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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 compdgid®s. 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 factoy. It is thermodynamically stable, as evidenced by a negative formation energ§gltCls 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 addifigm®ls

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 duction challenges. Ongoing research is exploring new com-
positions and doping techniques to enhance their properties
Halide perovskites, a group of inorganic materials with thefor specific applications. In this investigation, the struc-
formula ABX3;, have seen rapid growth in materials sci- tural, electronic, thermoelectric, and optical characteristics
ence in recent years [1-3]. Their distinctive crystal structureOf double perovskite KAgInCls were examined. This the-
featuring an octahedral arrangement of Béétions around oretical analysis relies on a full potential linearized aug-
A anions, gives them exceptional physical and chemicamented plane wave (FP-LAPW) method within the wien2k
properties, making them promising for various applicationscode, using density functional theory (DFT). The exchange-
Among halide perovskites, double perovskites (DP) hold &orrelation potential is handled through two approximations:
special position. These materials, with the formulBAX;,  the generalized gradient approximation (GGA) and modified
stand out for their two-dimensional structure, where layers oBecke-Johnson approximation (mBJ). The article is struc-
[BX]"~ perovskites alternate with layers ofA cations.  tured as follows: Section 2 outlines the computational ap-
This unique design leads to novel electronic, optical, androach, Sec. 3 presents the findings, and Sec. 4 offers the
magnetic properties, offering new possibilities in different re-conclusions.
search fields.

The appeal of double perovskites lies in their potential
use in solar cells, optoelectronic devices, catalysts, and ma@., Computational details
netic materials [4-6]. Their broad bandgap, chemical sta-

bility, and dopability make them excellent candidates forthe analysis in this study on#aginCls double halide per-
high-efficiency solar cell production. Their controlled light oyskite was conducted using the Full Potential Linearized
emission Capabilities make them promising for I|ght'em|tt|ngAugmented Plane Wave (FP_LAPW) via density functional
diodes and lasers. Their catalytic activity in diverse chemitheory (DFT) [7] within the Wien2k package [8]. The
cal reactions creates opportunities for energy conversion angkchange-correlation potential was treated using the gen-
organic compound synthesis. Their distinct magnetic properalized gradient approximation (GGA-PBE) [9]. Addition-
ertieS make them attl’active f0r deVeIOping multifunctionala”y' the genera”zed gradient approximation with the Becke-
magnetic materials. Johnson modification modified by Tran-Blaha was used (TB-

Recent progress in synthesizing and characterizing dounBJ - GGA) to correctly appreciate the value of the gap [10-
ble perovskites has addressed stability and large-scale pra4].
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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
K>AgInClg, 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 differenc& k) is calculated

as follows:

AE = Estable phase— Enearest phase (1)

So, the energy differenceA(F) between the paramag-
netic (PM) and ferromagnetic (FM) phase is calculated as
FIGURE 1. Crystal structure of cubic double perovskite follows: AE = Epy — Epy. The obtained value is
K2AgInCls. AE = —1.134 x 1072 eV, for the K;AgInCls material. The
analysis examined the relationship between total energy and

This halide perovskite crystallizes in the cubic structure
space group (Fm-3m,°8225) as shown in Fig. 1. In the FP-
LAPW method, the space is divided into two regions: non-

overlapping spheres surrounding the atomic sites gfrR E(V)=Ey+ E(B’ -1)

unit cell volume to obtain an appropriate fit using the Mur-
naghan equation of state [18]:
Bl
%
5 1% (VO) -V
rays (Muffin-Tin) (Region I) and an interstitial region (Re-
gion I). In the calculations reported here, the radii of the

B
muffin-tin (Ry;7) spheres were chosen as 2.50, 2.50, 2.32, + g(V - Vo), 2
and 2.00 a.u. for K, Ag, In, and ClI, respectively. In Re-
gion 1, the basic functions, electronic densities, and potenwWhere E(V') stands for the energy of the ground state when
tials are expanded using a combination of spherical harmorfzombined with cell volumé’. Volume in the ground state is
ics up tol,ax = 10 to ensure convergence of the eigenvalues.Yo- The overall energy balance . The bulk modulus and
The extended charge density in Fourier space is taken up #§€ derivative of pressure are denotedias3’, respectively.
Gmax = 14. In Region II, the functions are treated as ex- Figure 2 shows how the total energy fluctuates for the
tended plane waves and expanded in a Fourier series withsgrained KAgInCls material as a function of the unit cell
cut-off parameteR y;r x Kmax = 8. This balance provides volume. By fitting the curves to the Murnaghan equation of
a trade-off between calculation accuracy and computational

efficiency. _— K, AgInCISI IE?\A,,
The Ry x Knax parameter defines the size of the basis
in the interstitial region, wher& ,,+ is the smallest muffin-
tin radius given in atomic units (a.u) ard,,.. 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~° Ry. In addition, we conducted a self-consistent calcu-
lation using al4 x 14 x 14-point mesh for structural and
electronic properties calculations. Moreover, we employed a 30348611
dense K-mesh a30 x 30 x 30 for optical properties calcu-
lations. Thermoelectric properties are calculated with a high
density of 150000 k poir?ts Etilizing the BoltzTraP code [159-
17]in the Wien2k package. A relaxation time®8 x 10~'*  Figyure 2. Total energy as a function of volume per formula unit
s is employed, following the guidance in the BoltzTraP useffor both ferromagnetic (FM), and non-magnetic (PM) states for the
manual. double perovskite KAgInCls.
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TABLE |. Calculated equilibrium lattice parameter (A), equilibrium energyE, (Ry), bulk modulusB (GPa), and its first derivative)
for halide double perovskite #AgInCls using GGA approximation for both states: ferromagnetic (FM) and paramagnetic (PM).

V, (Ry) B (GPa) BP E, (Ry) ao (R)
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 parastructures, suggesting that the AgInClg structure is geo-
magnetic arrangement exhibits a minimum energy clearlynetrically stable from the octahedral arrangement point of
lower than that of the ferromagnetic phase, which indicatesiew.

unequivocally that the halide double perovskiteAgInClg It is also important to calculate a key parameter to assess
is stable in the paramagnetic (or nonmagnetic) phase. On thtee thermodynamic stability of this material: the formation
other hand, the equilibrium lattice parameters, the bulk modenergyA H ;. This is crucial to predict the feasibility of syn-
ulus, and its first pressure derivative of this material in thisthesis, long-term stability, and functional properties of double
stability phase have been determined (see Table I). To ensuperovskites. This calculation uses the following equation:

the stability of the double perovskite;KgInClg, it is essen-

. : , ' K2 AgInCl K2AgInCl
tial to determine the Goldschmidt factor, given by the formula AHy = E; S =By "
[19: — (2B + Fag + En + 6Ec)), )
2(7“}( + 7‘01)
t= 3 (mgw,n oy ) ’ (3 whereE<"9"% is the total energy of the double perovskite
2 i KoAgInCls, andE, Eag, Ein, and Eq are the atomic ener-

whererg, rci, rag, andry, are ionic radii in 6-coordinate  91€S of the cations K, Ag*, In**, and anions ClI, respec-
octahedral arrangements for K, Cl, Ag, and In atoms, accordively- . _ o

ing to Shannon’s table of effective ionic radii [20]. A Gold- A negative formation energy indicates that the forma-
schmidt factort close to 1 indicates a well-fitted perovskite tion of the perovskite structure is thermodynamically favor-
structure, suggesting favorable crystal stability. In general‘,”‘b|e- The more negative this value, the more stable the struc-
at between 0.8 and 1.0 is considered favorable for the foriure is relative to its constituent elements, meaning the ma-
mation of stable perovskite structures. In our case, the caferial is less likely to spontaneously decompose. Calcula-
culation of the Goldschmidt factor for the double halide per-tion of the formation energy for the double halide perovskite
ovskite K,AgInCls gives the following resultt = 0.843.  K2AgInClg gives the following result:

This value is close to the typical range (0.8 to 1.0) for stable K»AgInCl,
perovskite structures, suggesting thatdg§InClg is likely to Ey = —1.67  eViatom ©)
form a stable perovskite structure. The negative formation energy indicates that the synthe-

Another stability criterion for double perovskites is the gjs of k,AgInCl; from its elements is thermodynamically fa-
octahedral factop. This factor is essential to evaluate the sta-ygraple and experimentally feasible.

bility of double perovskite structures based on the geometric

compatibility of the cations and anions forming the octahe-3.2.  Electronic properties: Band structure and density
dral. In addition to the Goldschmidt factor, it allows predict- of states

ing the existence of a perovskite structure without significant

distortion. For halogenated double perovskites of general forBand structure is a key concept in solid-state physics, de-
mulaAs BB’ Xg, the octahedral factor must take into accountscribing the relationship between electron energy, repre-
the two types of metal cations B and B’ (in our case, Ag andsented by quantized electron orbitals, and their wave vector in
In). A common approach is to use an average value for these crystalline material. It provides essential information about

cations: the optical and thermoelectric properties of the material.
TAgFTIn Band structure calculations for the nonmagnetic state, using

[1Average= ——2——. (4) the GGA-PBE and mBJ-GGA methods, are shown in Fig. 3,

el with the Fermi level set at 0 eV. The band structures show that

For a perovskite structure to be stable, the octahedral fadhe valence band maximum and the conduction band mini-
tor u should generally be between 0.41 and 0.66. In thianum are aligned along the symmetry axis fofA¢InCls,
range, the octahedral structure (BXformed by cations B indicating that this compound is a direct bandgap semicon-
and anions X is considered stable. Calculation of the octaductor. The double perovskiteoRgInClg exhibits bandgap
hedral factoru for the double halide perovskiteslRgInClg values of 1.162 eV and 2.944 eV for the GGA and mBJ-GGA
gives the following result;average = 0.539. This value is  approximations, respectively (Table ). Both approaches in-
within the typical range (0.41 to 0.66) for stable octahedraldicate that the double perovskite KgInCls demonstrates
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FIGURE 3. Band structures of KAgINCls compound using GGA and mBJ GGA approximations.

energy crisis. Compounds with favorable TE properties hold
TaBLE Il. Calculated values of energy gap (Eg) for halide double promise in enhancing thermal technologies, energy produc-
perovskite KkAgInCls using GGA and mBJ-GGA approximations. tion, refrigeration, and converting waste heat into electricity
Eg (eV) GGA MBJ-GGA [21,22]. Researcher.s.are d.riven to discover materials_with

low thermal conductivity akin to glass and high electrical

1.162 2.944 conductivity like crystals. Developing high-efficiency ther-

semiconductor behavior. The main difference lies in the bandno€lectric materials is a significant challenge to meet mar-
gap value, with the mBJ-GGA method showing a larger bandet demands. The transport properties of the double per-
gap compared to the GGA method. ovskite compound KAgInCls were analysed using Boltz-
To understand the energetic contribution of the orbitalgnann transport theory and the theory of rigid bands via the
of the atoms of the compound in the valence and conductioR0!tZTraP code in the Wien2k program. To describe the ther-
bands, as well as to better understand the properties of tfaoelectric behavior of the halide double perovskite material
material and highlight its characteristics, the analysis of thé<2AgInCls, it is valuable to monitor how key parameters
total (TDOS) and partial (PDOS) orbitals is essential. Thethange W|th Femperature. .The.se parameters include electri-
total and partial densities of states (TDOS and PDOS) of th&a! conductivity per relaxation time (1), the Seebeck coef-
studied materials were calculated by the GGA and mBJ-GggAicient (5), electrgnlc thermal.conductlvny by rglaxatlon time
methods, shown in Fig. 4, with the Fermi level (EF) indi- (k</7), and the figure of merit4T). The variations of these
cated by a vertical dashed line (0 eV). The results of botrParameters for KAgInCls are illustrated in Fig. 4a) for the
approaches are similar. The valence band eA#InClg is S_e_ebeck coeﬁlglent_st); in Fig. 4_1b) for the electrical condu_c-
mainly dominated by the (d, @ tg) states of Ag, close to the tivity by relaxathn_ time §/7); in F|g. 4c) for the e!ectro_nlc
Fermi level, and by a minor contribution from the P states ofthermal conductivity by relaxation timé{/7); and finally in
Cl. The conduction band results mainly from the hybridiza-Fi9- 4d) for the figure of merig’” under the GGA and mBJ-
tion of the S orbitals of In and the P states of Cl, although thé>GA approximations. However, materials ideal for thermo-
latter is not very significant. The presence of chlorine atom&!€ctric use require a high Seebeck coefficient, elevated elec-
around the Ag and In sites inJAgInCls results in a dou- trical conductivity, reduced thermal conductivity, and a figure
bling of the levels, creating a doubly degenerate state for th@f Merit near or above unity [23-26]. The transport charac-
In atom (d and dt, g), a strong hybridization of the doubly €rstics of K%AgInCIG were analyzed utilizing the Bol'tzTrgP
degenerate In states with the P orbitals of the Cl atoms is 0de [27] within the Wien2k software. The relaxation time

the origin of the Gap. constantr, approximated &1.8 x 10~'4 s in accordance with
the BoltzTraP user manual, was employed for calculations.
3.3. Transport properties Moreover, in this study, all the mentioned thermoelectric pa-

rameters were investigated within the temperature range of 0
The field of thermoelectric (TE) materials has gained impor+to 900 K.
tance in the last decade due to its potential in addressing the
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FIGURE 4. Calculated total (TDOS) and partial (PDOS) densities of states for halide double perovsidtgs&ls using GGA and mBJ-
GGA approximations. The Fermi energy is aligned to zero.

The Seebeck effect is a phenomenon where a potenti@heasures a material’s ability to conduct electrical charges. It
difference appears at the junction of two materials under &ontrasts with resistivity, which hinders charge movement by
temperature difference. This difference is due to the moveepposing it. Therefore, electrical conductivity, determined
ment of free electrons from the hot zone to the cold zoneby relaxation time £/7), showcases the interaction between
In materials where charge transport occurs with dominanfree charge carriers (holes/electrons) and electric current. In
positive charges (p-type), the Seebeck coefficient is positivehermoelectric applications, high electrical conductivity by
while for materials where charge transport occurs predomirelaxation time §/7) is crucial for minimizing energy losses
nantly with electrons (n-type), it is negative. Materials with due to the Joule effect. The variation of electrical conduc-
a high Seebeck coefficient are essential for efficient thermativity by relaxation time with temperature for this material
electric generators and coolers. For optimal performance, B shown in Fig. 4b). According to the two approximations
material must have a high Seebeck coefficient. Figure 4anentioned above, the curves appear quite similar. A sig-
illustrates the variability of the Seebeck coeffici¢hitas a  nificant increase in electrical conductivity () with tem-
function of temperature for the double perovskite materialperature is clearly observed, with the charge carriers gain-
KoAgInClg. Let us first note the high values of the See-ing mobility as the temperature increases considerably. The
beck coefficient for the two approximations (GGA and mBJ-maximum values ofd/7) for the material KAgInClg are:
GGA). According to this graphical representation, the Seed3.62 x 10'8 [Q2.m.s]"! (800 K) and16.28 x 10'® [Q2.m.s] !
beck coefficient decreases with temperature, going from &00 K) for the approximations: mBJ-GGA and GGA, re-
maximum value of 247.@V/K (50 K) to a minimum value  spectively. A narrower band gap increases the carrier concen-
of 171.8 uV/K (800 K) for the mBJ-GGA approximation. tration. Additionally, the low value of the effective masses of
While for the GGA approximation, the Seebeck coefficientthe charge carriers, linked to the quasi-parabolic shape of the
initially increases up to a certain threshold (246,29K at  electronic bands of the valence band, enhances carrier mo-
200 K), then gradually decreases from this threshold to reachility, resulting in higher electrical conductivity. These find-
the minimum value of 185.36V/K (800 K). The values of ings point to significantly high electrical conductivity and,
the Seebeck coefficients for the two approximations of thighus, low resistivity for the material. This property allows for
material are quite high, which is promising for thermoelec-the transport of electrical charges with minimal Joule effect
tric applications, particularly at room temperature (300 K),losses, making it a promising thermoelectric material.
with respective values of 203/8v/K and 235.33uV/K ac- Thermal conductivity is a crucial factor in optimizing
cording to the mBJ-GGA and GGA approximations. Further-thermoelectric materials. Lowering thermal conductivity
more, theS values obtained remain positive over the entiréyithout compromising electrical conductivity is key. In semi-
temperature range,Suggesting the presence of P-type charggnductor materials, thermal conductivify comes from
carriers (holes) as the main carriers. Electrical conductivityyoth electron &) and phonon k) contributions, where
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K = K.+ K;. To enhance thermoelectric materials, re-material are evaluated by a dimensionless parameter, known
ducing the lattice vibrations contribution is essential, ratheias the figure of meriZT", defined by the equation:
than the charge carriers’ contribution. )
Figure 4c) depicts the evolution of electronic thermal 7T — S*Ta
conductivity by relaxation timeK./7) versus temperature K
for the material KAgInCls based on the two aforementioned \jith 7 being the absolute temperature (in KelviS)repre-
approximations. These curves indicate an increase in thermaknting the Seebeck coefficient (or thermoelectric poweer),
conductivity with rising temperature for the material U”derdenoting the electrical conductivity, add standing for the
study. Itis noteworthy that the plots for electrical conductiv- thermal conductivity. To maximize the transport properties
ity and electronic thermal conductivity exhibit a striking re- of 3 material, the figure of merT must be high (close to
semblance. These findings align with the Wiedemann-Frang, greater than unity). This requires that the Seebeck coeffi-
law, which posits a direct relationship between these parantjents and the electrical conductivity be maximized, while
eters: minimizing the thermal conductivit§X without compromis-
K.=oLT [28], ing e_Iectronic c_harge transport. _ _ _
Figure 4d) illustrates the evolution of the figure of merit
where L represents the Lorenz number,denotes electri- (Z7T) as a function of temperatufie. According to the mBJ-
cal conductivity, and stands for absolute temperature. The GGA approximation, we observe a decrease in this factor
electronic thermal conductivity values hover aroungb x with increasing temperature, going from 0.73 (50 K) to 0.68
10+ [W/m.K.s] and1.12 x 10** [W/m.K.s] at room temper- (800 K). On the other hand, for the GGA approximation, the
ature " = 300 K) for the mBJ. GGA and GGA approxi- figure of merit increases from 0.66 (50 K) to 0.73 (800 K).
mations, respectively. The characteristics of a thermoelectrithe Z T values are quite close to unity, making them very at-
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FIGURE 5. Thermoelectric properties calculated as a function of temperature for the double perovgkitm®&ls using GGA and mBJ-

GGA approximations for: a) Seebeck coefficient (S), b) electric conductivity per relaxationdifmg, €) electronic thermal conductivity
per relaxation timeX. /7) and d) merit factor (ZT).

Rev. Mex. Fis71 040502



K2AGINCLg: A PROMISING MATERIAL FOR OPTOELECTRONIC AND THERMOELECTRIC APPLICATIONS 7

TaBLE Ill. Calculated different thermoelectric parameters at 300 K and maximum values: Seebeck cosffialéfi ), electrical conduc-
tivity per relaxation times /7 (x 10*® [Qms] 1), electronic conductivity per relaxation tinfe. /7 (x10** [W/m-K-s]) and figure of merit
(ZT) for halide double perovskite #AgInCls using GGA and mBJ-GGA approximations.

At 300K Maximum values
zT ke/T S o/t zZT ke/T S o/t
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 temperaturetor lasers, which rely on direct gap materials to emit light
(300 K), the figure of merit is 0.73 for the GGA approxi- efficiently.

mation. The double perovskite materiaj&gInClg thus ex- To attain this, we perform calculations of the optical prop-
hibits excellent thermoelectric properties due to its significanerties of K,AgIinClg with the mBJ-GGA approximation. To
figure of merit. According to the GGA approximation, this measure the linear response in this study, we use the complex
material is thermoelectrically efficient for medium and high dielectric functiore(w), which can be expressed as [29-32]:
temperatures [300-800 K]. In this temperature range, the fig- _

ure of merit is approximately 0.73. On the other hand, ac- e(w) = e1(w) +ie2(w),

cording to the mBJ-GGA approximation, the thermoelectricwheregl(w)
efficiency is felt over the low temperature range [50-100 K]
with a figure of meritZT fluctuating betwegn 9.73 and_O..7. angular frequency of the incident radiation.

By favoring the mBJ-GGA approach, which in my opinion "5 stdy examines the optical properties-specifically,
is the most appropriate for the study of this material, they,e gielectric function, absorption, and reflectivity-of the
double perovskite material3AgInClg presents high thermo- 4 110 halide perovskite 4AginCls for photon energies
electric efficiency but confined in the low temperature rangeranging from O to 15 eV, as shown in Fig. 6. The real part
Table Il presents thg values of thermoellectric _parameters cgf the dielectric functiore; (w) determines a material’s re-
the K;AgInCls material at 300 K, along with their maximum  ¢.otive and reflective index, which influences how light is
values. The parameters include the Seebeck coefficlnt ( ofracted or reflected at its surface. In optical devices such as
electrical condU(_:tl_vny by relaxgtlon_ timer(7), elect_romc mirrors and lenses, controlling these properties is essential to
thermal conductivity by relaxation timek(./7), and figure 50246 the direction (polarization) and intensity of light.

of merit (ZT). These elements are essential for evaluating g re 6a) illustrates the fluctuations of the real part of
the thermoelectric response of materials and their potential iy, gielectric functiore, (w) as a function of the energy of

ther_moelectric d.evices. No experimental study has yet beef)o incident radiation. First, let us note that0), the static
carried out on this material, so it would be very useful to CONhermittivity of the material, is equal to 2.8. This value rep-

duct one to confirm these results. resents the ability of the material to polarize in response to
a static electric field. This value is relatively modest, mean-
3.4. Optical properties ing that the material has a significant polarization ability, but
not as high as some other materials. This suggests that the
The optical properties of double perovskite materials are crumaterial is neither highly polarizable nor weakly polarizable,
cial for various photovoltaic applications, including light- and is typical of some semiconductors [33-35] with a mod-
emitting diodes (LEDSs), light detectors, and other optoelecerate gap, where the valence electrons are not too strongly
tronic devices, by exploiting the photovoltaic effect. In par-bound, allowing some electronic polarization. The values of
ticular, the absorption and emission of light directly influencez; (w) decrease, following a succession of peaks, to reach
the efficiency of these materials as photovoltaics. Optimizingiegative values, in the energy range 10-14 e¥. the UV
these properties is essential to improve the conversion of s@egion), which implies a strong reflection of light in this en-
lar energy into electricity, thus promoting the development ofergy range, since the material acts as a mirror for these wave-
high-efficiency solar cells. Since the double halide perovskitdengths. This can lead to specific absorption at certain fre-
K>AgInClg is a direct gap material according to both GGA quencies, which is useful for designing optical filters or selec-
and mBJ-GGA approximations, it would be much more inter-tive absorbers. Moreover, one of the striking consequences of
esting to evaluate the optical properties of this material. In anegative permittivity is the possibility of negative refraction,
direct gap material, electrons jump directly from the valencewhich means that light refracts in a direction opposite to that
band to the conduction band when excited by a photon, whickexpected in classical materials.
allows them to absorb and emit light more efficiently. This  The imaginary part of the dielectric functionz(w), is
makes the material even more effective for optoelectronic derelated to the absorption of energy by the material under an
vices such as light-emitting diodes (LEDs) and semiconducelectromagnetic field, caused by the radiation of the incident

ande,(w) represent the real and imaginary parts
'of the dielectric function, respectively, with denoting the
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FIGURE 6. The reale; (w) a) and imaginary2(w) b) part of the dielectric function, the absorptiarc) and the reflectivity? d) for double
halide perovskite KAgInClg, calculated by mBJ-GGA approximation.

wave. This corresponds to electronic transitions between thpeak ine2(w) corresponds to a particular electronic transi-
valence and conduction bands. It is essential for understandion where electrons are excited from a lower energy state
ing the interaction of a material with light, its optical prop- to a higher one. For semiconductors, this usually involves
erties (transparency and opacity), and its use in applicationsansitions from the valence band to the conduction band.
such as optical filters, absorbers, and photovoltaic deviceS.hese peaks indicate the energies where the material absorbs
Figure 6b) shows the imaginary part of the dielectric func-or emits efficiently, which is crucial for optoelectronic de-
tion e5(w) for KoAgInClg. vices.

An important feature of the imaginary part of the dielec-  The KyAgInCls material having a minimum threshold of
tric function eq(w) is its minimum threshold, which can be e3(w) in the visible spectrum suggests that the material may
interpreted as the point where the absorption starts to increade relatively transparent in the visible spectrum, as it does
significantly. This minimum threshold defines the beginningnot significantly absorb visible light. However, the ensuing
of the region where the material starts to interact significantlysuccession of peaks appearing in the UV region suggests a
with electromagnetic radiation. In semiconductors, this is of-strong absorption in the UV, making this material suitable for
ten close to the band gap energy. In the present case, UV protection applications, such as UV filters, or in devices
the minimum threshold of the double halide perovskite com-that exploit UV absorption for electricity generation, such as
pound KAgInClg is equal to 2.84 eVife., in the visible broad-spectrum solar cells.
spectrum region), which is close to the gap enefiyy(2.94 Optical absorption is a key process in optics and materi-
eV, see Table Ii). als physics, where a material absorbs some of the light en-

Just after the photon energy reachigs the minimum  ergy passing through it, thereby reducing the intensity of the
energy required to excite an electron from the valence banttansmitted light. Optical absorption is crucial for the oper-
to the conduction band, a succession of peaks follows. Eachtion of optoelectronic devices such as solar cells, photode-
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tectors, and LEDs. In solar cells, the efficiency of convertingcells, thus increasing their efficiency. Similarly, it can be used
light into electricity depends on the ability of the material to in optoelectronics as a UV light emitter in high-power LEDs,
absorb light from the solar spectrum. Figure 6c) illustratesas it could find its use as a UV filter, thanks to its strong ab-
the absorption coefficients ofAgInClg versus photon en- sorption in the UV, thus protecting materials and people from
ergy using the mBJ-GGA approximation. The fundamentathe harmful effects of ultraviolet rays.

absorption threshold starts at 2.87 eV fofAQInClg, which
roughly corresponds to the band glp of this semiconduc-
tor material, defining the minimum energy required for sig-

nificant electronic absorption. Below this threshold, the abqn conclusion, using the Full Potential Linearized Augmented
sorption coefficient is practically zero. This implies that this pjgne Wave (FP-LAPW) method and the exchange and cor-
compound does not significantly absorb radiation in the IRie|ation potentials of the following approximations: the gen-
and visible spectrum; however, it exhibits significant absorpxralized gradient approximation (GGA) and the modified
tion over a wide range of photon energies in the UV specgecke-Johnson generalized gradient approximation (mBJ-
trum, demonstrating the usefulness of this compound for VaIGGA), we have performed a theoretical analysis to calculate
ious optical and optoelectronic devices operating in this UVine structural, electronic, thermoelectric, and optical proper-
spectral range, such as solar cells or photovoltaic cells. ties of the double perovskite halide compoungigIinCls.

For the double perovskite (DP)2KRgInCls, the maxi-  The results of the study indicate that the investigated com-
mum absorption coefficien287.78 x 10* cm™') is reached  pound exhibits stability in the non-magnetic phase. Further-
when the photon energy reaches 12.61 eV (UV radiation)more, it is characterized by structural stability, following the
Reflectivity measures the amount of incident light reflectedhormative values of both the Goldsmith factand the octa-
by the surface of a material, without absorption or penetrahedral factor:, and is thermodynamically stable and experi-
tion. In optics, for a semiconductor, reflectivity is an essentiamentally realizable due to the negative value of the formation
property related to the intrinsic characteristics of the mateenergy.
rial. In Fig. 6d), we have the plot of the reflectivity variations  Moreover, this material exhibits semiconductor behavior
R(w) of KoAgInCle. with a direct band gap of 1.162 eV in GGA and 2.944 eV in

Let us first note the value ak(0), which represents the mBJ-GGA, according to its electronic properties. Thermo-
zero-energy reflectivity of the material, also called computedslectric parameter analysis reveals that th\gInClg dou-
static reflectivity; physically, this situation corresponds toble perovskite material has excellent properties, with ZT val-
an electromagnetic wave of very long wavelength (becausges close to unity. The GGA approximation indicates its effi-
the energy of a photon is inversely proportional to its waveiency at medium and high temperatures (300-800 K), while
length). In the case of this studi(0) = 6.49%. Comparing  the mBJ-GGA approximation shows its efficiency at low tem-
the plot of the curves of the real part of the dielectric functionperatures (50-100 K), with a ZT figure of merit ranging from
e1(w) [Fig. 6a)] and that of the reflectivit®(w) [Fig. 6d)], 0.73t00.7.
it should be noted that the high values®fw) occur when Due to its optical properties, the double perovskite (DP)
the real part of the dielectric constan{w) has negative val- material KAgInCls, due to its transparency in the infrared
ues. Furthermore, by observing the reflectivity spectrum, itand visible spectra, as well as its high absorption and re-
is clear that this compound exhibits a strong reflection in enflectivity in the UV, offers many applications, especially in
ergies above 10 eV, corresponding to ultraviolet radiation. broadband solar cells, where it increases efficiency by broad-

The maximum reflectivity recorded is 60.42% for a pho-ening the absorption spectrum. It can also be used in opto-
ton energy of 13.56 eV (UV radiation). This property of electronics as a UV light emitter in high-power LEDs, as it
dominant reflectivity in the UV makes it advantageous forcould be the main substance of a UV filter, thus protecting
UV devices and applications. Their ability to efficiently re- materials and people from the harmful effects of ultraviolet
flect UV radiation can be valuable in various technologicalrays.
applications, such as UV sensors, photodetectors, and other Given the lack of experimental data on thgAgInClg
optoelectronic devices operating in the UV spectrum. double perovskite material, our theoretical predictions re-

In conclusion, the double perovskite (DP) material garding its structural, electronic, optical, and thermoelectric
K>AgInClg, characterized by transparency in the infrared andproperties are likely to be experimentally validated. Thus,
visible regions, coupled with strong absorption and reflectiv-our study represents a prospective exploration of this promis-
ity in the ultraviolet, opens many application perspectivesjng material for applications in optoelectronics and thermo-
such as broadband solar cells. This is due to its ability teelectrics, particularly in the UV range, with a figure of merit
absorb UV, which extends the absorption spectrum of solaZT close to unity.

4. Conclusion
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