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A B S T R A C T   

The structural, optoelectronic, and photocatalytic properties of KCaF3-xBrx, where x indicates Br concentration (x 
= 0, 0.6, 1.2, 1.8, 2.4, 3.0), are described here using density functional theory. Computed structural and op
toelectronic results for pristine c-KCaF3 are well consistent with existing literature. Bandgap was engineered by 
impurity inclusion such that the proposed material changes its bandgap for both generalized gradient approxi
mation (GGA) and Heyd, Scuseria, and Ernzerhof hybrid functional (HSE03) formalism from 5.638 eV to 3.807 
eV and from 8.538eV to 2.772 eV respectively. One of the most important criteria for proposing a new end 
material is structural and mechanical stability, thus the tolerance factor and Born’s requirements were used to 
establish the end materials’ stable cubic nature. Optical parameters such as dielectric function, reflection and 
absorption coefficient, refractive index, and energy loss function are calculated and analyzed up to the photon 
energy range of 0–35 eV. A redshift was observed whereas the refractive index values for different concentration 
shows continuous change except for x = 2.6. The highest value of reflectivity is observed for KCaBr3 making it 
useful for several thermoelectric applications. Photocatalytic properties were predicted using a band edge dia
gram, indicating that the presented series of materials is a useful candidate for hydrogen evolution reaction 
(HER), and oxygen evolution reaction (OER). Br substitution at the anionic site of c-KCaF3 has been reported first 
ever, with promising optical, elastic, and photocatalytic properties that will inspire further research on this 
material.   

1. Introduction 

The thirst for knowledge and craze for a secure and better future 
always drive researchers and scientists to design and discover new end 
materials with enhanced and fascinating properties. Advanced perov
skite, synthesized by doping, gained remarkable attention due to its 
wide applications [1]. From the perovskite materials family, the cubic 
structure has the generic form of ABX3 where A and B are cations of 
different radii and X can be from anionic oxygen or halogens [1,2]. 
ABF3, a generic form for fluoro-perovskites, due to its fascinating nature 
and a wide area of application in energy conversion, storage materials, 
luminescence capacitors, piezoelectric systems, especially in 
vacuum-ultraviolet transport lenses, and transport optical coatings 

gained considerable attention in last few years [3–5]. Among fluoro 
perovskites, ternary fluorides like KCa F3 are frequently studied because 
of their amazing properties such as optoelectronic and elastic properties, 
ferromagnetic, and nonmagnetic insulator behaviors, and chemical 
properties [6]. KCa F3 also possessed a strong ionic behavior at higher 
temperatures because of F− vacancies in it [2]. The halogen-based 
perovskite crystal structure was firstly realized in CsPb X3 in 1958 [7]. 

Oxides and fluorides-based perovskites are one of the most common 
crystal structures in the field of solid-state physics that can easily be 
synthesized. These can also be synthesized by the Bridgeman method or 
by the flux method to obtain single crystals [8]. KCaF3 has a simple cubic 
structure where larger cation K is present at eight corners of the cube, 
smaller cation Ca is located at octahedral positions at the center of the 
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cube, and fluorine is located at six face centers of the cube [9]. 
Lead-based organic-inorganic hybrid perovskites have emerged as 

promising materials for memory devices, and automobiles, especially in 
solar cells [10]. Instead of the many advantages of lead-based perov
skites, these have some drawbacks such as device instability and the 
toxic nature of lead. The use of lead can be harmful therefore, in new 
research other materials are used and studied [11]. KCaF3 being 
lead-free material has attracted new application domains and fields of 
science. To understand the nature of high conductivity in KCaF3 crystal 
structure, numerous studies have been carried out in the literature. 
Using the single-crystal neutron diffraction technique not only the na
ture and concentration of defects in KCa F3 were identified but also 
results explained mobile vacancies are responsible for high conductivity 
in these materials [12]. In 1994 G W. Watson et al. [13] used molecular 
dynamics simulations to investigate the effect of pressure on ionic 
conductivity of KCa F3 with both defects consisting and defect-free 
models. In 1997 Raman spectra were studied between 40 and 700 K 
by PH. Daniel et al. [14] study high-temperature structural instabilities 
in KCa F3 crystal structure. Halide perovskites like KCa F3 have gained 
considerable attention as a phase transition in these crystals is different 
from other perovskites. By using an X-ray diffractometer and the Riet
veld profile method; it was studied that tilting of Ca F6 octahedra about a 
major crystallographic axis is responsible for distortion and phase 
transition in KCa F3 cubic perovskite structure [15,16]. Firstly, in 2002, 
ab initio band calculations implemented in the VASP package were 
performed for various fluoroperovskites with LDA approximation and 
ultrasoft pseudopotentials. The observed bandgap for KCaF3 was indi
rect having a value of 6.21eV [17]. In 2011 electronic and optical 
properties of KCa F3 were studied by Bahattin. Erdnic using DFT under 
ABNIT code. Lattice parameter (LP) with the value of 4.5293 Å was 
observed [9]. After one-year same physical properties were investigated 
for three materials MCa F3 (M= K,Rb,Cs) with DFT under wien2K code 
by applying GGA functional. Here decrement in the lattice parameter 
was observed having a value of 4.424Å by Wu-Cohen (WC-GGA) [18]. 
Electronic, elastic, and optical properties of KCa F3 were also calculated 
by Soleimanpour et al. account by mBJ coupled with GGA approxima
tion in Wien2K. The main purpose of this study was to compute elastic 
constants of KCa F3 that were neither being computed before. Using the 
mBJ approach LP of 4.45 Å was observed which had a small difference 
from previously calculated results [6]. In the same year, structural, 
electronic, and elastic properties were computed for two materials KCa 
F3, and RbCaF3 under Wien 2K by adding exchange-correlation effects 
through LDA, GGA-PBSol, and mBJ exchange potential. Results calcu
lated through these exchange potentials were in agreement with avail
able experimental data [19]. H. Bouafia et al. [3]studied the physical 
properties of KCa F3, NaCa F3, and K0.5Na0.5 CaF3 whose results manifest 
an indirect bandgap for all materials having high values for LDA 
approximation than calculated through PBE-GGA. B. Ghebouli was the 
first to study structural, elastic, and optoelectronic properties of the 
family XCa F3(X= K and Rb) using DFT under CASTEP code represent
ing LP of 4.3236Å calculated through GGA-PBE functional [4]. Ziu Li 
et al. calculated the properties of ten perovskite crystals using the 
CRYSTAL09 program. His calculations manifest that lattice parameter 
increase with the increase in ionic radii of studied materials while elastic 
constant and bandgap decrease. Calculated bandgap and lattice 
parameter for KCa F3 were 4.4175 Ȧ and 8.4377eV respectively [20]. In 
2020, virtual crystal approximation and supercell doping methods were 
employed to see the variation in bandgap with doping amount. After 
supercell doping material bandgap not only decrease from 6.151eV to 
4.9eV but also changed its nature from indirect to direct. Also, an 
increment in lattice constant was observed for the GGA-PBE approach 
than calculated through GGA- PBESol [5]. 

Reviewing the above literature and keeping the applications of 
pristine KCa F3, it is a fact that this material is a wide bandgap material 
that limits its applications. Thus, impurity-induced KCaF3 is studied by 

various researchers to minimize the bandgap of the KCaF3 crystal 
structure [5]. Generally, impurity elements are doped either on A or B 
sites in perovskites depending on substitution criteria but another 
approach of replacing an anion with an impurity anion may help to 
reduce the bandgap and make the material more useful. The aim of this 
work is an inspiration to test the Br substitution at F sites gradually to 
reduce bandgap using density functional theory. The structural 
simplicity and symmetry of cubic phase KCaF3 make it an ideal material 
for various application perspectives. Therefore, the main objective of 
this work was to perform bandgap engineering to explore its optoelec
tronic response to various optical materials. This is the first theoretical 
study of Br-substitution at the anionic site of c-KCaF3 where a compre
hensive comparison of electronic properties was made for both GGA and 
HSE03 formalisms to evaluate more reliable results. The novelty of this 
work was to study physical properties via halide substitution at anionic 
site gradually and then give a specific focus to observe the effect of these 
substitutions on these properties. After comparing our results with 
previous existing literature, it also has been noticed that this is a 
first-ever DFT study to predict photocatalytic properties using a band 
edge diagram to manifest a presented series of materials, useful candi
dates for hydrogen evolution reaction (HER), and oxygen evolution re
action (OER). Photocatalytic characteristics for different compositions 
(x = 0, 0.6, 1.2, 1.8, 2.4, 3.0) support Eg calculations, indicating that 
deduced doped materials could be used in solar cells and are essential for 
high photovoltaic efficiency. Br substitution at the anionic site of KCaF3 
is preferred over most of the other halides as it contains a lower band gap 
in the range of 3eV and is an ideal and beneficial crystal structure. 

Bromine being a less electronegative element when substituted at the 
anionic site of KCaF3 increases the nature of the covalent bond and all 
physical properties of perovskites are strongly affected by covalency 
[21]. By replacing F atoms with Br atoms, all physical properties espe
cially optical properties can be tuned up. At 100% substitution, a new 
end material (KCaBr3) is obtained whose bandgap is much less than pure 
material, as bandgap greatly depends upon chemical composition in a 
nonlinear manner. The effect of impurity under different doping ratios 
on properties of pure KCaF3 is critical hence, results obtained in this 
study of KCa Br3 would provide a valuable contribution to the literature 
and will motivate scientists for further research findings on this 
material. 

The paper is organized in the following way: in section 2 explana
tions of computational detail and method is described, results and dis
cussions of presented work are handled in section 3, and a summary of 
computed results is presented in section 4. 

2. Computational details 

Self-consistent calculations in the framework of density functional 
theory are performed in the CASTEP (Cambridge Sequential Total En
ergy Package) module of the material studio package based on the plane- 
wave pseudopotential method [22]. KCa F3 is among the most sym
metrical cubic structures belonging to the space group of Pm-3m. It 
contains five atoms in primitive cell having Wyckoff positions K (0,0,0), 
Ca (0.5, 0.5, 0.5) and F (0, 0.5, 0.5) [3,23]. The coordination number of 
Ca and K is six and twelve with F respectively while Fluorine has two 
with calcium [20]. To minimize the boundary effect in calculations a 
supercell of 2 × 2 × 1 was constructed. A unit cell is shown in Fig. 1. 
Interaction of electrons with ions can be performed by using ultrasoft 
pseudopotential for K, Ca, and F atoms that can minimize the number of 
base planes in convergence calculations to retain computing methods. 
Exchange correlation potential effects were tackled within the general
ized gradient approximation proposed by Perdew Burke and Ernzerhof 
(PBE) [5,24]. Plane-wave basis cutoff energy that explains the segre
gation of valence and core states [25] was set to 353.7 eV to optimize the 
c-KCa F3 perovskite crystal structure [22]. Monkhorst-Pack scheme 
k-point mesh sampling was adjusted at 6 × 6 × 6 to study the irreducible 
Brillouin zone. Self-consistency for geometry optimization is considered 
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to be converged only when the total energy of the system is stable so 
convergence parameters were set in the following way: convergence 
tolerance of energy is within 2 × 10− 5 eV per atom to avoid charge 
leakage, maximum applied stress and displacement are 0.1 GPa and 
0.002 Å respectively and residual forces per atom were set to be 0.05 
eV/̊A. Only valence electronic configuration is taken under observation 
as all physical properties are only affected by valence electrons so 
valence electronic configuration for all involved elements is given as 
follows: (3 s2, 3 p6, 4 s1) for K, (3 s2, 3 p6, 4 s2) for Ca and (2 s2, 2 p5), (4 
s2, 4 p5) for F and Br respectively [1]. To study the effect of impurity 
inclusion on KCa F3, Br atoms are substituted in the host supercell in a 
progressive manner such that each atom of F is replaced with a Br atom. 
Br atoms are induced progressively and at 100% substitution, new ma
terial is obtained. In the physical properties of each substitution, there is 
a change in the chemical composition of the material that directly affects 
the behavior of the material [26,27]. So, mixed halide perovskite KCa 
F3− xBrx where x denotes substitution concentration has been investi
gated and reported as per best of the author’s knowledge. 

3. Results and discussion 

3.1. Geometry optimization 

The crystal structure of KCa F3 is linked to the lattice structure of 
fluorite Ca F2, a perfect fast ion conductor at high temperatures [28]. 
Using a pseudopotential method based on DFT under GGA-PBE, an 
important structural parameter; equilibrium lattice constant of cubical 
fluoride perovskite KCaF3 was calculated by minimizing the total energy 
of crystal for different values of lattice constants via Birch-Murnaghan 
equations [3]. After fitting total energy as a function of volume as 
shown in Fig. 2 our calculated lattice constant for pure KCa F3 is a = b =
c = 4.31 ̊A. The computed lattice parameter is in reasonable agreement 
with the theoretical and experimental reports that are reported earlier, 
presented in table-1. Good agreement of presented results with reported 
theoretical data confirms the reliability of the method used herein. 
Optimized lattice parameter increases due to Br inclusion. At 100% 
substitution of Br, a new material with a higher lattice parameter is 

obtained because the ionic radius of Br is greater than F. The difference 
in ionic radii of pure and Br substituted KCaF3 gives rise to a difference 
in lattice parameters and according to doping criteria, this difference 
should be less than 30% [22]. A small difference in ionic radii causes a 
lesser effect on the lattice constant of supercell and maintains crystal 
symmetry respectively [29]. 

For the stable structure of the perovskite, the tolerance factor is 
calculated using an empirical index called the Goldschmidt relation 
[30]. The tolerance factor is given as: 

t=
(rK + rF)
̅̅̅
2

√
(rCa + rF)

(1)  

Where rK, rCa, and rF, denotes ionic radii of K, Ca, and F atoms in the 
KCaF3 crystal structure. Octahedral factor can also be used to discuss 
structural stability that is expressed: H = rB/rX

. These two factors are a 

simple and useful approach to estimating the stability of perovskite 
structures. In the case of fluoro perovskites for high symmetry and to 
form perovskite structure t and H should have a range of 0.813–1.107 
and 0.442 to 0.895 respectively [30,31]. Using Shannon’s ionic radii 
[32] tolerance and octahedral factor for KCaF3 are 0.901 [17] and 0.75 
respectively these values show that our studied material has a stable 
cubic crystal structure. 

A given perovskite crystal structure cannot exist in stable form until 
it follows relationships given by Born and Haung [6,33]. 

C11 − C12 ˃ 0,C11 ˃ 0,C44 ˃ 0,C11 + 2C12 ˃ 0 (2) 

Presented elastic constants calculated for cubic KCa F3 perovskite 
crystal structure follows these stability criteria making it stable. For pure 
material, the values of C11, C12, and C44 respectively are 32.67155, 
-0.42155, and 88.8634 whereas at 100% substitution for new material, 
KCaBr3; computed elastic constants are positive and fulfilled mechanical 
stability criteria as well. The values of C11, C12, and C44 respectively for 
KCaBr3 are 223.35660, 29.56170, and 4.74015. Structure of doped 
material will considerably differ from pristine material due to many 
effects. Lattice parameter signifies spacing between adjacent unit cells 
that was observed more for doped material because of more ionic radii 
of Br. This increase in lattice parameter will change all optoelectronic 
properties. It will decrease bandgap as electrons will become less bound 
and less energy is required to make them free in conduction band. As a 
result, dielectric constant of new end material will also differ which 
depends on the electronic structure, density of atoms, and their 

Fig. 1. Unit cell of pure KCa F3, Red balls represent K, Blue at body center Ca, 
and face-centered grey balls represent fluorine. (For interpretation of the ref
erences to colour in this figure legend, the reader is referred to the Web version 
of this article.) 

Fig. 2. Volume optimization curve for KCaF3. (For interpretation of the refer
ences to colour in this figure legend, the reader is referred to the Web version of 
this article.) 

S. Fatima et al.                                                                                                                                                                                                                                  



Materials Science in Semiconductor Processing 159 (2023) 107363

4

polarizability. 

3.2. Electronic properties 

Energy band structure and density of states are calculated to study 
the electronic nature of KCaF3. Initially, GGA approach was applied to 
calculate band structures and corresponding density of states (DOS) of 
substituted element KCaF3. However, utilizing GGA functional results 
obtained for electronic properties was dubious because of the substantial 
underestimation of bandgap in it. Studied materials may have a larger 
bandgap than the estimated one. To overcome intrinsic self-interaction 
errors, present in GGA functional, Heyd, Scuseria, and Ernzerhof 

hybrid functional (HSE) formalism was incorporated that rectifies errors 
by mixing some portion of Hartree-Fock exchange. Thus, standard cal
culations performed using the HSE approach provide more reliable re
sults than other functionals [36]. Here standard HSE03 functional was 
incorporated. Band structures along high symmetry points in the first 
Brillouin zone utilizing GGA and HSE03 formalism at equilibrium vol
ume with Fermi level at 0 eV are shown in Fig. 3 and Fig. 4 respectively. 
CBM lies at G-valley and VBM lies near Z-valley for KCa F3 that provides 
indirect behavior for both approaches. As possessed in table 2, computed 
wide bandgap of pristine with GGA is 5.638 eV which limits its practical 
application and also limits its conductivity and intrinsic carrier con
centration. For a pristine material value of the bandgap using the HSE03 

Table 1 
Theoretical, Experimental, and present work (Theoretical) comparison of Geometric Components.  

Material Lattice Constant (Å) a = b = c Volume (Å)
3 Functional Reference 

KCa F3 4.31 80.063 GGA-PBE Present work (Theoretical) 
4.31 80.063 LDA Theoretical [2] 
4.32 80.621 GGA Theoretical [4] 
4.32 80.621 LDA Theoretical [19] 
4.32 80.621 LDA Theoretical [34] 
4.38 84.024 – Experimental [35] 

KCa F2.4Br0.6 4.59 96.702 GGA-PBE Present work (Theoretical) 
KCa F1.8Br1.2 4.52 92.345 GGA-PBE Present work (Theoretical) 
KCa F1.2Br1.8 5.01 125.751 GGA-PBE Present work (Theoretical) 
KCa F0.6Br2.4 5.94 209.584 GGA-PBE Present work (Theoretical) 
KCa Br3 5.73 188.132 GGA-PBE Present work (Theoretical)  

Fig. 3. Electronic band structures for KCa F3− xBrx at different concentrations of x (x shows Br concentration) with GGA. (For interpretation of the references to colour 
in this figure legend, the reader is referred to the Web version of this article.) 
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approach is 8.538 eV which is much greater than calculated through the 
GGA approach. The presented bandgaps agreed well with previous 
experimental measured and theoretically calculated values [2,4,9,18]. 
Here hybrid functional (HSE03) is applied for the first time to calculate 
the electronic properties of KCa F3 providing more reliable results close 
to experimental data. It is seen that the behavior of bandgap in KCaF3 
below Fermi level in the range -1.8-0eV is very appealing that is mainly 
occupied by F-2p states. Below valence band (VB), because of over
lapping of electron wave functions, there is strong hybridization be
tween F-2s and Ca-3p states that shows the performance of KCaF3 which 
is greatly influenced by CaF6 octahedron. KCaF3 not only possesses a 
high ionic character but also shows a high degree of covalency in the 
Ca–F bond. All physical and chemical properties of the KCaF3 structure 

are greatly influenced by this covalent behavior. The ionic model sup
poses that K cation loses an electron to fluorine anion to produce F− 1 

ions. So, the bandgap of KCaF3 at equilibrium correlates to the electronic 
transition between K-4s and F-2p states. The lower part of the conduc
tion band (CB) above the Fermi level is occupied by Ca-3d states with a 
small contribution of K-3p states. There is also a pure covalent bond 
between Ca-3d and K-3p states that leads to the partial occupation of 
d-orbitals that were empty in the ionic model. Bandgap of KCaF3-xBrx 
decreases from 4.874 eV to 3.705 eV with increasing x (x = 0.6, 1.2, 
1.08) for GGA approximation. With HSE03, bandgap is varied having 
values of 5.340, 5.362, 4.857, 4.371, and 2.772 eV respectively for all 
studied substitutions as elaborated in table 2. 

By changing lattice parameters bandgap can be tuned. Due to the 
large ionic size of Br, after the replacement of Br atoms with F atoms 
band gap is decreased. As atomic size increases interatomic distance will 
also be increased which leads to less binding force between valence 
electrons and the parent atom. Since valence electrons are less bound; 
minimum energy is required to make them free inside the crystal which 
results in shrinkage of separation between a conduction band and 
valence band. For x = 0.6 and 1.2, a direct bandgap was observed with 
valence band maximum and conduction band minimum at G. New 
occupied cationic d-orbitals play a prime role in configuring the tran
sition of bandgap from indirect to direct. As Br is substituted at the 
anionic site, a discrete acceptor level is created just below the valence 
band that starts to merge with other energy levels as substitution is 
increased and can be seen more clearly for HSE03 approximation. 

At 100% substitution of Br at the F site (KCaBr3), an indirect bandgap 
of 3.807 eV was observed for GGA having a valence band edge near Z in 
between Q and Z symmetry points and a conduction band edge at G. 
With HSE03 approach, an unexpected decrease in bandgap was 
observed for substituted concentration of 100% where bandgap de
creases profoundly from 3.807 eV (calculated through GGA) to 2.772 eV 

Fig. 4. Band structures along high symmetry points computed using the HSE03 approach. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the Web version of this article.) 

Table 2 
List of bandgaps and optical parameters of substituted material KCaF3-xBrx for all 
concerned concentrations compared with available literature.  

Material Bandgap (eV) n (0) ε′ (0) R (0) % 

GGA HSE03 

KCa F3 5.638 8.538 1.35 
1.39c 

1.39d 

1.79 
1.77e 

1.667b 

2 
5.94a 8.50b 1.6b 

KCa F2.4Br0.6 4.874 5.340 1.44 2.10 3 
KCa F1.8Br1.2 4.201 5.362 1.53 2.31 4 
KCa F1.2Br1.8 3.705 4.857 1.53 2.38 4 
KCa F0.6Br2.4 4.012 4.371 3 9.08 25 
KCa Br3 3.807 2.772 1.74 3.01 7  

a Ref. [9]. 
b Ref. [18]. 
c Ref. [38]. 
d Ref. [1]. 
e Ref. [4]. 
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(calculated through hybrid functional). This decrease in bandgap makes 
KCa Br3 a material useful for photochemical and photocatalytic appli
cations [37]. This decrease in bandgap can be rationalized as shifting of 
energy levels more towards low energy region giving a prominent 
redshift to conserve mass action law. Coulomb repulsions and exchange 
interactions between carriers cause narrowing of bandgap as carrier 
concentration increases in KCa F3. With Br-content, CB energy levels 
become more concentrated and disseminating because of hybridization 
between substituted electronic states and the conduction states. A large 
disseminating nature of electronic states is seen at conduction band 
minima while remarkably flat electronic states are noticed at valence 
band maxima that are an indication of high effective masses of valence 
band holes making low mobility of charge carriers as in crystals effective 
masses have an inverse relation with the curvature of the parabola. 
Value of bandgap estimates ionicity of perovskites. As bandgap de
creases by increasing the concentration of Br in KCaF3 crystal structure 
that shows KCaF3 is more ionic than KCaBr3 and covalent mixing in 
KCaBr3 is more than KCaF3 as covalent mixing decreased with an 
increasing bandgap. 

To further clarify the origin of electronic band structure, total and 
partial density of states (TDOS, PDOS) have been computed using GGA 
and HSE03 formalism. Energy dispersal of different states can be un
derstood with TDOS while participation of different states of atoms in 
different bands can be assessed using PDOS. Representation of TDOS and 
PDOS curves for pristine and non-pristine KCaF3 including elemental 
PDOS is shown in Fig. 6. The conduction band was observed within 
energy range of 0–15 eV for the GGA approach. Both formalisms were 
providing the same results except that the Fermi level shifts more to
wards the valence band for the HSE03 formalism. Therefore, here GGA 
results will be described in detail. In GGA, conduction band was divided 
into two different parts; the lower one spans over the range 0–8eV, and 
the higher one spans over 8.1–15 eV. Conduction bands ranging from 
0 to 8 eV, consist of K-4s and K-3p states while Ca-3d states are located at 
top of the conduction band (CB) that starts to shift towards low energy 
regions as substitution is increased. In DOS analysis it is found that Br 
induced material is p-type for all substitutions because of the presence of 
Fermi level close to the valence band edge. For different compositions (x 
= 0, 0.6, 1.2, 1.8, 2.4, 3.0) peak positions for conduction band are 
observed at 9 eV, 8 eV, 7.3 eV, 6.7 eV, 6.3 eV, and 13.0 eV respectively. 
The bandwidth of CB is not the same for all concentrations rather it is 

increasing because of the accumulation of new energy states. The 
valence band is observed in the energy range of (0 to -5 eV) which is our 
region of interest and can be configured as the top of VB. In the valence 
band region, the maximum peak in TDOS for pure KCaF3 is observed at 
-0.35 eV which appears mainly due to the contribution of F-2p states. K- 
3p states along Ca-3p and F-2s states towards low energy region attrib
uted to bottom of valence band and core states only owed to s-like states 
of K and Ca. These core states are occupied and usually do not play a 
significant role in determining the electronic properties of the material. 
In CB majority of contribution is from Ca-3d states having strong hy
bridization with K-3p states. 

For x = 0.6, the bandgap is decreased because of less electronega
tivity of Br than F which changed the position of the valence band in 
such a way that the absorption edge moves towards a higher wave
length. Due to its high binding energy Br-4s states undergoes strong 
hybridization with Ca-3d states resulting in new energy states in the 
conduction band. In addition to the CB, bonding between K-3p states and 
Br-4s states also introduces new energy states in the VB. Peaks of BC are 
shifting towards lower energies showing a redshift in bandgap that re
sults in a decrease in the bandgap. 

As substitution concentration increase for GGA approach, band gap 
first decreases up to substitution of x = 1.8 then at x = 2.4 it starts to 
increase. Then for further substitutions, until all fluorine atoms are 
replaced with bromine atoms slight reduction in bandgap is observed. 
This nonlinearity in bandgap concerning substitution proportion is 
shown in Fig. 5. Utilizing HSE03, bandgap decreases linearly with each 
increase in Br-inclusion except for x = 1.2 which shows discrepancy 
here. This discrepancy can be attributed to a decrease in its lattice 
parameter from x = 0.6 concentration. This behavior of bandgap with 
Br-content that declined first up to a fraction of x = 1.8 with slightly 
rising for x = 1.2 then again decreasing fast for all other fractions of 
composition is also shown in Fig. 5. 

From Fig. 6, it can be inferred that there is a negligible contribution 
in TDOS and PDOS by electrons of F in the region of the conduction 
band. CB was deduced from a mixture of all Ca-3d, Br-4s, K-3p, and K-4s 
states with different contributions. As substitution of bromine increases 
from x = 0.6 to x = 1.8, new states of bromine add in pure KCaF3 causing 
a rise in all peaks. At 80% and 100% substitution contribution of 
bromine is dominant, showing the highest peaks comparable to that of x 
= 0. For x = 2.4, a slight increase in bandgap was observed because of 
the shifting of peaks in CB slightly towards higher energy indicating a 
blue shift in the bandgap. Absorption edge (Fermi energy level) is closer 
to the conduction band for further doping ratios absorption edge starts 
to deviate towards the valence band which can be explained via two 
important phenomena called Burstein moss shift and bandgap renorm
alization. At start, increase in bandgap and prominent blueshift can be 
attributed to Burstein moss shift due to occurrence of transition of 
electrons from valence band to occupy those states that are near to 
valence band and are vacant. More P-character and redshift was 
observed as substitution was increased because of shifting of fermi level 
toward valence band to conserve mass action law. This decrease in band 
gap or redshift is often attributed to bandgap renormalization. This ef
fect happens because of more coulomb repulsions, more many-body 
effects or exchange interaction between carriers, as carrier concentra
tion will increase in KCa F3. For more inclusions hybridization between 
substituted electronic states and conduction states also play a critical 
role in increasing bandgap renormalization. Increase in hybridization 
between Br-4s and Br-4p states and pristine states was observed for 
higher concentrations that cause more covalent mixing in the material. 
F-2p states have only contribution in valence band whose intensity start 
to decrease with increasing concentration of Br states. Because of the 
negligible contribution of d-orbitals in VB, these are not shown in the 
figure. 

Fig. 5. Bandgap variation due to Br substitution. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the Web 
version of this article.) 
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Fig. 6. Representation of (a–b) TDOS and PDOS of pristine and substituted KCaF3 (c–f) elemental PDOS of K, Ca, F, and Br respectively at different concentrations of 
substitution in KCaF3-xBrx (results obtained from GGA functional calculations). (For interpretation of the references to colour in this figure legend, the reader is 
referred to the Web version of this article.) 
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3.3. Optical properties 

To get complete information about occupied and unoccupied regions 
of electronic band structure optical properties are studied. These prop
erties originate directly as a result of wave matter interaction. Dielectric 
function (DF) is very useful to determine the complete band structure of 
a crystal. As compared to the shortest reciprocal lattice wave vectors of 
radiation in infrared, visible, and ultraviolet regions of the electro
magnetic spectrum is very small therefore generally it can be taken as 
zero [39]. Important linear optical characteristics like absorption, 
reflection, loss function and refractive index can be computed knowing 
complex dielectric function [40]. To evaluate pure and Br substituted 
material optical response; real (ε′) and imaginary (ε′′) parts of DF at zero 
wave vectors as a function of electromagnetic wave frequency can be 
written as: 

ε(ω)= ε′

(ω) + iε′′(ω) (3)  

ε′′ can be calculated by adding all transitions from occupied to unoc
cupied states whereas ε′ can be derived from the imaginary part of DF by 
using Kramer-Kronig transformations. 

All observed characteristic peaks of optical parameters can be 
described by analyzing band structure and DOS of KCaF3-xBrx. At normal 
incidence refractive index n(ω) and extinction coefficient K(ω) is related 
to reflectivity coefficient r(ω) by: 

R(ω)=
n + ⅈK − 1
n + ⅈK + 1

(4) 

Refractive index and absorption coefficient are interlinked with each 
other these can be calculated from real and imaginary parts of a single 
parameter, called complex refractive index [41]. Following expressions 
are used to find out optical parameters like absorption coefficient I(ω), 
reflection coefficient R(ω), refractive index n(ω), extinction coefficient K 

(ω), and energy loss function L(ω) of material [42]: 

I(ω)=
̅̅̅
2

√
(ω)

[ ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅(
(ε′

(ω))
2
+ (ε′′(ω))2)

√

− ε′

(ω)
]1

2

(5)  

n(ω)=

⎡

⎣

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅(
(ε′

(ω))2
+ (ε′′(ω))2)

√

+ ε′

(ω)
2

⎤

⎦

1
2

(6)  

K(ω)=

⎡

⎣

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅(
(ε′

(ω))2
+ (ε′′(ω))

2)
√

− ε′

(ω)
2

⎤

⎦

1
2

(7)  

L(ω)=
ε′′(ω)

(ε′
(ω))

2
+ (ε′′(ω))2 (8) 

Optical properties of pure and Br-substituted KCaF3 computed by 
ignoring phonon contributions and concerning only electronic transi
tions are shown in Fig. 7. All-optical constant spectra are analyzed and 
discussed in a photon energy range of 0–35 eV using a calculated band 
structure. 

The absorption coefficient determines how far light of a particular 
wavelength can penetrate inside material before it is absorbed. The 
absorption process converts electromagnetic radiation into different 
forms depending upon the frequency of coming radiation and the ma
terial involved. Fundamental absorption involves an electronic transi
tion between filled and unfilled energy states of material [43]. The 
threshold point in spectra occurs at 4eV, after Br inclusion, the material 
starts to absorb radiations sharply showing fluctuating spectra to reach 
maximum values. Absorption peaks of pure material are located at 9.98 
eV, 12.1 eV, 19.9 eV, 22.4 eV, 26.2 eV, and 28.5 eV. With a Br 
substituting amount of 20% (x = 0.6), a new peak appears at 14.1 eV and 
the 22.4 eV peak shifts to 21.8 eV corresponding to redshift. Peak at 

Fig. 7. Optical parameters are computed (a) Absorption co-efficient (b) Reflectivity (c) Refractive index along with extinction co-efficient (d) Real part of dielectric 
function (e) Imaginary part of dielectric function (f) Energy loss function. (For interpretation of the references to colour in this figure legend, the reader is referred to 
the Web version of this article.) 
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19.9 eV disappears and at 26.2 eV and 28.5 eV slightly shifted to 26.1 eV 
and 27.8 eV respectively. For x = 1.2, 1.8 and 2.4, peaks at 19.9 eV and 
28.5 eV vanishes and the remaining peaks slightly shifted from observed 
pure peaks such as; for x = 1.2, peaks at 9.98 eV and 22.4 eV shifted 
towards lower energies at 9.37 eV and 21.5 eV indicating redshift and 
peak at 26.2 eV does not change. Similarly, for x = 1.8, the peak at 9.98 
eV slightly shifted to 8.92 eV and hence a redshift, second to 12.67, third 
stay same, fourth to 21.5 eV and fifth to 26.2 eV; similarly at x = 2.4, 
peaks at 12.1 eV and 26.2 eV slightly shifted to 9.04 eV and 21.5 eV 
respectively whereas absorption edges at 12.1 eV and 26.2 eV shifted 
towards the higher value of energies showing blue shift that coincides 
with a calculated bandgap. At 100% substitution, a new peak is observed 
at 14.3 eV, a peak at 9.98 eV shifted maximally towards lower energy 
showing redshift and the remaining peaks slightly shifted having new 
positions at 12.2 eV, 21.3 eV, and 26.3 eV. All compositions show similar 
behavior within the photon energy range of 25–28eV in the 
low-frequency ultraviolet region. KCaF3-xBrx shows high transparency 
within the energy range of 15-14 eV as no absorption peak is observed in 
this region. Inter-band transitions of electrons from occupied valence 
states to unoccupied conduction states are responsible for main peaks in 
absorption spectra. Peaks within the energy range of 0–7 eV are due to 
electron transitions from F-2p states of the valence band to K-4s, K-3p, 
and Br-4s states in the conduction band. For 7.1–14 eV peaks may be due 
to the transition from F-2p states of VB to Ca-3d states in CB. Sharp peaks 
at higher energies may be attributed to absorption from K-3p together 
with Ca-3p states to CB. 

Computed reflectivity spectra of pure and Br-doped KCaF3 are dis
played in Fig. 6(b). Zero-frequency limit of spectra R(0) shows that 
reflectivity of KCaF3-xBrx at different concentrations (x = 0, 0.6, 1.2, 1.8, 
2.4 and 3.0) is 2%, 3%, 4%, 4%, 25%, and 7% respectively as given in 
table-2. Except for x = 2.4, all other values stay below 10% up to 3eV 
indicating high transparency in the infrared and visible regions of the 
energy spectrum. Beyond 3 eV reflectivity increases by increasing Br 
concentration and the highest peak is observed for KCaBr3 material at 
15 eV. Maximum reflectivity spectra are observed in low photon energy 
ranges up to 16 eV making presented materials useful for solar heating to 
be used in thermoelectric applications [44,45]. For the 16–20 eV photon 
energy range, high transparency is observed having negligible absorp
tion and reflection in this region also reflectivity remarkably depends 
upon the refractive index. Because of the small absorption coefficient in 
the transparent region extinction coefficient and imaginary part of 
dielectric function are also negligible that is the reason; complex 
refractive index and DF are taken as real in this region [41]. 

Propagation of light from an optical medium is characterized by two 
parameters called refractive index (n) and extinction coefficient. The 
refractive index and extinction coefficient (K) are interlinked with each 
other through a single quantity called the complex refractive index. 
Refractive index as a function of the frequency of light beam talks about 
transmittance of material. Calculated refractive indices of KCaF3-xBrx 
that have the same frequency-dependence as a real part of DF are shown 
in Fig. 7(c). From table-2 it is seen that static refractive indices n(0) for 
various x values are 1.35, 1.44, 1.53, 1.53, 3, and 1.74 respectively 
where pristine result coincides well with available experimental and 
theoretical literature. It is noticed that except for x = 2.4, n(0) increases 
by changing the composition from x = 0 to x = 3.0. Beyond the zero- 
frequency limit, the n(ω) increases with noticeable fluctuations to 
reach maximum values and the highest refractive index is observed for 
new material KCaBr3 at 5 eV having a value of 2.34. The highest n(ω) of 
KCaBr3 shows that it is a less transparent material than other Br con
centrations, especially from pure KCaF3. For the 12–17 eV photon en
ergy range observed n(ω)is less than unity for all compositions showing 
that alloying material will become transparent in this low-frequency 
ultraviolet region [40]. 

As above 30 eV energy range n(ω) becomes constant as dielectric 
function goes to zero in this energy range. Refractive index is inversely 
related to bandgap that holds for all concentrations except for x = 1.8. 

The extinction coefficient implies how actively a material absorbs light 
at a particular wavelength. K(ω) spectra have a similar profile as that of 
the imaginary part of the dielectric function [46]. From Fig. 7(c) it is 
clear that a large extinction coefficient is observed for x = 3.0 at a 
photon energy value of 7 eV. The maximum value of K(ω) indicates that 
the material is highly absorbing. The zero value of K(ω) at the energy 
range of 2–5 eV shows that light passes straightly through the material 
while in the rest of the spectra non-zero value of K(ω) corresponds to the 
exponential decay of radiation in the material. 

The real part of DF, ε′ (ω), is considered an intrinsic characteristic of 
any material which explains the dispersion properties of the material. ε′

(ω) indicates polarization inside the material and polarization strength 
will be greatly affected by different Br concentrations because of its 
material-dependent nature [9,38]. Fig. 6(d) explains the ε′ (ω) for 
KCaF3-xBrx. With the increase of Br concentration, static dielectric con
stant ε′ (0) that is the electronic part of ε′ (ω) increases from 1.79 to 3.0l 
as possessed in table-2 except for x = 2.4 that shows the separate 
behavior of ε′ (ω) having a maximum value of 9.08. After the static 
dielectric function, peaks of ε′ (ω) increase and go to maximum values of 
2.9, 3.6, 3.7, 3.6, 3.9, and 5.2 for all concentrations of x respectively 
then it starts to decrease and shift towards higher values of energy and 
becomes smooth after some fluctuations. The main effect of Br was 
observed within the photon energy range of 3–9 eV showing a maximum 
peak for KCaBr3. Because of a maximum peak at 100% substitution; 
KCaBr3 can be used as a polarizer but the negative value of this peak 
shows a metallic character in that energy range [47]. 

The imaginary part of DF, ε′′ (ω), is linked with the dissipation of 
energy such as absorption. It provides information that how a material 
will respond when disruption is created by electromagnetic radiations 
[27,48]. It coincides directly with extinction co-efficient and absorption 
co-efficient as one can see from Fig. 7(e). Main peaks of ε′′ (ω) are 
observed at 2.5 for x = 0, 2.9 for x = 0.6, 3.05 for x = 1.2, 2.8 for x = 1.8, 
3.1 for x = 2.4 and 3.8 for x = 3.0 corresponding to transition from 
valence band to conduction band. For ε′′ (ω) the optical response starts at 
3 eV providing a threshold value for transitions from valence band to 
conduction band after it sharply increases in spectral lines is observed 
that is due to an abrupt increase in transitions [49]. ε′′ (ω) Spectral lines 
have been increased with an increase in Br-content in KCaF3-xBrx. 

Inter-band transitions at those spectral lines that mostly consist of 
Plasmon excitation; to define non-scattering and elastic scattering of 
electrons (zero loss of energy) an important optical parameter electron 
energy loss function (EEL) is used [49]. L(ω) depicts characteristic 
Plasmon oscillations and energy loss of electrons passing through the 
alloy. Fig. 7(f) explains the L(ω) spectra of KCaF3-xBrx at different 
alloying concentrations. No energy loss occurs below 5 eV as photon 
energy is less than a bandgap of material in this region. The highest peak 
known as the Plasmon resonance peak occurs at 15 eV for x = 3.0, also 
increase in the magnitude of Plasmon excitations is observed in chang
ing composition from x = 0 to x = 3.0. Plasmon peaks in spectra explain 
characteristic features associated with plasma frequency and came out 
at those energies where photons are absorbed by material [9,50–54]. So, 
the presented material provides promising optical properties that will 
motivate further experimental efforts on this material. 

3.4. Photocatalytic property 

In this study, cation substitution was employed to change the pho
tocatalytic activity of semiconductors for the elimination of environ
mental pollutants. A lower Eg can be employed to increase CB lowering 
capacity while also increasing photocatalytic activity. Because of its 
non-toxicity, physical and chemical stability, and ease of use, KCaF3-xBrx 
is the best photocatalyst [55]. 

Band-edge placements, band gaps, and charge carrier mobility are all 
factors that influence semiconductor photocatalytic activity. There is a 
need to develop generally applicable design approaches for any catalytic 
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process, including band-edge positions and band gaps, so that photo
catalytic semiconductor candidates can be identified. This research es
tablishes a theoretical basis for improving semiconductor photocatalytic 
activity in order to decompose pollutants in the environment [56]. The 
strategy is determined by photocatalytic mechanisms, as indicated in 
Fig. 8. Electrons transfer in a semiconductor photocatalyst when the 
optical radiation energy is equal to or greater than Eg. VB electrons are 
injected into the CB from the valence band. As in Eq. (9), h+ in VB was 
left in VB and thee− in CB was introduced. Respectively, h+ and e− are 
with oxidative capacity and reducing power [57]. 

KCaF3 + h KCaF3 (e− + h+) (9) 

CBM, VBM (EPc, EPv) and Eg electrode potentials can be approxi
mated by equation (10). 

EPc (V vs. NHE)= 1.23 − Eg(eV)
/

2 (10) 

Fig. 8 shows total water splitting redox potentials at band edge sites. 
This means that certain materials have the ability to both reduce and 
oxidize water. For different pH values, a varied quantity of photon en
ergy is required to execute a total water splitting mechanism. Pure 
KCaF3 has an overall water splitting potential due to its wide Eg range. 
For Br doped KCaF3, overall water splitting can be shown (GGA and 
HSE03). The most suitable doping in total water splitting is KCaF3-xBrx 
since it consumes the most energy. To achieve solar pollution degrada
tion, e− reduction capability must be capable of producing superoxide 
acid ( − HO2) and superoxide anion radicals ( − O−

2 ), as shown in equa
tions (11) and (12). Photogenerated holes (h+) must be capable of 
oxidizing OH− to produce reactive hydroxyl radicals ( − OH) according 
to equation (13) [58]. 

O2 +H+ + e− − HO2 (11)  

O2 + e− − O−
2 (12)  

OH− + h+ − OH (13) 

Both –OH and − O−
2 are highly oxidised free radicals. The oxidation of 

a range of organic and inorganic carbon compounds produces water, 
carbon dioxide, and other non-toxic tiny organic molecules. As a result, 
Eg of a semiconductor photocatalyst affects the absorbed spectrum of 
sunlight. The larger the spectral range responsiveness to sunlight and the 
more efficiently it can utilize visible light, the narrower the bandgap. CB 
and VB should be placed in such a way that they reach redox capacity. As 

a result, the absorbed spectrum of sunlight is affected by the Eg of a 
semiconductor photocatalyst. Larger spectral range reactivity to sun
light and ability to use visible light more efficiently, narrower Eg. The 
positions of CB and VB should be chosen to attain the necessary redox 
capacity. 

The results support Eg calculations, indicating that pure and KCaF3- 

xBrx materials have the best photocatalytic characteristics. We may also 
deduce that doped materials could be used in solar cells based on the 
findings. 

4. Conclusion 

First-principles calculations within GGA-PBE and HSE03 functional 
were implemented to compute structural and optoelectronic properties 
of KCaF3-xBrx where x represents the concentration of Br. From the 
electronic band structure, it was inferred that except for 40% and 60% 
Br inclusion all other compositions possessed indirect bandgap having 
VBM and CBM at the different symmetry points of the irreducible Bril
louin zone. With increasing concentration of Br, bandgap first decreases 
up to 3.705 eV then at x = 2.4, it starts to increase having a value of 
4.012 eV showing that it changes nonlinearly with Br substitution 
amount. The bandgap of c-KCaF3 can be tuned with different concen
trations. A decrease in bandgap because of the shifting of peaks in the 
conduction band slightly toward lower energies by increasing the con
centration of bromine shows that KCaF3 is more ionic than KCaBr3. 
Electronic properties of KCaF3-xBrx, are mostly influenced by F-2p states 
in the valence band and Ca-3d states in the conduction band. Tolerance 
factor, octahedral factor, and Born criteria lead to the stable cubic 
structure for both end materials i.e., KCaF3 and KCaBr3. From the results 
of optical response, it is deduced that Br induced KCaF3 has a trend 
toward high refractive index as well as reflectivity, which make the 
reported material a useful candidate for solar heating to be used in 
thermoelectric applications. A clear redshift was also observed in case of 
an increase in the concentration of Br. The study reveals that the pre
sented material after inclusion of Br shows good photocatalytic response 
rather than pristine material. In conclusion, studying Br induced KCaF3 
allows researchers to acquire not only good optoelectronic properties 
but also a suitable bandgap value, which gives a theoretical foundation 
for future experimentation. 
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