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Abstract: Perovskite materials have garnered considerable attention in recent years due to their exceptional electro-

optical properties, making them promising candidates for various applications in photovoltaics, light-emitting 

devices, and beyond. Among these perovskite materials, CsPbI3 stands out as a notable example due to its 

remarkable stability, tunable bandgap, and efficient light-emitting properties. The crystal structure, composition, 

and introductory properties of CsPbI3 perovskite are being focused on using density functional theory (DFT). In a 

detailed exploration of Electronic, Elastic, and Optical properties, Population analysis, and shedding light on the 

unique attributes of this material, this study highlights these attributes. To do the above computation, we have used 

CASTEP in Material Studio. 

Keywords: CsPbI3, Density functional theory, Structural properties, Electronic properties, Optical properties, 

Elasticity. 

 

1. INTRODUCTION 

Perovskite materials have emerged as a pivotal 

class of materials, not only in the field of 

materials science but also in condensed matter 

physics, due to their remarkable optoelectronic 

properties and diverse applications. Among the 

various perovskite materials, CsPbI3 has garnered 

significant attention as a talented candidate for 

applications in photovoltaics, light-emitting devices, 

and as a potential platform for fundamental 

research in solid-state physics. CsPbI3 belongs to 

the family of lead halide perovskites, characterised 

by its unique properties, including optical, elastic, 

band structure, density of states, and population 

analysis, which have become crucial points of 

research in recent years [1]. CsPbI3 perovskite 

materials exhibit intriguing electronic properties, 

including a direct bandgap and excellent charge 

carrier mobility. By considering the band structure 

and density of states, we can elucidate the charge 

transport mechanisms, which are pivotal for 

optimising device performance in electronic and 

optoelectronic applications [2]. The optoelectronic 

properties of CsPbI3 perovskite materials are of 

specific interest because of their potential to 

revolutionize the field of photovoltaics. Their 

high absorption coefficients, tunable bandgap, 

and long carrier lifetimes make them excellent 

contenders for next-generation solar cells.  

Understanding the fundamental optical properties, 

such as absorption and emission characteristics, is 

crucial for optimizing their performance and 

stability in photovoltaic applications. Furthermore, 

these properties can be fine-tuned by controlling 

the material's size, shape, and crystallinity, 

opening up new avenues for tailoring perovskite 

materials for specific applications [3]. Elastic 

properties, as determined by Young's modulus 

and Poisson's ratio, play a crucial role in the 

mechanical stability and durability of perovskite 

materials. Investigating the elastic properties of 

CsPbI3 is essential to predict their mechanical 

behaviour under different environmental conditions 

and can guide the design of robust perovskite-

based devices [4]. Population analysis and the 

identification of defect states are critical for 

refining the stability and efficiency of perovskite 

materials. CsPbI3 is known to suffer from defects 

and trap states, which can adversely affect device 

performance. Investigating the population of 

defect states and understanding the factors that 

influence their formation and dynamics is vital for 

devising strategies to mitigate these issues [5]. 

Additionally, the cut-off energy, which represents 

the energy at which the electronic states of the 
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material are truncated, is an essential parameter 

for understanding the behaviour of CsPbI3 in 

different energy regimes. This parameter is  

critical in the context of electronic band 

engineering and the utilization of CsPbI3 in 

various optoelectronic devices [6]. Such types  

of studies depend on DFT with conventional 

functionals (e.g. GGA, LDA), there's an upward 

alarm over the numerical reliability of newer 

density functional approximations (DFAs). These 

can suffer from relaxed convergence and require 

dense quadrature grids for accurate total energies—

a factor often overlooked in materials-level 

computational work. Standardise and authenticate 

the numerical performance and convergence 

behaviour of modern DFAs in CsPbI3, to confirm 

accuracy in predicted optical and electronic 

properties [7]. In light of the potential of CsPbI3 

perovskite materials for an extensive range of 

applications, a comprehensive investigation into 

their optical, elastic, density of states, band 

structure, population analysis, and cut-off energy 

properties is warranted. For diving deeper into 

mechanical strain, phase transition and any of the 

doping/anisotropy impact—perhaps designing a 

computational study for one of these gaps to  

grab them [8]. This research aims to address  

these aspects, providing a deeper understanding 

of CsPbI3 perovskite materials and contributing  

to the development of advanced materials for 

future technology. By exploring these diverse 

properties, we can pave the way for the design  

and optimisation of novel perovskite-based 

devices, providing innovative solutions to the 

pressing challenges of our time, including energy 

conversion and storage [9].  

2. COMPUTATIONAL PARAMETRIZATION 

We must focus on structural optimisation, which 

is the first critical phase for understanding the 

CsPbI3 solar perovskite material properties via 

first principles calculations. The structure of solar 

perovskite CsPbI3 is shown in Figure 1. The 

CsPbI3 compounds mature in a cubic perovskite 

structure, specifically in the Pm3̅m space group 

with lattice parameters are a= 8.10, a= 8.10 Å,  

b= 8.45, b= 8.45 Å, and c= 11.88, c=11.88 Å, 

giving a unit cell volume of 813.53 Å3. The cubic 

symmetry is confirmed by the 90° angles for  

α, β, and γ. In this structure, Cs1+ ions occupy  

the 4c Wyckoff positions with coordinates  

(x= 0.519452, y= 0.439837, z= 1/4) and exhibit 

an 8-coordinate bicapped square prism geometry 

with Cs to I bond distances ranging from 3.70 to 

4.01 Å. Pb2+ ions are located at the 4b Wyckoff 

positions (x= 0.5, y= 0, z= 0.5), forming corner-

sharing PbI6 octahedra with a consistent Pb-I 

bond length of 3.01 Å and octahedral tilt angles 

between 19° and 27°. The I1- ions are in two 

inequivalent sites: the first I site at 4c positions  

(x= 0.559665, y= 0.993741, z= 3/4) with a slanted 

see-saw-similar geometry bonded to two Cs 

atoms and two Pb atoms, and the following I site 

at 8d positions (x= 0.802792, y= 0.201022,  

z= 0.031701) forming distorted corner and edge-

sharing ICs3Pb2 trigonal bipyramids bonded to 

three Cs and two Pb atoms. This compound has a 

density of 4.73 g/cm³ and exhibits semiconducting 

behaviour, characterised by a 2.01 eV band gap. 

CsPbI3 is non-magnetic with a total magnetization 

of 0.00 µB per formula unit, an energy above hull 

of 0.005 eV/atom indicating near thermodynamic 

stability, and a predicted formation energy of  

-1.682 eV/atom. The Cs+ ions have a bicapped 

square prism coordination characterized by a 

coordination sequence index (CSM) of 10 and a 

value of 3.105, while the Pb2+ ions are in an 

octahedral coordination with a CSM index of  

6 and a value of 0.021. This structural and 

electronic configuration confirms the material's 

stability and potential for applications in various 

fields. The prerequisite properties are calculated 

by the Cambridge Assembly Serial Total Energy 

Package (CASTEP) software [10]. 

      
(a)                   (b) 

Fig. 1. Cubic structure of CsPbI3: a) bonded without 

polyhedral and b) bonded with polyhedral 

3. RESULTS AND DISCUSSION 

3.1. Structural optimization Using K-Point 

and Cut-off Energy Variation 

To explore the reliance of k-point summation and 

cut-off energies, we have optimised the structure 

with several k-point grids and cut-off energies  
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for finding the cell volume with the lowest 

derivatives. We have changed the cut-off energy 

from 300 eV to 600 eV here. As a result of  

this change, we get different values for different  

cut-off energies. But for convenience, we have 

worked with a cut-off energy value of 400, where 

we get the lowest deviation value of 2.95869 

highlighted in italic text as shown in Table 1. 

K-point sampling involves selecting a fixed 

number of k-points to approximate the integration 

of the Brillouin zone. The optimal number of  

k-points influences the precision and efficiency  

of DFT calculations. Increasing the number of  

k-points leads to a more precise representation of 

the electronic structure, but also increases the 

computational cost. Fewer k-points can speed up 

calculations but may sacrifice accuracy. We have 

selected the K point value of 5 5 5 among the 

others for the accuracy of our work. Using the 

mentioned k-point values, we obtained the lowest 

deviation of 3.01825, highlighted in italic text,  

as shown in Table 2. 

By getting these standard values of k-points 

summation and cut-off energy, it may confirm a 

more accurate optimised structure for calculating 

the required properties of CsPbI3 materials. 

3.2. Electronic Properties 

The crucial factors of inorganic CsPbI3 materials 

are their electronic structures, where sunlight 

absorption serves as a light gatherer in DSCs [11]. 

To understand the metallic, semiconducting, or 

insulating conditions of a material, it is essential 

to know the parameters of the electronic band 

structure, partial density of states (PDOS), and 

total density of states (TDOS) [12-13]. The 

energy band structures were calculated along with 

special lines of high-symmetry points in the first 

Brillouin zone to gain a deeper understanding of 

the physical bonding characteristics of the CsPbI3 

compound. The calculated band structures at  

0 and 15 GPa are presented. For calculating the 

band structure, a path of the highest symmetry 

points, X, R, M, and G, is used. The valence band 

maximum (VBM) and conduction band minimum 

(CBM) are positioned at the same high symmetry 

R point as shown in Figure 2. The internal 

coordinates points of (0.254, 0), (0.434, -1.98), 

(0.689, -3.73) in the first Brillouin zone are the 

respective CBM and VBM. The dashed line 

indicates the Fermi level. Conduction bands are 

the bands above the Fermi energy level, whereas 

the lower ones are valence bands. The cubic phase 

of CsPbI3 appears to have a direct band gap, with 

the point R, the highest symmetrical point of the 

Brillouin zone. The crystal structure influences 

the dispersion of the electronic bands in CsPbI3, 

plus the interaction between atoms. DFT 

calculations can determine the specific shape and 

characteristics of the bands in the Brillouin zone. 

The structural properties have a significant impact 

on bandgap energies, highlighting the importance 

of using accurate geometry [14]. 
CsPbI3 exhibits a direct bandgap, with an estimated 

energy of 1.58 eV, calculated from the total density of 

states (TDOS) using the PBE/GGA functional (see  

Fig. 3), which is approximately harmonised with 

experimental data [15]. The electronic properties of 

atoms and their orbitals are calculated using total 

and partial density of states. 

Table 1. Cut off energy variation for getting the lowest derivative cell volume 

Cut off energy Initial volume Final volume Deviation (%) 
300 210.644875 217.306841 3.16265 
350 210.644875 217.408088 3.21071 
400 210.644875 216.877209 2.95869 

450 210.644875 217.192933 3.10857 

500 210.644875 217.001447 3.01767 

550 210.644875 217.148432 3.08745 

600 210.644875 217.319806 3.16880 

Table 2. K-point variation for getting the lowest derivative cell volume 

K-points Initial volume Final volume Deviation (%) 

5 5 5 210.644875 217.002679 3.01825 

6 6 6 210.644875 217.178760 3.10184 

7 7 7 210.644875 217.402854 3.20823 

8 8 8 210.644875 217.421634 3.21714 

9 9 9 210.644875 217.354195 3.18513 
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Fig. 2. Band structure (left side) and corresponding band DOS (right side) of CsPbI3 material 

To further explain the electronic band structure 

nature, PDOS of CsPbI3 under 0 and 15 GPa are 

shown in Fig. 3. The states close to the valence 

band top are consequent from Cs 4S and Pb 3P 

orbitals, and the lowest conduction band is 

composed of I 3d. The electrons in the f state 

provide very little energy to the CsPbI3 structure, 

and the maximum energy state density at the Fermi 

level of CsPbI3 comes from the contribution of the 

p-orbital electrons, as shown in Figure 3. 

3.3. Optical Properties 

The dielectric constant-related parameters, 

including absorption coefficient, reflectivity 

spectrum, refractive index, and extinction 

coefficient, can significantly influence the optical 

properties of materials. Using photon energy 

ranging from 0 to 40 eV we calculated the 

absorption coefficient (α (ω)), reflectivity (R (ω)), 

refractive index (n (ω)) and extinction coefficient 

(k (ω)) at 0, 10, and 15 GPa. 

CsPbI3 is a type of perovskite material that has 

brought in significant attention due to its remarkable 

optical and electronic properties. The absorption 

spectrum has been analysed to determine the optical 

band gap of CsPbI3.This is a critical parameter  

for understanding and optimizing its performance 

in optoelectronic applications. The absorption 

spectrum can indicate the presence of impurities 

or deviations in the material's stoichiometry, which 

could affect its optical properties and overall 

performance. Absorption graphs aid in optimising 

layer thickness and composition to maximise light 

absorption and conversion efficiency. Absorption 

spectra provide insights into the transition states 

and electronic structure of CsPbI3. This information 

is crucial for theoretical modelling and the 

development of further materials. 

      
 

      
Fig. 3. Total Density of State (TDOS) and Partial Density of States (PDOS) of Cs, Pb and I 
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The overall absorption coefficient decreases with 

increasing energy. The uppermost absorption peaks 

for CsPbI3 arose at the energy of 15.1 eV, and  

the 2nd highest absorption peaks occurred at  

the energy of 35.1 eV, with the variation of its 

pressure from zero to 15GPa, as depicted in 

Figure 4(a). Such a graph of absorption vs. 

Energy provides a clear and visual representation 

of how the material interacts with light. Peaks  

in the absorption spectrum indicate strong light 

absorption at specific wavelengths, which are 

related to electronic transitions in the material.  

In summary, absorption calculations and plotting  

the optical properties of CsPbI3 are crucial for 

understanding, optimising, and utilising this 

material in advanced optoelectronic applications.  

The complex dielectric function e(ω)= e1(ω)+ie2(ω) 

[ω is the angular frequency] can be used for 

obtaining the optical properties of the cubic 

CsPbI3 [16]. The actual alteration between the 

occupied and unoccupied electric states is typically 

governed by the imaginary part e2(ω). A vital 

physical parameter is the dielectric function, which 

labels the optical properties, and reflects the linear 

response of materials to electromagnetic radiation. 

[17]. The pressure-varying dielectric function, 

with its measured real and imaginary parts, is 

shown in Figure 4(b). The pressure changes from 

zero to 15 GPa, and the static dielectric constant 

e1(ω) increases from 3.92 to 6.48. The value of 

e1(ω) rises from its static value and spreads the 

main peak, then it starts to decrease significantly. 

The values of e1 for the main peak are 6.21 at  

4.58 eV, 5.21 at 5.87 eV, and 2.58 at 7.65 eV under 

pressures of 0, 10, and 15 GPa, respectively. The 

maximum peak value decreases with increasing 

pressure. The highest peak of e2(ω) characterises 

the strongest absorption of CsPbI3 and drops 

abruptly with the increasing pressure, as shown in 

Fig. 4(c). The spectrum shape of e2 for the cubic 

CsPbI3 is almost independent on pressure. The 

two main peaks of e2 are 5.21 at 5.87 eV, and  

2.58 at 7.65 eV under a pressure of 0 GPa. The  

main peak of the e2 shift moves to lower energy 

with increased pressure. The higher value of the  

static dielectric function at low photon energy 

rapidly decreased with the increase in photon 

energy. The information on the dielectric function 

aids in calculating all other optical properties. 

Optical constants are imperative in designing 

optical devices. 

As pressure increases on cubic CsPbI3, the static 

refractive index increases, indicating a higher 

density or a more complex interaction with light. 

The primary absorption peak shifts to higher 

energies, suggesting that the bandgap of the 

material increases under pressure. These changes 

are consistent with the observed behaviour in 

other optical properties such as the extinction 

coefficient and reflectivity [6]. 

 
              (a) 

    
(b)                                        (c) 

Fig. 4. a) Graph of absorption vs. Energy, b) The measured real and imaginary parts of dielectric function with 

varying pressure and c) Graph of reflective index vs. Energy 
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The refractive index, often denoted as n, is an 

optical property of a material that describes how 

light propagates through it. The refractive index 

of the CsPbI3 perovskite material plays a crucial 

role in determining its optical properties and 

suitability for various applications. The refractive 

index of CsPbI3 depends on several factors, 

including the wavelength of light, temperature, 

and crystal structure. A relatively high refractive 

index is advantageous for photovoltaic applications 

because it can help trap and guide light within the 

material, thereby increasing the chances of photon 

absorption and conversion into electrical energy. 

It's essential to note that CsPbI3 can undergo phase 

transitions under various conditions, including 

changes in temperature or pressure. These phase 

transitions can affect its optical properties, 

including the refractive index. Researchers and 

engineers working with CsPbI3 perovskite materials 

must consider these variations in the refractive 

index when designing and optimizing devices. 

Understanding how the refractive index changes 

with different conditions is essential for fitting the 

material's performance in specific applications. To 

advance the stability and performance of CsPbI3 

perovskite materials, it is necessary to continue 

research that makes them even more promising for 

various optoelectronic applications in the future [18]. 

3.4. Elasticity 

The elasticity of CsPbI3 perovskite materials 

plays a significant role in their characteristics and 

applications. It affects mechanical, optical, and 

electronic properties, as well as their suitability 

for specific uses. Researchers and engineers must 

consider the elasticity of these materials when 

designing and using them in various applications, 

from photovoltaics to optoelectronics. Here, we 

obtain the values of C11, C44, and C12 as 

follows. Taylor expansion of the total energy 

express the elastic constants, the strained system 

energy is stated as follows:  

U(V, δ)= U(𝑉�𝑉�0, 0)+𝑉�𝑉�0[∑𝑖�𝑖�𝑖�𝑖� 𝜏�𝜏�𝑖�𝑖�𝛿�𝛿�𝑖�𝑖�𝜉�𝜉�𝑖�𝑖� 
+ 0.5 ∑𝑖�𝑖�𝑖�𝑖� 𝐶�𝐶�𝑖�𝑖�𝑖�𝑖�𝛿�𝛿�𝑖�𝑖�𝜉�𝜉�𝑖�𝑖�𝛿�𝛿�𝑗�𝑗�𝜉�𝜉�𝑗�𝑗�], 
where U(𝑉�𝑉�0, 0) is the energy of the opaque 

system with equilibrium volume 𝑉�𝑉�0, 𝜏�𝜏�𝑖�𝑖� is 

an element in the stress tensor, and 𝜉�𝜉�𝑖�𝑖� is a 

factor to take care of Voigt index 22. For the cubic 

compound CsPbI3, there are nine independent 

elastic constants (C11, C44, C12). It requires nine 

strains to find them, which are summarised in 

Table 3. The elastic properties gained in this work 

should serve as a good reference for further 

inquiry, given the absence of any theoretical and 

experimental data [12]. 

Table 3. Summary of elastic constants 

Cij Value (GPa) 

C11 39.53700 

C44 5.27885 

C12 6.98020 

3.5. Population Analysis 

For the population analysis of CsPbI3, we 

determined the values of Cs, Pb, and I separately. 

The value of charge spilling was 0.15 for each 

material. The s-p-d values of Cs, Pb, and I were 

(2.23, 6.03, 0), (2.05, 1.35, 10.0), and (1.86, 5.53, 0), 

respectively. Through various mathematical  

analyses, we obtain effective valences of 0.43, 

3.40, and 0.61. The mentioned values are shown 

in Table 4. The highest occupied orbital is the  

p orbital, and the highest contribution comes  

from Cs atoms. However, the d orbitals of Cs and 

I are empty, whereas Pb shows ten times higher 

contributions than the others—only I in a condition 

of negative charge value with positive effectiveness. 

4. CONCLUSIONS 

First-principles-based DFT calculations were 

carried out to study the electronic and optical 

properties of cubic perovskite CsPbI3 materials. 

The lowest derivative of cell volume is used  

for further calculation of property analysis by 

choosing a set of k points with summation, 5 x 5 x 5, 

and a cut-off energy of 400 eV. The electronic 

properties analysis concluded that cubic CsPbI3 

exhibits a direct band gap, with a minimum band 

gap of about 1.58 eV, where the p and f orbitals 

contribute the highest and lowest to the electronic 

state, respectively. 

Table 4. Population analysis 

Compound 
Charge 

spilling 
species 

Muliken atomic population Muliken 

charge 

Formula 

ionic charge 

Effective 

valence S P d Total 

CsPbI3 0.15 

Cs 2.23 6.30 0 8.43 0.57 1 0.43 

Pb 2.05 1.35 10.0 13.40 0.60 4 3.40 

I 1.86 5.53 0 7.39 -0.39 -1 0.61 
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Our results concluded that the highest absorption 

points for CsPbI3 occurred at an energy of  

15.1 eV, and this value decreased with increasing 

energy as the pressure varied from zero to 15 GPa. 

The maximum peak value of the dielectric 

constant increased with growing pressure, and the 

uppermost peak denotes the strongest absorption 

of CsPbI3, which drops abruptly with increasing 

pressure. The extinction coefficient (k(ω)) and 

refractive index (n(ω)) presented the focal peak  

at the same energy level in pressure variation, 

which play a crucial role in determining its optical 

characteristics and its suitability for various 

applications. 
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