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1. INTRODUCTION

The transition to renewable energy solutions has become a strategic priority worldwide due to
growing environmental and economic challenges. Renewable energies, such as photovoltaics
(PV), wind power and batteries, offer promising opportunities to meet ever-increasing energy
demand, while minimizing environmental impacts [1, 2, 3, 4]. These technologies help reduce
dependence on fossil fuels and promote sustainable development thanks to their economic,
social, and ecological benefits. The identification and development of renewable, sustainable
and economically competitive energy sources thus remain crucial to meeting the world’s energy
challenges. Among these solutions, solar energy stands out for its abundance, renewable nature
and low environmental impact. Its conversion into chemical energy through processes such as
artificial photosynthesis represents an innovative and indispensable approach to tackling the
current energy and climate crises [5, 6, 7]. Inspired by natural mechanisms, this technology
opens the way to revolutionary advances capable of transforming the world’s energy system over
the long term.

Indeed, these technological advances open up unprecedented prospects for transforming the
global energy landscape and responding effectively to the current energy and climate crises.
Among the materials emerging in this context, the ABX; family of cubic perovskites with
a crystalline structure, and in particular the ABF3 fluorinated perovskite, stand out for their
unique properties and exceptional potential for energy applications. These applications include
fuel cells [8], photovoltaic systems [9], coating materials [10, 11, 12], spintronic applications [13],
thermal [14], and renewable energy generation [15]. Several elements are used as A and B cations
to arrange the atomic structure of fluoroperovskite ABF; compounds, with fluorine acting as the
anion [16, 17]. Fluoroperovskite, a member of the large perovskite family, has drawn attention
due to its distinct physical properties, which include high electron mobility [18], dielectric
property [19, 20], magnetism [21], UV transparency, and piezoelectricity. Fluoroperovskite solids
have attracted much interest in the semiconductor and lens industries [22, 23]. The absence of
birefringence in the cubic perovskite materials makes them preferable candidates for lenses. The
huge energy band gap that these compounds display is a noteworthy feature. These materials can
be used to create glass materials that effectively transmit ultraviolet (UV) and vacuum ultraviolet
(VUV) wavelengths due to their narrow absorption edges [24]. In their ideal configuration, the B
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atoms occupy the centers of the octahedra formed by the X anions. These octahedra are organized
in a simple cubic structure, but this crystal lattice conceals remarkable chemical and physical
properties. For example, ABF3 fluoroperovskites (with A=K and B=Zn) adopt a cubic symmetry
belonging to the space group Pm3m (221), where the A and B cations occupy the vertices and
center of the unit cell respectively. At the same time, the F anions are positioned at the center of the
faces [25, 26, 27, 28, 29]. Cubic fluoroperovskites, are characterized by their mechanical stability,
elastic anisotropy, and electrical properties. These properties make these materials particularly
suitable for applications in photovoltaic devices [30, 31, 32]. In addition, F anions, due to their
high electronegativity, interact efficiently with A and B metal cations, giving fluoroperovskites
a unique combination of structural, electrical, and thermoelectric properties. Their mechanical
and thermal properties open up promising prospects in various industrial sectors, including the
automotive and electronic gadget industries [33, 34, 35, 36]. Moreover, Yb3+ doped glass ceramics
with KZnF; nanocrystals were fabricated successfully [37]. This structural flexibility, combined
with the possibility of stabilizing fluoroperovskites by integrating organic or inorganic transition
metals, makes them exciting materials for research and advanced technological applications [38,
39, 40, 41]. DFT offers a powerful framework for exploring in detail the fundamental properties
of KZnF;, such as electronic structure, band gap, interband transitions, and mechanical stability
[42, 43]. Doping, particularly with transition metals such as copper (Cu), is an effective strategy
for improving the properties of KZnF;, by modifying the electronic and optical structure. This
study analyzes the structural, electrical, and optical properties of the material KZnF; doped with
a precise 12.5% concentration of Cu (Copper) using simulations based on density functional
theory (DFT). This choice of concentration was carefully selected to optimize the interaction of
the dopants with the host structure while minimizing crystal defects that could affect the overall
stability of the material. DFT provides a rigorous theoretical framework for examining doping-
induced modifications to the fundamental properties of KZnF;, such as lattice parameters,
electron density, and band structure. In particular, the aim is to assess how each type of dopant
influences the band gap, essential for applications in optoelectronic devices. In addition, this
approach makes it possible to investigate changes in optical properties. This research, combining
advanced simulations and predictive analyses, will contribute to a broader understanding of
the fundamental mechanisms involved in doping KZnF;. They will also provide avenues for
designing innovative materials with tuned properties, meeting the specific needs of renewable
energy technologies and next-generation optoelectronic devices.

2. PACKAGE AND CALCULATION PROCESS

This study focuses on the structural, electronic and optical properties of cubic KZnF; perovskites,
both in the pure state and doped with 12.5% copper (Cu). The calculations have been carried out
using the full-potential linearized augmented plane wave (FP-LAPW) method, implemented in
the WIEN2k code, to solve the Kohn-Sham equation within the framework of density functional
theory (DFT) [44, 45, 46]., the generalized gradient correction (GGA) was employed for the
exchange and correlation approximations [47]. KZnF; perovskites adopt a cubic structure
characterized by the space group Pm3m, typical of perovskite-structured compounds. This
structure is confirmed by precisely measured crystal parameters ay = by = ¢, = 4.021 A [48], and
a==y=90", in perfect agreement with available experimental data (a, = by = ¢y = 4.055 A [49]),
Figure 1. To study the effect of doping, Cu atoms were introduced at a concentration of 12.5%,
replacing Zn atoms at the specific Wyckof positions, where the K atoms occupy the cube corner
positions at the 1-a Wyckoft coordinates of (0, 0, 0), the metal Zn site is located at Wyckoft site 1-b
(0.5, 0.5, 0.5) in positions centered on the crystal body, while the halogen atoms (F) occupy the
face-centered positions at Wyckoft site 3-c (0, 0.5, 0.5), these configurations enable us to examine
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in detail the changes induced by doping on the material’s electronic and optical properties.

The simulation parameters have been carefully chosen to ensure convergence of the calculations.
A cut-off value Rmt* Kmax = 7, where Kmax is the maximum magnitude of the K vector, and
Kmax represents the smallest atomic sphere radius of the unit cell. Convergence criteria were
defined to an accuracy of 10° Ry for energy and 10e for charge. With octahedral integration, a
1000 k-point mesh was used to sample the Brillouin zone intensively, ensuring high resolution of
the calculated properties. In addition, the location of the central state charge was set to a value of
-6 Ry, guaranteeing precise optimization of structures and electronic properties. Optimizing the
crystal lattice volume was a crucial step before examining the electrical and optical characteristics
to make sure the structure under study was in its condition of least energy stability. The Birch-
Murnaghan equation of state, which is incorporated into the Wien2k code, was used to perform
this optimization [36]:

1-5)
E=E0+B—‘,’(V—V0)—%[Kj —1 (1)
Bo Bo(J_Bo) Vo

Where B is the modulus of compressibility, B’ the pressure derivative, E is taken as the minimum
energy which is the ground state energy corresponding to the volume V, of the unit cell.

(@ (b)
Figure 1: a) The structure of the unit cell and, b) The structure of 2 x 2 x 2 Supercells of KZnF; .
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Figure 2: Variation of total energy versus volume curve of KZnF;.

Figure 2 shows the volume optimization curve of total energy against the volume of KZnF;-
doped with 12.5% of Cu.
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The optimized lattice parameters of pure KZnF; is ap = by = ¢y = 4.1314 A. The ground state
derived from the optimization curve, based on the lattice parameter, is used to calculate the
electronic and optical properties of the compounds self-consistently.

To model the effects of doping, a 2x2x2 supercell of pure KZnF; was constructed, in this model,
some Zn sites were replaced by doping with Cu at a concentration of 12.5%. This approach
enables accurate simulation of dopant-host interactions. Figure 1a illustrates the KZnF; unit cell,
and Figure 1b shows the 2x2x2 supercell. This structure enables us to explore in detail the impact
of doping on the crystal structure, electron density, and optical properties of the material. These
results will contribute to a better understanding of the fundamental mechanisms and optimize
the properties of perovskites for advanced applications in optoelectronic devices and energy
technologies.

3. RESULTS AND DISCUSSION

3.1. Electronic properties

Calculations based on DFT were carried out to analyze the electronic properties of pure and
doped KZnFs;. These calculations revealed the changes made to the electronic structure of KZnF;
as aresult of doping. Figure 3a and 3b show the energy band structures of the various compounds,
in the energy range from -6 to 8 eV. The bandgap of the compounds are plotted along the high-
symmetry path (W-L-I-X-W-K) in the Brillouin zone for a cubic structure, with the Fermi energy
level (EF) aligned at zero. For pure KZnF; Figure 3a, an indirect band gap is observed between the
L and I points. The bandgap width, calculated via the GGA approximation, is estimated at 3.91
eV. In doped KZnF; Figure 3b, produces subtle but significant changes in the band gap to 2.72
eV. The doped compounds exhibit similar electronic behavior, marked by electron transitions
from the valence band (VB) to the conduction band (CB). Doping also induces the formation of
new electronic energy levels within the band gap. These intermediate levels facilitate electronic
transitions between the VB and CB, thereby improving the overall electronic properties of the
material. More specifically, doped with Cu retain a direct band gap with electronic transitions in
the T point of the Brillouin zone.
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Figure 3: The band structure of : a) pure KZnF; ; and b) doped KZnF; with Cu.

The density of states (DOS) analysis plays a crucial role in understanding the electronic properties
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and chemical interactions of solid materials. In this study, the total (TDOS) and partial (PDOS)
density of states of KZnF; perovskites Figure 4a and 4b, in the pure state and doped with Cu, has
been examined to assess the impact of doping on their electronic properties. Calculations were
performed after fully relaxing the crystal structures using the GGA potential, over an energy range
from -6 eV to 7 eV, with the Fermi level fixed at 0 eV. For pure KZnF;, the electronic contribution
is mainly dominated by the hybridization of the K-4s and F-2p orbitals, reflecting a characteristic
band structure. In doped structures, significant changes appear in the DOS, particularly at the
bandgap level, with a measured reduction in band gap width to 2.72 eV. The Cu-3d doping also
leads to a shift in the Fermi level towards the VB, indicating p-type semiconductor behavior. This
phenomenon is attributed to an increase in hole carrier density, due to a greater concentration of
E-2p states in the VB. The doped compounds also exhibit distinct electronic transitions between
the VB and the CB, associated with significant hybridization between F-2p and Zn-3d electronic
states in the VB, and relatively weaker hybridization in the CB.
Adding Cu atoms introduces Cu-3d impurity states that predominate in the VB, while F-2p
states mainly influence the CB. This hybridization, combined with the modification of the band
structure, reduces the energy gap between the VB and the CB, thus promoting a decrease in the
band gap. In addition, the extra electronic states introduced by Cu near the CB create donor
energy levels, facilitating electron movement.
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Figure. 4: DOS of : a) pure; and b) doped KZnF;

This study demonstrates that Cu doping profoundly alters the electronic properties of KZnF;. The
decrease in the band gap, combined with the p-type behavior induced by the shift in the Fermi
level, highlights the potential of this material for applications in electronic and optoelectronic
devices requiring p-type conductivity. These results also open up prospects for tailoring the
properties of KZnFs; to the specific needs of applications ranging from semiconductors to metallic
conductors, depending on the dopant used.

3.2. Optical properties

The optical properties of pure and doped KZnF; have been studied to assess the impact of dopants
on its electronic structure. Various important optical parameters are presented in Figures 5 to 9.
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Mathematical equations used to extract the dielectric functions (real part, €1(w) , and imaginary
part, €2( w) , the absorption coefficient a(w), the optical conductivity o(w), the refractive index
n(w) and the reflectivity R(w). The dielectric function € (w) was computed [50, 51]:

elw)=¢,(w)+ic,(0) (2)
The dielectric function real part (£;(w)) is obtained through the Kramers-Kronig transformation
[52, 53]:

2 w'e,(0)
e(w)=1+=p|—*—do' 3
1( ) ﬂ_p‘[(a),g_a)g) ( )
The imaginary part (€2(w)) values are calculated using the following procedure [52, 54]:
4r’e’ . \?
£,(w)= (W)ZU(Z M|jY fi(1-f,)8(E, ~E,~w)d’k  (4)

The element of the dipole matrix is denoted M, the electron mass is m, the elementary charge is e,
and P represents the principal value of the integral in this context. The initial and final states are
denoted by the indices i and j respectively. The energy of the electron in state i, with wave vector
k, is denoted by E;, and the Fermi-Dirac distribution function associated with state i is denoted
by f.

The &;(w) and &;(w) components enable the determination of various optical properties, such as
the absorption coefficient a(w), the optical conductivity o(w), the refractive index n(w) and the
reflectivity R(w) using the following formula [55, 56, 57, 58]:

a(@)=NZ o[z, (0] +&,(0) - e/w)]% (5)
o(w)="5,(0) (6)
R(w)= % (7)
()= (e (@) £i(0) co(0)] (8)

Figure 5a shows the variation of &;(w) for pure and doped KZnFs;, in an energy range from 0
to 14 eV. This function describes the material’s response to an electric field, in particular its
ability to polarize and store electrical energy. The static dielectric constant ¢; (0), which reflects
polarization at low frequencies, shows a significant increase after doping. For pure KZnFs;, &, (0)
is 1.67, and when doped at a concentration of x = 12.5%, the values of ¢; (0) increases to 6.73.
This trend indicates that the introduction of dopants enhances the material’s polarizability. The
observed increase in ¢&; (0) can be attributed to the dopants’ ability to induce additional dipoles,
alter both ionic and electronic polarizability, and modify the local electronic structure, thereby
amplifying the dielectric response of the material [59]. Figure 5b shows the &,(w) for pure and
doped KZnFs, in an energy range from 0 to 14 eV. This parameter plays a key role in understanding
the electronic absorption processes of materials. The analysis of the optical spectrum reveals
several distinct peaks, resulting from inter-band transitions between the VB and CB. For pure
KZnFs;, the spectrum reaches a notable energy peak at 5.45 eV in the ultraviolet, corresponding
to electronic transitions involving K-4s, F-2p and Zn-3d orbitals in the VB, and F-2p orbitals
in the CB. An increase in &,(w) is observed with photon energy, peaking around 13 eV. After
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Cu doping, the peaks in the spectrum undergo an energy shift to lower values, accompanied by
changes in their intensity and position, including the appearance of peaks at 2 eV, associated with
transitions characteristic of Cu-doped KZnF;. Also, a maximum peak is observed at 0 eV, where
this one is 6.5 eV. When comparing Figure 5b with Figure 4a, this value is due to the shifting of
the Zn-3d state to 0 eV, where the system is being doped.

Pure KZnF3
——Doped KZnF3 6

Pure KZuF3
Doped KZnF,

=%
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- 2]
1 L N

real part ¢ (o)
w
|
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a) b)

Figure 5: Dielectric function of pure and doped KZnF: : (a) Real part; and (b) Imaginary part.

Figure 6 illustrates o(w) for pure and doped KZnF; over an energy range of 0 to 14 eV, which
represents the material’s ability to transport electrons in response to an applied electromagnetic
field [60]. Transparency in the 0-4.1 eV region is indicated by the absence of optical conductivity
in pure KZnF;, which can be attributed to the absence of light-absorbing electronic transitions.

4000
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Figure 6: Optical conductivity as a function of energy of pure and doped KZnF:.

Additionally, the optical conductivity of the pure KZnF; compound has a noteworthy value,
increasing gradually from 4.9 eV to a maximum of roughly 13.02 eV. The conductivity maximum,
as demonstrated by the previously mentioned peak, is 3614.18 Q'.cm™. The doped compound’s
maximum o(w) value is roughly 3930.88 Q'.cm™. The results show that doping changes the
compound’s electronic structure, which raises its reactivity at particular photon energy. Material
qualities are tailored for certain applications, such as optoelectronics, even if doping reduces
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maximum optical conductivity.

Figure 7 illustrates the absorption coeflicient a(w) of pure and Cu-doped KZnF3 in the energy
range from 0 to 14 eV. Pure KZnF3 shows no optical absorption in the 0 to 4.5 eV range, but begins
to absorb the light between 4.5 and 13.5 eV, with increasing intensity as a function of photon
energy, and when doped with Cu, absorption peaks appear at 4.2 eV. This doping considerably
enhances absorption properties in the visible, with coefficients reaching values as high as 10*
cm-', and broadens absorption capacity, 12.5% Cu doping further optimizes these properties,
demonstrating the material’s potential for applications in photovoltaic cells and optoelectronic
devices. The results indicate that the doping introduces additional electronic states favoring
interband transitions, making the material capable of absorbing a greater proportion of the solar
spectrum. This significant enhancement of absorption capabilities in the visible and ultraviolet
range also suggests promising applications for photochemical reactions activated by visible light,
reinforcing the interest of Cu-doped KZnF3 as a versatile material for advanced energy and
optical technologies.
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Figure 7: Absorption coefficient as a function of energy of pure and doped KZnF:.

Figure 8 shows the evolution of the refractive index n(w) of pure and Cu-doped Figure 8 shows
the evolution of the refractive index n(w) of pure and Cu-doped KZnF; over a given energy range.
The results reveal that the static refractive index n(0) of KZnFs;, initially is of 1.25 in the pure
state, increases significantly to reach a value of 2.78 after Cu doping. This reflects an enhanced
interaction with light, indicating a notable improvement in the material’s optical properties.
Pure KZnF; exhibits its maximum refractive index at 5.9 eV, while Cu doping shifts these peaks
towards 0.4 eV. By modifying the interaction between electronic bands, Cu doping transforms
the optical properties of KZnF;, this enhancement gives doped KZnF; greater potential for
advanced optoelectronic applications. over a given energy range. The results reveal that the static
refractive index n(0) of Figure 8 shows the evolution of the refractive index n(w) of pure and Cu-
doped KZnF; over a given energy range. The results reveal that the static refractive index n(0) of
KZnFs;, initially is of 1.25 in the pure state, increases significantly to reach a value of 2.78 after Cu
doping. This reflects an enhanced interaction with light, indicating a notable improvement in the
material’s optical properties. Pure KZnF; exhibits its maximum refractive index at 5.9 eV, while
Cu doping shifts these peaks towards 0.4 eV. By moditying the interaction between electronic
bands, Cu doping transforms the optical properties of KZnF;, this enhancement gives doped
KZnF; greater potential for advanced optoelectronic applications., initially is of 1.25 in the pure
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state, increases significantly to reach a value of 2.78 after Cu doping. This reflects an enhanced
interaction with light, indicating a notable improvement in the material’s optical properties.
Pure KZnF; exhibits its maximum refractive index at 5.9 eV, while Cu doping shifts these peaks
towards 0.4 eV. By modifying the interaction between electronic bands, Cu doping transforms the
optical properties of KZnFs;, this enhancement gives doped KZnF; greater potential for advanced
optoelectronic applications.

3,0
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—— Doped KZnF3
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Figure 8: Refractive index as a function of energy of pure and doped KZnFs.

The reflectivity R(w), which describes the ability of a surface to reflect incident electromagnetic
radiation, is analyzed from the results presented in Figure 9.
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Figure 9: Reflectivity as a function of energy of pure and doped KZnF;.

From the range of 0 to 4 eV, the reflectivity is lower, where this conduct is explained when
comparing Figure 9 and the TDOS at the same range in Figure 4a, where no PDOS is observed.
The results show that the reflectivity spectrum reaches its maximum values when the real &1 (w),
shown in Figure 5a, becomes negative. This reflects a key property of metallic or semi-metallic
materials, where negative values of €1 (w) mean total reflection of incident electromagnetic
waves. This characteristic is essential for applications in optical devices such as selective mirrors
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or optical filters. In addition, Cu doping modifies the position and intensity of reflectivity peaks,
indicating a reorganization of KZnFs’s electronic structure that optimizes its interactions with
electromagnetic radiation. These adjustments enhance the material’s potential for applications
in advanced optical technologies, including the manufacture of anti-reflective coatings, high-
performance mirrors and photovoltaic devices. Further analysis could also explore the effect of
different levels of doping to refine optical properties and tailor the material to specific uses in a
variety of fields.

4. CONCLUSION

This study combining analysis of the electronic, structural and optical properties of cubic
perovskite KZnF;, both in the pure and Cu-doped states, has demonstrated the notable impacts of
doping on the fundamental characteristics of the material using the DFT, to address the electron—
ion interaction. Density of states (DOS) analysis revealed that, in the pure state, electronic
contributions are dominated by hybridized F-2p and K-4s orbitals. After Cu doping, Cu-3d
impurity states emerged near the Fermi level, causing it to shift towards the VB, reflecting p-type
semiconductor behavior. These modifications resulted in a 2.72 eV band gap decrease, facilitating
a smooth electronic transition between the VB and CB. This hybridization between the F-2p,
3d-Zn and Cu-3d states, particularly pronounced in VB, also contributes to improved electronic
and optical properties. In terms of optical properties, analysis of the dielectric functions (&:(w)
and &,(w)) revealed significant changes in the electronic response following doping. The real
part, &;(w), showed improved electronic polarization, while the imaginary part, €,(w), revealed
increased absorption in the visible spectrum. The absorption coefficient a(w) confirmed a
better interaction with photons, essential for photovoltaic applications. In addition, the optical
conductivity o(w) showed an increase in electron mobility, reinforcing the material’s compatibility
for optoelectronic devices. Refractive indices n(w) and reflectivity R(w) also showed optimized
responses after doping, indicating increased potential for lightwave management in advanced
technological applications. In summary, the simultaneous enhancement of the electronic and
optical (e(w), a(w), o(w), n(w), R(w)) properties of Cu-doped KZnF; demonstrates its potential
for applications in photovoltaic devices, optical sensors and optoelectronic systems. These results
illustrate the power of doping-based materials engineering to tailor perovskites to current and
future technological needs.
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