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Abstract
This paper presents a thorough first-principles investigation of the physical attributes of 
the double perovskite (DP) oxide,  Sr2ScBiO6. The calculated lattice constant and the bond 
lengths adequately reflect the experimental data. In addition, the mBJ exchange potential 
analysis classified  Sr2ScBiO6 as having a p-type semiconducting nature with an indirect 
bandgap value of 2.765 eV. Moreover, the mechanical properties analysis and the related 
elastic constants demonstrate the anisotropic nature of the  Sr2ScBiO6 with decent mechani-
cal stability. Apart from that, the  Sr2ScBiO6 was considered a brittle non-central force solid 
with dominant covalent bondings. The varying optical parameter evaluations highlighted 
the potential use of  Sr2ScBiO6 in visible-light (VIS) and ultraviolet (UV)-based optoelec-
tronic devices. Furthermore, the semiconducting nature of  Sr2ScBiO6 was verified through 
its thermoelectric response, which revealed that the charge carriers mostly consist of holes. 
The  Sr2ScBiO6 recorded a high figure of merit (ZT) value, confirming that the material 
would be advantageous in renewable energy and thermoelectric (TE) applications. 

Keywords Double perovskites · Transport properties · Solar cells · DFT · Renewable 
energy · Semiconductor

1 Introduction

In the past decades, the research community has shown a huge interest in perovskites, a 
class of materials comprising various mineral compounds. They have been exploited in 
numerous cutting-edge applications, including perovskite fuel cells, spintronics, and solid-
oxide electrolyte fuel cells. Interestingly, double perovskites (DP) have demonstrated a sig-
nificant role ahead of other materials, given their outstanding properties that are compat-
ible with many industrial applications. In fact, DP oxides have been extensively employed 
in multiple fields, such as heterogeneous catalysts, thermoelectricity, transparent conduc-
tors, solar energy conversion, pigments, and photocatalysts (Xu et  al. 2021; Nazir and 
Ikram 2022; Mishra et al. 2022; Rahman et al. 2022; Bidai et al. 2017; Moulay et al. 2015; 
Litimein et al. 2012).
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More recently, greater attention has been focused on the development of DPs, particu-
larly in the development of high-temperature thermoelectric devices (Roy et al. 2016; Sax-
ena and Maiti 2018a, b). This corresponds to the rising demand for thermoelectric mate-
rials to minimize the over-reliance on the rapidly depleting fossil fuel sources. Realizing 
the exceptional performance of perovskite materials in thermoelectric applications, they 
have attracted global attention over their ability to transform waste heat into sound energy, 
which positions them as one of the promising open sources of green energy technologies 
(Song et al. 2022; Ali et al. 2021; Hu et al. 2021; Boudiaf et al. 2018).

One of the instruments used to assess the thermoelectric, optical, and electronic attrib-
utes of DP oxides is the Density Functional Theory (DFT). In one study, Aziz et al. (2022) 
evaluated the properties of  X2NaIO6 (X = Pb, Sr) and revealed that both  Sr2NaIO6 and 
 Pb2NaIO6 exhibited good semiconducting behaviors with direct bandgaps (Eg) of 5.48 
and 3.75  eV, respectively. In addition,  Sr2NaIO6 achieved a higher ZT value and Power 
Factor (PF) of 0.7728 and 206.3, respectively. In addition, the cubic  X2NaIO6(X = Pb, Sr) 
was more suitable in thermoelectric (TE) applications and optoelectronic devices (Aziz 
et  al. 2022). In another study, Parrey et  al. (2018) assessed the  La2NbMnO6 DP. Based 
on the findings, La2NbMnO6 was suggested as having a half-metallic nature with an Eg 
of 3.75 eV. Moreover, the significant absorption of the entire infrared (IR) and ultraviolet 
(UV) spectra by  La2NbMnO6 implies its potential application in UV and IR-based opto-
electronic devices (Parrey et  al. 2018). Furthermore, Rameshe et  al. (2015) examined 
the physical properties of  Sr2AlNbO6 and  Sr2AlTaO6 in cubic symmetry. Several opti-
cal properties were calculated. Besides, the electronic structure was applied to determine 
the different Seebeck coefficients under various temperature conditions at varying car-
rier concentrations. According to the findings, the presence of a direct bandgap in both 
compounds indicates that both  Sr2AlNbO6 and  Sr2AlTaO6 were semiconducting materi-
als (Rameshe et al. 2015). Meanwhile, Dar et al. (2019) reported that the semiconducting 
nature of  Ba2InTaO6 was verified by the Seebeck coefficient (S) and its electrical conduc-
tivity (�∕�), with electrons functioning as the main carriers. Thus, the study considered 
that the excellent PF of  Ba2InTaO6 would be beneficial in thermoelectric devices (Dar et al. 
2019). Additionally, Al-Qaisi et al. (2022a, 2022b) evaluated the thermoelectric properties 
of  Ba2NaIO6 and  Ba2YBiO6. The findings demonstrated that the  Ba2NaIO6 and  Ba2YbiO6 
compounds were p-type semiconductors with direct and indirect bandgaps, respectively. 
The results also highlighted the potential of both compounds as base materials in thermo-
electric and optoelectronic applications (Al-Qaisi et al. 2022a, b). Apart from that, Khandy 
et al. (2020) analysed the physical characteristics of  Ba2CdReO6. The study found that the 
compound displayed a minimal stability energy curve in the ferromagnetic (FM) setup, 
while the half-metallic feature was observed in the band structure. Moreover, the physical 
attributes of the material were the major advantages that allowed it to be widely utilized as 
an electrode material in spintronics applications (Khandy et al. 2020).

In other studies, Hanif et al. (2022) explored the promising characteristics of  Sr2XNbO6 
(X = La, Lu) that could be implemented in the UV region of TE and optoelectronic devices. 
Both  Sr2LaNbO6 and  Sr2LuNbO6 exhibited direct bandgaps of 4.02 and 3.7  eV, respec-
tively. Similarly, Haid et al. (2019) examined the optical properties of  Sr2CrTaO6 and dem-
onstrated the suitability of the compound in a broad range of visible light (VIS), UV, and 
IR-based applications. The  Sr2CrTaO6 also exhibited a half-metallic ferrimagnetic ground 
state (Haid et al. 2019).

Based on the above literature,  Sr2ScBiO6 is one of the promising members of the perovs-
kite family that has not been fully explored in terms of its thermoelectric, electronic, struc-
tural, and optical attributes. Previously, Kazin et al. (2001a) evaluated the production and 
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crystalline structure of  Sr2ScBiO6. High-resolution electron microscopy, and electron dif-
fraction were utilized to analyze the crystal structure. Based on the results, the  Sr2ScBiO6 
was synthesized via a solid-state reaction technique in which the substance acquired the 
coveted oxygen stoichiometry at 850°C and remained stable up to 1150 °C. Regarding the 
structural features,  Sr2ScBiO6 demonstrated a perovskite-derived rock-salt ordering of  Bi5+ 
and  Sc3+ on the B locations. In addition, the tolerance factor of the  Sr2ScBiO6 was esti-
mated to be 0.93 (Kazin et al. 2001a). In another study (Kazin et al. 2001b),  Sr2ScBiO6 was 
prepared using oxides and carbonates through the nitrate route and compressed into a pel-
let. Subsequently, the pellet was burnt in a tubular furnace at 1050 °C for 72 h. The XRD 
analysis showed that the  Sr2ScBiO6 was phase-pure and exhibited a Face-centered Cubic 
(FCC) structure with a lattice constant of 8.192 Å (Kazin et al. 2001b). Despite the avail-
able reports on this compound, there is a lack of efficient analysis of  Sr2ScBiO6 via the 
most successful DFT approaches (Schwarz et al. 2002).

Meanwhile, the overwhelming demand for raw materials to satisfy the growing world-
wide industrialization has outlined the urgent need to minimize global energy usage and 
explore alternative renewable energy sources. Concurrently, recent advance in quantum 
modelling and computing power has enabled researchers to perform accurate and efficient 
quantum mechanical calculations. This, in turn, provides the opportunity to extrapolate 
the calculating power such that even the previously complex properties of certain materi-
als could now be identified and measured with pinpoint accuracy (Bowler 2016). Crystal 
structure of  Sr2ScBiO6 has been discussed by XRD analysis which ensure the stability of 
this compound. The sintering of this double perovskite up to 1150 °C keep the structure 
which increase stability for practical applications (Kazin et  al. 2001a). Furthermore, the 
changes in crystal structures with temperature strontium–bismuth-oxide system and their 
impact on practical applications had also been illustrated (Yang et  al. 2018). The broad 
band NIR phosphor of Sr2ScSbO6: with  Cr3+ ion doping has excellent thermal stability 
and high luminescence efficiency with external efficiency 82.0% at centered wavelength 
∼890 nm. This efficiency maintains up to 430K (Zhao et al. 2022). The researches probed 
the electronic, optical, magnetic, and thermoelectric properties of variety perovskites and 
double perovskites, e, g Khandy et  al. explored the  Cs2Ge(Mn/Ni)I6,  Ba2(Er/Tb)NbO6, 
 Cs2GeMnX6 (X = Cl, Br), and  Ba2XNbO6 (X = Ho,Yb), for thermoelectric and spintronic 
applications (Shivhare et al. 2023; Khandy et al. 2023; Khandy and Gupta 2022, 2021a, b).

Therefore, this study aimed to perform a first-principle investigation of  Sr2ScBiO6 DP 
as a potential low-cost material for renewable energy applications using the full poten-
tial DFT approach. This work involved the use of the generalized gradient approximation 
(GGA) (Perdew et al. 1996) and modified Becke–Johnson (mBJ) potential methods (Tran 
and Blaha 2009) to identify the thermoelectric, electronic, optical, and structural attributes 
of  Sr2ScBiO6. Additionally, the BoltzTrap code (Madsen and Singh 2006) was utilized to 
determine the thermoelectric properties of the compound. It is expected that the present 
research will establish critical insights for future experimental and theoretical research.

2  Methods of calculation

This study employed the first-principle DFT-based full potential linearized augmented 
plane wave (FP-LAPW) scheme (Madsen et  al. 2001) for the computation process fol-
lowing the WIEN2k package (Blaha et  al. 2001), which is the ideal approach to deter-
mine the electronic features of solids (Muhammad et al. 2017; Al-Qaisi et al. 2020). The 



 S. Al-Qaisi et al.

1 3

1015 Page 4 of 19

Perdew–Burke–Ernzerhof (PBE) GGA version (PBE-GGA) was applied during the struc-
tural and elastic parameter calculations of the  Sr2ScBiO6. Nevertheless, the PBE-GGA 
could only provide a precise measurement of the ground state under the energy bandgap 
values and structural properties of semiconductors (Perdew et  al. 1996). Therefore, the 
Tran–Blaha modified Becke–Johnson exchange potential approximation (TB-mBJ) was 
performed to accurately project the material band structure (Tran and Blaha 2009). In the 
calculation, the muffin sphere radius  (RMT) as well as plane-wave cut-off  (Kmax) were set 
to 7, while the Gaussian factor  (Gmax) was held at 12. Afterwards, the  RMT values for the 
O, Bi, Sc, and Sr atoms were applied at 1.72, 2.1, 1.99, and 2.5 a.u, respectively. A mesh 
of 14 × 14 × 14 and 50 × 50 × 50 was also applied to compute the optoelectronic and trans-
port evaluations, respectively. At  10–5 Ry, the convergence condition level was then met 
self-consistently. Subsequently, the results of the TB-mBJ band structure were computed 
to determine the thermoelectric and optical features of  Sr2ScBiO6. Next, a dipole-matrix 
approach from the WIEN2k computational package was selected to further analyses the 
optical characteristics of  Sr2ScBiO6 with an extended parameter value of 0.1 eV for the 
spectra. Ultimately, the Boltzmann transport equation was utilized to evaluate the ther-
moelectric characteristics of  Sr2ScBiO6 following the semi-classical Boltzmann transport 
theory, as applied in the BoltzTrap code.

3  Results and discussion

3.1  Structural and elastic attributes of  Sr2ScBiO6

The experimental lattice constant ( aExp) was applied to determine the structural character-
istics of  Sr2ScBiO6, while the total energy of the crystal structure was reduced via Murna-
ghan’s equation of states with respect to the unit cell volume (Murnaghan 1944). Table 1 
presents the obtained ground structure according to several lattice parameters, such as 
the lattice constant (a), bulk modulus (B), and its pressure derivative ( B′ ), as well as the 
lengths of the bonds between Sr–Bi, Bi–O, Sc–O, and Sr–O.  Sr2ScBiO6 was crystallized 
with space group Fm-3m in an ideal cubic structure with an aExp value of 8.1895 Å (Kazin 
et al. 2001a, b). Furthermore, 8c (0.25, 0.25, 0.25), 4a (0, 0, 0), 4b (0.5, 0.5, 0.5), and 24e 
(0.2442, 0, 0) Wyckoff sites were coordinated by Sr, Bi, Sc and O, respectively. Interest-
ingly, the optimized lattice constant (a) and bond lengths were close to the available experi-
mental data (Kazin et  al. 2001a, b), verifying the accuracy of the present computations. 
The optimization process and  Sr2ScBiO6 crystal structure are shown in Fig. 1.

The elastic coefficients were calculated to determine the mechanical performance of the 
 Sr2ScBiO6. Since it was revealed that the  Sr2ScBiO6 exhibited a cubic crystalline structure, 
only the elastic parameters ( C11,C12 , andC44 ) were imperative for the mechanical character-
istics analysis (Al-Qaisi et al. 2017). As summarized in Table 2, the elastic constants of the 
 Sr2ScBiO6 in this study obeyed the mechanical stability criteria, including the 
“ C11 − C12 > 0, C11 > 0, C44 > 0, C11 + 2C12 > 0, C” (Khuili et  al. 2023a). The elastic 
constants were used to derive other elastic parameters, including the Bulk ( B ) and Young 
( Y ) moduli, Poisson’s ratio ( ν ), as well as anisotropy factor ( A ), according to these expres-
sions: B =

1

3

(

C11 + 2C12

)

 , Y =
9BG

3B+G
 , ν = 3B−2G

2(3B+G)
 , andA =

2C44

C11−C12

 , where the shear modu-
lus ( G ) refers to the material’s response to the shear deformation (Al-Qaisi et  al. 2017; 
Khuili et al. 2023a). The high bulk modulus value implies the remarkable strength of the 
 Sr2ScBiO6 when subjected to external pressure. In addition, the low G of 79.58 GPa 
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suggests a relatively smaller plastic twist in  Sr2ScBiO6. Moreover, Young modulus ( Y) 
refers to the stiffness of solids (Al-Qaisi et al. 2021a) in which a large Young’s modulus 
value signifies a stronger resistance of the material against deformation. Therefore, the 
obtained Young’s modulus value of the  Sr2ScBiO6 indicates the degree of stiffness of the 
compound.

The Pugh’s ratio (B∕G ) was measured to determine the brittleness/ductility of the 
 Sr2ScBiO6. In general, a material is ductile when the B∕G is over 1.75 and vice versa 
(< 1.75 = Brittle) (Pugh, S.: XCII. 1954; Alshahrani et  al. 2020). Thus, the  Sr2ScBiO6 
was considered brittle in nature, given that the B/S ratio is lower than 1.75. Furthermore, 
Cauchy pressure  (Cp) provides vital insights regarding the type of bonds and is represented 
by the following expression:  Cp =  C12−C44 (Pettifor 1992; Caid et  al. 2023). Basically, a 
negative  Cp value suggests a dominant presence of covalent bonds in the material, while a 
positive  Cp value signifies that the material is composed mainly of ionic bonds. Based on 
the results, the  Sr2ScBiO6 recorded a negative  Cp value, confirming a dominant presence 
of covalent bonds in the compound. Like Pugh’s ratio, Poisson’s ratio ( �) classifies crystal-
line materials as brittle or ductile. A material is considered brittle or ductile depending on 
the separation line of ν = 0.26 (v < 0.26 = Brittle; v > 0.26 = Ductile) (Vaitheeswaran et al. 
2007). Table  2 indicates that the Poisson’s ratio value of  Sr2ScBiO6 is 0.241. Thus, the 
 Sr2ScBiO6 crystal was classified as a brittle compound according to Poisson’s ratio value, 
which was like the predicted Pugh’s ratio. Apart from that, Poisson’s ratio reflects the crys-
tal’s resistance to shearing force. A smaller Poisson ratio indicates that the material is more 
stable against shearing. In addition, a material is stable under a non-central or central force; 
based on Poisson’s ratio, one may anticipate the nature of the force that contributes to the 
material’s stability. Generally, a material with a Poisson’s ratio of 0.25–0.50 is categorized 
as stabilized by the central force, termed a central force crystal. In contrast, a material that 

Fig. 1  The  Sr2ScBiO6 crystal structure with a calculated total energy vs. volume plot

Table 2  The calculated elastic parameters of Sr2ScBiO6 based on the GGA-PBE approach

Sr2ScBiO6 C11

(GPa)
C12

(GPa)
C44

(GPa)
C12 − C44

(GPa)
B

(GPa)
G

(GPa)
Y

(GPa)
� A B∕G T

m

(K)

Value 258.32 61.51 69.02 -7.51 127.12 79.58 195.5 0.24 0.50 1.59 2079± 300
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possesses a Poisson’s ratio beyond the fixed range is categorized as stabilized by the non-
central force and is referred to as a non-central force crystal (Anderson and Demarest 1971; 
Al-Qaisi et al. 2023). Based on the findings, the  Sr2ScBiO6 is a non-central crystal with a 
Poisson’s ratio of 0.241.

The elastic anisotropy level was also evaluated based on the amount of deviation from 
unity. A Zener anisotropic factor A = 1 refers to isotropic materials (Al-Qaisi et al. 2023). 
According to the results in Table  2, the  Sr2ScBiO6 was classified as anisotropic com-
pound. The melting temperature was calculated based on the expression Tm(K) = [553(K) ∓ 
(5.911)C11 ] GPa ∓ 300 K (Dar et al. 2019), which totalled 2079 ± 300 K.

Furthermore, the average elastic sound velocity, vm =
[

1

3

(

2

vt
3
+

1

vl
3

)]−1∕3

 , was calcu-

lated from the expression of longitudinal, vl =
(

B+
4G

3

�

)1∕2

 , and the transverse velocities, 

vt =
(

G

�

)1∕2

 , while the Debye temperature, �D =
h

kB

[

3n

4�

(

NA�

M

)]1∕3

vm , was measured to esti-
mate the maximum possible temperature value of the crystal under the normal vibration 
model. The symbols  NA,kB , h , and ρ, denote Avogadro’s number, Boltzmann constant, 
Plank’s constant, and density, respectively. (Wachter et  al. 2001; Sun et  al. 2004). The 
Debye temperature value also relates the elastic properties of solids to their thermodynamic 
features, such as vibrational entropy, melting point, and specific heat, making it an essen-
tial parameter of solids (Sun et al. 2004; Jasiukiewicz and Karpus 2003). Table 3 lists the 
results of the calculated parameters. The  Sr2ScBiO6 recorded a high Debye temperature 
value of 492  K, which indicates the huge lattice thermal conductivity of the compound 
(Haque and Hossain 1802; Benkaddour et al. 2018). The Debye temperature also explains 
the hardness of solids, which is referred to as the Debye hardness (Arikan et al. 2020; Zhou 
et  al. 2012). As shown in Table  3, the  Sr2ScBiO6 has a high Debye hardness (492.46). 
Moreover, the calculated density value of  Sr2ScBiO6, which equals 6.021 g/cm3, is well 
agreed with the measured experimental value of 6.351 g/cm3, as reported in past studies 
(Kazin et al. 2001a). The minimum lattice thermal conductivity has been computed whose 
ultralow values of ensure the importance of studied materials for thermoelectric and other 
applications.

3.2  Electronic attributes

It is vital to assess the energy band structure of materials to attain further insight into the 
respective material before it can be utilized in potential technological applications. Hence, 
the electronic energy band dispersion is used to categories materials into insulators, semi-
conductors, semi-metals, and metals. Given the successful use of the mBJ exchange poten-
tial in several past reports (Al-Qaisi et al. 2016; Reshak et al. 2012; Manzar et al. 2013), 
this study also employed the mBJ exchange potential to compensate for the underestimated 

Table 3  The obtained results of density ( ρ ), Debye temperature (θD) , Minimum Lattice thermal conductiv-
ity, transverse velocity ( νt ), longitudinal velocity ( νl ), and average sound velocity ( �

m
 ) for the Sr2ScBiO6 

compound

Sr2ScBiO6 ρ(g∕cm3) νt(m/s) νl(m/s) �
m
(m/s) κL (W/Km) (θD) (K)

Value 6.021
Exp 6.351(Kazin et al. 2001a)

3653.67 6223.98 4032.07 0.080 492.46
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gap (Dufek et al. 1994; Al-Qaisi et al. 2021b). Figure 2 presents the computed energy band 
structure of the  Sr2ScBiO6 compound using the TB-mBJ approach. According to the TB-
mBJ calculations in Table  1, the  Sr2ScBiO6 exhibited an indirect bandgap of 2.765 eV 
between the minima of the conduction band (CB) at the X symmetry point and the maxima 
of the valence band (VB) at the Γ symmetry point.

A thorough investigation of the electronic structure was carried out by determin-
ing the total density of states (TDOS) and partial density of states (PDOS) spectra of the 
 Sr2ScBiO6 using the TB-mBJ method between the  − 5 to 10 eV energy range, as shown 
in Figs. 2 and 3. The valence bands of the  Sr2ScBiO6 were formed through the combina-
tion of the Sc-3d, Bi-5d, and O-2p orbitals within an energy range of  − 2.75 to  − 1.02 eV. 
Besides, the valence band group in the  Sr2ScBiO6 between −4.3 and  − 2.93 eV were due 
to the Bi-6p and O-2p orbitals. As such, the valence band group was predominated by the 
O-2p states at a range of  − 0.94 eV to Fermi level. In contrast, the Bi-7s and Sc-3d states 
mainly dominated the lower conduction bands, with the O-2p states contributing a minor 
role. Overall, the Bi-6p, Sc-3d, and O-2p states in the unoccupied bands of the  Sr2ScBiO6 
resulted in an energy range of up to 6.05–9.96 eV.

3.3  Transport properties

The growing global energy consumption combined with the substantial energy loss 
through heat has forced the scientific community to seek novel materials and develop 
effective techniques to generate usable electrical energy from heat waste (Haq et  al. 
2021, 2022; Mahmood et  al. 2022; Rached et  al. 2022). Since the TB-mBJ approach 
estimates the exceptional energy bandgap value, the BoltzTrap code (Madsen and Singh 
2006) was utilized to determine the thermoelectric properties of the  Sr2ScBiO6 follow-
ing the TB-mBJ band structure calculation. The thermoelectric aspects of the  Sr2ScBiO6 

Fig. 2  The  Sr2ScBiO6 band structure based on the TB-mBJ calculations
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DP were concisely analyzed in terms of the power factor (PF = σS2/τ), thermal elec-
tronic conductivity ( �e/τ), electrical conductivity (σ/τ), the figure of merit (ZT = σS2/
κT), and Seebeck coefficient (S) vs chemical potential (μ) at three varying temperatures 
of 300, 600, and 900 K (Figs. 4a–e). The dotted lines in each figure correspond to the 
Fermi level, which was presumed to be zero. Note that the μ is represented by a positive 
value for the n-type doping (electron-doped) region and a negative value for the p-type 
doping (hole-doped) region (Ali et al. 2023; Behera et al. 2023).

Based on Fig.  4a,  Sr2ScBiO6 recorded a maximum S value in the electron-doped 
region at approximately 3020.16 μV/K at 300 K, as well as the lowest electrical conduc-
tivity value in the n-type doping region and declined when the temperature increased to 
600 and 900 K. Additionally, at μ = 0, the S value of the  Sr2ScBiO6 was approximately 
256.81 μV/K in which the positive value implies that the  Sr2ScBiO6 compound is a 
p-type semiconductor with most of the charge carriers mainly consists of holes.

The plot of electrical conductivity (σ/τ) vs μ is shown in Fig.  4b. In terms of the 
energy bandgap, the material exhibited a low σ/τ in the μ range while a maximum σ/τ 
was achieved at higher μ values, corresponding to the p-type doping. In particular, 
the σ/τ rose to its highest value of 3.01 ×  1020/Ωms from zero at -0.65 eV in the hole-
doped region. Accordingly, the σ/τ was influenced by the DOS or transport distribution 
function but unaffected by the temperature change. Thus, it was evidenced that the σ/τ 
of the  Sr2ScBiO6 DP compound is temperature independent with an estimated σ/τ of 
0.04 ×  1020/Ωms under room temperature conditions (300 K).

Fig. 3  The computed PDOS of the  Sr2ScBiO6 compound based on the TB-mBJ method
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Comparable with the electronic conductivity (σ/τ), the electronic thermal conductivity 
( κe) of the  Sr2ScBiO6 compound was detected in the hole-doped region, as portrayed in 
Fig. 4c. This was due to the connection between the κe value and the σ through the Wiede-
mann–Franz law, κe = LσT, where L denotes the Lorentz number (2.44 ×  10−8J2K−2C−2 for 
free electrons) (Al-Qaisi et al. 2022c; Khuili et al. 2023b). The κe value corresponds to an 
increased temperature under a fixed pressure level. Here in our studied materials if thermal 
conductivity is multiplied with relaxation time  (10−14s) then the values of thermal conduc-
tivity becomes ultralow as compared to electrical conductivity. The κ/σ ratio becomes of 
the order of  10–6. Therefore, the large values of Debye temperature and ultralow low values 
of thermal conductivity make them studied materials significantly important for thermoe-
lectric applications. For the heat sensors and refrigerator applications, the materials should 

Fig. 4  The S, κe∕τ , σ/τ, PF, and ZT of the  Sr2ScBiO6 vs μ at various temperature levels
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have large values of electrical conductivity, and Seebeck coefficient with minimum thermal 
conductivity. Here in present results of thermoelectric properties, the ratio of κ/σ is very 
small of the order of  10–6 which shows the thermal conductivity relatively has ultralow 
value as compared to thermal conductivity. Therefore, the high values of power factor and 
figure of merit scale ensure significant of studied materials for electric generators, heat sen-
sors, and refrigerators applications (Ashiq et al. 2023; Amin et al. 2022).

Furthermore, Fig. 4d depicts the plots of the PF of the  Sr2ScBiO6 compound vs tem-
perature. PF is typically used to determine the performance of a material to generate elec-
tricity. According to the figure, the p-type doping region of the compound recorded a sig-
nificantly higher PF value compared to that of the n-type. The PF value increased with the 
temperature rise, and the maximum PF value of approximately 33.71 ×  1010 W/mK2s was 
achieved by the  Sr2ScBiO6 compound at μ =  − 0.034 under room temperature conditions 
(300 K).

The ZT =  S2 σ T/κ is considered the most crucial variable that determines the effi-
cient performance of thermoelectric materials (Al-Muhimeed et  al. 2022; Mustafa et  al. 
2022). ZT increases with the increase in electrical conductivity and S but decreases with 
the increment of κ. Figure 4e shows the ZT value of  Sr2ScBiO6 as a function of μ. The 
 Sr2ScBiO6 DP recorded several major peaks, with the maximum height measuring a ZT 
value of near 1 in the μ range, which corresponds to the highest S values, and rose with 
temperature. At the Fermi level, the  Sr2ScBiO6 achieved a nearly consistent ZT value of 
0.80 under different temperature effects. Hence, the high ZT value signifies the semicon-
ducting nature of the  Sr2ScBiO6 that would be advantageous in the development of ther-
moelectric technology.

3.4  Optical attributes

This section examines the interaction between the electromagnetic radiation of the 
 Sr2ScBiO6 and its application in optoelectronics. Given that the dielectric function 
describes the interaction between the photons and electrons of a material, an insignificant 
wave vector portrays the linear response of the system to the incident light. The interaction 
is conveyed as a complex quantity following Cohen and Ehrenreich’s equation: ε (�) = �1 
(�) + i �2(�) , where �1 (�) refers to the real component of the dielectric function (ε (�)) and 
is associated with anomalous dispersion and electronic polarization, and �2(�) is defined as 
the imaginary component, which is related to the optical absorption of the solid (Maskar 
et al. 2021; Murtaza et al. 2021; Khuili et al. 2023c). In this study, the dielectric function, 
�(�) was analyzed to determine the response of the  Sr2ScBiO6 to the incident light. The 
�1(�) and �2(�) were applied to compute the remaining optical parameters. Figure 5a–e 
present the optical variables of the computed equilibrium structure along with the incident 
energy of the radiation from 0 to 14 eV.

Figure 5a shows the real and imaginary components of the dielectric function, (ε (�)) . 
The static value of �1(�) , particularly at �1(0) , is 3.12. The result in Fig. 5a also shows 
that the �1(�) of  Sr2ScBiO6 initially elevated with the increase in the incident electromag-
netic radiation energy, subsequently generating two �1(�) peaks at approximately 3.73 eV 
and 6.31 eV in the UV region. Afterwards, the �1(�) declined swiftly and reached a nega-
tive value. Thus, the dielectric nature of the  Sr2ScBiO6 demonstrated metallic properties 
when the �1(�) accedes a negative value. Furthermore, Fig. 5a depicts that the threshold 
energy, �2(�) of the  Sr2ScBiO6 was approximately 2.763 eV, indicating the optical bandgap 
of the compound. The data was marginally close to the predicted energy bandgap of the 
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electronic band structure (2.765 eV), demonstrating the extreme precision of the present 
findings. The optical transition between the maximum valence band (MVB) and the mini-
mum conduction band (MCB) occurred at approximately 2.763 eV. Conversely, the curve 
accelerated beyond this point because of the sudden increment in the number of points that 
contributed to the �2(�) . Besides, two major peaks were detected in the  Sr2ScBiO6 spec-
trum at 4.06 eV and 6.99 eV because of the electronic transition from the occupied O-2p 
state to the unoccupied Bi-6s state in the valence band.

Meanwhile, Fig. 5b presents the varying absorption coefficient, �(�) of the  Sr2ScBiO6 
as a function of the incident photon energy. In general, the α (ω) represents the absorbed 
amount of the incident light energy by the unit thickness of the material. A higher absorp-
tion coefficient value denotes that a material transports electron more efficiently from the 
VB to the CB (Rai et al. 2020; Albalawi et al. 2022). The results showed a wide range of 

Fig. 5  Optical parameters of the  Sr2ScBiO6 DP
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absorption regions from VIS to UV with a maximum α (ω) of 9.98 eV. In addition, the 
absorption edge of the  Sr2ScBiO6 was 2.763 eV, which is in line with the indirect transition 
between the MCB and the MVB. Based on Fig. 5b, the α (ω) was almost zero in the same 
region, where the optical conductivity, �(�) was also zero. The findings also revealed that 
the �(�) achieved a maximum value when the absorption reached its peak. Therefore, the 
outcome of this study demonstrated the suitability of the  Sr2ScBiO6 in VIS and UV-based 
optoelectronic devices.

Additionally, Fig. 5c illustrates the n (ω), which is an optical factor that describes the 
penetration of light through a material and its absorption potential. When n (0), the static 
value of  Sr2ScBiO6 was 1.77. As shown in the graph, the increase in n (ω) caused the 
energy of the incident radiation to increase, which peaked at 3.76 eV. However, the n (ω) 
spectrum declined drastically as photon energy increased until it reached the minimal value 
of less than 1 in the UV region. Moreover, the local maxima of the extinction coefficient, 
K(�) , of the  Sr2ScBiO6 (Fig. 5c) was approximately 1.51 at 9.95 eV, which coincides with 
the zero value of �1(�) . According to Fig. 5a and c, it can be deduced that the n (ω) spectra 
correspond to the �1(�) spectra.

The optical value, R (ω) of the  Sr2ScBiO6 as a function of the incident radiation energy 
is portrayed in Fig.  5d. Based on the figure, the calculated zero-frequency R (0) of the 
 Sr2ScBiO6 was 7.66%. The increment in the incident photon energy leads to the increased 
R(�) value, which achieved a maximum value of approximately 42.14% in the UV region 
at 10.58 eV. Although the R(�) fluctuated, the value remained minimum in the energy 
bandgap range. Overall, the transparency of the incident radiation energy up to the Eg 
demonstrates the promising properties of  Sr2ScBiO6 in the production of lenses.

The results in Fig.  5d also present the calculated value of the electron loss function, 
L(�) . The plasma resonance properties were detected by the L(�) peaks with a maxi-
mum resonant energy loss of 11.17 eV. In addition, Fig. 5e depicts the �(�) spectra of the 
incident radiation energy, which refers to the photoelectron’s conduction under radiation 
energy. The �(�) of  Sr2ScBiO6 began to increase beyond 2.76 eV and reached a maximum 
�(�) of 5544.45∕Ωcm at 8.65 eV.

4  Conclusion

This study employed the DFT and Boltztrap calculations to explore the fundamen-
tal properties of the  Sr2ScBiO6 DP. In terms of the structural and elastic characteristics, 
the  Sr2ScBiO6 was essentially anisotropic and demonstrated good mechanical stability. 
Although the  Sr2ScBiO6 compound was considered a brittle non-central force solid and 
composed mostly of covalent bonding, the energy volume plot produced a lattice constant 
that agrees with the results in past studies. Relating to the electronic properties,  Sr2ScBiO6 
was identified as an indirect bandgap of 2.765 eV with a p-type semiconducting nature. 
Furthermore, the optical properties of the  Sr2ScBiO6 were predicted to provide an active 
response and beneficial impact for various applications in the VIS and UV range. Ulti-
mately, the S, �e , PF, ZT, and σ of  Sr2ScBiO6 were calculated with exceptional precision 
with substantial PF and ZT values, which is pivotal to achieving effective thermoelectric 
applications. It is worth noting that this is the first study that reports the thermoelectric 
properties of  Sr2ScBiO6, which would serve as reference data to facilitate future studies.
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