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The research investigates the structural, elastic and mechanical characteristics of 

lead-free cubic CsGeF3 perovskite under density functional theory (DFT) through 

combined Quantum Espresso and Thermo_PW computational techniques. The 

researchers conducted three exchange-correlation functional tests (PZ, PBE, and 

WC) to determine lattice parameter optimization, elastic constant computation 

and mechanical stability assessment. The research showed that optimized lattice 

constants achieved results which closely aligned with existing theoretical data. 

The material's mechanical stability is demonstrated by its predicted elastic 

constants which require cubic crystal structures to maintain structural integrity. 

The evaluation of material’s mechanical properties used Young's, Shear modulus, 

and Bulk moduli, Poisson's and Pugh’s ratio, machinability index, Vickers 

hardness test and anisotropy factor measurement. The study found that CsGeF3 

can withstand compression while displaying ductile behaviour in certain 

operational situations. The comprehensive study shows that CsGeF3 functions as 

a lead-free perovskite which shows potential in optoelectronic devices and solar 

energy harvesting technologies. 
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Introduction 

Although halide perovskites have emerged as one of the 

most likely candidates for optoelectronic applications, 

the investigation of lead-free perovskites has garnered 

significant attention because of the health and 

environmental risks connected with lead-based 

materials [1- 5]. 

The Inorganic and organic-inorganic halide perovskites 

have simple crystal structure, strong light absorption and 

excellent band gap whose, ABX₃ is general formula of 

perovskites where, A is a larger cation (monovalent), 

usually an inorganic or organic element Cs⁺, NH


4 , 

CH₃NH₃⁺ occupying the corners of the cubic unit cell 

(Fig. 1). B is a smaller cation (bivalent), typically a 

transition metal like Pb²⁺, Sn²⁺, Ge
2+

 sitting at the 

centre. X is an anion, usually a halide ion such as Cl⁻, 

Br⁻, F⁻ or I⁻ positioned at the faces, forming an 

octahedral cage around the B ion [1- 5]. 
 

 
Figure 1: The Crystal structure of Perovskites [6]  

Lead-based Perovskites, e.g. MAPbI₃ or CH3NH3PbI3, 

FAPbI3 or CH3CH2NH3PbI3, CsPbI3, and others, are the 

most effective types of perovskites because they have 

demonstrated remarkable performance (i.e., the highest 

energy conversion efficiencies) in photovoltaic 

applications [7-10]. Perovskite solar cells' efficiency 

has risen from single digits to a certified 22.1 % in just 

a few years. The study from reference [11] shows that 

perovskite solar cells experience their main issue 

because their solar cells lose their operational stability 

after they function for extended time periods. The 

challenges include creating testing methods that need 

standardization and developing methods to prevent 

ionic mobility from affecting performance during 

testing and creating methods to counteract material 

degradation.  

Researchers began studying organic-inorganic halide 

perovskites after they became popular in 2012 because 

these materials possess exceptional optoelectronic 

properties which make them suitable for use in 

photovoltaic applications. Lead (Pb)-based halide 

perovskite solar cells have demonstrated their 

commercial value through the achievement of 23 % 

power conversion efficiency. The toxic properties of 

lead create a major barrier which prevents lead-based 

technology from achieving widespread market 

acceptance [12]. The research field focuses on 

developing better metal replacements which will 
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replace lead because of its environmental harm. The 

germanium (Ge)-based perovskites stand out among 

alternatives because they possess matching 

semiconductor characteristics which may exceed their 

current state [13]. Ge-based halide perovskites have 

reached their current status as a suitable replacement for 

tin (Sn) and lead-based materials after scientists 

conducted extended research and development work 

over several years. 

The researchers investigated CsGeF3 as a lead-free 

perovskite because this material offers environmentally 

friendly permanent solutions which match or surpass 

the excellent characteristics of lead-based materials. 

The research on cubic perovskite CsGeF₃ remains 

scarce. The research work of [14] represents the major 

achievement of pioneering computational studies which 

emerged during that historical period. The researchers 

performed a complete evaluation of the cubic halide 

perovskite series AGeX₃ which they studied using 

density functional theory (DFT) with both modified 

Becke-Johnson (mBJ-GGA) and GGA-PBE methods 

for their calculations (A = K, Rb, Cs and X = F, Cl, Br). 

The materials function as direct band gap 

semiconductors at the R-point because their band gap 

measurements ranged between 0.79 eV and 2.87 eV. 

The compounds showed mechanical stability through 

their ductile properties which exhibited anisotropic 

behaviour. The optical features of these materials 

demonstrated their ability to serve as effective materials 

for optoelectronic devices that work in both visible and 

ultraviolet light.  

Selmani et al. (2022) conducted first-principles 

calculations on Cs-based fluoro-perovskites (M = Ge, 

Sn, and Pb). The researchers conducted their 

investigation by using density functional theory (DFT) 

through ABINIT code with GGA-PBE exchange-

correlation functional. The analysis of electronic band 

structures proved all three compounds to be direct band 

gap semiconductors which showed their band gap at the 

R-point in the Brillouin zone. The derived optical 

properties indicate strong potential for harvesting 

visible light, identifying CsSnF₃ and CsGeF₃ as 

promising absorber materials for solar cell applications. 

CsPbF₃ was discovered to function as an effective UV 

absorber for UV-selective optoelectronic devices. The 

study showed that CsGeF₃, CsSnF₃ and CsPbF₃ 

reached room-temperature ZT values of 0.56, 0.57 and 

0.64 respectively. The findings demonstrate their 

capability to function as energy conversion systems 

according to [13]. 

The objective of this study is to theoretically examine 

the mechanical, elastic, and structural characteristics of 

cubic CsGeF3 perovskite inside the DFT framework 

using Quantum Espresso and Thermo_pw. In particular, 

we calculated a Kohn Sham gap in the context of 

known GGA_WC, GGA_PBE, and LDA_PZ. 

 

Materials and Methods 

Computational Details 
A DFT-based computational research was conducted on 

the cubic perovskite CsGeF₃. The Quantum 

ESPRESSO package, in conjunction with the 

Thermo_PW module, was used to run convergence 

tests, optimize geometry, and calculate future property 

values. Three different exchange-correlation functionals 

as implemented in Quantum ESPRESSO were used in 

the investigation: the generalized gradient 

approximation by the Wu-Cohen (GGA_WC), and 

Perdew-Burke-Ernzerhof (GGA_PBE), and the local 

density approximation by Perdew-Zunger (LDA_PZ). 

Electron–ion interactions were described using ultrasoft 

pseudopotentials from the PSLibrary within Quantum 

ESPRESSO, ensuring accurate and efficient treatment 

of core–valence interactions, with valence 

configurations of Cs (5s² 5p⁶ 6s¹), Ge (3d¹⁰ 4s² 4p²), 

and F (2s² 2p⁵). This methodological approach enabled 

the systematic computation of key material 

characteristics, including the equilibrium lattice 

constant (a), tolerance factor, formation energy, the full 

set of elastic constants (Cᵢ )j, and the derived elastic and 

mechanical moduli. 

Self-consistent field calculations with various cut-off 

energy and k-point grid values are used to conduct a 

convergence test. The Monkhorst Pack Mesh scheme 

simplifies Brillouin zone sampling through the kinetic 

energy cut-offs set to 110 Ry (PZ), 160 Ry (PBE), and 

120 Ry (WC), with corresponding charge density cut-

offs of 880 Ry (PZ), 1280 Ry (PBE), and 960 Ry (WC) 

obtained from convergence tests and three k-point grid 

systems 12×12×12 (PZ), 11×11×11 (PBE), and 

13×13×13 (WC) which researchers used to achieve the 

most accurate results while maintaining the structural 

integrity of their models [15]. To find the optimal 

atomic positions and lattice constants, structural and 

lattice optimizations are carried out employing the 

various exchange correlations previously described. By 

examining the generated stress, which is analysed to 

identify the elastic constants, Cij, the elastic behaviour 

of the perovskite is assessed. Using the Voigt-Reuss-

Hill averaging scheme, further elastic and mechanical 

properties are calculated from these elastic constants. 
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Figure 2: Convergence test (total energy vs kinetic energy cut-off) curve of cubic CsGeF3 with (a) PZ, (b) 

PBE and (c) WC 

 

 

 
Figure 3: Convergence test (total energy vs k-points) curve of cubic CsGeF3 with (a) PZ, (b) PBE and (c) WC 
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Results and Discussion 

Structural properties 
The atomic Wyckoff locations of the cubic CsGeF3 

Perovskite unit cell are as follows: Fig. 1 shows the Cs-

atom at (0, 0, 0) coordinates with 1a Wyckoff sites, the 

Ge-atom in the body centre at (0.5, 0.5, 0.5) coordinates 

with 1b Wyckoff sites, and three F-atoms in the face 

centre at (0.5, 0.5, 0) coordinates with 3c Wyckoff sites. 

A geometry optimization process was used to get the 

equilibrium lattice parameter. The system's total energy 

(Etot) was calculated as a function of the unit cell 

volume and the lattice constant (a). The equilibrium 

value of lattice constant (a) corresponds to the 

minimum on the Etot vs. a curve, representing the most 

stable structural configuration for the given 

computational parameters. 

 

 
Figure 4: Optimization curve of cubic CsGeF3 with 

(a) PZ, (b) PBE and (c) WC 

 

 

Table 1: Optimized structural properties of cubic 

CsGeF3 calculated using PZ, PBE and WC 
CsGeF3 

Perovskite 

XC 

functional 
a (Å) Theoretical Experimental 

Present work 

PZ-LDA 4.29 — — 

PBE-GGA 4.33 
4.56 [14],  

4.57 [13] 
— 

WC-GGA 4.34 — — 

 

 

The computed total energy for cubic CsGeF₃ is shown 

in Fig. 4 as a function of unit cell volume, obtained 

using (a) LDA_PZ, (b) GGA_PBE, and (c) WC 

exchange-correlation functionals. The minimal total 

energies for CsGeF3 are -888.70 Ry, -193.90 Ry and -

754.43 Ry found at lattice parameter values of 4.29 Å, 

4.33 Å, and 4.34 Å for PZ, PBE, and WC, respectively. 

This is consistent with prior theoretical investigations 

(Table 1). 

To confirm the structural stability (e.g. Ionic radii, 

Tolerance factor (t), Formation energy (Ef)) of the 

studied perovskite (CsGeF3), we have calculated using 

the following:  

The ionic radii of Cs
+
 and Ge

2+
 are calculated by using 

the formula:  

    (1) 

  (2) 

 

The ionic radius of Cs
+
 is 1.90 Å, calculated from 

measured bond length, dCs-F and the ionic radius of Ge
2+

 

is 0.96Å calculated from the measured bond length, dGe-

F via XCrySDen while the ionic radius of F
−
 is 1.33 Å 

obtained by using Shannon radii as a reference.  

Tolerance factor (t) [2]: 

   

 (3) 

Where, RCs
+
, RGe

2+
 and RF

−
 are ionic radii for Cs

+
, Ge

2+
 

and F
−
 ions, respectively 

 

The tolerance factors of CsGeF3 for the three (3) 

different exchange-correlation functionals (PZ, PBE 

and WC) are listed in Table 2, indicating that CsGeF3 is 

a structurally stable perovskite because its value falls 

within the ideal tolerance range of 0.9 – 1.0. 

Formation energy, Ef per atom was calculated using the 

following expression [13]:   

Ef(CsGeF3) = Etot(CsGeF3) – [Etot(Csbulk) + Etot(Gebulk) + 

1.5 Etot(Fmolecule)]  4 

Etot (CsGeF3), Etot (Csbulk), Etot (Gebulk), and Etot 

(Fmolecule) are the computed total energies of CsGeF3 

compounds, which contain Cs, Ge, and F. Table 2 

shows the predicted formation energy for CsGeF3. 

Table 2 deduces the ionic radii, Goldschmidt tolerance 

factor (tG) and formation energies (Eform) showing the 

structural and chemical stabilities of CsGeF3 

perovskites in PZ, PBE and WC. The values of 

Goldschmidt tolerance factor are approximately equal 

to unity (1) within the ideal range (0.9 — 1.0), 

confirming that the halide perovskite under study is 

chemically stable. The obtained value of the studied 

material’s formation energy (-3.90 eV/atom) shows a 

negative sign, which implies that the CsGeF3 perovskite 

is a more thermodynamically stable material in the 

cubic phases relative to its elements. 

 

Table 2: Ionic radii, tolerance factor and formation 

energy of CsGeF3 Perovskite 

Perovskites Ion 
Radius 

(Å) 

Tolerance 

Factor, tG 

Formation 

Energy 

(eV/atom) 

CsGeF3 

F- 1.33   

Cs+ 1.90 1.00 -3.90 

Ge2+ 0.96   
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Table 3: The elastic stiffness tensor (Cij in GPa) of 

CsGeF3 Perovskite 

Perovskite 
XC 

Functional 

C11 

(GPA) 

C12 

(GPA) 

C44 

(GPA) 

CsGeF3 

PZ-LDA 163.1835 80.8171 53.1518 

PBE-GGA 111.1645 39.3242 48.9457 

WC-GGA 154.0248 71.5817 51.2297 

 

Elastic properties 
The elastic properties of the CsGeF3 perovskite material 

such as elastic constants via Quantum Espresso code 

and THERMO_PW using different exchange potentials 

(PZ_LDA, PBE_GGA, and WC_GGA) is very essential 

in determining whether or not the studied perovskites 

are stable elastically and mechanically. 

As shown in Fig. 5 (a), these phases are mechanically 

stable because all of the frames under investigation 

have elastic constants (Cij) of positive values and meet 

the mechanical stability requirements. For a cubic 

crystal system, these criteria require the elastic 

constants to meet the conditions outlined in the 

equations below [16]: 

,    (5) 

,   (6) 

    (7) 

    (8) 

        (9) 

 

Mechanical properties 
The estimated CsGeF3 perovskite single independent 

elastic stiffness constants (Cij in GPa) provide a 

connection between the dynamical and mechanical 

activity of crystals [17]. These constants are useful 

indicators in industrial applications and are crucial in 

investigating the material’s strength. The mechanical 

parameters of the materials under study, such as shear 

modulus G, Young's modulus E, bulk modulus B, 

Pugh's ratio r, Poisson's ratio v, machinability index μm, 

Vickers hardness Hv, and anisotropy ratio A, are 

computed using Voig-Reuss-Hill approximation given 

by the equations below [16]: 

           (10) 

           (11) 

 

The average bulk modulus and shear modulus values 

for each material listed in Table 4 can be computed 

using equations (10) and (11). The above equations (10 

and 11) can be used to calculate Young's modulus (E), 

Poisson's ratio (v), and Pugh ratio (r) as follows:  

 (12) 

 (13) 

 (14) 

 

The machinability index (µm) can be found out using 

the given relation [18]:  

          (15) 

The Vickers hardness (HV) is formulated using Teter’s 

empirical relation, where G is the shear modulus in GPa 

and HV is in GPa (multiply by 9.807 to convert to 

kg/mm
2
) as [19, 20]:  

         (16)  
 

A material's isotropy or anisotropy can be ascertained 

using the elastic stiffness constants, shear moduli, and 

bulk moduli. The factor of anisotropy A [21] is stated 

as follows:  

          (17) 

 

Table 4 shows the elastic parameters of CsGeF3 

perovskite in different exchange-correlation functionals 

(PZ, PBE and WC). 

A key elastic parameter that demonstrates how well a 

material can tolerate deformation (plastic) is the volume 

stress-to-strain ratio, or B. A high value of B suggests 

that the height can tolerate volume or plastic distortion 

[17]. According to Fig. 5(b) and Table 4, CsGeF3 

(PZ_LDA) has the greatest bulk modulus (108.27 GPa) 

of all the compounds' exchange-correlation functionals, 

suggesting that it can withstand plastic deformation 

better (very resistant to compression) than other 

materials. CsGeF3 (PZ) > CsGeF3 (WC) > CsGeF3 

(PBE) is the order of bulk modulus for all the materials 

according to their exchange-correlation functionals.  

The shear modulus (G) measures a material's resistance 

to shear deformation based on the ratio of shear stress 

to shear strain, is another crucial elastic parameter. The 

frameworks under study have the following shear 

modulus sequence: CsGeF3 (PZ) > CsGeF3 (WC) > 

CsGeF3 (PBE). But compared to the others, CsGeF3 

(PZ) has the greatest G value (Moderate resistance), 

suggesting that it is more resilient to shear deformation. 

Young's modulus, E, is another important elastic 

quantity that establishes a material's capacity to 

withstand stress longitudinally. After analysing and 

contrasting each structure as shown in Table 4 and 

Figure 5(b), it was found that CsGeF3 has a high value 

of E, indicating that it has the best ability to withstand 

longitudinal stress compared to other compounds (i.e., 

good stiffness). 

Another important bulk parameter to understand the 

ductile/brittle nature is the Poisson ratio, ν which 

measures how much a material expands laterally when 

longitudinally stretched based on this criterion; ν > 0.26 

→ ductile material and ν < 0.26 → brittle material or 

Pugh ratio, r which uses the bulk - shear modulus ratio 

(B/G), where if a substance’s r > 1.75 → ductile 

material and r < 1.75 → brittle material as per this 

criterion [22]. As per the following standards, the 

studied CsGeF3 perovskite with PZ_LDA & WC_GGA 

are ductile in nature due to strong ionic bonding 

whereas, with PBE_GGA show brittle nature due to 

stronger covalent character [17] (Fig. 5(c) and Table 4). 
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Table 4: The elastic properties of CsGeF3 perovskite and the same kinds of perovskite frameworks 

Perovskites XC Functional B (GPA) G (GPA) E (GPA) V R 
 

Hv A 

CsGeF3 

PZ 108.27 47.99 125.44 0.31 2.26 2.04 7.25 1.29 

PBE 63.27 43.24 105.65 0.22 1.46 1.29 6.53 1.36 

WC 99.06 46.96 121.66 0.30 2.11 1.93 7.09 1.24 

 

 

 
Figure 5: (a) Elastic Constants Cij (GPa); (b) Elastic Moduli B, G & E (GPa); (c) The ratios of Poisson ν, 

Pugh r, index of machinability µm, and Anisotropy, A; (d) Hardness, Hv of CsGeF3 perovskite 

 

  

The hardness of any material is a different macroscopic 

bulk property used frequently in the technological and 

manufacturing industries. In general, plastic 

deformation regulates the hardness of a substance; 

therefore, a high-hardness material is better able to 

resist plastic deformity, whereas a low-hardness 

material is less able to resist plastic deformity [17, 23]. 

Consequently, a low-hardness material is utilized for 

plastic deformation in order to improve the material's 

machinability. The material is more machinable and 

damage-tolerant when the hardness value is between 2 

and 8 GPa [24]. The CsGeF3 material with PZ-LDA 

had the highest hardness value in the comparison, 

demonstrating its greatest capacity to withstand plastic 

deformation. 

These days, a material's ability to be machined is an 

essential characteristic used in industry to reach 

targeted productivity at the lowest feasible cost. The 

machinability index is influenced by a variety of 

parameters, such as the mechanical equipment's 

stiffness, cutting form, cutting process, capacity, and 

hardness [25]. In contrast to PBE from (Fig. 5(c)), it has 

been noted that the phase CsGeF3 with PZ and WC has 

a considerable index of machinability among the named 

compounds, making it very mechanically competent. 

This study demonstrated the exceptional mechanical 

capabilities of materials with low bulk, shear, and 

young's moduli and their potential industrial 

applications. 

The Zener anisotropy factor (A), describes the bulk 

characteristics that depend on a crystal structure's 

orientation. Anisotropic materials contain crystals that 

exhibit peculiar qualities in a specific direction, 

whereas isotropic materials have crystals with the same 

properties in all directions. If A = 1, it indicates that the 

crystal is isotropic; otherwise, it is anisotropic. 

According to our computations, the CsGeF3 material 

with all exchange-correlation functionals is anisotropic, 

but the CsGeF3 with PBE_GGA is more so than the 

others. 
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Conclusion 

The structural, elastic, and mechanical properties of 

lead-free CsGeF₃ perovskite are investigated in depth 

using density functional theory (DFT) in this work. The 

calculated lattice constant was found to be 4.29 Å, 4.33 

Å and 4.34 Å for PZ, PBE and WC respectively, which 

is in close agreement with available data. The 

calculated elastic constants, C11 (163.18 GPa, 111.17 

GPa and 154.03 GPa), C12 (80.82 GPa, 39.32 GPa and 

71.58 GPa) and C44 (53.15 GPa, 48.95 GPa and 51.23 

GPa) for PZ, PBE and WC respectively. The material is 

mechanically stable, as evidenced by the estimated 

elastic constants. The material showed a bulk modulus 

measurement of ~108 GPa (PZ), which demonstrated 

its ability to withstand compression pressure. The 

research investigates the physical characteristics of 

CsGeF₃ while assessing its viability as a solar energy 

harvesting material that does not use lead-based 

perovskites. The process creates solar cells that achieve 

both sustainability and high energy efficiency. 
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