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Mechanism of Tunable Band Gap of Halide Cubic Perovskite CsPbBr3−xIx 

 

 

Veysel ÇELİK *1  

 

 

Abstract 

 

Perovskites are organic-inorganic compounds with a crystal structure that revolutionize many 

optoelectronic applications, especially solar cells. The CsPbBr3−xIx, a perovskite, has garnered 

significant attention due to its tunable band gap and excellent photovoltaic properties. In this 

theoretical study, the structural, electronic, and optical properties of CsPbBr3−xIx are 

investigated through density functional theory calculations. The calculations reveal that the 

substitution of Br with I leads to a significant reduction in the band gap of CsPbBr3−xIx, resulting 

in improved light absorption properties. The obtained data show that the coexistence of Br and 

I ions in the structure creates an energy level similar to the shallow energy levels caused by 

doping at the R symmetry point in the band structure. 
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1. INTRODUCTION 

 

In comparison to other standard photovoltaic 

materials, hybrid organic-inorganic 

perovskite photovoltaic semiconductors have 

attracted a considerable deal of interest in 

recent years and have made remarkable 

developments.[1-5] The power conversion 

efficiency (PCE) has reached a verified record 

of 25.7%[6] Due to its exceptional 

photoelectric properties, such as long carrier 

diffusion lengths, low trap-state densities, and 

large absorption coefficients.[3, 7, 8] 

Perovskites, with their high power conversion 

efficiencies and cost-effectiveness, are 

promising materials for solar cells. However, 

there are a number of technical challenges 

faced during the commercialization process. 

One of the ways to improve the performance 

of perovskites is by doping with cations of 
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appropriate size. In a previous study, it was 

reported that doping with trace amounts of 

Nd+3 prevented ion migration.[9] The control 

of defects and rapid discovery of new 

materials is crucial for enhancing the 

performance of perovskite-based devices.[10] 

The design, characterization and evaluation of 

new dopant-free hole selective materials to 

improve the performance and stability of 

perovskite solar cells is one of the important 

research topics in this regard.[11] The use of 

these strategies can make the 

commercialization of perovskite solar cells a 

closer target. 

 

The general chemical formula of perovskites 

is ABX3, where X typically represents an 

anion like a halide (e.g., Iodine, Bromine, or 

Chlorine). In hybrid organic-inorganic 

perovskites, there is an organic molecule at 
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the A site. Due to their electronic properties, 

CH3(NH2)2
+ (FA) or CH3NH3

+ (MA) cation 

molecules are generally used in site A. 

Unfortunately, the presence of organic 

components renders perovskite compounds 

thermally unstable. When the temperature 

reaches 85 degrees Celsius, the MAPbI3 film 

begins to disintegrate into PbI2 and other 

byproducts,[12, 13] which severely restricts 

the production, storage, and use of the 

constructed devices.[14-17]  

 

Therefore, there is an immediate need to 

investigate semiconductor photovoltaic 

materials with strong heat stability for 

industrial device fabrication. Completely 

inorganic perovskites, such as CsPbX3 where 

X represents halide ions (e.g., Iodine, 

Bromine, or Chlorine), are crucial for 

addressing this issue In the CsPbX3 structure, 

a Cs ion with a large ionic diameter is used 

instead of organic molecules such as MA and 

FA.[18, 19] Compared to organic-inorganic 

perovskite films, CsPbI3 significantly 

improves heat resistance by delaying the 

onset of thermal degradation until 450°C. 

Moreover, the completely inorganic CsPbX3 

exhibits extraordinary photoelectric 

capabilities with high photoluminescence 

(PL) quantum yields, long carrier diffusion 

lengths, and high defect tolerance, which 

ensures their exceptional optoelectronic 

properties.[20, 21] Due to the thermal 

stability problems of organic-inorganic 

perovskites with high PCE, CsPbI3, which has 

been examined in studies to find an 

alternative structure, is a very promising 

candidate for relatively high PCE when 

compared to CsPbBr3 and CsPbCl3 

structures.[22] The band gap of the cubic 

phase inorganic perovskite CsPbI3 is 1.73 eV, 

which is suitable for photovoltaic 

applications.[23, 24] However, the phase 

stability of CsPbI3 is low due to the smaller 

radius of the Cs ion compared to organic 

molecules such as MA.[25] For example, the 

cubic phase of CsPbI3 is unstable at room 

temperature.[22] One of the ways to 

overcome this problem may be to replace the 

I ion with the Br ion in certain ratios in the 

structure. Therefore, the mixed halide 

CsPbBr3-xIx has been the subject of 

research.[26, 27] With the CsPbI2Br 

perovskite produced by appropriate 

engineering methods, an efficiency of over 

17% was obtained.[28]  

 

Besides stability, the band gap can be tuned 

by using the ratio of Br and I ions in the 

CsPbBr3-xIx structure.[22] Studies on 

CsPbBr3-xIx in the literature have focused on 

the band gap value of this material and, 

accordingly, the changes in its optical 

properties.[29-31] In addition to these studies, 

it would be useful to examine in more detail 

how the ratios of Br and I ions cause a change 

in the band structure to explain the electronic 

behavior of the material in technological 

applications. The obtained data will shed light 

on the mechanism of the proportional change 

of the band gap. This work aims to fill this gap 

and, therefore, will help us better understand 

the role of CsPbBr3-xIx in optoelectronic 

applications. 

 

In this study, a theoretical investigation of 

the electronic structural and optical properties 

of CsPbBr3-xIx using density functional theory 

(DFT) calculations is presented. The results 

provide insight into the band gap tuning 

mechanism of CsPbBr3-xIx and highlight the 

impact of halide composition on its electronic 

and optical properties. This study offers 

valuable insights into the design and 

optimization of CsPbBr3-xIx based 

optoelectronic devices. 

 

2. COMPUTATIONAL METHOD 

 

Calculations in this study are based on density 

functional theory (DFT). DFT calculations 

were made using the CASTEP code based on 

the plane wave pseudopotential method.[32] 

The van der Waals density functional (vdW-

DF) method was used to treat the non-

covalent interactions in the system.[33, 34] 

The exchange-correlation energy functional is 

defined by the Perdew-Burke-Ernzerhof 

(PBE) approach.[35] The interaction between 

the valence electron and the ion nucleus was 
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described by ultra-soft pseudopotentials. The 

atomic configurations in the pseudopotentials 

used are 5s25p66s1 for Cs, 5s25p65d106s26p2 

for Pb, and 4s24p5 for Br and 4s24p5 for I. The 

initial structures used in the calculations are 

in cubic phase. The structures created are 

shown in Fig. 1. The Brillouin region was 

sampled in all unit cells with 6x6x6 and 

13x13x13 Monkhorst-Pack[36] k-point grids 

for geometric optimization and density of 

state calculations, respectively. A plane wave 

basis set was used to extend the wave 

functions up to 250 eV kinetic energy cutoff. 

Atomic positions and cell parameters were 

optimized until the forces fell below 0.05 

eV/Å. 

 

 
Figure 1 Optimized structures of the studied 

cases. (a), (b), (c) and (d) in the figure shows the 

optimized structures of CsPbBr3, CsPbBr2I, 

CsPbBrI2 and CsPbI3 cases, respectively 

 

For qualitatively characterizing interatomic 

charge distributions, Bader analysis based on 

the atom-in-molecule (AIM) theory was 

employed. By integrating Bader volumes 

surrounding atomic sites, it is possible to 

determine local charge 

depletion/accumulation. These volumes are 

parts of the real space cell circumscribed by 

zero-flux surfaces of the charge density 

gradient vector field. Using a grid-based 

decomposition method developed by 

Henkelman’s group,[37] the charge states of 

atomic species were identified in this study 

(Table 1). 

 
Table 1: Bader analysis of the studied cases 

 CsPbBr3 CsPbBr2I CsPbBrI2 CsPbI3 

Cs 0.84 0.90 0.85 0.84 

Pb 0.68 0.69 0.61 0.44 

Br -0.51 -0.55 -0.54 - 

I - -0.50 -0.47 -0.43 

 

3. RESULTS AND DISCUSSION 

The calculations in this study started with the 

CsPbBr3 cubic structure. The reason for 

choosing the cubic structures used in the 

calculations is that the band gap of CsPbI3 in 

the cubic phase has the most suitable band gap 

for tandem solar cells. The cubic phase is 

unstable at room temperature, but techniques 

are being developed to allow CsPbI3 to retain 

its cubic phase for extended periods at room 

temperature.[18] Other structures were 

investigated gradually by adding the I ion 

instead of Br ion. Fig. 1 shows the relaxed 

structures without any restrictions. The 

structural data obtained are listed in Table 2.  

 

The optimized structure of CsPbBr3 is cubic 

and the length of the lattice parameters is 

5.934 Å. This value is close to the values of 

5.87 Å[38] and 5.85 Å[39] obtained from 

experimental studies. In terms of ionic radius, 

the I ion has larger diameter than the Br ion. 

Therefore, the length of the c lattice parameter 

is longer in CsPbBr2I where an I ion is found 

instead of a Br ion. Pb-I and Pb-Br bond 

lengths in the structure are 3.17 Å and 2.98 Å, 

respectively. Accordingly, the lengths of the 

lattice parameters a, b and c are 5.964 Å, 

5.964 Å and 6.350 Å, respectively. In this 

process, the angle between the lattice vectors 

did not change and the 90 degree angle was 

preserved.  

 

As a result of the increase in the number of the 

I ions in CsPbBrI2, the length of the lattice 

parameter b increased compared to CsPbBr2I. 

The lattice parameters b and c are equal in 

length and have a value of 6.346 Å. The 

length of the lattice parameter a is shorter due 

to the Pb-Br bond, and its value is 5.934 Å. 
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The angle between the lattice vectors has not 

changed during the optimization process, and 

their values have remained at 90 degrees. The 

optimized CsPbI3 is cubic and the length of 

the lattice parameters is 6.319 Å. This value 

is close to the experimental value of 6.289 

Å.[40] As can be seen in Table 2, the Cs-Br 

length in CsPbBr3 is shorter than the Cs-I 

length in CsPbI3. However, in in CsPbBr3−xIx 

structures, the lengths of Cs-I and Cs-Br are 

isotropic, and the length of Cs-I is shorter than 

that of Cs-Br bonds. 

 
Table 2 Values of structural parameters 

calculated for the studied cases. a, b, and c 

represent the lattice parameters. The units of 

length are Å 

 CsPbBr
3

 CsPbBr
2

I CsPbBrI
2
 CsPbI

3
 

a 5.934 5.964 5.934 6.319 

b 5.934 5.964 6.346 6.319 

c 5.934 6.350 6.346 6.319 

Pb-Br 2.97 2.98 2.97 - 

Pb-I - 3.17 3.17 3.16 

Cs-Br 4.20 4.36 4.49 - 

Cs-I - 4.22 4.34 4.47 

 

The results of the Bader analysis are shown in 

Table 1. In the cases studied, the charge 

sharing of the Cs atom does not change much. 

This is compatible with Cs energy levels 

below VBM and above CBM in DOS 

patterns. The charge loss of the Pb ion 

increases with the inclusion of the I ion in the 

system. The value of this loss is 0.44e in 

CsPbI3. The charge gains of Br and I ions are 

close in the structures structures in which they 

are found together. With the increase in the I 

ion number in CsPbBr3−xIx, the electron 

excess of the I ion decreases. When all of the 

ions around Pb are I ions, the charge excess of 

the I ion, which has an electron excess of -

0.50e in CsPbBr2I, decreases to -0.43e. In 

connection with this, electron loss of the Pb 

ion decreases compared to other structures 

and becomes 0.44e. 

 

The density of state (DOS) patterns obtained 

to examine the electronic structure are shown 

in Fig. 2. In CsPbBr3, Br electrons dominate 

in the valence band. The edge of the valence 

band maximum (VBM) consists of Pb-Br 

hybrid energy states in which Br electrons 

dominate. The Cs electrons do not contribute 

to the VBM edge and are approximately 1.74 

eV below the VBM. The Cs ion also does not 

contribute to the edge of the conduction band, 

and the empty levels of the Cs ion are about 

0.24 eV above the conduction band minimum 

(CBM). The edge of the conduction band 

consists of Pb-Br empty energy levels 

dominated by Pb empty energy levels. 

 

 
Figure 2 Obtained DOS patterns for the cases 

studied. Black color in graphs shows total DOS 

pattern. Other colors show partial DOS patterns 

of the ions 

 

The characteristic of the electronic structure 

is semiconductor and the fermi energy level is 

at the top of the VBM. The value of the band 

gap formed between VBM and CBM is 1.68 

eV. The value of the experimental band gap 

measured for cubic CsPbBr3 is 2.23 eV.[41] 

The calculated value is lower than the 

experimental value. This error is the known 

error of the standard DFT, where the 

exchange and correlation energy cannot be 

fully defined. Although the calculated value 

in this study is lower than the experimental 

value, it is consistent with the values of 1.40 

eV[42], 1.76 eV[43], 1.6 eV[44] calculated in 

previous studies. In CsPbBr2I, the valence 

band is predominantly composed of Br-I 

hybrid energy levels.  

 

The dominance of the I ion here increases in 

proportion to the amount of the I ion in 

CsPbBrI3. In both structures, Cs energy levels 
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are located below VBM. However, in 

CsPbBrI3, the Cs energy levels are closer to 

VBM. In both structures, Pb energy levels are 

more dominant than Br and I energy levels at 

the conduction band edge. The values of the 

band gap is 1.49 eV and 1.43 eV for CsPbBr2I 

and CsPbBrI2, respectively. In CsPbI3, the I 

electrons dominate in the valence band. On 

the conduction band side, as in the other 

cases, Pb empty energy levels dominate. As 

in the CsPbI3 structure, the Cs ion does not 

contribute to the valence band and conduction 

band edges in all cases examined. The value 

of the calculated band gap of CsPbI3 is 1.38 

eV. However, this value is lower than the 1.73 

eV value obtained from the previous 

experimental study.[45] 

 

Fig. 3 shows the band structure of 

CsPbBr3−xIx perovskite with different iodine 

concentrations. In all cases, the lowest band 

gap is at the R symmetry point. The 

transitional nature of the band gap is direct. 

This result is consistent with previous 

studies.[29, 30] The band gap decreases as the 

iodine content increases from 0 to 3, 

indicating that the addition of iodine can 

effectively reduce the band gap of 

CsPbBr3−xIx perovskite. The band gap values 

for CsPbBr3, CsPbBr2I, CsPbBrI2, and CsPbI3 

perovskite are 1.68, 1.49, 1.43, and 1.37 eV, 

respectively. These results indicate that with 

an appropriate iodine concentration, 

CsPbBr3−xIx perovskite can have a band gap 

close to the optimal value for maximum solar 

conversion efficiency. However, it is worth 

noting that the thickness of the calculated 

structures should also be considered when 

making assumptions about the suitability of 

structures for power conversion efficiency. 

Fig. 4 shows the CBM band structure of the 

investigated cases in more detail.  

 

In CsPbBr3−xIx structures containing I and Br 

ions together, separate empty energy levels 

with close energies are formed in the CBM 

located at the R symmetry point. Here, lower 

empty energy levels are formed in proportion 

to the number of I ions. As a result of this 

decomposition, the energy difference 

between these energy levels in the CBM is 

approximately 0.18 eV in both cases. These 

two energy levels merge when I ions 

completely replace Br ions. A similar 

situation exists at the point of symmetry, M. 

The I ion pulls down the Pb empty energy 

levels in the CBM. There is no such 

separation in VBM. Fig. 5 compares the 

calculated VBM and CBM energy levels of 

the studied cases. The inclusion of I ions in 

certain ratios to CsPbBr3 does not only 

narrow the band gap. It also shifts the CBM 

and VBM energy levels. These data are in 

agreement with the experimental studies on 

the CsPbBr3−xIx structure [46]. 

 

 
Figure 3 Obtained Band structures for the cases 

studied. The 0 value in the graphs represents the 

Fermi energy level. (a), (b), (c) and (d) in the 

figure shows the band structure of CsPbBr3, 

CsPbBr2I, CsPbBrI2 and CsPbI3 cases, 

respectively 

 

In the context of perovskite solar cells, the 

CBM of the perovskite layer must be higher 

than that of the electron transport layer (ETL) 

to ensure efficient electron extraction and 

transport from the perovskite to the ETL. 

Accordingly, it is especially important that 

the CBM level can be tuned by using the ratio 

of the I ion in CsPbBr3−xIx. As the ratio of the 

I ions in the structure increases, the band gap 
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narrows and the energy levels of VBM and 

CBM decrease at the same time. 

 

 
Figure 4 The more detailed view of the CBM 

structures. The three energy bands in the CBM 

are shown in different colors 
 

 

 
Figure 5 Comparison of VBM and CBM energy 

levels in electronic structures. Orange and blue 

colored bars represent CBM and VBM, 

respectively. The values between the bars 

indicate the value of the band gap 

 

Fig. 6 shows the absorption coefficient plot 

obtained for each case. The absorption 

coefficient plot is compatible with the 

obtained DOS and band structures. As the 

ratio of the I ion increases in CsPbBr3−xIx 

cases, the plot of the absorption coefficient 

shifts to red. This is associated with the 

narrowing of the band gap. The shoulder 

region, which has a top of 1.89 eV in the 

CsPbBr3 pattern in the plot, begins to become 

obscure with the incorporation of the I ion 

into the structure. When compared in terms of 

absorption coefficient, the addition of the I 

ion increases the absorption coefficient of 

CsPbBr3 in the visible region of the light 

spectrum. 

 

 
Figure 6 Obtained absorption coefficient plot for 

the cases 

 

4. CONCLUSION 

 

The study revealed that the incorporation of 

iodine ions into the CsPbBr3 lattice can lead 

to a significant reduction in the band gap 

energy, making it a promising candidate for 

photovoltaic and optoelectronic applications. 

The data obtained in this study are especially 

important for the CsPbBr3-xIx structure. 

Studies on this structure in the literature have 

focused on the effect of the I and Br ratios on 

the band gap.[29-31] In this study, the 

conduction band was investigated in more 

detail. The obtained data show that the 

coexistence of Br and I ions in the structure 

creates an energy level similar to the shallow 

energy levels caused by doping at the R 

symmetry point in the band structure. Two 

degenerate energy levels occur here.  

 

The two energy levels close to each other are 

formed in the CBM. The lower energy of 

these energy levels is due to the I ion, while 

the higher energy is due to the Br ion. This is 

valid for the Br ion. Accordingly, two energy 

levels are formed whose state densities can be 

controlled using the ratio of Br and I ions. 

Two energy levels close together in the CBM 

will increase the area of the perovskite where 

it can harvest light. Based on this mechanism 

in CBM, it can be said that doping CsPbBr3 
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with I ions at certain rates will positively 

affect the efficiency of the CsPbBr3 

perovskite. Another result obtained is that the 

ratio of I ions in CsPbBr3−xIx changes with the 

value of CBM and VBM energy levels. As the 

ratio of I ions increases, CBM and VBM 

levels are drawn to lower levels. This 

situation can be used in perovskite-based 

solar cells consisting of layers. In the context 

of perovskite solar cells, the CBM of the 

perovskite layer must be higher than that of 

the electron transport layer (ETL) 
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