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Background of 161@3 _Izrb)sent i on The present invention is generally directed to
thernoelectric materirals and nethods for their synthesis and, nore
particularly, to such materials that exhibit enhanced thernoelectric
properties. Solid-state cooling and power generation based on thernoel ectric
effects are 10 known in the art. For exanpl-e, semi conductor devices that
enpl oy Seebeck effect or Peltier effect for power generation and heat

punpi ng are KnowNANGEOMPOSITESWITHHIGHTHERMOELEOTRICHIGURES CGEVi ces
I's, however, typically limted by their |ow coefficient-of-performance

(COP) (for refrigeration applications) oMERIT efficiency (for SIC power
generation applications). A thernoelectric figure-of-nmerit (Z = Sk , where S
is 15 the Seebeck coefficient, 6 is the electrical conductivity, and k is
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a | ow figure- gfinfiEdd thernfeiRiEprapétiefdvant ages that they provide over other
refrigeration technol ogies. In power generation applications, |ow efficiency

of thernoel ectric Selid-state cvaling tndpowargesemtiombised betharmbelettricefieets erd al s
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parti cul ar | y, cdriventioriaé thermesekctfio deviber ingdwivever, typicallydmitddsby theinildwvt i ng an

enhanced figure-of-nerjt._ Summary qQf the |nvention 30 Th esent . i nvention

i's general |y epetigiemied tﬁ@&ﬁ%m)t{ TFT'FJ@S%BP%EPHII"&UO'FFSPE vildiciensy (for

exhi bit enhanced thernoelectric properties. The nanoconposite _gaterials
power generation applications). A thermoelectric figure-of-merit (Z = = where S is

15 the Seebeck coefficient, o is the electrical conductivity, and £ is thermal conductivity) is
typically employed as the indicator of the COP and the efficiency of thermoelectric
devices. In some cases, a dimensionless figure-of-merit (ZT) is employed, where T can
be an average temperature of the hot and the cold sides of the device.

Applications of conventional semiconductor thermoelectric coolers are rather

20 limited, as a result of a low figure-of-merit, despite many advantages that they provide

k over other refrigeration technologies. In power generation applications, low efficiency
of thermoelectric devices made from conventional thermoelectric materials with a small
figure-of-merit limits their applications in direct conversion of heat to electricity (e.g.,
conversion of waste heat or heat generated by specially designed sources).

25 Accordingly, there is a need for enhanced thermoelectric materials, and methods
for their fabrication. More particularly, there is a need for thermoelectric materials

exhibiting an enhanced figure-of-merit.

Summary of the Invention
30 The present invention is generally directed to nanocomposite thermoelectric

materials that exhibit enhanced thermoelectric properties. The nanocomposite materials

include two or more components, with at least one of the components forming nano-



I nclude two or nore conponents, with at | east one of the conponents form ng
nano 101328- 2Q@132k-2¢% zed structures within the conposite material. The
conponents are chosen such that thermal conductivity of the conposite is
decreased wi thout substantially dimnishing the conposite's electrical
conductivity. Suitable conponent materials exhibit simlar 5 electronic band
structures. For exanple, a band-edge of fsét“between at | east the conduction
bands or the val ence bands of the two conponent materials can be |ess than
about SkBT, asidedstedosirgdmthinctbe comporitghmateriad. {BF compenanitsark Bhossnistch hat t znman
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enmbodi nent, the thernoel ectr.i c ngnoconposite, can incluge a .seni conduct or
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ex(hi bits a bastucdge fahfedetf alfattveekoted tsbraicondubttiart matariflamdia plurdlite of/mdnence
ba

nds of the host naterial and the inclusiqQn nateri.al, at,an interface that
is |ess than &BEdErEgtares ?qm\saéafﬁnfpéber.ssmﬂmgwpwﬁﬁﬁa @mmgta&raher-i € an
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ener gy I ni mudiasietys dna Fangs oh abeiy 1gumtp ahout haiciapser preferablyain a rapgeeiabopt b v,

the energy m m%gfntﬁ)oc&ﬂd&%ia%ghﬁ%rf%})%m%%%logmd of the host

materi al can ess an an ener correspondi ng band of the
i nclusion materi al Inanother embodiment, the thermoelectric nanocomposite can include a

semiconductor host material and a plurality of nano-sized inclusions (e.g., nanoparticles
or nanowires), formed of a semiconductor inclusion material, that are distributed within

20 the host material. The nanocomposite composition exhibits a band-edge offset between
the conduction bands or the valence bands of the host material and the inclusion material
at an interface that is less than about SkgT, wherein kg is the Boltzman constant and T is
an average temperature of the nanocomposite composition. For example, the band-edge
offset can be in a range of about 1 to about 5 kgT, or in a range of about | to about 3

25 kgT. An energy minimum of the conduction band or the valence band of the inclusion
material can be preferably less than an energy minimum of a corresponding band of the
host material. Alternatively, the energy minimum of a conduction band or a valence
band of the host material can be less than an energy minimum of a corresponding band
of the inclusion material.

30 The terms “nano-sized structure” and “nano-sized inclusion,” as used herein,
generally refer to material portions, such as nanoparticles and nanowires, whose
dimensions are equal or preferably less than about 1 micron. For example, they can

refer to nanoparticles having an average cross-sectional diameter in a range of about 1



30 The ternms "nano-sized structure” and "nano-sized inclusion," as used
herein, gene{@lshg-2pgfer to material portions, such as nanoparticles and
nanow res, whose dinensions are equal or preferably |ess than about 1

m cron. For exanple, they can refer to nanoparticles having an average
cross-sectional dianeter in a range of about | 101328-206 -3- nanoneter to
about 1 micron, or in a range of about 1 nmto about 300 nm or in a range
of about 5 nmto about 100 nm AIternativeIg, they can_refer to nanow res
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material properties conformwth the teachings of the invention. In another
aspect, the seompenedticandre Sicmgd dhecotherfae.eForaixemple, §i inchisions sary belembedsded i ns)
can be rando di i buted within the conposite. Alternativel t he
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the art will apEhRswWhahE RAENIAENSIthERRARGS can al so be enployed. 25 In
further aspects, the nanoconpoSite sem conductor material can exhibit a

reduction in ther ki anotimotaspacyithe/senstatductor tompotentogemnats(s.galnang-sized med of
the inclusions) can be randomly distributed within the composite. Alternatively, the
components can be distributed according to a pattern. Further, one or more components

20 (e.g., the host material or the inclusion material, or both) can be doped with a selected
dopant, for example, an n-type or a p-type dopant, with a concentration of, e.g., about 1

( percent. In some embodiments that employ Si and Ge materials, boron is utilized as a p-
type dopant while phosphorous is employed as an n-type dopant. Those having ordinary
skill in the art will appreciate that other dopants can also be employed.

25 In further aspects, the nanocomposite semiconductor material can exhibit a
reduction in thermal conductivity relative to a homogeneous alloy formed of the
component materials by a factor of at least about 2, e.g. a factor in a range of about 2 to
about 10. Further, the nanocomposite material can exhibit a thermoelectric figure of
merit (ZT) that is greater than 1. For example, the figure of merit can be in a range of

30 about 1 to about 4.

In another aspect of the invention, the nanocomposite composition exhibits an

electrical conductivity (o) that differs, if at all, from an electrical conductivity of a

homogeneous alloy formed of the component materials by a factor less than about 4.



conponent materials by a factor of at |east about 2, e.g. a factor in a
range of aboutigBgmogabout 10. Further, the nanoconposite material can
exhibit a thernoelectric figure of nerit (ZT) that is greater than 1. For
exanple, the figure of nerit can be in a range of 30 about Ito about 4. In
anot her aspect of the invention, the nanoconposite conposition exhibits an
el ectrical conductivity (a) that differs, ifT at all, froman electrical
conductivity of a_ honpbgeneous alloy fornmed of the conponent materials by a
factor |ess tMénledngeme gases heampoomeposite semicprductorsenexiehii@g elogical
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disposed in a three-dimensional pattemn relative to one another.

In yet another embodiment, the present invention provides a nanocomposite
20 material formed of a plurality of stacked nanowire structures. Each nanowire structure
can comprise an outer shell formed of one semiconductor material and an inner core
( formed of another semiconductor material, where an interface of the outer shell and the
inner core exhibits a band-edge discontinuity between any of a conduction band or a
valence band of the outer shell and a corresponding band of the inner core that is less
25 than about 5kgT, wherein kg is the Boltzman constant and T is an average temperature
of the nanocomposite composition. The outer shell and inner core can form a coaxial
nanowire structure having an average diameter in a range of about 2 nm to about 200
nm. For example, the core can be formed of Si and the shell of Ge, or vice ve rsa.
In other aspects, the invention provides a thermoelectric hanocomposite
30 semiconductor composition that includes a seminconductor host material and a plurality
of nano-sized inclusions, formed of a semiconductor inclusion materials, that are
distributed within the host material, where a band-edge offset between at least one of a

conduction band or a valence band of the host material and a corresponding band of the



val ence band of the outer shell and a corresponding band of the inner core
that is | ess 36132sapeabout 5kBT, wherein kB is the Boltzman constant and T
is an average tenperature of the nanoconposite conposition. The outer shell
and inner core can forma coaxial nanowi re structure having an average
diameter in a range of about 2 mm to about 52_00 run. For exanple, the core
can be fornmed of Si and the shell of Ge, or"vice ve rsa. In other aspects,
the invention provides a thernoel ectric nanoconpgsite 30 sem conduct or
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is to add 10 nanoparticles or nanowires with higher nelting point into a
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| evel (e.g., current density) can depend on the sanple size. In sone
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with the assoghppeemfloguings, which are briefly described below 20
Further understanding of the invention can be obtained by reference to the
following detailed description in conjunction with the associated drawings, which are
briefly described below.
20

Brief Description of the Drawings

( FIGURE 1 schematically depicts a thermoelectric nanocomposite composition in

accordance with one embodiment of the present invention,

25 FIGURE 2A schematically depicts variations of electronic band-edge offset at

interfaces of the host and the inclusion materials in the nanocomposite composition of
FIGURE 1,

FIGURE 2B is a graph illustrating that an energy minimum of the conduction
30 band of n-doped silicon nanoparticles embedded in a germanium host material can be
lower (depending on the stress conditions) than the energy minimum of the germanium

host’s conduction band,



Brief Description of the Drawings FIGJURE 1 schematically depicts a

t hernoel ectri ?O@Q%rrposi te conposition in accordance wi th one enbodi nent
of the present 1 nvention, 25 FIGURE 2A schenmatically depicts variations of
el ectroni ¢ band-edge offset at interfaces of the host and the inclusion
materials in the nanoconposite conposition of FIGJRE 1, FIGURE 2B is a
graph illustrating that an energy m ni num-&- t he conduction 30 band of

n- doped silicon nanoparticles enbedded in a germani um host naterial can be
| ower (dependi ng oRIGUBES? schematicablyidepiotssd theinaoeldctric sanocgmpoditgicomposifion he

germani um host's,.conduction band, 101328-206 -6- Fl 3..schemati cal.l
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enmbodi nent of i j | i A ] i : articles are
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schematiscal | y depicts a nanoparticle having a core portion formed of one
sem conduct or mat e ur rounded a, shell for, of anot her sem conduct or
material, 10 FI GJREEWI@&REC%@E‘EF‘?E%“?{F“*BQQ RanopariGie NAKNRAGAre EOWQH?WB ite
material acc L . i f N j b SR dh or ned
2o o mxture SPEtaAchRUERRIEEARAGIET by A snl forkdol 5P phdther st
schemati cal | ynthegeiatt S a nanoconposite material according to one 15

enbodi ment of the invention that includes a plurality of sem conductor
nanoparticles having core-shell structures, FI GJRE 6A schematically depicts

a ther l ectric n I -1 I . g]tg&g : L.pent  of
the i n\r}@ﬁt i on, whi ?E@I S %? %@@ngs@&ﬁzé%?ﬁﬂhag%%%ln e Hﬁéﬁ?ﬁ?@s‘&ﬂ GURE
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cowrposition of FI GJURE 6A, 25 FI GURE 6C schematically depicts a

t her noel ect r i &YRéaRbsERseRGuUCtor Ranenartigles,

FIGURE 5B schematically depicts a nanocomposite material according to one
15 embodiment of the invention that includes a plurality of semiconductor nanoparticles

having core-shell structures,

FIGURE 6A schematically depicts a thermoelectric nanocomposite material

according to another embodiment of the invention, which is formed of a stack of

20 segmented nanowires,
( FIGURE 6B is a schematic cross-sectional view of a segmented nanowire of the
composition of FIGURE 6A,
25 FIGURE 6C schematically depicts a thermoelectric nanocomposite material

according to another embodiment of the invention, formed as plurality of randomly

stacked segmented nanowires,

FIGURE 7A schematically depicts a thermoelectric nanocomposite material
30 according to another embodiment of the invention, formed of a plurality of randomly

stacked coaxial nanowires,



according to anot her enbodi nent of the invention, forned as plurality of
randomy st agk@ggegnent ed nanow res, FI GURE 7A schematically depicts a

t her noel ectri c nanoconposite material 30 according to another enbodi nent of
the invention, fornmed of a plurality of randomy stacked coaxial nanow res,
101328-206 -7- FIGURE 7B is a schematic per.,specti ve view of a coaxi al

nanowi re of the nanoconposite material of 'FIGURE 7A, 5 FIGURE 8

schematical ly depicts a thernoel ectric nanoconposite material formed of a
plurality of coaxi BIGURER isaschemaivsnesspestive view of a gpardaldiapawire phtheer n
relative to opn , tically illustrates a vapor phase
deposi tion sy%a?nggq&ﬁé&?{eﬁﬁérﬁe%ﬁg?ﬁ} harvoparti cl e and nanow res, FlIGURE 10
schematically illustrates a plasnma conpacti on apparatus suitable for

synt hesi zing a thernoel ectric nanoconposite material froma mxture of
nanopar fi cl es, 15FKIEREE schamptically depicie-a thermbeleciriconanoeorapasite wateread pondi ng
to two prototype napoc si t.e sanpl es according. to,the..teachi ngs,_of the
nventi on as fEred 2E2 RERRY of fosGal haRam e iaibin ek e RSicea] Bl o
conposed of arepAWEes ofé Midth&, of silicon and germanium 20 FI GURE 12
schematically depicts a thernoelectric cooler formed as a cascade of

t hernoel ectric nodul es fabricated by enpl oyi ng thernoel ectric nanoconposite

terial f the i | d.F E.1 hemat.i cal | epi ct
her el aotri o devh KDRE EBAVRISalN JREaIEs Bab oo ar AT R yS BBS 1 e
Descri ghi on Th&Piife gﬁhoﬁﬂag%@ﬂaﬂm&?ner ally directed to thernoelectric

nanoconposi te- materials, and methods for their fabrication, that generally
include a m xture of 30 sem conductor nano-sized structures, or
in a sem conduct or

seni conduct or nano-si i nc] usi ons enbedded host , .t hat
provi de a heter ogeﬁ&@é@%h@?‘?‘f y 11$P§ga@§mpyamﬁgp@pcth%pgﬂag;sssug§lge for

sel ected s agspiiyd AhalborPRERRbHBSIeRkERA R IHAREre B ARBpERs,of

15 FIGRUE 11 presents X-ray diffraction data corresponding to two prototype
nanocomposite samples according to the teachings of the invention as well as a silicon

sample, a germanium sample, and a sample composed of a powder mixture of silicon

and germanium,
20 FIGURE 12 schematically depicts a thermoelectric cooler formed as a cascade of
thermoelectric modules fabricated by employing thermoelectric nanocomposite

materials of the invention, and

FIGURE 13 schematically depicts a thermoelectric device for converting heat to
25 electricity.

Detailed Description

The present invention is generally directed to thermoelectric nanocomposite
materials, and methods for their fabrication, that generally include a mixture of
30 semiconductor nano-sized structures, or semiconductor nano-sized inclusions embedded
in a semiconductor host, that provide a heterogeneous composition. The semiconductor
materials are selected so as to substantially preserve electron transport properties of the

nanocomposite material relative to the host or a putative homogeneous alloy formed of



nanoconposite material relative to the host or a putative honpgeneous all oy
formed of 1013gf52408)g 8- the sem conductor conponents while the

het erogeneity of the conposition enhances phonon scattering, thereby
resulting in an enhanced thernoelectric figure-of-merit, as discussed in
nore detail below. 5 Wth reference to FlI 1, a t her noel ectri c

sem conduct or conposition 10 according to ®©he enbodi nent of the invention

i ncludes a host sem conductor material 12 (e. g., Ge or SiGe alloy), herein
al so ref er r edthesemscandnetor components whilewthe bﬁewgmmyaiﬂthyccmmwsnmr&md

I nclusions 14
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preferaldly in a rangh pefferaneeito FIGRRE b a thermeletofe semicanductor atvmpeﬂlmrrlﬂ)ut ed

dom t hi houl d. b d t ood t ha
P o 1afkordifs 10 SRbqdifbeptay (B my mtia nchacsH st micpauctor e g2
any desired siapecelysiGeatoy) hdréinialloTeffRed AN l'iﬂ%'i‘hﬁtml hx?WhiEheJﬁlﬁFaﬁ% of

bet ween 15 the nanopartlcl es’and the host can be sharp, ‘in ot
enbodi nent s, aand-sized alsionan4 (¢.g9¢SudSiGetatlapsf & dﬁfercmg}mmmnmuonlﬂlm

terial t h f t hat of host t hat t h
e AT TR O YA A
h
Lo 0,20, SRRl 82 ST g iy o'
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mat eri al can be a dopan , an n-type opat or a p-type
dopant. In gerax alke ah}’ldemﬂlsh@éﬂ:man;whﬁlbm same embodiments; theiimerfades between
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mat eri al can e any o e or or- vice ver sultabl e
materi als cahostao Babof therindhdioy.s of PbTeSeSn. G oup III-V materials can
al'so be utilized, g ugrxllar?gparticles 14 are formed of a semiconductor material, herein also
referred to as an inclusion material, that has an electronic band structure that is similar to
20 that of the host material, as discussed in more detail below. In this exemplary
embodiment, the host material comprises germanium or SiGe alloy while the inclusion
k | material is silicon or SiGe alloy. Alternatively, germanium nanoparticles can be
embedded in a silicon host. Both the host material and the inclusion material can be
doped with a dopant, e.g., an n-type dopant or a p-type dopant. In general, the doping
25 concentration can be optimized for different materials combinations. In some
embodiments, the doping concentration can be, for example, about 1 percent. In other
embodiments, the host material can be any of SiGe, PbTe, or BiyTes while the inclusion
material can be any of PbSe, PbSeTe or Sb,Tes, or vice versa. Other suitable materials
can be PbSn, or alloys of PbTeSeSn. Group III-V materials can also be utilized, such as
30 InSb matched to another material or other materials in accordance with the teachings of
the invention to other III-V materials. Other examples include HgCdTe system, Bi and
BiSb system. Those having ordinary skill in the art will appreciate that other host and

inclusion materials can also be employed so long as their electronic and thermal



30 I nSb match?g 3t2% other material or other materials in accordance with
t he teachings }328 I nvention to other I11-V materials. O her exanples

i nclude HgCdTe system Bi and Bi Sb system Those having ordinary skill in
the art will appreciate that other host and inclusion materials can also be
enpl oyed so long as their electronic and t-fermal 101328-206 -9- properties
conformto the teachings of the invention, as described in nore detail

bel ow. I n gepgipaties thigfohR %S thRMteachlifys of HeUfiventionpdseleseiteddn encredesil belosuich
that a band-edge offset between the conduction bands or the val ence bands of

the host material Hnhgeneral, the hpstand shegnclusipn matgrials arg selepted spchcthater bandedgeo

materials is | t han out SKBT,. and refera | e t t T,
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about 0.1 eV. The concept of a band-edge offset between two adj acent
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the changes aggpeirtBeldssthhnlabdie o1t Bynum energy of the conduction band and

t he maxi mrum energy of the val ence band, at interfaces of the host materi al

and the inclusi onThacendept of mband-aslge ofetrbetwdenrtwo aldiasentisemicomileciorinatenals
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at{ interfaces "of the host and inclusion materials. As noted above, in nmany
enbodi ment s, wivee specEmally $heohafges assockrpechwith the mgmumt dnargyaifdbe caidBation

wherein kB is,th tzman constant .and | s,an, ayerage temperature .20 of
the. nanocompo FRCaEEE BRI capiey.ah ot veleicE bt X et SEE hat terid
embodi ment st fig MEANGBAM & af&éigx_ &fvm&aﬁﬁaeeﬁﬁrsgﬂu&%d&s; EpRARMS, or
| ower energy val ence bands, relative fo the host so |ong as energy offsets

remai n Emal |, aecogding v sdmaembodimebtsloBthe iBuarttioansich ab Hhrecabeslg sericbsdicor| ead t o

smal | potential barrie cin el ectrons at intgrfaces of the hpst and the
i ncl usi on nat &PMRPEtion L@riﬁwﬁ Frigybang enereifsars pite B¥ ab amount B yhn e

interfaces. | RQaficshdfRYAE giestd @oﬁé&f&&%%ﬁ!wﬁ%{%%&e%&% o?fthetﬁ}ﬁhand inclusion

nanoconposite conposition Temains cldse to a putative honbgeneous
al | oy materials. As noted above, in many embodiments, the offset 18 or 20, or both, are less

than about 5kgT, wherein kg is the Boltzman constant and T is an average temperature

20 of the nanocomposite composition. It should also be understood that in some
embodiments the nanoparticles can have higher energy conduction bands, or lower

( energy valence bands, relative to the host so long as energy offsets remain small, e.g.

within about 5 kgT. Such small band-edge offsets lead to small potential barriers facing
electrons at interfaces of the host and the inclusion materials, thereby minimizing

25 electron scattering at these interfaces. In this manner, the electrical conductivity of the
nanocomposite composition remains close to that of a putative homogeneous alloy
formed from the host and the inclusion materials. For example, the electrical
conductivity of the nanocomposite can differ, if any, from that of the putative
homogeneous alloy by a factor less than about 4 and in some instances by a factor of 3

30 or 2. While in many embodiments, the electrical conductivity of the nanocomposite

composition is less than that of the putative alloy, in some cases, it can be greater.



formed fromthe host and the inclusion materials. For exanple, the
electrical copfhigtiog ty of the nanoconposite can differ, if any, fromthat
of the putative honbgeneous alloy by a factor |ess than about 4 and in sone
i nstances by a factor of 3 30 or 2. Wiile in many enbodi nents, the

el ectrical conductivity of the nanoconposi ;ﬁ conposition is |less than that
of the putative alloy, in sone cases, it cdh be greater. 101328-206 -10- In
sonme enbodi nents, the host and the inclusion materials are sel ected such

that the energy ekt sanacmbodimentsy thehestand thesinslusionmeaterigls areselsetgd suadrthgfand

or its valenc , r r than.the e ner a
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graph schenat basd, oy betapiretlower th_ﬁxameteh&emﬁszfgﬁi offa doAeshondRTeRand of thedpmed
silicon nanoparticles enbedded in a ﬁr mani um host material can be | ower

than thé condmatsrigh Berrxagpls, §JCURE: H presenins gtaph sehematicpiy depjetingbat the
nanoparticles in,the aboye ther | ect ki ¢_conposi tion .10 .are randond
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according to ﬁfh@érih%a:ﬁbﬁ_)meﬁﬂﬁhtﬁécddﬂ@cﬁd]ﬂ%ﬁ!eﬁ&gz%ﬁ%‘g&ﬁﬁ@iﬁﬁih&sﬂ' ly in
FIGURE 3, the nanoparticles 14 are enbedded in the host matrix 12 in
accordance with a PAdthghgh thetnanepard¢leeinshe abdveghermoelectricreompositionfiBatenent s of
the invention,_ the.nanoparticles 12 are co sed of a core forned aof one
seni conduct or TWPBW gﬁ%&%‘”@ﬁ&ltﬁe howt PEE‘H&NP%QHPH&“%C(?P‘@PS%?O&WQS 1on%§ f or med
of anotfger setawo@aiﬁg% SothateBlbodimedB)%f tHe inGentich, S¥AAREEemAtlcE¥Rn FIGURE 3,
schematically depicts one such nanoparticle 11 having a silicon core 13 and
a ~ger mani um shesianopdticles 1 ¢ areaanbeddyd int the hoss matin 2 freadcordande withamegularoy,
e.Qg. , a sili Cﬂ(}- ger mani U{n}mﬂ | oy, and the shell of a selected sem conductor
material, suc/ESHEPHER RAY™'n ot her enmbodi nents, both the core and shell
are formed of sem gREEHEERbodithedts FIXBe inbetioR X BieRIaRopaP@d1Es I?;ﬁe%@fnﬁo&g%fﬁhel |

|

can be fornmed of SiGe alloy, but with different concentrations of Si
relative to GeoreHbauRFoHoneseminvatiictat mytedelyndtasshall strounsingthe cpre, which is

it iti 17 di t h nbodi h
"vent | Bh t hafomrR abeBR s heRgE satraf Y Of Vg of PEAPIE HGKRE of ¢wo
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to the previous enbodinent, the materials o types o
germanium shell 15. Alternatively, the core can be formed of an alloy, e.g., a silicon-

germanium alloy, and the shell of a selected semiconductor material, such as
germanium. In other embodiments, both the core and shell are formed of semiconductor

20 alloys. For example, both the core and shell can be formed of SiGe alloy, but with
different concentrations of Si relative to Ge.

& FIGURE 5A schematically depicts a thermoelectric nanocomposite composition
17 according to another embodiment of the invention that includes nanoparticles of two
types (e.g., formed of two different semiconductor materials) that are intermixed

25 together. Similar to the previous embodiment, the materials of the two types of
nanoparticles are chosen such that they exhibit substantially similar electron properties.
More particularly, the materials are selected such that a band-edge offset between the
conduction bands or the valence bands of the different particle types at interfaces thereof
is less than about SkgT, or preferably less than about 3 kpT, wherein kg is the Boltzman

30 constant and T is an average temperature of the nanocomposite composition. For
example, a plurality of nanoparticles 19 (depicted with dashed lines) can be formed of Si
while the remaining nanparticles 21 are formed of Ge. In other embodiments the
nanparticles 19 and 21 can be formed of SiGe, PbTe, PbSe, PbSeTe, Bi;Ti; or SbyTe;.



nanoparticles are chosen such that they exhibit substantially simlar

el ectron properit0ild28-206bre particularly, the materials are selected such
that a band-edge offset between the conduction bands or the val ence bands
of the different particle types at interfaces thereof is |ess than about
Sk8T, or preferably less than about 3 kBT, wherein kB is the Boltznman 30
constant and T is an average tenperature of the nanoconposite conposition.

F | e, I ljt f ticl 9 j d wthd [
bon be formed dioFeRimple: dhe HanGo DR YR R be e QL IERSe 3ad i PP e, RS
|n_other enbodiygoiiebrity AAMBARL hAYAR abSheaRtl B AR BRidALIRS: AbiehiCean

PbTe, PbSe, PbSeTe,” Bi 2Ti"3 or Sb2Te3. 1% 328-206 -11- For exanple, one
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Al t hough in FIGQURE 5A, for ~ease ustratio e nanoparticles "of the
two types are sipbhemcahwithiheshanvcomblsie exbibitmg some spiatial gaps inarang @mbodingents of

exhi biting sone, spati al gaps, in, ngan nbodi mnents of . the inyention the
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of nanopddti cl espatdalgapoped with a selected dopant, e.g., an n-type or

p-type dopant. Although the nanoconposit conposition 17 is formed of two
typgs of nanoparti cll8dnany£reh e@mioﬁgﬂﬁt‘we& Q%i"‘%‘lﬂaéhd@farﬁﬁ?@ tWistha t wo

types of nanop I n. gl L g *?ﬁ‘ﬁ 5. materi al
properties of ﬁ%b%gﬁggggt?'g?ggnm@@%tggapétﬁjcﬁ%ﬁg t égﬁ?c%@roé?eces, i f

any, anong t haompekitiohrlGris forined df sivd tiptsiofamnapartiolesiinather bmbsdiments, a mixture
enbodi ments, the nangparticles 19 or 21, or both, can be a core-shell

structure such HdnqrshandigHpss,p mmme%de%w@o besmplayedp A4S notegeabone.ithe | es

19 can bes for [y [ l.e Wth
ref erenc 25 to F%ﬁ%&%o@é fg%sc‘?}ﬁhgﬁ%@ﬁe r c%?r%%#%@%;é, Sﬁ?alg ﬁ%ﬁ@g%@%&’ if aW,
conposi tion 23 ansordgaheéirdleofromic band strheteés areafinpalt i cl es 25 that are

conpact ed toget her, where each, nanoparticle has a heterogeneous structure,
e.g., a core-shel | dPsomesmbogipgntydhe mropartelih 19 ar 21.cokethg can be a core-shell

structure such as that shown in FIGURE 4 above. For example, the particles 19 can be
formed of a silicon core surrounded by a germanium shell. With reference to FIGURE
20 5B, in another embodiment, a nanocomposite composition 23 is formed of a mixture of
nanoparticles 25 that are compacted together, where each nanoparticle has a
( heterogeneous structure, e.g., a core-shell structure such as that shown in FIGURE 3
above. For example, each nanoparticle can have a silicon core and a germanium shell.
Alternatively, each nanoparticle can include a SiGe core surrounded by a Si or Ge shell
25 or SiGe alloy with a different composition.
A nanocomposite thermoelectric material accordingly to the teachings of the
invention, such as the above compositions 10 and 17, advantageously exhibit an

enhanced thermoelectric figure-of-merit (Z) which can be defined as follows:

30 Z =




above. For exanple, each nanoparticle can have a silicon core and a

ger mani um shelip13280er nati vel y, each nanoparticle can include a Si Ge core
surrounded by a Si or Ge shell 25 or SiGe alloy with a different

conposi tion. A nanoconposite thernoelectric material accordingly to the
teachi ngs of the invention, such as the qq?qe conpositions 10 and 17,

advant ageousl y exhi bit an enhanced thernoelectric figure-of-nerit (Z) which

can be defined as follows; Sz a 30 Z k 101328-206 -12- where S is the
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about 4. For exanple, it can 10 exhibit a ZT greater than about 1 at room
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t he enhanced ther ectric rppecties of nanoconposi,t teribal.s _of the
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conduct {yi ty Wahibd £ZNgtbafeR ManlabBLER firvbidep&afurdbottiBEROrt properties.
For exanple, in the thernoel ectric nanoconposite material 10 15 descri bed

abpve, the interfac¥houtbaingdimited toany psitizularty thdony.itbhenhanced thermmpkactric
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el ectron scattering at these interfaces. Evén with a reduction o
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t hat SZa. woul d, be..conparahl e, . or even greater than .that. of a hogogeneou
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el ectron- phonQAn cause an increase in phonon scattering, thereby reducing the thermal conductivity of
the nanocomposite material. However, the small band-edge offset between the host and
the inclusion materials minimizes electron scattering at these interfaces. Even with a

small reduction of electrical conductivity, the Seebeck coefficient can be increased such

20 that S’c would be comparable, or even greater than that of a homogeneous alloy

formed of the host and inclusion materials. Such a combination of electron-phonon
( transport properties can lead to a better thermoelectric figure-of-merit, as can be readily

corroborated by reference to the definition of Z above. Particularly, the interfaces
between the nanoparticles in the above nanocomposite composition 17 can lead to a

25 lowering of thermal conductivity of the composite relative to a putative homogenous
alloy formed of the materials of the two nanoparticle types while small differences
between the electronic band structures of the two materials can substantially preserve
electron transport properties.

In addition, the thermoelectric nanocomposite materials of the invention can

30 exhibit enhanced power factors, which can be defined as follows:

power factor = Sc



transport progsg%%fzggan | ead to a better thernoelectric figure-of-nerit, as
can be readil 3 orated by reference to the definition of Z above.
Particularly, the interfaces between the nanoparticles in the above
nanoconposi te conposition 17 can lead to a 25 | owering of thernal
conductivity of the conposite relative to-d3putative honogenous all oy
formed of the nmaterials of the two nanoparticle types while snal

differences RaNESH thdSedefi Lodtien 8o $4 fhe GledtrRal ndubdvite tH@Eﬁﬁfg(%hé can
substantially preserve electron transport properties. In addition, the
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bei ng |i mt ed sized aompozents efithathetthededtric torepssifianser f act or enhancenment can

be due to quantum size effects exhibit.ed by the nano-.sized conponen of
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t her noel ect r i celmmaticelip dRistrates o theaao¢lectric Aén@ompositangpm msitdnaéaichending to

enbodi nent of the invention that, includes .a plurality of.segnmented nanow res
26 that [thr o c AR BHOOHER GhN N CHIPRGBEONST AR HCeLETEREB AR Sor m o
nanconposi t e MRfkiaAl conl¥dolbd! il PRERNRE deribbPofefiPolloncTBRA §0 Nanowi re
cah include segnent s ornmed of one type of sem conductor material

i nterl eaved winahconsmgite ntaseriap Withnefrafce am BIGIEREt6R) eacf segmentei nancvicd can

material. For .exanple, the 15 segnents 30 can be formed aof silico ile the
segments 32 arBclRgs segtnests 39dpraas efrne typroRfsemigAndbctar WatsHRl integiepye "1%1 he art
wi |l appreciat ] er i ok ToTg: | Qﬁmﬁﬂ@ ed for
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300 rim and npre preferably in . a range Qf about é@mj to about 20 run._Lsn
general, 20 silhopahaving prdenagy gkl g theartwidl appraciate thahpthghisnueduster Bafesials of

the segnments 30, 313 b8 2mployed for forming these segments. In this exemplary embodiment, the
segmented nanowires can have cross-sectional diameters in a range of 1 nm to about
300 nm, and more preferably in a range of about 1 nm to about 20 nm. In general,
20 similar to the previous embodiments, semiconductor materials of the segments 30 and 32
are selected so as to minimize differences between their electronic band structures.

- More specifically, in many embodiments of the invention, a band-edge offset between
the conduction bands or the valence bands of the semiconductor material of the two
segment types, at an interface of the two materials, is less than about SkgT, and

25 preferably less than about 3 kgT, wherein kg is the Boltzman constant and T is an
average temperature of the nanocomposite composition. For example, the band-edge
gap can be less than about 0.1 eV.

Although the segmented nanowires 28 in the above nanocomposite composition
26 are disposed relative to one another in a regular three-dimensional pattern, in another
30 embodiment 34, shown schematically in FIGURE 6C, the nanowires 28 are randomly

located relative to one another.



are selectedwag é@ m nim ze differences between their el ectronic band
structures. éié% qfically, I n many enbodi nents of the invention, a

band- edge offset between the conduction bands or the val ence bands of the
sem conductor nmaterial of the two segnent types, at an interface of the two
materials, is |ess than about 5kBT, and 25 lgreferably | ess than about 3 kBT,
wherein kB is the Boltzman constant and T is an average tenperature of the
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shell 40 formed of a seniconductor naterial that surrounds an inner core

42, which is fdameter Bfin agangernfrabgetnl mm elakausl mhigrass pain a rihge efxboutl nmdaowi r e
38 can ve a ¢ross—sectional_ di er Din an of, apouyt nmto about
L erofd o iR R B sty s g sbiEns APH gl bt <

pr ef er ably in a r anpie &ﬁai@ﬁﬂ%tog’lm@f&ifaﬁ fap%irﬂg(lﬁe AafowWiREstRR fireOT8IAE kélbcted
maferials for form ng the nanowire structures 38 are selected such that an

interface of tsueh that an ing¢réice ofithe auter shelhand the ienersotedvald exhibit a bandredgsdge
of fset between g£onducti on hands or .t he.val ence bands of the tery shell and
cor r espondi ng WERRSTFT frrdBRh Blogh o e STt oL et et n ke | <
the Boltzman Inesisndaiybaddsloflthe Snried cAré 863 I9ant HFRESIATY veRlin kB the Boltzman

nanoconposi te conposition. For exanple, the band-edge gap can be |ess than
about 013 eV. cPhstahtandrbgemeaiverage fempeeaturgd tomanet erapestegomippsition.3bor e. g.

e nter aces RelvRa LI BT SIS LS ARgg pReT cores of (he nanon o
) g, thereby
reducing the conpostHd K¥ferdgeneity of the nanocomposite composition 36, e.g., the interfaces
between the outer shells and the inner cores of the nanowire structures forming the
composition, can increase phonon scattering, thereby reducing the composition’s
20 thermal conductivity. The electrical conductivity is, however, less affected because the
semiconductor materials of the outer shells and the inner cores are chosen so as to
minimize differences between their electronic band structures. In other words, the
heterogeneity of the composition can affect phonon scattering without substantially
altering electron transport properties, thereby resulting in enhanced thermoelectric
25 properties of the composition.
Although in the above thermoelectric composition the nanowire structures
include two layers — an inner core surrounded by an outer shell — in other embodiments,
more than two layers, e.g., two coaxially disposed shells surrounding an inner core, can
be employed. Further, although the coaxial nanowires 38 in the above composition 36
30 are disposed randomly relative to one another, in another embodiment 44, shown
schematically in FIGURE 8, the coaxial nanowires are arrange relative to one another

according to a three-dimensional pattern.



20 thermal conductivity. The electrical conductivity is, however, |ess
affected becaq§§3%ﬁﬂuiseniconductor materials of the outer shells and the

i nner cores are chosen so as to mnmnimze differences between their

el ectronic band structures. In other words, the heterogeneity of the
conposition can affect phonon scattering mﬁ%hout substantially altering

el ectron transport properties, thereby resd ting in enhanced thernoel ectric
25 properties of the conposition. Al though in the above thernoelectric
conposi tion the nadowriay of tedmiguassan be emptiyed tfabrigate thermaglettiner core

surrounded by an outer. shell -.in other odinents, ,.nore t.han t ayers,
o o conPRRPRRAFISSfouep Liner pEcceting SUMG g ibes P REIespigh ui s B
enpl oyed. Fur taghibe@ hbSRUAN gbAGal RAWRlecRARRNY 6RH a38wétitheRSstAeMfiques and
conposition 36 30 are di sposed randomy relative to one another, in another

embodi ment 44 vapéreliquid-selibeandensakiby, dan beuGlireE 18 gen¢retedheningstmetiesia-®s ar e
arrange rel ative to.qne anot her ccording to a threge-dinensional tern
101328 206 - 15AnR AR Ag e e BB S ARGy PepHp e pahin

ther moel ectri gosANLEATBORIdRiXeAWAASod ﬁ@&aﬁ%ﬁr&mﬁ?b&mﬁox{sq&miags of the

invention, such as those described above. I'n genera known t echni ques,
such as, wet eseraticn ¢f intecfané spates, esgdinkerfaap oxides, that dowldicoutributedegieatromn, can

be utilized to generate,.the nanostryctures ., anoparticl es .ar

nanowi r es.  TheSBIaRoR R d8 iy defnl belplyn oY Fkampls o Boen PP Hescanhss
materialg or 't&%ﬁamﬁfi{momiomsré}ﬂme%ﬁ,Si béa‘%in%%ﬂn‘i&i HRERBARUL I ons to avoid
generation of Interface states, e.g., Interface oxides, that could

cog-t ri bute to el ectlnone metatd; e hdstonatersal ik isquegmtbdi witlarepdeicksbyldakiogy. For
ex

npl e, silicqgn nanopari.icles can be 10 treated in an_.HF _solution to renove
2y S Op coat (AERAEALE e aEH bNReIoE TR TIPSToRE Of Hiediort 4nd that of e

| mpregnat ed W, B, 004 Pérlﬁc%x%kﬁlﬁpﬁ}’n&ﬁghxgﬁleﬁ@Q{Y@@Elﬁﬁ@dd&ﬁ vaudh b hesieRagidret ween
the nelting tenperature of the host and that of the nanoparticles. For
exanpl e, nanopavinga lewecmnlting peirh¢hinhatatwif e manapdrtiskes.nfome ilhistraties/éxampies

e OB "3 R et B BRSPS
nanoparticl es %@Pgﬁgﬂadoﬁiaﬁiclﬁg in é@esBﬁI Btii;égﬁf‘sﬁ%ﬂ%g)é in%@ﬁgﬂi&éé ﬂﬁid@ggﬁ?ﬁ% host,

and Sb2Te3 nanoparticles’ins ost. ant an al'so

i ncor por at ed ihok Ddpantsaah akodetirperarg aitt itled lest ardithe aamoparticles. In some
embodiments, dopants can be directly added to the host. More preferably, dopants can
be added to the nanoparticles in addition to the host.

20 In many fabrication techniques, nanoparticles and nanowires are utilized as
building blocks for generating nanocomposite materials according to the teachings of the
( invention. Hence, exemplary methods for generating some exemplary nanoparticles as
well as nanowires are described below. Those having ordinary skill in the art will
appreciate that similar techniques can be utilized for forming nanoparticles and
25 nanowires of other materials.

In many embodiments of the invention, nanoparticles, such as Si or Ge
nanoparticles, are synthesized by employing wet chemistry or vapor deposition
techniques. Both water-based and non-water-based wet chemistry techniques can be
employed. By way of example, Ge nanocrystals can be synthesized by utilizing a low

30 temperature inverse micelle solvothermal method — a non-water-based technique — that
is capable of yielding gram quantity of Ge nanocrystals. The preparation of Ge
nanoparticles can be performed, for example, in a Parr reactor (e.g., model 4750, Parr

Company, Moline, IL, USA). A typical exemplary procedure for preparing Ge



enbodi nents, dopants can be directly added to the host. Mre preferably,
dopants can kg fedas to the nanoparticles in addition to the host. 20 In
many fabrication techni ques, nanoparticles and nanowires are utilized as
bui | di ng bl ocks for generating nanoconposite materials according to the
teachings of the invention. Hence, exenpl ary met hods for generating sone
exenpl ary nanoparticles as well as nanow 85 are described bel ow. Those

having ordinary skill in the art will appreciate that simlar techniques
can be util i zeandsphertpean becasrfablowsi80iml of henade. 256 minolifeCld, 0.6 mt pEphenyl-

materials. In e digrents,.of the invention, ,nano LGl es, - sugh Si
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deposi tion teEhabadiesersiBRINtoNRNE) cAhaRaddadth NP0U WAL fBisk D ThRGn WRire 641EHE StTY
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Coant ity of "olandhgtd B Bty Hhepar 1o i bERER AL fr Blevdtr Kleipetiatene
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Moline, 1L, USA). A typical exenplary procedure for preparing Ge 101328-206
- 16- nanosphetemouateniperatgref ol | ows: 80 nL of hexane, 0.6 nL of GeCl4, 0.6 ni

and 5.6/t of Na' OSSR BB S iR ke OB MRt SOISOBOR.
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a magnetic stirrer, and subSequent transferred to a Parr reactor. The
Papr reactor ablohbleahddistibed wateeinerderad rereoneeanytNa(@, bypendycts aat hpd@cazhor or

about 72 hours i.p a. furnace w.tho stirring or .shaking and then cgoled to

oom t ermpor at BFUAUCGHRAR HURVEE R 45105 % REOBEob arhBUOYROM A & Rk

powder col | ect,ggyab ho%Psht eﬁﬂfénﬁ} cﬂaﬁ%t&%ﬁ@n%i?ﬁ%&gﬁb@%b%cfe@e powder
f hexane al coho till

Wi th excess anpbunts o , o) , and di water in order to
remove any NaGynthggizedchycthe abowt prychdarcainbioate thess ipdrieles Haves crystalline sfro¢tivevand by

a drying step perforned, e.g.,..in an oyen, at 6Q C for about 12 hours.
Exper i nbht al | CRAPREIPERFSaE Bo A LIBRCHRIABPYRD R Har anpEpas cgglﬁe e for by

the above proGeAMEs,ihpdiieah RaldpaRRIRAT bRkgRdAMRARhYRL aht kB Sy AMESUEEpand

are preferably performed under an inert atmosphere, e.g., an atmosphere of argon, so as

to inhibit formation of surface oxide layers that can degrade thermoelectric properties of
nanocomposite materials generated by employing the nanoparticles, as discussed in

20 more detail below.

The above wet chemistry approach can also be utilized to form nanoparticle
( having a core portion surrounded by a shell, such as the above nanoparticle 11 shown

schematically in FIGURE 4, For example, a nanoparticle having a germanium core and
silicon shell can be synthesized by forming Ge core first, and subsequently the Si shell

25 in Ge- and Si- containing solution respectively.

As another example, PbSe nanoparticles can be synthesized by utilizing a water-
based wet chemistry protocol described briefly below. For example, in one
embodiment, 50 milliliter of water can be mixed with 50 mg of a surfactant, e.g., PEG,
and 1.3 grams of sodium hydroxide (NaOH). To this mixture, 78 mg of Se and 378 mg

30 of lead acetate, i.e., Pb(CH,COOH);.3H;O, can be added. This is followed by adding a
reducing agent (e.g., N2H4.HyO) to the mixture while stirring it. The mixture can then
be held in a pressure vessel at a temperature of about 100 C for about 18 hours, and the

resultant material can be washed with water/ethanol to obtain PbSe nanoparticles having



15 nanoneter sizes, e.g., a dianeter of about 20 nm A simlar approach can
be utilized fef1328Wghesi zing silicon nanoparticles. In preferred

enbodi ments, the above synthesis steps are preferably perfornmed under an

i nert atnosphere, e.g., an atnosphere of argon, so as to inhibit formation
of surface oxide |layers that can degrade t?frnnelectric properties of
nanoconposite materials generated by enpl oyi hg the nanoparticles, as

di scussed in 20 nore detail_ below. The above wet chenistry %p,roach can al so
be utilized taveragedipgmeispaitabent28 nm.y iThe abovesobumgsand smassesq: dﬂﬁ%réer TB3geRLs
shel |, such ag_t : | ' Ly, GURE 4.
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in Ge- and Si- containing solution respectively. As another exanple, PbSe

nanopar i cl es can beanpfhariexampledPble panopagicles can alse by symbesizedupe semlai st ry

prot ocol described Lefly bel ow. FE Q- ] : :
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101328-206 -17- average dianeters of about nm The above vol unes and
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can be washedmaterfalsacicording focthoteahchings of the invention. For example, in one approach,
vapor phase deposition can be utilized for synthesizing Si nanowires and nanoparticles.
For example, FIGURE 9 schematically illustrates a system 46 for synthesizing Si
20 nanowires and nanoparticles via vapor phase deposition, which includes a graphite boat
48 with one small opening at each end thereof that is placed in a furnace 50. A source
material, e.g., silicon monoxide or silane gas (SiHa) (e.g., 99.5%), is disposed at a higher
temperature end of the boat. The system can then be evacuated to a low pressure, e.g.,
0.01 Torr, by a pump, €.g., a rotary pump, and a flowing carrier gas (e.g., argon with
25 high purity mixed with 50% hydrogen) can be introduced into the boat from one end. In
this exemplary embodiment, the gas flow rate is selected to about 100 sccm and the
pressure is kept at about 100 Torr. Those having ordinary skill in the art will appreciate
that other gas flow rates can also be employed. The system can be heated to about 1350
C at the source position and held at this temperature for about one hour. The gas flow
30 carries vapor from the source downstream portion of the tube to be deposited on a

substrate, e.g., a silicon substrate, held at a lower temperature than that of the source

(e.g., at 1100 C), to initiate the growth of silicon nanowires and nanoparticles.



obtain PbTe nanoparticles having average dianeters of about 10 nm The above
vol umes and nmd8¥x8-206 di f ferent reagents are given for illustrative

pur poses, and those having ordinary skill in the art will appreciate that
ot her values can al so be enployed. 15 In sone cases, vapor phase deposition
techni ques can be enployed for synthesizigg_nanoparticles and nanow res
needed for fabricating nanoconposite materials according to the teahchings

of the invention. F exanpl.e. .0 _one roac Mapo e 0SL4.i can
be utilized for syﬁqf?égPTgﬁegogiO%ﬂ?r%Ww&p °‘é°ﬁﬁq%%ﬁ)é§‘g9 {W@P@% °“g‘§’%r5§’é‘§<ééiﬂr§|ae,
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nanow res and nanoparticles via vapor phase deposition, which includes a
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ordinary skil lpd ME%@&& il ddmPREd 64 @Y &tallinBAbre@indah adR¥pHdue Wutedla5er, can

al so be enpl oyed. The jtystem can be heatfed to about 1350 C at the source
|

posi ti ol and Hgiplication ¢fi asHF eolutiomhaving & selectbdcancentzationue.g., Theutdase, to tase30
carries vapor fromthg ource downstr amtgortic%n of the tube to be .dle osited
on¢a subst r attH1c0R-kyotted nanoires gan fasulf mqttaining, frpezyanding Siigon nanORITUEIEs- o+ han

that of the soUigmativeR;, the silfdonbhROwirds cah®eivfilizéat € the growth of silicon
nanow res and nanoparticles. 101328-206 -18- After conpletion of the growth

process, the silicdegrieniedtand esaxialmahewesdonstitute etherdwiildingdoaks nkgdeddért uori ¢
acid (HF) having.,a.concentration of abﬁut 10%4.0 renove og(iﬁﬁe Il%;étﬁ_lr s, If
there are suciREGHALE napRFORROSHs CumpqpHipgs ascoiging I sqmeembadimgus StHeand 5
nanopar {4 cl es.inwnaBRI ieh 8¢ BfeicoRPoTLBALEE M3 d REMibddHREeS VhriMsAEHNYRRs are
silicon structures forned according to the above procedure show a plurality

of subst ant i alknpwnumitemrnfod generatingsiuch oamowitaso Par examples, inodlea tpsymthesizey of
nanow res forned betyween .adjacent na&&gart i cles. And sel gct ed. ar eg el ecér on

diffraction (SPEERFIIEHBRIPUTSHBYINEIRAAN DR SRTaFIH ArEPel RIESe AePostioR Y emotue
crystal line cogeneAbdva By iR 4B A a @ 5&ircd B Ge source can be employed. The sources

can be activated in an alternating fashion to deposit segmented nanowires on a substrate
20 placed downstream of the sources. In another example, PbSe/PbTe segmented
nanowires can be fabricated via electrodeposition onto an alumina (Al;03) template.

( Aqueous deposition baths having lead acetate as a source for lead, and SeO, and TeO, as
sources of selenium and tellurium, respectively, can be employed. The alumina template
can be transferred back and forth between the two corresponding deposition baths, and

25 the deposition potentials can be cycled accordingly. For generating coaxial wires, once
nanowires of one type, e.g., silicon, are formed on the substrate in a manner described
above, the other source, e.g., a Ge source, can be activated to coat the first wires with a
shell, e.g., a shell of Ge.

In one exemplary method according to the teachings of the invention, the

30 nanoparticles and the nanowires are compacted at an elevated temperature and under
compressive pressure to synthesize a nancomposite composition, such as those described
above. By way of example, a plasma pressure compaction apparatus 52, schematically

depicted in FIGURE 10, can be employed for this purpose. Two graphite pistons 54 and



10 Applicatiorllog{8 F sol ution having a sel ected concentration, e.g., about
10% to these % i€Oon-knotted nanowires can result in obtaining
free-standing silicon nanoparticles. Alternatively, the silicon nanow res
can be utilized. Segnented and coaxi al nanow res constitute other building
bl ocks needed for synthesizing nanoconposil?e conpositions according to sone
enbodi nents of the 15 invention, such as the conpositions 26 and 36

descri bed aboge appligrailiglscdresessiviisgssares e.gk AQMEsie ih Aeawget offabbutglenenbbutng
such nanowi res. For exa in order to, synthesize segnmented nanow res

le, . . ! .
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exanpl e, PbSe/ PbTe segnmented nanowires can be fabricated via
el ect r odeposi Vem~ Orabeua008| Afsinna Thaterarsyature b the mixturageran estimatsgbereelp pan

bat hs havi ng t . u ory | .

sour ces of ecPeuy el Feffify It S Boltie 6Py RREa e eefiits ol an
al um na t enpl apgcal pponteteri(hatithbohy 66a Befiodnglclahitrdns iveRmpldsurfa6e. The
correspondi ng deposition baths, and 25 the deposition potentials can be

cycl ed accor ditengpoyal dugmticgenfdheannligd pressuraps well es thedpmperaian ofube seixipre whide

type, e.9., silicon, are forned, on the substrate i.n_a nner. descri hed
above, e or Hape Bty i g 0TRE k') B R0l ok & BRI SOt
first wres wigterest wlﬂlkﬁhhibitﬁ]fggt‘omﬁticﬁf@dh&&og@ﬁeou&@ll@ﬁ@oﬁs@i lofihe met hod
actording to the teachings of the invention, the 30 nanoparticles and the

nanow res ar e seitppductat campanems invthe edxtuesiper at ure and under conpressi ve
pressure to synthesize a nancopposite conposition, such as thqse described
Bbove. By vay of ofRREFENPIE 1oF FERie f REHRBPYU AT (OB h SeBions in &
schemati cal | y Gedft sideshel ondibiiAd¥F alfixvera df BEaRBé aa&gﬁaﬁmest, RbswadmRaRe off WO

graphite pistons 54 and 101328-206 -19- 56 apply a high conpressive
pressurld, e. gSjaed e ssmapadtidles canrbeplpsed inddy awompdessive poassure of gt NEGMRascal s

Whi & a cur r oRtiIEdigvete &5l el LR BRFREn: rarereny Bt PG AR SEReor
mxture for 5abeatdvesy titthmBfites nfit ﬁﬁ'ﬁ!m?&j@&lgé HERE fhixtufereatids 8Bout®B0%. Ihhel S
in a range of about 1000 A/cnR to about 2000 A/cnR. The tenperature of the
m xture, or amixgid isshen hehdatabis teraperature under the compressive pressure for about 5
minutes, and subsequently cooled down, e.g., via water cooling of the pistons, over a
20 period of 1 to 2 minutes. Typically, for generating Si/Ge nanocomposites, the
temperature of the mixture under pressure is held below the melting temperature of
( germanium.
By way of example and to illustrate the efficacy of the above methods for
generating thermoelectric nanocomposite materials according to the teachings of the
25 invention, FIGURE 11 presents X-ray diffraction data corresponding to two prototype
nancomposite samples, herein designated as samples A and B, generated by
incorporating nano-sized silicon inclusions in a germanium host matrix in comparison
with similar data for a silicon sample, a germanium sample, and a sample composed of a
powder mixture of silicon and germanium. This exemplary data provides clear evidence
30 of two compositions within the nanocomposite samples.
Thermoelectric nanocomposite materials of the invention can advantageously
find applications in both refrigeration and power generation. For example, they can be

utilized in thermal management of microelectronics and photonic devices. Further, they
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be obtai ned by neasuring, for exanple, the tenperature of the graphite
cylinder via q@13gp§bﬁal pyronmeter (not shown) or a thernocouple attached to
the sanple surface. The tenporal duration of the applied pressure as well
as the tenperature of the m xture while 10 under pressure are selected so as
to cause formati on of a nanoconposite conpggjtion of interest while
inhibiting formati on of a honbgeneous all oy**consi sting of the sem conductor
conponents in the mxture. For exanple, for form ng a nanoconposite materi al
conprising Si canbe gsipkryedian thermazledis powptigengraters i direchepryersionfitharmel of  Si

and Ge nanoparticl a er mxture of . 15 S and nan hel;8s can be
pl aced under §Bgr§$$5§§ﬁgy%e&ysﬂlﬂehl%q e@ﬁgﬂ}fy'1§¥ W&fﬁﬂﬁlem %@1 current
through the pQe@hatichite depitts @RherfiRRlceRid d6lee 80 Eknidd a8 haRSseafbly 800 A every
two mnutes until the tenperature of the m xture reaches about 850 C. The

m xture §s thdhermselectic eléments, shpersmodwesibiand ¢helhesipments areelentidepdlyr e f or

o o g SRR B 8L R B Sl et lenBRRed P,
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bel ow the nelting tenperature of germanium By way of exanple and to
i | lustrate thdegs(forowedyofdppedeangbomposites hbihe inventionje nihedegsrf therdevigsslarect ri ¢
nanoconposite materials according to the teachings,.of e .25 invention,
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i ncorporating nano-sized silicon inclusions in a gernmani umhost matrix in
corgpar i son wiside ofithé¢ tharmokdecirié ovoler toithé other, semgllydowearinge thedemperatisagsione and
a sanple conmposed of a pawder m xture of . silicon and germanium This
exenpl ary dat a?‘%r‘ﬁg‘ifl‘?j’é‘greg‘f"@%ﬁ’eetﬁlamege atihe 8PPASGR S8 nmposi ti ons within the
nanoconposite sanpl &ﬁem&ﬂ\%liﬂ?%ﬁ&%ﬁ {rCFICATIOE 937381 & BEBBlit®lcSoriside T a
i nventi on can advant ageousl’y Ind applications 1n both refrigeration and
pover gener at itbermoetectrindevipleds ltaving retpe laed puypd partons -neornected viavanagement
be onpl byed adTFHRHIRPBBEVE DHOgIOE SHERgH T enarale A EACaL YA SR WP
t her mal ener%;bnq(gls_el ectrical energy at a high efficiency. By way of
exanple, FIGURE 12

Those having ordinary skill in the art will appreciate that various modifications

can be made to the above embodiments without departing from the scope of the

invention.



schematically depicts a thernoelectric cooler 60 forned as an assenbly of 5
t hernoel ectric elenents, such as nodul e3162 and 64. The el enents are

el ectrically connected in series (or a conbination of serial and parall el
connecti ons depending on the needs and power supplies) with current flow ng
al t er nat iWkdty ddmeligh p-type and n-type |legs (formed of doped
nanoconposites of the invention). The |l egs of the devices are connected
through electrically conductive bridges to adjacent |legs in a cascading 10
fashi on. ApM theaddetzotrio harcarupasanientidunducgd colpositiodidoeprisiagises transfer of
heat from one _side cff tpe ther.r[DeIdectri c cooler to the other, thereby

| onering the t*SHBEPATUGIPE S MBE2 ®de while increasing the tenperature at

t he opposed siadfuralftl beanatizedinylusias didtdbiredirtdbinGURERIA &jd eemhaterdal, sbid appl i ed
to one si.de of R t%er el ectric, device .66 having n-type and p-type portions
- connectBHUSARS b¢pe PEmed o eermiandugot BRYSI PYE 4 | dgi ng segnment - to generate
an el ectrical wRlIRGR eI O&Ed basRisebiitQasd Those having ordinary skill in
the art will appreciate that various_nodification can.be nmade to the above
enbodi ment s wi'th5esER thaepdretiondand-cier Pt vop e DA EdEE B RE PG SHSOSRar |
cl ai med ifaterdal ard) thWREINRE] R&Erdl Gt HARNCERRROGE Heo HEBHAOR WLEThal aoRNPGS] ti on,
conpri si ngri ‘a sem conductor host material, and a plurality of nano-sized

i ncl usi orféhegRIkels e Balzman rapiany and T 15i2R 2 %ILg (TRt R Ple10412nocemPRsite| nel usi ons
bei ng forigego@fona semi conductor inclusion material, wherein said host

mat eri al conprises dopants, and wherein the conduction band-edge offset or a
val ence band-edge offset between said host nmaterial and the inclusion
material ap -pp naﬁﬁc%{)@sﬁssmic&nh&t&wcm ElitRleth dnenbB$ SiliheR Rk ebducttR band
wherein kB is the Boltznman constant and T is an average tenperature of said
nanoconpo¥istié incusigp ogietiplonlessthantaa energo monpws iof e senduetondaed efsaidhogt| ai m 1,
wher ei n qﬂatgrﬁ?rgy m ni mum of a conduction band of said inclusion nateri al

is less than an energy m ni mum of the conducti on band of said host

material. 3. The nanoconposite sem conductor of claim 1, wherein an energy
m ni mum of 391 h\éa}lggoggr%p(psﬂg (sjerr%onductor of claim 1, wherein an energy minimum of a valence band of

said inclusion material is less than an energy minimum of the valence band of said host material.

4. The nanocomposite semiconductor of claim 1, wherein an energy minimum of a conduction band
of said host material 1s less than an energy minimum of the conduction band of said inclusion

material.

5. The nanocomposite semiconductor of claim 1, wherein an energy minimum of a valence band of

said host material is less than an energy minimum of the valence band of said inclusion material.

6. The nanocomposite semiconductor of claim 1, wherein said conduction band-edge offset or said

valence band-edge offset lies in a range of about 1 to about 5 kgT.

7. The nanocomposite semiconductor of claim 1, wherein said semiconductor inclusions have

average sizes in a range of about 1 nanometer to about 1 micron.

8. The nanocomposite semiconductor of claim 1, wherein said semiconductor inclusions have

average sizes in a range of about 1 nanometer to about 300 nanometers.

9. The nanocomposite semiconductor composition of claim 1, wherein said semiconductor

inclusions have average sizes in a range of about 2 nanometers to about 100 nanometers.



said inclusion material is | ess than an energy m ni mum of the val ence band
of said host material. 4. The nanoconpog2te sem conductor of claiml,
wherein an energy m ni mum of a conduction band of said host nmaterial is

| ess than an energy m ni num of the conduction band of said inclusion

mat eri al . H)Tﬁhemnanmﬁmm®@3hmemmembﬁﬂMdumvmmemEMdhahmmﬁmmmhmﬂaﬁmmamwenergy
m ni mum of a val ence |s | ess than an energy

M ni num c?f’erfiﬁem\?%ﬂneaﬁ&%getﬂ’gﬁ@ub% n?‘&fnagfsi%ﬁt&]f aPraIPet fal . 6. The nanoconposite

sem conductor of claim1, wherein said conductlon band- edge of fset or said

val ence ba dge offset lies in a n of about. 1 to about 5 .kBT. 7. The
nanocompoet b ATE diosiRTats PP kIR, Ror Bt sty S B heli B Fomrse

i ncl usi onfandpameles.aver age sizes in a range of about 1 nanoneter to about 1

m cron. 8. The nanoconposite sem conductor of claim1, wherein said

sem conductor inclusions have average sizes in a range of about 1 nanoneter

to about 309 manmse@r? ite 2micbRuchR BPAHIPQ ShErRinSEidIsENIBCHANE D inClfiMBSbhprad Of
claim1l1, wherein said sem conductor inclusions have average sizes in a
range of ™BYYH®S2 nanoneters to about 100 nanoneters. 22 10. The
nanoconposi te sem conductor of claim11, wherein said sem conductor

i ncl usi ons have average sizes in a range of about 2 nanoneters to about 50
nanomet er s 13- ifhe naeeorpRosiiccHpeA of %‘algblrnwgﬁfﬁ@dé‘fié‘?n%?mﬁqsﬁf pAmEcondpriQr &bt d

senlcondqg&g&mwaﬂgﬁgﬁg%y%ﬁggﬁgﬁﬁﬁgwrg@g@part|cles 12. The nanoconposite
sem conductor of claim 1, wherein said sem conductor inclusions conprise

nanowi res. 13. The nanoconposite material of claiml, wherein said

nanocomposig e ﬁﬂo@&@%&ﬁé Qi X BRI bPcifim 1t3h%ﬁé¥9ﬁ 558 Hﬂo@orﬁﬁo@% g DHial Bibits a( ZT)
greater than 1. e nanoconposite sem conductor of claim 13, wherein

sai d nandb@mpdsqtrtneﬁm@rmqlt (ZRhn drange ef abeidrigdhouestric figure of nerit (ZT)
in a range of about 1 to about 4. 15. The nanoconposite sem conductor of

claim1l1, wherein said host naterial conprises gernmanium and said inclusion
mat eri al cofipihe sewcgmpdsitosemicbBductdnof ¢laimo eiprewi skid heg mataia bksotposes gtrmehiainm 1,

wherein Sndgmggéﬁmg?%%%nafﬂ&&mgsm1m% silicon and said inclusion materia
conpri ses germani um anoconposite sem conductor of claim1, wherein

said inclusion material conprises an all oy.
16. The nanocomposite semiconductor of claim 1, wherein said host material comprises silicon and

said inclusion material comprises germanium.

17. The nanocomposite semiconductor of ¢claim 1, wherein said inclusion material comprises an

alloy.

18. The nanocomposite semiconductor of claim 1, wherein said host material comprises silicon and

said inclusion material comprises a SiGe alloy.

19. The nanocomposite semiconductor of claim 1, wherein said nanocomposite composition

exhibits a thermal conductivity in a range of about 0.1 to about 5 W/mK.

20. The nanocomposite semiconductor of claim 1, wherein said nanocomposite composition

exhibits a thermal conductivity in a range of about 0.1 to about 1.5 W/mK.

21. The nanocomposite semiconductor of claim 1, wherein said nanocomposite semiconductor
exhibits a reduction in thermal conductivity relative to a homogeneous alloy formed of said host

material and said inclusion material by a factor in a range of about 2 to about 10.



| S. The nanoconposite sem conductor of claim1l, wherein said host materi al
conprises silicon and said inclusion nmatgrial conprises a SiCGe alloy. 19.
The nanoconposite sem conductor of claim 1, wherein said nanoconposite
conposition exhibits a thermal conductivity in a range of about 0.1 to
about 5 WnK. 20. The nanoconposite sem conductor of claim1l1, wherein said
nanocomnposi oMo r e of
about 0.1 t%faT%oH%)nO? @! nisge(ﬁgfé)dc%% Oﬁdalgel g'% erﬂ%% gﬂgﬁeoﬁlx}ﬂ{’)%(}é Q%%OSI%PIQCI aim 1,
wher ei n sw&bmmmnﬁo@rtr&rs@mo&@bmmml@r W/ tobubtus 160184 ¥mKAn i n t her mal
conductivity relative to a honogeneous alloy fornmed of said host nmaterial
and said inclusion material by a factor in a range of about 2 to about 10.
23 22. The2hdheamwpesposiee seidoadrc of daimol, whbrainrmid corvdneuiceﬂbanebedgd offset or said

nanoconposi 03 iti xhi bi t actor in e of about 2x

10r 4 WnKZVB'[e Ce}SgEF etfg“ﬁ tWﬁ&?togo‘\}\eﬁ@ WA tBWﬁ%%tPrte "sem conduct or of
claim1l, V\/nerel n sai d conductl on band-edge offset or said val ence band- edge
of fset is I an about 0.1eV at sai.d gverage tenper tur é] The

t her noel ect EFﬁE’&“P‘é"Cg‘é‘PﬁSHBFﬁTH&‘t Pt SRPBRTHONG © Bllmg eﬁ‘f“ls"“d\mer ein

said nan%ﬁéﬂ@ﬁ@bm c&RpRADH bARitsetrRbd&cnd ﬁ@%mﬁgwnca fanglsfabadt 1rgr it
(ZT) in a range of about | to about 4 at an average tenperature

cor r espondiPAy 433t BEFEE EMPERALAEesPEBlingiRgothiSFREEIECt ri ¢ nanoconposite
sem conductor conposition of claim1, wherein said host rrat erial conprises

a SiCGe all oié and said inclusion material conprises Si. 26. A thernoelectric
nanoconposi £& e tieamringticornesempeite sanypenducsensemaesiipn of glawe hivderrauegiddiosthost
material, 1a@cc91l1ﬂr'{s§s|é§1¢e Qlﬁoy%ﬁ@m&ln%ﬁgmﬁ HﬁﬂeHé'cQﬁﬁns‘ib giributed randonly

W thin sai d ost material, said 1nclusions being forned of a seniconductor

inclusion material, wherein the conduction band-edge offset or a val ence

band- edge o I ggg.- on material at
an i nterfacféIS ‘fﬁleﬁﬁ%wg éﬁ’erléﬁgﬁése B&[C't(ﬁg% a gﬁg?%gk@@i hl%7\/r1ere| n kB is the
Bol t zman constaarﬂemqudlmtorhgstmmteawleardge tenperature of said nanoconposite

CorrpO.Si t I on, ana?plur\’\@% ?Dﬁ%’lo S{Z (lilnC]%lgl I?S sgn’t;ute%r}an% r#pWﬂlth'l Qa(f(i HOS r%nterqﬂ%t ?rdl al

conpri ses dopan eroer r'i ¢ hanoco sent condt
conposi t i anclafions beihgrfo2Ged wﬂaesemtcnnchmtoemellugyn matenialjum of a conductl on band of
sai d inclusion ter

n ener I ni,mym the con uctl on
band of sa o noSErshPEpridieoind B0 oAt FOCTRbe B TR Fsri B £
sem conduahfiériat amyabsintlugon Shtetd] at 41 iR6rfacald the itwio Mmbte@4169 1934 than about SkgT, wherein
kg is the Boltzman constant and T is an average temperature of said nanocomposite composition, and

wherein at least a portion of said inclusion material comprises dopants.

27. The thermoelectric nanocomposite semiconductor composition of claim 26, wherein an energy
minimum of a conduction band of said inclusion material is less than an energy minimum of the

conduction band of said host material.

28. The thermoelectric nanocomposite semiconductor composition of claim 26, wherein an energy
minimum of a valence band of said inclusion material is less than an energy minimum of the valence

band of said host material.

29. The thermoelectric nanocomposite semiconductor composition of claim 26, wherein an energy
minimum of a conduction band of said host material is less than an energy minimum of the

conduction band of said inclusion material.



m ni rum of a val ence band of said inclusion material is |ess than an energy
m ni num of the val ence band of said hodt material. 29. The thernoel ectric
nanoconposi te sem conduct or conposition of claim 26, wherein an energy

m ni num of f go duct | on. band of said_hoat mat eri al i? lﬁ;f tgan,an ener gy

m ni mum of 3¢ H&¢ tEERAgIsETic SRNAGARRPSHE SSTUS VTR ICOREPISHIORRE HpimdS, Whareingp encfgye

t her noel egihinugn dTARARACIHAGA bBsaRISIEGRAGICT Riss GENROSELgy @ini@funCdfahe0ahce Bah®r €1 N
an energy .m ni num of a val ence band of said host naterial is |less than an
ener gy msHARFYFoR Maeydll ence band of said inclusion material. 31. The

t her noel ectri c nanoconposite sem conductor conposition of claim26, wherein
said conduction band-edge offset or said val ence band-edge offset lies in a
range of abbdte thempelegipignampepiprosite seicondyctqramprseioa of flpg ﬁ%wa%rswﬁgi te

sem conduygh@fctiGORR@sddeioPRetQf safd PlldRcLBand RS §HsBt 1R&1nth 85 of MBI E Idboit 3 ¥ST ons
have average sizes in a range of about 1 nhanoneter to about 1 mcron. 33.
The t hernoel ectric nanoconposite sem conduct or conposition of claim 26,

wher ei n sahgl 1S HRELRMUE hOfochRBIsHS LISl YS cg%éﬁésﬁﬁﬁi of H%l%?Zd, Qhérefmdmge of

about 1 nanoneter to about 300 nanoneters. 34. The thernoelectric
nanoconpasinicendictel woltslorsthave wvorgpositasitonrange wlabounl 2eometes taejbautslahigron.

sem conduct or inclusions have average sizes in a range of about 2 nanoneters
to about 100 nanoneters. 35. The thernoel ectric nanoconposite sem conduct or
conposi t i oA3.dhe teemarie2Bic nakep\pOFits sandcondentorcomplestionrof tlaigi s whersinksaide aver age
Slzes 1n g {C%Q&Qtop Inclﬁg(o)lysthage A’]v%r% errselyzees fPa tag eao%%ut ?91 no%?e??'oegblglrlts_?OOBG The .

t her moel €6EITC nanoCcomnposi t e ser con uetor conposition of cl'ai'm 26, wherein
said semaaamkrst or i ncl usions conprise nanoparticles. 37. The

t her noel ectri ¢ nanoconposite sem conductor conposition of claim26, wherein
said sem conductor inclusions conprise nanowires. 38. The thernoel ectric
Nanoconpos B4.6hs eHFimhaitd e tn@ioc6NPRNS bdmiuhd AftorCbMpdkitdh,of Bt Bd, Whera@indaid

nanoconposi t e conposj tion exhibits a.thernoel ectric figure of it (ZT) in
e ager SRl TESioRTsts b 57 b T b0l e RO ¢ o

sem condu@h@het&®nposi tion of claim 26, wherein said nanoconposite
conposition exhibits a thernoelectric figure of nerit (ZT) in a range of
about | to

35. The thermoelectric nanocomposite semiconductor composition of claim 26, wherein said
semiconductor inclusions have average sizes in a range of about 2 nanometers to about 50

nanometers.

36. The thermoelectric nanocomposite semiconductor composition of claim 26, wherein said

semiconductor inclusions comprise nanoparticles.

37. The thermoelectric nanocomposite semiconductor composition of claim 26, wherein said

semiconductor inclusions comprise nanowires.

38. The thermoelectric nanocomposite semiconductor composition of claim 26, wherein said
nanocomposite composition exhibits a thermoelectric figure of merit (ZT) in a range of about | to

about 4.

39. The thermoelectric nanocomposite semiconductor composition of claim 26, wherein said
nanocomposite composition exhibits a thermoelectric figure of merit (ZT) in a range of about 1 to

about 4 at an temperature (T) corresponding to room temperature.



about 4 at an tenperature (T) corresponding to roomtenperature. 25 40. The
t her noel ectri c nanoconposite sem conducter conposition of claim26, wherein
said host material conprises germanium and said inclusion naterial conprises
silicon. 41. The thernoel ectric nanoconposite sem conductor conposition of
claim 26, whdhethernsiedirhastocompdsee seadicondmporicsmpgositiohiof dainalty whered seiddbaisi on
mat eri al chBfises. er mani um 4ZH.E§%.thernnflectriclnanoconposite

sem cond RGP CERHSSiBFTET Y 29 S ppelsion faterah @MRLPeS SR | usi on nat eri al
conprises an alloy. 43. The thernoel ectric nanoconposite sem conductor
conposition | ai m 26, wherein.said hqst material .conprises sili,con and
sl 8 s nel uat e FrafusPleEiie spgpRBis FripagocneBPPoopen of M 4 PgER St PR
nanoconpafdtérial Sexprie@ndised aid saidmmdssioni ntteraf coblpaikdhgefnanitlaer €i n sai d host

material conprises an alloy and said inclusion material conprise Si. 45. The
t her noel ectri c nanoconposite sem conductor conposition of claim26, wherein

sai d host 47Ethe tHeAhoekRFR mbAREmBEYite bdnfon@iioreBinfosititalo sladmaTRherkindhigconpr i ses
anot her alloy. 46. A thernoel ectric nanoconposite sem conductor comnposition,

conpri si rBclusion masrat eaveiisessw aHest material, and a plurality of nano-sized
inclusions distributed randomy within said host material, said inclusions
being fornmed of a sem conductor inclusion material, wherein the conduction
band- edge 63 flhethegpocleciyignarnsempesiel s gpadestqr Sampesitofos plaihit Whersin saiffhewr i al

and the irﬂ:ﬁérﬁﬂ:&ﬁbr_ tsﬂfcl)f?*!lndastdid%l.smn%aft&ﬁ?cog{prig&ed §i@9alf@t erials is less than
about 5k3T, wherein kB i1s the Boltzman constant and T I's an aver age

tenperature of said nanoconposite conposition, and wherein said host

mat eri al CQWhla ﬁ'{%ﬁn&ﬂ:c@icln91¥ocoéﬁosjtzgﬁgé&aﬁm%bﬁ%sﬁtio% of @lgl%;mgeﬂu%aid ]host
f clalm46, a

sem conduct or conposition o erern an energy mninmmo

conduct i onetéréshebrayfrisesain@llpnaridissid areluswn enateals! dogiphiessyy. t han an ener gy mi ni num of
the conduction band of said host material. 48. The thernoelectric
nanoconposi te sem conduct or conposition of claim46, wherein an energy

m ni num of 4& Thatternoeldoaiechandfcomposite samtEangiader compasitioalof tigint 2 svhetamrsaidhogner gy
m ni mum of th? ence bang of sa 49. The

val f .sai d ho t.pateria!. 6 _ _
t her moel 81 F 1% WA é’ﬁ%%soaﬁﬁgg # S%‘éi M ¢org leCa?e&a e 811?‘5%%? |a??t§eﬁ ag?y. claim46, wherein
an energy
46. A thermoelectric nanocomposite semiconductor composition, comprising:
a semiconductor host material, and
a plurality of nano-sized inclusions distributed randomly within said host material, said
inclusions being formed of a semiconductor inclusion material,
wherein the conduction band-edge offset or a valence band-edge offset between said host
material and the inclusion material at an interface of the two materials is less than about SkgT,
wherein kg is the Boltzman constant and T is an average temperature of said nanocomposite
composition, and

wherein said host material comprises an alloy.

47. The thermoelectric nanocomposite semiconductor composition of claim 46, wherein an energy
minimum of a conduction band of said inclusion material is less than an energy minimum of the

conduction band of said host material.

48. The thermoelectric nanocomposite semiconductor composition of claim 46, wherein an energy
mimimum of a valence band of said inclusion material is less than an energy minimum of the valence

band of said host material,



m ni rum of a conduction band of said host material is |ess than an energy

m ni mum of the conduction band of sai d2¢ nclusion material. 50. The

t her noel ectri ¢ nanoconposite sem conductor conposition of clain146, wherein
an energy ﬂhﬂ?nun1o a val ence band of ;said host. materia | ess than an

energy m nf Bermogisetps PaosmpRsitseMitondusiq) cPRRISITOR Sheliat i” frem gy enefgye

t her noel eghikdug JTAREGERERNHah® o S810 HoQHEHEEDE | LOMROS dnkeRR nﬁﬁmﬁhﬁdf@he‘m wherei n
said conduction band-edge of fset or said val ence band-edge offset lies in a
range of CQ’H@ﬁtfonlbaf‘%OféB’Sd‘EC ssiquEateriab5y  The t her noel ectri c nanoconposite

sem conductor conposition of claim46, wherein said sem conductor inclusions
have average sizes in a range of about 1 nanoneter to about 1 mcron. 53.
The t her m)gq dbe PO lERHE BIEATRBIS ERTIBIKE COPPLEIRp 65T IRiMytP. Bhereinan preag,

wher ein %ﬁhl%ummem%@sf shid Gt $HaRRA] 0 YA 0%y iR of 0 VaRAGSa R

about 1 nanoneter to about 300 nanoneters. he” t her noel ectric
nanoconp®$paidinglasipemaieiadt or conposition of cIa|n146, wherein said

sem conductor inclusions have average sizes in a range of about 2 nanoneters
to about 100 nanoneters. 55. The thernoel ectric nanoconposite sem conductor
conposi t i ohl.dhe themaslediBic neiveorepasits sentcondustrir comphsition of ¢laiol 46s ivbersinlsade aver age
sizes in 0 0 er.s t;. n

thor moel &gt Ebafl sB e b MR CRa BB s AR T ELPL Pro e
said sem conductor inclusions conprise nanoparticles. 57. The

t her noel ec anoc osite senlconduc or co imA46, wherein
S ser ST nREBRe R dutoEHEP Rt ias Sarpsion e e ae AP R R ot 11
nanoconpastnicenduetdt Bendottthave SOMPOStes iirddrapge oflabounl 4fnomstee rceubnutslamdron.
nanoconposi te sem conduct or conposition exhibits a thernoelectric figure of
merit (ZT) greater than 1. 27 59. The thernoel ectric nanoconposite

sen conductNIThe heRictirio RadotipRitiefticondifir @bMpdsaiorl ohelgim 4ﬂat~ﬁérelalsalaorrpr i ses
germani um and sai d inclusion material conprises silicon z@

t her moel SEPIPRAVAAHBEBHS SR VERHs ST Qfah%émqoaﬁteafo P‘é.‘|3|99 46, wherein
sai d hostyandmtgsi al conprises silicon and said inclusion material conprises
germani um 61. The thernoel ectric nanoconposite sem conductor conposition of
claim46, wherein said

54, The thermoelectric nanocomposite semiconductor composition of claim 46, wherein said

erein

semiconductor inclusions have average sizes in a range of about 2 nanometers to about 100

nanometers.

55. The thermoelectric nanocomposite semiconductor composition of claim 46, wherein said
semiconductor inclusions have average sizes in a range of about 2 nanometers to about 50

nanometers.

56. The thermoelectric nanocomposite semiconductor composition of claim 46, wherein said

semiconductor inclusions comprise nanoparticles.

57. The thermoelectric nanocomposite semiconductor composition of claim 46, wherein said

semiconductor inclusions comprise nanowires.

58. The thermoelectric nanocomposite semiconductor composition of claim 46, wherein said
nanocomposite semiconductor composition exhibits a thermoelectric figure of merit (ZT) greater than
1.



inclusion material conprises an alloy. 62. A thernoel ectric nanoconposite
sem conduct or conposition, conprising: 273 semi conductor host material, and a
plurality of nano-sized inclusions distributed randomy within said host
materi al , i.d inclusions being formed of a senicondyctor inclusion

mat or i al | S LPSTOHESES FREACATRS S SA RO R T m@élf%?fd %lvéﬁg‘ﬁlaﬂéﬂwﬁfﬁb%ge

of f set beahwaaRomBlifs B@fhniufMBhe Edi@inclafieh Mleridl BehptsleONidpAL €ri al at an

interface of the two materials is |ess than about 5kBT, wherein kB is the
Boltzman constant and T is an average tenperature of said nanoconposite

conposi ti og, Tl@dlﬁe%@E&ﬁ@pa%@écﬂn(ﬂj@i&tseﬁﬁﬁ:bﬁ‘ddc@f cAnRBRKibS 8% 1Am I Bheddih Qid RRE sai d
i nclusion material conprises .. 63. The thernoel ectric nanoconposite

seni condJRicHR! cOBRPES FiFQsng saig ingjusipp pate(ipl SpBPYiseE g5TAANIBEnduct | on band- edge
of fset or said val ence band-edge offset lies in a range of about | to about
5 kBT. 64. The thernoel ectric nanoconposite sem conductor conposition of

cl ai m 62, SihEhethermeglrgiric Bangs EBitFcEBcONdISIonSITeRositipRYiciamdbayicran d i n a

range of ;ARQUWL mhicRANBABLKE af AI/LOUt 1 micron. 65. The thernoel ectric
nanoconposi te sem conduct or cofposition of claim62, wherein said

sem conductor inclusions have average sizes in a range of about 1 nanoneter

to about. 390, AANGIENS! SneBimo TS DGIARE! SEHHforl BRAGAIROST te seri conduct or

conposi tion’ of alm el n sal sem ¢ uctor 1 nclusi ons have average
si zes in a ranageniodndadsonttosnaiembraed ers t o about 100 nanoneters. 67. The

t h?r moel ect ri g [Lf‘aﬁk?f&% os--éi%e% 1%0‘?@10%98@9&)&%5 raﬁﬁm}ﬂg%&jitﬂllnosgid%%st%a%ngl, @%d wher ei n
said senicondfictor Tnelustons have average Sl zes 1 nh'a range of about 2
nanonet emnslusionalizogtfornitd ohasmpmedngdngor ikBusidhBuatéFlak t her noel ectri ¢ nanoconposite

sem conductor _¢o ition,of.clai,m wher.ei n,sal d napo oSi t|
semi conduct or ?(rﬁ}l%gﬁ conductipn, pahdcige QIIsktor g valincg b%?d'ed FP Se?%eeﬁr%l 88 than 1.
69. The therinal éetitidkiohaide A as ittefaseol thomadutitatalsdokpabintabou 5R{T,cl ai m 68,

wherein said. na osite terial exhibits a therrmel ectric figure of
mori . ( 2P ke e GelleBRn et 001 ds HERar e TP RatIR | CHA PIGSTEREHT ¢
nanoconpeshpRitsemeonduct or conposition, conposition: a sem conductor host
mat eri al, and 1_pl urglity of pano-si zeSd i qcl us& ons, qi stri but ?d rando
within said hS&Qremsg Ihp%mateéla qpmprises a 1Ge alloy and said inclusion material comprises Ge.

63. The thermoelectric nanocomposite semiconductor composition of claim 62, wherein said

conduction band-edge offset or said valence band-edge offset lies in a range of about 1 to about 5 kpT.

64. The thermoelectric nanocomposite semiconductor composition of claim 62, wherein said

semiconductor inclusions have average sizes in a range of about 1 nanometer to about 1 micron.

65. The thermoelectric nanocomposite semiconductor composition of claim 62, wherein said
semiconductor inclusions have average sizes in a range of about 1 nanometer to about 300

nanometers.

66. The thermoelectric nanocomposite semiconductor composition of claim 62, wherein said
semiconductor inclusions have average sizes in a range of about 2 nanometers to about 100

nanometers.

67. The thermoelectric nanocomposite semiconductor composition of claim 62, wherein said
semiconductor inclusions have average sizes in a range of about 2 nanometers to about 50

nanometers.



i nclusions being formed of a sem conductor inclusion material, wherein the
conducti on band-edge or a val ence band-2&ge of fset between said host
material and the inclusion material at an interface of the two materials is
| ess than about 5kBT, wherein kB is the Boltzman constant and T is an

aver age t effhdhathenmwelsetris aingceraprstosepoeondustar eemiensition ghclaigyfd, whtielnédid sai d
host mat th

differ ent(:?l b gdglgt\?/ge%é%ﬁg%%rgg%lﬁ%n%‘%ﬂgh t?lé:jﬁ@é bﬁﬁer§+ﬁ?) %?ige?ﬁn%g}@ﬁect ric
nanoconposi te sem conduct or conposi t| on of claim70, wherein an energy

m ni mum of I, r n an
energy m n?fm%gogyﬁie% g%lﬁ(ﬁ@ c? %1\0%? ﬁoﬁg%lgfrﬁ% {Vﬁéglggn¢

t her noel elamdcompwaﬂmaten;i@shlbﬁ zstbcrrrroolnci‘uc:ﬁgme 0ﬁ1m10$ZT)l inaranfze of Zbovh 170 pbtmh@r ein
an energy mninmumof a valence band of said inclusion material is |ess than
an energy mni nmum of the valence band of said host material. 73. The

t her noel ect0. Mhmdemmmbtcﬁnmeim sepitdideor capupids, tbmpostfonc| ai m 70, wherein
an energy mni nmum J uction band of said host material is |ess than
an energy ni nientMcGiUtRE OSEIB?\tﬁrL’J%ﬁ "§n band of said inclusion material. 74.
The t her noel eatphirglithafnaespabintlsiss isethntd indomiyonphasdatd st mitertal, ahith 70,
wher ei n an_ener gy 1 ni mum of . a val ence band of said host material is |ess
than an &Ma¥Eps %‘?‘ﬁ Ii‘?ﬂ'l”r‘?ddm’f:tl atsﬁalcmu%tﬂrc@&li%\?{’cfnatﬁrfal’sal d inclusion material. 75.

The ther rmel €GiHetetn thaLHARNIA ShrideedgE b1 LANEECH0E- e@garm@albteﬂmen Qid serharridl,
wherein said conductl on band- edge offset or said val e Eﬂ d ed of f set
lies in & BgEsIn auite! 2 2t BiaBeal by wematenpg s ldh afl e &PFIF Yois

NanoconpPagd BRzmeMtHRRUGE Olis £OVBASE emPRatdfe oF kAl HﬂnZ@)m]:W@l@’f Rhposifdrlland,
sem conductor inclusions have average sizes in a range of about | nanoneter

to about 1 ni ¢Yh§iin saigl hogtzmaterjgandaidrpsdysion matesiaheompeishpos atleys seeErdict or

conmposi t i @RiRcotdeRdtod 85 sivh@Gel n said sem conductor inclusions have average
sizes in a range of about 1 nanoneter to about 300 nanoneters. 78. The

t her noel ectric nanoconposite seni conductor conposition of claim70, wherein

sai d__ser §pAfUELALocl AL U PR ARY ErAEEALR ShaSSioh B ahPRENALIARONE

nanonet er S_ _tO a nano ters e rm)e ectric¢ nanoconposi ite
seni conduwhiguncdaposducii@rband otdagl inglikion mdtearakis rhess thiatlan erereygunicdhwot aithe

i ncl usi O%ncﬁ@t‘{o‘?]b%}{c%fasgl%h%Lt%ﬁa?eriaﬂ a range of about 2 nanoneters to about 50

72. The thermoeleciric nanocomposite semiconductor composition of claim 70, wherein an energy
minimum of a valence band of said inclusion material is less than an energy minimum of the valence

band of said host material.

73. The thermoelectric nanocomposite semiconductor composition of claim 70, wherein an energy
minimum of a conduction band of said host material is less than an energy minimum of the

conduction band of said inclusion material.

74. The thermoelectric nanocomposite semiconductor composition of claim 70, wherein an energy
minimum of a valence band of said host material is less than an energy minimum of the valence band

of said inclusion material.

75. The thermoelectric nanocomposite semiconductor composition of claim 70, wherein said

conduction band-edge offset or said valence band-edge offset lies in a range of about 1 to about 5 k;T.

76. The thermoelectric nanocomposite semiconductor composition of claim 70, wherein said

semiconductor inclusions have average sizes in a range of about 1 nanometer to about 1 micron.



nanoneters. 80. The thernoel ectric nanoconposite sem conductor conposition
of claim 70, wherein said nanoconpositg sem conductor exhibits a

thernoel ectric figure of merit (ZT) greater than about 1. 81. The

t her noel ectri ¢ nanoconposite sem conductor conposition of claim80, wherein
sai d nanocTmphsthérhobREtaE haloc@uivisitd demicdndRr bERYc8IEibA becldimdM0r ®hedéinemd i t ( ZT)
in a range of about | to about 4. 82. Ath rm)eLectric nzﬁgo]%g%osite

sem conddTRiEMIRGrIBLIYns have Ay EREg Waeh - 2 TANBS oM RO h TATE B Ch AP0 rial, and a
pl ural i t yaine®dno- si zed i ncl usions distributed randomy wthin said host
material, said inclusions being formed of a sem conductor inclusion

mat eri al, wherein the conduction band-edge offset or a val ence band-edge

of f set bet 1®¢he HainfbeRAEE nardBéRIdsAd semiddndtRr tREYddHioN B dIBMEN| Rheréih sAd
interface of the two materials is | ess than about 5kBT, wherein kB is the

Bol t zman SEBIRYEFIET iBglesions haveayeragessizgs i & Tangse apqy &ngrmeisrsde AbavbE¥nposi t e
conposi t igbmettidd Wherein said host material conprises Ge and said inclusion
material conprises a SiGe core and a Si outer shell. 83. The thernoelectric
nanoconposi te sem conduct or conposition of claim82, wherein said

conduct i on7dgpd &%Qle&fQEB _ﬁl_ﬁioc(ggpoéﬁ}éh&m%%h&f&?o‘?lc&ﬁ;%'fti%ﬁiQFclﬁlfnf"/i)?thérEi%aiﬁ n a range

of about 1 to about 5 e thernoel ectric nanoconposite
sem condgenigendegamiodhuéns havsfaveragd s1@e8 01 2 nakeeroé pppus dngnogeisrsdopbhue 2®br i ncl usi ons

have averagge sizes in a range of about 1 nanoneter to about 1 micron. 30

85. The thernvel ectric nanoconposite sem conductor conposition of claim82,
wherei n said sem conduct or inclusions have average sizes in a range of about

1 nanonete ers. - TIh r (N nposite
Lo el AR 300 ORI s AU L ADRLERL 1 5 0R5
i ncl usi omsndeevposay emagadsitaeshibits atheranngectnd fighoof mit KéN@metee then tisuabout 100
nanoneters. 87. The thernoel ectric nanoconposite sem conductor conposition

of claim 82, wherein said sem conductor inclusions have average sizes in a

range of abbUhe themRlRoEt @icbip@ioitnididucatanmistios of @8m SDhehdrbiessidel ectric
AACES G IR AT A (AT N
greater than about 1.
82. A thermoelectric nanocomposite semiconductor composition, comprising:
a semiconductor host material, and
a plurality of nano-sized inclusions distributed randomly within said host material, said
inclusions being formed of a semiconductor inclusion material,
wherein the conduction band-edge offset or a valence band-edge offset between said host
material and the inclusion material at an interface of the two materials is less than about 5kyT,
wherein kg is the Boltzman constant and T is an average temperature of said nanocomposite
composition, and
wherein said host material comprises Ge and said inclusion material comprises a SiGe core

and a Si outer shell.

83. The thermoelectric nanocomposite semiconductor composition of claim 82, wherein said

conduction band-edge offset or said valence band-edge offset lies in a range of about 1 to about 5 kgT.

84. The thermoelectric nanocomposite semiconductor composition of claim 80, wherein said

semiconductor inclusions have average sizes in a range of about 1 nanometer to about 1 micron.



89. The thernvel ectric nanoconposite sem conductor conposition of claim 88,
wherei n said nanoconposite material exhigbits a thernoelectric figure of
merit (ZT) in a range of about 1 to about 4. 90. A thernoelectric
nanoconposi t e sem conduct or conposition, conprising: a sem conductor host
material, &n ’c]rhsathmmmbt'rit yamotomuaite emie@dductue barsposition df diim #utvbaein anidon y

within said haost materia said i.nclusions far m conduct or
el usi o TETRRT el iR ke e A A PO oot Eaearr wabod a8 ol ence
band- edgeaminfeset bet ween said host material and the inclusion material at
an interface of the two materials is |less than about 5kaT, wherein ka is
the Boltzman constant and T is an average tenperature of said nanoconposite
conFosi ti ofs. Tammm-lmble&tﬁb ﬂar@%rﬂpd@%ierﬂi?tslﬁfcioﬁborﬁpgiémb? sﬁaagﬂﬂtﬂe\ﬁamin sad d |

I nclusion materi.a I ses any of PbSe P "fe 1. The er noel ectric
nanoconpSEPFLERs; 18%?&% 1BYe AYERBOETSE (N Tapse 05 Pba‘?“ﬁ? BomRlEY '8 F‘FP“%L
conduct i @andpatds edge of fset or said val ence band-edge of f set Iles in a range
of about | to about 5 kaT. 92. The thernoel ectric nanoconposite

sem conductor conposition of claim90, wherein said sem conductor inclusions

have aver age T #ESndeRctRic ﬁﬁ{w&nﬁﬁm@é@%naucf@e&ﬂﬁ&s%n bPo1akoit wherBhcai@n. 31
93. The thernoel ectric nanoconposite sem conduct or ng05|t|on of claim 90,

wher ei n  SENEOTSEAPTBHHEURTS HRVE ATIREETIESA § Hraves 05\?@“&6@3‘@ & tp gbaut pnge of about
1 nanonetgfodcprabout 300 nanoneters. 94. The thernoel ectric nanoconposite
sem conduct or conposition of claim90, wherein said sem conductor
inclusions have average sizes in a range of about 2 nanonmeters to about 100

nanoret er seg . ek DL FARLSALICAARASRIRASHERIBE T} AAAMICLALLG QIROST ti on

of claim90, erein sal conduct I nc |ons ave average sizes in a
range of nabwomp@itesemoemetete exbdohemBelectnahgmesiongit (95, grébies thahebawbel ectri ¢
nanoconposite sem conductor conposition of claim90, wherein said
nanoconposi te sem conductor exhibits a thernoelectric figure of nerit (ZT)
gr eat er t héh Tabthertmotlectri® ?ianonSl&pdshesfemix&)hd!Etdr cempraitios ofigiagi §8ewbapihcadduct or

Chr el SRRFPEPH GIREROE N MU el DePangR bl Dubatee Pisofioue ok fog A
t hernoel ectric nanocorrp05| te sem conduct or COI’TpOSI tion, COI’TpI' i Si ng.
90. A thermoelectric nanocomposite serniconductor composition, comprising:
a semiconductor host material, and
a plurality of nano-sized inclusions distributed randomly within said host material, said
inclusions being formed of a semiconductor inclusion material,
wherein the conduction band-edge offset or a valence band-edge offset between said host
material and the inclusion material at an interface of the two materials is less than about 5kpT,
wherein kg is the Boltzman constant and T is an average temperature of said nanocomposite
composition, and,
wherein said host material comprises PbTe and said inclusion material comprises any of PbSe
or PbSeTe.

91. The thermoelectric nanocomposite semiconductor composition of claim 90, wherein said

conduction band-edge offset or said valence band-edge offset lies in a range of about 1 to about 5 kpT.

92. The thermoelectric nanocomposite semiconductor composition of claim 90, wherein said

semiconductor inclusions have average sizes in a range of about 1 nanometer to about 1 micron.



a sem conductor host material, and a plurality of nano-sized inclusions
distributed randomy wthin said host mterial, said inclusions bei ng
fornmed of a sem conductor inclusion material, wherein the conduction

band- edge of fset or val ence band-edge, of fset between sajd host .materi al
ond T he; rick GBf bR RETE RO KESPAEET SrTREOR LR MATEn s49] 666 ¢ han
about Skdmiconti&bEihéludidhs ihvetdrerafindiiez MPdvaf RS byt | AfDBmEtel ® abOut3VEr age
tenperature of said nanoconposite conposition, and, wherein said host

mat eri al "EUNITSes Bi 2Tel and said inclusion material conprises any of
Sb2Te3 or Bi 2Se3. 99. The thernoel ectric nanoconposite sem conduct or
conposition of claim98, wherein said conduction band-edge offset or said
val ence baffiTeeifermericetas nimogampasitysepugopdichr ceprastiion of Jaiguyheseirsad  100.
The t her nRgl&hEbCinABNGE AFROSEh S SRTHCIRRTr FWout & TRRFctetAD a8fut ¢dai M 98,
wherein said sem conductor inclusions have average sizes in a range of about
1 nanoneth@pomerabout 1 micron. 32 101. The thernoel ectric nanoconposite
sem conduct or conposition of claim98, wherein said sem conductor inclusions
have average sizes in a range of about 1 nanoneter to about 300 nanoneters.
102. The t%ﬁeﬁh@@b@@p}ept@c nePeeaPhs s emicosgyeiar ePrapasttion otdupo¥ whapngfidcl ai m 98,
wher ei n I 1 i 1.QF j I ange of
about 2 nansondP B AASLELRte 4BFk SER TR IR EE 2o o s P
nanoconpagidretesem conduct or conposition of claim98, wherein said

sem conductor inclusions have average sizes in a range of about 2 nanoneters
to about 50 nanoneters. 104. The thernoel ectric nanoconposite sem conduct or
conposi ti ofb. Ghe themiorle®8¢c nadvesepasits sirtconthao conpagioh of dam Wowtiercihezidexhi bi t's
a thermoelectric.fiqure.of merit (£T) greater than t 1. .105 T

Cher noer SeLEPERin OUTBOS aXbbls < Gitnaebar Bl SoPeRont e s 4PRABE wher ei n
sai d nanoconposite material exhibits a thernoelectric figure of nerit (ZT)
in a range P&hagﬁ%%)ﬂ t.0o_about 4. 106.dA thernoelecFHLc angconpo ite

seni conduct 0 "¢ S 15616 RMOEYARASHIS I ORI Y SPmISTPA P £ Mot WaHEN SS ed

st ruct ur egndcompde fihteAaleRhibiRd LtleriRBle@ANHEGE 6f METRIZET) iRk rang@oSdde@do phaut 4l i ty
of nano-sized structures fornmed of another sem conductor materi al

interm xed with said first nano-sized structures, said nano-sized structures
bei ng r andegriaythéhrdBIe@B8Enanocomposite semiconductor composition, comprising:

a semiconductor host material, and

a plurality of nano-sized inclusions distributed randomly within said host material, said
inclusions being formed of a semiconductor inclusion material,

wherein the conduction band-edge offset or a valence band-edge offset between said host
material and the inclusion material at an interface of the two materials is less than about 5kpT,
wherein kg is the Boltzman constant and T is an average temperature of said nanocomposite
composition, and,

wherein said host material comprises Bi,Te, and said inclusion material comprises any of

Sb,Te; or B1;Ses.

99. The thermoelectric nanocomposite semiconductor composition of claim 98, wherein said

conduction band-edge offset or said valence band-edge offset lies in a range of about | to about 5 kpT.

100. The thermoelectric nanocomposite semiconductor composition of claim 98, wherein said

semiconductor inclusions have average sizes in a range of about 1 nanometer to about | micron.



relative to one another, wherein a band-edge offset of the conduction bands
or the val ence bands of the two materials at interfaces is |less than about
5k5T, wherein kB is the Boltzman constant and T is an average tenperature

of said n osi t onposition. 107. .The thernoel eciri ¢, nanoconposite
Commos t 1 dC o BREPTEE SR TRgiar R S e B GRD ™ P TRCe PR es
conpri sSesdiadvppadtdriili8ns B8 avelhpe sizbein avsaige 6f 4bott INAGREB0 2bdue3@oNposi ti on of
claim 106, wherein said first and second nanostructures conprise nanow res.
109. The™"®ffSel ectric nanoconposite conposition of claim 107, wherein said
nanoparticles have average dianeters in a range of about 1 nanoneter to
about 1 mgcrons. 33 110. The thernoel ectric nangconposite_ cqnposition of
claim 1o7,1%8wﬁlﬁé*reﬁn%%qcalcﬁaﬁefﬁalp?sﬂe PRIy O RPRIPAREPTA hin 35 ¥2dange of
about 1 panewBi®dr ifdusRROve 3RPadRaNIM L eLrge ofldbbut IR ohEterk RPoBCIODI C
nanoconposi te conposition of claim 108, wherein said nanow res have average
cr oss- seBAPHAAETS- di anmeters in a range of about 2 nanoneters to about 200
nanoneters. 112. A nanoconposite thernoelectric naterial, conprising a

sem conductor _alloy host material, and a plurality of nanog)arti cles of a
seni conduct0®+Thekermedlesiricrranesemapsite spraeendycterasapesirngicleim 93, sdrteingish

mat eri al e RR&id irﬁﬁls%n@%@%%%lz%@in%&r%@ bdbogrdtbhseR 1§ RLMME! ectric
figure of nerit (ZT) greater than about 1. 113. The nanoconposite nateri al
of cl ai manpmetetgher ei n sai d nanoconposite material exhibits a thernal
conductivity that is less than a thermal conductivity of a honpbgeneous all oy
formed of said host material and said inclusion material by at |east a

fact or of @Aolhe tiermdelertricTharoqonmosiio npoiséridactamtogppationoft cipiraPénvwitin salder ei n

d - o b Ciofi it (7T
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claim 112, wherein said nanoconposite material exhibits a thernoelectric

figure of rit A ZT eater than about | at roomte rature, 116,. A
ther et ectr HedisfRe A e eolifte Salthncko S BT TRBLE Lt Frerbh e

sem condusformposist materiad extathits aaledmeelgtritr fiduket of netit (XAN dr stazgecbfiabadt Uisd abost 4.
distributed randomy within said host material, said
106. A thermoelectric nanocomposite semiconductor composition, comprising

a first plurality of nano-sized structures formed of a selected semiconductor material,

a second plurality of nano-sized structures formed of another semiconductor material
intermixed with said first nano-sized structures, said nano-sized structures being randomly disposed
relative to one another,

wherein a band-edge offset of the conduction bands or the valence bands of the two materials
at interfaces is less than about SkpT, wherein kg is the Boltzman constant and T is an average

temperature of said nanocomposite composition.

107. The thermoelectric nanocomposite composition of claim 106, wherein said first and second

nanostructures comprise nanoparticles.

108. The thermoelectric nanocomposite composition of claim 106, wherein said first and second

nanostructures comprise nanowires.

109. The thermoelectric nanocomposite composition of claim 107, wherein said nanoparticles have

average diameters in a range of about 1 nanometer to about 1 microns.



i ncl usions being formed of a sem conductor inclusion material, wherein the
conducti on band-edge offset or a val encd band- edge of fset between said host
material and the inclusion material at an interface of the two materials is

| ess t han t 5k1T wherein kBis the Boltz canstant,and T.iS,an
rver age 1 AT B R R RS kpP et SLOf 07 R B A i B,
host nat gktagt diaemprsins£Binrofabelt S aathrdie kdkbonrB0Makeihieaks. conpri ses a Si Ge core
and a Si Ge outer shell, wherein the core and the shell have different
concentrations of Si relative to Ge.

111. The thermoelectric nanocomposite composition of claim 108, wherein said nanowires have

average cross-sectional diameters in a range of about 2 nanometers to about 200 nanometers.

112. A nanocomposite thermoelectric material, comprising
a semiconductor alloy host material, and
a plurality of nanoparticles of a semiconductor inclusion material randomly embedded within
said host material,
wherein said nanocomposite material exhibits a thermoelectric figure of merit (ZT) greater

than about 1.

113. The nanocomposite material of claim 112, wherein said nanocomposite material exhibits a
thermal conductivity that is less than a thermal conductivity of a homogeneous alloy formed of said

host material and said inclusion material by at least a factor of about 2.

114. The nanocomposite material of claim 112, wherein said nanocomposite material exhibits a

thermoelectric figure of merit (ZT) in a range of about 1 to about 4.

115. The nanocomposite semiconductor of claim 112, wherein said nanocomposite material

exhibits a thermoelectric figure of merit (ZT) greater than about 1 at room temperature.

116. A thermoelectric nanocomposite semiconductor composition, comprising:

a semiconductor host material, and

a plurality of nano-sized inclusions distributed randomly within said host material, said
inclusions being formed of a semiconductor inclusion material,

wherein the conduction band-edge offset or a valence band-edge offset between said host
material and the inclusion material at an interface of the two materials is less than about SkyT,
wherein kg is the Boltzman constant and T is an average temperature of said nanocomposite
composition, and

wherein said host material comprises Ge and said inclusion material comprises a SiGe core
and a SiGe outer shell, wherein the core and the shell have different concentrations of Si relative to
Ge.



