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ABSTRACT: The need for new and better semiconductor materials for use in renewable energy devices motivates us to study
KRuF; and KOsF; fluoride materials. In the present work, we computationally studied these materials and elaborate their varied
properties comprehensively with the assistance of density functional theory-based techniques. To find the structural stability of these
under-consideration materials, we employed the Birch—Murnaghan fit, while their electronic characteristics were determined with
the usage of modified potential of Becke—Johnson. During the study, it became evident from the band-structure results of the KRuF;
and KOsF; materials that both present an indirect semiconductor nature having the band gap values of 2.1 and 1.7 eV, respectively.
For both the studied materials, the three essential elastic constants were determined first, which were further used to evaluate all the
mechanical parameters of the studied materials. From the calculated values of Pugh’s ratio and Poisson’s ratio for the KRuF; and
KOsF; materials, both were verified to procure the nature of ductility. During the study, we concluded from the results of absorption
coefficient and optical conduction in the UV energy range that both the studied materials proved their ability for utilization in the
numerous future optoelectronic devices.

B INTRODUCTION extraordinary properties displayed by these ABX; materials,
they are preferred for their enforcement in devices like:
photovoltaic cells, photovoltaic electrodes, LED’s, energy
storage devices, temperatures detectors, numerous gases
sensor, wireless communications systems, for negligible
resistance conducting devices, lasers, and various other sort
of applications.' ™"

In the ABX; formula having a cubic perovskite structure,
when fluorine is placed at position X, then it is known as a

The world is advancing in each aspect of life, but nowadays
challenging situations are developed due to the fear of falling
the shortage of nonrenewable resources in future. This fear
motivated researchers to find some other ways that can
facilitate humans in the same or even in much better way. This
craze eventually brought the researchers to new turn/stage,
and some other materials have been developed that work on
renewable energy rather than the nonrenewable energy.
Among those developed materials, ABX; materials have

much attracted the research community toward itself due to Received: May 30, 2023
their special properties. During the past few decades, Accepted:  August 25, 2023
researchers reported numerous such kinds of ABX; materials Published: September 4, 2023

having a similar structure to that of calcium titanate, and those
materials have been employed in uncountable modern practical
applications by the engineers. On the basis of their
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Figure 1. Unit cell structure of KXF; (X = Ru and Os). .
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Figure 2. Optimized energy and volume curve of the KXF; (X = Ru and Os) materials. .

fluoride perovskite material. These fluoride perovskite
materials took a great interest in the modern industries
especially semiconductor industries due to their specific
properties because of having large band gaps. These materials
have been implemented in various applications like: high
temperature superconductors, gigabit memory, photovoltaic,
piezo-electric devices, colossal magneto-resistance appliances,
photo luminescence, etc..'””"” Due to their need for such
types of appliances, huge amounts of fluoride materials have
been searched and reported by the researcher’s community
both experimentally and computationally. In 2019, a researcher
reported a group of fluoride AVF; (A = K, Rb, and Na)
materials and on the basis of the optical and thermal properties
possessed by these fluoride materials, the author argued for
their usage in optoelectronic and thermoelectric devices.'®
Recently, another group investigated MTiF; materials and
studied their properties deeply. The authors found that these
materials are stable in the cubic structure and have a ductile
nature. During the study of these materials, it was found that
these materials have dual nature of conducting and non-
conducting in their spin up and spin down, respectively.'’
Similarly, Chenine et al. studied theoretically the behavior of
NaXF; (X = V, Co) compounds and reported that these
materials have perovskite structures. They reported that these
materials are mechanically stable and possess good thermal and
magnetic properties.20

Looking into the potential applications of Halide perovskites
in modern technology, we have been prompted to conduct a
full-fledged study and explore the electronic, structural, elastic,
and optical properties of KXF; (X = Ru and Os) which are still
under cover. Since Ru and Os both have smaller ionic radii
than the K (which is placed at A-site) and can be adjusted at B-
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site in the compound. To accomplish the study, Tran and
Blaha modified Becke-gradient potential has been used, as
these are generally efficient in calculating most properties
under the framework of density functional theory (DFT). This
theoretical work will gather information regarding these crucial
compounds and in future this study can be used as a reference
for experimentalists and theoreticians.

B RESULTS AND DISCUSSION

Structural Properties. The structures of both studied
KRuF; and KOsF; having cubic phases are shown in Figure 1.
The studied materials have similar structure to that of ABXj;
with K at the A site, Ru/OS at the B site, and fluorine at the X
site having a space group of pm-3m (221). As it is clear from
the Figure 1, that K have coordinates of (0, 0, 0), Ru/Os reside
in the center of cube having the coordinates of (0.5, 0.5, 0.5),
and last fluorine is placed on each face of the cube with the
coordinates of (0, 0.5, 0.5). Meanwhile, all the other
information about their structures were collected from their
respective volume and energy curves, as shown in Figure 2.
The lattice constants measured for the KRuF; and KOsF;
materials were found to have slight differences with each other
with values of 4.24 and 4.26 A, respectively. As a result, the
KOsF; also had a higher value of volume at the ground state, as
shown in Table 1. From Figure 2, it is clear that the KRuF;
material procures the minimal value of energy at ground state
(—10867.4 Ry) than the KOsF; and hence strengthens its
capability to be more stable in cubic structure than the KOsF,
material. However, the bulk modulus was recorded as 85.3 for
the KOsF; compound, which is greater than that of the KRuF,
compound (82.4). Moreover, in order to further ensure the
stability of KRuF; and KOsF; compounds in the cubic
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Table 1. Computed Structural Parameters of KXF; (X = Ru
and Os)

structural parameters KRuF; KOsF;
equilibrium lattice constant (a,) 4.24 4.26
bulk modulus (B,) 824 85.3
ground state volume (V) 516.5 523.4
bulk modulus first derivative B’ S S
energy at ground state (E,) —10867.4 —36367.4
tolerance factor 0.96 0.95
octahedral factor 0.54 0.52
formation Energy (eV) -3.6 -2.5

structure, the Gold-Schmidt tolerance factors (7) were also
calculated and are listed in Table 1. Both materials showed the
Gold-schmidt tolerance factor () values in the range (i.e., 0.8
to 1), as demanded for stability of the cubic perovskite
structures.”’ Since both KRuF,; and KOsF, materials have
cubic perovskite structures, it is essential that their octahedral
factor (y) values must be greater than 0.44 and less than 0.90.
As shown in the Table 1, both the studied materials fulfill the
condition of octahedral factor.”' In order to determine the
possibility of synthesizing these materials, their formation
energies were computed using the formula

Epg = Exxps — (Ex + Ex + 3Eg)

The calculated values are presented in Table 1. The negative
values of the formation energies show that these materials can
be synthesized.”

Phonon Spectra. For the fabrication of a real device,
material stability is very important. To see the potential
applications of KRuF; and KOsF;, we have carried out the
phonon dispersion to check their stability. KRuF; and RuOsF;
perovskite compounds are structurally stable, as can be
observed in Figure 3. We have looked into the dynamic
stability of KRuF; and RuOsF; perovskite compounds at
equilibrium lattice constant using Phonopy code.”’ The
dynamic stability of the perovskite materials KRuF; and
RuOsF; is revealed by the phonon spectrum at the equilibrium
lattice constant. The computed phonon band structure shows
that KRuF3 and RuOsF; perovskite compounds are kinetically
stable. Our results are an analogy to RbXF; (X = Ir, Os, and
Rh) and other previous studies.” ">’

Electronic Properties. The electronic properties, of the
compounds facilitate researchers to know about their nature
and also provide enough information to forecast about the
properties, which a material will display. In the present
approach, TB-mBJ approximation was employed to analyze the
band-structures, total density of states (TDOS), and partial

density of states (PDOS) of the studied compounds, while
their results are illustrated in Figure 4a,b It is evident from the
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Figure 4. Electronic band structures with the predicted TDOS and
PDOS for (a) KRuF; and (b) KOsF; compounds. .

band-structures results of the KRuF; and KOsF; materials that
both present indirect band gaps having the values of 2.1 and
1.7 eV, respectively. Owing to a large band gap between the
valence and conduction bands of the KRuF; material, the
electrons in the KRuF; material valence band will require more
energy for its thermal excitation to become conduction
electrons than the KOsF; material valence electrons. Since
none of the bands (i.e., conduction and valence) overlaps the
zero value which is the Fermi level, this conduction of these
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Figure 3. Calculated phonon dispersion curves of (a) KRuF; and (b) KOsF;. .
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Table 2. Computed Elastic Parameters of KXF; (X = Ru and Os)

compounds C,, (GPa) C,, (GPa) C,, (GPa) B (GPa) A G (GPa) E (GPa) \’ B/G
KRuF; 155.2 43.6 6.5 80.33 0.1 8.3 24.1 0.66 9.68
KOsF; 137.5 65.7 14.6 89.4 0.4 1.9 5.7 0.73 46.53

a e KRUF L b m KRUF,
4 (a) ——KOsF, 54 (b) ——KOsF,

T T T T =T
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Figure 5. Dielectric function of (a) real part and (b) imaginary part of the KXF; (X = Ru and Os). .

two materials manifest them of having semiconducting nature, and B/G ratio were calculated for both KRuF; and KOsF;
as shown in Figure 4a,b. materials for the declaration of their ductility and brittleness
Moreover, the TDOS (contribution of PDOS of its all behavior. For ductile material, it is necessary that the values of
components) and PDOS (subshell contribution of each atom) V & B/G ratio must be higher than 0.33 and 1.75,
were also determined for both the materials, as presented in respectively.'” From the calculated values of B/G ratio and V
Figure 4a,b. It is clear from the results of the TDOS and PDOS for the KRuF; and KOsF; materials given in Table 2, both

for both the materials that none of the curve exceeds the zero were verified to procure the nature of ductility.
level (Fermi level) and hence both materials have semi- Optical Properties. Dielectric Function. The dielectric
conducting nature as predicted from the results of band- function (which comprised two parts, i.e., real and imaginary)
structures of both the materials. It is also evident from Figure of both the studied KRuF; and KOsF; materials are illustrated
4a,b that the PDOS of fluorine (especially PDOS of the p- in Figure S. It is imperative to elaborate the dielectric function
state) atom has greater contribution in the TDOS of both while studying the optical properties of any material because it
materials in their valence bands. Furthermore, from the TDOS determines how the incident photons interact with the material
and PDOS patterns, it also became clarified that the separation when they fall on them. The information about the degree of
between the valence and conduction bands curves of the polarization and how the electromagnetic waves are dispersed
KRuF; and KOsF; materials is exactly the same (i.e., 2.1 €V for when they enter the material is demonstrated by the real part
KRuF; while 1.7 eV for KOsF;) as calculated from the band- of the dielectric function. The static values of (@) for both
structures of these two materials. the KRuF; and KOsF; materials as shown in Figure S, were
Elastic Properties. The mechanical properties of any noted as 1.9 and 2.2, respectively. However, with the initial
material show its capability to withstand the external applied increment in the energy both the £,(w) curves of the KRuF,
load. So, it is obligatory to determine the mechanical conduct and KOsF; materials showed improvement in their values and
of any material before its enforcement in any practical device. acquired their maximum value of 4 and 4.3 at energy values of
For the above said purpose, we determine the mechanical 7 and 9, respectively. However, after achieving their maximum
properties of KRuF; and KOsF; materials and their respective values, both the materials showed a sudden degradation in
values of each mechanical property are given in Table 2. From their &,(w) values with a minor increase in the energy.
the Table 2, it is clear that all the essential requirements, (1) Afterward, the curves of the &(w) for both the materials
Cyy —C;,>0,(2)2C, + Cy; >0,and (3) C,; and Cyy > O, of showed a random manner of variation in their values in the
mechanical stability have been fulfilled by the calculated elastic range of 0.5—2.5 until the energy reaches to 22.5 eV. At energy
constants for both the materials.”® From the mechanical results values of 24 and 23.8 eV, both the KRuF; and KOsF; materials
of the presently studied materials, it is clear that the KOsF; achieved negative values of €,(®), respectively. It means that,
material has a greater bulk modulus (B) value of 89.4 N/m” at these values of energy (i.e, 24 and 23.8 €V) both materials
than the KRuF; so it became evident that for the same showed a metallic nature and will reflect all the incident
compressive force, the KRuF; material will show less resistance photons fall upon them.”® The imaginary parts of KRuF; and
to the uniform compression. Nevertheless, the values of the E KOsF; materials are also presented in Figure 5. From the
and G were found greater for the KRuF; material than the figure, it is clear that above the 5 eV both the KRuF; and
KOsF; material. These values of E and G for the KRuF; KOsF; materials acquire the effective enhancement in their &,
material ensure its immense elasticity ability and higher (@) values and obtained their last highest peaks in the energy
capacity of resistance to the shearing deformation, respectively, range of 22—24 eV. The first peak of ¢, () spectra is closely
than the KOsF; material. Moreover, both materials were related to the optical band gap which is the threshold for
observed to have anisotropic nature because their calculated optical transition between valence band maximum and
values of anisotropic factor (A) were not equal to 1(i.e., which conduction band minimum. The optical band gap is related
is need for isotropic materials).”” Finally, Poisson’s ratio (V) with the electronic band gap.”” This part of the dielectric
33625 https://doi.org/10.1021/acsomega.3c03810
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Figure 6. Optical parameters: (a) refractive index, (b) absorption coefficient, (c) optical conductivity, and (d) reflectivity of the KXF; (X = Ru and

Os). .

function enables the material engineers for selecting any
material for practical application because the absorption ability
of any material can be premeditated from &, ().”

Refractive Index. The refractive index curves in the energy
range of 0—40 eV were plotted for KRuF; and KOsF; materials
and are shown in Figure 6. The static values of refractive index
were noted as 1.4 and 1.48 for KRuF; and KOsF; materials,
respectively. It is clear from the noted static values of &,(w)
and refractive index for the KRuF; and KOsF; compounds that
they have satisfied the condition of &,(0) = n*(0)."* Moreover,
their curves {i.e., refractive index and &,(w)} showed similar
manner of fluctuation with the energy, as shown in Figures Sa
and 6a. In the energy range of 20—24 eV the KRuF; material
showed a higher value of refractive index than the KOsF;
material, which means that the incident photons experience
more retardation in the KRuF; material than the KOsF;
material in this range of energy.

Absorption Coefficient. For the presently studied materials,
their curves of absorption coeflicients in the energy range of
0—40 eV are displayed in Figure 6b. From the figure, it is
obvious that both the materials did not gave response of
absorption to low energy photons, but as the energy was
slightly raised from 6 eV, the KOsF; material showed first its
absorbing response. Meanwhile, the KRuF; material showed its
capability of absorption to the incident photons having higher
energy than 7 eV in the UV range. For the later enhancement
in the photon’s energy than their first response of absorbing
photons, both the materials showed variation in their
absorption values. Both KRuF; and KOsF; materials were
detected to have higher (i.e., 420 and 360) values of absorption
for the incident photons having the UV energies of 23.8 eV—
24.2 eV. Moreover, KRuF; compounds showed its greater
response of absorption than the KOsF; compound. However,
for the further increment in the photon energy, both materials
showed a continuous decline in their curves of absorption.

33626

Optical Conductivity. The optical conductivity of any
material is totally dependent on its absorbing quality of
photons. The optical conductivities of KRuF; and KOsF;
materials were also determined and illustrated in Figure 6c.
From Figure 6b,c, it is clear that both the curves of the optical
conductivity and absorption coefficient have the same manner
of raising and falling with the photon’s energy variation. From
Figure 6c, it is clear that the KOsF; material showed first
improvement in its optical conductivity to the incident
photons compared to the KRuF; material, and this fact was
due to having a smaller band gap of KOsF; material than the
KRuF; material. However, for the energy range of 10—22 eV
both materials presented small and almost similar trend of
variation in their optical conductivities curves. The highest
values (16 600 unit and 12 400) of optical conductivity were
seen for the KRuF; and KOsF; material to photons having
energies of 24 and 23.8 eV in the UV range, respectively. The
KRuF; material showed greater ability of photo conductivity
than the KOsF; material in the UV range. Finally, from the
results of the absorption coeflicient and optical conduction in
the UV energy range. Moreover, these optical properties can be
tuned by the direction of electric field vector, which is also
useful for designing optoelectronic materials.”'

Reflectivity. The surface behaviors of both the KRuF; and
KOsF; materials with the incident electromagnetic waves
having a range of energies from 0 to 40 eV were also calculated
and are illustrated in Figure 6d. The static values of reflectivity
were observed to be 0.3 and 0.4 for the KRuF; and KOsF;
compounds, respectively. It was observed that for the initial
values of photon energy in the range of 0—22 eV both
materials showed smaller reflection values, which indicates the
transmitting behaviors of these materials surfaces to incident
photons having an energy range of 0.22 eV. However, the
curves of reflectivity for both the presently studied KRuF; and
KOsF; materials enlarged enormously and achieved their
highest values of reflectivity for the photons having energies
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greater than 23.5 eV. Since the cause of reflectivity is mainly
due to the available free electrons in the material, the reason
for this sudden enhance in the reflectivity at this range of
energies might be because of the increase in the optical
conductivities of both the KRuF; and KOsF; materials at this
stage of energies.

B CONCLUSIONS

The lattice constants measured for the KRuF; and KOsF;
materials were found to have slight differences with each other
with values of 4.24 and 4.26 A, respectively. Moreover, the
KRuF; material procures the minimal value of energy at the
ground state compared to the KOsF; material and hence
strengthens its capability to be more stable in the cubic
structure than the KOsF; material. Both materials showed the
Gold-schmidt tolerance factor (7) values and their octahedral
factor () values in the range, which are desirable for stability
of the cubic perovskite structures. Furthermore, the TDOS and
PDOS patterns of the KRuF; and KOsF; materials clarified the
calculated results of the band-structures of these two materials.
It was found from the mechanical results of the materials that
all the essential requirements, (1) C;; — Cj, > 0, (2) 2C;, +
Cy; > 0, and (3) Cy; and C,, > 0, of mechanical stability have
been fulfilled by the calculated elastic constants for both the
materials. Moreover, from the calculated values of the
anisotropic factor (A) both materials were observed to have
an anisotropic nature. From the optical results, it became clear
that KRuF; compounds showed its greater response of
absorption coefficient and optical conductivity in the UV
range than the KOsF; compound.

Computational Model. For the comprehensive computa-
tional investigation of KXF; (where X stand for: Ru and Os)
materials, we took the advantage of utilizing full potential
linearized augmented plane wave method, which is based on
the DFT being enforced in the WEIN2K and the electronic
structures of the materials were evaluated.”””” Structural
parameters of the material’s under-consideration were
determined via generalized gradient approximation and their
band gaps were evaluated while pursuing the Tran and Blaha
modified Becke-gradient potential.**>> Throughout the
computational technique, the values adopted were as follows:
S was given as the RMT (Muffin Tin Radii) value, —6 Ry was
taken as cutoff energy value, k-points were given as 2000 (k-
point mesh of 12 X 12 X 12), and 12 (a. u)™" was selected as
G,,.x value for both the materials in the recent work. For the
mechanical properties of these two materials with the cubic
symmetry; IRelast package as suggested by M. Jamal integrated
in WIEN2K was adopted. With the help of this package, we
became enabled to get the three essential elastic constants for
both the materials, which were further used to evaluate all the
mechanical parameters of the studied materials. Finally, all the
optical parameters needed for their use in optoelectronics and
other optical devices were also evaluated in this study.
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