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Metal-halide perovskites (MHPs) are investigated in industrial applications due to optoelectronics and energy storage 

properties. In this study, the effects of hydrostatic pressure on the structural, electronic, elastic and optical properties of 

CsPbM₃ (M = F, Cl, Br, and I) are studied through using theoretical calculations based on the FP-LAPW method in Ma-

terials Studio, with GGA-PBE and LDA-CAPZ parameterizations. The exchange-correlation energies are calculated with 

GGA-PBE and LDA-CAPZ parameterizations. Results indicate that CsPbCl₃ with GGA-PBE exhibits the highest mechan-

ical stability with a bulk modulus of 24.67 GPa, B/G ratio of 2.49, and positive elastic constants. CsPbF₃ (LDA-CAPZ) is 

the hardest (9.73 GPa) but mechanically unstable under pressure. Moreover, the CsPbM3 exhibits a vertical-electron tran-

sition as well as semiconductor with a direct band gap at R- symmetry point as the band gap decreases between CsPbF3 

(2.629 eV PBE, 2.498 eV LDA) to CsPbI 3 (1.303 eV PBE, 1.280 eV LDA) respectively. A red shift in absorption and 

higher static dielectric constant occurs with increasing halide atomic radius. CsPbI₃ shows strong infrared and visible 

absorption, ideal for solar cells, while CsPbCl₃ and CsPbBr₃ keeps high plasmonic activity and suitable for high-frequency 

optoelectronic applications. GGA-PBE predicts higher mechanical strength and is more effective for studying band gap 

closure and optical absorption compared to LDA-CAPZ. CsPbI₃ is promising for solar energy devices due to its optical 

properties, while CsPbCl₃ and CsPbBr₃ are better for mechanically stable optoelectronic applications. Current research 

work findings support the potential of CsPbM₃ perovskites for practical applications as well as experimental validation. 
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1. INTRODUCTION 

In 1839, a mineral named (CaTiO3) was discovered by 

the German geologist Gustav Rose in the Ural Mountains of 

Russia. Further research on this mineral was conducted by 

Russian mineralogist Count Lev Alexevich von Perovski. 

The material was given the name perovskite in recognition 

of his contributions. Over time, materials that resemble 

CaTiO₃ in structure have been categorized as perovskites 

[1]. The name now widely refers to any material with the 

same crystal lattice structure as CaTiO₃. Perovskites have 

the general formula ABX₃ [2]. Where A symbolizes a mon-

ovalent cation (e.g., Cs⁺, MA⁺, or FA⁺), B represents a diva-

lent metal cation (e.g., Pb²⁺, Sn²⁺), and X signifies a halide 

anion (e.g., F⁻, Cl⁻, Br⁻, or I⁻). Both theoretically and exper-

imentally, perovskites show a variety of fascinating fea-

tures. These materials are well-known for their enormous 

magneto-resistance, charge ordering, spin-dependent 

transport, superconductivity, ferroelectric behavior, and 

high thermoelectric power [3]. Additionally, they demon-

strate a strong interaction between structural, magnetic, and 

optical properties [4]. Halide lead perovskite compounds 

have acquired popularity in light-driven catalysis due to 

their versatile absorption spectrum, affordability, and plen-

tiful catalytic sites [5]. Inorganic perovskites have received 

a lot of scientific attention because they are more physically 
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and chemically stable than organic perovskites. Among 

them, Cs-based CsPbM3 (X =F, Cl, Br, I) is a potential  ma-

terial for the  upcoming generation of electrical, optoelec-

tronic, and other light-responsive technologies [6].To in-

crease the proficiency of optoelectronic devices, including 

light emitting devices, photonic detectors and lasers, the 

properties of CsPbM3 should  be altered by introducing 

metal halides or merging them with halides [7]. The combi-

nation of low-cost production processes, excellent effi-

ciency, and adjustable features has elevated lead perovskites 

to the leading edge of research, with the potential to pro-

foundly impact energy technologies and optoelectronic de-

vices in the near future. The bandgap tunability of lead per-

ovskites enables their optimization for diverse applications, 

including efficient solar energy conversion and narrow-

band light emission in LEDs. Our research intends to ex-

plore the electronic framework and optical characteristics of 

perovskite materials with the GGA-PBE functional and 

LDA-CAPZ functional. These functionals are mathematical 

models used in DFT to predict the exchange-correlation en-

ergy – a key feature in describing the electrical properties of 

materials. LDA is simpler and computationally efficient, but 

it frequently overbinds atoms and underestimates band gaps. 

GGA increases accuracy for structural and electronic prop-

erties while being somewhat more computationally de-

manding. These functionals enable us to explore the band 
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structure, density of states, and optical response of the com-

pounds in detail. This comparison helps to validate the ac-

curacy of our approach and provides deeper insights into the 

properties of perovskites. Pressure has a significant influ-

ence on regulating the physical characteristics of materials 

[8, 9], allowing precise control over their optical, electrical, 

and optoelectronic properties as well as affecting phase tran-

sitions. The study of pressure-dependent features is espe-

cially important for quantum dot-based optoelectronic tech-

nologies, since high-pressure research gives crucial per-

spectives into the optoelectronic behavior of perovskite ma-

terials, notably photoluminescence dynamics. The ability to 

vary the Eg via pressure deviations increases the material's 

potential for optoelectronic devices by facilitating efficient 

electron transitions from the VB to the CB, maximizing 

photon absorption and electrical conduction.  

2. COMPUTATIONAL METHODOLOGY 

The space group of CsPbM₃ (where M = F, Cl, Br, I) is 

typically Pm-3m (space group number 221), corresponding 

to the cubic perovskite structure. The lattice constants (Å) 

of bulk perovskites of CsPbM3 (M = F, Cl, Br, I) are 4.83, 

5.68, 5.95 and 6.38 Å, respectively. DFT simulations were 

performed using Materials Studio 2020 with the CASTEP 

module to analyze the electrical structure and optical fea-

tures of cubic perovskite CsPbM3.The exchange-correlation 

interactions were calculated using the Generalized Gradient 

Approximation (GGA) with the Perdew-Burke-Ernzerhof 

(PBE) functional and the Local Density Approximation 

(LDA) with the Ceperley-Alder-Perdew-Zunger (CAPZ) 

parameterization. Geometry optimization was executed us-

ing Limited-memory Broyden-Fletcher-Goldfarb-Shanno 

(LBFGS) approach. Core electron effects were treated via 

On-the-Fly Generation (OTFG) ultrasoft pseudopotentials. 

Pseudo-atomic calculations were utilized for Cs (5s2 5p6 

6s1), Pb (5s2 5p6 5d10 6s2 6p2) and M = F, Cl, Br, I (ns² np⁵ 

where n = 2, 3, 4 and 5 respectively). A 6×6×6 k-point mesh 

was used to integrate the Brillouin zone, and a threshold of 

400 eV was applied for wavefunction expansion. The con-

vergence criteria included an energy tolerance of 

2.0×10⁻⁵ eV per atom, a maximum force tolerance of 

0.05 eV/Å per atom, a maximum stress tolerance of 

0.1 GPa, and a maximum ionic displacement of 0.002 Å. 

The calculations were carried out under an external 

pressure of 10 GPa to investigate structural and electronic 

behavior under high pressure conditions since this hydro-

static pressure is not only accessible experimentally 

(through diamond anvil cells) but also in a regime where 

halide perovskites exhibit systematic structural compression 

and significant changes in electronic or optical behavior 

without causing irreversible structural collapse. As one ex-

ample, Zhang et al. [10] report similar narrowing of the 

band-gap and optical shifts in CsPbCl3 under similar com-

pression. Similar structural and electronic changes in 

CsPbX3 (X = I, Br, Cl) at pressures of less than approxi-

mately 10 – 20 GPa are observed by Wang et al. [11]. More-

over, the review work “Pressure responses of halide perov-

skites…” [12] demonstrates that numerous perovskite com-

pounds display noticeable optoelectronic responses at 

around 10 GPa. Therefore, 10 GPa is a powerful benchmark 

pressure to our work, and it is both physically relevant, com-

putationally feasible, and aligned with the literature. 

3. RESULTS AND DISCUSSION 

3.1. Mechanical properties 

The mechanical characteristics of lead perovskites are 

critical to their performance and stability in solar cells, 

LEDs, and flexible electronics[13]. This study uses the 

stress-strain technique to derive the elastic constant tensor 

Cij (Table 1). 

Table 1. Pressure-dependent elastic constants (Cᵢⱼ) in GPa calcu-

lated for CsPbF₃, CsPbCl₃, CsPbBr₃, and CsPbI₃ 

Compound Method C11 C12 C44 

CsPbF3 PBE 81.157 -8.694 7.853 

CsPbCl3 PBE 55.624 9.188 5.088 

CsPbBr3 PBE 46.463 7.498 4.210 

CsPbI3 PBE 42.651 6.269 3.425 

CsPbF3 LDA 65.450 -14.67 8.068 

CsPbCl3 LDA 46.828 5.071 4.736 

CsPbBr3 LDA 38.810 3.674 3.978 

CsPbI3 LDA 34.971 2.463 3.394 

The Voigt-Reuss-Hill approximation is applied to com-

pute Bulk modulus of elasticity (B), shear modulus (G), and 

Poisson's ratio (ν). The hardness (H) is obtained via Tian's 

model, and the Cij are derived using the stress-strain tech-

nique. These are critical parameters that influence how a 

compound responds to variations in stress, strain, and tem-

perature. Overall, improving mechanical qualities contrib-

utes to the reliability, long-term sustainability, and excellent 

performance of perovskite-based devices. Fig. 1 depicts the 

optimized cubic structures of CsPbM3. 

 

 
 

  
 a b c d 

Fig. 1. Crystal structures analysis of CsPbM3 (M = F, Cl, Br, I) cubic Perovskites: a– CsPbF3; b – CsPbCl3; c – CsPbBr3; d – CsPbI3. 
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Although all compounds can crystallize in the ABX3 

perovskite structure using corner-sharing PbX6 octahedra, 

CsPbF3 and CsPbI3 adopt an identical cubic structure, but 

CsPbCl3 and CsPbBr3 are found in a different but equivalent 

cubic structure. 

The mechanical stability of all CsPbM₃ perovskites is 

confirmed by the fact that their elastic constants (Cij) meet 

the following Born stability criteria: 

𝐶₁₁ >  0, 𝐶₄₄ >  0, 𝐶₁₁ −  𝐶₁₂ >  0, 𝐶₁₁ +  2𝐶₁₂ >
 0, 𝐶₁₂ <  𝐶₁₁. (1) 

Table 1 illustrates that CsPbCl₃, CsPbBr₃, and CsPbI₃ 

are stable under pressure (10 GPa) using both PBE and LDA 

functionals. CsPbF₃ is stable in PBE but unstable in LDA 

due to a negative value of C11+2C12, suggesting mechanical 

instability under pressure [14]. The bulk modulus of elastic-

ity (B), Young’s modulus (E), shear modulus (G) and Pois-

son’s ratio (ν) can be computed using the following relation-

ships.  

𝐵 =  
 C11 + C12

3
; (2) 

𝐺 =  
𝐺𝑉 + 𝐺𝑅

2
 ; (3) 

𝐺𝑉 =  
(𝐶11−𝐶12)+3𝐶44

5
 ; (4) 

𝐺𝑅 =  
5(𝐶11−𝐶12)𝐶44

3(𝐶11−𝐶12)+4𝐶44
 ; (5) 

Since 

𝐺𝑅  ≤  G ≤  𝐺𝑉; (6) 

The Young’s modulus is given by: 

E =  
9𝐵𝐺

3𝐵 + 𝐺
; (7) 

and Poisson’s ratio is: 

ν =  
3𝐵−2𝐺

2(3𝐵+𝐺)
. (8) 

Bulk modulus that is used to measure the resistance of 

a given material to any uniform compression by an external 

pressure. It is defined as the applied pressure divided by the 

relative volume change. This represents a material’s capac-

ity to keep its structure when compressed. A higher bulk 

modulus suggests less compressibility and more structural 

stiffness, whereas a lower bulk modulus indicates increased 

compressibility. The mechanical properties of CsPbM₃ 

(M = F, Cl, Br, I) under 10 GPa external pressure, calculated 

using the PBE and LDA functionals, exhibit distinct trends 

in bulk modulus, shear modulus, and Young's modulus, re-

flecting the influence of ionic size, bond strength, and the 

specific characteristics of the functionals used. Earlier stud-

ies demonstrated that the properties concerning stiffness in 

lead halide perovskites are connected to the size of the hal-

ogen ion and the strength of the Pb-halogen bond [15, 16]. 

The PBE results show that the bulk modulus follows the 

trend of CsPbCl₃>CsPbF₃>CsPbBr₃>CsPbI₃, which is con-

sistent with the inverse relationship between lattice constant 

and compressibility [17]. Smaller ions, which form stronger 

ionic connections, are more resistant to compression. LDA 

provides a distinct ordering because to its natural overbend-

ing property. This leads to shorter lattice constants and arti-

ficially stronger bonding, especially in CsPbF₃, leading to a 

lower bulk modulus. Compared to prior works [13, 18], 

which either neglected the effect of external pressure or 

were limited to organic or incomplete halide systems, our 

approach offers a more comprehensive and physically reli-

able perspective. Ji et al. [13] focus on hybrid perovskites at 

ambient pressure, while Ahmad et al. [18] exclude CsPbF₃ 

and show inconsistent mechanical trends due to their singu-

lar functional approach. Our findings correct these gaps by 

systematically evaluating all halides under pressure, yield-

ing more reliable stiffness and hardness predictions. For 

shear modulus, both PBE and LDA predict the trend 

CsPbF₃>CsPbCl₃>CsPbBr₃>CsPbI₃, with CsPbF₃ demon-

strating the strongest bonds and the greatest stiffness. Pugh's 

ratio (B/G) refers to the relationship between bulk modulus 

and shear modulus. Pugh suggests employing the B/G ratio 

to assess a material's plastic properties, including ductility 

and brittleness. Ductile materials are those with a Pugh's ra-

tio more than 1.75 [19]. CsPbCl₃, CsPbBr₃, and CsPbI₃ have 

high B/G ratios (~2.49 – 2.57 in PBE), indicating ductility. 

CsPbF₃ is more brittle (B/G = 1.23 in PBE, 0.71 in LDA), 

consistent with prior results on fluorine-based perovskites 

under strain [20]. Young's modulus determines a material's 

stiffness by assessing its resistance to stretching or com-

pressing under an applied force. A higher value suggests 

stronger stiffness and less deformation, whereas a lower 

value shows the material's flexibility and ease of defor-

mation. The PBE functional calculations show that CsPbF₃ 

has the maximum stiffness and resistance to deformation, 

supporting previous theoretical and experimental work on 

perovskite elasticity [21]. The LDA functional data indicate 

a different ordering, with CsPbF₃ still having the greatest 

stiffness, but CsPbBr₃ outranking CsPbCl₃. LDA overesti-

mates bonding strength, especially in CsPbBr₃, resulting in 

an exaggerated rise in stiffness, which is consistent with its 

known overbending tendencies [22]. CsPbF₃ demonstrates 

the strongest resistance to deformation and stiffness, 

whereas CsPbI₃ has the lowest mechanical strength. Pois-

son's ratio (ν) indicates a crystal' stability against shear and 

inherent toughness. A value larger than 0.26 indicates rela-

tive toughness, whereas a lower value indicates brittleness. 

In PBE results the values suggest that CsPbF₃ is more brittle, 

and the other materials exhibit progressively more ductile 

behavior. Poisson’s ratio (ν), a measure of shear resistance 

and toughness, is >0.26 for all compounds except CsPbF₃, 

suggesting that the latter is more brittle. This also aligns 

with trends reported in other halide perovskite studies under 

external pressure [23].On the other hand, the LDA results 

show significantly lower Poisson’s ratio for CsPbF₃ and 

slightly higher values for the others, reflecting LDA’s ten-

dency to overestimate bonding and distort material behav-

ior, especially for CsPbF₃. Hardness is a material property 

that evaluates its resistance to localized plastic deformation, 

such as indentation or scratching. It denotes a material's ca-

pacity to tolerate mechanical forces without permanent de-

formation. The harder the substance, the more resistant it is 

to indentation or scratching, and is estimated by Tian empir-

ical model [24]: 

𝐻 =  2 (
𝐺3

𝐵2)
0.585

 . (9) 

An alternative model, proposed by Chen et al. [25], re-

lates hardness to Pugh’s ratio K = G/B and shear modulus: 

𝐻 =  0.92 × 𝐾1.137 × 𝐺0.708. (10) 
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PBE shows CsPbF₃ as the hardest material, with a hard-

ness value of 5.421 GPa indicating its brittleness while  

CsPbCl₃, CsPbBr₃, and CsPbI₃ exhibit lower hardness val-

ues indicating more ductile behavior. However, LDA pre-

dicts much greater hardness for CsPbF₃ (9.726 GPa) than 

PBE, indicating an overestimate of its resistance to defor-

mation. The hardness values for the other materials are like-

wise greater in LDA than in PBE, indicating that LDA's ten-

dency to overbend leads to artificially stronger materials, 

distorting the projected mechanical characteristics. A fur-

ther analysis of the chemical bonding evolution throughout 

the halide series is shown using the Mulliken population and 

energy analysis of a bond valence (Table 2). In the case of 

CsPbF3, Pb-F bonds hold a low bond overlap population 

(0.08 – 0.17) and the short bond length is 2.415 Å, charac-

teristic of mixed ionic-covalent nature and strong bond in-

teractions, which is associated with high elastic moduli and 

brittle behavior. The bond population in CsPbCl3 rises 

(~0.30 – 0.35), indicating greater covalency and stronger Pb-

Cl bonds, which is in agreement with its moderate ductile 

behavior. In the case of CsPbBr3, the population once more 

decreases (~0.08 – 0.17), which means a weaker covalency 

and softer bonds. The population of the Pb-I bonds becomes 

insignificant in CsPbI3, indicating highly ionic and weak Pb-

I bonding, which is why it is the least hard and a most ductile 

bond in the series. These results agree with Bond Valence 

Theory, in which bond valence sum (BVS) changes system-

atically F to I as the halide ionic radius and bond length in-

crease. These microscopic changes in the bonding process 

directly define macroscopic properties: stronger Pb-F and 

Pb-Cl bonds enable more mechanical strength, and weaker 

Pb-Br and Pb-I bonds result in lower hardness and a smaller 

bandgap in line with the trend of the redshift with the ab-

sorption. Similar methodology is described in spinel oxides 

(ZnO·nAl2O3) in which bond population and BVS analyses 

were employed to justify property trends [33].

3.2. Electronic properties 

In photovoltaic and optoelectronic applications, materi-

als' electronic characteristics are critical because they di-

rectly impact how the material interacts with light and con-

ducts electricity. To determine how a material will perform 

in various applications, it is necessary to investigate its en-

ergy band gap, which governs how quickly electrons may 

travel from the valence band (where electrons are typically 

found) to the conduction band (where electrons can move 

freely). Table 3 shows how the PBE and LDA functions 

were used to calculate the Eg for various CsPbM3 structures. 

Fig. 2 and Table 3 show that increasing the halogen size 

(from F to I) leads to higher optimized lattice constants and 

lower band gap energy for the compounds. This is consistent 

with previous investigations on perovskite materials 

[34, 35]. In essence, by using various halogens, you may 

modify the structural and electrical characteristics of perov-

skite materials. This versatility makes them excellent for use 

in photovoltaics, optoelectronics, and photodetectors. Fur-

thermore, LDA has lower lattice constants than PBE due to 

its greater electron binding, resulting in a more compact 

structure. LDA gives narrower band gaps than PBE, as pre-

dicted, because LDA results in an underestimated band gap 

by overbending electrons [36]. Both approaches show a 

strong correlation between halogen size and lattice expan-

sion under pressure. The calculated band gaps for four struc-

tures follow the almost identical trends CsPbF₃>CsP-

bCl₃>CsPbBr₃>CsPbI₃, consistent across both PBE and 

LDA methods, though the values differ. The PBE-calcu-

lated band gaps are 2.629 eV, 2.110 eV, 1.695 eV, and 

1.303 eV, respectively (Fig. 2 a – d), whereas LDA gives 

2.498 eV, 1.904 eV, 1.540 eV, and 1.280 eV, respectively 

(Fig. 2 e – h). At the R-symmetry point, all of the investi-

gated materials act as semiconductors with a direct band 

gap. This significant difference in results suggests that PBE 

functional is the most appropriate approach for precisely 

calculating the electronic properties of these materials, as its 

values are in closer agreement with the experimental litera-

ture. 

Table 2. Calculated pressure-dependent mechanical characteristics of the material 

Materials 
Bulk modulus, 

GPa 

Shear modulus, 

GPa 

Young’s modulus, 

GPa 

Poisson’s ratio, 

GPa 

Hardness, 

GPa 

B/G Pb-X bond 

population 

Pb-X bond 

length, Å 

 GGA-PBE 

CsPbF3 21.255 17.202 40.643 0.181 5.421 1.23 0.08 2.415 

CsPbCl3 24.667 9.870 26.126 0.323 1.642 2.49 0.35 2.840 

CsPbBr3 20.486 8.226 21.766 0.322 1.449 2.49 0.17 2.975 

CsPbI3 18.566 7.201 19.131 0.328 1.268 2.57 Negligible  –  

 LDA-CAPZ 

CsPbF3 11.708 16.352 33.474 0.023 9.726 0.71 0.17 2.415 

CsPbCl3 18.990 9.024 12.973 0.294 1.874 2.10 0.30 2.840 

CsPbBr3 15.386 7.587 19.550 0.288 1.729 2.02 0.08 2.975 

CsPbI3 13.229 6.752 17.324 0.282 1.645 1.95 Negligible  –  

Table 3. The optimized lattice parameters, unit cell volumes, and band gap values for CsPbF3 CsPbCl3, CsPbBr3, and CsPbI3 calculated 

under pressure 

Materials P, GPa 
Lattice constant, Å Unit cell volume, V/Å3 Band gap, eV Bulk 

type PBE LDA Exp. PBE LDA PBE LDA Exp. 

CsPbF3 10 4.68 4.55 4.79 [26] 102 94 2.629 2.498 3.68 [27] Cubic 

CsPbCl3 10 5.26 5.14 5.62 [18] 145 136 2.110 1.904 2.90 [28] Cubic 

CsPbBr3 10 5.46 5.35 5.87 [29] 162 152 1.695 1.540 2.30 [30] Cubic 

CsPbI3 10 5.74 5.61 6.28 [31] 189 177 1.303 1.280 1.70 [32] Cubic 
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Fig. 2. The electronic band structures: a, b, c, d – computed using PBE method; e, f, g, h – computed using LDA method with applied 

pressure 

 

The density of states (DOS) is a more accurate descrip-

tion of the bandgap. Fig. 2, shows the PDOS for four struc-

tures. The PDOS for CsPbM3 (M = F, Cl, Br, I) is illustrated 

from -10 eV to 10 eV, with the Fermi level (EF) placed at 

0 eV. In the valance band (Fig. 3 a), the DOS peaks at 17.3 

states/eV for CsPbF3, 14.03 for CsPbCl₃, 13.2 states/eV for 

CsPbBr3 and 11.7 states/eV for CsPbI3. In the valence band 

(Fig. 3 b), CsPbF₃ has the highest DOS values at 

18.2 states/eV, followed by CsPbCl₃ at 13.6, CsPbBr3 at 

12.9 and CsPbI3 at 11.6. The absence of considerable over-

lap at Ef demonstrates that these compounds are semicon-

ducting, as the EV and EB are well separated. This separation 

leads to the creation of the band gap. The CB is essentially 

made up of Cs and Pb orbitals, whereas the VB is dominated 

by halogen orbitals (F, Cl, Br, I). The thickness of the band 

gap is different depending on the halogen element due to the 

extent of orbital dispersion. Because the compounds sepa-

rate with a gap at the Fermi level, all of them are considered 

semiconductors rather than metals. The flexible electronic 

properties indicate that gap size in CsPbM₃ can be adjusted 

by swapping halides, making them suited for solar energy 

and optoelectronic use. Research on band gap engineering 

is well documented and we find our results agree with these 

studies, along with pointing out the effects of pressure and 

the choice of functional group [37]. CsPbF3, 14.03 for CsP-

bCl₃, 13.2 states/eV for CsPbBr3 and 11.7 states/eV for 

CsPbI3. In the valence band (Fig. 3 b), CsPbF₃ has the high-

est DOS values at 18.2 states/eV, followed by CsPbCl₃ at 

13.6, CsPbBr3 at 12.9 and CsPbI3 at 11.6.

 

Fig. 3. Pressure-dependent PDOS of CsPbF₃, CsPbCl₃, CsPbBr₃, and CsPbI₃, computed using (a) PBE and (b) LDA method. 
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The absence of considerable overlap at Ef demonstrates 

that these compounds are semiconducting, as the EV and EB 

are well separated. This separation leads to the creation of 

the band gap. The CB is essentially made up of Cs and Pb 

orbitals, whereas the VB is dominated by halogen orbitals 

(F, Cl, Br, I). The thickness of the band gap is different de-

pending on the halogen element due to the extent of orbital 

dispersion. Because the compounds separate with a gap at 

the Fermi level, all of them are considered semiconductors 

rather than metals. The flexible electronic properties indi-

cate that the gap size in CsPbM₃ can be adjusted by swap-

ping halides, making them suited for solar energy and opto-

electronic use. Research on band gap engineering is well 

documented, and we find our results agree with these stud-

ies, along with pointing out the effects of pressure and the 

choice of functional group [37]. 

3.3. Optical properties 

The optical characteristics of a material must be evalu-

ated in order to determine its possible uses. This section an-

alyzes the optical properties of the perovskite’s materials 

CsPbM3 (M = halides) with PBE and LDA. The optical be-

havior depends on the band gap and charge transporters in 

the valence and conduction bands. Furthermore, optical 

characteristics describe how a material responds to electro-

magnetic radiation. This is especially crucial for developing 

materials with certain optical properties, such as high trans-

parency, strong absorption, or efficient light emission. The 

dielectric function is an important consideration in this anal-

ysis. It defines how the material responds to an external 

electromagnetic field and influences optical properties, in-

cluding refractive index, absorption coefficient, and reflec-

tivity. Mathematically, the real part ε1(ω) and the imaginary 

part ε2(ω) depict the dielectric function. 

  𝜀(𝜔) = 𝜀1(𝜔) +  𝑖ε2(𝜔). (11) 

In many first-principles computations (e.g., employing 

density functional theory), the imaginary component is 

computed as a sum of electronic transitions: 

𝜀2(𝜔 =
2𝜋𝑒2

𝛺ɛ0
 ∑ |〈𝜓𝑐𝑘|𝑒 ̂. 𝑟|〉𝜓𝜐𝑘|2

𝑘,𝜐,𝑐 𝛿(𝐸𝑐𝑘 − 𝐸𝜐𝑘 −

ℏ𝜔)     .  (12) 

  𝜀1(𝜔)  = 1 +  
2

𝜋
 𝑃 ∫

𝜔ʹɛ2 (𝜔ʹ)

𝜔ʹ2−𝜔2

∞

0
  𝑑𝜔. (13) 

The complex refractive index   correlates with the ε(ω) 

as follows: 

𝑛 ̃(𝜔)  =  𝑛(𝜔)  +  𝑖𝑘(𝜔)  = √ɛ(𝜔). (14) 

At normal incidence, reflectivity R(𝜔) is calculated as: 

R(ω) =  |
𝑛 ̃(𝜔)−1

𝑛 ̃(𝜔)+1
|

2

=  |
𝑛(𝜔)+𝑖 𝑘(𝜔)−1

𝑛(𝜔)+𝑖𝑘(𝜔)+1
|

2

. (15) 

The absorption coefficient is associated to the extinc-

tion coefficient by: 

α(ω)  =  
2𝜔𝑘(𝜔)

𝐶
. (16) 

The dielectric function is correlated to the frequency-

dependent optical conductivity σ(ω): 

σ(ω)  =  
𝑖𝜔

4𝜋
[ɛ(𝜔) − 1]. (17) 

The energy loss function is the most crucial aspect of 

electron energy loss spectroscopy (EELS), and is given as: 

L(ω) = Im [−
1

ɛ(𝜔)
]  (18) 

Fig. 4 a and b presented pressure dependent ε1(ω)and 

ε2(ω) curves of CsPbM3 with energy. The Peaks of ε1 and ε2 

are found in the low energy region (≤ 17 eV). In the high 

energy region (> 17 eV), ε1 approaches 1 and ε2 goes to 0, 

suggesting less absorption and behavior similar to a non-in-

teracting dielectric [6]. Frequency-dependent ε1(ω) varies 

with the applied frequency of the external electric field. At 

very low frequencies (approaching zero), the material may 

respond to the field more efficiently, which is captured by 

ε1(0). The ε1(0) represent the electronic contribution to the 

static dielectric constant. Table 4 shows our computed ε1(0) 

for CsPbM3 (M = F, Cl, Br, I). The table shows that as you 

progress from F to I, there are rises. The relationship be-

tween Eg and ε1(0) is inverse, i-e Eg falls, the static dielectric 

constant rises [38]. The ε1(ω) rises from ε1(0), reaches a 

maximum, then goes down and becomes negative at speci-

fied energy ranges. Within these regions, the incoming pho-

ton beam is entirely absorbed, which indicates high absorp-

tion or plasmonic activity. Moreover, the negative values of 

the ε1(ω) in the UV region for the four studied compounds 

suggest that these materials exhibit metallic characteristics 

in this energy range. As for ε2(ω), indicating absorption be-

havior of the compounds. 

 

Fig. 4.  Optical characteristics of cubic CsPbM3 (M = F, Cl, Br, I): a – real part of dielectric function, ε1(ω); b – imaginary part of dielectric 

function, ε2(ω); c – absorption coefficient, α(ω) 
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High-quality optical materials absorb photons almost 

totally on the top surface. The values match those calculated 

from electrical band structures and are closely related to the 

optical bandgap. During prior optical studies on perovskites, 

researchers observed a link between ε₂(ω) and the optical 

bandgap [39]. Applying pressure increased the ε2(ω), shift-

ing the peaks towards lower incident photon energy. On the 

other hand, photon energy increased, ε2(ω) dropped to zero. 

The maximum peaks observed in PBE functional are 

3.24 eV for CsPbF3, 3.66 eV for CsPbCl3, 5.21 eV for  

CsPbBr3 and 7.39 eV for CsPbI3. However, LDA functional 

offers maximum peaks for CsPbF3 at 0.77 eV, CsPbCl3 at 

1.04 eV, CsPbBr3 at 1.29 eV and for CsPbI3 at 1.6 eV. The 

higher maximum peaks in the ε2(ω) indicate higher optical 

absorption. The peaks observed using PBE Functional re-

flect the material’s stronger absorption at specific photon 

energies than LDA Functional, often due to higher transition 

probabilities between electronic states. Aktary et al. [6]. 

have described pressure-dependent narrowing of the band 

gap and increased dielectric in CsPbCl3, CsPbBr3, and 

CsPbI3, which are similar trends to those observed in our 

calculated pressure-dependent optical responses. Fig. 4 c il-

lustrates how the optical absorbance of CsPbM₃ perovskites 

varies with pressure. The graph shows how the absorption 

coefficient increases when bigger ionic radius halogen at-

oms are substituted. The absorption peaks of the corre-

sponding materials exhibit the optical band gaps as Eg 

(CsPbF3)>Eg (CsPbCl3)>Eg (CsPbBr3)>Eg (CsPbI3), which 

coincides with the estimated values of Eg of CsPbM3 perov-

skites (Table 3). This trend, like previous work by [40], 

demonstrates how heavier halide substitution leads the band 

gap in lead halide perovskites to decrease. Absorption coef-

ficient (α) illustrates strong peaks around 3 – 5 eV, 

8 – 12 eV, and 15 – 20 eV, indicating strong absorption oc-

curs at these energies. 

The refractive index is a complex function with real and 

imaginary components denoted by n(ω) and K(ω), also 

known as the extinction coefficient. The extinction coeffi-

cient quantifies the absorption of electromagnetic radiation 

by matter. Refractive index is a fundamental optical prop-

erty that governs how light disperses within a material. Its 

significance extends across multiple advanced technologies, 

including Solar Cells Infrared Sensors Optical Waveguides 

Photonic Crystals. Understanding and adapting enables sci-

entists and engineers to improve device performance, in-

crease energy efficiency, and create next-generation 

photonic technologies. Fig. 5 a and b shows refractive index 

results. The results in Table 4 show that the computed n(ω) 

at n(0) rises from F to I. The refractive indices of these ma-

terials rise from zero-frequency to their peak values. 

Table 4. Zero-frequency limits of ε1(ω), n(ω) and R(ω) 

Compound Method ɛ(0) n(0) R(0) 

CsPbF3 PBE 3.69 1.92 0.10 

CsPbCl3 PBE 4.00 2.00 0.11 

CsPbBr3 PBE 4.70 2.18 0.13 

CsPbI3 PBE 5.92 2.44 0.17 

CsPbF3 LDA 3.29 1.81 0.08 

CsPbCl3 LDA 4.25 2.06 0.12 

CsPbBr3 LDA 4.97 2.23 0.14 

CsPbI3 LDA 6.23 2.50 0.18 

Above these maximum values, the refractive index be-

gins to reduce and, in specific energy ranges, falls under 

unity (less than one). Materials having refractive index val-

ues ranging from 2.0 to 4.0 are commonly used in optoelec-

tronic applications. The materials investigated in this study 

fall within this range, indicating their potential for optical 

device fabrication. Furthermore, the refractive index values 

are larger than one, which strongly shows that these materi-

als are semiconductors. Between 3.0 eV and 20 eV, the total 

system continues to decline with increasing photon energy, 

and the curves practically overlap until 36 eV, whereupon 

the refractive index of the system renders to be effectively 

fixed at about 0.96. The energy band gap (Eg) and the re-

fractive index (n) have an inverse relationship. A narrower 

band gap produces a higher refractive index, and vice versa, 
which is consistent with reported trends in halide perov-

skites [41]. LDA often predicts narrower band gaps than 

PBE, which should result in a higher refractive index in 

most circumstances. Fig. 4 b shows extinction curve, as fre-

quency increases the values of k(ω) decreases, and all mate-

rials show several peaks owing to resonances at different 

energy levels, as in previous DFT studies[42]. The results 

acquired using the PBE and LDA functionals exhibit that 

CsPbI₃ has the greatest k(ω) of the four compounds, sug-

gesting strong optical interactions. CsPbBr₃ and CsPbCl₃ 

exhibit similar trends, but have slightly lower refractive in-

dex values. CsPbF₃ has the lowest refractive index, which 

correlates with its bigger bandgap and lower polarizability. 

The LDA functional often predicts greater peak values for 

the refractive index compared to PBE. 

 

Fig. 5. The real and imaginary components of refractive Index and reflection for CsPbM3 (M = F, Cl, Br, I). 
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At frequency above ~20 eV, extinction coefficient ap-

proaches zero for all materials, indicating a feeble optical 

response. Extinction coefficient also has peaks at the same 

places since k(ω) is directly proportional to and ε2(ω), but 

with varying magnitudes. 

ε2=2nk. (19) 

Thus, when ε2(ω) is large k(ω) rises, confirming their 

theoretical relationship. The variation in peaks between 

LDA and PBE is related to bandgap variations and how each 

functional tackles electronic transitions’ figures out greater 

refractive index peaks, indicating stronger polarization ef-

fects, whereas PBE predicts higher direct absorption losses. 

Reflectivity graph (Fig. 5 c) uses both PBE and LDA func-

tionals to illustrate how optical reflectance changes with 

photon energy for CsPbM₃ (X = F, Cl, Br, I) perovskites at 

10 GPa pressure. Reflectivity tends to rise as a material's 

metallic character increases, which is associated with the 

negative ε₁(ω) value. The reflectance at zero frequency in-

dicates each perovskite's static optical response. PBE and 

LDA functionals exhibit comparable patterns (Table 4), but 

LDA significantly overestimates R(0) for Cl, Br, and I. 

Heavy halides (Br, I) exhibit higher reflectivity at low fre-

quencies due to narrower band gaps. Lighter halides (F, Cl) 

have lower reflectivity due to wider band gaps. CsPbI₃ has 

the greatest R(0), indicating it is highly reflective at low fre-

quencies. CsPbF₃ has the lowest R(0), suggesting a poor 

static optical response. Optical conductivity is an important 

property in optoelectronic materials because it affects how 

well a material interacts with light and conducts photo-ex-

cited charge carriers. Solar cells, LEDs, photodetectors, and 

lasers are all affected by optical conductivity, which has a 

considerable impact on their efficiency and functioning. 

Fig. 6 a and b depicts the real (Re) and imaginary (Im) com-

ponents of photoconductivity. High optical conductivity at 

low frequencies indicates considerable absorption, whereas 

low conductivity at high frequencies enables transparency 

in the UV or visible ranges. Materials with moderate optical 

conductivity can establish a balance between absorption and 

transparency, which is vital for display technologies and op-

tical coatings. Both PBE and LDA functionals show peaks 

in low-energy (~3 – 8 eV) and high-energy (~10 – 15 eV) re-

gions. CsPbI₃, CsPbBr₃, and CsPbCl₃ show peaks in both 

low-energy and high energy regions, while CsPbF₃ has its 

significant response in the 10 – 15 eV range, making it is 

less effective for visible and near-IR applications but more 

active in the deep UV range. CsPbI₃ is ideal for solar cells 

and photodetectors, while CsPbF₃ may be more beneficial 

in UV-transparent coatings or insulating layers. The energy 

loss function (Fig. 6 c) in your graph shows the dissipation 

of energy from plasmonic excitations in CsPbM₃ (X = F, Cl, 

Br, I) perovskites. The strongest peak is found at 18 – 22 eV 

for all substances. CsPbCl₃ (PBE) exhibits the largest peak, 

suggesting the strongest plasmon resonance and probably 

the highest free-electron density in this range. CsPbF₃ and 

CsPbI₃ have slightly smaller peaks, indicating reduced plas-

monic activity. All materials exhibit a quick reduction in the 

loss function at 30 eV, suggesting the end of considerable 

plasmonic activity. Materials exhibiting stronger plasmonic 

peaks, such as CsPbCl₃ and CsPbBr₃, may be more suitable 

for high-frequency optoelectronic applications, including 

plasmonic-based solar cells or optical sensors. CsPbI₃'s 

wider loss function predicts superior performance in infra-

red/visible light absorption applications, including photode-

tectors. PBE predicts significantly stronger plasmon peaks 

than LDA, which is consistent with trends in reflectivity and 

photoconductivity. LDA underestimates energy loss, which 

is associated with its overall tendency to underestimate elec-

tronic excitations. 

4. CONCLUSIONS 

This systematic investigation enabled the study of hal-

ide perovskites through Density Functional Theory (DFT), 

incorporating GGA-PBE and LDA-CAPZ functionals to 

study pressure-dependent mechanical, electronic, and opti-

cal characteristics of cubic CsPbM₃ (M = F, Cl, Br, I) per-

ovskites. Confirmation of mechanical stability up to 10 GPa 

and identification of the stiffest among them being CsPbF₃ 

yield new insights into the structural stability in high-pres-

sure situations – an uncharted territory so far for halide per-

ovskites. Electronic structure research provided systematic 

band gap reduction from CsPbF₃ to CsPbI₃, proving elec-

tronic properties can be effectively controlled by halide sub-

stitution. This control is key to maximizing materials for 

particular electronic and optoelectronic uses. Optical re-

search showed intense UV-visible light absorption with red-

shifted absorption edges rising with increasing halogen size. 

Dielectric function (ε₁ and ε₂) trend, refractive index, and 

extinction coefficient in various halides unveiled richness in 

trends in line with electronic structure, portraying a richer 

overview of light-matter interaction within the materials. 

 

Fig. 6. The optical conductivity and loss function for CsPbM3 (M = F, Cl, Br, I). 
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Notably, the LDA functional was found to take higher 

polarization effects into account, with PBE having more 

straight-forward optical transitions, uncovering relative in-

sight into methodology impact on optical prediction. In ad-

dition, photoconductivity and energy loss spectra have set 

up CsPbCl₃ and CsPbI₃ as promising materials for higher 

optical conductivity and plasmonic activity and thus pro-

posed their application in photonic and optoelectronic de-

vices. Increased reflectance at heavier halides – owing to 

smaller band gaps – only facilitates their application in op-

tical coatings or reflecting elements. 

By intense investigation of the relationship between 

pressure, halide composition, and physical properties, this 

research develops the current state of knowledge of halide 

perovskites at non-atmospheric pressure. The findings not 

only demonstrate pressure as a useful tool to control mate-

rial performance, but also provide the theoretical basis for 

future design and optimization of CsPbM₃-based perov-

skites for microelectronics, photovoltaics, and high-perfor-

mance optoelectronic devices. Thus, this study significantly 

contributes to the growing body of literature on functional 

materials by addressing the previously underexplored pres-

sure-induced property modulation in cubic halide perov-

skites. 
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