peaks are located as follows: Li s-orbitals at around 3 eV (CB), 
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Ge p-orbitals at 2.8 eV and 4.5 eV (CB), and Cl p-orbitals at -3.5 eV and -4.5 eV (VB). These 

observations underline the central role of Ge in the electronic transition properties, as well as 

the importance of Cl in chemical bonding and balanced electronic interactions within the 

material. The Fermi level (EF), located just above the peak of the valence band, confirms that 

changes are observed in the electronic structure. With increasing pressure up to 6 GPa, the p-

orbitals of Ge and Cl in the CB approach the Fermi level, reflecting enhanced electronic 

interaction due to crystal lattice compression. At the same time, the p-orbitals of Cl atoms in 

the VB shift to lower energies, from -3.5 eV and -4.5 eV to -4 eV and -6.1 eV respectively. These 

energy shifts reflect an electronic transfer that progressively reduces the band gap width and 

modifies the material's electronic properties. 

Above a critical pressure of 4 GPa, the reduction of interatomic distances intensifies orbital 

interactions, leading to a significant shift of electronic levels, particularly the p orbitals of Ge 

and Cl, toward the Fermi level. As pressure increases, the overlap between atomic orbitals 

becomes more pronounced, increasing the density of states near the Fermi level and facilitating 

electron transitions to the conduction band. At 6 GPa, this culminates in a semiconductor-to-

metal transition, where the band gap completely closes, and the material exhibits metallic 

conductivity [51]. This behavior, characteristic of materials undergoing significant crystalline 

compression, results from the enhanced overlap of electronic bands, allowing electrons to flow 

 

  
(a) (b) 

  
(c) (d) 

Figure 4:  DOS for LiGeCl3 at (a) 0, (b) 2, (c) 4 and (d) 6GPa. 
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(a) (b) 

  
(c) (d) 

Figure 5: PDOS for LiGeCl3 at (a) 0, (b) 2, (c) 4 and (d) 6GPa. 

This pressure-induced phase transition illustrates the crucial role of hydrostatic pressure 

as a parameter for tuning the electronic and optical properties of materials. The application of 

pressure not only makes it possible to explore phase transitions and changes in crystallographic 

symmetry, but also to design materials with controlled electronic properties for advanced 

applications, notably in semiconductors, optoelectronic devices and pressure-sensitive 

systems. These results reinforce our understanding of electronic transition phenomena in 

condensed matter, and pave the way for potential applications in high-performance materials 

engineering. 

3.4.  Optical properties 

The band gap values of the materials studied, located in the UV and visible ranges, confirm 

their promising potential for advanced optoelectronic applications. In particular, these 

materials offer interesting prospects for improving the performance of photovoltaic cells and 

solar panels, technologies at the heart of renewable energy solutions. The effect of hydrostatic 

pressure has proved to be a simple and effective method for modulating the electronic 

structures of materials and, consequently, optimizing their optical properties. In this context, 

to 6 GPa. Structural and electronic changes due to this pressure have a significant impact on 

several key optical properties such as absorption coeffi

reflectance (R) and refractive index (n). These results provide valuable information for the 

selection and development of new optoelectronic materials. [52, 11].  
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In addition, the evolution of optical conductivity and refractive index under pressure 

testifies to improved light-matter interactions, opening up prospects for applications in 

advanced photonic systems and integrated optoelectronic devices. These results also underline 

the importance of materials engineering under stress to tailor optical properties to specific 

application needs. The data obtained from this study provide valuable information for the 

design and development of new optoelectronic materials. In particular, the ability of these 

materials to respond to external pressures while modifying their optical properties represents 

a significant advance in research into multifunctional materials for next-generation 

technologies. These results encourage future investigations into the combined effects of 

pressure and chemical composition in the quest for even higher-performance materials. 

attenuation of light intensity per unit distance traveled in a material, and is directly related to 

electronic transitions between energy bands. Detailed analysis of absorption spectra provides 

essential information on the electronic and optical properties of the material, including its 

ability to interact with light in different spectral ranges [53]. Absorption spectra calculated for 

ambient pressure (0 GPa), the material remains transparent to photons with energies below 

around 1.0 eV, corresponding to the band gap width. When the pressure is increased to 2 GPa, 

4 GPa and 6 GPa, the absorption thresholds are reduced to 0.8 eV, 0.7 eV and 0.5 eV 

respectively, indicating a progressive narrowing of the band gap under the effect of pressure. 

This behavior reflects an increase in the overlap of electronic orbitals and an increased density 

of states near the Fermi level, favoring electronic transitions at lower energies. Beyond the 

hing 

maximum peaks of around 138*104.cm-1, 149*104.cm-1, 157*104.cm-1 and 165*104.cm-1 

respectively for 0 GPa, 2 GPa, 4 GPa and 6 GPa, around 4 eV. These peaks indicate intense 

electronic transitions, mainly between valence bands dominated by the p-orbitals of chlorine 

atoms and conduction bands influenced by the p-orbitals of germanium and s-orbitals of 

lithium. After these maxima, a decrease in the absorption coefficient is observed, followed by 

a gradual increase to around 12 eV. This complex optical response is attributed to the diversity 

of electronic transitions available at high energies, involving electronic states located further 

away from the fundamental bands. A notable feature of these spectra is the overall shift of 

absorption peaks towards lower energies as pressure increases, a phenomenon consistent with 
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the narrowing of the band gap. This shift highlights the effect of hydrostatic pressure on the 

particularly in the visible and ultraviolet ranges. Thus, pressure induction appears to be an 

efficiency in spectral ranges relevant to optoelectronic applications, such as photovoltaic cells 

and photodetectors. These results confirm the potential of this material in the development of 

advanced devices, where enhanced absorption in the visible and UV ranges is crucial to 

maximizing performance. 

  
3. 

ability to carry electric currents upon interaction with an electromagnetic field. Optical 

conductivity is directly related to interband electronic transitions and is a crucial indicator of 

the material's optoelectronic properties. In the energy range from 0 to 4 eV, optical 

conductivity increases steadily. This can be attributed to electronic transitions in the valence 

bands close to the Fermi level. This region is less influenced by pressure, suggesting that 

structural modifications due to hydrostatic compression do not significantly affect these low-

energy transitions. However, when the photon energy exceeds 4 eV, the optical conductivity 

shows well-defined peaks that vary significantly in amplitude and position under the effect of 

pressure. These peaks, mainly located between 4 and 8 eV, are highly sensitive to increasing 

pressure. At 6 GPa, peak amplitudes are considerably higher than those observed at ambient 

pressure, indicating a redistribution of electronic states and an increased density of states 

available for high-energy interband transitions. This increase in the density of electronic states 

under pressure can be explained by the increased overlap of electronic orbitals in the 

compressed crystal lattice, leading to enhanced electronic transitions. Above 8 eV, optical 

conductivity reaches a saturation point, where it remains high but shows more subtle 

variations. This may indicate that the majority of electronic transitions accessible at high 

energies are saturated. In particular, the effect of pressure becomes more pronounced in this 

high energy range, especially at 6 GPa, where a significant increase in optical conductivity is 

observed. This increase is indicative of the improved optical and electronic behavior induced 
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by compression. Analysis of low energies (below 6 eV) reveals that the effect of pressure on 

optical conductivity remains limited. This suggests that the dominant electronic transitions in 

this range originate from bands relatively unaffected by pressure-induced structural changes. 

However, at high energies (above 6 eV), pressure-induced changes become significant, 

indicating a reorganization of the electronic structure and an increase in the density of available 

high-energy states. In conclusion, hydrostatic pressure proves to be an effective lever for 

particularly in the high energy ranges. This behavior highlights a potential application in 

optoelectronic devices, where increased conductivity under pressure can be exploited as a 

performance factor. Enhanced electronic and optical properties under pressure could also open 

up interesting prospects for applications in extreme environments or devices requiring fast, 

efficient response at high energies. 

 
Figure 7: Conductivity versus energy at 0, 2, 4 and 6 GPa for LiGeCl3. 

 

pressures, highlighting the effect of compression on the optical properties of the material. 

Reflectance is a key property for characterizing interactions between incident light and the 

surface of a crystalline material, offering valuable information on optical reflection and 

absorption processes at the surface [54, 53]. At R(0), reflectance values increase with pressure, 

rising from 0.165 at 0 GPa to 0.252 at 6 GPa. This increase indicates an improvement in the 

material's ability to reflect low-energy light, which can be attributed to the change in electron 

density near the surface under compression. This trend could also reflect an increase in the 

actual refractive index, often correlated with a densified electronic structure under pressure. 

Examining the spectra for increasing energies, reflectance increases progressively until around 

2.5 eV, where it reaches a maximum. This behavior may be associated with electronic 

transitions in the lower energy bands, which strongly influence the interaction of incident light 

with the material's surface and bulk states. At this stage, pressure seems to play a key role in 

modifying the electronic structure and, consequently, the optical reflection properties. Above 

2.5 eV, the spectra show a rapid decline in reflectance up to around 4.5 eV. This decline can be 

explained by an increase in optical absorption, where more of the incident energy is absorbed 

by the material, reducing the reflected fraction. This region corresponds to more energetic 

245



DFT Analysis of Structural, Elastic and Optoelectronic Enhancements in LiGeCl  Under Pressure for Photovoltaic Applications 

 

 

 

 

90 

 

Solar Energy and Sustainable Development, Special Issue (STR2E) , May  2025. 

 

 

 

 

electronic transitions, where the photonic interaction penetrates further into the volume of the 

material, reducing surface reflection. After this drop, reflectance rises again for energies above 

4.5 eV. This second rise could be attributed to high-energy interband electronic transitions, 

where excited electrons interact strongly with incident light, resulting in increased reflection. 

This increase could also result from a plasmonic effect linked to the increased electron density 

under pressure. Pressure analysis reveals that reflectance spectra are particularly sensitive to 

variations in hydrostatic pressure, with a noticeable increase in reflectance values across all the 

energy ranges studied. This suggests that pressure acts as an effective tool for tuning the optical 

high energy ranges. 

 
Figure 8: Reflectivity versus energy at 0, 2, 4 and 6GPa for LiGeCl3. 

pressures, offering a detailed insight into how the material interacts with light through its 

transparency properties. The refractive index is an essential parameter for assessing the 

propagation speed of light in a material, and provides crucial information on light scattering 

and diffusion, enabling a better understanding of light-matter interaction mechanisms. 

her under a pressure of 6 GPa, with 

respective values of 3.21, 3.20, 2.70 and 2.40 at 6 GPa, 4 GPa, 2 GPa and 0 GPa. This increase 

in refractive index with pressure indicates a densification of the electronic structure under the 

effect of compression, resulting in a slowing of light propagation in the material. The higher 

refractive index at higher pressure reflects a pressure-induced increase in electron-induced 

polarization, which may suggest a better interaction between light and electronic states in this 

of compression on electronic orbitals. More precisely, increasing pressure causes the crystal 

lattice to contract, thus modifying electron dynamics and affecting the optical properties of the 

material, notably its refractive index. High values at 6 GPa may be linked to a greater density 

of electronic states, facilitating stronger interaction between photons and the material. Above 

) decreases progressively with increasing energy, from relatively 

high values to a minimum value of around 0.75 at 12 eV. This phenomenon is typical of 

materials where absorption begins to dominate at higher energies, and the refractive index 

adjusts accordingly to reflect this transition. The continued decrease in refractive index after 
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2.5 eV could also be linked to the delocalization of electrons into more energetic states, 

reducing the material's ability to effectively polarize incident light. This reduction in the 1.5 to 

4.3 eV range probably indicates a transition from regimes where light is more strongly scattered 

to regimes where interactions with excited electrons become less significant.  

 
Figure 9: Reflective index versus energy at 0, 2, 4 and 6 GPa for LiGeCl3. 

4. CONCLUSION:  

The DFT method, implemented in the Wien2k code, has been employed to analyse the 

equilibrium structure are consistent with previous theoretical studies, confirming the validity 

of the calculations. The optimization curve was used to evaluate the parameters required to 

ensure the stability of the systems. Calculations using the GGA reveal that the elastic constants 

hile the progressive increase in 

pressure contributes to a reduction in the lattice parameter, leading to a narrowing of the 

notable transition from semiconducto

direct band gap of 0.72 eV, which gradually decreases under pressure (0.34 eV at 2 GPa, 0.12 

eV at 4 GPa) before disappearing at 6 GPa, where the material becomes metallic. This 

transformation, due to the compression of the crystalline lattice and the overlapping of bands, 

demonstrates the crucial impact of pressure on electronic properties, opening up prospects for 

the engineering of advanced optoelectronic materials. The study also examined in detail the 

optical properties of the material under different pressures (from 0 to 6 GPa), focusing on their 

optical conductivity, reflectance and refractive index. The material's absorption improves in 

the visible and UV ranges under pressure, with a shift in absorption thresholds towards lower 

energies and an increase in the absorption coefficient to 6 GPa. These results highlight the 

for photovoltaic devices and other optoelectronic applications. 

Optical conductivity shows a redistribution of electronic states under pressure, with notable 

changes in conductivity peaks, particularly at high pressures. This indicates a densification of 

the electronic states, reinforcing the material's conductive properties, particularly at high 

pressure and high energy. The study revealed a progressive increase in Reflectivity with energy, 
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modified by pressure. At 6 GPa, the refractive index is significantly higher in the 0-2.5 eV range, 

indicating better interaction of the material with light. This development is consistent with the 

compression of the crystal lattice and the increase in electron density. In conclusion, this work 

shows that hydrostatic pressure is a key parameter for optimizing the electronic and optical 

particularly in the visible and UV ranges, making it particularly promising for modern 

applications such as photovoltaic cells and light-based optoelectronic devices. The 

optimization 

advanced materials in energy harvesting and other optoelectronic technologies.   However, the 

stability, with dangers of irreversible structural changes. The challenge of producing uniform 

materials on a large scale also persists due to the difficulty in ensuring the reproducibility and 

compatible with existing technologies (LEDs, solar panels, sensors), which implies carrying out 

studies on its deposition and encapsulation. In addition, it is necessary to examine the 

durability and reliability of the material when subjected to prolonged pressure to prevent any 

deterioration in its performance. 
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