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Abstract
The present study explores the structural, optoelectronic, and thermoelectric properties of potassium
tin halide vacancy-ordered double perovskites K2SnX6 (X=Cl, Br, and I) in their stablemonoclinic
phase. Our study usesfirst-principles calculations based on density functional theory (DFT).
Electronic band structures reveal direct band gaps for K2SnCl6 andK2SnBr6, while K2SnI6 exhibits an
indirect band gap. Theoretical computations utilising themodified Becke-Johnson potential (mBJ-
GGA) demonstrate that the optical band gaps of K2SnCl6, K2SnBr6, andK2SnI6 decrease in the
following order: 2.581 eV, 1.707 eV, and 4.126 eV, respectively. These values render thematerials
suitable for photovoltaic applications. Analysis of dielectric functions, absorption coefficients, and
refractive indices demonstrates their potential as light-absorbingmaterials.We evaluate the thermo-
electric properties, including electronic and lattice thermal conductivities, Seebeck coefficients, and
power factors, which lead to favorable thermoelectric performance. Themaximumfigure ofmerit
(ZT) values of 0.58, 0.69, and 0.50 are achieved for K2SnCl6, K2SnBr6, andK2SnI6, respectively, at 500
K. Thesefindings highlight the potential of thesematerials for applications in solar cells and
thermoelectric devices, emphasising their effectiveness at elevated temperatures.

1. Introduction

The scientific community is concerned about discovering alternative power generationmechanisms because of
theworld’s escalating energy consumption. Solar cells serve a significant role in the use of renewable energy. On
the other hand, thermoelectricity has become a prominent field of study for those seeking an effective non-
conventional power generationmechanism. Findingmore effectivematerials with appropriate optoelectronic
and thermoelectric properties for power generation has enormous potential.

In thefield of optoelectronics, since 2009, researchers have given perovskite solar cells a lot of attention due
to their exceptional power conversion efficiency, low cost, and straightforwardmanufacturing procedure [1–4].

Hybrid organic-inorganic Pb-based halide perovskites with the prototypematerial CH3NH3PbI3 have been
on the rise (the certified power conversion efficiency of perovskite solar cells has reached 25.2%). However, two
challenges presently stand in theway of the commercialization of large-scale devices:material instability [5, 6]
and Pb-related environmental toxicity. The search for novel, stable, Pb-free perovskites is presently generating a
lot of research attention [7].

In 2014 [8], Lee et al showed that cesium tin (IV) iodide (Cs2SnI6) has optical and electrical properties that
make it useful for photovoltaics. This work sparked new interest in the vacancy-ordered double perovskite
family A2BX6. The direct optical gap of Cs2SnI6 is 1.3 eV. Lee et al usedCs2SnI6 to construct a solar cell with a
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power conversion efficiency of 7.8%. Furthermore, according toChen et al [9], Cs2TiBr6 thin film have
outstanding intrinsic and environmental stability, long and balanced carrier-diffusion lengths, and a suitable
bandgap of 1.8 eV. They also asserted that the initial Cs2TiBr6 thin films-based perovskite solar cells exhibited a
power conversion efficiency of 3.3% [9]. Due to their acceptable optical bandgaps and good stability, Cs2TeI6
[10], Cs2PdBr6 [11], andCs2TiBr6 [12] are also regarded as potential perovskitematerials. However, the earth’s
crust has limited availability of cesiumdespite its benefits.

In the realmof thermoelectronics, thermoelectric generators (TEGs)have the potential to extract usable
energy fromnumerous sources, such as industrial operations, power production, and transportation systems.
Considerable study has been undertaken onmany types of thermoelectricmaterials, including tin selenide [13],
chalcogenides [14–16], half-Heusler alloys [17, 18], Zintl phases [19], perovskites [20–22], and additional
materials [23–25]. However, high operating temperatures, cost per watt, and structural complexity have
hindered thewidespread industrial application of thesematerials, despite significant progress in improving their
efficiency.

The focus then shifts to halide perovskites, which have gained interest because of their advantageous
electronic and phononic transport features [26–28]. Theoretical studies have shown that they have very low
lattice thermal conductivity [28–31] and strong Seebeck coefficients [32]. However, the fact that lead is
poisonous and that CsMX3 (M=Pb, Sn, andX= halide) is structurally unstable in air are big problems that
make it hard to use them commercially.

Vacancy-ordered double perovskites have been getting a lot of attention lately because they are better than
lead halide perovskites in a number of ways, such as being stable, scalable, and non-toxic [33]. Their tuneable
band gaps, long carrier diffusion lengths, good stability in air [34], andflat band structure [35]make them
suitable for efficient thermoelectric power production. Various researchers have studied individual compounds
within the vacancy-ordered double perovskite family, such asCs2GeCl/Br6 [36], Cs2SnI6, Rb2SnI6 [37],
K2OsCl6, K2OsBr6 [38], andCs2NbI6 [39], and have reported promising thermoelectric capabilities based on
experimental evidence or theoretical calculations.

TheK2SnX6 (X= I, Br, andCl) vacancy-ordered double perovskite compounds, belonging to the
K2PtCl6-type category, have not been thoroughly explored in terms of thermoelectric, optoelectronic, and
related properties. First reported in 1970, only a few investigations had focused on the structural properties of
K2SnBr6 andK2SnCl6 [40, 41]. Notably, there is a lack of investigation into the thermoelectric and related
applications of these compounds, both experimentally and theoretically. Therefore, further investigation is
necessary for the potassium tin halide vacancy-ordered double perovskites K2SnX6 (X= I, Br, andCl).

This study aims tofill this gap by presenting crucial thermoelectric and optoelectronic parameters for
vacancy-ordered double perovskites K2SnX6 (X= I, Br, andCl). These parameters include thermal conductivity,
electrical conductivity, power factor (PF), Seebeck coefficient, figure ofmerit, dielectric function, absorption
coefficient, reflectivity, refractive index, and optical conductivity.We employ the classical Boltzmann transport
theory for these calculations. Additionally, various other important parameters, such as structural, thermal, and
band-related characteristics, are computed using the full potential linearizedmethod based on density
functional theory. These calculations are expected to pave theway for further research onK2SnX6 (X= I, Br, and
Cl) perovskites. The ultimate goal is to encourage future industrial applications of these compounds.

2. Computationalmethods

One of the best-knownmethodologies for determining the structural and optoelectronic characteristics of
crystallinematerials is density functional theory (DFT). The ground-state structural properties of the
compounds are estimated by optimising and relaxing the unit cell design. Optimised structural parameters are
utilised to compute the electronic, optical, and thermoelectric properties of the compound. In this work, all
calculations were done usingfirst-principlemethodologies, the Kohn-Sham equation is solved iteratively using
theWein2k [42] algorithm and other integrated simulation tools. Generalised gradient approximation (GGA) is
employed [43, 44], and the utilisation of themodifiedBecke-Johnson potential is employed. (mBJ) [45].
Additionally,muffin-tin spheres are taken into account to enclose the researched components of double
perovskites. To achieve the desired behaviour of atomic-like waves inside the spheres andwave-like behaviour
outside, the LAPW (linearized augmented-planewave) technique is utilisedwith a base set. After a convergence
test, the value of RMTxKmax= 9 is taken into consideration. Regarding the atomic and planewave cut-offs, it is
important to consider their significance in the context of the subjectmatter. The utilisation of a reduced
Brillouin zone (BZ) approach enables the replication of the crystal structure within the confines of regular
periodic boundary conditions. A dense grid consisting of 1100 k-points is chosen for the purpose of integrating
across the Brillouin zone. The self-consistent termination of iterations occurs when the convergence criterion of
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0.0001 e for charge and 0.000001 Ry for energy is satisfied.We employed a total of 10,000 k-points to ascertain
the optical properties.We computed and examined the transport characteristics using the BoltzTrap [46].

3. Results and discussion

3.1. Structural description
It is hypothesised that vacancy-ordered double perovskites K2SnX6 (X=Cl, Br, and I) experience a phase change
froma cubic phase with the (Fm3m) space group to a tetragonal phase with the (P4/mnc) space group, andfinally
a transition to amonoclinic (P21/n) phasewhen the temperature increases [40, 41]. Figures 1(a)–(c) illustrate the
structures of several phases. The current investigation focused on the optimisation of the crystal structures of the
compoundsK2SnX6 (where X represents the halogensCl, Br, and I) that exhibit cubic, tetragonal, and
monoclinic crystal structures in their respective phases. This optimisationwas carried out using the PBEsol-
GGA functional.

In the initial stage, the K2SnX6 (X=Cl, Br, and I) compounds undergo complete relaxation through the
implementation of force optimisation. Energy is represented in terms of volume. After that, we adjust the
relationship between volume and energy points to conform toMurnaghan’s equation of state [47].
Subsequently, the optimised lattice parameters, bulkmodulus, and pressure derivative of the bulkmoduluswere
calculated based on the aforementioned fitting procedure. Table 1 presents the resulting values. Figure 2
presents the graphs depicting the optimised relationship between energy and volume. The anticipated
equilibrium lattice parameters are consistent with the available experimental and computational evidence
[40, 41], and [48].

The lattice parameters of K2SnX6 (X=Cl, Br, and I) increase fromCl to Br to I with a decrease in the
compressibilitymodulusB. This happens because the combination of larger lattice constants and higher atomic
numbers leads to lowermaterial density. Interestingly, the compressibilitymodulusB remains relatively stable
when transitioning from cubic to tetragonal tomonoclinic phases for each of these compounds. Upon
examiningmultiple volume optimisation graphs, it becomes evident that themonoclinic phase has the highest
level of stability among the three phases. Hence, our investigationwill primarily concentrate on themonoclinic
phase.

3.2. Electronic properties
The band gap is a fundamental characteristic of amaterial. Calculating the band structure determines the band
gap of amaterial. The band gap serves as amethod for evaluating the suitability ofmaterials in relation to their
prospective use in solar power cells alongwith other optoelectronic equipment.We determined the band
structures of K2SnX6 (where X represents Cl, Br, or I) using the PBEsol-GGA functional [43, 44].We also
employed themodified Becke-Johnson potential (mBJ) [45]. Figure 3 depicts the profiles of the band structures.
The band structures of the three compoundswere computed using a selected k-path of Z-C-D-Γ-Y-A-Γ-E
within the Brillouin zone. Table 2 presents the estimated bandgaps alongside other calculated data for
comparison.With values of 4.126 eV for K2SnCl6, 2.581 eV for K2SnBr6, and 1.707 eV for K2SnI6, the band gaps
foundwith themBJ-GGApotential show a decreasing trend. The calculated band gaps of K2SnX6 (X=Cl, Br,
and I) exhibit considerable importance for future investigations because of their agreement with the theoretical
band gaps [48] of 4.04 eV and 2.57 eV to 1.16 eV, respectively. The band gaps of K2SnX6 (X=Cl, Br, and I)
exhibit favourable characteristics for implementation in single-junction and tandemphotovoltaic cells, as well
as various other optoelectronic uses. The valence bandmaximum (VBM) and conduction bandminimum
(CBM) of K2SnCl6 andK2SnBr6 are located at the identical high-symmetry special pointΓ. This observation
establishes that K2SnCl6 andK2SnBr6 possess the characteristic of being direct band gap semiconductors.
Whereas, for K2SnI6 have an indirect band gap betweenCBMatΓ point andVBMat Y point of the
Brillouin Zone.

We determined the total and partial density of states (DOS) for the three compounds under investigation
using themBJ-PBEsol-GGA functional. This analysis was conducted in order to gain a deeper understanding of
the intricate electronic characteristics of these compounds, as depicted infigures 4(a)–(c). The partial density of
states (DOS) of K2SnCl6, K2SnBr6, andK2SnI6 exhibit certain shared properties. The valence bandmaximum
(VBM) of the three compounds ismostly influenced by the p states of the halogen atoms (namely, Cl-3p, Br-4p,
and I-5p). Conversely, the conduction bandminimum (CBM) is predominantly composed of the s states of tin
alongwith the p states of the halogen atoms. Furthermore, it is evident that the presence of potassiumhas a
negligible impact on both the conduction bandminimum (CBM) and valence bandmaximum (VBM).
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3.3.Optical properties
To assess the viability of K2SnX6 (X=Cl, Br, I) compounds as light-absorbingmaterials, we conducted an
analysis of various optical characteristics, encompassing dielectric function (ε), light-absorption coefficients (α),
refractive index (n), reflectivity coefficient (R), extinction coefficient (k), and the energy associatedwith the loss
function (L), using the PBEsol-GGA functional with andwithoutmBJ correction.

The complex dielectric function explains how a photon interacts with variousmaterials. It determines the
linear optical characteristics. The complex dielectric function has the following expression: e e e= + i .1 2 The
two constituents, e1 and e2 represent the real and imaginary components of the dielectric constants, respectively.

Figure 1.The crystal structure and the polyhedral structure of K2SnX6:(X=Cl, Br, I) (a) cubic, (b) tetragonal, (c)monoclinic.
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Figures 5(a) and (b) depict the two parts of the dielectric function for the indicatedmaterials, specifically for
energy values ranging from0 to 5 eV, in the context of optical computations. The plots exhibit essentially
indistinguishable trends across all compounds, with the exception of aminor deviation towards lower energy
levels when the compounds transition fromK2SnCl6 toK2SnBr6 toK2SnI6.

The imaginary component of the dielectric function ε2 determines themagnitude of light absorption in a
substance. The energy band gap is the threshold at which absorption initiates in a givenmaterial as a result of the
electronic transition from the valence bandmaximum (VBM) to the conduction bandminimum (CBM). The
optical gaps for K2SnCl6, K2SnBr6, andK2SnI6were determined to be 4 eV, 2.3 eV, and 1 eV, respectively (mBJ-
GGA). The optical bandgaps obtained from the calculations validate the accuracy of the computational
methodology employed in this study by aligningwith the theoretical bandgaps derived from the band structure

Table 1.Calculated lattice constants, compared to experimental parameters.

Materials Phases

Calculated parameters by

GGA-PBEsol

Calculated parameters by

GGA-PBE [48]
Experimental parameters

[40, 41]

K2SnCl6 Cubic a= 9.9834Å a= 10.02 Å a= 9.99Å
B (GPa)= 36.0755

B’= 5.0474

V0 (Bohr
3)= 1678.7077

Emin (Ryd)=−20288.856533

Tetragonal a= b= 7.0599Å, c= 9.9963Å a= b= 7.09 Å, c= 10.01Å a= b= 7.06Å, c= 9.98Å
B (GPa)= 35.7786

B’= 4.9392

V0 (Bohr
3)= 3357.2765

Emin (Ryd)=− 40577.720090

Monoclinic a= 7.0399Å, b= 7.0299Å, a= 7.07Å, b= 7.05Å, a= 7.02Å, b= 7.01Å,
c= 10.0183Å,β= 90.23° c= 10.03Å,β= 90.11° c= 9.99Å,β= 90.13°

B (GPa)= 36.1102

B’= 4.9442

V0 (Bohr
3)= 3345.7984

Emin (Ryd)=− 40577.725147

K2SnBr6 Cubic a= 10.5091Å a= 10.51Å a= 10.48Å
B (GPa)= 29.2572

B’= 4.9089

V0 (Bohr
3)= 1958.0934

Emin (Ryd)=− 46018.066061

Tetragonal a= b= 7.4687Å, c= 10.6268Å a= b= 7.50Å, c= 10.67Å
B (GPa)= 28.3798

B’= 5.0768

V0 (Bohr
3)= 3999.8251

Emin (Ryd)=− 92036.131139

Monoclinic a= 7.4228Å, b= 7.4328Å, a= 7.45Å, b= 7.47Å, a= 7.43Å, b= 7.44Å,
c= 10.6097Å,β= 90.42° c= 10.68Å,β= 90.17° c= 10.62Å,β = 90.18°

B (GPa)= 29.2196

B’= 6.0121

V0 (Bohr
3)= 3950.1665

Emin (Ryd)=− 92036.172004

K2SnI6 Cubic a= 11.5230Å a= 11.66Å
B (GPa)= 20.7168

B’= 5.2102

V0 (Bohr
3)= 2581.2577

Emin (Ryd)=− 100151.869977

Tetragonal a= b= 8.1334A, c= 11.5938Å a= b= 8.25Å , c= 11.76Å
B (GPa)= 20.7228

B’= 5.4586

V0 (Bohr
3)= 5175.6526

Emin (Ryd)=− 200303.744305

Monoclinic a= 8.1866Å, b= 8.2532Å, a= 8.29Å, b= 8.32Å,
c= 11.4979Å,β= 90.50° c= 11.69Å ,β= 90.25°

B (GPa)= 20.2292

B’= 5.4260

V0 (Bohr
3)= 5242.4576

Emin (Ryd)=− 200303.804663
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analysis. The graph exhibits its peak values for K2SnBr6 andK2SnI6 at energy levels of 3.64 eV and 2.38 eV,
respectively. Nevertheless, the value of ε2 remains consistently low for K2SnCl6.Moreover, it was subsequently
shown that the dielectric constants of K2SnX6 (X=Cl, Br, I) exhibit an increase when the ionic radius of the
halogen anion increases. The intensity of K2SnI6 in the ε2 spectra is observed to be higher compared to the other
elements within the visible range, suggesting a notable level of absorptive activity.

Employing theKramers-Kronnig transformation, the real component of the dielectric function e1 is derived
from its imaginary component. The real component e1 is ameasure of the degree of light polarisation observed
as light passes through amaterial. ForK2SnCl6, K2SnBr6, andK2SnI6, the static dielectric constants at the zero
frequency limit are e1(0)= 2.22, 2.90, and 3.76, respectively. The compoundsK2SnBr6 andK2SnI6 exhibit
enhancements in themagnitude of ε1 ranging from3.73 to 4.76. These enhancements occur at energies of
2.97 eV and 1.92 eV for K2SnBr6 andK2SnI6, respectively.

Important information for the application prospects can be found in the absorption coefficient (α) as shown
infigure 5(c). In visible light, it is apparent that as the energy of the photons increases, the intensity of the
absorption coefficient for each compound under study increases. Because their band gaps are smaller, K2SnI6
andK2SnBr6 absorb visible light better thanK2SnCl6. Thismeans that K2SnBr6 andK2SnI6 are better choices as
light-absorbingmaterials for solar cells. K2SnCl6may be explored as a potentially viable semiconductormaterial
for tandem solar power generation and various optoelectronic devices due to its favourable light absorption
characteristics when subjected to photon energies over 3 eV.

Figure 5(d)depicts the refractive index (n), which indicates the degree of transparency or opacity exhibited
by thematerials. The static refractive index values for K2SnCl6, K2SnBr6, andK2SnI6 are 1.75, 1.98, and 2.23,
respectively.Moreover, the apex of n corresponds to an electronic transition from the valence bandmaximum
(VBM) to the conduction bandminimum (CBM). The peak for K2SnBr6 is located at 3 eV, whereas for K2SnI6, it

Figure 2.Total volume-dependent energy variation of theK2SnX6 (X=Cl, Br, I) unit cell, for cubic, tetragonal, andmonoclinic
phases.

6

Phys. Scr. 99 (2024) 035917 AZikem et al



is set at 1.9 eV. These energy levelsmake themwell-suited for solar applications. K2SnCl6 has a relatively low
refractive indexwithin the visible light spectrum. The values of n revealed in this study for the vacancy-ordered
double perovskite are highly suitable for application in solar cells.

Reflectivity (R) is a fundamental optical parameter that quantifies the amount of light reflected from a given
surface. Figure 5(e) displays the reflectivity spectra of K2SnCl6, K2SnBr6, andK2SnI6. The compounds are
believed to exhibit transparency to photons in visible light due to their reflectivity in the visible spectrumbeing

Figure 3.Band structure of K2SnX6 (X=Cl, Br, I) usingGGA andmBJ-GGA approximations.
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below 15%. It is evident from the data presented infigure 5(f) that the variation in the extinction coefficient (k)
follows a similar pattern to that of the absorption coefficient (n).

The energy-loss function (L) is a crucialmetric used to characterise the likelihood of light decay as it traverses
amaterial. Figure 5(g) presents the electron energy loss spectrum (L). It is noteworthy that within themeasured
range, the energy-loss functions have values that are consistently less than 0.04. The energy loss in this study can
be considered negligible. It is evident that the extinction coefficient and energy-loss function curves demonstrate
similar patterns.

The optical conductivityσ encompasses various aspects that elucidate the correlation between the oscillating
electric field E and the current density j. Figure 5(h) depicts the spectrumof optical conductivity, which displays
many peaks, each of which corresponds to transitions between bands.

3.4. Thermoelectric properties
In recent times, there has been a growing interest in thermoelectricmaterials due to their notable ability to
convert thermal energy into electrical energy. The evaluation of thermoelectric devices’ performance is

conducted through the utilisation of thefigure ofmerit, = s
k

ZT S T2

[49].
The parameters are the Seebeck coefficient (S), electrical conductivity (σ), total thermal conductivity (κ), and

absolute Kelvin temperature (T). A large S andσwith a smallκ are characteristics of a good thermoelectric
device. The calculation of the figure ofmerit (ZT) involved the total thermal conductivity k k k= + ,e L which is
the sumof the electronic thermal conductivity (κe) and the lattice thermal conductivity (κL).

It is widely believed that thermoelectricmaterials of high quality possess semiconductor properties
characterised by conduction and valence bands that have aflat energy profile [50]. The band structures that we
have computed (figure 3) illustrate that K2SnCl6, K2SnBr6, andK2SnI6 exhibit characteristics of direct band gap
semiconductors, wherein the conduction and valence bands remain flat. Therefore, it is expected that theywill
exhibit favourable thermoelectric characteristics. The present study employed the Boltzmann transport theory
to ascertain the thermoelectric characteristics. Therefore, (S), (σ), (κe), and power factor (PF)were determined
by employing Boltzmann transport theory through the utilisation of the BoltzTraP code [46]. The relaxation
time is consistentlymaintained at 10−14 s.We calculatedκL using the Slack equation [51]implemented in the
Gibbs code [52, 53].

Figure 6(a) displays the electronic thermal conductivity (ke) at various temperatures. The charge carrier’s
contribution to heat transfer is represented by k .e It is evident that for the three compounds, their value rises as
the temperature increases. Figure 6(b) illustrates the lattice contribution to thermal conductivity (κL) as a
function of temperature, as determined by the utilisation of the slack equation [51]. The values ofκL exhibit a
decrease as the temperature increases. The observed behaviour ofκL indicates a decrease in phonon heat
transmission as temperature rises. Additionally, figure 6(c) illustrates the relationship between temperature and
the total heat transfer by charge carriers and phonons (κ). The thermal conductivity values of K2SnCl6 decline
until reaching 200K,κ (K2SnBr6) decrease until reaching 250K, andκ (K2SnI6) decrease until reaching 350K.
After these respective temperatures, the total thermal conductivity (κ) exhibits a slight increase with rising
temperature. This increase is a result of the fact that the number of charge carriers increases with temperature.

Figure 6(d) showshowelectrical conductivity (σ) changeswith temperature.The graph shows thatwhen the
temperature rises,σ increases.The following relationship linksσwith carrier concentrationn:σ=neμ.Whereμ: is the
mobility and e is the electrical charge.The rise in carrier concentration is the causeof thepositive temperature
dependenceof s.The lowvalues of conductivity (σ)observed inK2SnI6 canbe attributed to the limitedmobility of
charge carriers in thematerial. This reducedmobility is primarily due to its relatively small bandgap (Eg).WhenBr and
Cl are substituted to I, thebandgaps are greater,which results in an increase in electrical conductivity.

The Seebeck coefficient (S) is calculated and presented infigure 6(e)within the temperature interval ranging
from100K to 500K. In the full temperature range, the figure demonstrates that the Seebeck coefficient (S) values
for theK2SnX6 (X=Cl, Br, and I) compounds are positive. This demonstrates that the investigated compounds

Table 2.Band gaps Eg calculated using PBEsol-GGA andmBJ- PBEsol-
GGA compared to theoretical results.

Compounds
Eg

PBEsol-GGA mBJ-PBEsol-GGA Theoretical [48]

K2SnCl6 2.577 eV 4.126 eV 4.04 eV

K2SnBr6 1.465 eV 2.581 eV 2.57 eV

K2SnI6 1.060 eV 1.707 eV 1.16 eV
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have p-type conductivity. Additionally, the value of S decreases with rising temperature, similarly to other
semiconductors.

One important parameter for transport properties is the power factor (PF=sS2). Figure 6(f) depicts how it
changes with temperature for K2SnX6 (X=Cl, Br, and I). PF increases from∼2.5× 10−4WmK−2 (at 50K) to
∼3× 10−3WmK−2 (at 500K) for K2SnCl6 andK2SnBr6, and from∼2.5× 10−4WmK−2 (at 50K) to 1.5× 10−3

WmK−2 (at 500K) for K2SnI6. The calculated PF values assure their overall potential as effective thermoelectric
materials [36–39].

Figure 6(g) displays the Figure ofmerit (ZT) variation in terms of temperature. At 500K,K2SnCl6, K2SnBr6,
andK2SnI6 havemaximumZT values of 0.58, 0.69, and 0.50, respectively. In comparisonwithmetal and lead

Figure 4.Total and partial density of stateDOS in themonoclinic phase, calculated bymBJ-GGA functional of: (a)K2SnCl6, (b)
K2SnBr6, (c)K2SnI6.
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halide perovskites [54], these values are significantly high. It is pertinent tomention that thematerials under
study aremore effective for thermoelectric applications at high temperatures.

4. Conclusion

The exploration ofmaterials exhibiting excellent optoelectronic and thermoelectric capabilities for the purpose
of power generation possesses significant potential. This study aims to examine the structural, optoelectronic,
and thermoelectric properties of potassium tin halide vacancy-ordered double perovskites K2SnX6 (where X

Figure 5.The computed optical parameters of K2SnX6 (X=Cl, Br, I) inmonoclinic phase calculated byGGA (dashed lines), mBJ-
GGA (solid line) approximations.
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represents the halogens chlorine, bromine, and iodine) by the use offirst-principles computations. The present
study is centred on themonoclinic phase of these compounds, utilising density functional theory (DFT) and
Boltzmann transport theory performed in thewien2k. The purpose of this study is to examine various aspects of
thesematerials.

The band gaps calculated utilising themodifiedBecke-Johnson (mBJ)potential demonstrate an increasing
patternwith regard to electronic properties. Specifically, the band gaps for K2SnI6, K2SnBr6, andK2SnCl6 are
recorded as 1.707 eV, 2.581 eV, and 4.126 eV, respectively. The estimated band gaps of K2SnX6 (X=Cl, Br, and

Figure 6.The computedσ,κL,κe,κ, S, PF, andZT in terms of temperature, for K2SnCl6 (X=Cl, Br, I) compounds.
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I) hold great significance for future research because of their near alignment with theoretical values. In addition,
it is worth noting that all the compounds under investigation demonstrate direct band gaps except for K2SnI6,
which shows an indirect band gap.

The study of the compounds’ optical properties shows that the calculated optical band gaps are the same as
the theoretically calculated values found from the band structure calculations. Specifically, K2SnI6 exhibits a
greater intensity in the visible region, which suggests its pronounced absorptive characteristics. The enhanced
light absorption capabilities in the visible spectrum exhibited byK2SnI6 andK2SnBr6, owing to their narrower
band gaps, render themmore appropriate for utilisation in solar cell technologies as compared toK2SnCl6. In
addition, it is noteworthy that the refractive index exhibitsmaximumvalues at energy levels of 3 eV and 1.9 eV
for K2SnBr6 andK2SnI6, respectively. This characteristicmakes these compounds particularly advantageous for
use in solar-related contexts. The compoundK2SnCl6 demonstrates a relatively low refractive indexwithin the
visible spectrum, whereas all compounds exhibit a low level of reflection.

When examining the thermoelectric properties, it is observed that substituting bromine or chlorine for
iodine results in the creation of broader band gaps, which subsequently enhances electrical conductivity. The
thermal conductivity resulting fromphonons exhibits a decline as temperature increases, implying a decrease in
the transport of heat by phonons. The sign of the Seebeck coefficient indicates the confirmation of p-type
conductivity in the compounds. Furthermore, it is observed that the power factor is positively correlated with
temperature. Specifically, the power factor values for K2SnCl6 andK2SnBr6 approach 3× 10−3WmK−2, while
for K2SnI6 it is 1.5× 10−3WmK−2, when the temperature is at 500K. Additionally, when the temperature
reaches 500K, the aforementioned compounds exhibit peak values of the figure ofmerit (ZT) at 0.58, 0.69, and
0.50 for K2SnCl6, K2SnBr6, andK2SnI6, respectively. The aforementioned findings underscore the prospective
utility of these compounds as efficaciousmaterials for thermoelectric applications.
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