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Abstract
In this study, the density functional theory (DFT) is employed to investigate the structural, 
elastic, optoelectronic, and thermoelectric (TE) properties of  K2NaSbZ6 (Z = Br, I) halide 
double perovskites (HDPs). The evaluated second-order elastic constants and formation 
energy analysis confirm that the studied HDPs are cubic, stable, and ductile. The electronic 
band structure calculations disclose that both compounds are determined to be p-type 
semiconductors with indirect band gaps of 3.20 eV and 2.40 eV for  K2NaSbZ6 (Z = Br, 
I), respectively. The optical features demonstrate the prominent role of the present HDPs 
in photovoltaic conversion and optoelectronic devices. In the visible region, both HDPs 
exhibit high optical absorption (>  105  cm−1) with excellent refractive index. Furthermore, 
the studied TE properties show that for both HDPs, n-type doping is more suitable for 
improving their TE performances. Therefore, the present study would be beneficial for 
emerging optoelectronic and TE technologies.

Keywords Figure of merit · Optoelectronic · Solar cells applications · Thermoelectric 
performance · Thermodynamic stability

1 Introduction

With the expeditious worldwide human progress, energy demand has become increasingly 
concerned. Currently, the significant contribution of fossil fuel consumption to the destruc-
tion of our ecology is one of the most pressing issues. In this light, widespread efforts are 
intensifying to look for sustainable alternatives to conventional energy sources (Bildirici 
and Gökmenoğlu 2017; Mantziaris et al. 2017). Moreover, sunlight is the most prevalent 
sustainable and clean alternative to conventional energy sources. However, to convert heat 
from the sun and recover efficiently the unexploited heat from industrial sectors, a vari-
ety of cost-effective and environmentally sound technologies are being vastly investigated. 
In this regard, photovoltaic (PV) solar cells and thermoelectric (TE) devices have sparked 
considerable interest (Mostafaeipour et al. 2022; Ivanovski et al. 2021; Snaith 2013). Aside 
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from PV, TE technology, with the ability to harvest and convert discarded heat into use-
ful power, is acknowledged as a reliable solution for energy efficiency enhancement (Mac-
Donald 2006; Goldsmid 2010). The pursuit of adequate materials with improved optoelec-
tronic performance and energy conversion efficiency is the key issue (Tarbi et al. 2023a, 
2023b, 2022, 2023c, 2023d; Boutramine 2023). In this view, the usefulness of TE materi-
als strongly depends on the TE dimensionless figure of merit (ZT =  S2σT/κ). Here S, κ, 
σ, and T stand respectively for Seebeck coefficient, thermal and electrical conductivities, 
and absolute temperature (Goldsmid 2021, 2017). Accordingly, for an efficient TE mate-
rial, high S and σ combined with low κ are required. Concurrently, the full control of these 
key parameters is an integral yet difficult challenge. In this regard, various techniques have 
been conducted to further improve ZT by enhancing the power factor (PF =  S2σ) as well as 
reducing κ. Moreover, a TE material with a ZT of unity is considered excellent (Zhao et al. 
2014; Aswal et al. 2016; Liu et al. 2016).

In the recent past, double perovskites materials (DPs), generally denoted with the for-
mula  A2BB’Z6 (where A = alkaline or rare earth metals, B/B’ = transition or non-transition 
cations, and Z = oxides or halides), have gathered tremendous curiosity among scientists 
(Maiti et al. 2019; Tariq et al. 2020; Slavney et al. 2016; Faizan et al. 2016). The excellent 
optical and TE performances of DPs make them more adequate for solar cells and other 
clean harvesting energy applications. This is greatly attributed to their appealing features, 
including high conversion efficiency, adequate band gap tenability, strong optical absorp-
tion, long carrier diffusion length, low carrier recombination, and balanced carriers’ effec-
tive masses. Furthermore, from a crystallographic point of view, the diverse arrangement 
of elements in DPs is known to provide a large variation in physical properties (Srivastava 
2017; Demic et al. 2017). Besides, perovskite-based optoelectronic devices and solar cells 
offer a promising conception as an emerging low-cost technology with remarkable power 
conversion efficiency (PCE), which has been enhanced efficiently to impressive values 
(Singh et al. 2021; Cao and Yan 2021; Kim and Kim 2021; Mirershadi et al. 2016). In this 
area, single and lead-based hybrid perovskites have been intensively investigated (Zhang 
et  al. 2018; Xiao et  al. 2023; Waszkowska et  al. 2020; Lu et  al. 2022). Their remarka-
ble characteristics and ability to compete with existing technologies are attributed to their 
low production cost, adequate band gap, and good transport properties. Unfortunately, the 
expected feasible use of Pb-based perovskites is hindered because of toxicity concerns, 
structural instability, and their potential degradation with continuous exposure to light and 
moisture (Ke et al. 2019; Senocrate et al. 2019). Tremendous theoretical and experimental 
works have been conducted to tackle the toxicity and lack of intrinsic stability of Pb-based 
perovskites without compromising their conversion efficiency (Shahbazi and Wang 2016; 
Babayigit et  al. 2016a, 2016b; Bouich et  al. 2022). Therefore, the focus challenge is to 
develop a new class of environmentally benevolent and efficient materials to simultane-
ously handle these issues. Therefore, it has been attempted to exchange the toxic Pb with 
some non-toxic metals such as Sn and Ge. However, a comprehensive literature review 
assured that this change in the oxidation state drastically reduces the long-term stability of 
solar cells (Babayigit et al. 2016a, 2016b; Bouich et al. 2022; Liu et al. 2018; Ghosh et al. 
2022; Shao et al. 2018; Kopacic et al. 2018). Alternatively, a new generation perovskites 
of Pb-free halide DPs (HDPs) has been suggested to deal with this problem for the opto-
electronic industry and the clean energy community. In these structures, two divalent  Pb2+ 
cations in  APbX3 are exchanged with a pair of trivalent  B3+ and monovalent  B+ cations, 
resulting in  A2BB’Z6 DPs, which sustain the same crystalline structure and charge balance 
(Du et  al. 2017). Furthermore, these materials provide a wide compositional flexibility, 
covering a wide spectrum of thermoelectric and solar cell applications (Kung et al. 2020). 
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Interestingly, thousands of researchers worldwide are currently focused on PV and TE 
materials, and a significant number of research groups are concentrated on Pb-free HDPs. 
In this regard, several Pb-free HDPs have been evaluated to replace even high Pb-contain-
ing perovskites for solar and thermal energy harvesting purposes (Yan et al. 2022; Wu et al. 
2021; Bibi et al. 2021; Lu et al. 2020; Chu et al. 2019).

Additionally, an extensive amount of works on the compounds of similar families has 
been conducted. In this regard, using the first principles method, Waqas et al. investigated 
the physical properties of  M2NaInI6 (M = Rb, Cs) HDPs. They obtained direct band gaps of 
1.111 eV and 1.121 eV for  Rb2NaInI6 and  Cs2NaInI6, respectively. Their results revealed 
that both studied compounds are appropriate for PV and TE applications (Waqas Mukhtar 
et al. 2021).

Moreover, Shi et  al. assessed the  Cs2MBiCl6 (M = Ag, Cu, and Na) and 
 Cs2MBiCl6  (M = K, Rb, and Cs) HDPs. According to the findings,  Cs2MBiCl6 (M = Ag, 
Cu, and Na) exhibited a cubic symmetry along with a relatively low carriers’ effective 
masses, whereas  Cs2MBiCl6 (M = K, Rb, and Cs) displayed a monoclinic structure with a 
high indirect semiconducting band gap correlated with high carrier effective masses (Shi 
et al. 2020).

Furthermore, the electronic properties of  Tl2NaBiCl6,  Cs2NaInBr6, and  Cs2NaBiCl6 
HDPs have been studied. The findings demonstrated that the compounds have nearest 
neighbor distances in cation sublattices, and large electro-negativity differences among 
cations resulted in a narrow discrete band structure (Shi et al. 2015). Similarly, based on 
a modified Becke-Johnson (mBJ) potential taking into account the spin–orbit coupling 
(SOC), Khan et  al. estimated the properties of  Cs2NaMCl6 (M = In, Tl, Sb, and Bi) and 
revealed that these materials showed direct band gaps for  Cs2NaMCl6 (M = In, Tl) and 
indirect band gaps for  Cs2NaMCl6 (M = Sb and Bi) with narrow discrete bands (Khan et al. 
2021). Also, S. Zhao et al. evaluated the optical characteristics of  Cs2NaBX6 (B = Sb, Bi, 
and X = Cl, Br, I) and found that these compounds demonstrated exceptional stability and 
are perfect materials for optoelectronic applications (Zhao et al. 2018). Using the first-prin-
ciples approach, Yang Gui et al. have systematically investigated  Cs2BSbBr6 (B = Li, Na, 
K, and Rb) HDPs. They reported that  Cs2BSbBr6 (B = Li, Na) exhibited a semiconducting 
indirect band gap, while  Cs2BSbBr6 (B = K and Rb) are direct band gap semiconductors 
(SCs). Moreover, the corresponding reported band gaps are 2.81, 2.96, 3.37, and 3.36 eV, 
respectively. The significant absorption of visible (VIS) light implies that the materials are 
suitable for PV applications (Gui et al. 2023).

Interestingly, potassium-based HDPs have generated a great deal of interest due to their 
exceptional optoelectronic properties, which include superb growth uniformity, long diffu-
sion length, high optical quality, and good carrier mobility. K-based HDPs have been stud-
ied by several researchers. Recently, A. Mera et al. have investigated the electronic, elastic, 
optical, and TE properties of  K2NaTlX6 (X = Cl, Br, and I) using the ab initio method. The 
results highlighted the potential of these materials for clean energy conversion applications 
(Mera et al. 2023). In another study, Al-Qaisi et al. analyzed the physical characteristics 
of  K2CuSbX6 (X = Cl, Br, and I). They reported that the indirect band gaps of these com-
pounds are 1.12, 0.80, and 0.43 eV, respectively. Furthermore, at room temperature, these 
HDPs showed an ultralow value of lattice conductivity and a high ZT. The results also cer-
tified their extensive applicability for optoelectronic and TE devices (Al-Qaisi et al. 2023).

In view of a comprehensive literature review, it is believed that  K2NaSbZ6 (Z = Br, I) 
HDPs have not yet been studied. Therefore, the purpose of this study is to use the DFT 
approach to conduct an ab  initio evaluation of HDPs as suited for green energy appli-
cations. With the use of the generalized gradient approximation (GGA) and modified 
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Becke-Johnson (mBJ) potential, the thermoelectric, electrical, optical, and structural prop-
erties of  K2NaSbZ6 (Z = Br, I) are identified in this work. It is anticipated that the current 
study will provide important new understanding for upcoming theoretical and experimental 
surveys.

2  Computational method

In the present contribution, the structural, elastic, optoelectronic, and TE properties of 
 K2NaSbZ6 (Z = Br, I) HDPs are elaborated through the density functional theory (DFT) 
as it is properly designed in the WIEN2K simulation package (Schwarz et al. 2002).The 
optimal method for figuring out the electronic properties of solids is the first-principles-
dependent FP-LAPW scheme, which was used in this study’s computation procedure. The 
exchange–correlation functional wisely adopted here is Perdew Burke Ernzerhof’s (PBE) 
Generalized Gradient Approximation (GGA) (Perdew et al. 1996). This approximation effi-
ciently gives the ground state properties but underestimates the accuracy of the band gap 
and electronic properties that are required to outline the optical and TE properties. There-
fore, to overcome this underestimate, the trans-Balaha modified Becke-Johnson exchange 
potential (TB-mBJ) has been employed (Tran and Blaha 2009; Aslam et al. 2021).

In the FP-LAPW technique, the primitive cell volume is disintegrated into two sides: 
the interstitial side and non-overlapping muffin tin spheres (MT) of radius  RTM. Within the 
MT spheres, the eigenfunctions with spherical harmonics are expanded, whereas the plane 
wave functions are developed over the interstitial space. In a reciprocal lattice, the basis set 
is controlled by the input cut-off parameters ℓmax = 10,  Gmax = 12, and  KmaxRMT = 7. Here, 
ℓmax,  Gmax,  Kmax, and  RMT stand for the highest angular momentum, the Gaussian factor, 
the maximum k-vector, and the smallest MT sphere radius, correspondingly. For an accu-
rate conversion, (17 × 17 × 17) k-points were used for structural optimization and electro-
optical outcomes, but (49 × 49 × 49) k-points were utilized for TE characteristics. The con-
vergence criterion during the geometry optimization was obtained consistently by  10−5 Ry. 
Under constant relaxation time approximation, TE characteristics were investigated using 
the Boltz-Trap code incorporated with the semi-classical Boltzmann theory (Madsen et al. 
2006a).

3  Results and discussion

3.1  Structural properties

In practical design and simulation, the structural features and stabilities of materials are 
relevant and strongly correlated with almost all their physical properties. Typically, by 
optimizing the ground energy versus volume (E–V), the material’s structural stability as 
well as its ground-state elastic and thermodynamic properties can be perfectly achieved. 
The studied  K2NaSbZ6 (Z = Br, I) HDPs have updated database entries with preliminary 
information in the Materials Project Web Dataset (Materials Project 2023a; Materials 
Project 2023b). The full optimization of the titled HDPs is conducted within the frame-
work of the PBE-GGA treatment. Therefore, the obtained ground energy versus volume 
(E–V) was carefully added to the Birch-Murnaghan equation of state (EOS) (Murna-
ghan 1944). The optimized crystal structures are plotted in Fig. 1a–d. Thus,  K2NaSbI6 is 
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the most optimized compound as compared to  K2NaSbBr6, owing to its smaller ground-
state energy. Table 1 presents an inventory of the ground-state structural properties of 
 K2NaSbZ6 (Z = Br, I) that have been observed and compared to the previously published 
results.

The computed equilibrium lattice constants are 11.42 Å and 12.30 Å for  K2NaSbBr6 
and  K2NaSbI6, respectively. The observed increase in the equilibrium lattice constant is 
supported by shifting the univalent anion Br to I, attributed to a lager radius of I than 
that of Br. Also, the reported densities of 3.13 g/cm3 and 3.52 g/cm3 are consistent with 
lattice constant changes. The results obtained are listed in Table  2. As expected, the 
reported lattice constants fit well with the available results (Materials Project 2023a; 
Materials Project 2023b). Next, to investigate the thermodynamic stability of both 
HDPs, their formation energy (ΔEf) is determined through the formula described in Al-
Muhimeed et al. (2022); Al-Qaisi et al. 2021). Consequently, the present HDPs appear 
to be thermodynamically stable, as certified by negative ΔEf, and can be experimentally 
synthesized. Moreover,  K2NaSbBr6 is thermodynamically more favorable than 
 K2NaSbI6. Additionally, the compound’s ion compatibility factor guarantees the struc-
tural stability of  A2BB′Z6 DPs. Meanwhile, this compatibility is inferred using the 
Goldschmidt empirical tolerance factor � =

(rA+rZ )
√

2(rZ+rBB�)
,where r

Z
 and r

A
 stand for the Z 

and A ionic radii and r
BB′ is the average of the ionic radii of B and B’ (Bartel et al. 2019; 

Fedorovskiy et al. 2020). The ideal tolerance factor for cubic stable perovskites is unity, 
while the optimal range of 0.81 < τ < 1.11 is also classified as a stable region (Aslam 
et al. 2021). The calculated τ values of the studied  K2NaSbZ6 (Z = Br, I) are all within 
the optimal range, as shown in Table 1, confirming a stable cubic HDPs structure.

Fig. 1  Crystal structures (b, d) and energy versus volume curves (a, c) for  K2NaSbZ6 (Z = Br, I) compounds
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3.2  Elastic properties

To overcome the challenge in the manufacturing engineering of excellent materials for PV 
and optoelectronic applications, mechanical properties and second-order elastic constants 
(SOECs) must be considered. In this study, the Cubic Elastic Package (Jamal et al. 2014) 
was adopted to elucidate the elastic behavior of the investigated materials. The elastic con-
stants  (Cij) were assessed in the PBE-GGA treatment for the equilibrium cubic structure 
at zero external pressure. Since both  K2NaSbZ6 (Z = Br, I) HDPs demonstrate the cubic 
crystal structure, three different independent SOECs  (C11,  C12, and  C44) are required for the 
dimensional structure strength determination. The elastic stability is validated by execut-
ing the Born-Huang elastic stability criteria for cubic symmetry:  C11 +  2C12 > 0,  C44 > 0, 
 C11 −  C12 > 0, and  C12 < B <  C11 (Wang et al. 1993). Hence, the reported positive values of 
 Cij, tabulated in Table 2, ensure that  K2NaSbZ6 (Z = Br, I) HDPs are mechanically stable in 
cubic crystal structure. As we can see, both HDPs have significant  C11 values as compared 
to the other two shear SOECs  (C12 and  C44); accordingly, these HDPs possess high resist-
ance to deformation in the (100) plan and < 100 > direction. Also, due to its greater  C11, 
 K2NaSbBr6 is stiffer as compared to  K2NaSbI6. Furthermore, by considering the Voigt-
Reuss-Hill averaging scheme (Hill 1952), various averages of elastic constant-based mod-
uli such as bulk modulus (B), shear modulus (G), Young modulus (Y), Poisson’s ratio (ν), 
and anisotropy factor (A) were predicted using the calculated SOECs (Hill 1952; Li et al. 
2012; Luan et al. 2018; Ranganathan and Ostoja-Starzewski 2008). Therefore, due to its 
greater B value,  K2NaSbBr6 is much more resistant to volumetric changes than  K2NaSbI6. 
In addition, the values of G suggest that  K2NaSbBr6 has a higher resistance to plastic 
deformation than  K2NaSbI6. Concurrently, B > G illustrates that both compounds have 
higher resistance to volumetric than shape strains. As evaluated from the Y modulus, the 

Table 2  Ground state structural, elastic, and thermodynamic characteristics of  K2NaSbZ6 (Z = Br, I) HDPs 
obtained using the PBE-GGA approach

Compound K2NaSbBr6 K2NaSbI6

Elastic constants (GPa) C11 46.82 37.03
C12 8.07 5.21
C44 4.95 5.25

Cauchy pressure  CP (GPa) 3.12  -0.04
Bulk modulus B (GPa) 20.98  15.82
Shear modulus G (GPa) 8.88  8.34
Young modulus Y (GPa) 23.35  21.29
Pugh ratio B/G 2.36  1.89
Poisson ratio ν 0.31  0.27
Anisotropy factor A 0.26  0.33
Energy of formation ΔEf (Ry)  -2.14  -1.87
ρ (g/cm3) 3.13  3.52
Melting temperature  Tm (K) 829.72  771.86
Transverse sound velocity vt (m/s) 1684.2  1540.30
Longitudinal sound velocity vl (m/s) 3237.85  2767.86
Average sound velocity vm (m/s) 1884.72  1715.29
Debye temperature θD (K) 168.02  142.03
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 K2NaSbBr6 compound is resistive to longitudinal deformation. The A factor describes the 
elastic anisotropy of a crystal (Li et al. 2012). A = 1 is determined for isotropic compounds, 
and its deviation from unity provides the degree of anisotropic character. The observed ani-
sotropy can be ascribed to several bond orientations in various crystallographic planes and 
it is associated with a significant difference in the shear and longitudinal elastic constants. 
It is obvious from Table 2 that  K2NaSbI6 is highly anisotropic compared to  K2NaSbBr6. 
Moreover, the Pugh (B/G) and Poisson (ν) ratios are critical parameters in describing 
whether the material is ductile (B/G > 1.75, ν > 0.26) or brittle (B/G < 1.75, ν < 0.26) (Li 
et al. 2012; Pugh 1954). The recorded values reveal that both  K2NaSbZ6 (Z = Br, I) HDPs 
are ductile; consequently, they can be applied to malleable PV and optoelectronic devices. 
Also, owing to the higher values of B/G and υ, it is clear from Table 2 that  K2NaSbBr6 is 
more malleable than  K2NaSbI6. The ionic bonding character of  K2NaSbZ6 (Z = Br, I) com-
pounds is accounted for by their positive  Cp =  C12–C44 (Pettifor 1992).

3.3  Thermodynamic properties

Next, the Navier–Stokes equations are used to inspect the studied HDPs average sound 
velocity (vm) with reference to its longitudinal (vl) and transverse (vt) components, 

expressed as: v
l
=
(

3B+4G

3�

)1∕2

, v
t
=
(

G

�

)1∕2

, v
m
=
[

1

3

(

2

vt
3
+

1

vl
3

)]−1∕3

 . Moreover, the 

Debye temperature (θD) depends upon vm as follows: �
D
=

h

kB

[

3n

4�

(

NA�

M

)]1∕3

v
m
 (Schreiber 

et al. 1975; Jasiukiewicz and Karpus 2003). Here, h, ρ, kB, and  NA stand for Planck con-
stant, material density, Boltzmann constant, and Avogadro number. As a result, the 
reported θD is higher for  K2NaSbBr6 than for  K2NaSbI6, which demonstrates that the lattice 
vibration sustainability of Br-based DP is greater than that of I-based DP.

Additionally, the directional elastic constant  C11 has been used to estimate the melt-
ing temperature of present HDPs by using the standard equation (Dar et  al. 2019): 
T
m
(K) = (553 +

5.91

GPa
C11) ± 300 . The obtained results, summarized in Table 2, show that  Tm 

is greater for  K2NaSbBr6 as compared to  K2NaSbI6.This outcome agrees with the reported 
Y modulus, indicating stronger bonding and retention in Br-based DP compared to I-based 
DP. This difference is attributed to the larger ionic size of I ions. Besides, this validates the 
practical use of the present materials for relatively elevated-temperature applications.

3.4  Electronic properties

3.4.1  Electronic band structure

The electronic bands structure of materials is the primary powerful tool used to predict 
the optoelectronic and TE properties. However, a suitable optoelectronic material must be 
acquainted with its electronic, optical features and the width of the band gap, as the maxi-
mum optical absorption occurs in this region. Indeed, from a practical point of view, evalu-
ating the electronic and optical characteristics accurately delivers convenient evidence con-
cerning their synthesis and device fabrication. In the present contribution, the electronic 
bands structure of the studied  K2NaSbZ6 (Z = Br, I) HDPs was assessed using both PBE-
GGA and mBJ-GGA schemes. Since the PBE-GGA method is noted to underestimate the 
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experimental band gaps, we employed the mBJ-GGA, which has been adopted successfully 
in several recent studies (Aslam et al. 2021; Chen et al. 2020).

The Fig. 2a–f depicts the computed bands structure of the  K2NaSbZ6 (Z = Br, I) HDPs 
under focus along the (W → L → Γ → X → W → K) high-symmetry k-space path in the 
Brillouin zone (BZ). Also shown is the corresponding total density of states (TDOS). 
In this figure, the Fermi level  (EF = 0) is selected as the energy reference. As presented 
here, the conduction band minima (CBM) and the valence band maxima (VBM) are posi-
tioned, respectively, at X and L symmetric k-points, leading to an indirect (X-L) band 
gap. Moreover, the  EF level seems to be unoccupied, indicating that  K2NaSbZ6 (Z = Br, 
I) exhibits a semiconducting character. The recorded electronic band gaps for  K2NaSbBr6 
and  K2NaSbI6 with the application of PBE-GGA are 2.47 eV and 1.89 eV, respectively. 
It is worth noting that these results are consistent with the GGA findings reported earlier 

Fig. 2  Electronic band structure and total density of state of  K2NaSbZ6 (Z = Br, I) using TB-mBJ-GGA and 
PBE-GGA methods
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(Chen et al. 2020). However, when TB-mBJ exchange potential was assisted by GGA, the 
fundamental band gap magnitudes are enhanced to be 3.20 eV and 2.40 eV for  K2NaSbBr6 
and  K2NaSbI6, respectively. This observed enhancement can be attributed to the fact that 
the TB-mBJ exchange potential slightly pushes the CBs, predominated by Sb-5p and Br/I-
4p/5p electronic states, away from the  EF. Also, as reported in Table 1, the ground state 
band gap values of the present HDPs decrease with the order of increasing halide ionic size 
from Br to I. Therefore, owing to the fact that Br has a lower ionic radius, as in Fig. 1b, d, 
substituting Br with I causes a red-shift in the band gap within the VIS spectrum. Hence, 
this ensures that the studied HDPs can be used in solar cells, optoelectronic devices, and 
energy-harvesting devices.

TDOS patterns reveal consistent densities and band gaps in the electronic band structure 
of the examined HDPs. Remarkably, the TDOS below the  EF is found to be richer than in 
the CB, indicating a p-type conductivity. Moreover, the observed notable dispersion in the 
highest VB along (L- Γ- X) path, lead to a small holes’ effective mass with a high mobility 
allowing a p-type conductivity character. Furthermore, the states in the highest VB are flat 
along (X-W-K) path confirming the low occupied orbital near  EF. Also, this can be affili-
ated to the relatively large holes’ effective mass.

3.4.2  Density of states

The partial densities of states (PDOS) are conducted to gain further insight regarding the K, 
Na, Sb, and Br/I elemental contributions to the VBs and CBs, which helps to comprehen-
sively estimate the electronic structure influence on the device performance. The obtained 
results achieved by TB-mBJ-GGA treatment are depicted in Fig. 3a–j. The PDOS contour 
reveals that the VBs and CBs edges are mostly composed of Sb-5s, Sb-5p, and Br/I-4p/5p 
orbitals. Moreover, K-4s and Na-3s contributions occurred in the CB deep region, which 
does not contribute to the electronic behavior. This means that  K+ and  Na+ cations have a 
non-resistant function in the formation of the frontier bands and only act as charge donors 
to maintain structural stability. In this regard, the bottom of the CB is attributed predomi-
nantly to Sb-5p and partially to p-orbitals of halogens, while the top of the VB involves 
Sb-5s and Br/I-4p/5p states. From Fig. 3, it can be seen that the contribution of the Sb-5p 

Fig. 3  Total (TDOS) and partial (PDOS) density of states of  K2NaSbZ6 (Z = Br, I) using the TB-mBJ-GAA 
method
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decreases ongoing from Br to I. Interestingly, the changing of halide ions causes a red-shift 
of I-5p and Sb-5p states in the CB with the substitution of Br with I, which is the main 
cause of the observed red-shifted band gap. Moreover, the noticed weak PDOS at  EF in the 
VBM comes from Br/I-4p/5p and Sb-5s states. Our reported results regarding the role of 
different halogen orbitals are consistent with the recently reported contributions (Al-Qaisi 
et al. 2021; Anbarasan et al. 2021).

3.5  Optical properties

The light-matter interaction and the nature of the band gap are the main factors determin-
ing the optical performance of investigated materials. In this study, the optical properties 
of  K2NaSbZ6 (Z = Br, I) HDPs are comprehensively described in terms of the dielectric 
function using the TB-mBJ potential. Generally, the dielectric function, also called the 
permittivity of a material has a complex form as follows: ε (ω) = ε1 (ω) + iε2 (ω) (Hilal 
et al. 2016). The real part ε1 (ω) describes the induced polarization due to the light-material 
interaction, while the imaginary part ε2 (ω) reflects the capability to attenuate the transmit-
ted light through a crystal (Albanesi et al. 2005; Bobrov et al. 2010). The frequency/energy 
dependence of other correlated linear optical properties such as optical absorption coeffi-
cient α (ω), refractive index n (ω), optical energy loss function L (ω), reflectivity R (ω), and 
optical conductivity σ (ω) are addressed using ε (ω) components (Gajdoš et al. 2006; Yu 
and Cardona 1999; Dreesel and Gruner 2002).

3.5.1  Dielectric function

The computed frequency/energy-dependent ε1 (ω) of  K2NaSbZ6 (Z = Br, I), displayed in 
Fig. 4a, depicts a weak energy dependence character at low energy region. With the order 
of increasing halides ionic radii from Br to I, the enhanced static value, ε1 (0), from 2.96 
to 3.95 confirm the fact that heavy halogens are optically more polarizable. The noticed 
higher ε1 (0) favors a weak charge carrier recombination rate improving the performance 
of optoelectronic devices. Therefore, this parameter is inversely linked to electronic band 
gap energy demonstrated by the Penn model: ε1(0) = 1 + (ħωp/Eg)2, where  Eg, ħ and ωp are 
the band gap energy, Plank constant, and electron’s plasma frequency, respectively (Penn 
1962). In the VIS range, the primary peaks of ε1(ω), associated with the maximal disper-
sion of light, occur at the resonance frequencies. These frequencies shift to higher energy 
upon going from I to Br. Above the resonance positions, the ε1(ω) starts to drop sharply 
with many relaxation peaks attributed to the electronic inter-band transitions. The relaxa-
tion time can be extracted from the peak frequency as follows: τr = 1/ω = ħ/E. It is worth 
noting that, owing to its relatively smaller band gap energy,  K2NaSbI6 exhibits the highest 
peak in the VIS region as compared to  K2NaSbBr6. Furthermore, beyond the energy val-
ues of 9.51 (11.41 eV), where ε1(ω) < 0, the present  K2NaSbI6  (K2NaSbBr6) HDPs exhibit 
metallic behavior with a total reflection. In this energy range, the frequency of the incident 
radiation is greater than the plasma frequency.

Figure  4b shows that for both compounds, ε2 (ω) remains zero for all photons with 
energy lower than the band gap energy, which indicates that the energy is not sufficient 
for electronic inter-band transition. Accordingly, from the threshold points of ε2 (ω), the 
extracted optical band gaps of  K2NaSbBr6  (K2NaSbI6) of 3.19 (2.36 eV), listed in Table 3, 
agree extremely with the computed electronic band gaps. Moreover, the ε2 (ω) increases 
from the threshold points reaching its highest values of 4.36 (4.01 eV) and 5.55 (3.33 eV) 
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for  K2NaSbBr6 and  K2NaSbI6, respectively. The main peaks of ε2 (ω) are located at 5.62 
eV and 3.33 eV for  K2NaSbBr6 and  K2NaSbI6, respectively. We note that, the multi-peak 
phenomenon observed in the VIS and UV regions can be attributed to the different rates of 
conceivable electronic transition from Sb-5p and Br/I-4p/5p states of the VB to the empty 

Fig. 4  Optical properties of (a–h)  K2NaSbZ6 (Z = Br, I) HDPs calculated using the TB-mBJ-GGA method
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Sb-5p states in the CB. Therefore, this shows that  K2NaSbZ6 (Z = Br, I) HDPs possess dif-
ferent optical absorption abilities in a broad range of the electromagnetic spectrum. Subse-
quently, for  K2NaSbI6 the observed highest peak magnitudes typically cause the polarized 
electrons to extend easily into conducting states, enhancing the PV conversion efficiency. 
Also, it is clear from Fig. 4b that the absorption bands red-shifted by substituting Br with 
I. Moreover, the optimum working regions within VIS and UV ranges make the interested 
HDPs highly adequate for PV conversion and optoelectronic devices.

3.5.2  Refraction index

The optical transparency of a material is mainly determined by the optical refractive index 
n (ω). Furthermore, n (ω) refers to the ratio of the light speed in vacuum to that in the 
considered crystal. It provides the degree of bending of light when passing through a mate-
rial. Evaluating this parameter is of great importance for the accurate usage of materials 
in optical applications. As depicted in Fig. 4c and listed in Table 3, on going from Br to I, 
the zero-frequency limit of refractive index increases from 1.72 to 1.99 in correspondence 
with the red-shifted band gaps. Moreover, these values are connected to ε1 (0) as follows: 
 n2(0) = ε1(0). Furthermore, beyond n (0), the patterns of n (ω) closely follow ε1(ω) reaching 
its maximum values of 2.64 at 2.76 eV and 2.35 at 3.44 eV, respectively for  K2NaSbI6 and 
 K2NaSbBr6. In the UV spectrum, the highest refractive index of  K2NaSbI6 is 2.32 at 7.20 
eV followed by 2.07 noticed at 9.05 eV for  K2NaSbBr6. Similarly to the above-mentioned 
observation on ε1 (ω); at energies of 10 and 11.93 eV, the n (ω) values of  K2NaSbI6 and 
 K2NaSbBr6 are less than unity indicating that these HDPs become optically opaque.

3.5.3  Extinction coefficient

The extinction coefficient, k (ω), regarded as the imaginary component of the complex 
refractive index, represents another substantial optical function directly linked to the pho-
tonic energy’s optical absorption capacity. This can be checked from Fig. 4d, where the k 
(ω) followed a similar trend as ε2 (ω) spectral. One can see that, in a broad electromagnetic 
spectrum range, the value of k (ω) increases on going from  K2NaSbBr6 to  K2NaSbI6. Fur-
thermore, the values of k (ω) are 0.10 at 3.23 eV for  K2NaSbBr6 and 0.11 at 2.48 eV for 
 K2NaSbI6 around the dispersion principal absorption edge. Additionally, the k (ω) shows 
the first set of peaks at 3.36 eV (4.07 eV) and the second set of peaks at 4.45 eV (5.70 eV) 
for  K2NaSbI6  (K2NaSbBr6).

3.5.4  Optical reflectivity

The optical reflectivity R (ω) refers to the material’s capability to reflect the incident pho-
tons impinging on its surface. Accordingly, the R (ω) improves considerably as the imping-
ing photons are absorbed less. Figure  4e depicts the optical reflectivity of  K2NaSbZ6 

Table 3  Computed electronic 
and extracted optical band 
gaps and optical parameters for 
 K2NaSbZ6(Z = Br, I) using the 
TB-mBJ-GGA method

Parameters Eg (eV) ε1 (0) n (0) R (0) (%) ħωp (eV)

Electronic Optical

K2NaSbBr6 3.20 3.19 2.96 1.72 7.00 4.46
K2NaSbI6 2.40 2.36 3.95 1.99 10.93 4.05
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(Z = Br, I) HDPs. For both compounds, the values of the static optical reflectivity are 
10.93% and 7.00% for  K2NaSbI6 and  K2NaSbBr6, respectively, as recorded at zero energy. 
These provide insight into the materials’ surface quality. In the VIS spectrum, the maxi-
mum values of reflectivity are noticed to be roughly 25.24% and 14.48% for  K2NaSbI6 and 
 K2NaSbBr6, respectively. Moreover, in the UV region,  K2NaSbI6 and  K2NaSbBr6 exhibit 
high reflectivity beyond 9.51 eV and 11.41 eV, where ε1(ω) < 0, highlighting that in this 
region, these HDPs can be used as shielding materials.

3.5.5  Energy loss factor

The energy loss factor L (ω) is another important optical function. Other than absorp-
tion and reflection, this parameter provides fruitful information about the loss of photonic 
energy during the scattering process when the electron passes through a material or is 
depleted by heating. The computed L (ω) for  K2NaSbZ6 (Z = Br, I) HDPs is depicted in 
Fig. 4f. One can see that no scattering is observed for photonic energy less than band gaps, 
which means that no energy loss occurs. Furthermore, in all cases, L(ω) is negligible for 
the first peaks, while it reveals the highest values of 1.14 and 2.06 for the second peaks 
observed at 5.29 eV and 6.57 eV for  K2NaSbI6 and  K2NaSbBr6 attributed to the Plasmon 
losses. However, from a practical point of view the first peaks are typically useful. It is 
noteworthy that in the VIS region, the photonic energy loss is very negligible. Therefore, 
fewer R (ω) and L (ω) are beneficial to a good electronic transport and enhance the photo-
electric effect efficiency of the studied materials for PV and optoelectronic devices.

3.5.6  Absorption coefficient

The optical absorption coefficient α (ω) provides the material’s potentiality to absorb 
a specific photonic energy. Especially, for PV conversion, the materials should reveal a 
higher (>  105  cm−1) optical absorption coefficient in the entire VIS spectrum region. The 
α(ω) spectra, depicted in Fig. 4g, reveal that  K2NaSbZ6 (Z = Br, I) exhibits a broadband 
absorption spectrum concentrated within VIS-UV regions, which are highly suitable for 
PV and optoelectronic devices. The absorption edges are pivotal since they refer to the 
critical points before which there is no absorption. It is customary to realize that the cor-
responding energies red-shifted, on going from Br to I, showing good coherence between 
electronic and optical band gaps. The inset of Fig. 4g displays the optical band gap ener-
gies of 2.31 (3.07 eV) for  K2NaSbI6  (K2NaSbBr6) extracted using the Tauc’s plots. A slight 
overestimation has been outlined as compared to the extracted optical values from ε2 (ω). 
Moreover, the transition from Sb-5p and Br/I-4p/5p valence states to the unoccupied Sb-5p 
conduction states gets a noticeable peak values of 4.15 ×  105  cm−1 and 4.68 ×  105  cm−1 in 
the VIS region for  K2NaSbI6 and  K2NaSbBr6, respectively. Furthermore, in all cases, the 
absorption coefficient drastically increases in the UV spectrum. Accordingly, considering 
the band gap energy value and the optical absorption spectrum, the  K2NaSbI6 is highly 
adequate for PV applications.

3.5.7  Optical conductivity

The optical conductivity σ (ω) refers to the bonds breaking process when the incident pho-
tons are absorbed and reveals fruitful information about the generated free charge carriers. 
Moreover, as depicted in Fig. 4h, the frequency/energy-dependent σ (ω) trend is directly 
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connected to α (ω). In the VIS region,  K2NaSbI6  (K2NaSbBr6) show maximum σ (ω) of 
2276.32 (206.58 (Ω.cm)−1), indicating a higher absorption capability of the interested 
materials. Besides, the highest optical conductivities were observed at the UV region with 
magnitudes of 5721.26 (5713.56 (Ω.cm)−1) for  K2NaSbI6  (K2NaSbBr6). We note that the 
energy-dependent σ (ω) trends of  K2NaSbI6 are alike but lager than that of  K2NaSbBr6. 
Also, in both VIS and UV ranges, the highest peak values of  K2NaSbI6 are larger than that 
of  K2NaSbBr6, which may be attributed to the carrier’s density of these materials. Thus, 
the present HDPs are optically active with spectrum energy, which promotes their route 
towards PV and optoelectronic technologies even at high frequencies.

3.6  Transport properties

Using the mathematical formalism reported elsewhere (Allen et  al. 1996; Ziman 2001; 
Hurd 1972; Madsen et  al. 2006b), we have comprehensively evaluated the electronic 
transport and TE performance of  K2NaSbZ6 (Z = Br, I) HDPs in terms of Seebeck coef-
ficient (S), electric (σ/τ) and electronic thermal (κe/τ) conductivities, figure of merit 
(ZT = σS2T/κ), and TE power factor (PF =  S2σ/τ). In the present calculations, the relaxa-
tion time we have used is τ =  1014 s. The computed electronic transport and TE features of 

Fig. 5  Thermoelectric properties of  K2NaSbBr6 HDPs with respect to μ − μF at various selected tempera-
tures computed using the TB-mBJ-GGA method



 A. Boutramine et al.

1 3

417 Page 16 of 23

 K2NaSbBr6 and  K2NaSbI6 against the chemical potential µ (eV) at four selected tempera-
tures (300, 500, 700, and 900 K) are illustrated in Figs. 5a–e and 6a–e, respectively. The 
negative and positive µ differentiate between the p-type and n-type doping regions. The µ 
(eV) = µF (eV) = 0 for a pristine compound is indicated by the vertical dotted lines.

3.6.1  Seebeck coefficient

The Seebeck coefficient (S) is the pivotal parameter used for evaluating the TE conver-
sion efficiency of materials. It measures the magnitude of the potential difference induced 
by the temperature gradient pending the energy transfer across the ends of a conductor. 
However, positive S (negative S) suggests that the conduction is mainly due to holes (elec-
trons). The S (μV/K) against μ (eV) is demonstrated in Figs.  5a and 6a for  K2NaSbBr6 
and  K2NaSbI6, respectively, at 300, 500, 700 and 900 K. In the p-type doping region, the 
magnitude of S remains almost zero. Nevertheless, for n-type doping, S exhibits promi-
nent peaks and valleys throughout the entire considered μ region. The observed high val-
ues at 300 K are 2984.8 (− 2826.05 μV/K) and 2965.75 (− 2782.97 μV/K) for  K2NaSbBr6 
and  K2NaSbI6, respectively. Furthermore, the peak values gradually decline as the tem-
perature rises reaching 1678.15 (− 1716.55 μV/K) and 1255.43 (− 1287.03 μV/K), respec-
tively, for  K2NaSbBr6 and  K2NaSbI6 at 900 K. The positive values show that holes are 

Fig. 6  Thermoelectric properties of  K2NaSbI6 HDPs with respect to μ − μF at various selected temperatures 
computed using the TB-mBJ-GGA method
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the predominant carriers, confirming that both compounds are p-type SCs. For pristine 
compounds (μ = μF = 0), it is found that S decreases linearly from 180.88 (183.84 μV/K) 
to 145.62 (155.87μV/K) for  K2NaSbBr6  (K2NaSbI6) with an increase in temperature from 
300 to 900 K. This behavior is ascribed to the fact that with the increased temperature, 
the bound electrons were thermally excited inducing electron–hole pairs. Also, on compar-
ing the reported S magnitudes over the whole temperature range, it can be concluded that 
 K2NaSbI6 shows a good TE response as compared to  K2NaSbBr6.

3.6.2  Electrical conductivity

Next, a good TE material also possesses a sufficiently high electrical conductivity (σ/τ) 
directly linked to ZT. The variation of σ/τ as a function of μ for  K2NaSbBr6 and  K2NaSbI6 
at 300, 500, 700 and 900 K is plotted in Figs. 5b and 6b, respectively. We can see that, 
the μ-dependent σ/τ is similar for selected temperatures. Moreover, in the p-type doping 
region (μ < μF), σ/τ reaches its highest peak with maximum values of 8.47 ×  1019 (Ωms)−1 
observed at − 1.64 eV for  K2NaSbBr6 and 9.79 ×  1019 (Ωms)−1 at − 0.83 eV for  K2NaSbI6, 
indicating the highest available density of states. Furthermore, the present HDPs show 
some insulating response due to the disappearance of the density of states. Nevertheless, 
beyond this interval, σ/τ reaches its highest value of 5.26 ×  1019 (Ωms)−1 at 3.88 eV for 
 K2NaSbBr6 and 6.14 ×  1019 (Ωms)−1 at 3.21 eV for  K2NaSbI6. Furthermore, at μ = μF = 0, 
with increasing temperature, σ/τ demonstrates smooth behavior. The observed smaller 
increase with temperature suggests the typical SC character of these compounds. Through-
out, the considerable σ/τ peak intensity observed for  K2NaSbI6 is ascribed to the fact that 
the band gap shrinks on going from Br to I. Therefore, requiring less excitation energy, the 
free carrier density rises, giving rise to the increased σ/τ.

3.6.3  Electronic thermal conductivity

The total thermal conductivity (κ) consists of a lattice component assigned to lattice phon-
ons (κL) and an electronic component (κe) attributed to the motion of charge carriers.

In this work, we have only considered the electronic component of κ against chemi-
cal potential and temperature for  K2NaSbZ6 (Z = Br, I) HDPs as depicted in Figs. 5c and 
6c. The κe/τ and σ/τ parameters depend mainly on the carrier density. So, they follow a 
related behavior with respect to μ. However, κe/τ rises abruptly with temperature compared 
to σ/τ, indicating that κe/τ is mainly attributed to the free carriers. This behavior fits well 
with the Wiedemann–Franz law which reports the proportionality between them expressed 
as follows: κ = σLT, where L = 2.44 ×  10−8  J2K−2C−2 is the Lorentz number for free elec-
trons. Furthermore, the ratio of σ/τ to κe/τ is extremely considerable  (105), which ensure 
the significant TE performance of the studied HDPs. Moreover, in the p-type doping region 
(μ < μF), the observed highest peak values are 17.23 ×  1014 (W/mKs) at − 1.03 eV and 
13.76 ×  1014 (W/mKs) at − 1.80 eV for  K2NaSbI6 and  K2NaSbBr6, respectively. Similarly, 
in both regions, we examined the same behavior observed in σ/τ; the κe/τ peak values of 
 K2NaSbI6 are larger than those of  K2NaSbBr6.

3.6.4  Thermoelectric power factor

The power factor (PF =  S2σ/τ) is generally used to evaluate the TE performance of mate-
rials without incorporating the lattice vibration and current effects. A material which 
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efficiently extracts heat has higher PF values. The plots of the PF for  K2NaSbZ6 (Z = Br, I) 
materials concerning μ are depicted in Figs. 5d and 6d. Therefore, the PF values for both 
materials are relatively higher for the n-type doping region than the p-type and increased 
with temperature. At μ = μF = 0, the room temperature PF for  K2NaSbBr6 and  K2NaSbI6 
materials are 1.59 ×  1011 W/mK2s and 1.51 ×  1011 W/mK2s, respectively.

3.6.5  Figure of merit

The dimensionless TE figure of merit ZT =  S2σT/κ, encompassing all these parameters, 
is the main factor employed to scrutinize the TE conversion efficiency of materials. The 
enhanced TE efficiency can be obtained with high σ/τ and low κe/τ. The ZT values of 
 K2NaSbBr6 and  K2NaSbI6 against μ are plotted in Figs. 5e and 6e. It has been noticed that, 
in all circumstances, ZT achieves the highest value for n-type doping. Also, both consid-
ered HDPs materials possess the highest ZT close to 1 for the μ regions corresponding 
to the highest S values. For pristine compounds, the ZT values are nearly constant under 
the temperature effect and decrease from approximately 0.723 to 0.721 ongoing from 
 K2NaSbBr6 to  K2NaSbI6. Hence, it is predicted that the HDPs under investigation have a 
good TE response.

4  Conclusion

Lead-free double perovskites have become an emerging aspirant for photovoltaic conver-
sion and thermoelectric applications. In the present article, structural, elastic, electronic, 
optical, and TE properties of  K2NaSbZ6 (Z = Br, I) have been investigated. The elastic con-
stants, tolerance factors and negative formation energy confirm the mechanical, structural, 
and thermodynamic stabilities. The Poisson and Pugh ratios confirm the studied com-
pounds’ ductile nature, while large values of Debye and melting temperature ensure their 
existence at high temperatures. The double perovskites containing Br and I have band gaps 
of 3.20 and 2.40 eV, respectively. Their absorption regions extend from visible to ultravio-
let light, which enhances their suitability for optoelectronic applications such as solar cells. 
Finally, the large values of the figure of merit are also important for thermoelectric genera-
tors. Therefore, the broad absorption bands in the visible region and large figures of merit 
provide significant motivation for the researchers to realize them for energy harvesting.
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