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This study examined the stability, structural, electrical, optical, and thermoelectric characteristics of the halide double perovskites (HDPs)
Cs:BInClg, where B stands for Ag and Au. The Wien2k code package was used to conduct the investigation using the FP-LAPW technique,
which is a subset of density functional theory (DFT). These compounds exhibit a crystalline structure within an elpasolite-type lattice, with a
cell parameter of, = 10.6005 A for Cs,AgInCls anda = 10.6356 A for Cs,AuInCls. The most stable configuration is characterized by a

cubic structure witf'm3m (No. 225) symmetry in a non-magnetic (NM) state, as established by analyzing the optimal structural parameters
for both materials.

Furthermore, an evaluation of the mechanical and elastic properties reveals the anisotropic and ductile nature of these substances. Tt
negative results obtained from the formation energy calculations support the successful synthesigti@s and the possibility of
producing CsAulnCls. The examination of the electronic features illustrates a semiconductor behavior characterized by a direct band gap
at the'-T" direction, with values of 3.245 eV for G8gInCls and 2.052 eV for GsAuInClg, closely mirroring experimental observations.
Furthermore, optical computations demonstrate an absorption coefficient within the visible spectrum that is almost zero and@éxceeds

10* cm~! in the extreme ultraviolet (EUV) range. Moreover, the high reflectivity of the materials, reaching a peak of 55%Agtn@is

and 40% for CsAulnCls at 17.5 eV (70.85 nm) in the EUV region, indicates a promising potential for utilization in optoelectronics,
particularly in the UV and EUV sectors.

Additionally, the assessment of thermoelectric performance revealed that both perovskites exhibit elevated electrical conductivity, low ther-
mal conductivity, an increased Seebeck coefficient, and a higher figure of merit, positioning them as favorable candidates for thermoelectric
applications.
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1. Introduction ficiency and stability of photovoltaic devices, particularly in
multi-junction architectures and applications requiring broad
Perovskites have garnered significant attention in recent yeasslar spectrum absorption.
due to their unique optical and electronic properties [1], par-  Our compound under study, §£%gInClg, was success-
ticularly halide double perovskites (HDPs) along with their fully synthesized through different methods on multiple oc-
potential applications in diverse fields [2]. These materialscasions. Initially, in 2017, G. Volonakis employed the pre-
officially called elpasolites [3], characterized by the struc-cipitation technique [8], followed by the hydrothermal ap-
ture AMIMIIIX (where A is a large monovalent cation proach [9, 10], and the solid-state method [11,12]. While the
in the perovskite A site, Mis a monovalent metal, M/ isa  other compound G#&ulInCls was studied for the first time.
trivalent metal, and X is a halide (F, ClI, Br, 1) [4]), exhibit A number of similar HDP structures were successfully syn-
promise in a range of applications beyond outdoor photothesized including GEuBiCls [13], Cs,AgSbCk [14], and
voltaics. These applications include temperature and humidcs, AgBi(Cl,Br)g [15, 16].
ity sensors, light-emitting diodes (LEDs), memory devices, Additionally, several theoretical investigations, like
indoor photovoltaics, X-ray detectors, and photocatalysts [S]Cs,AgGa(CI,Br) [17, 18], A,AuScX; (A = Cs, Rb; X
Lead-free halide perovskites represent a pivotal advance= Cl, Br, 1) [19], C3AgAsCls [20], Rb,AgGaXs [21],
ment in the pursuit of environmentally sustainable alter-and CsAuBiBrg [22], have been conducted. The Chloro-
natives to conventional lead-based perovskites [6]. No<elpasolite CgBInClg (B = Ag, Au), with their direct band
tably, quaternary alloys such as .Ah,_,P,Shi_, and gaps, improve their potential for use in a variety of optical
Al Ga _,P,Sh_, [7] exemplify this progress, offering re- field applications [23, 24]. Understanding the optical charac-
markable versatility in tailoring both physical and electronicteristics of materials is essential for their use in various appli-
properties. Such tunability is crucial for improving the ef- cations [25]. This property is crucial inthe development
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FIGURE 1. Crystalline cell of double perovskite ¢BINClg(B=Ag, Au).

of efficient solar cells, where maximizing light absorption is well-known Tran—Blaha modified Becke—Johnson (TB-mBJ)
paramount for improved power conversion efficiency [26].exchange potential, leading to results that exhibit a closer
Moreover, the high reflectivity of the materials highlights correlation to experimental values. The optical and thermo-
their potential for use in optical applications [23]. The ability electric properties were analyzed using the modified Becke—
to efficiently reflect a significant amount of radiation providesJohnson (mBJ) exchange potential, providing accurate pre-
a benefit for the progression of diverse optical uses, such aticted insights.
mirrors and lenses. These optical elements play a crucialrole |, .. . . .
. - . I X Initialization was performed using the following parame-
in sophisticated lithography methods utilized in the produc- .
: . ters: bond length factor of 3, energy required for valence and
tion of semiconductors [21]. core state separation 6.0 Ry, Ryt Kimax = 7 (WhereR

The objective of this study is to investigate the structural, Dresents tk?e average ra d?/L’JS "g tf;neaxm_uffin-tin S h'ge and
electronic, elastic, optical, and thermoelectric properties o P Y P

the chloro-elpasolite G&Ag, Au)InCls, with a focus on the Kax indicates the maximum magnitude of the wave vector),

thermoelectric properties and the direct band gap and its i number of employed-points of 3000 {7 x 17 x 17), and

portance in optical applications. Gaining a comprehensi\r;}he charge density’s Fourier expansion limited(.. =

. . - . 92 a.ul. Moreover, we selected the muffin-tin radii values
understanding of this material’s features will enable them toas follows in order to prevent overlan: 2.14 for Cl and 2.50
reach their full potential and support the development of op P p- < '

tical and thermoelectric technologies. for Cs, Ag, Au, and In atoms.
Our compounds G8InClg, under study, crystallize in

2. Computational methods the cubic structure with space groéipn3m (No. 225) [30],

as illustrated in Fig. 1. The unit cell contains two octahedra:
All calculations in this work were conducted using the full one InC} and the other BGL These two octahedra alternate
potential linear augmented plane wave (FP-LAPW) methodalong the different crystallographic planes [100], [010], and
which is based on density functional theory (DFT) [27].[001] [8, 31]. The constituent atoms are positioned as fol-
The calculations were performed using MHEN2k pack-  lows: two Cs (Cesium) atoms are locatedat 1, 5, 3) and
age [28]. The structural properties were calculated using thé3, 2, 2), One Ag (Silver) atom or Au (Gold) is positioned at

111

Generalized Gradient Approximation developed by Perdew4a (0,0, 0), one In (Indium) atomis ath (5, 5, 5), and six Cl

Becke—Ernzerhof (GGA-PBE) [29], in comparison with the (Chlorine) atoms occupy the positiose (z,0,0) [32,33].
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FIGURE 2. Energy versus volume Curve for §BInClg: a) For CsAgInCls , b) For CsAuInCls.
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TABLE |. Calculated and experimental results for lattice cons&ar(t&), bulk modulusB, (GPa), pressure derivative of bulk moduls,
tolerance factot, octahedral factor, and formation energ¥rom (€V/atom) of CsAgInCls and CsAulnCls.

Compound ao (A) By (GPa) B’ Vo (a.u®) Eo (Ry) Efom ta L
Cs;AgInCl g

This work 10.60 31.01 5.31 2009.55 -59101.37 -1.609 0.94 0.44

Exp. work 10.470 3

Other work 10.406

10.470

Cs;AulnCl 4

This work 10.6356 31.7849 5.2955 2029.571 -86562.527312 -1.481 0.85 0.59

7

Similar compounds
CsAuScCk 10.53 34.38 6.03 19.89 -76324.63 -2.38 0.90 0.58
Cs;AuScBrs 11.08 23.20 5.52 2290 -102066.17 -2.00 0.89 0.53

The atomic electronic configurations used in this calcu-s the B metal radius, ant- is the B metal radius, using the

lation are: Cs5s25p®5d°6s'6p°, Ag: 4524p%4d'95s'5p°,  radii of Shannon [4].

Au: 5525p85d196s!, In: 4d1°5s25pt, Cl: 3523p°.  Plane It should be emphasized that the Goldschmidt tolerance

waves were utilized to expand the wave functions in the in-and the octahedral factors for all the HDPs are placed in the

terstitial region [34]. To find the more stable phase betweerstable ranges d§.80 < t¢ < 1.00 and0.41 < p < 0.9,

ferromagnetic (FM) and nonmagnetic (NM) states, researcindicating certain formations of stable perovskite structures

was carried out. Figures 2a) and 2b) show the energy opti4, 36]. The results, presented in Table I, show that the

mization curves for GBInCls compounds B = Ag, Au).  Cs,BInClg materials have stable perovskite structures.

The analysis shows that the nonmagnetic (NM) state is more The Shannon ionic radii were adopted BSS A for

stable in terms of energy than the ferromagnetic (FM) phaseL2-coordinated Cs, 1.15 A and 1.37 A for 6-coordinated
Ag*™ and Au, respectively, and).80 A and 1.81 A for

3. Results and discussions 6-coordinated Ift cations and Ct anions, respectively
' [14,37].
3.1. Structural properties The lattice parameters were initially taken as =

10.406 A for Cs,BInClg, from earlier reported data [15, 38].

According to previous studies, the compoundsBIeCls  For better accuracy, these parameters were optimized using
under investigation were suggested to have a face-centeregde energy optimization tool Available Wien2k which has re-
cubic (fcc) crystal structure with a space groupfafdm sulted with modified valué.e. a = 10.6005A anda =
(N°225) [4,23,35]. This structural assignment was based on(.6356 A for Cs,AgInCls and CsAuInClg, respectively. In
the calculated values of the tolerance factor and octahedralddition to determining the crystallographic stability, we cal-
ratio for these materials, which are provided in Table I. culated the formation energy, dfrom, for Cs;BINClg to

The current work examines the formability of the double evaluate thermodynamic stabilities and gain understanding of

perovskite ABB'X¢ structure. The Goldschmidt tolerance the compounds’ potential for synthesis that emerged from the
factor () and the octahedral ratig), also referred to as the application of the following formula [39]:

radius ratio, are important parameters used in the engineer-

ing of halide perovskite materials. These parameters are key _ EL™ — (2Bcs+ Ep + Ein + 6Ex) @)
for predicting the stability and formability of perovskite com- Form = 10 ’
pounds. The specific formulas used to calculate these factors ) _

are detailed in Refs. [4, 36]. where Ei is the total energy of the unit cell, anfl(Cs),

E(B) (B=Ag, Au), E(In), andE(Cl) are the calculated total

TAtTx Q) energies for the respective atoms in a cubic system. The find-
V2 <TB + rp + rx) ’ ings from the computational assessment of formation energy
2 are presented in Table I. Notably, these numerical outcomes

re -+ exhibit negativity, indicating the favorable energetic nature

BT Tp ! .
B= T (2)  of these. phases fror.n.e.l thermodynamlc perspective, thereby
suggesting the feasibility of synthesizing these stable struc-
wherer 4 is the A cation radius; x is the X anion radius;z  tures [40,41].

tqg =
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TABLE Il. Mechanical parameters of ¢5gInCls and CsAulnCls: elastic constants ¢, Ci2, Ca4 (GPa), bulk modulusB (GPa), shear
modulusG (GPa), Young’s modulug (GPa), Poisson’s ratio, Pugh's ratioB /G, and anisotropy factad.

C11 (GPa) C12 (GPa) Ci4 (GPa) B (GPa) A G B/G v
Cs:AgInClg 54.092 18.526 11.833 30.38 0.6654 13.9 2.18 0.60
CsAulnClg 48.050 22.783 11.396 31.193 0.902 119 2.63 0.66
Similar compounds
CsAgGaCk 50.57 24.73 13.61 33.34 1.05 13.33 2.50 0.32
Cs:AgSbCk 34.70 18.69 8.32 24.03 1.04 8.20 2.93 0.69
3.2. Elastic and mechanical properties Young's modulus F), Poisson’s ratio i), and Pugh’s ra-

o o _ ) tio (B/G) [14], which can be determined by employing the
The examination of elasticity in crystals is crucial for under-\jgt-Reuss-Hill equations Eq. (5) [18].
standing the complex correlation among a crystal's structure, Assessing these elastic coefficients is essential for deter-
its reaction to external pressure, and its mechanical charactéfining the solid material's ductility or brittleness, structural
istics. By delving deeply into this analysis, researchers an¢hiegrity, and anisotropy, among other properties. How mate-

practitioners can discover novel opportunities for the progresyi|s respond to outside forces is seen by the elastic stiffness
sion of the field of materials science and engineering [42]. constants [44].

This investigation relies on the determination of 21 elastic

constants(;;) [43], through the utilization of Density Func- B = %(BV + Bgr), A= %7
tional Theory (DFT). In particular, in the case of cubic crys- 2
tals, the stability conditions are simplified to three constants, a— E(Gv +Gr), v= 3B —2G
namelyC11, Ci2, andCyy, which can be verified through the 2 ’ 6B + 2G’
introduction of the Born-Huang stability criteria [10, 44, 45]: 1
Gv = 5(011 — C12 +3Cu),
C 2C12 >0, Cj;—Ci3>0,
11 +2C712 11 12 . 5Cu(Cir — C1a)
Ci1 > 0, Cyq > 0. (4) R = 4044+3(011 _012)7
The _criteria_ are met by the su_bstances_ we stud?ed, By = By = 1(011 +2C,). (5)
suggesting their theoretical mechanical stability. An in- 3
depth analysis of the elastic properties o&8gInClg and When the ratioB/G exceedd.75 or the value ofv sur-

Cs,AulnClg, as per the available data, unveils distinct me-passe$.26, the nature of the material is identified as ductile;
chanical characteristics that are vital for assessing their agonversely, it exhibits brittleness [46]. Furthermore, when
plicability in diverse engineering scenarios. A = 1, the physical properties of perovskite materials are

The elastic moduli value€';;, C12, andCy, are identi-  isotropic; otherwise, they are anisotropic [14, 46].
fied as 54.092 GPa, 18.526 GPa, and 11.833 GPa, respec- The results depicted in Table Il demonstrate that the com-
tively, for Cs,AgInClg, and 48.05 GPa, 22.783 GPa, and pounds being studied display characteristics that align with
11.396 GPa, respectively, for &suInClg. established standards, mirroring those of compounds such as

These results suggest that,8gInClg exhibits greater AsAIAgClg (A = Rb, Cs), CsAgSbCk, and CsAgGacCk,
stiffness in terms o€’;;, enabling it to endure higher stress as these materials also showcase conformity. This implica-
levels without distortion, indicating superior mechanical at-tion hints at the potential application of these perovskites in
tributes compared to GAuInClg. flexible or wearable optoelectronic devices.

Conversely, the loweC;, value for CsAgInClg im- The respective Pugh’s rati®/G values of 2.18 and
plies reduced capacity to withstand shear deformation un2.63 suggest the ductile characteristics of these compounds.
der normal stress, hinting at inferior stability and perfor- Moreover, the analysis of Poisson’s ratio can provide further
mance under multi-axial loading conditions when comparecevidence to substantiate the assertion mentioned above. Duc-
to CsAulnClg. Higher Cy, values are typically associated tile materials typically have a Poisson’s ratio threshold of
with enhanced ductility and toughness. The similag val- v > 0.26 [18, 44], a criterion supported by prior research,
ues for both materials signify equivalent shear modulus, withwhich correlates well with the computed values of 0.60 and
Cy4 values generally correlating with improved toughness0.66.
and resistance to plastic deformation. This suggests the potential application of such per-

Other significant elastic constants are provided to comevskites in flexible or wearable optoelectronic devices.
prehend the mechanical properties and behavior of crysMoreover, the physical characteristics of perovskite sub-
talline materials: bulk modulusH), shear modulus(), stances exhibit isotropy fot = 1 but display anisotropy

Rev. Mex. Fis72010501
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FIGURE 3. Phonon spectrum calculation for cubic double perovskiteBO¥Cls: a) For CsAgInClg, b) For CsAulnClg.

otherwise [14]. The calculated values of 0.66 and 0.90, re3.4. Electronic properties
spectively, indicate that both chemicals exhibit anisotropic
behavior. Other compounds that exhibit this behavior in-3-4.1. Band structures

clude CgAngCb, CsAgGaCt, and AQAIAg.CIG (A =Rb, Electron dispersion can be a highly useful way to distinguish
Cs).quantities from 1 suggests that they differ, even though . . !

. . . . between metals, semiconductors, insulators, and semimet-
their numerical values are different. This suggests the po: I

. L L . als [36]. Moreover, the transitions between these states are
tential application of such perovskites in flexible or wearable” " . .

) . critically important, as they fundamentally govern the sys-
optoelectronic devices. ; . . .
tem’s behavior and functional properties [48].

When choosing a material to employ in energy-harvesting
applications, determining its electronic energy band structure
and total and partial densities of states (TDOS and PDOS)
Our compounds, GagInClg and CsAuInClg, were verified are crucial factors.to cons@er [49]. Thg present work |nvest.|-

. : . ates the electronic properties of a series of compounds using
to be stable in both geometric and mechanical states undéer

those conditions. We used the finite-displacement method térst-p_r!nmples computa_t|onal met_hods. oo
Initially, the generalized gradient approximation (GGA-

calculgte their phonon dispersions in order to investigate thE’BE functional) was employed. The results demonstrated a
dynamical stability, employing th x 2 x 2 supercells [14]. metallic character for GRulnClg, while CsAgInClg exhib-

The phonon spectra} were calculated using BHONOPY ited a band gap di.35 eV. However, these findings deviated
package in conjunction with th&/IEN2K code, as shown "~ - . .
in Fig. 3. 5|g_n|f|cantly from the experimental data and previous theo-
) ) retical studies.
_ For these double perovskngs,. Fhe cqb|c structur_e con- Subsequently, the modified Becke—Johnson (mBJ) poten-
firms phonon modes, as the primitive unit cell contains 1G5 \yas utilized as an alternative approach. This method
atoms. Among these phonon modes, we identified the aCOUSijelded band gap values d8.24 eV and 2.05 eV for
tic modes, characterized by approaching zero phonon frécg Aqincl,; and CsAulnCls, respectively, leading to results
quency as going to the zone cenfiepoint [23]. that showed better agreement with the available experimental
The soft phonon mode of G&uInClg is prolonged up  and theoretical data from prior investigations. This indicates
to approximately—2.69cm™', as seen by the red line in that, due to its improved approximation of the exchange po-
Fig. 3b). Negative values in this region suggest a negativgential, the mBJ method corrects the underestimated band gap
phonon spectrum and indicate that perovskites based on Ageen in GGA calculations by offering values that more accu-
are probably unstable in the cubic phase. However, as evately reflect the actual electronic structure.
idenced by the positive phonon spectrum of the compound |t s found that these compounds share the same na-
CszAgInCIG illustrated in Flg 38.), it exhibits Stabl'lty in the ture of band gap, name|y a direct band gap. The band
cubic phase. structure graphic shows that the conduction band minimum
Nevertheless, the existence of imaginary phonon mode€CBM) and valence band maximum (VBM) overlap ex-
does not always imply that the structure is unstable, acactly at the first Brillouin zone’s highest symmetry point,
cording to a recent study [47]. The investigation showedalso known as th&-point. The arrangement indicates that
that the Au-based double perovskites had incredibly wealCs,(Ag,Au)InCl; semiconductors have a noteworthy prop-
soft phonon modes in contrast to the Ag-based compounderty: their estimated direct band gap can be precisely tuned.
Given that perovskites with soft phonon modes can form cu-  Practically speaking, this means that the electron transi-
bic phases at high temperatures, we carried out further reions are located ideally, which facilitates efficient electron
search on the characteristics of the cubic HDPsBOsClg. excitation and enhances their potential for a wide range of

3.3. Phonon properties and dynamical stability

Rev. Mex. Fis72010501
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Cs,AulnCl

- GGA
mBJ

Energy (eV)

a) .
FIGURE 4. Electronic band structure for cubic double perovskiteEIsCl—6, using both GGA and mBJ approaches: a) FosAZ8nCls,
b) For CsAulnCls.

TABLE Ill. The calculated band gap energy (eV) of CAgInClg and CsAuInCls using GGA and mBJ methods, compared with other
theoretical and experimental works.

GGA mBJ Other work

I-r I'-r Theor Exp
Cs:AgInClg 0.355 3.245 3.33,2.31, 3.01, 2.95 3.23,3.53,3.3,3.24,3.23
CsAuInClg 0 2.052 / /

optoelectronic applications. Without the lattice phonon con-ing electron state contributions from different states within
tribution, these materials’ intrinsic direct band gap featurethe band structure, as depicted in F&gg, |5b), 5¢), and5d),
permits light absorption through direct electronic transitionsusing PBE-GGA and TB-mBJ, the contribution of elements
between valence band states and accessible conduction stat@s, Ag, Au, Cl) to the conduction band minimum (CBM)

Figures 4a) and 4b) illustrate the functional computationand valence band maximum (VBM) was highlighted.
of the band structures for @&gInClg and CsAulnClg, re- This study of the density of states also provides additional
spectively, along high-symmetry directionskrspace using information about the nature of chemical bonds. By ana-
both GGA and mBJ approaches. Table Ill summarizes thdyzing the contributions of the different electronic orbitals,
results of this investigation, which are in good agreement deeper understanding of the interactions within the studied
with many other theoretical and experimental conclusions obeompounds is gained, which expands our knowledge of the
tained by different means. mechanisms governing their behavior [50].

The findings of this study emphasize the importance of In Fig. 5c), it can be observed that for the compound
carefully selecting suitable computational methodologies t€Cs,AgInClg, the valence band maximum (VBM) is primarily
accurately estimate material properties, as evidenced by thisfluenced by the presence of the Ag atom and halide atom
notable variations in the calculated band gaps. When andCl). Conversely, Fig. 5d) demonstrates the dominance of the
lyzing the characteristics of novel functional materials, it isAu atom and halide atom (CI) in the VBM for €&ulnClg.
imperative to fully comprehend the advantages and disadMeanwhile, the conduction band minimum (CBM) is influ-
vantages of various theoretical approaches. This highlightenced collectively by the In atom and halide atoms (Cl) in
the necessity of carefully choosing the appropriate computaboth compounds.
tional method to correctly depict the electronic configuration  To determine the specific orbital contributions to the

of complex materials. VBM and CBM in the atoms, an analysis of the partial
density of states (PDOS) was conducted. This analysis is
3.4.2. Density of states illustrated in Figs.6a), |6b), 6¢), and/6d) for Cs,AgInClg

and CsAulnClg, using GGA and mBJ approaches. For the
The electronic structures of ¢€BINClg compounds were ex- Cs,AgInClg compound shown in Figéb) and6d), the Agd
amined by analyzing their total density of states (TDOS) andbrbital has a higher contribution in the valence band maxi-
partial density of states (PDOS) spectra within the energynum (VBM) compared to the Ag-and Ag# orbitals, and
range of—5 to 5 eV, using both GGA-PBE and TB-mBJ ap- shares this contribution with the @l-orbitals. Meanwhile,
proximations for comparison. The band gap was determinethe In-s orbital shares with the Gl-orbital in the conduction
and confirmed utilizing the TDOS. In addition to identify- band minimum (CBM).

Rev. Mex. Fis72010501
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FIGURE 5. Total Density of State (TDOS) of GBInCls: a) For CsAgInClg using GGA, b) For CsAulnClgs using GGA, c) For CsAgInClg
using mBJ, d) For GRAAuInCls using mBJ.

Similarly, for the CsAulnCls compound shown in larization. This function represents the linear response of the
Figs.6b) and6d), the Au< orbitals have a higher contribu- system to an external electromagnetic field [57].

tion in the VBM and share this with the @l-orbitals, while From the real and imaginary partsafv), several other

the In-s orbital shares with the Gh-orbital in the CBM. optical parameters can be derived, such as absorption co-
efficient a(w), refractive indexn(w), extinction coefficient

3.5. Optical properties k(w), optical conductivitys(w), reflectivity R(w), and en-
ergy loss functior.(w) [27, 58, 59].

Investigating a material's ability to harvest visible light en-  In particular, the absorption coefficient and reflectivity

ergy can reveal its optical characteristics. This is usually acare calculated as [60]:
complished by determining the band gap and absorption co-

efficients. Direct low band gap semiconductor materials are aw) = 2mw [ —Re(w) + [¢] ©)
ideal because of their promising optoelectronic uses, such as c 2 ’
solar cell photo-absorbers [51]. (n—1)2 + k2
To understand the various ways that light interacts with R(w) = CFSIEEY=L (7)
our compounds, we have investigated their optical properties
using the complex dielectric function: According to our results, the static values of the real di-
electric functions; (0) for Cs,AulnClg and CsAulnClg are
e(w) = e1(w) + iz (w), 2.42 and 1.83, respectively. As shown in FT@), £ (w) de-

creases with increasing energy and crosses zero at 16.74 eV,

wherew denotes the photon frequency, andw) andez(w)  corresponding to the screened plasma frequency. The small-
are the real and imaginary parts of the dielectric function, reest negative value occurs at 17.4 eV, implying that incident
spectively [52]. photons are strongly reflected, giving rise to a metallic char-

Materials with a high dielectric constant can store moreacter. This indicates potential applications of these com-
electric charge at a given voltage, which makes them suitpounds in UV radiation protection.
able for capacitors and insulators in high-voltage applica- The optical transition mechanism is illustrated in IHg)
tions. The dielectric constant is thus a measure of a materialsy the imaginary part of the dielectric functien(w), which
ability to store electrical energy in an electric field [53]. describes electronic transitions between The valence and con-

The imaginary part,(w) is obtained by summing the duction bands is represented by the threshold energy in the
inter-band transitions from the occupied to unoccupied states, (w) spectrum. In this instance, the threshold energies for
while the real part;(w) is recovered using the Kramers— Cs,AgInCls and CsAulnClg are found to be 3.2 eV and
Kronig relation [18, 54, 55]. 2.16 eV, respectively, which is closer to the compounds’ band

In general, dielectric functions are directly related to thegaps. The peak in the (w) curve is produced by the internal
electronic structure of materials [56], describing how the matransition of a single energy band, and its first maximum peak
terial responds to electromagnetic radiation in terms of pois called thefirst absorption peakAccording to Fig/7b), the
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FIGURE 6. Partial Density of State (PDOS) of ¢€BInCls: a) For CsAgInCls using GGA, b) For CsAulnClg using GGA, c) For
CsAgInCI—6 using mBJ, d) For Gs2AuInCl—6 using mBJ

position of the first absorption peak of(w) of Cs;AgInClg Another important factor determining the suitability of
and CsAulnClg is about 4.28 eV and 3.66 eV, respectively. this material for solar cell applications lies in the absorption
It may mainly be attributed to the transition of @klectrons  coefficienta(w). This parameter signifies the evaluation of
at VBM to hybrid orbitals of Clp, B (Ag, Au)-s and Ins  the amount of light absorbed by a specific material. At ap-
at CBM. The real and imaginary sections of the dielectricproximately 3.3 eV (376 nm) for GAgInClg and 2.05 eV
function show peaks that occur in the ultraviolet (UV) and (620 nm) for CsAulnClg, direct optical transitions occur be-
extreme ultraviolet (EUV) areas and have the potential to béween the highest occupied states in the valence band and the
used in optical filters at different frequency ranges. Amondowest unoccupied levels in the conduction band (Fa- In
the two perovskites examined in this work,-@gInClg ex-  the visible spectrum, both structures exhibit a low absorption
hibits superior dielectric characteristics over&8InClg. coefficient and a high absorption coefficient in the UV and
EUV spectra, making them a preferred choice for a range of
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FIGURE 7. Optical parameters of GBINClg, using mBJ approximation: a) Real dielectric function. b) Imaginary dielectric function. c)
Absorption. d) Reflectivity.

UV applications such as sunscreen, optical filters, and phdsand arrangement, with the primary influence stemming from
tography. The extreme ultraviolet EUV region exhibits thefactors such as the band gap magnitude, type of conductivity,
peak absorption, with values @f6 x 10* cm~! and0.8 x concentration of charge carriers, and effective mass [63].
10* cm~! for CsAgInClgs and CsAulnClg, respectively, at Thermoelectric materials have several significant appli-
16.74 eV (74 nm). cations, including energy harvesting and power generation.
For CsAgInClg and CsAulnClg, the static reflectivity They are also used for cooling and temperature control, pro-
R(0) values are 2.2% and 4.7%, respectively. In the 15-viding precise temperature control for electronic components
20 eV energy range, G8gInClg exhibits a reflectivity peak such as CPUs, infrared detectors, and laser diodes. Addi-
of 55%; this is most noticeable at energies close to 17.5 eVionally, they are employed in sensing and detection applica-
(Fig.7d). In the same energy range, £8a1InClg exhibits  tions, including thermal imaging cameras and fire detection
a reflectivity peak of 40%. The compound £BgInClg systems. Furthermore, wearable thermoelectric modules har-
demonstrates a significant resonance within the EUV energgess body heat to power mobile devices and sensors, enabling
spectrum, leading to a notable enhancement in the reflectiself-sustaining wearable technology [64, 65].

ity of the material. Conversely, @aulnClg, a distinct com- The thermoelectric transport parameters were calculated
pound, shows a less significant resonance within the samgsing the linearized Boltzmann transport equation (BTE),
energy spectrum. which is also solved by thBoLTZTRAP code [66,67]. The

Overall, the thorough research offers extensive insightBoLTzTRAP software interpolates the band structure ob-
into the optical characteristics, electronic transitions, andained from DFT calculations and performs the necessary
possible uses of our compounds, including UV light used inintegrations (Fermi integrals) at different temperatures and
medicine, phototherapy, semiconductor lithography, UV rafermi levels.
diation protection, and optical filtering. ZT, or dimensionless figure of merit, is the parameter that

) ] controls thermoelectric material performance, which can be
3.6. Thermoelectric properties calculated using the following expression [68, 69]:

An analysis of the thermoelectric (TE) characteristics of a S2o
material involves evaluating its efficiency in converting heat ZT = —
energy into electrical energy and vice versa [61, 62]. The

electronic conduction and thermoelectric phenomena exhibwheresS is the Seebeck coefficient,is the electrical conduc-
ited by a material are intricately connected to its electronidivity, S*c is the power factor]" is the absolute temperature,

T, ®)
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temperature, b) variation of electrical conductivity, c) variation of thermal conductivity, d) variation of figure of merit ZT.

and« is the total thermal conductivity, which is composed indicate that Au-based structures exhibit higher conductivity
of an electronic part4.) and a lattice part{;). We do not  values compared to Ag-based structures.

consider the lattice part of the thermal conductivity here [30]. Figure8c) displays the variation in thermal conductivity

High-quality thermoelectric materials usually exhibit a (x/7), which increases from arouridx 104 (W/K-m:s) for
confluence of several characteristics that improve their effecboth compounds at 300 K, then increasefte 10'* and
tiveness. While lower thermal conductivity)(is an impor- 2.5 x 10'* (W/K-m:-s) for CsAgInCls and CsAulnClg, re-
tant factor for efficient thermoelectric materials, highi&F  spectively, at 600 K. It then further increase2t6 x 104
values indicate improved thermoelectric efficiency. Other deand3.8 x 104 (W/K-m:-s) for CsAgInClg and CsAuInClg,
sirable properties include higher Seebeck coefficiefita(d  respectively, at 900 K.

higher electrical conductivityo() [70]. . : , .
9 ¥l [70] The crucial thermoelectric parameter, the figure of merit

Figure 8a) depicts the variation in the Seebeck coeffi-ZT), is presented in Fig. 8d). It has shown a small variation
cients of CsBInClg compounds as temperature increases, inof 0.72 to 0.75 over the temperature range of 300-900 K.
dicating a decrease while still falling within the optimal range
of 100-300uV/K. At 300 K, the Seebeck coefficients were
188 uVIK for Cs;AulnClg and CsAgInClg. Subsequently,
at 900 K, the Seebeck coefficients dropped to A¥3K for
Cs,AulnClg, and 141uVIK for Cs,AgInClg. Despite the
decline observed, these values continued to fall within th
desired range for efficient thermoelectric performance.

Overall, the obtained results provide insightful informa-
tion into the basic thermoelectric properties of the compound
Cs,BInClg, highlighting its potential as a thermoelectric ma-
terial with significant power generation capabilities, partic-
éjlarly at low temperatures, and the ability to maintain rea-
sonable thermoelectric efficiency over a broad temperature
range. These results closely align with other relevant theoret-

The correlation between temperature and the estimateidal studies, such as those on CuX (X = Cl, Br) [71], partic-
electrical conductivity €/7) can be observed in Figb). It  ularly regarding the effect of temperature on thermoelectric
is apparent that the electrical conductivity/{) increases properties. This offers the opportunity to be used in the indus-
from 7 x 108 (2 -m-s)~! and6 x 10*® (2 - m-s)~! trial sector to convert thermal emissions from human bodies
for Cs,AulnClg and CsAgInClg, respectively, at 300 K, to and other sources, such as engines in automobiles and ships,
13 x 1018 (Q2-m-s)~tand10 x 108 (2-m-s)~t at 900 K into energy. Reducing the use of fossil fuels and preventing
for Cs,AulnClg and CsAgInClg, respectively. The findings  global warming are two major benefits of such an application.
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4. Conclusions their elastic characteristics suggest that they possess flexibil-

ity and ductility while displaying elastic anisotropy. The eval-
This study investigates the theoretical evaluation of the strucyation of the optical absorption coefficient indicates that the
tural, stability, elastic, electronic, optical, and thermoelec-compounds display a low absorption coefficient, followed by
tric properties of the inorganic halide double perovskite comyytiple peaks across the UV and EUV spectra. The peaks

pounds CsBInClg (B = Ag, Au) using GGA-PBE and TB-

observed in the graphs of the real and imaginary components

mBJ approximations. We find that both compounds mainyf the dielectric function, in the visible, UV, and EUV re-

tain the typical cubic structure within the space grouBRim
(No. 225), as well as their optimal tolerance and octahedr

a\%ions, suggest a promising application in optical filters across
arious frequency ranges. Moreover, both compounds exhibit

parameters, in accordance with the crystallographic stability|evated electrical conductivity, low thermal conductivity, an

pounds exhibit a direct band gap. Furthermore, these subsositioning them as favorable candidates for thermoelectric
stances demonstrate remarkable phase stability against degggsplications.

dation. These systems also exhibit mechanical stability, and
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