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A. Project description

The search for materials with improved efficiency for direct thermal-to-energy conversion is
wide-ranging, encompassing superlattices, nanowires, nanoparticle assemblies, and layered
crystals prepared by modulated elemental reactants. There is a great need for accurate and
convenient measurements of the thermal conductivity of these novel materials. The experi-
ntental focus of the research project was the further development of time-domain thermore-
flectance (TDTR) as a high-throughput and nearly universal method for the measurement of
the thermal conduetivity of materials. The scientific focus of this project was on understand-
ing i) the lower-limits to the thermal conductivity of disordered layered crystals, multilayers,
and superlattices; and ii) the distribution of heat carrying phonons in conventional semicon-
ductor alloys.

B. Technical Approach

Thin film, nanowire, nanostructured, and more convential bulk thermoelectric materials
were prepared by our collaborators: the research groups of Profs. D. Johnson (U. Oregon),
T. Sands (Purdue), L. Samuelson (Lund, Sweden), D. Jena (Notre Dame), C. Vineis (MIT),
and A. Majumdar (UC-Berkeley). Thermal conductivity measurements were performed at
the U. of Illinois using time-domain thermoreflectance (TDTR); we have recently advanced
the state-of-the-art of TDTR data collection and analysis and can rapidly evaluate data for
a wide range of compositions, multilayer periods, and deposition and annealing conditions.
We use ion beam irradiation is to systematically vary the chemical abruptness of interfaces
and introduce point defects. Rutherford backscattering spectrometry is used to measure
elemental composition.

C. Research Highlights

Nitride superlattices. In collaboration with the group of Depdeep Jena at U. Notre
Dame, we completed a study of the thermal conductivity of AIN/GaN superlattices grown
by plasma-assisted MBE. These materials arc extreniely well characterized and the mobility
of the two-dimensional electron gas at the AIN/GaN interface provides a interesting tool
for evaluating the interface roughness. Ion-beam irradiation of short period superlattices
enabled critical tests of theories of the heat transport by introdueing point-defects; we fit
the data for a wide range of superlattice period, temperature, and point defect density with
a single model based on frequency dependent scattering of phonons by at interfaces. We
also completed a study of the thermal conductivity, clastic constants, and composition of
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metal-semiconductor nitride superlattices (ZrN/ScN and ZrWN/ScN) grown by the group
of T. Sands using pulsed-laser deposition. Thermal conductivities are strongly suppressed
by phonon scattering at interfaces.

Disorderd layered materials . In collaboration with David Johnsons group, we ex-
plored the lower limit of the lattice thermal conductivity of nanostructured Bi;Tes-based
materials. Growth of multilayers using the method of elemental reactants allowed us to
reduce the grain size of homogenous Bi;Tes to a few nanometers; in this limit, the thermal
conductivity approaches the predicted minimum thermal conductivity. A Debye-Callaway
model for the phonon scattering rates fits the experimental data for a range of grain sizes
1-100 nm well and shows that extremely small scattering lengths on the order of 20 nim are
needed to significantly suppress the lattice therinal conductivity. Ultralow thermal conduc-
tivities (conductivities below the predicted minimum thermal conductivity) can be achieved
by combining the effects of alloying and turbostratic disorder in a multilayer structure.

Nanodot superlattices based on PbTe. In the original publication by the MIT /Lincoln-
Lab group, the extraordinarily high ZT of PbTe-PbSe nanodots superlattices was attributed
to extremely low lattice thermal conductivity. We measured the through-thickness lattice
thermal conductivity of a large set of samples grown at Lincoln Laboratories for a wide range
of periods, composition, growth temperatures, and growth rates. All of our measurements
approach tle lattice thermal conductivity of bulk homogenous PhTe,_,Se, alloys with the
same average composition. Based on our measurements of thermal conductivity and our
collaborators measurements of Seebeck coefficient and eleetrical conductivity on the same
samples, the highest ZT' at room temperature is 0.6, a factor of 4 smaller than originally
reported.

Semiconductor nanowires composites. Semiconductor nanowires have low lattice ther-
mal conductivity but need to be incorporated into composite materials to produce practical
thermoelectrics. The thermal conductivity of InAs nanowires/PMMA composite materials,
however, shows a pronounced dependence on the modulation frequency using the time-
domain thermoreflectance measurement. (Samples were synthesized and fabricated by the
groups of Samuelson and Linke.) Through experiment and finite-element modeling, we have
confirmed that the low frequency limit of the TDTR data corresponds to the effective medium
behavior.
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