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Ultra-low Lattice Thermal Conductivity and Enhanced Thermoelectric Performance in SnTe:Ga Materials

Ultra-low thermal conductivity is of great interest in a variety of field including thermoelectric energy conversion. We report, for the first time, experimental evidence that Ga-doping in SnTe may lower the lattice thermal conduction slightly below the theoretical amorphous minimum at high temperature. Such an effect is justified by the spontaneous formation of nano-precipitates we characterized as GaTe. Remarkably, the introduction of Ga (2-10%) in SnTe also improves the electronic transport properties by activating several hole pockets in the multi-valley valence band. Experimental results are supported with density functional theory calculations. The thermoelectric figure of merit, ZT , reaches ∼ 1 at 873 K in Sn 0.96 Ga 0.07 Te, which corresponds to a ∼80 % improvement with respect to pure SnTe.

Introduction

The thermoelectric effect refers to the direct conversion of a temperature gradient into electrical current or, conversely, the generation of a heat flux by applying an electric field. [START_REF] Snyder | Complex Thermoelectric Materials[END_REF][START_REF] Slack | Thermoelectrics Handbook : Macro to Nano[END_REF][START_REF] Koumoto | Thermoelectric Nanomaterials[END_REF][4] This solid-state technology has a long history of powering spacecrafts in deep space missions and is now being actively developed for waste heat recovery in automotive systems and industrial plants. The performance of a thermoelectric material is described by the dimensionless thermoelectric figure of merit, ZT =S 2 σT /(k e +k l ), where S, σ, and k e +k l stand for the Seebeck coefficient, the electrical conductivity, and the electronic (k e ) and lattice (k l ) components of the thermal conductivity. T is the temperature at which the device is operating. Two main approaches have been used to enhance ZT and improve the efficiency of energy conversion:

(1) the optimization of the power factor, S 2 σ, by engineering the electronic properties [START_REF] Banik | Mg Alloying in SnTe Facilitates Valence Band Convergence and Optimizes Thermoelectric Properties[END_REF][START_REF] Tan | Extraordinary role of Hg in enhancing the thermoelectric performance of p-type SnTe[END_REF][START_REF] Tan | Valence Band Modification and High Thermoelectric Performance in SnTe Heavily Alloyed with MnTe[END_REF][START_REF] Wu | Synergistically optimized electrical and thermal transport properties of SnTe via alloying high-solubility MnTe[END_REF][START_REF] Rahal | Low Thermal Conductivity, and High Thermoelectric Figure of Merit in SnTe-CaTe Alloys[END_REF] and/or (2) the minimization of k l via alloying, tuning of the bond anharmonicities, and nanostructuring. [START_REF] Wu | Synergistically optimized electrical and thermal transport properties of SnTe via alloying high-solubility MnTe[END_REF][START_REF] Tanryverdiev | Restoring the Density-Gradient Expansion for Exchange in Solids and Surfaces[END_REF][START_REF] Carrete | Finding Unprecedentedly Low-Thermal-Conductivity Half-Heusler Semiconductors via High-Throughput Materials Modeling[END_REF][12][START_REF] Wang | Large Enhancement in the Thermoelectric Properties of Pb 0.98 Na 0.02 Te by Optimizing the Synthesis Conditions[END_REF][START_REF] Wang | Right Sizes of Nano-and Microstructures for High-Performance and Rigid Bulk Thermoelectrics[END_REF][START_REF] Rahal | X-ray Characterization, Electronic Band Structure, and Thermoelectric Properties of the Cluster Compound Ag 2 Tl 2 Mo 9 Se 11[END_REF][START_REF] Zhou | Promising thermoelectric properties in Ag x Mo 9 Se 11 compounds (3.4≤ x≤3.9)[END_REF][START_REF] Gougeon | Crystal and Electronic Structures, and Thermoelectric Properties of the Novel Cluster Compound Ag 3 In 2 Mo 15 Se 19[END_REF][START_REF] Rahal | Cu Insertion Into the Mo12 Cluster Compound Cs2Mo12Se14: Synthesis, Crystal and Electronic Structures, and Physical Properties[END_REF][19][START_REF] Wee | Effects of filling in CoSb 3 : Local structure, band gap, and phonons from first principles[END_REF][START_REF] Bang | Thermoelectric properties of pnictogen-substituted skutterudites with alkaline-earth fillers using first-principles calculations[END_REF][START_REF] Rahal | Prediction of high thermoelectric potential in AMN 2 layered nitrides: electronic structure, phonons, and anharmonic effects[END_REF] These approaches lead to a figure of merit ZT in excess of 2 in lead chalcogenides, PbQ (Q = S, Se, Te). [START_REF] Biswas | High-Performance Bulk Thermoelectrics With All-Scale Hierarchical Architectures[END_REF][START_REF] Biswas | Strained Endotaxial Nanostructures With High Thermoelectric Figure of Merit[END_REF][START_REF] Wang | High Thermoelectric Performance of a Heterogeneous PbTe Nanocomposite[END_REF][START_REF] Gelbstein | Thermoelectric Properties Evolution of Spark Plasma Sintered (Ge 0.6 Pb 0.3 Sn 0.1 )Te Following a Spinodal Decomposition[END_REF][27][START_REF] Gelbstein | Controlling Metallurgical Phase Separation Reactions of the Ge 0.87 Pb 0.13 Te Alloy for High Thermoelectric Performance[END_REF][START_REF] Zhao | All-Scale Hierarchical Thermoelectrics: MgTe in PbTe Facilitates Valence Band Convergence and Suppresses Bipolar Thermal Transport for High Performance[END_REF][START_REF] Ginting | Enhancement of thermoelectric properties by effective K-doping and nano precipitation in quaternary compounds of (Pb 1-x K x Te) 0.70 (PbSe) 0.25 (PbS) 0.05[END_REF] Pleasant, MI 48859, USA Recently, tin based chalcogenides have been proposed as alternative to PbQ in thermoelectric power generation because they do not raise environmental concerns associated with Pb toxicity. [START_REF] Banik | Mg Alloying in SnTe Facilitates Valence Band Convergence and Optimizes Thermoelectric Properties[END_REF][START_REF] Tan | Extraordinary role of Hg in enhancing the thermoelectric performance of p-type SnTe[END_REF][START_REF] Tan | Valence Band Modification and High Thermoelectric Performance in SnTe Heavily Alloyed with MnTe[END_REF][START_REF] Wu | Synergistically optimized electrical and thermal transport properties of SnTe via alloying high-solubility MnTe[END_REF][START_REF] Rahal | Low Thermal Conductivity, and High Thermoelectric Figure of Merit in SnTe-CaTe Alloys[END_REF][START_REF] Zhao | Ultralow thermal conductivity and high thermoelectric figure of merit in SnSe crystals[END_REF][START_REF] Zhao | Ultrahigh power factor and thermoelectric performance in hole-doped single-crystal SnSe[END_REF] Among tin chalcogenides only SnTe adopts the same rock salt structure as PbQ but it exhibits ZT ∼ 0.40 at 900 K. [START_REF] Vedeneev | Tin Telluride Based Thermoelectrical Alloys[END_REF] The low value of ZT was attributed to a high carrier concentration (10 20 -10 21 cm -3 ) caused by intrinsic Sn vacancies combined with a large separation in energy between valence bands with heavy and light effective masses 34,[START_REF] He | Enhanced thermopower in rock-salt SnTe-CdTe from band convergence[END_REF] which limits the Seebeck coefficient. In addition, the small energy band gap (∼ 0.18 eV) [START_REF] Esaki | New Type of Negative Resistance in Barrier Tunneling[END_REF][START_REF] Dimmock | Band Structure and Laser Action in Pb x Sn 1-x Te[END_REF] is favoring bipolar transport. The limitations of pure SnTe were overcome either by creating resonant states in the electronic density of states or by controlling the energy of the hole pockets at the top of the valence band. [START_REF] Banik | Mg Alloying in SnTe Facilitates Valence Band Convergence and Optimizes Thermoelectric Properties[END_REF][START_REF] Tan | Extraordinary role of Hg in enhancing the thermoelectric performance of p-type SnTe[END_REF][START_REF] Tan | Valence Band Modification and High Thermoelectric Performance in SnTe Heavily Alloyed with MnTe[END_REF][START_REF] Rahal | Low Thermal Conductivity, and High Thermoelectric Figure of Merit in SnTe-CaTe Alloys[END_REF][START_REF] Tan | High Thermoelectric Performance of p-Type SnTe via a Synergistic Band Engineering and Nanostructuring Approach[END_REF][START_REF] He | Valence band engineering and thermoelectric performance optimization in SnTe by Mn-alloying via a zone-melting method[END_REF][START_REF] Tan | Element-selective resonant state in M-doped SnTe (M = Ga, In, and Tl)[END_REF][START_REF] Tan | Band engineering and improved thermoelectric performance in M-doped SnTe (M = Mg, Mn, Cd, and Hg)[END_REF] The experimental thermal conductivity of pristine SnTe is ∼ 2.88 Wm -1 K -1 at room temperature. [START_REF] Tan | High Thermoelectric Performance of p-Type SnTe via a Synergistic Band Engineering and Nanostructuring Approach[END_REF] For good thermoelectric performances, values just above the theoretical amorphous limit (for SnTe, k min is equal to 0.5 Wm -1 K -1 ) 6 are required. Recently, k l has been successfully reduced via vacancy scattering, 42 alloying formation or/and the introduction of the second phase nano-precipitates in few SnTe based materials, [START_REF] Banik | Mg Alloying in SnTe Facilitates Valence Band Convergence and Optimizes Thermoelectric Properties[END_REF][START_REF] Tan | Extraordinary role of Hg in enhancing the thermoelectric performance of p-type SnTe[END_REF][START_REF] Tan | High Thermoelectric Performance of p-Type SnTe via a Synergistic Band Engineering and Nanostructuring Approach[END_REF][42][START_REF] Zhang | High Thermoelectric Performance by Resonant Dopant Indium in Nanostructured SnTe[END_REF][START_REF] Zhao | Enhanced Thermoelectric Properties in the Counter-Doped SnTe System with Strained Endotaxial SrTe[END_REF][START_REF] Tan | Codoping in SnTe: Enhancement of Thermoelectric Performance through Synergy of Resonance Levels and Band Convergence[END_REF][START_REF] Tan | SnTe-AgBiTe 2 as an efficient thermoelectric material with low thermal conductivity[END_REF][START_REF] Tan | SnTe-AgBiTe 2 as an efficient thermoelectric material with low thermal conductivity[END_REF] however, to the best of our knowledge, the amorphous limit was never reached. Here, we report for the first time the reduction of k l to ∼ 0.455 Wm -1 K -1 at T ≥ 776 K for Ga-doped SnTe, slightly below the theoretical k min for SnTe. [START_REF] Tan | Extraordinary role of Hg in enhancing the thermoelectric performance of p-type SnTe[END_REF] Ga doping has been well investigated in n-type PbSe and significantly improved of the power factors compared to those of pristine PbSe. The similarities in band and crystal structures between PbSe and SnTe hinted that Ga-doping could favorably modify the electronic properties. [START_REF] Zhang | Study of the Thermoelectric Properties of Lead Selenide Doped with Boron, Gallium, Indium, or Thallium[END_REF] Zhao et al. [START_REF] Zhao | Enhanced Thermoelectric Properties in the Counter-Doped SnTe System with Strained Endotaxial SrTe[END_REF] recently suggested the substitution of a small amounts (3%) of Sn with Ga decreases the lattice thermal conductivity from 3.2 Wm -1 K -1 to 2 Wm -1 K -1 at room temperature in SnTe. We were able to increase the Ga content in SnTe up to 10% and exploit the increased disorder to reach k min . In addition, we show that Ga doping in SnTe improves the electronic properties by activating several hole pockets with larger effective masses, resulting in an enhanced Seebeck coefficient and power factor. Overall, an optimized thermoelectric figure of merit ZT of 0.99 has been achieved at 873 K for 7% Gadoped SnTe sample, which make the heavily doped Sn 1.03-x Ga x Te system attractive for the mid-temperature thermoelectric power generation.

Experimental procedures

Samples preparation

Recently, Tan et al. [START_REF] Tan | High Thermoelectric Performance of p-Type SnTe via a Synergistic Band Engineering and Nanostructuring Approach[END_REF] have shown that Sn self-compensation is an effective path for enhancing the thermoelectric performance of SnTe by decreasing the hole carrier density. High quality ingots with nominal compositions of Sn 1.03-x Ga x Te (x = 0, 0.02, 0.03, 0.05, 0.07 and 0.1) were synthesized by mixing appropriate ratios of high purity elemental precursors from Sn shot (99.999+ %), Ga shot (99.5+ %) and Te shot (99.999+ %) in silica tubes. The tubes were then evacuated to a residual pressure of ∼ 10 -4 Torr, flame sealed and slowly heated to 1023 K, soaked at this temperature for 3 h, then heated up to 1273 K in 3 h, soaked for 10 h to ensure the homogeneity of composition and subsequently quenched in ice water.

The obtained samples of Sn 1.03-x Ga x Te were ground into fine powders and then densified by sintering (at ∼ 10 -2 mbar) via hot uniaxial pressing (HUP). The pressing conditions were as follows: the pressure was applied from the beginning of the temperature ramp to the end of the high-temperature dwell. A typical quantity of 10 g of powder was introduced into 12 mm diameter graphite dies previously coated with boron nitride. The applied load was 50 MPa at 800 K for 2 h for all experiments. The densities for all pellets were calculated to be 95% of the theoretical values after measuring volume and weight.

Powder X-ray diffraction and scanning electron microscopy

Samples were characterized by powder X-ray diffraction (PXRD) with Cu K α (λ = 1.5406 Å) radiation at room temperature using a Bruker D8 diffractometer. Lattice constants and volumes were calculated by Rietveld refinement using the Fullprof software. Scanning 

Electrical transport measurements

The HUPed pellets were cut into ∼ 3.5 mm x 3.5 mm x 10 mm bars for simultaneous measurement of the electrical conductivity and the Seebeck coefficient. Measurements were performed under He atmosphere from room temperature to 873 K using a Ulvac Riko ZEM-3 instrument. The room temperature Hall coefficients were measured using a PPMS system. Four-contact Hall-bar geometry was used for the measurement. The effective carrier concentration (N p ) was estimated using the relationship N p = 1/eR H , where e is the electronic charge and R H is the Hall coefficient. The Hall mobility (µ H ) was calculated using the relationship µ H = σR H with σ being the electrical conductivity.

Thermal transport measurements

The HUPed pellets were cut and polished into a squared-shaped of ∼ 10 mm x 10 mm x 1 mm and cylinder-shaped of ∼ 12 mm in diameter and 1 mm thick for thermal diffusivity measurements. The thermal diffusivity coefficient (D) was measured with a laser flash diffusivity method using apparatus (Netzsch LFA 457). The heat capacity (C p ) was obtained by C p = C p,300 + C p1 × ((T /300) α -1)/((T /300) α + C p1 /C p,300 ), [START_REF] Wagner | heat-cpecific[END_REF] where T is the absolute temperature and C p,300 is the specific heat capacity at 300 K. For Sn 1.03 Te, C p,300 is 0.1973

Jg -1 K -1 , C p1 is 0.0531 Jg -1 K -1 (
calculated using the specific heat measurement for Sn 1.03 Te previously reported by Tan et al. [START_REF] Tan | SnTe-AgBiTe 2 as an efficient thermoelectric material with low thermal conductivity[END_REF] ). The parameter α is 0.63. The total thermal conductivity, k, was calculated using the formula k = DC p d where d represents the density of the sample. The uncertainty of the thermal conductivity was estimated to be within 8%, considering the uncertainties from D, C p , and d. The combined uncertainty for all measurements involved in the calculation of ZT is less than 15%. 

Computational procedures

First principles calculations

Our calculations are based on density functional theory (DFT). We used the full-potential linearized augmented plane wave (FLAPW) approach, as implemented in the WIEN2K code. 49 The muffin-tin radii (R M T ) were chosen small enough to avoid overlapping during the structural optimization. A plane-wave cutoff corresponding to R M T K max = 7 was used in all calculations. The radial wave functions inside the non-overlapping muffin-tin spheres were expanded up to l max =12. Total energy convergence was achieved with respect to the Brillouin zone (BZ) integration mesh with 500 k-points.

Structure relaxations were performed using the PBE functional for the 64-atoms cubic supercells for Sn 32 Te 32 , and Sn 30 Ga 2 Te 32 (∼ 6 mol % Ga-doped) with Ga atoms substituted for Sn atoms in SnTe. The Ga sublattice was simple cubic for Sn 32 Te 32 , body-centered cubic for Sn 30 Ga 2 Te 32 . During the geometry optimization, both the atomic positions and lattice constant were fully relaxed until forces acting on all atoms become less than 0.02 eV/ Å.

For the electronic band structures we used the modified Becke-Johnson (mBJ) functional which leads to excellent agreement with the experimental values for the energy separation between the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO). 50 We represented the band structures along the high symmetry lines of the cubic Brillouin zone (supercell) for direct analysis of the effects of Sn-Ga substitutions.

We used 20000 k-points in the BZ to compute the density of states (PDOS).

Results and discussion

PXRD analysis indicates that, within the detection limit, the Sn 1.03-x Ga x Te samples exhibit single phase rock-salt SnTe structures for Ga concentration below 5% (x ≤ 0.05, Figure 1a). At higher Ga content (x > 0.5), secondary phase peaks appear (Figure 1a which match with the PXRD pattern of GaTe (Figure 1c). The lattice parameters decreases linearly with the increase of Ga content, consistently with the smaller ionic radius of Ga compared to that of Sn. Vegard's law (Figure 1b) describes well the variation of lattice parameters up to x = 0.05. Above that concentration the data deviate. Data indicate a uniform solid solution between GaTe and SnTe for x ≤ 0.05. For x > 0.05, SnTe-GaTe is partly alloyed and partly phase separated. Ga solubility in SnTe (estimated with PXRD) is substantially lower than Ca, Mg and Mn (∼ 12 mol %) and larger than that of Cd and Hg (∼ 3 mol %) 5-7,9,38 doped SnTe. Morphological features at the nanoscale were observed with high resolution SEM as discussed later in this article. 

Chemistry of Materials

SnTe substantially reduces the total thermal conductivity from 8.1 W/mK to 6.2 W/mK at room temperature and from 2.7 W/mK to ∼2.27 W/mK at 873 K. This reduction in k tot is attributed to the significant reduction of k l . The electrical thermal conductivity is proportional to the electrical conductivity according to the Wiedemann-Franz relation k e = σLT . Here, the Lorenz number, L, was estimated as a function of temperature from the experimental Seebeck coefficients using the single parabolic band model and assuming that acoustic phonon scattering limits the mobility as explained in previous literature (Figure 2d in SI). [START_REF] May | Characterization and analysis of thermoelectric transport in n-type Ba 8 Ga 16-x Ge 30+x[END_REF] The lattice thermal conductivity decreases with increasing Ga concentration, presumably because of the concomitant increase of the alloy disorder and, possibly, the contribution of interfacial phonon scattering. The samples with 7% and 10% Ga doping exhibit the lowest lattice thermal conductivity of ∼0.48 W/mK at 723 K, just below the theoretical minimum lattice thermal conductivity for SnTe which was estimated using the model proposed by Cahill et al. [START_REF] Cahill | Lower Limit to the Thermal Conductivity of Disordered Crystals[END_REF] The reduction of k l is about ∼75% for heavily Ga doped SnTe samples, reaching values far below k l reported previously in In-/Cd-/Mn/Mg and Sbdoped SnTe (Figure 2d) and comparable only to the values achieved recently in PbTe by SrTe alloying. [START_REF] Banik | Mg Alloying in SnTe Facilitates Valence Band Convergence and Optimizes Thermoelectric Properties[END_REF][START_REF] Tan | Extraordinary role of Hg in enhancing the thermoelectric performance of p-type SnTe[END_REF][START_REF] Tan | High Thermoelectric Performance of p-Type SnTe via a Synergistic Band Engineering and Nanostructuring Approach[END_REF][START_REF] Zhang | High Thermoelectric Performance by Resonant Dopant Indium in Nanostructured SnTe[END_REF][START_REF] Zhao | Enhanced Thermoelectric Properties in the Counter-Doped SnTe System with Strained Endotaxial SrTe[END_REF][START_REF] Tan | Non-equilibrium processing leads to record high thermoelectric figure of merit in PbTe-SrTe[END_REF][START_REF] Banik | The origin of low thermal conductivity in Sn 1-x Sb x Te: phonon scattering via layered intergrowth nanostructures[END_REF] The Klemen's model [START_REF] Abeles | Lattice Thermal Conductivity of Disordered Semiconductor Alloys at High Temperatures[END_REF][START_REF] Eshelby | Lattice Thermal Conductivity of Disordered Semiconductor Alloys at High Temperatures[END_REF] of disordered alloys was applied to predict the variation of the lattice thermal conductivity (at room temperature) of the Sn 1.03-x Ga x Te samples as function of the Ga concentration (Figure 2c). The input parameters used for the calculation are listed on the table 1 (See SI) . For x ≤ 0.05, experimental k l values agree well with the Klemens model, indicating that the point defect scattering caused by Ga alloying is the dominant factor at small Ga content. However, when x> 0.05, the experimental k l values fall below the Klemens model, indicating that additional mechanisms associated with nanoscale precipates contribute to the phonon scattering. In order to explicate the mechanism behind the observed low lattice thermal conductivity in Ga-doped SnTe, we performed the SEM/EDS analysis of pure, 5%, and 10% Ga-doped SnTe (see Figure 3). The SEM images for Sn 1.03 Te and Sn 0.98 Ga 0.05 Te show uniform samples with no obvious nanoscale precipitates in the matrix; this result is consistent with the PXRD results shown in Figure 1 and Figure 1 a,d,f in SI. For 10% Ga doping, we observed numerous nanoscale precipitates (highlighted by the red circles, Figure 3c). The EDS element mapping (Figure 3d doped SnTe. [START_REF] Banik | Mg Alloying in SnTe Facilitates Valence Band Convergence and Optimizes Thermoelectric Properties[END_REF][START_REF] Tan | Extraordinary role of Hg in enhancing the thermoelectric performance of p-type SnTe[END_REF][START_REF] Tan | Valence Band Modification and High Thermoelectric Performance in SnTe Heavily Alloyed with MnTe[END_REF][START_REF] Rahal | Low Thermal Conductivity, and High Thermoelectric Figure of Merit in SnTe-CaTe Alloys[END_REF][START_REF] Tan | High Thermoelectric Performance of p-Type SnTe via a Synergistic Band Engineering and Nanostructuring Approach[END_REF] The room temperature carrier concentrations (N p ) are shown in Figures 4b. For all Sn 1.03-x Ga x Te ( 0 ≤ x ≤ 0.09) samples, the room temperature Hall coefficients, R H , are positive, as expected for p-type carriers. The N p at 300 K increase gradually with increasing concentration until 7% and then decrease for 10% concentration. Anomalous changes in the carrier concentration with the increase of Ga concentration are difficult to explain but we can conjecture that the presence of substitutional defects influences the formation energy of the vacancies. A similar phenomena was observed recently with In, Mg, Cd, Ca and Hg, Mn doped in SnTe. [START_REF] Banik | Mg Alloying in SnTe Facilitates Valence Band Convergence and Optimizes Thermoelectric Properties[END_REF][START_REF] Tan | Extraordinary role of Hg in enhancing the thermoelectric performance of p-type SnTe[END_REF][START_REF] Rahal | Low Thermal Conductivity, and High Thermoelectric Figure of Merit in SnTe-CaTe Alloys[END_REF][START_REF] Tan | High Thermoelectric Performance of p-Type SnTe via a Synergistic Band Engineering and Nanostructuring Approach[END_REF] The room temperature mobilities (µ H ) of Sn 1.03-x Ga x Te samples are presented in Figure 4c. We observe a reduction in µ H with increasing Ga doping which accounts for the reduced electrical conductivity in highly doped samples. The gradual loss of mobility in SnTe with increasing Ga content may be caused by increased point defect scattering within solid solution or interfacial scattering caused by GaTe nano-precipitates for x =7-10%. We studied also the temperature dependence of the Seebeck coefficient for all our samples (Figure 5a). A positive values of Seebeck coefficient for all samples indicates the p-type conduction in the temperature range studies of 300-873 K. The Seebeck coefficients are consistent with hole conductivity and increase almost linearly with temperature. As mentioned earlier, the pristine SnTe exhibits a low Seebeck coefficent of ∼ 15 µV /K at 300 K and reach the maximum value of ∼ 140 µV /K at 873 K. The introduction of Ga in Sn 1.03 Te leads to a remarkable enhancement in S at both low and high temperature: the improvement is up to 23 µV /K at room temperature and greater than 40 µV /K at high temperature. The effectiveness of Ga alloying is reflected in the carriers' effective mass (m * ) that we derived for each sample using the room temperature S and N p , and considering a single parabolic band model. [START_REF] May | Characterization and analysis of thermoelectric transport in n-type Ba 8 Ga 16-x Ge 30+x[END_REF][START_REF] Toberer | The Zintl Compound Ca 5 Al 2 Sb 6 for Low-Cost Thermoelectric Power Generation[END_REF] Using the Seebeck coefficient, the chemical potential (µ) can be estimated using eq 1 with (λ = 0, acoustic-phonon scattering), where F j (µ) are the Fermi integrals given in eq 2. The hole effective mass can then be determined from eq 3 using the measured 

S = k B e (2 + λ)F 1+λ (µ) (1 + λ)F λ (µ) -µ (1) 
F j (µ) = ∞ 0 ζ j dζ 1 + e (ζ-µ) (2) 
m * = h 2 2k B T N p 4πF 1/2 (µ) 2/3 (3) 
The m * increases gradually from 0.133 m e to 0.8 m e (m e is the free electron mass) with increasing Ga content from 0 to 10 mol% (Table 1), which is resulting probably due to the increasing contribution of several hole pockets in the multi-valley valence band of SnTe.

Table 1: Carrier concentration (N p ) and effective mass (m * , in term of the electron mass m e ) for Sn 1.03-x Ga x Te (x = 0, 0.02, 0.03, 0.05, 0.07 and 0.1) samples at 300 K.

Compositions N p (10 The temperature-dependent power factors of Sn 1.03-x Ga x T are plotted in (Figure 5b).

Due to the enhancement in the Seebeck coefficient at both low and high temperatures, the Ga-doped samples have much higher values than the pure SnTe samples. For instance, the power factor increases from 2 µW cm -1 K -2 to 5 µW cm -1 K -2 at room temperature and from 16 W cm -1 K -2 to 26 W cm -1 K -2 at high temperature. The highest power factor obtained is 26 W cm -1 K -2 at 873 K for Sn 0.96 Ga 0.07 Te. This power factor values achieved with Gadoped SnTe are comparable to those of PbTe. 12, [START_REF] Zhao | All-Scale Hierarchical Thermoelectrics: MgTe in PbTe Facilitates Valence Band Convergence and Suppresses Bipolar Thermal Transport for High Performance[END_REF][START_REF] Pei | High thermoelectric figure of merit in heavy hole dominated PbTe[END_REF] Although, the power factors saturate for x ≥ 0.07 due to the presence of GaTe second phase (Figure 1a) which deteriorates the carrier mobility, the Seebeck coefficient (Figure 5a) is unaffected.

Aiming to clarify the improved electronic properties, we performed DFT calculations to determine the electronic structure of pristine SnTe and 6% Ga-doped SnTe. It was proved that the band structure of pure SnTe does not favor large thermoelectric performances because of the value of band gap (E g = 0.12 eV) below the optimal one predicted by Goldsmid-Sharp formula, [START_REF] Goldsmid | Estimation of the Thermal Band Gap of a Semiconductor From Seebeck Measurements[END_REF] 6a and b, respectively. Contrary to Ca-, Mg-, Cd-, Mn-, and Hg-doping in SnTe, Ga-doping does not affect the energy separation between the electronic states at the top of the valence band (that are empty states after doping) and the electronic states at the bottom of the conduction band (we obtained E g = 0.12 eV for SnTe in agreement with recent experimental data). [START_REF] Banik | Mg Alloying in SnTe Facilitates Valence Band Convergence and Optimizes Thermoelectric Properties[END_REF] Ga alloying in SnTe does not seem to create resonant states, which are characterized by humps in proximity of the Fermi level. [START_REF] Zhang | High Thermoelectric Performance by Resonant Dopant Indium in Nanostructured SnTe[END_REF] As shown in Figures 6c and3 (SI), the energy gap between valence and conduction manifolds is direct for all concentrations. Just below the top of the valence band, several other bands are present and may contribute to the transport properties with appropriate tuning of ∆E and the position of the Fermi level. Since the substitution of Sn by Ga decreases the number of electrons, the Fermi level moves downward as the amount of Ga doping increases. The maximum between R and X in the BZ (see Figure 6c) is quasidegenerate with the pockets in the Γ-R and Γ-X directions. Interestingly, we found that such a maximum occurs away from the symmetry line greatly increasing the number of degenerate valleys that contribute to the electronic transport.

In order to assess the performance with respect to other compositions, we compiled data available from the literature [START_REF] Banik | Mg Alloying in SnTe Facilitates Valence Band Convergence and Optimizes Thermoelectric Properties[END_REF][START_REF] Tan | Extraordinary role of Hg in enhancing the thermoelectric performance of p-type SnTe[END_REF][START_REF] Vedeneev | Tin Telluride Based Thermoelectrical Alloys[END_REF][START_REF] Tan | High Thermoelectric Performance of p-Type SnTe via a Synergistic Band Engineering and Nanostructuring Approach[END_REF][START_REF] Zhang | High Thermoelectric Performance by Resonant Dopant Indium in Nanostructured SnTe[END_REF]61,[START_REF] Brebrick | Deviations From Stoichiometry and Electrical Properties in SnTe[END_REF] with our results using S vs. N p plot for This value is ∼80 % improved with respect to Sn 1.03 Te and higher to previously reported maximum ZT with Cd/Bi/Sb and In singly doped SnTe(Figure 7b), and also outperforms other p-type lead-free thermoelectric materials (Figure 7c). 

Conclusions

We have synthesized high quality samples of Ga-doped SnTe spanning Ga concentration from 2% to 10%. The substitution of Sn with Ga lower substantially the lattice thermal conductivity to the point of reaching the amorphous limit at high temperature with 7-10% Ga-doping. The phenomenon is understood by XRD and SEM/EDS analysis that indicate the formation of GaTe nano-precipitates. Remarkably, the electronic transport properties are also improved by Ga-doping due to the activation of several hole pockets in the valence band as indicated by first principles calculations. The combination of ultra-low lattice thermal conductivity with power factors in excess of 25 W cm -1 K -2 at high temperature increased the figure of merit, ZT , from 0.40 in pristine SnTe to ∼ 1 in 7% Ga-doped SnTe samples. The improved performances make Ga-doped SnTe a serious candidate for medium temperature thermoelectric power generation when toxic-free materials are desired. 17 
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  Pageelectron microscopy energy dispersive spectroscopy (EDS) imaging were carried out using a JSM-6701F microscope.
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 1 Figure 1: (a) Powder X-ray diffraction patterns of Sn 1.03-x Ga x Te samples (x = 0.00, 0.02, 0.03, 0.05, 0.07 and 0.1). (b) Lattice parameter as function of Ga concentration; the red dashed line indicates the Vegard's law for the solid solution. (c) Close-up showing the patterns of Sn 0.93 Ga 0.1 Te, GaTe, and Ga 2 Te 3 compounds.
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 27 Figure 2 displays the total (k tot , panel a) and lattice thermal conductivity (k l , panel b) as a function of temperature for for Sn 1.03-x Ga x Te samples. The substitution of Ga in

8 , 10 - 14 8Figure 2 :

 810142 Figure 2: Temperature dependence of (a) total thermal conductivity and (b) lattice thermal conductivity for Sn 1.03-x Ga x Te (x = 0, 0.02, 0.03, 0.05, 0.07 and 0.1) samples. (c) Room temperature lattice thermal conductivity as function of Ga concentration. Error bars are indicated (10%).The dashed blue line corresponds to the theoretical amorphous limit 57 ) for Sn 1.03-x Ga x Te.[START_REF] Abeles | Lattice Thermal Conductivity of Disordered Semiconductor Alloys at High Temperatures[END_REF][START_REF] Eshelby | Lattice Thermal Conductivity of Disordered Semiconductor Alloys at High Temperatures[END_REF] (d) Comparison of the hight temperature k lat of the 7% and 10% Ga-doped SnTe samples with the values reported for In/Mg/In-Cd/Bi-3%SrTe/Bi-2%HgTe doped SnTe,[START_REF] Banik | Mg Alloying in SnTe Facilitates Valence Band Convergence and Optimizes Thermoelectric Properties[END_REF][START_REF] Tan | Extraordinary role of Hg in enhancing the thermoelectric performance of p-type SnTe[END_REF][START_REF] Tan | High Thermoelectric Performance of p-Type SnTe via a Synergistic Band Engineering and Nanostructuring Approach[END_REF][START_REF] Zhang | High Thermoelectric Performance by Resonant Dopant Indium in Nanostructured SnTe[END_REF][START_REF] Zhao | Enhanced Thermoelectric Properties in the Counter-Doped SnTe System with Strained Endotaxial SrTe[END_REF][START_REF] Tan | Codoping in SnTe: Enhancement of Thermoelectric Performance through Synergy of Resonance Levels and Band Convergence[END_REF] and SnTe-In 2 Te 3 , SnTe-AgBiTe 2 alloy materials.42,[START_REF] Tan | SnTe-AgBiTe 2 as an efficient thermoelectric material with low thermal conductivity[END_REF] 
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 9 ) indicates Te, Ga, and Sn distribution respectively pointing to the chemical composition of precipitates which are rich in Ga, but deficient in Sn. Tellurium distribution is uniform across the sample. We consider this an indication that the inhomogeneities within the matrix effectively decrease the lattice thermal conductivity (Figure2c) and lead to improved thermoelectric performance.

Figure 3 :

 3 Figure 3: (a) SEM/EDS images of Sn 1.03 Te, (b) Sn 0.98 Ca 0.05 Te, (c) Sn 0.93 Ca 0.1 Te samples and (d) GaTe precipitates in Sn 0.93 Ca 0.1 Te sample, shows the SEM/EDS mapping of Te, Ga, and Sn edges .
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 410 Figure4shows the temperature dependent electrical transport properties of Sn 1.03-x Ga x Te samples. As expected in a degenerate semiconductor, the electrical conductivity, σ, decreases with increasing temperature (Figure4 a). The presence of Ga introduces scattering phenomena in SnTe leading to a decrease in σ from 8766 S cm -1 to 5483 S cm -1 at room temperature, while the electrical conductivities at high temperature for all Ga-doped samples are only slightly smaller than in pure SnTe. Similar trend was found on the Ca, Cd, and Mn

11 PageFigure 4 :

 114 Figure 4: (a) Temperature dependence of electrical conductivity in Sn 1.03-x Ga x Te samples. (b) Carrier concentration (N p ) and (c) carrier mobility (µ) at room temperature with respect to Ga alloying concentration (x).

  carrier concentration (N p ).

Figure 5 :

 5 Figure 5: (a) Temperature dependence of Seebeck coefficient (S) (b) and power factor (S 2 σ) of Sn 1.03-x Ga x Te (x = 0, 0.02, 0.03, 0.05, 0.07 and 0.1) samples.
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 115 03-x Ga x Te samples (we used room temperature data) and compared with the theoretical curve (Pisarenko plot) obtained within a simple valence band model by Zhang et al.[START_REF] Zhang | High Thermoelectric Performance by Resonant Dopant Indium in Nanostructured SnTe[END_REF] This model used a light-hole band effective mass of 0.168m e , a heavy-hole band effective mass of 1.92m e , and an energy gap between the two valence band maxima of 0.35 eV. The data for Cu, Sb and Bi doped and un-doped SnTe samples fall exactly on the Pisarenko curve, while the In, Ca/Cd/Hg/Mg alloyed SnTe samples show much higher Seebeck coefficient than the theoretical curve due to the formation of resonance levels,[START_REF] Zhang | High Thermoelectric Performance by Resonant Dopant Indium in Nanostructured SnTe[END_REF] and/or an optimized multi-enhanced by Ga doping, with the highest value reaching ∼ 1 at 873 K in Sn 0.96 Ga 0.07 Te.

Figure 7 :

 7 Figure 7: (a) The thermoelectric figure of merit (ZT ) as a function of temperature for Sn 1.03-x Ga x Te (x = 0, 0.02, 0.03, 0.05, 0.07 and 0.1) samples.(b) Comparison of ZT values for pure SnTe, In-,[START_REF] Zhang | High Thermoelectric Performance by Resonant Dopant Indium in Nanostructured SnTe[END_REF] Cd-,[START_REF] Tan | High Thermoelectric Performance of p-Type SnTe via a Synergistic Band Engineering and Nanostructuring Approach[END_REF] , Bi-doped[START_REF] Zhao | Enhanced Thermoelectric Properties in the Counter-Doped SnTe System with Strained Endotaxial SrTe[END_REF] , Sb-doped 54 systems, and our results for Ga-doping SnTe, (c) Comparison of ZT of Ga-doped SnTe (this study) with some the best p-type lead-free thermoelectric materials including skutterudites,[START_REF] Tan | Semiconducting Ge Clathrates: Promising Candidates for Thermoelectric Applications[END_REF] AgSn x SbTe 2+x , 64 Mg 2 Si 1+x Sn x ,[START_REF] Liu | Enhanced Hole Concentration Through Ga Doping and Excess of Mg and Thermoelectric Properties of p-Type Mg 2(1+z) (Si 0.3 Sn 0.7 ) y Ga[END_REF] Si-Ge alloy, 66 complex molybdenum chalcogenide[START_REF] Rahal | X-ray Characterization, Electronic Band Structure, and Thermoelectric Properties of the Cluster Compound Ag 2 Tl 2 Mo 9 Se 11[END_REF][START_REF] Zhou | Promising thermoelectric properties in Ag x Mo 9 Se 11 compounds (3.4≤ x≤3.9)[END_REF][START_REF] Gougeon | Crystal and Electronic Structures, and Thermoelectric Properties of the Novel Cluster Compound Ag 3 In 2 Mo 15 Se 19[END_REF] and half-Heusler 67 materials.

  [START_REF] Wee | Effects of filling in CoSb 3 : Local structure, band gap, and phonons from first principles[END_REF] cm -3 ) m * (m e )
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  low effective masses associated with the dispersive character of valence bands active in transport, and the large offset between the light and heavy holes (∆E ∼ 0.35eV ) at 300K. However, upon proper alloying with Ca/Mg/Cd/Mn/Hg/Sb in SnTe, the energy separation, ∆E, significantly decreases opening the possibility to improve thermoelectric properties adding carriers from multiple band extrema with different effective masses.The projected density of states (PDOS) of Sn 32 Te 32 and Sn 30 Ga 2 Te 32 supercells are shown in Figure
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