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ABSTRACT

A personal review is presented. We review the ssaaice in thermoelectric materials
research that started in 1993 with the introducttérthe nanostructure concept as a potential
method to both increase the power factor and dsertfee thermal conductivity and to even do
both at the same time. The earliest work was liehitemodel systems for the demonstration of
proof of principle. More recently the focus has lged into demonstration of embedding the
phenomena into bulk samples based on compositessaperlattices. We here review this
evolution of the nanothermoelectricity field. Thesulting current activity is attracting many new
researchers, industrial interest and the emergeheeew ideas. We now look to the further
development of these new ideas, and to the inttauof more new ideas and new approaches,
as the field is now approaching the stage of coroi@erelevance.

INTRODUCTION

Thermoelectric materials entered an active growghiog in the 1950s when doped
semiconducting materials with good thermoelectniopprties were produced that could be
doped either n-type or p-type [1,2]. By about 19®@rmoelectric materials reaching values of
ZT= SoT/x ~ 1 were achieved. In this early erayBi, the main commercial thermoelectric
material used until the present time, was developéel then hit a 30 year period, from 1960-
1990, when the thermoelectrics field saw much ¢éesiwity. In the early 1990s, the French Navy
and the US Navy both developed an interest to devattual thermoelectric devices for energy
utilization aboard submarines. Stimulated by thaterest in thermoelectric materials for a
specific application area, researchers were engedrdo look for new materials and new
concepts to reinvigorate this research field anstitoulate interest in thermoelectricity.

At that time, | and my collaborator Professor JPamH Issi at the Catholic University in
Louvain la Neuve met in a nice restaurant near umg/ersity for discussions with John
Stockholm from Paris whom we both knew quite welini French industry. John Stockholm
brought with him to dinner a high official from tlk@ench Navy. The outcome of these dinner
discussions led to two possible new research dwesctfor advancing our knowledge, both
involving promising new materials. The first resgradirection pointed to the examination of the
many new materials that were uncovered during #694+1990 time frame that might have low
thermal conductivity, and Jean-Paul Issi said kieatvould explore this idea and he took on this
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challenge. | took on the exploration of the secosgkarch direction of looking into nanoscale
materials, which were basically unexplored befo®Q. and although not much was known
about them in 1990 regarding their possible relegao thermoelectrics, it was a lot more than
in 1960.

Not too much happened in the following year exdeptsome rumblings on the topic of
thermoelectric materials. Jean Paul Issi startekiihg at materials that were related to the newly
discovered highl, superconducting materials, but it turned out thatst of the materials he
investigated were not actual conductors, and watker classified as semiconductors. This
seemed promising for thermo-electricity. While theaterials did indeed have low enough
thermal conductivities to be of potential interastthermoelectric materials, none had a large
enough Seebeck coefficieBbr a large enough power fac®#e to be of great interest.

During this timeframe, | was very busy working aildrenes and explaining their very
complex IR and Raman spectra, involving more thad IR and more than 200 Raman spectral
features. | was also very busy working with RiichiBaito and Mitsutaka Fujita [3] on the
forerunners of carbon nanotubes and showing thatsfngle wall carbon nanotube (SWNT)
could actually be made, it could be either semicatidg or metallic, depending on the nanotube
diameter and the orientation of the hexagons vatipect to the nanotube axis. Since this was
such a new concept at the time, we had to firstiome ourselves and then to convince others
that this concept could be correct. This activiéypkme very busy with other interests.

While this was all going on, new students came t® M the fall every year looking for
new research topics. One day a young man, Lyndarkstia new young physics graduate
student came around looking for a research progext,| suggested to him that we calculate the
difference in the thermoelectric figure of merT for an arbitrary two dimensional
thermoelectric material in comparison to the thaemensional version of the same material. In
about one week's time Lyndon Hicks returned wite Bolution, which predicted that an
encouraging increase i@T would occur as the thickness of the two dimengioi2®)
thermoelectric materials got smaller. The resudensed so encouraging that we decided to write
a short paper on the low dimensional thermoelattraoncept [4]. Since this was such a new
topic, we had no idea where to publish our resalthe end we sent the manuscript to Physical
Review B for lack of a more focused journal. Thegrawas readily accepted with not much
comment.

Since the idea worked so well in 2D, we decided me@xdo the same calculation in 1D,
for a putative qguantum wire, and found that witldiidnal quantum confinement, we got even
better results, so we wrote a paper on the topaaie dimensional thermoelectric material [5].
After sending the second paper off for publicatidtnrseemed time to convince ourselves that
these ideas made sense and we decided to cortstdielet of quantum effects on the density of
states of a real material. We decided on bismwthaibse this was known to us as a good basic
thermoelectric material for both electrons and soldowever, since bismuth is a semimetal in
bulk form, the contribution to the Seebeck coeéiiti from the electrons in bulk bismuth
canceled that for the holes. Nevertheless, theulzion showed that bismuth would be an
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attractive low dimensional thermoelectric matefaalboth n-type and p-type material if it could
be prepared as a semiconductor. Our calculationsvesth that a semimetal-semiconducting
transition would occur as the size of one of the@a dimensions decreased to about 50 nm [6],
which at that time was still large enough to thofkmaking such a material in the form of a thin
film or as a wire with facilities available to us.

Because of the rumblings about renewed interegshénmoelectric materials, the US
Department of Defense held a workshop to whichnafeople working in the field were invited.
At that conference | met Ted Harman of the MIT ldhrc Laboratory, who had a long time
interest and background in the field of thermoeleanaterials. It was through this conference
that Lyndon Hicks and | started some collaboratigith Ted Harman. It was through Harman's
help that Lyndon Hicks in 1996 was able to impletnieis calculations on low dimensional
thermoelectricity to show experimentally that tlteea of nanostructures could under some
circumstances lead to an enhancemeTinthe thermoelectric figure of merit [4,7]. This 9
thermoelectrics paper for a two dimensional expenital system [4,7] eventually had an impact
on the thermoelectric research community and vitie increasing numbers of people started to
believe in this concept and to build on it.

Since the number of people working on thermoelectraterials at that time was small,
and the concept was new, progress was slow. Wi, tivorkers in the thermoelectrics materials
field started to show more interest in the potém@fananomaterials and started to invite me to
talk about our work on the subject in departmentalloquia and at conferences on
thermoelectricity. At a general seminar talk giy®na visiting researcher, | stumbled upon the
possibility of using mesoporous anodic alumina @kentemplates for the synthesis of bismuth
nanowires, and | asked Jackie Ying who was a mewiliie Chemical Engineering Department
at MIT for help with the implementation of this peot. This idea was developed in the PhD
thesis of Zhibo Zhang on the synthesis and prageni bismuth nanowires [8], and several
publications on the subject resulted for bismutld ather materials [9-13]. Through these
efforts, collaborations started with Gang Chen whkas a junior faculty member of the
Mechanical Engineering Department at Duke Univgrgiterested in theoretical aspects of
nanomaterials [14]. When he moved to UCLA, theatmdration was extended to Kang Wang of
the UCLA Electrical Engineering Department andeardPierre Fleurial who was a leader of the
thermoelectric materials group at the Jet Propnldiaboratory. This well-known group was
stimulated by the nano-concept, and one of the gounembers of the group, Jeff Snyder, took
an interest in this new research direction and tenxadlly went on to make key discoveries of his
own in the field, particularly when he later moviedCalTech and started his own independent
research group [15].

THE MRSERA
After joining forces with Gang Chen, we started arenserious and systematic study of
the effects of nanostructuring on enhancing therégof merit of thermoelectric materials,

starting with bismuth nanowires [16]. Soon Josem@rerhans at the General Motors Research
Laboratory joined forces on the project with a maethod for preparing bismuth nanowires and
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new measurements of thermoelectric properties of[18i18]. At the same time, thermal
conductivity studies on the SiGe system startedh idang Chen at UCLA [19,20] and Elena
Rogacheva started collaborating with us by studyingfilms of the lead salts [21-23]. Because
of his special expertise and interest, particuteméion was given to the reduction of the thermal
conductivity by Gang Chen, showing that what is tmagportant for lowering the thermal
conductivity is boundary scattering which was mestsitive to the interface density [24,25].
This consideration led to a concerted effort toadtice interfaces, and nanostructures with a
high density of interfaces into bulk materials irder to produce macroscopic amounts of
cooling or power generation.

Gang Chen's concept of interface introduction waplémented in conjunction with
Professor Zhifeng Ren of Boston College and thixept started attracting attention [26] largely
through the advent of the MRS Symposia series emtbelectric materials which started around
2001 under the leadership of Terry Tritt and Ged¥gdas [27]. The conceptual basis for the
nanocomposite approach was generic and could bdernmepted in several common
thermoelectric materials starting with p-type [28ld n-type [29] SiGe alloys, to produce bulk
alloys of nano-structured material. The implemeatabf this concept was largely carried out by
Gang Chen and Zhifeng Ren by starting from powaéraano-structured constituents which
were rapidly hot pressed to form composite bulk emals containing a high density of
nanostructures and large interface density. Thecpéar study carried out on Hies, the most
common bulk thermoelectric material, achieved ai@alfZT=1.4 [30] and this work attracted
attention. This work was then followed by relatéddges in several other materials systems and
by other groups [31-36]. An excellent review of status of these efforts was recently written
by Austin Minnich [31].

LOOKING TO THE FUTURE

At the present time the field is very active intgranally with many groups worldwide
making important contributions to the field of n#mermoelectricity. There are now several
viable approaches to producing nanostructured theleutric materials with values dff = 1.5
or thereabouts. By using a variety of materialdesys, advanced nonstructural materials have
been developed to cover temperature ranges fromwbebom temperature to 100C.
Attendance at MRS symposia and international cenfegs specifically devoted to
thermoelectric materials has increased dramati¢althe past 5 years as well as the industrial
interest in the practical application of thermotlecmaterials. Several approaches have been
introduced which are having a major impact. Theeatirdevelopment of a high density of
nanocomposite precipitates within a bulk thermdeleaenaterial by chemical means has been
successfully championed by the Kanatzidis groupl@thwestern University [37]. Their work
has been very impressive and has had a major inopdabth the science and applications in this
field. The Heremans group at Ohio State Univer$ias demonstrated the great impact of
resonant states near the Fermi level on increa&ingalues, reaching values @i = 1.5 using
only 2% TI addition [38]. Although this concept wasginally introduced for bulk materials, it
might be further extended successfully in the fitiar nanosized constituents of bulk materials.
The Johnson group in Oregon has taught us thatlattpees with disordered constituents can
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produce amazingly low electrical conductivity [3%Yhile the Snyder group at Caltech has
shown [40] that a variety of thermoelectric matisrizan be used very effectively in many ways
for practical thermoelectric systems. Asegun Heangd Gang Chen have looked into the
contribution of specific phonons to the thermal adwactivity of thermoelectric materials in
accordance with their phonon mean free paths anctlegths [41]. Such studies have been
particularly useful in developing strategies toferentially scatter phonons that actually carry
most of the heat, and also in pointing out theeddhces between different thermoelectric
materials in this regard. These studies on thart@econductivity led to follow-up studies by
Austin Minnich [42] showing that the phonons invedivin ballistic heat transfer particularly in
the low temperature regime are not well describgthb Bolztmann equation and more detailed
approached are needed [42]. Mona Zebarjadi has tdle concept of modulation doping in
semiconductor physics and has both applied andneé&tk this concept to thermoelectric
materials from both an experimental and theorestahdpoint [43]. Celine Hin has shown the
importance of site location for specific defectsthiermoelectrics, insofar as a point defect can
behave very differently if it is a vacancy or inve$ a specific impurity atom in a substitutional,
antisite or interstitial location. Furthermore, $tes been shown that an impurity atom can make
a p-type or n-type carrier contribution to the #lewcic transport properties of a material
depending on its specific site location [44]. Sudlormation is valuable for materials synthesis
designed specifically to improve explicit materipl®perties. Interesting works on half-Heusler
compounds have also been carried out [45-47]. Ddipgnon the temperature, structural
arrangement, and dopant composition, these allolybie a large Seebeck coefficient as well as
a reasonably high electrical conductivity in thgthtemperature regime. These features make the
half-Heusler compounds a very promising class efrtioelectric materials. Other compounds
that are efficient at high temperature are thetskudlites. The skutterudites possess cage-like
structures. When atoms are located into the inti@istages of these materials, the lattice
thermal conductivity can be substantially reducechigared to that of unfilled skutterudites [48].
These new concepts have invigorated the field aank Hbrought in members of the next
generation of young researchers. It now seemsstigalo set a goal of reachingZa value of 2

by the end of this decade, which would likely haveajor effect in stimulating the creation of
several start-up companies and the generationrtbfeiuscientific advances.
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