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Using the FP-LAPW method with the exchange and correlation potentials of the GGA and mBJ-GGA approximations, we have studied the
structural, electronic, thermoelectric, and optical properties of the double perovskite halide compound K2AgInCl6. Our results indicate that
this compound is stable in the nonmagnetic phase and exhibits structural stability according to the normative values of the Goldsmith factor (t)
and octahedral factor (µ). It is thermodynamically stable, as evidenced by a negative formation energy. K2AgInCl6 acts as a semiconductor,
displaying a direct band gap of 1.162 eV in GGA and 2.944 eV in mBJ-GGA. Thermoelectric analysis reveals excellent properties, with ZT
values close to unity. However, the GGA approximation performs well at medium and high temperatures (300-800 K), while mBJ-GGA is
more efficient at lower temperatures (50-100 K), with ZTs ranging from 0.73 to 0.7 for the latter approximation. In addition, K2AgInCl6
shows transparency in the infrared and visible spectrums, as well as strong absorption and reflectivity in the UV spectrum, making it suitable
for various applications, including in broadband solar cells to improve efficiency through extended absorption. In optoelectronics, it can
serve as a UV light emitter in high-power LEDs and potentially as a UV filter to protect materials and people from harmful radiation.
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1. Introduction

Halide perovskites, a group of inorganic materials with the
formula ABX3, have seen rapid growth in materials sci-
ence in recent years [1-3]. Their distinctive crystal structure,
featuring an octahedral arrangement of BX6 cations around
A anions, gives them exceptional physical and chemical
properties, making them promising for various applications.
Among halide perovskites, double perovskites (DP) hold a
special position. These materials, with the formula A2B2X6,
stand out for their two-dimensional structure, where layers of
[BX6]n− perovskites alternate with layers of A2+ cations.
This unique design leads to novel electronic, optical, and
magnetic properties, offering new possibilities in different re-
search fields.

The appeal of double perovskites lies in their potential
use in solar cells, optoelectronic devices, catalysts, and mag-
netic materials [4-6]. Their broad bandgap, chemical sta-
bility, and dopability make them excellent candidates for
high-efficiency solar cell production. Their controlled light
emission capabilities make them promising for light-emitting
diodes and lasers. Their catalytic activity in diverse chemi-
cal reactions creates opportunities for energy conversion and
organic compound synthesis. Their distinct magnetic prop-
erties make them attractive for developing multifunctional
magnetic materials.

Recent progress in synthesizing and characterizing dou-
ble perovskites has addressed stability and large-scale pro-

duction challenges. Ongoing research is exploring new com-
positions and doping techniques to enhance their properties
for specific applications. In this investigation, the struc-
tural, electronic, thermoelectric, and optical characteristics
of double perovskite K2AgInCl6 were examined. This the-
oretical analysis relies on a full potential linearized aug-
mented plane wave (FP-LAPW) method within the wien2k
code, using density functional theory (DFT). The exchange-
correlation potential is handled through two approximations:
the generalized gradient approximation (GGA) and modified
Becke-Johnson approximation (mBJ). The article is struc-
tured as follows: Section 2 outlines the computational ap-
proach, Sec. 3 presents the findings, and Sec. 4 offers the
conclusions.

2. Computational details

The analysis in this study on K2AgInCl6 double halide per-
ovskite was conducted using the Full Potential Linearized
Augmented Plane Wave (FP-LAPW) via density functional
theory (DFT) [7] within the Wien2k package [8]. The
exchange-correlation potential was treated using the gen-
eralized gradient approximation (GGA-PBE) [9]. Addition-
ally, the generalized gradient approximation with the Becke-
Johnson modification modified by Tran-Blaha was used (TB-
mBJ - GGA) to correctly appreciate the value of the gap [10-
14].
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FIGURE 1. Crystal structure of cubic double perovskite
K2AgInCl6.

This halide perovskite crystallizes in the cubic structure
space group (Fm-3m, n◦225) as shown in Fig. 1. In the FP-
LAPW method, the space is divided into two regions: non-
overlapping spheres surrounding the atomic sites of RMT

rays (Muffin-Tin) (Region I) and an interstitial region (Re-
gion II). In the calculations reported here, the radii of the
muffin-tin (RMT ) spheres were chosen as 2.50, 2.50, 2.32,
and 2.00 a.u. for K, Ag, In, and Cl, respectively. In Re-
gion I, the basic functions, electronic densities, and poten-
tials are expanded using a combination of spherical harmon-
ics up tolmax = 10 to ensure convergence of the eigenvalues.
The extended charge density in Fourier space is taken up to
Gmax = 14. In Region II, the functions are treated as ex-
tended plane waves and expanded in a Fourier series with a
cut-off parameterRMT ×Kmax = 8. This balance provides
a trade-off between calculation accuracy and computational
efficiency.

TheRMT ×Kmax parameter defines the size of the basis
in the interstitial region, whereRMT is the smallest muffin-
tin radius given in atomic units (a.u) andKmax represents
the magnitude of the largest wave vector employed for devel-
oping the eigenfunctions in plane waves (wave vector cutoff
for plane waves). The self-consistent calculation is consid-
ered converged when the total energy remains stable within
10−5 Ry. In addition, we conducted a self-consistent calcu-
lation using a14 × 14 × 14-point mesh for structural and
electronic properties calculations. Moreover, we employed a
dense K-mesh of30 × 30 × 30 for optical properties calcu-
lations. Thermoelectric properties are calculated with a high
density of 150000 k points utilizing the BoltzTraP code [15-
17] in the Wien2k package. A relaxation time of0.8× 10−14

s is employed, following the guidance in the BoltzTraP user
manual.

3. Results and discussions

3.1. Structural properties and stability

This section analyzes the materials in terms of structural
and stability characteristics, which is essential to collect data
on the molecular structure of the double halide perovskite
K2AgInCl6, according to the principles of quantum mechan-
ics. This allows predicting other properties, such as elec-
tronic, optical, and thermoelectric properties. Using the GGA
approximation and the energy adjustment according to the
cell volume, the results show that the paramagnetic (PM)
phase has the lowest energy compared to the ferromagnetic
(FM) phase. The total energy difference (∆E) is calculated
as follows:

∆E = Estable phase− Enearest phase. (1)

So, the energy difference (∆E) between the paramag-
netic (PM) and ferromagnetic (FM) phase is calculated as
follows: ∆E = EPM − EFM . The obtained value is
∆E = −1.134× 10−2 eV, for the K2AgInCl6 material. The
analysis examined the relationship between total energy and
unit cell volume to obtain an appropriate fit using the Mur-
naghan equation of state [18]:

E(V ) = E0 +
B

B′ (B
′ − 1)

[
V

(
V0

V

)B′

− V0

]

+
B

B′ (V − V0), (2)

whereE(V ) stands for the energy of the ground state when
combined with cell volumeV . Volume in the ground state is
V0. The overall energy balance isE0. The bulk modulus and
the derivative of pressure are denoted asB, B′, respectively.

Figure 2 shows how the total energy fluctuates for the
strained K2AgInCl6 material as a function of the unit cell
volume. By fitting the curves to the Murnaghan equation of

FIGURE 2. Total energy as a function of volume per formula unit
for both ferromagnetic (FM), and non-magnetic (PM) states for the
double perovskite K2AgInCl6.
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TABLE I. Calculated equilibrium lattice parametera0 (Å), equilibrium energyE0 (Ry), bulk modulusB (GPa), and its first derivative (B′)
for halide double perovskite K2AgInCl6 using GGA approximation for both states: ferromagnetic (FM) and paramagnetic (PM).

Vo (Ry) B (GPa) BP Eo (Ry) ao (Å)

FM 1999.3767 29.2161 4.8729 -30348.610054 10.5822

PM 2006.4150 29.4696 4.9107 -30348.610888 10.5952

state, the energy-volume curve of this compound in the para-
magnetic arrangement exhibits a minimum energy clearly
lower than that of the ferromagnetic phase, which indicates
unequivocally that the halide double perovskite K2AgInCl6
is stable in the paramagnetic (or nonmagnetic) phase. On the
other hand, the equilibrium lattice parameters, the bulk mod-
ulus, and its first pressure derivative of this material in this
stability phase have been determined (see Table I). To ensure
the stability of the double perovskite K2AgInCl6, it is essen-
tial to determine the Goldschmidt factor, given by the formula
[19]:

t =
2(rK + rCl)√

2
(

rAg+rIn

2 + rCl

) , (3)

whererK , rCl, rAg, andrIn are ionic radii in 6-coordinate
octahedral arrangements for K, Cl, Ag, and In atoms, accord-
ing to Shannon’s table of effective ionic radii [20]. A Gold-
schmidt factort close to 1 indicates a well-fitted perovskite
structure, suggesting favorable crystal stability. In general,
a t between 0.8 and 1.0 is considered favorable for the for-
mation of stable perovskite structures. In our case, the cal-
culation of the Goldschmidt factor for the double halide per-
ovskite K2AgInCl6 gives the following result:t = 0.843.
This value is close to the typical range (0.8 to 1.0) for stable
perovskite structures, suggesting that K2AgInCl6 is likely to
form a stable perovskite structure.

Another stability criterion for double perovskites is the
octahedral factorµ. This factor is essential to evaluate the sta-
bility of double perovskite structures based on the geometric
compatibility of the cations and anions forming the octahe-
dral. In addition to the Goldschmidt factor, it allows predict-
ing the existence of a perovskite structure without significant
distortion. For halogenated double perovskites of general for-
mulaA2BB′X6, the octahedral factor must take into account
the two types of metal cations B and B’ (in our case, Ag and
In). A common approach is to use an average value for these
cations:

µAverage=
rAg+rIn

2

rCl
. (4)

For a perovskite structure to be stable, the octahedral fac-
tor µ should generally be between 0.41 and 0.66. In this
range, the octahedral structure (BX6) formed by cations B
and anions X is considered stable. Calculation of the octa-
hedral factorµ for the double halide perovskite K2AgInCl6
gives the following result:µAverage ≈ 0.539. This value is
within the typical range (0.41 to 0.66) for stable octahedral

structures, suggesting that the K2AgInCl6 structure is geo-
metrically stable from the octahedral arrangement point of
view.

It is also important to calculate a key parameter to assess
the thermodynamic stability of this material: the formation
energy∆Hf . This is crucial to predict the feasibility of syn-
thesis, long-term stability, and functional properties of double
perovskites. This calculation uses the following equation:

∆Hf = E
K2AgInCl6
f = E

K2AgInCl6
tot

− (2EK + EAg + EIn + 6ECl) , (5)

whereE
K2AgInCl6
tot is the total energy of the double perovskite

K2AgInCl6, andEK , EAg, EIn, andECl are the atomic ener-
gies of the cations K+, Ag+, In3+, and anions Cl−, respec-
tively.

A negative formation energy indicates that the forma-
tion of the perovskite structure is thermodynamically favor-
able. The more negative this value, the more stable the struc-
ture is relative to its constituent elements, meaning the ma-
terial is less likely to spontaneously decompose. Calcula-
tion of the formation energy for the double halide perovskite
K2AgInCl6 gives the following result:

E
K2AgInCl6
f = −1.67 eV/atom. (6)

The negative formation energy indicates that the synthe-
sis of K2AgInCl6 from its elements is thermodynamically fa-
vorable and experimentally feasible.

3.2. Electronic properties: Band structure and density
of states

Band structure is a key concept in solid-state physics, de-
scribing the relationship between electron energy, repre-
sented by quantized electron orbitals, and their wave vector in
a crystalline material. It provides essential information about
the optical and thermoelectric properties of the material.
Band structure calculations for the nonmagnetic state, using
the GGA-PBE and mBJ-GGA methods, are shown in Fig. 3,
with the Fermi level set at 0 eV. The band structures show that
the valence band maximum and the conduction band mini-
mum are aligned along the symmetry axis for K2AgInCl6,
indicating that this compound is a direct bandgap semicon-
ductor. The double perovskite K2AgInCl6 exhibits bandgap
values of 1.162 eV and 2.944 eV for the GGA and mBJ-GGA
approximations, respectively (Table II). Both approaches in-
dicate that the double perovskite K2AgInCl6 demonstrates
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FIGURE 3. Band structures of K2AgInCl6 compound using GGA and mBJ GGA approximations.

TABLE II. Calculated values of energy gap (Eg) for halide double
perovskite K2AgInCl6 using GGA and mBJ-GGA approximations.

Eg (eV) GGA mBJ-GGA

1.162 2.944

semiconductor behavior. The main difference lies in the band
gap value, with the mBJ-GGA method showing a larger band
gap compared to the GGA method.

To understand the energetic contribution of the orbitals
of the atoms of the compound in the valence and conduction
bands, as well as to better understand the properties of the
material and highlight its characteristics, the analysis of the
total (TDOS) and partial (PDOS) orbitals is essential. The
total and partial densities of states (TDOS and PDOS) of the
studied materials were calculated by the GGA and mBJ-GGA
methods, shown in Fig. 4, with the Fermi level (EF) indi-
cated by a vertical dashed line (0 eV). The results of both
approaches are similar. The valence band of K2AgInCl6 is
mainly dominated by the (d, d−2 tg) states of Ag, close to the
Fermi level, and by a minor contribution from the P states of
Cl. The conduction band results mainly from the hybridiza-
tion of the S orbitals of In and the P states of Cl, although the
latter is not very significant. The presence of chlorine atoms
around the Ag and In sites in K2AgInCl6 results in a dou-
bling of the levels, creating a doubly degenerate state for the
In atom (d and d−t2 g), a strong hybridization of the doubly
degenerate In states with the P orbitals of the Cl atoms is at
the origin of the Gap.

3.3. Transport properties

The field of thermoelectric (TE) materials has gained impor-
tance in the last decade due to its potential in addressing the

energy crisis. Compounds with favorable TE properties hold
promise in enhancing thermal technologies, energy produc-
tion, refrigeration, and converting waste heat into electricity
[21,22]. Researchers are driven to discover materials with
low thermal conductivity akin to glass and high electrical
conductivity like crystals. Developing high-efficiency ther-
moelectric materials is a significant challenge to meet mar-
ket demands. The transport properties of the double per-
ovskite compound K2AgInCl6 were analysed using Boltz-
mann transport theory and the theory of rigid bands via the
BoltzTraP code in the Wien2k program. To describe the ther-
moelectric behavior of the halide double perovskite material
K2AgInCl6, it is valuable to monitor how key parameters
change with temperature. These parameters include electri-
cal conductivity per relaxation time (σ/τ ), the Seebeck coef-
ficient (S), electronic thermal conductivity by relaxation time
(ke/τ ), and the figure of merit (ZT ). The variations of these
parameters for K2AgInCl6 are illustrated in Fig. 4a) for the
Seebeck coefficient (S); in Fig. 4b) for the electrical conduc-
tivity by relaxation time (σ/τ ); in Fig. 4c) for the electronic
thermal conductivity by relaxation time (ke/τ ); and finally in
Fig. 4d) for the figure of meritZT under the GGA and mBJ-
GGA approximations. However, materials ideal for thermo-
electric use require a high Seebeck coefficient, elevated elec-
trical conductivity, reduced thermal conductivity, and a figure
of merit near or above unity [23-26]. The transport charac-
teristics of K2AgInCl6 were analyzed utilizing the BoltzTraP
code [27] within the Wien2k software. The relaxation time
constantτ , approximated at0.8×10−14 s in accordance with
the BoltzTraP user manual, was employed for calculations.
Moreover, in this study, all the mentioned thermoelectric pa-
rameters were investigated within the temperature range of 0
to 900 K.
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FIGURE 4. Calculated total (TDOS) and partial (PDOS) densities of states for halide double perovskites K2AgInCl6 using GGA and mBJ-
GGA approximations. The Fermi energy is aligned to zero.

The Seebeck effect is a phenomenon where a potential
difference appears at the junction of two materials under a
temperature difference. This difference is due to the move-
ment of free electrons from the hot zone to the cold zone.
In materials where charge transport occurs with dominant
positive charges (p-type), the Seebeck coefficient is positive,
while for materials where charge transport occurs predomi-
nantly with electrons (n-type), it is negative. Materials with
a high Seebeck coefficient are essential for efficient thermo-
electric generators and coolers. For optimal performance, a
material must have a high Seebeck coefficient. Figure 4a)
illustrates the variability of the Seebeck coefficientS as a
function of temperature for the double perovskite material
K2AgInCl6. Let us first note the high values of the See-
beck coefficient for the two approximations (GGA and mBJ-
GGA). According to this graphical representation, the See-
beck coefficient decreases with temperature, going from a
maximum value of 247.9µV/K (50 K) to a minimum value
of 171.8µV/K (800 K) for the mBJ-GGA approximation.
While for the GGA approximation, the Seebeck coefficient
initially increases up to a certain threshold (246.29µV/K at
200 K), then gradually decreases from this threshold to reach
the minimum value of 185.36µV/K (800 K). The values of
the Seebeck coefficients for the two approximations of this
material are quite high, which is promising for thermoelec-
tric applications, particularly at room temperature (300 K),
with respective values of 203.8µV/K and 235.33µV/K ac-
cording to the mBJ-GGA and GGA approximations. Further-
more, theS values obtained remain positive over the entire
temperature range,Suggesting the presence of P-type charge
carriers (holes) as the main carriers. Electrical conductivity

measures a material’s ability to conduct electrical charges. It
contrasts with resistivity, which hinders charge movement by
opposing it. Therefore, electrical conductivity, determined
by relaxation time (σ/τ ), showcases the interaction between
free charge carriers (holes/electrons) and electric current. In
thermoelectric applications, high electrical conductivity by
relaxation time (σ/τ ) is crucial for minimizing energy losses
due to the Joule effect. The variation of electrical conduc-
tivity by relaxation time with temperature for this material
is shown in Fig. 4b). According to the two approximations
mentioned above, the curves appear quite similar. A sig-
nificant increase in electrical conductivity (σ/τ ) with tem-
perature is clearly observed, with the charge carriers gain-
ing mobility as the temperature increases considerably. The
maximum values of (σ/τ ) for the material K2AgInCl6 are:
13.62×1018 [Ω.m.s]−1 (800 K) and16.28×1018 [Ω.m.s]−1

(800 K) for the approximations: mBJ-GGA and GGA, re-
spectively. A narrower band gap increases the carrier concen-
tration. Additionally, the low value of the effective masses of
the charge carriers, linked to the quasi-parabolic shape of the
electronic bands of the valence band, enhances carrier mo-
bility, resulting in higher electrical conductivity. These find-
ings point to significantly high electrical conductivity and,
thus, low resistivity for the material. This property allows for
the transport of electrical charges with minimal Joule effect
losses, making it a promising thermoelectric material.

Thermal conductivity is a crucial factor in optimizing
thermoelectric materials. Lowering thermal conductivity
without compromising electrical conductivity is key. In semi-
conductor materials, thermal conductivityK comes from
both electron (Ke) and phonon (Kl) contributions, where
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K = Ke + Kl. To enhance thermoelectric materials, re-
ducing the lattice vibrations contribution is essential, rather
than the charge carriers’ contribution.

Figure 4c) depicts the evolution of electronic thermal
conductivity by relaxation time (Ke/τ ) versus temperature
for the material K2AgInCl6 based on the two aforementioned
approximations. These curves indicate an increase in thermal
conductivity with rising temperature for the material under
study. It is noteworthy that the plots for electrical conductiv-
ity and electronic thermal conductivity exhibit a striking re-
semblance. These findings align with the Wiedemann-Franz
law, which posits a direct relationship between these param-
eters:

Ke = σLT [28],

whereL represents the Lorenz number,σ denotes electri-
cal conductivity, andT stands for absolute temperature. The
electronic thermal conductivity values hover around1.56 ×
1014 [W/m.K.s] and1.12× 1014 [W/m.K.s] at room temper-
ature (T = 300 K) for the mBJ. GGA and GGA approxi-
mations, respectively. The characteristics of a thermoelectric

material are evaluated by a dimensionless parameter, known
as the figure of meritZT , defined by the equation:

ZT =
S2Tσ

K
.

With T being the absolute temperature (in Kelvin),S repre-
senting the Seebeck coefficient (or thermoelectric power),σ
denoting the electrical conductivity, andK standing for the
thermal conductivity. To maximize the transport properties
of a material, the figure of meritZT must be high (close to
or greater than unity). This requires that the Seebeck coeffi-
cientS and the electrical conductivityσ be maximized, while
minimizing the thermal conductivityK without compromis-
ing electronic charge transport.

Figure 4d) illustrates the evolution of the figure of merit
(ZT ) as a function of temperatureT . According to the mBJ-
GGA approximation, we observe a decrease in this factor
with increasing temperature, going from 0.73 (50 K) to 0.68
(800 K). On the other hand, for the GGA approximation, the
figure of merit increases from 0.66 (50 K) to 0.73 (800 K).
TheZT values are quite close to unity, making them very at-

FIGURE 5. Thermoelectric properties calculated as a function of temperature for the double perovskite K2AgInCl6 using GGA and mBJ-
GGA approximations for: a) Seebeck coefficient (S), b) electric conductivity per relaxation time (σ/τ ), c) electronic thermal conductivity
per relaxation time (ke/τ ) and d) merit factor (ZT).
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TABLE III. Calculated different thermoelectric parameters at 300 K and maximum values: Seebeck coefficientS (µV/K ), electrical conduc-
tivity per relaxation timeσ/τ (×1018 [Ωms]−1), electronic conductivity per relaxation timeKe/τ (×1014 [W/m·K·s]) and figure of merit
(ZT) for halide double perovskite K2AgInCl6 using GGA and mBJ-GGA approximations.

At 300K Maximum values

ZT ke/τ S σ/τ ZT ke/τ S σ/τ

GGA 0.73 1.12 235.33 6.89 0.73 6.06 245.73 16.28

mBJ-GGA 0.67 1.56 203.8 8.05 0.73 4.24 247.90 13.58

tractive for thermoelectric applications. At room temperature
(300 K), the figure of merit is 0.73 for the GGA approxi-
mation. The double perovskite material K2AgInCl6 thus ex-
hibits excellent thermoelectric properties due to its significant
figure of merit. According to the GGA approximation, this
material is thermoelectrically efficient for medium and high
temperatures [300-800 K]. In this temperature range, the fig-
ure of merit is approximately 0.73. On the other hand, ac-
cording to the mBJ-GGA approximation, the thermoelectric
efficiency is felt over the low temperature range [50-100 K],
with a figure of meritZT fluctuating between 0.73 and 0.7.
By favoring the mBJ-GGA approach, which in my opinion
is the most appropriate for the study of this material, the
double perovskite material K2AgInCl6 presents high thermo-
electric efficiency but confined in the low temperature range.
Table III presents the values of thermoelectric parameters of
the K2AgInCl6 material at 300 K, along with their maximum
values. The parameters include the Seebeck coefficient (S),
electrical conductivity by relaxation time (σ/τ ), electronic
thermal conductivity by relaxation time (Ke/τ ), and figure
of merit (ZT ). These elements are essential for evaluating
the thermoelectric response of materials and their potential in
thermoelectric devices. No experimental study has yet been
carried out on this material, so it would be very useful to con-
duct one to confirm these results.

3.4. Optical properties

The optical properties of double perovskite materials are cru-
cial for various photovoltaic applications, including light-
emitting diodes (LEDs), light detectors, and other optoelec-
tronic devices, by exploiting the photovoltaic effect. In par-
ticular, the absorption and emission of light directly influence
the efficiency of these materials as photovoltaics. Optimizing
these properties is essential to improve the conversion of so-
lar energy into electricity, thus promoting the development of
high-efficiency solar cells. Since the double halide perovskite
K2AgInCl6 is a direct gap material according to both GGA
and mBJ-GGA approximations, it would be much more inter-
esting to evaluate the optical properties of this material. In a
direct gap material, electrons jump directly from the valence
band to the conduction band when excited by a photon, which
allows them to absorb and emit light more efficiently. This
makes the material even more effective for optoelectronic de-
vices such as light-emitting diodes (LEDs) and semiconduc-

tor lasers, which rely on direct gap materials to emit light
efficiently.

To attain this, we perform calculations of the optical prop-
erties of K2AgInCl6 with the mBJ-GGA approximation. To
measure the linear response in this study, we use the complex
dielectric functionε(ω), which can be expressed as [29-32]:

ε(ω) = ε1(ω) + iε2(ω),

whereε1(ω) andε2(ω) represent the real and imaginary parts
of the dielectric function, respectively, withω denoting the
angular frequency of the incident radiation.

This study examines the optical properties-specifically,
the dielectric function, absorption, and reflectivity-of the
double-halide perovskite K2AgInCl6 for photon energies
ranging from 0 to 15 eV, as shown in Fig. 6. The real part
of the dielectric functionε1(ω) determines a material’s re-
fractive and reflective index, which influences how light is
refracted or reflected at its surface. In optical devices such as
mirrors and lenses, controlling these properties is essential to
manage the direction (polarization) and intensity of light.

Figure 6a) illustrates the fluctuations of the real part of
the dielectric functionε1(ω) as a function of the energy of
the incident radiation. First, let us note thatε1(0), the static
permittivity of the material, is equal to 2.8. This value rep-
resents the ability of the material to polarize in response to
a static electric field. This value is relatively modest, mean-
ing that the material has a significant polarization ability, but
not as high as some other materials. This suggests that the
material is neither highly polarizable nor weakly polarizable,
and is typical of some semiconductors [33-35] with a mod-
erate gap, where the valence electrons are not too strongly
bound, allowing some electronic polarization. The values of
ε1(ω) decrease, following a succession of peaks, to reach
negative values, in the energy range 10-14 eV (i.e. the UV
region), which implies a strong reflection of light in this en-
ergy range, since the material acts as a mirror for these wave-
lengths. This can lead to specific absorption at certain fre-
quencies, which is useful for designing optical filters or selec-
tive absorbers. Moreover, one of the striking consequences of
negative permittivity is the possibility of negative refraction,
which means that light refracts in a direction opposite to that
expected in classical materials.

The imaginary part of the dielectric function,ε2(ω), is
related to the absorption of energy by the material under an
electromagnetic field, caused by the radiation of the incident
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FIGURE 6. The realε1(ω) a) and imaginaryε2(ω) b) part of the dielectric function, the absorptionα c) and the reflectivityR d) for double
halide perovskite K2AgInCl6, calculated by mBJ-GGA approximation.

wave. This corresponds to electronic transitions between the
valence and conduction bands. It is essential for understand-
ing the interaction of a material with light, its optical prop-
erties (transparency and opacity), and its use in applications
such as optical filters, absorbers, and photovoltaic devices.
Figure 6b) shows the imaginary part of the dielectric func-
tion ε2(ω) for K2AgInCl6.

An important feature of the imaginary part of the dielec-
tric function ε2(ω) is its minimum threshold, which can be
interpreted as the point where the absorption starts to increase
significantly. This minimum threshold defines the beginning
of the region where the material starts to interact significantly
with electromagnetic radiation. In semiconductors, this is of-
ten close to the band gap energyEg. In the present case,
the minimum threshold of the double halide perovskite com-
pound K2AgInCl6 is equal to 2.84 eV (i.e., in the visible
spectrum region), which is close to the gap energyEg (2.94
eV, see Table II).

Just after the photon energy reachesEg, the minimum
energy required to excite an electron from the valence band
to the conduction band, a succession of peaks follows. Each

peak inε2(ω) corresponds to a particular electronic transi-
tion where electrons are excited from a lower energy state
to a higher one. For semiconductors, this usually involves
transitions from the valence band to the conduction band.
These peaks indicate the energies where the material absorbs
or emits efficiently, which is crucial for optoelectronic de-
vices.

The K2AgInCl6 material having a minimum threshold of
ε2(ω) in the visible spectrum suggests that the material may
be relatively transparent in the visible spectrum, as it does
not significantly absorb visible light. However, the ensuing
succession of peaks appearing in the UV region suggests a
strong absorption in the UV, making this material suitable for
UV protection applications, such as UV filters, or in devices
that exploit UV absorption for electricity generation, such as
broad-spectrum solar cells.

Optical absorption is a key process in optics and materi-
als physics, where a material absorbs some of the light en-
ergy passing through it, thereby reducing the intensity of the
transmitted light. Optical absorption is crucial for the oper-
ation of optoelectronic devices such as solar cells, photode-
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tectors, and LEDs. In solar cells, the efficiency of converting
light into electricity depends on the ability of the material to
absorb light from the solar spectrum. Figure 6c) illustrates
the absorption coefficients of K2AgInCl6 versus photon en-
ergy using the mBJ-GGA approximation. The fundamental
absorption threshold starts at 2.87 eV for K2AgInCl6, which
roughly corresponds to the band gapEg of this semiconduc-
tor material, defining the minimum energy required for sig-
nificant electronic absorption. Below this threshold, the ab-
sorption coefficient is practically zero. This implies that this
compound does not significantly absorb radiation in the IR
and visible spectrum; however, it exhibits significant absorp-
tion over a wide range of photon energies in the UV spec-
trum, demonstrating the usefulness of this compound for var-
ious optical and optoelectronic devices operating in this UV
spectral range, such as solar cells or photovoltaic cells.

For the double perovskite (DP) K2AgInCl6, the maxi-
mum absorption coefficient (237.78 × 104 cm−1) is reached
when the photon energy reaches 12.61 eV (UV radiation).
Reflectivity measures the amount of incident light reflected
by the surface of a material, without absorption or penetra-
tion. In optics, for a semiconductor, reflectivity is an essential
property related to the intrinsic characteristics of the mate-
rial. In Fig. 6d), we have the plot of the reflectivity variations
R(ω) of K2AgInCl6.

Let us first note the value ofR(0), which represents the
zero-energy reflectivity of the material, also called computed
static reflectivity; physically, this situation corresponds to
an electromagnetic wave of very long wavelength (because
the energy of a photon is inversely proportional to its wave-
length). In the case of this study,R(0) = 6.49%. Comparing
the plot of the curves of the real part of the dielectric function
ε1(ω) [Fig. 6a)] and that of the reflectivityR(ω) [Fig. 6d)],
it should be noted that the high values ofR(ω) occur when
the real part of the dielectric constantε1(ω) has negative val-
ues. Furthermore, by observing the reflectivity spectrum, it
is clear that this compound exhibits a strong reflection in en-
ergies above 10 eV, corresponding to ultraviolet radiation.

The maximum reflectivity recorded is 60.42% for a pho-
ton energy of 13.56 eV (UV radiation). This property of
dominant reflectivity in the UV makes it advantageous for
UV devices and applications. Their ability to efficiently re-
flect UV radiation can be valuable in various technological
applications, such as UV sensors, photodetectors, and other
optoelectronic devices operating in the UV spectrum.

In conclusion, the double perovskite (DP) material
K2AgInCl6, characterized by transparency in the infrared and
visible regions, coupled with strong absorption and reflectiv-
ity in the ultraviolet, opens many application perspectives,
such as broadband solar cells. This is due to its ability to
absorb UV, which extends the absorption spectrum of solar

cells, thus increasing their efficiency. Similarly, it can be used
in optoelectronics as a UV light emitter in high-power LEDs,
as it could find its use as a UV filter, thanks to its strong ab-
sorption in the UV, thus protecting materials and people from
the harmful effects of ultraviolet rays.

4. Conclusion

In conclusion, using the Full Potential Linearized Augmented
Plane Wave (FP-LAPW) method and the exchange and cor-
relation potentials of the following approximations: the gen-
eralized gradient approximation (GGA) and the modified
Becke-Johnson generalized gradient approximation (mBJ-
GGA), we have performed a theoretical analysis to calculate
the structural, electronic, thermoelectric, and optical proper-
ties of the double perovskite halide compound K2AgInCl6.
The results of the study indicate that the investigated com-
pound exhibits stability in the non-magnetic phase. Further-
more, it is characterized by structural stability, following the
normative values of both the Goldsmith factort and the octa-
hedral factorµ, and is thermodynamically stable and experi-
mentally realizable due to the negative value of the formation
energy.

Moreover, this material exhibits semiconductor behavior
with a direct band gap of 1.162 eV in GGA and 2.944 eV in
mBJ-GGA, according to its electronic properties. Thermo-
electric parameter analysis reveals that the K2AgInCl6 dou-
ble perovskite material has excellent properties, with ZT val-
ues close to unity. The GGA approximation indicates its effi-
ciency at medium and high temperatures (300-800 K), while
the mBJ-GGA approximation shows its efficiency at low tem-
peratures (50-100 K), with a ZT figure of merit ranging from
0.73 to 0.7.

Due to its optical properties, the double perovskite (DP)
material K2AgInCl6, due to its transparency in the infrared
and visible spectra, as well as its high absorption and re-
flectivity in the UV, offers many applications, especially in
broadband solar cells, where it increases efficiency by broad-
ening the absorption spectrum. It can also be used in opto-
electronics as a UV light emitter in high-power LEDs, as it
could be the main substance of a UV filter, thus protecting
materials and people from the harmful effects of ultraviolet
rays.

Given the lack of experimental data on the K2AgInCl6
double perovskite material, our theoretical predictions re-
garding its structural, electronic, optical, and thermoelectric
properties are likely to be experimentally validated. Thus,
our study represents a prospective exploration of this promis-
ing material for applications in optoelectronics and thermo-
electrics, particularly in the UV range, with a figure of merit
ZT close to unity.

Rev. Mex. Fis.71040502



10 S. M. BENCHIKHET AL.,

1. F. Estrada Ch́avez, E. J. Guzḿan, B. Aguilar, O. Navarro, and
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