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ABSTRACT: GeTe-based alloys have been studied as promising TE materials in the mid-temperature range, as a lead-free alternate to  PbTe due to their non-toxicity. Our previous study on GeTe1-xIx revealed that I-doping increases lattice anharmonicity and decreases the structural phase transition temperature, consequently enhancing thermoelectric performance. Our current work elucidates the synergistic interplay between band convergence and lattice softening, resulting in an enhanced thermoelectric performance for Ge1-ySbyTe0.9I0.1 (y=0.10, 0.12, 0.14, and 0.16). Sb doping in GeTe0.9I0.1 serves a double role: firstly, it leads to lattice softening, thereby reducing lattice thermal conductivity; secondly, it promotes a band convergence, thus a higher valley degeneracy. The presence of lattice softening is corroborated by an increase in the internal strain ratio observed in XRD patterns. Doping also introduces phonon scattering centers, further diminishing lattice thermal conductivity. Additionally, variations in the electronic band structure are indicated by an increase in density of state effective mass and a decrease in carrier mobility with Sb concentration. Besides, Sb doping optimizes the carrier concentration efficiently. Through a two-band modeling and electronic band structure calculations, the valence band convergence due to Sb doping can be confirmed. Specifically, the energy difference between valence bands progressively narrows upon Sb doping in Ge1-ySbyTe0.9I0.1 (y=0, 0.02, 0.05, 0.10, 0.12, 0.14, and 0.16). As a culmination of these effects, we have achieved a significant enhancement in  for Ge1-ySbyTe0.9I0.1 (y=0.10, 0.12, 0.14, and 0.16) across the entire range of measured temperatures. Notably, the sample with y=0.12 exhibits the highest  value of 1.70 at 723K.
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1. INTRODUCTION 
Thermoelectricity can provide direct conversion between heat and electricity. The conversion efficiency of thermoelectric (TE) materials is usually evaluated in terms of the figure-of-merit, , where , , , , and  are the Seebeck coefficient, absolute temperature, electrical resistivity, electronic thermal conductivity, and lattice thermal conductivity, respectively. According to the expression of , there are two main strategies to achieve high TE performance. One is to minimize the lattice thermal conductivity by increasing the phonon scattering rates,1–6 and the other is to enhance the power factor, PF, by manipulating the electronic band structure7–11.
The GeTe-based alloys have been studied as promising TE materials in the mid-temperature range due to their non-toxicity. According to theoretical calculations using Boltzmann transport theory, the  value for GeTe is maximized when the carrier concentration is optimized around 12. However, the formation energy of Ge vacancy in GeTe is so low that GeTe has a non-stoichiometric composition13–15. The TE performance of pristine GeTe is poor due to intrinsic Ge vacancy defect, which leads to a high carrier concentration of up to 16,17. Fermi level of the electronic band structure of Ge defective Ge1-δTe compounds is located in the valence band, causing metallic transport behavior, whereas pristine GeTe has a typical semiconductor-like transport properties18–20. Therefore, the intrinsic Ge vacancies in GeTe result in poor TE performance, and the optimization of carrier concentration of GeTe-based alloys is necessary to achieve high TE performance. Various doping elements such as Bi21, Sb16,22, In18, Sc15, Cr23, and I20 have been reported to improve the  value by tuning the carrier concentration. It was also reported that the Fermi level offset in GeTe-CuInTe composite can adjust the carrier concentration24.
Manipulating valence band of GeTe is another route to enhance its TE performance. GeTe undergoes a structural phase transition from rhombohedral to cubic structure at around 670K25–27. Since cubic GeTe has higher valence band degeneracy compared to rhombohedral GeTe28,29, lowering the transition temperature by using dopants such as Sb16,22, Ga30, Mn31, Pb32, In-Sb33, and Bi34 can enhance the Seebeck coefficient. The crystal field effect of Ti substitution at the Ge site increases the band degeneracy, which improves the carrier effective mass and Seebeck coefficient35. The engineering of atomic bonding angle boosts the band convergence by designing the phase structure temperatures36,37.
In addition to controlling the electronic band structure, novel methods to reduce the lattice thermal conductivity of GeTe have recently been reported. Sb and Cu co-doping in GeTe generate multi-dimensional defect structures, which intensify phonon scattering38. FeGe2 and GeTe composites also demonstrate that the phonon dispersion of the secondary phase FeGe2 can result in the multiscale phonon scattering39. The local structural distortion induced by the discordant nature of Cd in GeTe results in reduced thermal conductivity40. Finally, the lone-pair electrons of Al in GeTe enhance acoustic and optical phonon interaction and reduce phonon velocity and can lead to the strengthened phonon scattering41.
Our previous work on GeTe0.9I0.1 demonstrates I-doping in GeTe enhances lattice anharmonicity and decreases the structural phase transition temperature. In this work, we demonstrate the synergistic interplay between band convergence and lattice softening, which leads to the enhancement of thermoelectric performance of GeTe0.9I0.1. Sb doping in GeTe0.9I0.1 not only introduces phonon scattering centers, thereby reducing lattice thermal conductivity, but also induces lattice softening, resulting in a notable reduction in lattice thermal conductivity. The increase in the internal strain ratio derived from the XRD analysis indicates lattice softening with Sb concentration. Two-band modeling and electronic band structure calculations are used to reveal the valence band convergence of Sb-doped GeTe0.9I0.1. Specifically, upon Sb doping in GeTe0.9I0.1, the energy difference between different valence bands becomes smaller compared to that of GeTe0.9I0.1. As a result, we have attained a significant enhancement in  for Ge1-ySbyTe0.9I0.1 (with y=0.10, 0.12, 0.13, and 0.16) across the entire range of measured temperatures. Notably, the highest  value of 1.70 is observed in the sample with y=0.12 at 723K.

2. EXPERIMENTAL METHODS 
Synthesis 
Polycrystalline compounds of Ge1-ySbyTe0.9I0.1 (y=0, 0.02, 0.05, 0.10, 0.12, 0.14, and 0.16) were prepared by melting and sintering. Stoichiometric mixture of high purity elements of Ge (99.999%), Sb (99.999%), Te (99.999%), and I (99.999%) were sealed in evacuated quartz ampoules under low pressure (~10-5 torr). The vacuum sealed quartz ampoules were heated at 1223 K for 6 hours with following slow cooling to room temperature for 10 hours. The ingots were pulverized into fine powders by hands and the obtained powders were loaded into a carbon mold with a diameter of 12.7 mm for vacuum hot-press (HP). The carbon molds with samples are heated up to 540 °C for 75 min and maintain the temperature for 40 min under a uniaxial pressure of 50 MPa. The sintered samples have high densities, greater than 98 % of a theoretical density. We cut and polished the samples to measure physical properties along the parallel direction to the uniaxial pressure direction. 

Sample Characterization 
Powder X-ray diffraction was performed using Cu K radiation (D8 Advance, Bruker, Germany) with a 2 scan range of 20-70 with a scan time of 2/min. The temperature-dependent electrical resistivity  and Seebeck coefficient  measurement was carried by a thermoelectric measurement system (ZEM-3, ULVAC-RICO, Japan) in a high purity (99.999 %) He atmosphere. The Hall resistivity  and heat capacity  were measured by the physical property measurement system (PPMS Dynacool 14 T, Quantum Design, U.S.A.) under sweeping magnetic field  T ≤ H ≤  T. The Hall carrier concentration  and Hall mobility  were obtained by the relationship,  and  where  is the Hall coefficient. The total thermal conductivity  was evaluated by , where  and  are lattice and electronic thermal conductivity. The electronic thermal conductivity is  by Wiedemann-Franz law where  and  are Lorenz number and electrical conductivity. The lattice thermal conductivity , where  is a density of sample, Cp is a heat capacity at high temperature limit, and λ is a thermal diffusivity. The thermal diffusivity measurement was carried out by laser flash diffusivity method (LFA-447, Netzsch, Germany). 

First Principles Calculation 
First principles calculation of cubic and rhombohedral GeTe and doped composition are performed using Quantum Espresso (version 7.2) within PBEsol pseudopotential from pslibrary.42,43  The lattice parameter and internal coordinates of undoped GeTe are fully relaxed until forces on ions are smaller than  Ry/Bohr using the 2 atoms primitive cell. The relaxed cell parameter is 2% larger than the experimental value for GeTe in cubic lattice but agrees with experimental value very well for the rhombohedral structure (within 0.1%)44. The rhombohedral angle of the relaxed structure is 58.867.  Spin orbital coupling is not considered in the structural relaxation but is considered for the band structure calculation. The choice of the k points path in the Brillouin zone (BZ) of the primitive cell is W–L––K–L–W and B–L––P–Z–B following Hong et al.45 The electronic band gap is 0.04 eV and 0.3 eV for the cubic and rhombohedral GeTe, respectively. The electronic structure of I and Sb, I co-doped GeTe in both the cubic lattice and the rhombohedral lattice is calculated using the supercell approach. Supercells containing 64 atoms with shape close to a cube is constructed from the cubic and rhombohedral primitive cell with the transformation matrix :

The supercell composition of Ge32Te29I3 and Ge29Sb3Te29I3 is used to simulate the experimental chemical composition of GeTe0.9I0.1 and Ge0.9Sb0.1Te0.9I0.1, respectively. The positions of the Sb and I dopants in the supercell are determined by optimizing the cluster function considering atom pairs and triplets within a 8  radius, as in the special quasi-random structure (SQS) method, using Alloy Theoretic Automated Toolkit (ATAT)46,47. Internal coordinates for the doped supercell are fully relaxed while the lattice vector is fixed to the stochiometric GeTe to perverse the symmetry of the lattice for unfolding the electronic structure from supercell BZ to the primitive BZ. Although the lattice vector is not optimized, the stress components are small suggesting that the volume change due to doping should be minor and not affect the electronic structure. BandUp code is used to unfold the band structure of the doped supercell.48,49 For the supercell calculation, Ge 3d electrons are not considered as valence electrons to reduce computation time. It is checked that there is no distinguishable difference between the band structure calculated with/without Ge 3d electrons.

3. RESULTS AND DISCUSSION 
The X-ray diffraction (XRD) patterns of Ge1-ySbyTe0.9I0.1 (y=0, 0.02, 0.05, 0.10, 0.12, 0.14, and 0.16) compounds at room temperature are shown in Fig. 1(a). In the literatures, the Ge vacancy is identified as the most favorable native defect in pristine GeTe, which leads to the formation of Ge precipitates and the Ge-deficient composition. Ge1-ySbyTe0.9I0.1 compounds with low Sb doping concentration exhibit Ge secondary peaks, whereas the Ge peaks disappear with increasing Sb concentration. Thus, Sb doping is found to suppress the formation of Ge vacancies in GeTe and results in the decrease of carrier concentration, as listed in Table 1. It is known that Sb doping into Ge sites in GeTe decreases the structural phase transition temperature from rhombohedral to cubic phase[5,10]. This can be confirmed from the peak shift near 43 degrees in the XRD patterns. It has been reported that co-doping and alloying in GeTe enable the crystal structure to exist as a cubic structure even at room temperature31,32,50. Indeed, the XRD pattern in Fig. 1(a) shows that the two peaks near 43 degrees become closer with increasing Sb concentration, and the compounds with high Sb doping concentration () eventually crystallize in the cubic structure. In our previous work, it was also observed that I-doping in GeTe enhances the cubic structure nature from the peak shift in XRD patterns20. Therefore, it can be confirmed that Sb and I co-doping in GeTe induce the stabilization of the cubic β-phase at room temperature.  
The position and intensity of peaks in XRD patterns are determined by sample properties such as the grain size, strain of crystallites and stacking faults51, and conversely, sample’s microstructure can be analyzed through XRD measurements. Here, the average crystallite size (D) and internal strain (ε) are determined by the Williamson-Hall method from powder XRD patterns. Fig. 1(b) depicts the results of the Williamson–Hall analysis of Ge1-ySbyTe0.9I0.1 (y=0, 0.02, 0.05, 0.10, and 0.12) compounds. The internal strain and average crystallite size can be estimated as a function of  using the following relationship: 

where  is the full width half maximum,  is the angle of the diffraction peak (in radians),  is the micro-strain rate,  is the wavelength of the radiation,  is the average crystallite size. We have plotted the above function for Ge1-ySbyTe0.9I0.1 (y=0, 0.02, 0.05, 0.10, and 0.12) and they are shown in Fig. 1(b). The slope of  versus  is a measure of the micro-strain rate and their values ( are listed in Table 1. It can be found that the internal strain of Ge1-ySbyTe0.9I0.1 become more significant when increasing Sb content.
Normally, when impurities and internal strain coexist in a material, both the electrical conductivity and the thermal conductivity could decrease since the mean free path of the charge/energy carriers would be shorter. The total resistivity can be written as  by Matthiessen’s rule. If the sample contain more impurity, the resistivity  increases52. Not only more impurity but also straining in the sample increases the resistivity . In addition, the evaluation of internal strain values with Sb doping concentration can be correlated to the heat-carrying phonon propagation in a material, which is confirmed by the change of lattice thermal conductivity. Therefore, the increases in the micro-strain rate, , with increasing Sb concentration explains well the lower carrier mobility (Table 2) and the lower lattice thermal conductivity (Fig. 4(a)) with increasing Sb concentration.
Fig. 2 illustrates the temperature-dependent electrical resistivity, Seebeck coefficient and power factor of Ge1-ySbyTe0.9I0.1 compounds (y=0, 0.02, 0.05, 0.10, 0.12, 0.14, and 0.16). The electrical resistivity and Seebeck coefficient increase with increasing temperature, which indicates the degeneratre semiconductor behavior. With increasing Sb doping concentration, both  and  is systematically increased, which suggests a reduction of carrier concentration and successful suppression of Ge vacancies in the sample. The high charge carrier concentration of pristine GeTe leads to poor thermoelectric performance due to intrinsic Ge vacancy defects. Suppressing the formation of Ge vacancy prohibit GeTe-based materials to have excess carriers, leading to the poor thermoelectric performance. The increase in  and  is more pronounced when . This trend based on the doping level is also observed in the Hall resistivity measurement results listed in Table 2. The Hall carrier concentration decreases with increasing Sb concentration, giving direct evidence of the reduction of Ge vacancy in Ge1-ySbyTe0.9I0.1 (y=0.02, 0.05, 0.10, 0.12, 0.14, and 0.16). On the other hand, effective mass increases with increasing Sb concentration. Significant changes in Hall resistivity and effective mass begin from the sample with . This is consistent with the sudden change in both  and . The deviation of Pisarenko plot (Seebeck coefficient versus carrier concentration) also starts from the sample with , as shown in Fig. 2(d).
Although there is a decrease in carrier mobility that can be attributed to the larger impurity scattering and strain caused by Sb and I doping, significantly enhanced Seebeck coefficient is achieved due to the reduced carrier concentration and the increased carrier effective mass. As shown in Fig. 2(d), the increase of density of state effective mass is important for the enhancement of Seebeck coefficient. Furthermore, the effective mass values of highly Sb-doped samples with  deviate from the Pisarenko plot, which is within the assumption of a single parabolic band model. Therefore, to precisely interpret the enhancement of the Seebeck coefficient and the deviation in the Pisarenko plot, we investigated the relationship between the Seebeck coefficient and charge carrier concentration by two-band model fitting (see SI, section I for detail), as illustrated in Fig. 3. Among the fitting parameters, note that the m* of L band was fixed to be 1.5 me (me = free electron mass) and the deformation potential values of each Σ and L band for all samples were fixed to be the same for simplicity. That is, quantitative values were investigated using the two-band model to track changes in the Σ band according to bandgap changes. (see details in Supplementary Information).
It is well known that the modulation of the electronic band structure can improve thermoelectric performance. Increasing the number of band valley that participate into thermoelectric transport increases the density of state effective mass m*, consequently enhancing thermoelectric performance. It is known that the band convergence in GeTe can be promoted by doping Sb16,22, Ga30, Mn31, Pb32 and Cd40. Fig. 3(d) is a schematic of electronic band structure of r-GeTe and c-GeTe. The band offset energy between Σ band and  band of r-GeTe is larger than that of c-GeTe as shown in Fig. 3(d). Fig. 3(a) and (b) indicates the band offset  and show that this value reduces significantly with Sb doping in Ge1-ySbyTe0.9I0.1 (y=0, 0.02, 0.05, 0.10, 0.12, 0.14, and 0.16) samples. When the values of  decreases, the corresponding Seebeck coefficient increases. The sample with y≥1.0 shows a visible decrease in . This is consistent that the crystal structure that is increasingly cubic upon Sb doping, observed from the XRD patterns. The calculated density of state effective mass from the two-band model is shown in Fig. 3(c). The significant enhancement of effective mass of  band is observed with increasing Sb concentration. Therefore, it can be concluded that Sb doping in Ge1-ySbyTe0.9I0.1 indeed promotes valence band convergence and thereby enhancing the Seebeck coefficient. 
Since two-band modeling strongly suggests the band convergence, we calculated the electronic band structure of GeTe0.9I0.1 and Sb-doped GeTe0.9I0.1 to further verify the role of Sb in Ge1-ySbyTe0.9I0.1. Fig. 4(a)-(f) illustrates the electronic band structure of GeTe, I-doped GeTe, and GeTe co-doped with I and Sb in both rhombohedral and cubic structures. As discussed in Fig. 3(d), the  band and  band in GeTe converges and the energy difference  becomes smaller when the crystal structure change from rhombohedral to cubic. This is theoretically confirmed by our calculated electronic band structures, as shown in Fig. 4(a) and (b). The  points and  points are shifted up in energy when I dopants and I-/Sb-dopants are considered in the GeTe structure, compared to those of pristine GeTe even when the crystal structure is rhombohedral, as shown in Fig. 4(a)-(c), which provides the evidence for the enhanced Seebeck coefficient due to I-doping and I-/Sb-co-doping. When we look at the electronic band structures for I-doped and I-/Sb- co-doped GeTe in cubic structure, as depicted in Fig. (e) and (f), well converged bands can be found at the  point. Moreover, Sb-doping induces slight flattening of bands near the band edge at . These findings align with the valence band convergence suggested from the two-band modeling very well. 
  Finally, the reduction of thermal conductivity in our samples are analyzed from the Debye model. The total thermal conductivity is composed of the electronic thermal conductivity () and the lattice thermal conductivity (. The electronic thermal conductivity can be calculated using the Wiedemann-Franz’s law, , where  is the Lorenz number. The  value for the simple Drude model in metals is given by . To estimate the Lorenz number in semiconductors accurately within a single parabolic band model. Using the Fermi integral, defined as53

where  is the th order Fermi integral, and  is the reduced chemical potential. The following Eq. gives the temperature-dependent Lorenz number :

where the scattering parameter is  when the dominant scattering sauce is acoustic phonon. The resulting lattice contribution to the thermal conductivity  is shown in Fig. 5(a).
The lattice thermal conductivity in the Debye approximation can be written as

Where  is the Debye temperature,  is an average phonon velocity (approximately equal to the velocity of sound in solids), the dimensionless variable  expressed as reduced phonon frequency is defined as  , and  is the relaxation time. The Debye approximation of the differential lattice specific heat is =.52 At high temperatures , when phonon-phonon scattering dominates (), the lattice thermal conductivity becomes
where . The above model suggests that reduction in lattice thermal conductivity can be achieved either by larger anharmonicity () or through the decrease in phonon velocity from the relationship . 
The decrease in speed of sound was found to be linearly with the increase in the internal strain in PbTe54 and the lattice thermal conductivity was significantly decreased due to the lattice softening. The velocity of sound can vary due to the internal strain54,55 and charge carrier concentration56, and defects57 in materials, all of which induce lattice softening. Lattice softening, alongside the introduction of phonon scatterings, is effective way to reduce the lattice thermal conductivity. Lattice softening affects both the phonon lifetime and the phonon propagation direction, while the center of phonon scattering alters the direction of phonon propagation. 
As shown in Fig. 5(a), it is evident that the lattice thermal conductivity decreases with increasing Sb concentration. This decrease in lattice thermal conductivity correlates with the observed increase in internal lattice strain of Ge1-ySbyTe0.9I0.1 (y=0, 0.02, 0.05, 0.10, and 0.12) as depicted in the XRD patterns. As depicted in Fig. 5(b), when the lattice thermal conductivity is plotted as a function of micro-strain rate ε (%), the lattice thermal conductivity progressively decreases as micro-strain rate increases. This suggests that Sb doping in Ge1-ySbyTe0.9I0.1 induces fluctuations in mass and strain fields, consequently reducing the lattice thermal conductivity.  
To further comprehend the phonon transport properties, the lattice thermal conductivity was fitted using DebyeCallaway model. Our fitted sound velocity of GeTe and Ge0.9Sb0.1Te0.9I0.1 are 1767 and 1385 m s-1, as listed in Table S2. This indicates the reduction of sound velocity leads to the decrease in lattice thermal conductivity, as shown in Fig. 5(a). From the increased interal strain ratio from Williamson-Hall plot, we expected that the lattice softening can be occurred as increasing Sb concentration. As illustrated in Fig. 5(c), the significant reduction in lattice thermal conductivity originates from lattice softening rather than phonon scattering, as initially expected from XRD pattern analysis. 
As a result of increased effective mass due to band convergence and a significantly reduction in lattice thermal conductivity. The samples with  show a large increase in  values from room temperature to 723 K compared comparison to the sample without Sb doping (GeTe0.9I0.1), as shown in Fig. 5(d). Due to the enhanced performance across board temperature range, the engineering  of the Sb doped sample almost doubled across the whole measured temperature range, as illustrated in Fig. S2. Since engineering  serves as a practical indicator for thermoelectric conversion efficiency. These findings are promising for achieving high conversion efficiency in GeTe thermoelectric modules58. 

4. CONCLUSIONS 
In summary, Sb doping in Ge1-ySbyTe0.9I0.1 not only leads to stronger phonon scattering but also significant lattice softening, both of which reduces lattice thermal conductivity. The observation of lattice softening is evidenced by the increase in the internal strain ratio from XRD patterns together with thermal conductivity analysis using the Debye–Callaway model. Moreover, the increase of density of state effective mass and a reduced carrier mobility suggests variations in the electronic band structure with Sb concentration. By employing a two-band modeling and first-principles electronic band structures calculation, the valence band convergence due to co-doping from I and Sb is evident, i.e., when Sb is doped into GeTe0.9I0.1, the energy difference between different valence bands becomes progressively smaller compared to that of GeTe0.9I0.1. In the end, we have attained a significant enhancement in  for Ge1-ySbyTe0.9I0.1 (with y=0.10, 0.12, 0.13, and 0.16) across the entire range of measured temperatures with the highest  value of 1.70 is observed in the sample with y=0.12 at 723K.
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자동 생성된 설명]
Fig. 1. (a) Room temperature XRD patterns of Ge1-ySbyTe0.9I0.1 (y=0, 0.02, 0.05, 0.10, 0.12, 0.14 and 0.16) and (b) Williamson-Hall strain analysis of Ge1-ySbyTe0.9I0.1 (y=0, 0.02, 0.05, 0.10 and 0.12).
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Table 1. Micro-strain rate () and average crystallite size () of Ge1-ySbyTe0.9I0.1 (y=0, 0.02, 0.05, 0.10 and 0.12) determined by Williamson-Hall analysis.
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자동 생성된 설명]
Fig. 2. Temperature-dependent (a) electrical resistivity, (b) Seebeck coefficient, (c) Power factor and (d) Seebeck coefficient as a function of carrier concentration at 300 K under a single parabolic band model of Ge1-ySbyTe0.9I0.1 (y=0, 0.02, 0.05, 0.10, 0.12, 0.14 and 0.16)
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Table 2. Hall carrier concentration , Hall carrier mobility , effective mass , Seebeck coefficient  and electrical resistivity  at room temperature for Ge1-ySbyTe0.9I0.1 (y=0, 0.02, 0.05, 0.10, 0.12, 0.14 and 0.16).
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자동 생성된 설명]
Fig. 3. (a) Seebeck coefficient plotted against Hall carrier concentration for Ge1-ySbyTe0.9I0.1 (y=0, 0.02, 0.05, 0.10, 0.12, 0.14 and 0.16), (b) band offset between  and  and (c) effective mass plotted against Sb concentration for Ge1-ySbyTe0.9I0.1 (y=0, 0.02, 0.05, 0.10, 0.12, 0.14 and 0.16). (d) Schematic showing the band structure of Rhombohedral and Cubic GeTe.
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Fig. 4. Calculated electronic band structures of the primitive cell for (a) rhombohedral GeTe and (d) cubic GeTe. Band structure for doped GeTe is shown in (b) for rhombohedral Ge32Te29I3 (GeTe0.91I0.09), (e) cubic Ge32Te29I3, (c) rhombohedral Ge29Sb3Te29I3 (Ge0.91Sb0.09Te0.91I0.09), and (f) cubic Ge29Sb3Te29I3. The unfolded band structure from supercell calculation is presented in the form of spectrum function ) where  denotes reciprocal vector and  is the energy relative to the valence band maximam. SOC is considered in the band structure calculation.
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Fig. 5. (a) Temperature-dependent thermal conductivity, (b) lattice thermal conductivity as a function of internal strain at room temperature, (c) theoretical modeling of temperature-dependent lattice thermal conductivity, (d) temperature-dependent ZT for Ge1-ySbyTe0.9I0.1 (y=0, 0.02, 0.05, 0.10, 0.12, 0.14 and 0.16).
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