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A B S T R A C T

Here, first-principles calculations have been employed to make a comparative study on structural, 
mechanical, electronic, and optical properties of new Ca3MF3 (M = As and Sb) photovoltaic 
compounds under pressure. The findings disclose that these two systems possess a direct band 
gap, showcasing a large tunable range under pressure, effectively encompassing the visible light 
spectrum. Adjusting various levels of hydrostatic pressure has effectively tuned both the band 
alignment and the effective masses of electrons and holes. Both compounds were initially iden-
tified as brittle materials at 0 GPa pressure; however, as the pressure increases, they transform, 
becoming highly anisotropic and ductile. Due to the material’s mechanical robustness and 
enhanced ductility, as evidenced by its stress-induced mechanical properties, the Ca3MF3 (M = As 
and Sb) material shows potential for use in solar energy applications. Furthermore, as the in-
fluence of external pressure increases, the absorption edge seems to move slightly towards lower 
energy region. Optical properties show that the materials studied might be used from several 
optoelectronic devices in the visible and ultraviolet range area. Our findings show that pressure 
considerably influences the physicochemical properties of Ca3MF3 (M = As and Sb) compounds, 
which is a promising feature that can be useful for optoelectronic and photonic applications, for 
instance, light-emitting diodes, photodetectors, and solar cells.
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1. Introduction

Solar energy is among the most accessible and cost-effective long-term renewable alternatives currently available. Solar photo-
voltaics PV is a modern power technology for capturing solar energy and transforming it into electrical energy. The identification of 
novel optically anisotropic compounds is pivotal for the advancement of optoelectronic devices, a field that has recently garnered 
significant interest [1–3]. Two-dimensional (2D) materials such CdS monolayer [4], Ga-doped AlN monolayer [5], bilayer CdS [6], BN 
bilayer [7], GeSe, and black phosphine are regarded as promising substances for energy-related purposes including photovoltaic, 
optoelectronic and thermoelectric devices owing to their substantial less toxicity, optical anisotropy, moderate direct band gap, novel 
electronic properties and comparatively elevated mobility of charge carriers [8–12]. However, there is a shortage of materials 
exhibiting a direct band gap. Monolayer transition metal dichalcogenides, such as MoS2 and WSe2, are recognized for possessing direct 
band gap; nonetheless, their carrier mobility is relatively constrained. Halide perovskite materials based on lead, for instance, MAPbX3 
(MA = CH3NH3

+), have become increasingly prominent in the photovoltaic (PV) realm due to its remarkable PCE, appropriate band 
gaps, high mobility of photoinduced carriers [13–16], and effective absorption of visible light [17] and extensive research has been 
conducted on it [18,19]. Lately, there has been considerable attention directed towards enhancing the efficiency of solar cells (SC) by 
utilizing the inorganic A3BX3 cubic photovoltaic compound family. Within this compound family, Mg3NF3 (pm 3 m) exhibits a strong 
probability of transitions between states near the edge of the p-s band, that correlates strongly with its outstanding photovoltaic (PV) 
performance, whereas Ba3PI3, Ba3AsI3, and Ba3SbI3 emerge as stable PV materials, boasting an impressive efficiency of 25.9 %.

Hybrid perovskites have yielded solar cells exhibiting significant stability and remarkable power conversion efficiency in a short 
timeframe. However, the photo-physics of hybrid perovskite materials remains complicated [20], leaving many doubts unresolved 
regarding their structure-property relationships. Understanding how alterations in lattice structure affect the electronic configuration 
of perovskites is essential for identifying prospective perovskite and for controlling their electronic structure through geometrical and 
compositional manipulation. It might further help in understanding the evolution of electronic changes resulting from electron-phonon 
coupling on an ultrafast timescale and the impact of pressure variations on the electronic structure due to pressure-induced alterations 
in the energy surface of the ground and excited states [21]. To investigate the available stable crystal structures of perovskite, and their 
dependence on the elemental composition and selected geometrical parameters, we performed DFT simulations to study the impact of 
such changes in the crystal structure of perovskite on the electronic characteristics.

Regulating pressure throughout material production routes is a recognized strategy for introducing an alteration in the physical 
interactions and bonds within the crystal lattice of a structure [22]. Recent years have seen an increasing interest in examining the 
impact of pressure on metal halide perovskites [23–25]. Many experiments have used diverse strain application methods on halide 
perovskites, such as hydrostatic pressurization [26–28], electrostriction [29], annealing [30,31], applied pressure through van der 
Waals force [32], pressure through thermal expansion mismatch [33], heat-induced change of substrate conversion phase, among 
others [34]. Significant efforts have been devoted to unraveling the structure-property connections of perovskites [35–37], to our 
knowledge, there exists a lack of systematic research endeavors examining the influence of pressure variations on the electrical 
structure and characteristics of metal halide perovskites [38]. Faghihnasiri et al. [39] indicated that in CH3NH3PbX3 (X = Cl, Br, I) 
perovskites, the band gap broadens with the imposition of tensile strain, however, they display diverse responses under compressive 
strain. First-principles simulations based on DFT were employed to investigate the physical properties of the non-toxic perovskite 
compounds Sr3BCl3 (B = As, Sb) [40] at pressures reaching 25 GPa and the findings indicate that these materials have potential for 
versatile applications in optoelectronic technologies. Joifullah et al. [41]conducted computational analysis on Sr3PX3 (X = Cl, Br) and 
observed a red-shift in the spectral lines, indicating a shift toward lower energy, which suggests promising characteristics for opto-
electronic applications.

As the majority of a material’s physical attributes hinge on its phase stability, there is considerable interest in scrutinizing these 
stabilities prior to exploring other characteristics [42,43]. Prior to paying excessive experimental costs, utilizing efficient and 
economical software to conceptually investigate such materials is a sensible strategy [44]. Thus, this investigation centers on a 
comparative examination employing the Quantum Espresso simulation software to analyze the pressure-induced physical charac-
teristics of our suggested Ca3MF3 (M = As and Sb) structural configurations. Changes in the physical properties of Ca3AsF3 and Ca3SbF3 
were observed under various range of hydrostatic pressures (0–50 GPa). Through the modifying of its optoelectronic properties via 
hydrostatic pressure, one can design this photovoltaic compound to be a more viable candidate for use in optoelectronic and 
photovoltaic purposes.

2. Computational methodology

The structural and optoelectronic characteristics of Ca3AsF3 and Ca3SbF3 were computed utilizing Density Functional Theory (DFT) 
as executed in the Quantum Espresso software [45]. The calculations employed ultrasoft pseudopotentials [46] and the GGA-PBE 
functional [47] for the exchange-correlation energy. The input parameter contained the essential starting configurations, which 
encompassed the Brillouin zone grid, crystal structures, lattice constants, and kinetic cut-off energy. To improve the appropriateness 
and effectiveness of both structures, the kinetic energy cut-off and charge density cut-off were fixed at 60 Ry and 600 Ry, respectively. 
In the lattice optimization vc-relax computation, the k-point dimensions were set to 8 × 8 × 8. The optimization technique used to 
reduce the structure to its least energetic form which is the Broyden-Fletcher-Goldfarb-Shanno method [48]. The self-consistent field 
(SCF) computations were designated with a maximum force tolerance of less than 0.01 eV/Å and a convergence threshold of 10− 6 a. u. 
In the relaxation computation for the ionic minimization, the tolerance of the force convergence was set to 10− 3 a. u. The inaccuracy of 
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band gap estimation in materials with d or f electrons is well recognized in GGA-PBE approximation. The Tran-Blaha modified 
Becke-Johnson (TB-mBJ) approximation [49] is employed in the Wien2k [50] code to analyze electronic properties. Utilizing a 
linearized augmented plane-wave basis set with lmax = 10 and RMTKmax = 7, we achieved convergence for both charge and energy. The 
first order time-dependent perturbation theory was employed to assess dynamic stability and investigate the optical characteristics of 
materials [51]. Subsequently, the examination of the photon energy spectrum resulted in the determination of absorption peaks in the 
complex dielectric function. The fundamental equation for calculating optical absorption coefficient is the complex dielectric function, 
represented as ε(ω) = ε1(ω) + iε2(ω). The other optical features including absorption α(ω), reflectivity R(ω), refractive index n(ω), and 
extinction coefficient k(ω) are calculated by evaluating dielectric function using the formulas: 
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The elastic constants for the current investigation were calculated via the Thermo-PW package. The optimized structure of both 
materials was represented by VESTA software [52].

3. Results and discussions

3.1. Structural properties

Ca3MF3 (M = As, Sb) is a novel fluoride photovoltaic compound with a cubic structure while belonging to the space group pm 3 m 
(#221) [53]. Fig. 1a shows the 2d view of Ca3MF3 (M = As, Sb) and the 3d representation of its structure is in Fig. 1b. The unit cells of 
these materials comprise a total of seven atoms. In this unit cell, the Ca atoms are located in the 3d Wyckoff site and at fractional 
coordinates of (0.5, 0, 0). The M (M = As, Sb) atoms are located at the 1a Wyckoff site with fractional coordinates (0, 0, 0), whereas the 
F atoms are found at the 3c Wyckoff site with fractional coordinates (0, 0.5, 0.5). When Ca2+ ions bond with two As3− /Sb3− ions and 
four F1− ions, CaM2F4 octahedra are created through the sharing of their corners and outer edges. As3+ creates AsCa6 octahedra by 
sharing corners with six distinct Ca2+ ions through covalent bonding. In Table 1, the optimized key geometric factors, such as opti-
mized lattice constant (a0), unit cell volume (V0), bulk modulus (B), pressure derivative of bulk modulus (Bʹ), and the ground state 
energy (E0) are listed. Ca3AsF3 has a smaller unit cell compared to Ca3SbF3. The Murnaghan equation of state [54] was used to 
calculate the energy variation (in terms of volume contrast): 

Fig. 1. Constructed (a) 2D and (b) 3D crystal structure of Ca3MF3 (M = As and Sb) compounds.
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In Fig. 2a and b, the energy vs. volume graph provides both materials’ structural stability (see Fig. 2) (see Table 2). For Ca3AsF3, the 
ground state energy E0 of − 392.65 Ry is located at the volume V0 = 153.13 Å3, which corresponds to a0 = 5.35 Å. Similarly, for 
Ca3SbF3, E0 of − 391.94 Ry is presented at V0 = 173.74 Å3, which corresponds to a0 = 5.58 Å. The computed values of lattice constant 
for these compounds are comparable with the available literature [53]. Table 2 illustrates alterations in lattice parameters and volume 
due to pressure changes. It’s observable that both the lattice constants and volumes decrease as pressure rises, as displayed in Fig. 3
(a–b). Table 3 represents the bond lengths under various hydrostatic pressures. Since the volume of unit cells decreases due to increase 
in pressure levels, the bond lengths being directly correlated to the volume, also decrease as the pressure increases. As a result, this 
induces compressional strain within the lattice networks of Ca3AsF3 and Ca3SbF3, consequently reducing the band gap which alters the 
electronic characteristics (see Fig. 3).

3.2. Electronic properties

Designing materials for specific applications in electronics, optics, and energy devices necessitates an understanding of their 
electronic features, such as band structure and density of states. The generalized gradient approximation (GGA-PBE) is generally 
inadequate in correctly predicting band profiles and band gaps for systems because of the self-interaction effect and limited capacity to 
capture highly localized states [55]. Hence, the TB-mBJ approximation has been utilized to accurately analyze electronic features of 
Ca3AsF3 and Ca3SbF3. TB-mBJ functional is a semi-local functional that includes certain non-local information such as gradient of 
electron density and kinetic energy density, in contrast to GGA-PBE functional, which happens to be a local functional [49]. Never-
theless, each one of the solutions has its limitations. However, current study considered the lack of accuracy of the bandgap obtained 
by the GGA approach and rectified by employing the TB-mBJ functional. The electronic band structure of two different materials 
Ca3AsF3 and Ca3SbF3 are calculated at various pressure condition, unstressed (0 GPa) and stressed (10–50 GPa) for better perceive of 
individual electronic properties of both compounds. Electrons behavior along the symmetric axes of the Brillouin zone (X-R-M-Γ-R) has 
a great impact on the energy dispersion of material. In accordance with semiconductor theory, comprehending the band structures 
near the Fermi level (EF) is crucial for understanding the physical characteristics of materials. Hence, the band structures of Ca3MF3 in 
proximity to the EF are presented in Fig. 4a and 6a via TB-mBJ functional and Fig. 5a and 7a via GGA-PBE functional in an unpres-
surized environment for Ca3AsF3 and Ca3SbF3, respectively. The figures clearly demonstrates that both materials exhibit a direct band 

Table 1 
Structural parameters of the unit cell and band gap for cubic Ca3MF3 (M = As and Sb) compounds.

Optimized Structural Parameters Ca3AsF3 Ca3SbF3

Present Work Other Cal. Present Work Other Cal.

Lattice constant (a0) in Å 5.35 5.29 [53] 5.58 5.35 [53]
Optimum volume V0 in Å3 153.13  173.74 
Bulk modulus (B) in GPa 43.93  35.16 
Pressure derivative of bulk modulus B′ 3.98  3.87 
Ground state energy E0 in Ry − 392.65  − 391.94 
Band Gap Eg (Γ- Γ) in eV 2.27 (PBE) 3.36 (HSE) [53] 2.19 (PBE) 3.00 (HSE) [53]

Fig. 2. Volume optimization of (a) Ca3AsF3 and (b) Ca3SbF3.
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gap as conduction band minimum (CBM) and valence band maximum (VBM) both are in Γ (Gamma) point. For a system that is 
considered for optoelectronic device application, it is essential to possess direct bandgap [56]. Moreover, a direct band gap facilitates 
direct optical transitions with minimal alteration in the wave vector, thereby potentially boosting the efficiency of light absorption. 
The bandgap energy (Eg) for Ca3AsF3 (Ca3SbF3) is determined to be 3.54 (3.20) eV via TB-mBJ functional and 2.27 (2.19) eV via 
GGA-PBE functional under unstressed conditions.

The computed bandgaps of Ca3MF3 (M =As, Sb) compounds at various hydrostatic pressures are shown in Figs. 4–7. It is observable 
that the bandgap energy of both compounds diminishes gradually as pressure goes up from 0 to 50 GPa, suggesting effective 
adjustability of the bandgap via pressure. Based on the Shockley–Queisser theory, an optimal optical absorption edge falls within the 
bandgap energy range of 1.3–1.5 eV, which is advantageous for enhancing the photoelectric performance of compounds and boosting 
the conversion efficiency of solar cells. The computed outcomes indicate that applying the appropriate compressive force can achieve 
the optimal bandgap energy (1.3–1.5 eV) for both materials, suggesting that pressure is an effective method to enhance the power 
conversion efficiency of Ca3AsF3 and Ca3SbF3 compounds. Due to increasing pressure from 0 to 50 GPa, the Eg value reduces from 3.54 
to 1.47 eV via TB-mBJ and 2.27 to 0.37 eV via GGA-PBE functional for Ca3AsF3. The same behavior is seen for Ca3SbF3 in Figs. 6 and 7, 
here at 50 GPa bandgap energy Eg is reduced to 0.95 eV via TB-mBJ and 0.11 eV via GGA-PBE functional. Fig. 8 illustrates that for both 
materials, the band gap diminishes linearly with increasing pressure. Moreover, the direct bandgap behavior uniformity remains 
unchanged under all applied pressure in both materials, indicating the possibility of both materials to be used in enhancing the ef-
ficiency of the solar cell. When the band gap decreases, the movement of electrons from the VB to the CB becomes very efficient which 
enhances light absorption and conductivity, this in turn makes materials more suitable for use in optoelectronics. Furthermore, as the 
Fermi level of the studied compounds is located closer to their valence bands, it is highly likely that the materials are p-type 

Table 2 
Calculated values of lattice constant (a) and unit cell volume (V) of Ca3AsF3 and Ca3SbF3 compounds under pressure.

Phase Compound Calculated data Pressure (GPa)

0 10 20 30 40 50

Cubic (pm 3 m) Ca3AsF3 a (Å) 5.35 5.10 4.93 4.81 4.71 4.63
V (Å3) 153.13 132.65 119.82 111.28 104.49 99.25

Ca3SbF3 a (Å) 5.58 5.31 5.12 4.98 4.87 4.77
V (Å3) 173.74 149.72 134.22 123.51 115.50 108.53

Fig. 3. Pressure-induced reduction of lattice constant and unit cell volume of Ca3MF3 (M = As and Sb).

Table 3 
Determined bond length in Ca3AsF3 and Ca3SbF3 cubic compounds under various hydrostatic pressures.

Pressure (GPa) Bond length (Å)

Ca3AsF3 Ca3SbF3

Ca-F As-F Ca-As Ca-F Sb-F Ca-Sb

0 2.68 3.78 2.67 2.79 3.94 2.78
10 2.55 3.61 2.55 2.65 3.75 2.65
20 2.47 3.49 2.46 2.56 3.62 2.55
30 2.40 3.40 2.40 2.49 3.52 2.48
40 2.35 3.33 2.35 2.43 3.44 2.43
50 2.31 3.27 2.31 2.39 3.38 2.38
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semiconductors.
In this work, the band gap characteristics of Ca3AsF3 and Ca3SbF3 compounds were evaluated in terms of orbital contributions in 

the context of the Partial Density of States analysis. This section refers to the evaluation of orbital contributions as part of the analysis 
of the band gap features of studied compounds. The observations made on the results obtained from analysis of PDOS structures as 
shown in Figs. 9 and 10, both for unpressurized and pressurized states of Ca3MF3 (M = As, Sb), indicated that different pressures led to 
significant changes in the distribution of electronic states at the band edges. These alterations involved changes in energy levels, 
modifications in orbital properties, and variations in the density of states, highlighting how pressure-induced structural changes affect 

Fig. 4. Obtained band structure profile of Ca3AsF3 via TB-mBJ functional at various pressures: (a) 0 GPa, (b) 10 GPa, (c) 20 GPa, (d) 30 GPa, (e) 40 
GPa, and (f) 50 GPa.

Fig. 5. Obtained band structure profile of Ca3AsF3 via GGA-PBE functional at various pressures: (a) 0 GPa, (b) 10 GPa, (c) 20 GPa, (d) 30 GPa, (e) 
40 GPa, and (f) 50 GPa.
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the behavior of semiconductors. Fig. 9(a–f) and 10 (a-f) demonstrate that, for Ca3AsF3 (Ca3AsF3), the major contributions in the 
valence band (VB) originate from As-4p (Sb-5p) with a small contribution from Ca-3p and F-2p. In contrast, Ca-3p is the primary 
contributor in the conduction band (CB), with small contributions from Ca-4s and F-2p. The figures clearly shows that the shift of Ca-3p 
states in the direction of Fermi level with rising pressure is primarily accountable for altering the electronic band gap for both 
investigated materials. Increasing hydrostatic pressure increases the hybridization between As-4p (Sb-5p) and Ca-3p orbitals, leading 
to closer proximity of the CBs to the EF and a reduction in the band gap. In addition, the pressure-induced reduction in the Ca-As (Sb), 
Ca-F, and As-F (Sb-F) bond length (Table 3) may facilitate the hybridization of As-4p (Sb-5p) and Ca-3p orbitals within CB. 

Fig. 6. Obtained band structure profile of Ca3SbF3 via TB-mBJ at different pressures: (a) 0 GPa, (b) 10 GPa, (c) 20 GPa, (d) 30 GPa, (e) 40 GPa, and 
(f) 50 GPa.

Fig. 7. Obtained band structure profile of Ca3SbF3 via GGA-PBE functional at different pressures: (a) 0 GPa, (b) 10 GPa, (c) 20 GPa, (d) 30 GPa, (e) 
40 GPa, and (f) 50 GPa.
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Consequently, the electronic band gap of Ca3AsF3 (Ca3AsF3) reduces from 3.54 (3.20) to 1.47 (0.95) eV via TB-mBJ and 2.27 (2.19) to 
0.37 (0.11) eV via GGA-PBE functional. Therefore, within the constituent Ca, As (Sb), and F atoms, the band gap mostly originates from 
the hybridization of electronic states between the Ca and As (Sb) atoms.

Fig. 11(a–b) illustrates Total Density of States (TDOS) plots for Ca3MF3 (M = As, Sb), indicating that with increasing pressure, the 
conduction states move towards decreased energy levels more significantly than the valence states moving towards increased energy 
levels. This pressure-induced shift of energy states, which results in the band gap being tuned and decreasing, is also reflected in the 
band structure diagrams at the Γ point.

The electron density reveals the charge distribution within the unit cell of materials, allowing for the determination of the type of 
chemical bonds present in those materials. Fig. 12(a–d) illustrates the charge density distribution of Ca3MF3 (M = As, Sb) at pressures 
of 0 and 50 GPa, depicted along the crystallographic plane (100). The electron density values are shown on the scale to the right, with 
red denoting high electron density and blue low electron density. At 0 GPa pressure, the spherical contour shapes surrounding the Ca 
and F atoms indicate ionic bonding between them, with no overlapping of the atoms (Fig. 12a & b). Conversely, the elliptical contour 
shapes around the Ca and As/Sb atoms exhibit slight overlapping, indicating a covalent bonding nature between them along the (100) 
direction. At a pressure of 50 GPa, the spherical contour shapes around the Ca and F atoms remain unchanged, indicating the 
continuation of ionic bonding (Fig. 12c & d). Overall, the shapes surrounding the Ca and As/Sb atoms get more elliptical as overlapping 

Fig. 8. The pressure-induced band gap narrowing of Ca3AsF3 and Ca3SbF3.

Fig. 9. Calculated PDOS profile of novel Ca3AsF3 perovskite under pressure.
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increases, signifying a stronger covalent bonding nature between them under pressure along the (100) plane.

3.3. Carrier transport properties

The effective mass of both holes (mh) and electrons (me) serves as a significant determinant of photovoltaic efficiency, greatly 
affecting carrier mobility, resistivity, and the optical sensitivity of free carriers. The effective masses of Ca3AsF3 and Ca3SbF3 were 
determined (Table 4) by fitting the VBM and CBM on the basis of the following formula [57]: 

m* =ℏ2
[

∂2ε(k)
∂k2

]− 1

(6) 

The wave vector along different axes, the reduced Planck constant, and the energy dispersion relation function are represented by 
the symbols k, ℏ, and ε(k), respectively. Typically, a greater dispersion at the bottom (top) of the CB (VB) corresponds to a smaller 
effective mass for electrons (holes), facilitating electron (hole) diffusion [58]. As pressure increases, mh and me in Ca3MF3 (M = As and 
Sb) compounds steadily decline (Fig. 13). As the effective mass reduces, electrons and holes in the absorption layer can diffuse more 
readily to the transport layer. Therefore, it can be inferred that applying hydrostatic pressure can enable carrier migration and increase 

Fig. 10. Calculated PDOS profile of novel Ca3SbF3 cubic perovskite under pressure.

Fig. 11. TDOS of (a) Ca3AsF3 and (b) Ca3SbF3 at different applied pressures.
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the PCEs of Ca3MF3 cells. Since the effective mass is less than 1.5m0 for both materials, this suggest that Ca3AsF3 and Ca3SbF3 can be 
considered feasible materials for high-mobility solar applications.

One of the foremost factors determining the photocatalytic property of a semiconductor is the rate at which photo-generated charge 
carriers are separated and diffused. If the effective mass of photo-generated carriers is reduced, they are more likely to reach surface 
response sites within their lifespan, thereby enhancing photocatalytic activity [59,60]. While the absolute value of the effective mass of 
a photoinduced carrier holds significance, the relative ratio of effective masses, which dictates the recombination rate of carriers, could 
potentially have a crucial function in separating the carriers. The relative ratio of effective mass (D) is determined through following 
formula [61,62]. 

Fig. 12. Charge density distribution of Ca3MF3 (M = As and Sb) along (100) crystallographic plane at 0 and 50 GPa pressure.

Table 4 
Effective mass of electron and hole, and ration of effective mass (D) of Ca3AsF3 and Ca3SbF3 under various pressure levels. The unit of mass is the 
electron rest mass m0.

Pressure (GPa) Ca3AsF3 Ca3SbF3

me mh D me mh D

0 0.52 0.49 1.08 0.76 0.48 1.57
10 0.49 0.35 1.41 0.60 0.34 1.76
20 0.44 0.26 1.68 0.49 0.25 1.97
30 0.38 0.21 1.86 0.41 0.19 2.20
40 0.33 0.16 2.07 0.33 0.15 2.25
50 0.28 0.13 2.14 0.28 0.12 2.28
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D=
me

mh
(7) 

For the D value that significantly deviates from 1, the mobility difference between electrons and holes becomes more considerable, 
thus, the rate of recombination of photo-generated pairs will also be reduced. As shown by the obtained results in Table 4, D values 
significantly differ from 1 at rising pressure for both materials. Hence, in the pressurized conditions Ca3MF3 (M = As and Sb), becomes 
more effective in the pair separation and has lower electron-hole recombination because of smaller effective mass compared to the 
unpressurized system.

3.4. Mechanical properties

The elasticity properties of solids are vital that create a considerable relationship between mechanical features. They provide 
significant insight into the inner forces of solids, thus giving essential details about their stability and power. These features include 
various factors, such as bulk and shear modulus, Young’s modulus, the combination of flexibility and brittleness, as well as direc-
tionality. Concerning the material’s mechanical properties, elastic constants of Ca3MF3 (M = As and Sb) are effectively used to 
determine its reaction to various pressures and tensions. The elastic constant Cij such as C11, C12, and C44 is determined over a pressure 
range (Table 5), which spans from 0 to 50 GPa in the context of events that apply an appropriate strain tensor that deforms the cubic 
unit cell. In order to ensure mechanical stability, this constant should safely comply with the equational inequalities that are often 
described as Born stability criteria [63]: 

C11 > 0, C44 > 0, C11-C12 > 0, C11 + 2C12 > 0                                                                                                                          (8)

Research states that both compounds resist fluctuating orders of pressure in addition to satisfying the Born stability criteria. 
Moreover, while the hydrostatic pressure increases, the assessed elastic constants also increase. However, the mathematical amount of 
C11 is significantly higher than C12 and C44, indicating that the analyzed compound also enabled resistance to force along the x-di-
rection [64].

Studying the Cauchy pressure (Cp) value of a material offers a means to ascertain whether the material displays brittle or ductile 
behavior. Cauchy pressure (Cp) is expressed as: 

Fig. 13. Calculated effective masses of holes (mh) and electrons (me) of Ca3MF3 (M = As and Sb) under all applied pressure (0–50 GPa).

Table 5 
Calculated value of elastic constants (Cij), Cauchy pressure (Cp), Crystal stiffness (Cs), and Kleinman parameter (ζ) in Ca3MF3 (M = As and Sb) 
compounds under different hydrostatic pressures.

Pressure (GPa) Compound C11 C12 C44 Cp Cs ζ

0 Ca3AsF3 97.85 15.15 24.94 − 9.79 41.35 0.30
Ca3SbF3 79.45 11.05 18.03 − 6.98 34.20 0.29

10 Ca3AsF3 191.92 25.94 24.37 1.57 82.99 0.29
Ca3SbF3 173.03 21.96 16.62 5.34 75.53 0.28

20 Ca3AsF3 270.91 35.59 22.12 13.47 117.66 0.28
Ca3SbF3 249.05 30.90 14.08 16.82 109.07 0.27

30 Ca3AsF3 350.20 47.75 18.96 28.79 151.22 0.28
Ca3SbF3 322.54 40.25 10.74 29.51 141.14 0.27

40 Ca3AsF3 422.00 54.18 15.14 39.04 183.91 0.28
Ca3SbF3 390.61 48.38 6.91 41.47 171.11 0.27

50 Ca3AsF3 488.78 63.22 10.78 52.44 212.78 0.27
Ca3SbF3 452.89 54.05 2.51 51.54 199.42 0.26
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Cp = C12-C44                                                                                                                                                                            (9)

A material’s ductility or brittleness is governed by the sign of its Cauchy pressure, which can be either positive or negative [65]. 
Table 5 shows the changes in Cauchy pressure (Cp) value under implementation of pressure up to 50 GPa. At ambient pressure, both 
materials show that they are brittle; therefore, the Cp value is negative. When pressure rises to higher levels, both materials 
demonstrate a change from brittleness to ductility [66] with Cp moving from negative to positive value, reflecting an increasing 
tendency to ductility.

The crystal stiffness (Cs) material’s ability to oppose shear stress is calculated using the formula: 

Cs =
C11 − C12

2
(10) 

Table 5 shows the increasing nature of crystal stiffness (Cs) of Ca3MF3 (M = As and Sb) upon applied pressure. It indicates that both 
materials become more resistant to deformation as pressure increases.

The Kleinman parameter (ζ) quantifies the resistance of a crystal to bond stretching and bending. The top (ζ = 1) is associated with 
the objective of minimizing bond stretching, while the bottom (ζ = 0) corresponds to minimizing bond bending [67]. Kleinman 
parameter (ζ) is expressed as: 

ζ=
C11 + 8C12

7C11 + 2C12
(11) 

The values of the Kleinman parameter (ζ) are closer to the bottom (ζ = 0) for Ca3MF3 (M = As and Sb) in all the variations of 
pressure listed in Table 5, which indicates that bond stretching is more dominant than bond bending.

The bulk modulus (B), shear modulus (G), and Young’s modulus (Y) of Ca3MF3 (M = As and Sb) has been estimated using the 
Voigt–Reuss–Hill (VRH) approach, and the estimated values are presented in Table 6 using the following formulas: 

B=
1
2
(Br +Bv) (12) 

G=
1
2
(Gr +Gv) (13) 

Y =
9BG

3B + G
(14) 

Shear modulus (G) quantifies the capacity of a material to yield plastic deformation by a force from the external. A material bulk 
modulus denoted as B is a measure of its resistance to the external force that compels it to compress. Young’s modulus (Y), often known 
as the modulus of elasticity, measures a material’s capacity to withstand tensional or compressional force along the direction of its 
length. An increase in the values of G, B, and Y for both materials was found when pressure was applied. The development of these 
mechanical properties is caused by the rise in intermolecular or interatomic forces that ensue when an external pressure is forced. The 
increase boosts the capacity of a substance to withstand deviations in volume, shear deformation, or axial deformation.

Machinability index (μM) measure the easiness at which a solid object can be manufactured using cutting tools, and it is computed 
by the following equation: 

μM =
B

C44
(15) 

From Table 6, the machinability index values for Ca3MF3 (M = As and Sb) increase with pressure. It implies that the machinability 
of these materials is improved when pressed. This suggests that these two materials can be machined more easily, with less tool wear 
and improved surface finish, and the productivity is enhanced thus new possibilities for machining opened.

Table 6 
The calculated bulk modulus B (GPa), shear modulus G (GPa), young modulus E (GPa), Pugh’s ratio B/GH, machinability index (μM), hardness factor 
H, and Poisson ratio ν, and Zener anisotropy factor A of Ca3MF3 (M = As and Sb).

Pressure (GPa) Compound B Y G B/GH μM Hv ν A

0 Ca3AsF3 42.71 74.13 30.52 1.40 1.71 6.96 0.21 0.60
Ca3SbF3 33.85 57.00 23.47 1.45 1.87 5.23 0.22 0.52

10 Ca3AsF3 81.27 104.70 40.80 2.00 3.33 4.83 0.28 0.29
Ca3SbF3 72.32 83.54 32.21 2.25 4.35 2.91 0.30 0.22

20 Ca3AsF3 114.00 121.81 46.59 2.45 5.15 3.62 0.31 0.18
Ca3SbF3 103.68 97.25 36.84 2.81 7.36 1.91 0.32 0.12

30 Ca3AsF3 148.59 133.92 50.53 2.94 7.83 2.61 0.32 0.12
Ca3SbF3 134.31 106.16 40.00 3.36 12.50 1.19 0.33 0.07

40 Ca3AsF3 176.84 141.67 53.34 3.32 11.68 2.03 0.33 0.08
Ca3SbF3 162.47 111.24 41.91 3.88 23.50 0.64 0.33 0.04

50 Ca3AsF3 205.15 145.03 54.57 3.76 19.02 1.40 0.33 0.05
Ca3SbF3 187.00 112.77 42.70 4.38 74.50 0.19 0.32 0.01
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The hardness factor influences the use of a material and can be used to deduce its elastic and plastic mode of deformation. The 
equation for finding a material’s hardness is: 

Hv = 2
(
K2G

)0.585
− 3; K = G/B (16) 

Table 6 displays the correlation between pressure and Vickers hardness. The material hardness of the two compounds is shown to 
decrease with increased pressure. The declining hardness factor indicates an enhancement in the machinability index.

The ductile and brittle nature of a substance can be found alongside Cauchy pressure (Cp) indication by examining two additional 
parameters: Pugh’s ratio and Poisson’s ratio. Pugh’s ratio (B/GH) calculation involves dividing the bulk modulus by the shear modulus, 
whereas Poisson’s ratio (v) computed through the following equation: 

v=
3B − 2G

2(3B + G)
(17) 

The critical values for recognizing any material’s brittle or ductile quality are 1.75 for B/G and 0.26 for ν [68]. A substance turns 
out to be ductile if both B/GH and ν exceed their respective critical values; alternatively, it will be classified as brittle. Examining the 
calculated B/GH and ν values reveals that both compounds display brittle nature under ambient pressure condition (Table 6). However, 
as the pressure rises, the behavior shifts from brittle to ductile, which is also proved by the Cp value. Additionally, under high-pressure 
conditions, these two compounds exhibit improved ductility, which is verified by Fig. 14(a–b). Therefore, based on the findings the use 
of hydrostatic pressure is a suitable tactic whenever more ductility is required in the manufacture of optoelectronic devices. Thus, the 
implementation of hydrostatic pressure proves to be a viable strategy whenever there is a need for increased ductility in the production 
of optoelectronic devices. The confirmation of ductile nature of a compound for the optoelectronic field is necessary. Ductile materials 
are anticipated to demonstrate enhanced properties when utilized in thin films [69].

The direction-dependent characteristics of a material provide certain indications of homogeneity. This is gauged by the anisotropy 
index A. In cubic materials, the Zener anisotropy factor (A) is determined on the basis of the following equation [70]: 

A=
2C44

C11 − C12
(18) 

If A deviates from unity, the material is anisotropic, whereas A = 1 indicate its isotropic features. Table 6 shows that the value of 
anisotropic index does not tend to be 1 under any applied pressure conditions. In summary, we have discovered that the compound 
Ca3MF3 (M = As and Sb) shows elastic anisotropy, and the anisotropy remarkably increases with increasing pressure, as shown in 
Table 6.

To show the elasticity of a material with directional variation, the ELATE tool [71] was utilized to simulate the fluctuations of 
Young’s modulus, shear modulus, and Poisson’s ratio, as depicted in Fig. 15(a–d). The 3D spherical plots depict isotropic behavior, but 
any departure from a spherical form reveals material anisotropy. The figure clearly shows that departure from spherical plots is more 
pronounced under a pressure of 50 GPa compared to that observed under ambient pressure, indicating that the application of pressure 
could increase the degree of anisotropy of Ca3MF3 (M = As and Sb).

3.5. Sound velocity and debye temperature

Elastic waves pass through a medium and cause deformation or re-establishment of the deformation. Waves exist in solids, liquids, 
and gases, characterized by their capacity to restore the substance to its former condition after deformation. Elastic waves are primarily 
categorized into two types: longitudinal waves and transverse waves. Both compounds vl >vs indicate that transverse waves propagate 
at a reduced velocity relative to longitudinal waves within solids. The velocities of longitudinal and transverse elastic waves have been 

Fig. 14. Variation of (a) Poisson’s ratio and (b) Pugh’s ratio of Ca3MF3 (M = As and Sb) compounds at different pressures.
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calculated using relevant bulk and shear values, as well as the density of these materials in the subsequent equation: 

vl =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
3B + 4G

3ρ

√

(19) 

vs =

̅̅̅̅
G
ρ

√

(20) 

To calculate the average sound velocity vm within a solid, the Navier equation is utilized: 

vm =

[
1
3

(
2

vs3 +
1
vl3

)]− 1/3

(21) 

Large values of the mean velocities vm indicate strong interatomic bonding of any solid. The calculated mean sound velocities listed 
in Table 7 also indicate that the value of Ca3AsF3 is greater than that of Ca3SbF3, indicating that Ca3AsF3 exhibits stronger interatomic 
bonding than Ca3SbF3.

A key factor in thermodynamics is the Debye temperature ΘD, which is connected with the most energetic mode of vibration of the 
crystal [72]. The Debye temperature connects several basic properties e.g., specific heat, stability of the lattice, and melting point. The 
Debye temperature ΘD is: 

Fig. 15. The anisotropic 3D illustration of (a) Young’s modulus, (b) shear modulus, and (c) Poisson’s ratio of Ca3MF3 (M = As and Sb) at 0 and 50 
GPa pressure.
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ΘD =
h
kB

[
3n
4π

(
NAρ
M

)]1
3
vm (22) 

where h, kB, NA, n, M, ρ, vm are constants. Table 7 illustrates the calculated Debye temperature values, which are higher for Ca3AsF3 
compared to Ca3SbF3, and these values rise with pressure for both substances due to the coupling of atomic oscillations, resulting in the 
generation of a spectrum of frequencies. The rise of the Debye temperature causes an impact on the specific heat capacity of the studied 
compounds, and its value rises with the temperature rise. An increase in the specific heat takes place to be a measure of the ther-
modynamic stability of the studied materials [73]. The melting point is another important thermophysical property that becomes vital 
to evaluate the possibilities to use a material at high temperatures. For the cubic system, the melting temperature is [74]: 

Tm = [553+5.91C11] ± 300 K (23) 

The computed melting point of Ca3MF3 (M = As and Sb) is presented in Table 7. Under ambient pressure conditions, the melting 
temperature of Ca3AsF3 (Ca3SbF3) is 1131.3 ± 300 (1022.5 ± 300) K, but this rises to 3441.7 ± 300 (3229.6 ± 300) K at a pressure of 

Table 7 
Pressure dependence of shear sound velocity vs (m/s), longitudinal sound velocity vl (m/s), average wave velocity vm (m/s), Debye temperatures ΘD 

(K) and melting temperature Tm (K) for Ca3MF3 (M = As and Sb).

Pressure (GPa) Ca3AsF3 Ca3SbF3

vs vl vm ΘD Tm±300 vs vl vm ΘD Tm±300

0 3343.52 5527.85 3695.87 393.37 1131.30 2861.00 4768.47 3165.01 323.20 1022.52
10 3597.21 6557.80 4010.34 447.97 1687.22 3113.00 5889.52 3479.93 373.63 1575.60
20 3652.37 7105.51 4090.26 472.32 2154.17 3151.81 6419.57 3539.34 394.14 2024.97
30 3662.80 7572.37 4116.69 487.71 2622.79 3151.49 6825.46 3550.18 406.49 2459.23
40 3647.51 7865.95 4108.23 496.97 3047.00 3118.53 7117.59 3521.19 412.37 2861.55
50 3592.63 8110.53 4054.61 499.13 3441.73 3059.46 7312.43 3460.47 413.02 3229.67

Fig. 16. The pressure-induced (a) real part ε1(ω), (b) imaginary part ε2(ω) of dielectric function, (c) absorption α(ω), (d) conductivity σ(ω) of 
Ca3MF3 (M = As and Sb) at pressure = 0, and 50 GPa.
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50 GPa. Hence, the increased pressure results in the increase of the melting point for both investigated materials. Hence, it can be 
concluded that the phase of material stays stable even in high temperatures if exposed to pressure.

3.6. Optical properties

The complex dielectric function is an important characteristic that provides an understanding about the spectral characteristics of 
the photovoltaic material. Thus, the interest is directly related to the possibility of these materials being used in solar and optoelec-
tronic systems. Optical performance of a given material can be improved using a thermodynamic technique known as hydrostatic 
pressure which modifies the electronic framework. In this paper, the various optical functions such as optical absorption, reflectivity, 
refractive index, extinction coefficient, and dielectric functions of this cubic Ca3MF3 (M = As and Sb) compounds have been analyzed, 
especially in the case of hydrostatic pressures of 0 GPa and 50 GPa. The optical behavior of the photovoltaic material can be deter-
mined based on the complex dielectric function, ε(ω), equation [75]: 

ε(ω)= ε1(ω) + iε2(ω) (24) 

In this equation ε1(ω) denotes the real component and ε2(ω) signifies the imaginary component. Here the real portion of the dielectric 
function, ε1(ω), is associated with the electrical band structure and defines the absorptive behavior and the intensity of polarization a 
substance can involve in, whereas, the dissipation of the dielectric, is settled by the ε2(ω). A high dielectric constant decreases the 
possibility of charge-carrier recombination and boosts the efficiency of charge screening [76]. The real and imaginary portion of the 
ε(ω) for non-toxic Ca3MF3 (M = As and Sb), under various pressure scenarios, are displayed in Fig. 16(a–b). A comparative analysis of 
the obtained results indicates that applying pressure increases ε1(0) when comparing a pressurized and a non-pressurized system 
(Fig. 16a). This increase in ε1(0) is correlated with a lower energy gap (Eg) in the pressured system. As displayed in Fig. 16a, the 
determined static dielectric value, ε1(0) for Ca3AsF3 (Ca3SbF3) is 3.58 (3.72) at 0 GPa. Notably, when exposed to hydrostatic pressure, 
the initial value of ε1(0) for both materials notably rise, mainly because of a reduced rate of charge recombination, rendering these 
candidates more favorable for optoelectronic purposes. Moreover, the figure shows that the Ca3MF3 (M = As and Sb) compound under 
pressure exhibits the highest ε1 in the visible zone. Since ε1(0), has a reversed relation with band gap, a larger value of energy gap 
corresponds to a smaller value of ε1(0). Therefore, considering the Penn model [77], the obtained relationship expressed by the 

Fig. 17. The pressure-induced (a) Refractive index, (b) Extinction coefficient and (c) Reflectivity spectrum, and (d) loss function of Ca3MF3 (M = As 
and Sb) at pressure = 0, and 50 GPa.
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following equation can be presented: 

ε1(0)≈1 +

(
ħωp

Eg

)2

(25) 

The applied pressure leads to the rise of ε2 in the visible region, therefore, the peaks redshift to lower photon energies, observable in 
Fig. 16b. As a result, it is possible to infer that Ca3MF3 (M = As and Sb) absorbs effectively even under high pressure. The change in the 
peak position can be caused by the alterations of both the lattice constant and the bandgap. Moreover, the greater values of ε1(ω) and 
ε2(ω) at lower levels of photon energy, along with the smaller values at higher energy levels, emphasize the promising suitability of 
Ca3AsF3 and Ca3SbF3 for applications in microelectronics and integrated circuits.

The optical absorption coefficient, (α) serves as a vital determinant in comprehending a compound’s ability to absorb photon 
energy, providing insightful perspectives on the efficiency of solar energy conversion. At pressures of up to 50 GPa, Fig. 16c shows how 
the absorption coefficient (α) of Ca3MF3 (M = As and Sb) varies in response to various photon energies. Upon examining Fig. 16c, it is 
obvious that absorption does not start at 0 eV; rather, it happens at the band gap value. As pressure rises, the absorption edge has 
clearly moved towards the lower photon energy area, a phenomenon known as redshift. It is also evident that the absorption coefficient 
for both materials at the visible spectra increases with rising hydrostatic pressure. Thus, the absorption coefficient for the two com-
pounds is imperative when designing a solar cell. It is evidently possible to enhance the efficiency of the devices and their competi-
tiveness against other types of solar cells by increasing the absorption coefficient of these two materials. Optical conductivity, σ(ω), 
represents the conductivity of photons within a material. Fig. 16d analyze the optical conductivity of Ca3AsF3 and Ca3SbF3 in terms of 
energy at pressures of 0 and 50 GPa. The conductivity spectra exhibit identical traits with absorption spectra, as demonstrated in 
Fig. 16c, due to the free carriers that material emits upon absorbing energy. The optical conductivity increases with applied pressure 
due to the heightened absorption coefficient, which rises with increasing pressure.

The refractive index n(ω) and extinction coefficient k(ω) of Ca3MF3 (M = As and Sb) are depicted in Fig. 17(a–b) across the photon 
energy spectrum from 0 to 20 eV. The refractive index n(ω) is the primary determinant that explains the degree of transparency 
exhibited by the material. Efficiency of the material increases with the reduction of refractive index values towards zero i.e. materials 
would become highly transparent. Conversely, near-zero refractive index values exhibit high absorbance i.e. large positive refractive 
index. At zero frequency of applied field, the behavior of n(ω) mirrors that of real part of ε1(ω) and is connected to it by the equation 
n2 − k2 = ε1 (0). Moreover, the refractive index at zero frequency n(0) and ε1(0) precisely satisfy the criteria n2

0 = ε1 (0), as seen in 
Fig. 16a and 17a. The increased value of n(0) of Ca3MF3 (M = As and Sb) under pressure can enhance the appropriateness of these 
materials for use in QLEDs, OLEDs, solar cells, and waveguides. The extinction coefficient k(ω) exhibits a comparable pattern to that of 
ε2(ω), as displayed in Fig. 17b.

Reflectivity refers to the ability of a material to bounce energy off its surface. Fig. 17c illustrates the spectrum curves of R(ω) plotted 
against photon energy while varying pressure for Ca3MF3 (M = As and Sb). The finding indicates that the greatest changes in 
reflectance occurred throughout the photon energy range of 0–16 eV. Increasing hydrostatic pressure leads to a rise in reflectivity of 
both material frameworks within the visible range. However, the comparatively reduced R (whether under pressure or not) in the low- 
energy range suggests the potential suitability of both compounds for use in solar cells. The energy that is lost by the electrons in a 
dielectric medium is known as the electron loss function. The electron loss function, L(ω), can be deduced through the following 
formula: 

L(ω)= j
(

−
1

ε(ω)

)

(26) 

From the graph in Fig. 17d, the peak of the electron loss function for the Ca3MF3 (M = As and Sb) substances indicates that energy 
loss is experienced when the energy of the emitted photon exceeds the bandgap value. L(ω) is closely linked to the concept of plasma 
oscillation and its frequency, which is often called plasma frequency (ωp). It was observed that at ambient pressure, in case of Ca3AsF3, 
the peak loss function is 10.6 eV, and for Ca3SbF3 is 9.23 eV. The findings provide approximate values for the plasma frequency of the 
Ca3MF3 materials. At higher frequencies than plasma frequencies both materials become transparent, and the electrons in those 
materials cannot gain the energy of the incoming light. With compressing, the peak in the loss function moves to larger energy values. 
The reduction in the number of active electrons, responsible for the intra-band and inter-band transitions, is observed as the peak 
moves to larger energies [78]. This is due to the compression of the material under pressure, which reduces the number of available 
states for the electrons.

4. Conclusions

For the first time, a simulation based on DFT was employed to investigate the impacts of hydrostatic pressure ranging from 0 to 50 
GPa on the structural, electronic, mechanical, and optical properties of Ca3MF3 (M = As and Sb) materials systematically utilizing 
GGA-PBE and TB-mBJ functional. As pressure increases, there is a consistent decrease observed in the lattice parameter, volume, and 
bond lengths. Moreover, the effective masses of electrons and holes in Ca3MF3 (M = As and Sb) compounds reduce continuously in 
response to applied hydrostatic pressure. Effective mass values below 1.5m0 for Ca3MF3 (M = As and Sb) compounds suggest high 
mobility for the charge carriers. At high pressures, the band gap is notably lowered, which enhances the optical characteristics and 
makes these compounds promising for solar cells development. Additionally, the shifting of the dielectric function peak to lower 
photon energies is observed with the growth of pressure. The detailed investigation of optical properties revealed that in optoelectronic 
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applications, Ca3MF3 (M = As and Sb) will have optimal performance as they have increased absorption and conductivity under high- 
pressure conditions. The computed value of elastic constants successfully meets the Born stability up to 50 GPa pressure, affirming the 
mechanical stability of both compounds throughout the entire range of applied pressure. Moreover, these materials show improved 
anisotropy and ductility under pressure. The results of this study are expected to stimulate further research aimed at utilizing the novel 
perovskites Ca3AsF3 and Ca3SbF3 in optoelectronic device applications.
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