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            Abstract
With about two-thirds of all used energy being lost as waste heat, there is a compelling need for high-performance thermoelectric materials that can directly and reversibly convert heat to electrical energy. However, the practical realization of thermoelectric materials is limited by their hitherto low figure of merit, ZT, which governs the Carnot efficiency according to the second law of thermodynamics. The recent successful strategy of nanostructuring to reduce thermal conductivity has achieved record-high ZT values in the range 1.5â€“1.8 at 750â€“900 kelvin1,2,3, but still falls short of the generally desired threshold value of 2. Nanostructures in bulk thermoelectrics allow effective phonon scattering of a significant portion of the phonon spectrum, but phonons with long mean free paths remain largely unaffected. Here we show that heat-carrying phonons with long mean free paths can be scattered by controlling and fine-tuning the mesoscale architecture of nanostructured thermoelectric materials. Thus, by considering sources of scattering on all relevant length scales in a hierarchical fashionâ€”from atomic-scale lattice disorder and nanoscale endotaxial precipitates to mesoscale grain boundariesâ€”we achieve the maximum reduction in lattice thermal conductivity and a large enhancement in the thermoelectric performance of PbTe. By taking such a panoscopic approach to the scattering of heat-carrying phonons across integrated length scales, we go beyond nanostructuring and demonstrate a ZT value of âˆ¼2.2 at 915 kelvin in p-type PbTe endotaxially nanostructured with SrTe at a concentration of 4 mole per cent and mesostructured with powder processing and spark plasma sintering. This increase in ZT beyond the threshold of 2 highlights the role of, and need for, multiscale hierarchical architecture in controlling phonon scattering in bulk thermoelectrics, and offers a realistic prospect of the recovery of a significant portion of waste heat.
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                    Figure 1: 
                        All-length-scale hierarchy in thermoelectric materials.
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Figure 2: 
                        Thermoelectric properties of SPS and ingot samples of PbTeâ€“SrTe doped with 2â€‰mol% Na.
                      [image: ]


Figure 3: 
                        Micro and nanostructures in SPS PbTeâ€“SrTe(4â€‰mol%) doped with 2â€‰mol% Na.
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Figure 4: 
                        Compositional analysis of SPS PbTeâ€“SrTe(4â€‰mol%) doped with 2â€‰mol% Na.
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	24 October 2012
Nature 489, 414â€“418 (2012); doi:10.1038/nature11439 In this Letter, the units of thermal conductivity on the y-axes of Fig. 2d and e should be Wâ€‰mâˆ’1â€‰Kâˆ’1 and the y-axis label of Fig. 3d should be â€˜Count (%)â€™. Figures 2 and 3 of the original paper have been corrected online.
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        Editorial Summary
New materials to generate electricity from heat
Thermoelectric materials offer ways to transform heat to electrical energy and vice versa. Here, the authors tailor the architecture of a bulk thermoelectric material, the semiconductor lead telluride, to maximize thermoelectric performance. They achieve phonon scattering on three different length scales. Atomic-scale doping, nanometer-scale endotaxial precipitation and mesoscale grain-boundary structures were introduced to the material to drastically reduce its thermal conductivity and subsequently achieve a very high thermoelectric figure of merit. These advances could aid in the design of advanced thermoelectric materials that can be used to recover waste heat.
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