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Introduction

Energy sustainability is one of the major key technological challenges in this 21 st century. Growing awareness and alarming concern for the environment and renewable energy supplies has revitalized advances in materials engineering and technologies for energy conversion in recent years. Thermoelectric (TE) devices with their potential to reversibly convert waste heat into useful electricity propound the likelihood of an all-solid-state technology for power generation, refrigeration, temperature stability, and control. [1][2][3][4] The TE material's performance is evaluated in terms of a dimensionless figure of merit, zT = S 2 σT/κ where S, σ, T and κ are the Seebeck coefficient, electrical conductivity, absolute temperature and total thermal conductivity (sum of the electronic contribution, κe, and the lattice contribution, κlatt), respectively. Boosting the TE power factor (S 2 σ) and/or suppressing the thermal transport () are the key paradigm to realize high zT. Utilizing phononic scattering mechanism, that is achieved via nanostructuring, which includes the engineering of nanoscale defects (dislocations, stacking faults, point defects, nanopores), and multiscale hierarchal architecting, [5][6][7][8][9] imparting rattling impurities, 10 intrinsic bond / strong lattice anharmonicities, [11][12][13] etc., to suppress thermal transport (κlatt) is a well-known strategy to enhance zT. However, the electrical transport properties, S and σ are interrelated via carrier concentration, but in a contrary way (as per Pisarenko's relation) and confront a bigger challenge in improving the power factor, paramount for better energy conversion efficiency. In the last decade, this issue has been masterly addressed with the revitalization of the 'band structure engineering' approach, which encompasses electronic band convergence, 14,15 fostering resonance states or local distortion of the density of states (DOS) near the Fermi level (by impurity atoms), 16 quantum confinement of charge carriers, 17 nestification, 18 electron filtering effect, 19,20 dimensionality reduction, 21 modulating light bands with low effective mass, 22 deformation potential coefficient, 23 blocking of minority charge carriers, 24,25 which effectively helped in decoupling S and σ to a certain extent. Even the ideas such as the utilization of magnetic effect, [26][27][28][29] partial crystallization of semiconducting chalcogenide glasses (based on phonon-glass electron-crystal approach) [30][31][32][33][34] and processing techniques like Hybrid Flash-SPS techniques [35][36][37] were explored with notable degrees of success. This concept of band engineering has been effectively used to tune the TE properties in various p-and n-type materials such as PbTe, 38,39 SnTe, [40][41][42][43] Mg2Si, 44 half-Heusler, 45 etc. In this category of midtemperature range TE candidates, GeTe has gained prominence in the past few years. It exists in a rhombohedral crystal structure (r-GeTe) and turns into a cubic structure (c-GeTe) at ~700 K. 46 Due to higher valley degeneracy, the TE performance is known to maximize at the cubic high symmetric domain 35,47 and hence, reducing the phase transition temperature can boost/stabilize the TE performance over a broad temperature range. Though this has been the general norm/convention with GeTe, there have also been recent studies where high TE performance were reported even for the low temperature r-GeTe, because of the convergence of split band valleys derived from the rhombohedral distortion. 48- 50 Generally, the high carrier concentration (in the order as high as ~10 21 cm -3 ) due to the low formation energy of Ge vacancies in pristine GeTe affects the TE performance in this p-type highly degenerated semiconductor, 46,51 thus it is essential to optimize the charge carrier level to improve the TE performance in GeTe. Besides the high carrier concentration and phase transition, the presence of multiple valence bands in GeTe, provide these p-type intriguing materials with diverse degrees of freedom to play and tune their transport properties. 52 Some of the earlier reported approaches for GeTebased materials to improve their electrical transport and/or to reduce the thermal transport have been adopted on single dopant containing compositions such as Ge1-xPbxTe, 53 Ge1-xBixTe, 54 Ge1-xInxTe, 55 Ge1-xGaxTe, 35 Ge1-xCrxTe, 56 Ge1-xTixTe, 57 Ge1-xAlxTe, 58 GeTe1-xSe, 59 Ge1-xSbxTe, 60,61 Ge1-xAgxTe, 62 Ge1-xMnxTe, 63,64 LiI-GeTe, 65 etc., where the zTmax value generally ranged between 1.0 -1.5 in most of these singly doped cases. Similarly, many co-doped compositions such as GeTe-AgSbTe2 (TAGS), 66 GeTe-AgInTe2, 67 GeTe-LiSbTe2, 68 (GeTe)nSb2Te3, 69 Ge9Sb2Te12-x, 70 GeTe-AgSbSe2, 71 (Bi2Te3)nGe1-xPbxTe, 72 Ge1-xSbxTe1-ySey, 73 Ge1-x-ySnxPbyTe, 74 GeTe-GeSe-GeS, 75 Ge1-x-yBixInyTe, 76,77 Ge1-x-yBixSbyTe, 47 Ge1-x-yPbxBiyTe, 48 (Ge1-xDyxTe)y(AgSbTe2)1-y, 78 Ge1-x-yCdxBiyTe, 79 Ge1-x-yGaxSbyTe, 35 Ge1-x-yPbxSbyTe, 49 (Ge1-xYbxTe)y(AgSbTe2)1-y, 80 Ge1-x-ySbxZnyTe, 81 Ge1-x-yMnxBiyTe, 63,82 Ge1-x-yMnxSbyTe, 63 Ge1-x-yPxSbyTe, 83 (Ge1-xDyxTe)y(AgSbTe2)1-y, 80 and more recently Ge1-x-yCrxBiyTe 56 and Ge1-x-yTixBiyTe 57 show zTmax values generally ranged between 1.5 -2.0 or even more for some compositions.

The interesting TE results obtained from the aforementioned compositions, especially the couple of recent findings on transition metal (Ti and Cr) doped GeTe, 56,57 trigger us to further explore some of the other rarely studied transition metals like Y, Zr, Hf, V, Nb, Mo, and Ru, and rare-earth metals like La and Pr as potential dopant candidates for GeTe. A thorough experimental screening of these elements is accompanied with theoretical computations to understand how the addition of these transition and rare-earth elements can influence the electronic band structure (and thus the resulting TE properties) of GeTe. In most general cases, pristine GeTe exhibits zT ~0.85 at 700 K. 58,65 In this work, the strategy was that, if any of these transition or rare-earth elements doping to GeTe showed promising TE properties (i.e., zT > 1), then they were optimized for their composition, and the resulting optimized compounds were finally codoped with Sb, which is widely reported to improve the band degeneracy in GeTe by reducing the phase transition temperature to produce more hole pockets. 35,47 In a nutshell, this work investigates the effect of doping a series of transition and rare-earth elements and their best performing optimized codoping (Zr-Sb) on the structural, electronic and thermoelectric properties of GeTe.

Materials & Methods

Reagents

Ge (Ingot, Rare metallic, 99.999 %), Te (Shot, Rare metallic, 99.999 %), Mo (Powder, Rare metallic, 99.9%), Nb (Powder, Wako, 99.9%), V (Turnings, Wako, 99.5%), Y (Ingot, Aldrich, 99.9%), Ru (Powder, Wako, 99.9%), Zr (Sponge, Aldrich, 99%), Hf (Turning, Wako, 99.9%), Pr (Turning, Wako, 99%), La (Turning, Wako, 99%) and Sb (Shots, Aldrich, 99.999%) were used for synthesis without any further purification.

Synthesis

The samples were synthesized using a vacuum-sealed tube melting process. Appropriate stoichiometric amounts of the starting elements were introduced into a quartz tube, and the ampoules that were sealed under a vacuum of ~2 x 10 -3 mbar were then placed in a melting furnace and slowly heated to 1223 K for 8 hours, and then held at that temperature for 10 hours and finally cooled down to room temperature (~6 hours). Obtained ingots were hand crushed into powders, which were then consolidated by Spark Plasma Sintering (SPS-1080 -SPS Syntex Inc.) at 750 K (heating rate ~80 K/min) for 5 mins (holding time) with an axial pressure of ~60 MPa. After SPS processing, highly dense disk-shaped pellets were obtained with theoretical densities of > 98%. The sintered discs were then cut and polished to the required shapes and dimensions for various thermoelectric measurements.

Powder X-ray diffraction

Powder X-ray diffraction (PXRD) patterns were recorded at room temperature in the 2θ range of 10 o -90 o using Rigaku Smart Lab 3 diffractometer (Cu radiation, λKα1 = 1.5418 Å, and λKα2 = 1.5444 Å in a ratio λKα2 / λKα1 = 0.5) with a step size of 0.02 o and a scan speed of 2 o /min. Le Bail refinements were performed using the WinPLOTR software and the FullProf algorithm. [84][85][86] The shape of the diffraction peaks was modeled using a Thompson-Cox-Hastings pseudo-Voigt profile function. 87 Zero-point shift, peak shape, and lattice parameters were systematically refined, and the background contribution was fitted using a 6-order polynomial. More realistic estimated standard deviations were calculated using the Bérar method. 88

Electrical and thermal transport

The Seebeck coefficient and electrical resistivity were measured simultaneously on ~2×2×9 mm 3 bars using a commercial instrument (ZEM-2, ADVANCE RIKO Inc.) under partial pressure of He.

The temperature-dependent thermal diffusivity, D, was measured using the laser flash diffusivity method in LFA-467 Hyperflash (Netzsch) on graphite coated disc-shaped samples of ~10 mm diameter and ~2 mm thickness. The temperature-dependent heat capacity, Cp, was derived using a standard sample (pyroceram-9060) in LFA-467, which is in good agreement with the Dulong-Petit Cp value. The total thermal conductivity was calculated using the formula κ = D×Cp×ρ, where ρ is the density of the sample (measured using Archimedes' principle). In some cases, to better understand the thermal transport properties, the contributions from electronic and lattice parts were calculated. The lattice thermal conductivity (latt) was estimated from  by subtracting the electronic contribution (e) via the Wiedemann-Franz law, as in the following equation,

𝜅 𝑒 = 𝐿𝜎𝑇 (1) 
where L is the Lorenz number computed by the condensed version of Single Parabolic Band model with acoustic phonon scattering (SPB-APS) 89 , as in the following equation,

𝐿 = 1.5 + exp [- |𝑆| 116 ] (2) 
where the Lorenz number (L) is in 10 -8 WΩK -2 and the Seebeck coefficient (S) is in µVK -1 .

The uncertainty in the results for the values of electrical and thermal transport properties was 5% and 7%, respectively, and for the overall zT was  12%. 90 To increase the readability of the figures, the error bars are not shown in the figures.

Computational procedures

First-principles calculations using Density Functional Theory (DFT) were performed to understand the effect of transition metal and/or rare-earth dopants on the electronic states of GeTe. The projectoraugmented-wave (PAW) approach 91 implemented in the Vienna ab initio simulation package (VASP) 92 was used. Computations were performed using the generalized gradient approximation (GGA) for the exchange-correlation term parameterized in the Perdew-Burke-Ernzerhof functional. 93 Spin-orbit coupling (SOC) was included in the calculations.

Calculations were performed on cubic structural models, as we were interested in the high-temperature behavior of doped GeTe compounds. Dopants were substituted for Ge atom in a 4 × 4 × 4 super-cell (MGe63Te64 cubic models; M = transition / rare-earth element). Similar to the work of Hoang et al. on the impurity clustering in GeTe, 94 we chose a cluster made of one M atom surrounded by 6 Sb atoms (Sb and M atoms were placed far from each other in the supercell) for the M-Sb codoped GeTe composition (Sb6MGe57Te64). In all the calculations, the positions were fully relaxed. For Ru doping, calculations using the GGA + U + (J) method were also carried out with Hubbard value U = 2 eV and Hund value J = 0.5 eV). 95,96 Almost no differences were found compared to the GGA calculations, hence only the results obtained from GGA calculations will be presented in the article.

Results & Discussion

Firstly, the primary motive is to figure out which among the planned transition elements (Nb, Y, Hf, Zr, Ru, Mo, V) and rare-earth elements (Pr, La) as dopants can potentially improve the TE performance in GeTe. Considering the fact that in most general cases the pristine GeTe exhibits zTmax ~0.85 at 700 K, the threshold that we set here to consider that transition / rare-earth dopant to be of any potential benefit for GeTe thermoelectrics, only if the zT exceeds 1 in those doped compositions. In order to shortlist the potential candidate among Nb, Y, Hf, Zr, Ru, Mo, V, Pr, and La, a small proportion of each of the element was doped to GeTe. Depending on their oxidation states, the doping level was fixed at either 2 mol% (for elements with 2 + or 3 + oxidation state like La, Y, V, Ru) or 0.5 mol% (for elements with 4 + oxidation state like Zr, Hf).

Structural analysis

PXRD results for the pristine GeTe, Ge0.08Y0.02Te, Ge0.995Hf0.005Te, Ge0.995Mo0.005Te, Ge0.98V0.02Te, Ge0.995Zr0.005Te and Ge0.98La0.02Te compositions are presented in Figure 1. In all cases, the sharp reflections from PXRD indicated the high crystallinity of the SPS processed samples. The major reflections from the PXRD pattern could be indexed to a rhombohedral GeTe phase (R3m space group, lattice parameters, a ~ 4.165 Å, and c ~ 10.670 Å), which was confirmed further with the presence of double reflections [(024) and ( 220)] in the range of 2θ values between 41 o to 44 o in Ge1-xMxTe (M = transition / rare-earth element; x = 0.02 or 0.005). Besides the low-temperature rhombohedric GeTe phase (main phase), a small amount of Ge impurities (cubic Ge, 𝐹𝑑3 ̅ 𝑚 space group, a ~ 5.656Å) were also observed for the majority of the samples. These minor cubic Ge reflections could be due to the thermodynamic nature of the GeTe, which is known to preferentially exist as a Te-rich composition. 47,50,62,97 Moreover, the formation energy of Ge vacancies is much lower (about just onethird) when compared to the formation energy of other 3 defects in GeTe, i.e., Ge antisite, Te vacancy, and Te antisite, thus making it the most easily and favorably formed intrinsic defect. 98,99 In thermal equilibrium, Ge vacancies are the dominant defect for any Fermi level (EF), even if Ge is the only carrier reservoir, and are envisaged to form impromptu for EF ~0.25 eV above the valance band. 99 Generally, it is reported that this minor cubic Ge impurity phase in a small proportion in GeTe has no apparent detrimental influence on the TE performance. 50,62 Since rhombohedric GeTe is a faintly distorted rocksalt lattice along the [111] direction, 100,101 the impact of these doping elements on the crystal structure can be captured by the variation in lattice parameter and/or the α angle in the rhombohedral setting. The PXRD patterns of pristine and doped GeTe compounds were fitted by the Le Bail method 86 and their respective refined lattice parameters and α angles can be found in the Supporting Info (SI, Table S1).

All these samples (pristine, Y, La, Zr, Hf, and Mo) have a fairly similar unit cell parameters, with a and c being 4.165 Å and 10.670 Å, respectively, and the hexagonal cell volume varying between ~160.2 -160.5 Å 3 . The only exception is the Ge0.98V0.02Ge compound, which possessed a significantly smaller c = 10.573 Å, thus resulting in a slightly smaller unit cell volume of ~159.0 Å 3 . This difference or stand out behavior of Ge0.98V0.02Ge compound, when compared to other GeTe compounds presented here, is not just in terms of its crystallographic structural point of view, but also in terms of its electrical and thermal transport properties, which are discussed in the forthcoming section. PXRD results for the Ge0.98Ru0.02Te, Ge0.98Pr0.02Te and Ge0.98Nb0.02Te compositions are presented in Figure 2. In addition to the low-temperature rhombohedric GeTe main phase, these compounds that were doped with Ru, Pr and Nb also include a non-negligible amount of high-temperature cubic GeTe phase (space group 𝐹𝑚3 ̅ 𝑚). The presence of the secondary cubic GeTe phase in these compounds (Ru, Pr and Nb doped GeTe) can affect their TE transport properties, as observed earlier in the case of Ge0.94Ag0.06Te. 62 From the PXRD patterns, it is important to notice that Bragg peaks corresponding to the crystallographic plans normal or almost normal to the c direction are characterized by peak shape with larger tails, i.e. more Lorentzian characteristic, than other reflections. It affects the sample's diffraction pattern and is more prominent for the doped compositions, for example, for Ge0.98V0.02Te compound than for undoped GeTe (SI, Figure S1). Such an effect, that is embodied by more Lorentzian feature, can be attributed to the presence of defects, which were already elucidated in detail (using HRTEM imaging) in several GeTe-based materials in the past. 51,102 The high values of the agreement factors (Rp, Rwp, χ 2 ) from the fitted patterns are due to the anisotropic peak broadening arising due to the defects in these GeTe compounds. These defects would significantly influence and play a key role in the thermal transport properties of these compounds.

Effects of V, Nb, Mo, Ru, and Pr on TE properties of GeTe

The TE transport properties of some of the transition-metal and rare-earth-doped GeTe compounds are presented in Figure 3. The short inference would be that the dopants V, Nb, Mo, Ru, and Pr were found to be detrimental to the thermoelectric properties of GeTe. Partially substituting these elements (V, Nb, Mo, Ru, and Pr) for Ge decreased their zT when compared to that of pristine GeTe (Figure 3e). Out of those, Ru was found to be the worst, followed by Nb, V, Pr, and Mo. Most of these dopants neither helped in significantly improving the power factor, PF = S 2 σ (Figure 3c) nor in suppressing the thermal transport (Figure 3d), thus resulting in a poor TE performance. The only exemption is the V-doping, which substantially decreased the thermal transport, however, the PF was adversely affected, thus offsetting the effect of suppressed κ.

To have a more cogent understanding of the impact of these transition and rare earth dopants on the electrical transport properties in GeTe, DFT calculations were performed. These DFT calculations were carried out on 4 x 4 x 4 supercells derived from the cubic structural arrangement of GeTe (hightemperature phase). The electronic densities of states (DOS) computed for the cubic models of V, Nb, Mo, and Ru-doped compounds are presented and compared with undoped c-GeTe in Figure 4. Their electronic band structures were also computed and analyzed, aiming to provide some insight into how the valence band structure is modified upon doping. The band structures are plotted in Figure 5 along some high symmetry lines of the cubic Brillouin zone (BZ). The band gap (Eg) at L-point for pristine c-GeTe was calculated to be 226 meV, in agreement with the previous reports. 35,47,58,103 The DOS calculations (Figure 4a-d), which shows the shift of the Fermi level away from the valence band (i.e., upwards / toward the conduction band) in the case of Nb and Mo doping, clearly suggests the suppression of the p-type charge carriers (holes) with the substitution of these dopants. It must be noted that the Eg mentioned here and throughout this paper, corresponds to the energy difference between the Te and the Ge bands at the L-point. When there is no intruder state (i.e., dopant/impurity state) in the gap, it corresponds to the vertical gap at the L-point. Since the variation of this value reflects the difference in the energy gap between Te and Ge bands, it is more suitable to interpret the changes in the electrical properties. Band structure computations show that for the cases of Ru, Mo, and V doping, intruder states are present in the gap (Figures 5d-f). According to the perturbation theory (PT), the intruder states are defined as correction functions having energy (eigenvalue of H0) close to the reference energy 𝐸 𝑚 (0) , thus causing convergence problem in the perturbation summation, thus being branded as an Achilles' heel in multireference PT. 104,105 In the case of V-doped GeTe, the intruding Vbands are flat and localized within the bandgap (Figure 5f). The band gap at the L-point, without considering the intruder states, has increased from 226 meV to 250 meV when compared to the pristine c-GeTe. This can explain the reduction in its electrical conductivity (Figure 3a). V-doping modifies and distorts the DOS with respect to that of GeTe, as it seems to have induced resonance states (marked by the presence of a sharp hump), adjacent to EF (Figure 4d). The presence of such resonance levels near EF can help to increase S (as per Mott's relationship), like in the present case, as V-doped GeTe stands out in terms of thermopower (at least in the lower temperature domain) when compared to any other compositions presented here. This standout behavior is not just in terms of their transport properties, but also from the crystallographic point of view, where they possessed a significantly smaller c = 10.573 Å, thus resulting in a slightly smaller unit cell volume of ~159.0 Å 3 , and a reduced c/a ratio of 2.537. At the same time, it must be noted that too much distortion of DOS near EF can affect the carrier mobility, and this adds up to the reasons for this V-doped GeTe exhibiting poor σ. Had these resonance states been more close, i.e., at the vicinity of EF (instead of being adjacent), then there could have been a much significant beneficial impact on the thermopower, as in the case of previously reported In-doped GeTe. 55 Such impurity states are also induced for Ru-doped GeTe and Mo-doped GeTe, but they are less likely to make any gainful influence on the thermopower, as they are not present close to the proximity of EF.

For both Mo and Ru-doped GeTe, a part of the impurity states are localized near the top of the valence band and another part expands in the whole valence band. Compared to 3d orbitals of V, the 4d orbitals of Mo and Ru are more coupled to the p orbitals of Te. For Mo-doped GeTe and V-doped GeTe, besides the presence of intruder states, the first-principles calculations performed and reported here reveal some magnetic characters, i.e., DOS calculations yielded non-zero total magnetization. Though the introduction of magnetic ions (albeit with very careful tuning of the composition) have recently been shown to boost the power factor by balancing between improved effective mass (m*) and reduced mobility (µ) in certain specific compounds like CuGaTe2, Bi2Te3, SnSe, 8,29,106 it seems not to be the case here in GeTe. Previous spin-polarized band structure computations have proved that the introduction of magnetic ions in GeTe will induce spin scattering, which in turn will negatively affect the carrier mobility in these compounds. Typically, if the carrier density is optimized, then it is the weighted mobility µW = µ(m*/m0) 3/2 , where mo is the free electron mass, that governs the maximum thermoelectric power factor in a given material. Apart from the variety of reasons explained above (such as the presence of intruder states, large Eg, heavy DOS distortion), this magnetic contribution (and thus the low µ) adds up to explain why V-doped GeTe has exhibited poor PF, which is least among the studied materials here (Figure 3c). The high resistivity resulting from V-doping has resulted in reduced κ (Figure 3d), mainly due to the largely suppressed electronic contribution, κe. Given that the Mo-doping (with some predicted magnetic interactions) did not affect PF as badly as V-doping, in fact showing comparable PF as that of pristine GeTe sample (Figure 3c), there is a possibility to improve PF further in Mo-doped GeTe by playing with this interaction between carriers and magnetic moments via composition tuning to achieve a better trade-off between m* and µ, thus throwing an interesting aspect for potential future work. However, the calculations predicted the Ru atom to be non-magnetic with a d 6 electronic configuration. This is coherent with the crystal field theory in octahedral symmetry, where the t2g orbitals are fully occupied. GeTe band structure manifests a second maximum of the valence band in the  → K () direction. The energy separation between these light and heavy hole valence bands (ELΣ) for undoped c-GeTe was found to be 64 meV, in agreement with the literature report. 103 This energy difference (ΔELΣ) for high-temperature c-GeTe is much lower than that of the lowtemperature r-GeTe (ELΣ = 150 meV). 103 This is beneficial and is consistent with the fact that the temperature increases the band convergence in GeTe. In the case of Nb and Ru doping, the negative value of the energy separation between the two valence bands, ELΣ (Table S2, SI), indicates that the heavy hole band is larger in energy than the light hole band (it can be seen from Figures 5c,d). Nb states are located just at the bottom of the conduction band. The higher κ in Ru, Nb and Pr-doped GeTe samples can be attributed to the presence of a significant proportion of secondary cubic GeTe phase, as mentioned in the previous section and shown from the PXRD patterns given in Figure 2. Such high symmetric cubic GeTe secondary phases are generally known to exhibit higher lattice thermal conductivity than the low symmetric rhombohedral GeTe main phase. 48 It is not a surprise that Rudoped GeTe, with a culmination of aggregate effects (mostly negative on TE transport properties) such as the presence of intruder states, valence band divergence (hence lower S), secondary cubic GeTe phase (higher κlatt), languishes at the bottom as the least thermometrically performing material (least zT) among the transition and rare-earth element doped GeTe compounds that are reported in this work (Figure 5e).

Effects of Y and Hf on TE properties of GeTe

Substitution of Y and Hf for Ge was found to be relatively promising, as they marginally improved zT in GeTe from ~0.85 at 723 K (for pristine case) to ~0.95 (Y-substituted) and ~0.98 (Hf-substituted) at 723 K (Figure 5e). In the case of Y-doping, the marginal improvement in zT is due to the suppressed thermal transport, while in the case of Hf-doping, it is due to the marginally improved power factor. Despite their slightly improved TE performance, Hf and Y-doped GeTe compounds exhibited zT < 1, hence they were not shortlisted for further experimental studies in this work. Of course, there is still some scope for further improvements with these Y and Hf dopants, if the compositions are properly optimized, presenting scope for future studies. DFT results show that Y-doping does not change much the energy separation between the two valence band maxima (Figure 6c) when compared to that of pristine c-GeTe. The DOS results (Figure 6a) also shows that the projections arising from the Y-doping do not impart any change near EF or near the top of the valance band or near the bottom of the conduction band, and instead, the dopant states arising from Y-doping seem to be buried deep within the conduction band. This explains why Y-doping did not influence the power factor values at high temperatures. Hfdoping to GeTe slightly tends to open up the band gap and tends to slightly decrease the energy separation between the two valence band maxima (Figure 6d), promoting band convergence and must explain their improved power factor (and hence the overall marginal improvement in zT). The values of Eg and ΔELΣ for Hf-doped GeTe (Table S2, SI) are computed for the HfGe63Te64 model, which has a much higher Hf-content than the experimental composition (Ge0.995Hf0.005Te), so only the tendency has to be taken into account.

Effects of La and Zr on TE properties of GeTe

In the present study on transition and rare-earth elements as potential dopants for GeTe, La and Zr were found to be effective (Figure 7). Substituting La and Zr for Ge considerably enhanced zTmax of GeTe from ~0.85 at 723 K to ~1.1 at 673 K and 723 K, respectively, for La-doping and Zr-doping, as shown in Figure 7e. In both cases, i.e., La-doping and Zr-doping, the thermal conductivity did not change much when compared to pristine GeTe (Figure 7d), however, the power factor was considerably improved (Figure 7c). Indeed, pristine GeTe exhibited a peak PF ~3.3 x 10 -3 W/m.K 2 at 673 K, while it substantially increased for La-doped GeTe (PFmax ~4 x 10 -3 W/m.K 2 at 673 K) and Zr-doped GeTe (PFmax ~4 x 10 -3 W/m.K 2 at 723 K). From the band structure computations, the band gap at L-point increased from 226 meV for the pristine c-GeTe to 249 meV for the La-doped GeTe (Figure 8c). In the case of La-doping, the energy difference between the two valance band maxima remained unchanged when compared to that of pristine c-GeTe (69 meV). The impurity states arising from La are located far from EF and seem to be buried deep within the conduction band of GeTe. Similar to that of La, doping Zr slightly opens up the band gap from 226 meV to 255 meV (Figure 8d). The energy difference between the two valence band maxima is also reduced to 53 meV (for 0.5 at.% Zr-doping) from 69 meV (undoped GeTe). Refer SI (Table S3) for the data extrapolation for 0.5 at.% Zr and for the band structure computed with a larger super-cell (Figure S3). This marginal convergence of the valence bands explains the improved PF in Zr-doped GeTe. As both La-doped GeTe and Zr-doped GeTe compounds exhibited zT > 1, they were shortlisted for further experimental studies. The upcoming sections in this paper will exclusively focus only on Zr-doped GeTe. The optimizations and codoping strategies with La-doped GeTe will be reported in future communication.

Ge-deficient vs stoichiometric Zr-doped GeTe

The next stage was aimed at optimizing the composition of Zr-doped compounds. 0.5 at% Zr-doping to GeTe (Ge0.995Zr0.005Te) boosted zT up to ~1.1 at 723 K. To find the optimum content of Zr to achieve the best zT in the GeTe-solid solution, experiments were carried out with varying Zr-content in the nominal composition Ge1-xZrxTe (0.005 ≤ x ≤ 0.015). Indeed, the x = 0.005 composition that exhibited the best zT in that series, as the addition of more Zr content did not have any significant improvement in the TE properties of GeTe. From the band structure computations, it is found that Zr-doping progressively increased the optical band gap and, at the same time, considerably reduced ELΣ (Table S3, SI). However, the effect of a large increase in Eg (thus lower σ) with higher Zr-content has negated the benefits of the converging trend of the valence bands. As altering the Zr-content did not yield any TE improvement, the next strategy was formulated with an aim at tuning the Ge-content to optimize the composition. By controlling the Ge-vacancy levels (by nearly making it vacancy-free), recent reports have shown some significant improvement in the TE performance in GeTe, thanks to the suppression of hole concentration and recovery of high carrier mobility. 50,51,107 In particular, Dong et al.,50 has effectively demonstrated this strategy in Bi-doped Ge-excess Ge1+xTe, where these excess Ge acted as a source to subdue the formation of Ge vacancies. In this work, a reverse strategy of Ge-deficient Ge1-x+yZryTe compositions, where the aliovalent Zr can balance out or modulate the effects caused by Gedeficiency was explored. For this purpose, the self-compensated samples of Ge1-xZr0.005Te (x = 0.01 -0.03) were prepared. The self-compensated Ge0.98Zr0.005Te (x = 0.02 in Ge1-xZr0.005Te) was found to be the optimized composition. The TE transport properties of this Ge-deficient Zr-doped GeTe composition (Ge0.98Zr0.005Te) is compared with that of its stoichiometric counterpart (Ge0.995Zr0.005Te), as shown in Figure 9. Creating some small Ge-deficiency in the Zr-doped GeTe compound did not alter much the electrical transport properties, σ and S (Figure 9a-c) when compared to stoichiometric Ge0.995Zr0.005Te compound. To understand this feature, the electronic structure and defect calculations (based on DFT) on GeTe, both on rhombohedral and cubic models that were meticulously computed and reported by Edwards et al.,99 must be carefully analyzed. The simple model presented there for a Ge vacancy predicted one lesser s band and four fewer electrons in the valence bands. 99 The removal of each Ge atom will result in one empty valence band. The reported projected DOS near the Ge vacancy (for both rhombohedral and cubic arrangements) showed no new features in the gap. The new features that are rather present were buried beneath the valence band edge in the Te s and p bands. Since these defect states are found to be hyper-deep, the Ge-deficiency induced vacancies in GeTe are electrically and paramagnetically dormant. This can explain the fairly similar electrical transport properties between the Ge0.98Zr0.005Te and Ge0.995Zr0.005Te compounds. Moreover, the empty states resulting due to these Ge vacancies are not localized and they are virtually unperturbed states from the top of the valence band. The inconsequential defect relaxation energy was also reported to agree with the trivial charge localization around the vacancy, 99 and those empty states at the top of the valence band arising due to the inherently present Ge-vacancies, i.e., intrinsic defects in GeTe (due to their thermodynamic nature), justifies the p-type metallic conduction in GeTe. This is further corroborated by the DFT calculations reported by Bayikandi et al.,51 where the Fermi level moved down progressively into the valence band with increasing Ge vacancy levels; and in those Ge-vacancy models, the DOS contributions to the valence band were dominated by Te-5p 4 and Ge-4s 2 orbitals, while the majority contribution to the conduction band minima came from the Ge-4p 2 orbital. Imparting some Ge-deficiency in the Zr-doped GeTe composition, though did not affect much the overall electrical transport properties, i.e., PF, it has influenced their thermal transport by notably decreasing the thermal conductivity (Figure 9d), especially the lattice contribution (Figure 9e). Such similar reduction in thermal transport with the introduction of cation deficiency has also been observed in the past for n-type Pb-deficient Pb0.98-xSbxTe compounds. 108,109 To explain this phenomenon in reduction in κ with the Ge-deficient Zr-doped Ge0.98Zr0.005Te when compared to the stoichiometric Ge0.995Zr0.005Te, their structural results must be carefully introspected and compared. Le Bail fitted PXRD patterns of Ge-deficient Ge0.98Zr0.005Te and stoichiometric Ge0.995Zr0.005Te compounds are shown in Figure 10 and Figure S3 (SI), respectively, and their refined lattice parameters are shown in Table S4 (SI). The a and c lattice parameters of the two compositions are very similar. The major difference between the two diffraction patterns come from the peak shape of the Bragg reflections normal or almost normal to the [001] direction. In order to investigate this effect, several well-defined and non-overlapping Bragg peaks were fitted individually with a pseudo-Voigt function, Vg(x). This function consists of a linear combination, Vg(x) = η L(x) + (1-η) G(x), where L(x) and G(x) are the Lorentzian and Gaussian functions, while η is the refined mixing parameter and it shifts the profile more towards pure Gaussian or pure Lorentzian when approaching 0 or 1, respectively. Figure . 11 shows η and the full width at half maximum (FWHM) for several Bragg peaks of Ge0.98Zr0.005Te and Ge0.995Zr0.005Te patterns. In the case of stoichiometric Ge0.995Zr0.005Te, all the Bragg peaks were well fitted with η close to 1, which corresponds to pure Lorentzian peak shape.

The result is similar in the case of Ge-deficient Ge0.98Zr0.005Te, except for the reflections ( 003), ( 104) and ( 105) which are better fitted with η abnormally larger than 1 corresponding to a 'super-Lorentzian' profile. Such index-dependent super-Lorentzian peak shapes are a clear indication of coherent planar defects in crystalline solids 110 . In the current scenario, other than the deformation of the peak shape, no notable dependence of the FWHM with the Miller indices is observed. In any case, the 'super-Lorentzian' profile for Ge-deficient Ge0.98Zr0.005Te can be attributed to the presence of the planar-defects in GeTe, as already mentioned above. Lee et al. 102 showed using extensive TEM analyses that planar defects in GeTe are caused by the phase transition from the low-temperature rhombohedric to the hightemperature cubic phase. The phase transition can be described as an elongation of cubic unit cell, which can occur along with one of the four possible and equiprobable [111] directions, which will result in a complex 3D herringbone microstructure. 102 The diffraction pattern of such a complex crystal with a variety of defects is difficult to be simulated, as the current advanced programs can only handle 1D planar displacement [FAULTS program]. 110,111 The deformation of Bragg peaks on the Ge-deficient Ge0.98Zr0.005Te diffraction pattern seems to indicate a high density of defects for this composition. As the synthesis conditions were the same between these two samples (Ge-deficient Ge0.98Zr0.005Te and stoichiometric Ge0.995Zr0.005Te), it seems likely that the higher density of defects in Ge0.98Zr0.005Te is certainly related to the formation of Ge vacancies. Figure 11 clearly evidences the presence of the 'super-Lorentzian' profile only for the Ge-deficient Ge0.98Zr0.005Te composition, pointing that Gedeficiency has readily favored the formation of the larger density of planer defects in GeTe, than it would normally occur in the stoichiometric cases. This explains the lower lattice thermal conductivity in the Ge-deficient Zr0.005Ge0.98Te when compared to that of its stoichiometric counterpart over the whole measured temperature range. The Ge-deficiency induced vacancy domains can create a barrier or hinder the flow of heat-carrying phonons of different mean free paths (MFP). The contrary approach adopted by Dong et al.,50 where they used excess Ge (Ge1+xTe) to suppress these vacancies resulted in an increasing tendency of κlatt with excess Ge-content, thus the phonon scattering was reportedly weakened due to the lack of Ge vacancies and the resulting additional Ge precipitates also affected κ (as κ of pure Ge is much higher). The defect/vacancy induced a reduction in thermal conductivity has helped in conspicuously increasing zT in the Ge-deficient composition (Figure 9f). The Ge-deficient Ge0.98Zr0.005Te compound exhibited a peak zT ~1.3 at 673 K, which is significantly higher when compared to that of the stoichiometric Ge0.995Zr0.005Te composition (zTmax ~1.1 at 723 K) and to that of pristine GeTe (zTmax ~0.85 at 723 K). This strategy of intentionally creating more Ge vacancies may contradict the conventional approach (which is rather aimed at suppressing those intrinsic defects), it seems to work well for such transition metal-doped GeTe. These results further reinforce the very recent findings by Shuai et al.,56 where such an opposite directional approach by decreasing the Ge vacancy formation energy (i.e., the formation of more Ge vacancies and Ge precipitates) via another transitional metal (Cr) substitution at Ge site has also resulted in an improvement in zT.

TE properties of Zr and Sb codoped GeTe

To the optimized Ge-deficient Ge0.98Zr0.005Te composition, 10 at.% Sb was codoped to form the Gedeficient Zr-Sb codoped compound (i.e., Ge0.88Zr0.005Sb0.1Te). An improved band degeneracy has been widely reported in 8-10 at.% Sb doping in GeTe. 35,47,81,103 Hence Sb was codoped to the optimized Zrdoped GeTe intending to realize coadjutant synergistic band effects that would play a key role to ultimately boost the TE performance. The PXRD pattern of the Zr-Sb codoped Ge0.88 Zr0.005Sb0.1Te compound is presented in Figure 12. Le Bail lattice refined parameters (Table S5, SI) reveal that, with the insertion of Sb, the lattice parameter a increases from 4.166 Å for Ge0.98Zr0.005Te to 4.199 Å for Ge0.88Zr0.005Sb0.1Te. The other lattice parameter, c, however decreases from 10.661 Å for Ge0.98Zr0.005Te to 10.530 Å for Ge0.88Zr0.005Sb0.1Te. These changes in the lattice parameters have resulted in an expansion of the hexagonal unit-cell volume from 160.3 Å 3 for Ge0.98Zr0.005Te to 160.8 Å 3 for Ge0.88Zr0.005Sb0.1Te, which can be explained by Ge 2+ being substituted by larger Sb 3+ ions. It must be noted that the c/a ratio for pristine GeTe and Ge0.98Zr0.005Te are ~2.56 and ~2.55, respectively, while it significantly reduces for Ge0.88Zr0.005Sb0.1Te (c/a ratio ~2.507). Such variations in the crystal field effect can notably influence the TE properties (by tuning the electronic band structures), as recently reported by some of us in the case of Ti-Bi codoped GeTe. 57 The characteristic rhombohedral double reflections [( 024) and ( 220)] in the range of 2θ values between 41 o to 44 o , got closer and almost merged when Sb was partially substituted for Ge in Ge0.98Zr0.005Te, as can be seen from the PXRD pattern in Figure 12. The evolution of the unit-cell parameters can be visually confirmed in the inset of Figure 12, which shows the displacement of the ( 105) and ( 006) reflections toward higher angles and ( 113) and ( 202) toward lower angles for Ge0.88Zr0.005Sb0.1Te when compared to the Ge0.98Zr0.005Te. Besides, an important broadening of the ( 006) and ( 105) peak shapes can also be observed (inset of Figure 12). This would indicate the formation of a much larger density of planar defects with the insertion of Sb in Ge0.98Zr0.005Te, which could play a critical role in influencing their thermal transport properties. However, no further in-depth peak profile analysis could be performed because of the overlapping of the important reflections.

The TE transport properties of the Zr-Sb codoped Ge0.88 Zr0.005Sb0.1Te are presented and compared with Ge-deficient Ge0.98Zr0.005Te and pristine GeTe in Figure 13. The addition of Sb to Zr-GeTe extensively decreased the electrical conductivity, which is due to the suppression of the charge carriers arising due to the aliovalent donor dopant effect of Sb in GeTe. However, this reduction in σ is recompensated by the drastic rise in the S values (Figure 13b). The Zr-Sb codoped Ge0.88Zr0.005Sb0.1Te sample exhibited a high thermopower of 125 µV/K at room temperature and a maximum of 240 µV/K at higher temperatures, a notable improvement by 75% when compared to that of pristine GeTe and/or Zr-doped GeTe. First-principles calculations (DFT) can corroborate the reasons for this impressive rise in thermopower with Zr-Sb codoping. Computations with possible arrangements for the distribution of Sb atoms were carried out. However, the differences in the band structures between those structural arrangements were found to be small, and they showed consistent results (Figure 14 and Figure S5, SI). Quite significantly, Zr-Sb codoping in GeTe has resulted in the convergence of electronic band valleys by markedly shrinking the energy separation between the light hole and heavy hole valence bands, ELΣ, to 21 meV, a sharp reduction by 70% when compared to the ELΣ of pristine c-GeTe, as shown in the band structure sketched in Figure 14. Codoping of Zr and Sb modifies the electronic band structure of GeTe by activating hole pockets at the bottom of the conduction band (refer to the DOS in Figure 14a). Zr-Sb codoping has resulted in adding donor states just below the conduction band. The exact position of EF in these calculations should be slightly considered with caution, as these computations were based on stoichiometric GeTe (i.e., without any Ge-vacancy). In any case, the band convergence would favor the raise in effective mass, m* owing to the contributions from both the light and heavy hole bands (L and Σ bands) from the heavier effective mass near the EF. 51,52 This phenomenon in a reduction in energy separation ELΣ by tuning the crystal field effect with the decrease of c/a ratio for Zr-Sb codoped is something that has also been observed for Ti-Bi codoped GeTe. 57 There is a slight change of trend or tendency with the electrical and thermal transport properties in Zr-Sb codoped Ge0.88 Zr0.005Sb0.1Te at ~573 K, which is an indication of the structural transition 𝑅3𝑚 → 𝐹𝑚3 ̅ 𝑚. It must be noted that this structural transition for pristine GeTe occurs at around 673 K. Hence, codoping of Zr and Sb has stupendously reduced the phase transition temperature and readily increased the symmetric nature, which in turn will facilitate higher density of states effective mass (m*DOS) and weighted mobility. The Zr-Sb codoped Ge0.88Zr0.005Sb0.10Te sample exhibited  1.5 W/m.K at room temperature, which accounted for a massive reduction by 360% when compared to that of pristine GeTe (  7 W/m.K at room temperature) and reduction by 300 % when compared to Ge-deficient Ge0.98Zr0.005Te composition ( 6 W/m.K at room temperature). More importantly, the thermal conductivity remained low (between 1.5 -1.2 W/m.K) throughout most of the measured temperature range. This ultra-low  can be attributed to the synergistic suppression of both electrical (e) and lattice (latt) contribution to the thermal transport. The increased electrical resistance with the substitution of aliovalent Sb 3+ for Ge 2+ (and hence decreased carrier density), resulted in suppressed electronic contribution. The large density of planar defects, predicted by the PXRD results (Figure 12 and its inset), must have suppressed the transport of thermal phonons. This is consistent with a recent report on Sb-doping in GeTe, 107 where the presented HRTEM results showed a plethora of such planar defects, ranging from twinned and inter-twined planar domains, thickened herringbone domain boundaries, presence of stacking faults, interstitials all of which contribute to the scattering of phonons of a wider spectrum of mean-free paths. Hong et al. have established that Sb alloying in GeTe will alter the phonon dispersions, including the closing of the acoustic-optical phonon band gap, reducing the phonon group velocities and increasing the phononphonon scattering rates. 81 Importantly, Lee et al. observed 'colonies' of stacked herringbone domain structures in Sb-doped GeTe, 102 which are coherent with the large density of planar defects predicted from our XRD results (based on the anisotropic peak broadening and peak shifts of some particular reflections) on Zr-Sb codoped GeTe. The commingled effects of band structure modulations to markedly improve the thermopower and the suppression of both electronic and lattice contribution to stupendously reduce the thermal conductivity in Zr-Sb codoped Ge0.88Zr0.005Sb0.10Te sample have enabled it to manifest a high zTmax ~1.8 at 723 K. This zT value is on par with or better than some of best reported GeTe materials that were reportedly codoped with Bi-Sb, 47 Mn-Bi, 82 Mn-Sb, 63 Ga-Sb, 35 Ti-Bi, 57 etc. However, it must be mentioned that the recent improvisations (especially the symmetrybreaking approach) have reportedly yielded zT ≥ 2 in some of the codoped GeTe compounds. 48,77,81,103,107 According to the DFT calculations, doping of Sb reportedly decreases the energy of mixing in GeTe (i.e., the formation energy of the alloy), 35,47,81,103 and this provides scope for increased solubility of Zr in such Sb-codoped GeTe compositions. This renders further avenues for future work to explore more and optimize the Zr-content in these Zr-Sb codoped GeTe compositions to reach zT > 2.

Conclusion

To summarize, combined experimental and theoretical methods allowed us to extensively screen a family of transition and rare-earth elements as potential dopants for GeTe compounds for thermoelectric application. Each of their effects is summed up as follows,

(1) The presence of the cubic GeTe secondary phase affected the thermal conductivity in Nb-doped GeTe.

(2) Ru-doping produced several intruder states in the band gap of GeTe and profoundly affected the electrical transport properties. The presence of the secondary GeTe cubic phase also severely affected the thermal conductivity. The combined detrimental effect to both electrical and thermal transport properties with Ru-doping resulted in the least TE performance (least zT) among the transition and rareearth materials that are reported in this work.

(3) Mo-doping produced intruder states in the band gap of GeTe and also exhibited some magnetic character. Overall, PF was not affected much when compared to pristine GeTe, however, κ was increased.

(4) Pr-doping, though, did not influence much the electrical transport properties, adversely affected κ due to the presence of a large proportion of secondary GeTe cubic phase.

(5) V-doping produced flat and localized intruder states within the gap, and also distorted the density of states (induced resonance states adjacent to the Fermi level). These band modifications coupled with some magnetic characterall of which are known to suppress the charge carrier mobilityresulted in high resistivity and hence low PF. Unit cell volume also shrank with the substitution of V for Ge.

(6) Y-doping did not change much the electronic band structure of GeTe, and hence comparable PF are measured. But the κ was reduced, thus resulting in a marginal improvement in zT.

(7) Hf-doping tends to marginally decrease the energy separation between the two valence bands, thus slightly boosting PF and overall zT.

(8) La-doping neither changed κ nor the energy separation between the two valence bands, but the band gap was slightly opened up, and PF (hence overall zT) was slightly improved.

(9) Zr-doping did not change κ, but opened up the band gap and decreased the energy separation between the two valence bands, resulting in improvement in PF and overall zT.

(10) Creating Ge-deficiencies (vacancies) and modulating it with Zr-doping resulted in a large density of planar defects (deduced by the super-Lorentzian profile from XRD), leading to a significant reduction in κ and a marked improvement in zT from 0.85 (for pristine GeTe) to 1.3 at 673 K for Ge-deficient Zrdoped GeTe. Moving forward, this novel unconventional method of producing more electrically dormant Ge-vacancies and balancing it with an aliovalent metallic dopant as a strategic route for producing highly efficient GeTe-based TE materials via suppression of thermal transport properties without noticeably affecting the electrical transport properties.

(11) Zr-Sb codoping in GeTe resulted in an improved band degeneracy and facilitated the convergence of electronic band valleys (thus improving the Seebeck) with the tuning of the crystal field effect (reduction in c/a ratio) and suppressed the thermal transport, thus resulting in an exceptionally high zT ~ 1.8 at 723 K, comparable with some of the best reported high-performance codoped GeTe materials. and5, apply also here.
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 1 Figure 1. Room temperature PXRD patterns for pristine GeTe, Ge0.08Y0.02Te, Ge0.995Hf0.005Te, Ge0.995Mo0.005Te, Ge0.98V0.02Te, Ge0.995Zr0.005Te, and Ge0.98La0.02Te. Simulated patterns for rhombohedral GeTe (main phase) and cubic Ge (impurity) are shown at the bottom of the plots.

Figure 2 .

 2 Figure 2. Room temperature PXRD patterns for Ge0.98Ru0.02Te, Ge0.98Pr0.02Te and Ge0.98Nb0.02Te. Simulated patterns for GeTe (cubic and rhombohedral) and Ge are shown at the bottom of the plots. The additional 2θ peaks around 66 o for Nb-GeTe came from the sample holder (insufficient powder during XRD sample preparation).
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 3 Figure 3. Temperature-dependent (a) electrical conductivity (σ), (b) Seebeck coefficient (S), (c) power factor (PF = S 2 σ), (d) total thermal conductivity (), and (e) figure of merit (zT) for Ge1-xMxTe (x = 0.00, 0.02, 0.005; M = Nb, Y, Hf, Ru, Mo, Pr, and V) compounds.
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 4 Figure 4. Calculated DOS for (a) NbGe63Te64, (b) RuGe63Te64, (c) MoGe63Te64, and (d) VGe63Te64 cubic models. The DOS of each model is compared with that of the pristine c-GeTe (c-Ge64Te64). The Fermi level (EF) of pristine GeTe is set arbitrarily at 0 eV. The dashed line represents the shifted EF for the doped compositions. Additional Gaussian smearing of 25 meV was applied and the projected DOS (for dopants) were magnified for better readability of the curves.
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 5 Figure 5. (a) Brillouin zone of c-GeTe. Band structures of cubic models using a 4 × 4 × 4 supercell showing band folding in the → K () direction for (b) pristine c-Ge64Te64, (c) NbGe63Te64, (d) RuGe63Te64, (e) MoGe63Te64, and (f) VGe63Te64. The dopant (M = Nb, Ru, Mo, and V) projections are highlighted in green. The line thickness is proportional to the projection of the wave function on the orbitals (in green) of the respective dopants (M = Nb, Ru, Mo, and V).
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 6 Figure 6. First-principles computed DOS for (a) YGe63Te64 and (b) HfGe63Te64, and computed band structures for (c) YGe63Te64 and (d) HfGe63Te64 cubic models. Additional figure captions (regarding EF, additional Gaussian smearing, and projection of the wave function) given in Figures4 and 5, apply also here.
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 7 Figure 7. Temperature-dependent (a) electrical conductivity (σ), (b) Seebeck coefficient (S), (c) power factor (PF = S 2 σ), (d) total thermal conductivity (), (e) figure of merit (zT) for Ge0.995Zr0.005Te and Ge0.98La0.02Te compounds.
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 8 Figure 8. First-principles computed DOS for (a) LaGe63Te64 and (b) ZrGe63Te64, and computed band structures for (c) LaGe63Te64 and (d) ZrGe63Te64 cubic models. Additional figure captions (regarding EF, additional Gaussian smearing, and projection of the wave function) given in Figures4 and 5, apply also here.
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 9 Figure 9. Temperature-dependent (a) electrical conductivity (σ), (b) Seebeck coefficient (S), (c) power factor (PF = S 2 σ), (d) total thermal conductivity (), (e) lattice thermal conductivity (latt), and (f) figure of merit (zT) for Ge-deficient Ge0.98Zr0.005Te in comparison with stochiometric Ge0.995Zr0.005Te and pristine GeTe. The Ge deficient Ge0.98Zr0.005Te compound is shown exhibiting superior a zTmax ~1.3 at 673 K.

Figure 10 .

 10 Figure 10. Le Bail refined room temperature XRD pattern of Ge0.98Zr0.005Te. The experimental pattern is plotted in red (symbol), the calculated pattern in black (line), and the difference in blue (line). The vertical ticks indicate the Bragg positions of rhombohedral GeTe phase (black) and secondary cubic Ge (red) phase.

Figure 11 .

 11 Figure 11. Refined η and FWHM obtained by individually fitting several Bragg peaks of stoichiometric (a) Ge0.995Zr0.005Te and (b) Ge-deficient Ge0.9Zr0.005Te diffraction patterns with a pseudo-Voigt function. The 'super-Lorentzian' profile with η significantly larger than 1 signifies the presence of a large density of planar defects in the Ge-deficient Ge0.98Zr0.005Te compound.

Figure 12 :

 12 Figure 12: PXRD pattern of Zr-Sb codoped Ge0.88Zr0.005Sb0.1Te compound. The inset is the magnified view of the Ge0.88Zr0.005Sb0.1Te (red) and Ge0.98Zr0.005Te (black) patterns showing the peak shifts and broadening with the insertion of Sb in Zr0.005Ge0.995Te.

Figure 13 .

 13 Figure 13. Temperature-dependent (a) electrical conductivity (σ), (b) Seebeck coefficient (S), (c) power factor (PF = S 2 σ), (d) total thermal conductivity (), and (e) figure of merit (zT) for Zr-Sb codoped Ge0.98Zr0.005Sb0.1Te in comparison with Ge-deficient Ge0.98Zr0.005Te and pristine GeTe.

Figure 14 .

 14 Figure 14. First-principles computed DOS (a) and band structures highlighting (b) Zr projections (in green) and (c) Sb projections (in red) for the Sb6ZrGe67Te64 cubic model. Additional figure captions (regarding EF, additional Gaussian smearing, and projection of the wave function) given in Figures 4 and 5, apply also here.
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