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Abstract
Thedouble perovskites (DPs) are outstandingmaterials for renewable energy and other optoelectronic
applications.Here in this paper, the thermoelectric and optical behavior of X2HfI6 (X=Ga, In, Tl)
have been explained systematically byDFT. The structural stability has been certified using ionic radii
in terms of tolerance factor, and dynamic stability has been confirmed by positive phonon dispersion
frequencies in acousticmodes. The band structurefindings show the direct band gaps for (Ga, In, Tl)
basedDPs. The optical properties have been investigated by dispersion, absorption, refection, and
related other optical characteristics. The absorption bands are existing in ultraviolet region and shifted
to higher energy (blue shift). The reflection and optical loss of light are noted less than 0.3which
increases their potential for optoelectronic devices. The high Seebeck coefficient and electrical
conductivity alongwith ultralow lattice thermal conductivity confirm the high figure ofmerit at and
below the room temperature.

1. Introduction

The Increasing energy demand for sustainable development and industrialization has forcedworld policy
makers to realize the usefulness of the alternative resources of energy [1]. In this regard, emphasis of researchers
around the globe has been shifted towards the cause of fulfilling the energy needs of humans. Themost easily
accessible and ideal source of renewable energy is the Sunlight which is not only cheap but also reliable. In recent
past,many scientists have discovered efficient and cheap solar cellmaterials that largely exploit the visible
spectrum [2]. Another source for renewable energy is the change of heat energy to beneficial electrical energy via
electrical generators. Thefigure ofmerit ZT=σS2/κThas been used to determine performance of
thermoelectric devices which largely depends upon electrial conductivity and Seebeck coefficient. Themost
excellent thermoelectric compounds should have highσ and S butmust have small κ [3]. The efficiency of
devices developed for renewable energy depends upon the selection of compounds.

Recently, power conversion efficiency (PCE) of about 25.6%has been achieved for lead-based double
perovskite halides that are potential candidates for solar cells production [3–5]. In 2019, Geisz et al [6]described
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the solar cell efficiency of 47.1%bymulti-junction concentrator solar cells, i.e., 11.1%higher than that of earlier
reported efficiency. Kojima et al, reported CH3NH3PbI3 (MAPbI3) perovskite solar cells have limited practical
applications because they showpoor stability due to decomposition of CH3NH3PbI3 intoCH3NH3I, PbI2 and I2
due to ambient conditions and toxic nature of Pb [7, 8]. It has been observed that in all inorganic perovksites, the
method of ion exchange has improved the stability of perovskite solar cells (PSCs) expressively [9, 10]. That’s
why,finding newhalide perovskites is very important for green energy.Many researchers have found several
stable halide perovskites as shown in [11–17].

Recently, double perovskites of type A2B(I)B(III)X6, whichwere obtained aftermodifiying divalent B(II)
cation intomonovalent B(I) and trivalent B(III) cations, overcome issue of instability [18]. TheCs2AgBiX6

[X=Br, Cl] double perovskite halides were first timemade by solid-state and solutionmethod [19, 20].
Furthermore, A2BX6materials have beenmade by exchanging B-site cation inA2B(I)B(III)X6 double perovskites
with some vacancy order element [21]. Compounds like A2BX6 andABX3 are of alike structures having closed
pack behaviour, for example, Cs2SnI6, Cs2PdBr6, andCs2TeI6 etc [22–26]. Numerous investigations about
halide perovskites including experimental [26] and theoretical [27]have been carried out to recognize the ideal
materials. Thesematerials have excellent structural, electronic, optical, and thermoelectric behaviour [28].

The light absorptionwithin visible and infrared regions has been studied for A2BX6 (where B= Sn andTe)
compounds thatmake thempotentialmaterials for optoelectronic devices [29, 30]. The determined values of
band gap are in the range from1.25 eV to 1.30 eV for Cs2SnI6 that was obtained fromdiffuse-reflectance studies
[31, 32]. It present a new highly stable perovskite Cs2PdBr6 having band gap 1.60 eV for PScs usage. The n-type
semiconducting nature of Cs2PdBr6was confirmed from the calculated effectivemasses of electron and hole
having value of 0.53me and 0.85me, respectively [33]. The experimental and theoretical investigations about
A2TiX6 , where A=K+, Rb+, Cs+, and In+; X=Cl, Br, and I) andCs2TiIxBr6-x have been presented. The band
gaps from1.38 eV to 1.78 eV fall absorption in the visible region and highlight the perovskites as an excellent
materials for photovoltaic devices. It was further stated [34] that all these halide perovskites are stable, however
the Rb2TiI6 andCs2TiI6 aremost stable compounds becauseΔH> 50meV/atom. Researchers have also
performed computational investigations of few knownmaterials having formA2BX6 (where A=K, Rb, andCs,
B= Sn, Pd, Pt, Te, andX= I)withHSE06 functional [35]. It was reported that the band gap values and the
effectivemasses of thesematerials increases by changing A-site cation fromK toRb toCs.

From the experimental and theoretical literature of the family of thesematerials, the cubic phase of the
studied double perovskites has been analyzed. For example, Hakami explored the A2ZrI6 (A=Ga, In andTl) in
cubic phase with space group Fm 3̄ mbyDFTbased codes and ensured their stability in cubic phase by tolerance
factor, and positive frequencies of phonon dispersion [36]. Vuong et al, studied the Tl2HfCl6 by experimental
approach and analyzed by x-ray diffractionwhich the cubic phasewith space group Fm 3̄ m [37].Moreover,
Hawrami et al, studied the Intrinsic Tl/Hf/Zr-based scintillators of double perovskites Tl2HfCl6 andTl2ZrCl6 in
cube phase [38]. In addition to the above, the family compounds of the studied double perovskites are vastly
studied in thematerials project [39]. Therefore, in the knowledge of above discussion, we have explored the
studied double perovskites for optical and thermoelectric applications because these properties are not yet
explained.

We have studiedX2HfI6 (X=Ga, In, Tl), a novel double perovskites iodides which have limited
experimental and/or theoretical data. The structral, dynamic and thermodynamic confirmation by tolerance
factor, formation energy and phonons dispersion analysis ureged us to explore them for optoelectronic and
thermoelectric applications. Furthermore, the largefigure ofmeritand Seebeck coefficent are alsomake them
promisingmateirals for direct conversion of heat energy into electrical energy. To the best of our knowledge, we
have comprehensively studied optical and thermoelectric properties of thesematerials for the very first time.
Thus, our predictions offer profound opportunity to the experimentalists to investigate them for useful
applications.

2.Methods of calculation

TheDPsA2HfI6 (A=Ga, In, Tl) are studied for electronic and optical characteristics by usingWien2k software
[40]which based on full potential linearized augmented planewave FP-LAPWmethod [37]. The Perdew–
Burke–Ernzerhof generalized-gradient approximation PBE-GGA [41] is used to calculate the precise results of
ground state characteristics, i.e., lattice constant, bulkmodulus, and bandgap. It fails to calculate the band gap of
thesematerials accurately. Therefore,modified Becke and Johnson potential of Tran andBlaha (TB-mBJ) [42]
has been applied that calculate value of band gap accurately.We have usedRMT xKmax= 8,Gmax= 20 (Ry)1/2,
and lmax= 10. The, 12× 12× 12 k-mesh is used to achieve convergence of charge/energy. For optical and
thermoelectric properties, the K-mesh has been increased 20× 20× 20 tomake it dense. Themaximum
convergence threshold for energy/charge isfixed at 10-4 Ry. The optical characteristics have been evaluated
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usingKrammer-Kronge expression [43, 44] that linked the real and imaginary parts as
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The thermoelectric characteristics ofDPs are computed byBoltzTraP code [45]. The transport coefficient ofσ
are given as
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Herewave number isN, relaxation time is τ, and group velocity is υβ.Moreover, Seebeck coefficient and
electrical conductivity as a function of temperature and chemical potential can bewritten in integral form as
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The values of s and S tells us about the greater efficiency of thermoelectric devices having low thermal
conductivity. Furthermore, the phonons calcutions and lattice thermal conductiity are calculated by phonopy
code [45] and ShengBTE code [46]

3. Results and discussion

3.1. Structural and electronic properties
TheDPsX2HfI6 (X=Ga, In, Tl)having face-centered cubic (FCC) structure which belong to Fm m3 space
group. The geometrical structure is given in figure 1(A), inwhichX2HfI6 (X=Ga, In, Tl) consist ofHfI6
octahedra groups. All individual octahedraHfI6 are parted fromother octahedra through 12-fold coordinates of
iodine. The vacant positions among these octahedraHfI6 are occupied byGa/In/Tl. It can be seen from
figure 1(A) that theHf andGa/In/Tl are bounded by 6- and 12-iodine ions, respectively. The bond lengthHf-I
reduces due to the strong coordination inX2HfI6 (X=Ga, In, Tl). Therefore, eachHfI6 is positioned at the
center and corners of the cubic structure. TheGa/In/Tl,Hf, and I are located at 8c, 4a, and 24eWyckoff sites
fractional coordinates [47]. The optimized positions of two atoms ofGa/In/Tl, one atomofHf and 6 atoms of I
are as In (0.25, 0.25, 0.25), In (0.75, 0.75, 0.75), Hf (0, 0, 0), I (0.25, 0, 0), I (0.75, 0, 0), I (0, 0.25, 0), (0, 0.75, 0), I
(0, 0, 0.25), and ( 0, 0, 0.75). TheGa2HfI6 has lattice constant of 12.52Å and rises to 12.56Å due to the change of
Gawith In andTl, as In (265 pm) andTl (300 pm) has a larger atomic size as compare toGa (243 pm)whereas
decrease in the bulkmodulus is given in table 1. The energy versus volume plots of studiedDPs show the
complete optimization and relaxation of the structures as depicted infigure 1(B). The increasing or decreasing of
lattice constant depends upon thematching of radii of cations and anions. In the present case, the atomic radius
increases fromGa to Tlwhich increasing thematching of their radii withHf and In. Therefore, the lattice
constant decreases and band gap increases fromGa to Tl substitution. The elements X,Hf, and I in the formula
X2HfI6 have the oxidation states+1,+4 and -1, respectively which balanced the charge as [(+1´ 2)+ (+4´ 1)
+ (-1´ 6)]. These are the similar oxidation states as occurs inCs2SnI6 as+1,+4 and -1 for Cs, Sn, and I,
respectively. Usually, theGa/In/Tl have oxidation states+3 but it also attains+1 inmanymechanisms. In
literature, the scientists have elaborated+1-oxidation state of Ga/In/Tl in In2O [48]which is further explained
byZhao et al, and Schneider et al [49, 50].

The studiedDPs are found thermodynamically stable and is clarified from calculating the formation energy

( ) ( )D = - - -H E X Hf I lE mE nE 7f Total l m n X Hf I

Where ( )E X Hf ITotal l m n is total energy ofmaterials, and E ,X EHf and EI are energies of individual atoms. The
calculated formation energies are listed in table 1, whose negative values confirms that studiedDPs are
thermodynamically stable [51]. The structural stability is confirmed fromGoldschmidt formula

( ) ( ) ( )/= + +t r r r r2 8X I Hf I

Where r ,X rHf and rI are ionic radii of X,Hf and I, respectively [52]. For cubicDPs to be a stable structure, the
ideal tolerance factor is unity. The structural stability of studiedDPs is confirmed from computed values given in
table 1. The octahedral factor or ionic ratioμ= rHf/rI, where rHf and rI are the ionic radii ofHf and I ions are
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Figure 1. (A)Crystal structures of X2HfI6 (X=Ga, In, Tl); [Red color of I, Blue color ofHf, Green color ofGa, In, Tl]. Figure 1(B)
energy versus volume plots X2HfI6, (X=Ga, In, Tl).

Table 1.The calculated parameters forGa2HfI6, In2HfI6, andTl2HfI6.

Parameter Ga2HfI6 In2HfI6 Tl2HfI6

Lattice constant ao(Å) 12.52 12.54 12.56

Bulkmodulus Bo (GPa) 17.62 17.34 17.30

Formation energyHf (eV) −2.95 −2.65 −2.45

Band gap Eg(eV) 2.70 2.75 2.90

Tolerance factor Tf 0.89 0.90 0.92

Octahedral factor (μ) 0.44 0.45 0.47

Static refractive index n(0) 1.90 2.00 1.83

Static dielectric constant ε1(0) 3.63 4.07 3.36

ReflectivityR (0) 0.097 0.114 0.086
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calculated for the studied double perovskites. Our computed values 0.44, 0.45 and 0.47 are falls in the stability
range 0.42 to 0.68.Moreover, ourfindings are consistent with calculations in the [53]. These values of octahedral
factor are also presented in table 1.

Furthermore, for dynamic stability confirmationwhich is very important for device formation, the phonons
dispersion calculations are executed by phonopy code and depicted infigures 2(a)–(c). There are twomodes of
phonons are observed opticalmode at frequency and acousticmode at low frequency. The opticalmodes have
positive frequencies and show the stable behavior. The acousticmode of phonons are alsomeet atΓ direction to
zero frequecy of their 3 phonons [54, 55]. Therefore, during the analysis of phonons band structures the negative
frequecies are not present which ensure the dynamic stabilities of studiedDPs.

The electronic performance of studiedDPs is elaborated by band structures (BS)whose graphs are plotted in
figures 3(a)–(c). The electronic configurations of atoms areGa [Ar] 3d10 4s2 4p1, In [Kr] 4d10 5s2 5p1, Tl [Xe] 4f14

5d10 6s2 6p1, Hf [Xe] 4f14 5d2 6s2, and I [Kr] 4d10 5s2 5p5. The valence electrons contribute to the transitions
across the band gap and physical properties of thematerials. Here theGa, In, andTl have one electron in the 4p1,
5p1, and 6p1, respectively. TheHf and I have two electrons in 5d2 andfive electrons in 5p5. Therefore, we have
plotted only theGa (4p1), In (5p1), Tl (6p1), Hf (5d2) and I (5p5) states and ignore the rest of states. In the figure 3,
we have onlywritten asGa/In/Tl p-states,Hf d-states and I p-states. The valence band exist at Fermi level for the
analyzedDPs, which ensures the states in theVB belowEF are occupied.Moreover,maxima of VB at and
minima of CB atΓ direction show the direct band gap of studiedDPswhich increases by changingGawith In
andTlwhich ismay be due to addition of extra states in the tetrahedral positions. In addition, the density of
states under the EF inVB are richer than theDOS in theCB, therefore, the effectivemass (m*) of holes VB are
larger than electrons in theCB. Them* are for electrons ( *me ) and holes ( *mh ) are computed fromBS atΓ-L-1,2
andΓ-X-1 directions (See table 2) [56]. The calculated values of *me and *mh are consistent with BS (See figure2).
The holes have larger *mh as compared to *me which can also be seen from flatDOS atVB in BS plots. These
effectivemasses largely effect the physical properties especially thermoelectric properties which are discussed in
the last section of article. The effectivemasses are used in transport properties calculations such as electrons and
holes when theymove under the influence offield and density of states of carriers in semiconductors. The large

Figure 2.The phonons disperson plots of (a)Ga2HfI6, (b) In2HfI6, and (c)Tl2HfI6.

Figure 3.Band structures of (a)Ga2HfI6, (b) In2HfI6, and (c)Tl2HfI6.
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values of carrier’s effectivemasses reduce the electrical conductivity and increases the Seebeck coefficient.
Therefore, the vacancy ordered double perovskites have large values of Seeback coefficient asmeasured in the
present inmV/K and consistent with the resultsmeasured in the [36]. The effectivemasses also decide the
behavior of band structures, for heavy carriers the density of states becomes flat while for light effectivemasses
the states are curved. Large values of effective also influence the transition and recombination rate of the carriers.

The valenceDOS of studiedDPs forGa/In/Tl, Hf and I are drawn infigures 4(a)–(c). Therefore, Ga/In/Tl
have the valence orbitals 4p/5p/6p, andHf/I have 5d/5p orbitals. In theVB, the energy regions -1.6 to -2.1 eV
and zero to -1.0 eV contains the p states of I. The d states ofHf lies at -1.7 to -2.1 eV in theVBwhile d states ofHf
inCB lies at energy 2.6 to 3.8 eV and 4.6 to 5.5 eV alongwith the p states of Ga/In/Tl in the energy region 2.6 to
3.8 eV. Theretofore, the pd hybridization of I-Hf andX-Hf in theCB control the possible transitions and
recombination’s betweenVB andCB. The favorable transitions go on from the p states of I in VB to d states ofHf
inCB.

3.2.Optical properties
The optical behavior depends upon light–matter interactionwhich ismeasured by dielectric constant ε(ω)who’s
real ε1(ω) and imaginary ε2(ω) parts represents the dispersion of light energy and absorption. The ε1(ω) and ε2(ω)
are related throughKramer-Kronig relations whose expressions are given in [57–59]. For studiedDPs, the

Figure 4.DOSofGa/In/Tl,Hf, and I for (a)Ga2HfI6, (b) In2HfI6, and (c)Tl2HfI6.

Table 2.Computed effectivemasses of electrons ( *me ) and holes ( *mh ).

Direction
Ga2HfI6 In2HfI6 Tl2HfI6

*mh *me *mh *me *mh *me

(Γ-L)-1 3.99 2.20 2.98 1.80 4.11 3.00

(Γ-L)-2 2.45 2.28 2.00 1.83 2.55 2.92

(Γ-X)-1 >10 3.21 >10 3.14 >10 4.03

(Γ-X)-2 1.60 1.42 1.20 1.02 1.64 1.53
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calculated optical parameters are shown infigures 5(a)–(d) and 6(a), (b). The ε1(ω) accounts for the polarization
caused by the electromagnetic waves while passing throughmaterials [60]. It has been noticed fromfigure 5(a)
that ε1(ω) increases with increasing in light intensity and showpeaks at 3.4 eV (8.0), 3.2 eV (7.0), and 3.5 eV (6.5)
forGa2HfI6, In2HfI6, andTl2HfI6, respectively. after resonance, ε1(ω) begins to fall, and its values stay positive for
all our studied compoundswhich confirm their semiconducting nature.

The static dielectric constants and optical band gaps are agreewith Penn’smodel expressed as ε1(0)≈ 1+
(ħωp/Eg)

2 [61], here Eg, ħ, andωp are optical band gap, Planck’s constant, and plasma frequency, respectively
(See table 1). The n(ω) informs us about the inclination ofmaterials to be transparent and computed values are

Figure 5.Dielectric constnats (a) ε1(ω), (b) refractive index n (ω) (c), ε2(ω), and (d) absorptionα(ω)Ga2HfI6, In2HfI6, andTl2HfI6.

Figure 6. (a)R(ω) and (b) L(ω) of A2HfI6 (A=Ga, In, Tl).
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plotted infigure 5(b). The static refractive index n (0) forGa2HfI6, In2HfI6, andTl2HfI6 relate to ε1(0) through
relation ( )e=n 00

2
1 [62] as given in table1. It has been noted that ε1(ω) and n(ω) values changes consistently. Its

main values appear at 3.4 eV (2.90), 3.2 eV (2.75), and 3.5 eV (2.60), and then becomes least as drawn in
figure 5(b).

The light energy absorbed by optical compounds is found from ε2(ω) as presented infigure 5(c). As seen
fromfigure 5(c), ε2(ω) reaches to highest values at 3.6 eV (6.5), 3.4 eV (5.5), and 3.5 eV (4.8), after that drops to
small value due to various transition and recombination rates. The absorption bands appeared at (2.8 to 4.4) eV,
(2.7 to 3.8) eV, and (3.2 to 4.0) eV forGa2HfI6, In2HfI6, andTl2HfI6, respectively. These values of band gaps and
absorption bands pointed out that studied compounds haveworth in visible, and ultraviolet region. Theα(ω)
has similar trends as ε2(ω) because both demonstrate light absorption. Theα(ω) is shown infigure 5(d) for
Ga2HfI6, In2HfI6, andTl2HfI6 which have peak values at 4.0 eV, 3.4 eV, and 3.5 eV, respectively.

The reflectivity R(ω) is plotted infigure 6(a) and its values at zero frequency are presented in table 1which are
extremely low. The observed peak values of reflectivity are 0.28, 0.25, and 0.24 forGa2HfI6, In2HfI6, andTl2HfI6,
respectively. The loss energy L(ω) is drawn infigure 6(b). The observed L(ω) has small value in the visible and
ultraviolet regions. Therefore, the R(ω) and L(ω) are very small in visible to ultraviolet regionswhichmake them
promise for energy applications.

3.3. Thermoelectric properties
The transport behavior ofDPsGa2HfI6, In2HfI6, andTl2HfI6 ismainly depends upon S,σ and κwhich are
computed by BoltzTraP code. Therefore, the (σ, S,κ) are addressed thoroughly to ensure the performance of
studiedDPs in terms offigure ofmerit ZT (σS2/κ) [63–66]. For thefinest thermoelectricmaterials, the ZTmust
be high forwhich theσ/κ and S should be large. The κ consists of lattice vibration (κph) and electronsmotion
(κe)whichmoves throughmaterials in termswaves of energy. In present study, the κe only computed classical
Boltzmann theory for thermoelectric performance. However, in the late section the κph is computed separately
and discussed. For complete understanding of carrier’s concertation and behavior of thermoelectric parameters
are focused by temperature (T) and chemical potential (μ) infigures 7–12. The S,σ, and κ versus chemical
potential at room temperature 300K. Theμ discriminates the electrons (n-type) and holes (p-type) carriers by its
positive and negative values. Themost important factor is the relaxation time (τ) timewhich is considered
average of collisions in the studied system as 10−14s forσ and κ.

Thefigure 7(a) show from zero to -0.07 eV theσ has intensity below 3.6× 105 (1/Ωm)while in the n-type
site the large intensities 4.0/11.9/7.8× 105 (1/Ωm) for Ga/In/Tl basedDPs are found in the energy range 0.2 to
0.3 eV. Therefore, it is observed the In2HfI6 has highest intensity for the studiedDPswithmajority carriers’
electrons. Furthermore, theσ has values 0.1× 105 (1/Ωm) forGa/In and 0.15× 105 (1/Ωm) for Tl at 50K as
depicted infigure 7(b). The increases temperature enhances theirσ and it becomes 0.79/0.78/0.9× 105 (1/Ωm)
forGa/In/Tl basedDPs at 800K, respectively.

The κe has similar trends asσ as depicted infigure 8(a) becausewe are considering only electronic its
electronic part. It has values 1.2/2.2/1.1W/mK forGa/In/Tl basedDPs, respectively in the energy zero to -1.0
eV in p-type side.While in n-type side the it has values 2.5/8.0/4.5W/mK forGa/In/Tl basedDPs. For
temperature range from zero to 800K, its values increase to 1.6/2.6/1.3W/mK forGa/In/Tl basedDPs,
respectively (See figure 8(b)). The value ofσ is 105 time larger than κwhich increase the significant for
thermoelectric applications [66, 67].

Figure 7.Theσ versus (a)μ and (b)T forX2HfI6 (X=Ga, In, Tl).
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The S is the difference of potential according to temperature between two contact ofmetals and play a
leading role to increase the thermoelectric performance of the device. Its negative values refer to electrons and
positive values refer to holes asmain source of carriers. The calculated S againstμ has been displayed in
figure 9(a)which show its values reaches to positive peak at 0.06 eV and negative peak at 0.14/16 eV forGa/In/
Tl basedDPswith peak intensity±3 mV/K.Thefluctuation also occurs at−0.9 eV in the p-type region but its
intensity is very small. The S is also plotted versus T and noted its values are 0.23/0.22mVK−1 at 50K and then
decreases linearly forGa, and In basedDPs up to 0.13/0.16mVK−1 at 800K (See figure 9(b)). For Tl2HfI6 its
valuefirst increases up to 200K and then decreases to 0.13 mVK−1 at 800K.

Figure 8.The κe versus (a)μ and (b)T for X2HfI6 (X=Ga, In, Tl).

Figure 9.The S versus (a)μ and (b)T forA2HfI6 (A=Ga, In, Tl).

Figure 10.The PF versus (a)μ and (b)T forA2HfI6 (A=Ga, In, Tl).
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The S2σ ismeasured as power factor of thermoelectricmaterials which decides about the performance. The
computed values are illustrated infigure 10(a) againstμwhich show in the p-type side from zero -0.1 eV the hole
carriers have significant contribution for Ga/In/Tl basedDPs.On the other side, the electrons have
contribution in the energy region from0.17 to 0.30 eV forGa andTl. The behavior of PF against T has been
plotted infigure 10(b)whose values are 0.9WmK−2 at 50K. It increases to linearly up to 2.5/1.5/1.1WmK−2 at
800K forGa/In/Tl basedDPs.

The ZT values decides thematerials for thermoelectric devices and their efficiencies [68]. Therefore, the
calculated ZT are depicted infigure 11(a) forμ. In the energy range -0.1 eV to zero in p-type side and from0.2 to
0.3 eV for n-type side the carriers support fully to ZT to improve the performance. At the Zero energy edge favor
contributor is Tl basedDPs and at 0.2 eV theGa/In basedDPs.However, the ZT behavior versus T in the range
zero to 800K shows the ZT is high (4.5, 4.4, 3.8) for (Ga, In, Tl) at 50K and it decreases with rising T (See
figure 11(b)). It becomes 0.8 at the room temperature (300K)which further decreases to 0.3 at 800K for studied
DPs. Therefore, the large values of ZT at lowT even at room temperaturemake them significant for
thermoelectric applications.

Finally, to see the contribution of lattice vibration, the κℓ has been plotted infigure 12, its value is ultralow
which do not affect the performance of the thermoelectric devices. The computed values are comparedwith
existing literature likeGeTe, PbTe, PbSe0.5Te0.5 andBi2Te3 have κℓ values 2.60WmK−1, 2.0WmK−1, 1.50W
mK−1 and 1.24WmK−1, respectively [69–72]. The othermost relevant thermoelectric players are X2GeI6

Figure 11.The ZT versus (a)μ and (b)T forA2HfI6 (A=Ga, In, Tl).

Figure 12.The κL versus T for A2HfI6 (A=Ga, In, Tl).
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(X=K,Rb, Ge) andCs2PdI6 haveκℓ values 0.11/0.13/0.17WmK−1, and 0.15WmK−1 with largefigure of
merit [73].

4. Conclusion

The Pb freeDPs are outstandingmaterials for optoelectronic and renewable energy applications. Here the
computed findings ensure the positive phonon frequencies in acousticmode, negative formation energy and
tolerance factor (0.90 to 1.04) confirm their dynamic, thermal, and structural stabilities. The band gaps
computed fromBS ensures their applications for optoelectronic in visible to ultraviolet regions. The absorption
bands from2.8 to 3.5 eVwas observed by imaginary dielectric constant and absorption coefficient which are
most suitable optoelectronic devices especially light emitting diodes. The reflection and optical loss of light
energy is less than 0.3which is very significant factor. Lastly, the large values of (σ, S) and small values of κmake
the ZT significant (0.80) at room temperature. The ultralow κl confirmwas found for the studiedDPswith is
consistent with best thermoelectric players. Therefore, our significant findings of optoelectronic and
thermoelectric characteristics will provide guidance to experimental researchers to realize them for applications.
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