NANOCOMPCSI TES W TH HI GH THERMOELECTRI C FI GURES OF
MERI T Background of the Invention The present

WO wensisen i s generally directed to thernoel ecP€T/vS2005/039362
materials and nethods for their synthesis and, nore
particularly, to such materials that exhibit enhanced
t hermoel ectric properties. Sotid-state cooling and
power generation based on thernoel ectric effects are
known NANQGOMPQSITES WITHHN ] TTHRMOHIRETRIQFIGERES OF
that enploy Seebeck effect ogpghtier effect for power
generation and heat punping are known. The utility of
such conventional thernoelectric devices is, however,
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is thermal conductivity) is t d as

i ndi cat aplidftatesaolagmng ﬁawqrfggn%gtfqn% %e"rvﬁicﬂ?ng?m’%glecmc off2s are

t hehoRe LeRE bit CFEQ%LEER; sehitof QbR @8GEEs thd eﬂlpr@rs&emk et or
ggre of-merit (ZT) is enployed, where T can be a

Higeefifashina paw e gsheratiqpsd ﬁ%‘%t pyHaing aee kogpg. dhey é%h%f’f such
t h%og\%yljfl&ﬁll m%ﬁﬁéal&aid ROReSE, mev& rprleagl luﬁi%é?i' @Qﬂay@w

thernmoelectric coolers are rat Imted a result
of caefffioigntoleperforradncetGOR), (fay é@pgqrétlmyh%mﬁ pb@evsefﬁ%ﬁcy (for
t hey provide over other refrigeration technolog|§§ I n

p O%Weﬂgdﬂefaﬂbﬁ lid@Rink)C & thertoelcbpie/ fighfel afingarity Zef —, where S is
t her noe tric devices made from conventi onal k

t h%ﬁ{@ee&;ﬁ ki %@al@ﬁ{ & %e elé%rgclal é%nﬁﬁ%lvlty, 2h %ﬁseth%a ﬁigg%tivity) is

|ons I'm direct conversion o
t 0 tgz;hemltyretrmldwd @ethg mdmamn withe COP anfl tiwaslicgedvyatf tfmrmcbﬁé@tric

gen rated b eci al desi d Al

s Ty EhRRe e TR BRI T 1 SRR Yptee 7 ean
an d)erﬁﬁtahélgge tfeﬁf)et’éﬂilﬁil of thestidr iebthé old siNby & tiaddviceul ar |y,
there is a _need ng t hernpel ectric

exhi bi t ﬁ«?@ icgtions, pugtipnal ssmicopducia {]t?ltﬁrmoeﬁ:ctnc coolers are rather

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

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

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-
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Sunmary of the Invention The present invention is
generally directed to nanoconposite thernoel ectric

woredoen137ks t hat exhi bit enhanced t her npel ect r i PCT/US2005/039362

properties. The nanoconposite materials include two or
nore conponents, with at | east one of the conponents
form ng nanosi zed structures wéthin the conposite

mat eri al . The conponents are chosen such that thernal
conthd struchirgs withit the comppaiisintateriab Tecpmpsedtswird Hoeen such that

al | hi Gl Lo
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or AFESPRHCE O BT REer B OB oHLrB o g

C arboi@@ch@ﬁﬁanahmhabaeﬁce BhndE of the @w t@fyemain nyatérizdscan iba ﬂBss than
about 3 kbT, .wh in kb . is the man .can

i s ahputkel g@@ p]fe ¥ less than ajout %EBOI#, gvﬁsrg%dgﬁkeygﬁtzman constant

COMRAT it hiPfverdgB tediiRraRUre 0fihBBHocothpRitp E&fsRitidnnvent i on
provides a thernpel ectric nanoconp 03|te S n1co ductor

conposi tF g anhedingap|thiresent IBY%‘F%’I' proyidgs a
st rﬂéﬁ&é&fmﬁ%sﬁe%@ﬂﬁ:@n&fctcfi‘ chhpSitionehd %ﬁﬂe§@ﬂﬁ1féﬂﬂd¢ﬂﬂaﬁl{-smed
materi a lurality of nanosized structures
{ orstruchursh famod it fisessiestsA derpicoriugiar BRiorl, o aiHialigpt nano-
to gs%ep gﬁuctu-l;gsefoﬂﬁézpﬁ* &b MHOhMI RS Irfé?e@lapi‘ﬁtemil%d together. The

e, nanoparticles or nanowres. For exanple, the
st rn,anosmeé strecqureheanfber foeekaotple, puogirtieles @rman@w@s Fet oxample, the
nan rii S

%%ath}l es Eémteb fh%S{ d?&fgér{n ﬁfgf%gaﬁlt %@S'Bg’trng e@ hg\ﬁﬁgg\fepa‘%g o

of difneters in a’lmg@ofaalbomttl rBﬂ@) aboyt lomiciam, or pfaﬁagl@lyoﬁ agdgaf about 1
5 nmto.ab 100 nm an th di t he

B o Gr B B S R TG b
S e m condul gﬁdﬁlﬁer lbmbbdmﬁhtethle ﬂierraﬁﬁjecﬂlc(ﬂaubaimﬁoylteodan include a
nano-si zed i ncl usi on art|
narSIBorper B o LB R DR T lin 5. nanopartices
mat (ﬁ‘rnlaﬁ’dwuefs &rmdd ef ka‘iﬁwddﬂu&&dn&mmm ﬂilatbhzﬁ thexsdre distributed within
materjal. The nanoconposi t e COﬂDOSItIO Eﬁglts a
barféie bery@atstink die anaRRRROY SOBBRRR T B b PRS- Pt between

val g Gﬁldgé{m%aﬁ’&s dr i ARste BARLESH R hddNhaleRs and ﬂ{eliﬁctlﬁ)srbn material
material at an interface that is | ess than about 5k

wheaten intérface thahis less fhep gbovt Skals Wapreindmds the B@ltaﬁalh%ﬁta@énd Tis
te t
exg&ﬁg{v@ﬁgé ﬁm‘ﬂ% a{'utxlgo ﬂgﬁ%}@%@?ﬂsﬁi%&%ﬂgﬁlﬁﬁh aF(?gﬁarﬁﬂl% the band-edge
aboqzﬂfset]_ctag bam)mange qziBt outglrtojaboug S ks 1o raaBoof abepiol to about 3
olfqt:'Fe An %I%ﬁﬂg%lgﬁ 9?’ th?h@d?ﬁcmp%érll& &ethg%ﬂg‘fég bhfb RN dclusion
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.

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
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material can be preferably |ess than an energy m ni num
of a correspondi ng band of the host material.

wQ@\doensmes vel y, the energy mni num of a conduck@DOSIvaseB9362

or a val ence band of the host material can be | ess
than an energy m ninum of a correspondi ng band of the
inclusion materi al. The terns'gnano-sized structure"
and "nano-sized inclusion," as used herein, generally
r efngnomegenta lequt &Imigron,tor imarangeefieba Irnm tsp@ptlﬁ W0asn, ghig a range
Siy

' S AR Y3 456ty ISR ARBRE &y, B Rhn Rler FBHALE Naying
to amemgqﬁmisvardsee(srohsasacm@ab) rlicavetar aageraog@sfsabsetc& 1ing brgdbout 200 nm.
(rjr: 2P§Lek&ane? oé‘ %&geﬁen? %pglbtcarg%% oglll}tqf?eg%%np%nents of the
or ﬂaﬂooarrfpaﬂ@e:omi)oﬁﬁmu tF oBexarnpﬂeQ omhmn’(poihﬁﬁ (e1gn host material) can
Al t er nati n refer to.n W L es in
v emgasd ey EbSE o e Ok HrpdsSrb R tb e PY} ite ooy of
(rjaPEfQﬂ“e ahd BIEEH,Jhancaﬁ e bétwaé’.im}ﬂ) ﬁﬂ@he’kﬂfheﬂe ¥ afnickisiyn @faterial) can

i er ent nat d to formthe
oI SBHER X OF PP hN B st (I PEOL Sty 58 b Penfigp comprise BizTes

e X B kiR otIRs @a&&ﬂﬂﬁl@@%zTéﬁorgBleep@SEheﬁ‘BIlG)‘sl ah ptheddinbodiments, one
conpri se PbTe or PbSexTel- Xdé’ ere x represents the

f r SOMPEREb Fanps S anchihe AePE- oo GRap e Hifdpspopsean befpbedded in a

canzdg LEEWRRS Ksil )In @Rdhdr Qﬁatﬁ’ﬁl@ Qhe K3t &hd,thd ﬁi@l'ubi@h faterials can be
mat erial) can ‘conpri se any PbSe or PbSeyT

Al tf@ﬁmggltqf@gﬁg,alloaﬁ V@Qﬂﬁpﬁﬁé@ftrelgcaw C@B%]erpts@s Bf Srp@d é}q:dn the host
the, gthag IEhaﬁ{i’ﬁ] e THieH nLoﬁgnaﬁgla-lreﬁho@é hBife K dina skiiMg} 't}{e art SW111

alloys. I'n ot nents, one conponent can
ancppieeiatstthas othgematenals egnzatysl bs enployieh 8¢ long artbeic m@teblél properties

QY host. In another
exanpﬁﬁmjéﬁgﬁ%gg?ﬁg%gfﬁﬁgﬁﬁﬁ%iu5|on materi al s can be
formed dh aBitlse agdebtpths s¢traicomigctdi ¢dngroaet maeetrais (v.€., nano-sized
concent.rations of, Si ost
ORI e o P e B e SR e DR
i N doftpondnits aan bk dBpiduRd aedoedihdi@ta pattbrar thlli@,rcmalos mom’r:omponents

ed.so. |l ong as thej

corle g BRI FeR PEE R gtoctin of RUBH P o Bof v & Sleted

an OdoB@r[t 8 Be@iple, b B-HRBr 6 PAGHCAPENLCRTIPS B@TtEntFbEbi, 8lgs about 1
nano- si zed j ncl usi ons) can

i SReBt B doR PRPOIDALS @6‘&?&%‘?& Y an&ﬁ?é%%ﬂaglﬁwﬂ isgjflized as a p-

ﬁé@%& VR pAspHbdhe is R RedaCANiypddgant TRBd R g ordi
Fuﬁ? er, one ogmn%@e cogpokgﬁ?s (e.g?? tﬁgnhost § ordmary

mat <k#] ialthesrt wHkappresiatedhas wthendepants can 5o hsooxedn be

doped wirh i@, ?fég@cﬁg o ﬂﬁ%ﬂ@om{e(&@m%ﬁﬁm{& maftialcah ¥REbit a
or a p-type 5 oncentration of, e.

abowgduction in thermal conduct1v1ty relative to a homogeneous alloy forrged 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
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 cdmponent materials by a factor less than about 4.
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having ordinary skill in the art will appreciate that
ot her dopants can al so be enployed. In further

aspects, the nanoconposite senftconduct or material can
exhibit a reduction in thermal conductivity relative
t 0 Whitcdnsgea easasthamrwyorhmstteabndﬁonﬁhﬁowm ibit e electrical

mat cph uc{nﬁlty t%at 1S egs tth?r{ th%‘! of%eé‘l 6‘&%%% l9u el ﬁaes?s’ thte ﬁlgctrical

fac? ange o
nanosdueds dfeherMecomiosmnemhhm ¢andoetgh®tamahelnat pftbe

o0 SN Bl My on
abQJdinparabl@ ofpeutr than that &l Hoafogaspecdllogf Ftnhlﬁar the power factor,

invention, the nanoconposite conr})losi tion exhibits an
el lefingdeas| S” g0 HELRka GoWPeRblesy sreptgt tha thekefdhe hamogeneous alloy.

from an nf&&@ﬁe; bhBbdimeRAe tdvéition p%w&s ia%%%asag& ndHob@posite
formed of the conponent materi al's by factor |ess

t hametertsd that wnwmsbsea plaralityrad nenpsiiss 9%1‘1%%9% Brmnpdef 4 slected
'E'eﬁ%'&%dﬁgog'h} Qé?ﬁl Eél)llﬂ ? a%Ltf‘é:lH bEMnoR ts'eé’dnHYype

onogeneous all o
ot Hemedad esotheheseralcemiuctom aiatect@ln e irterfacys etwednghe tWO typeS of

nanoco tion
RS RS B SRRS RD 0 S Py R Sltnc
t E%aﬁ@?ﬁt@ﬂh [b@h $ést €mn about bies T; onprafeeeblydewrthayrabatted kefThwherein kg is
ta t he honogenequs allo Furt her

%gc’ltzé‘éafllcﬁ‘éﬁa“ggn‘g? Han avﬁr% ¢ EUPHBHES: aqfééﬁ %ang?on&?oélée( er
t h afonipbsitio fFdr BRarhiERGE 01RO Uﬁnaﬁab‘i’vﬁys cah e &aitict ©f Ge while the other
enbodi nent, the inv r1t| on .des t her npel e
R Bt B SR IaIR S PSR RS The Manos Gt e frand second
nangyds raf?esra&fonﬂy Hispsded tIRRe tosrRRE0REr, B HiRdr @EbBEments they are
seni conductor naterial intermxed wth a plurality o

narfbsgopassin a hrae-diseasienal pftert slagheditosme aibeer
semi con ?H zét%xotﬂ@ﬂ eﬁﬁﬂoﬁimen-tr% ﬂr&%ﬁﬁﬁ\%ﬁﬁ@n B%Wﬁ@seannénti@orﬁﬁ‘éﬁlte

types o anow res exhi b band- edge di scontinuity
. n aatgriad formed oﬁ@lpblrah@noﬂym@edmanwweast@ﬁw@bgﬁ@ RARGYire gricture

aﬁ%é%&%%%ﬁ%&* %%eﬁ%eg%F ol s%ﬁl%oﬁm&’or ln?a?érlai m&g&ﬁ‘ tore

ereln tzman constant and T IS an
av eﬂoag&l ctfenqzthcrasbmiwndlfctctr heteniah sbenapo diterdace ofithe S’llter ghell and the

wh Ir ilnge)l(r%ﬂ S eé{nﬁ& P dpe%ig po%ﬁgmyrb%%%g Qwﬁgﬁ J (9)51&@0@109 %an%eor a

enbegbino®bdng, of tli’é&)u&ﬂmlml\h ané a8 cafiespbrelirfg raad ofithel 1rmeccltmdthat is less

t y p@@m&oﬁ%ﬁgﬁg F%%}lng :ﬁtﬁ;ﬁd zrér?alnactorlls\{ﬁt Eng)d 'P E]sean%r\]lgrtage 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 nanocomposite
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



10

15

20

235

30

di sposed in a three-dinensional pattern relative to
one another. In yet another enbodi nent, the present

w0 pwensioan provi des a nanoconposite material fPCTHES005/039362

a plurality of stacked nanowire structures. Each

nanow re structure can conprise an outer shell forned

of one semi conductor material-and an i nner core forned

of anot her sem conductor material, where an interface

of itchsionubaeriab fteh lintenfabe tvhith thevmst maierid ivless thin abogt 0.1 eV.

band- ed e, scont i

band or g? ﬁgetggﬁé¥%$g%ﬁ§$gﬁ g%“%% ﬁF&BHgP§EH%§mnga
co It]rreﬁﬁmwldn@nbmmbome detnécondungor compesitiduahatiisclides genetating a
about T, wherei, Aman. ¢

o P s B S PR RARR AborRE ala
CORPSISing ia @Bmpriitvequidssire SdbE miane wiike Gheatmg fiteat aaem;femtm and for
coaxj al ., nanowjre structure anIE&-%g average di a { es into
i n AeANERLIOB ChOSHR (R CaBSefiMPE- B %.‘)Seﬁ?r? By S

t hg neRIcBmpadieRtdrRI. MBk défnp&ssﬁdﬁ@ﬁshﬁ cam e, lforadxakaple, mra range of
vice ve rsa. In other aspects, ﬁ? vention pr0V|dead

a eherAdé dopr 1000 %Pr?oc“ewawgmétog@ ggqupposites is to
conpRphiticRE of %Bwir@scxlviﬂﬁjﬁ@hé g Yo 66 b @leltd@ e host material and

material and a plurality of nano-sized inc|usions,
f omgitae e mixtyeHigogh e“mrteesamplﬁclpwl% hoph paissdafiuid mixag.

are di sy} Fa{t&das o Iablﬂpltelé‘s‘?om%tbe eRaREdad) hth%"tﬁe fixture, e.g., by
band- edge o e ween at | east one og a conduction
bardusing scuvishtalsostyfiondthefugh e chosressed puktiue fopkratipg thereof. In
corr 0

i e e P AR @, PR SRy U AL bihe BnfB e, tnsome
0. EmbWdinlentsanatrieat deasifysio b rarigh of pfesstbousandsAom? m 2000 Alem?®)
prOV|ges ngthod of synthesizing a thernoel ectric

narf8t P¥%" semi conduct or conposition that includes

gener at Foghed updesdarding of theriavendomeadndie rmgtainmd bg etferende to the

nano- si.zed semi conductor structur

ol euEs Jur EaERTPSH B pRbh R S AR iR g Rypich are
atlﬁwﬂ§aa@ﬁaﬁqk@“and for a tinme duration chosen to

cause conpaction of the two sets of nano-sized

structures into a nanoconposite nmaterial. The

Corﬁl‘i&ife's%‘ggtmn‘%ﬁ%’éﬁrﬁﬁﬂ%@e for exanple, in a range

ou MPa. Anot her way to nake the
nanoconBdeVREd sckematicalbyclenigisay Beriioeleetic BRIORAIPRARTE gynposition in
W o BLHRE igBhd LEbRRbAof 118 bRséht FRkAddl the host

materi a agitate the m xture through, for exanple,
i nduction heat caused fluid mxing. In a rel ated

aspect, ﬁ@ﬁﬁﬁeﬁxbéc%}na&ﬁgl f&g%ﬁgﬁ&ms gy el@&fbtrﬁcr&n& I3§ge offset at
m xt ur e ausl current density f
t hriotetfhces béthe bogb amdsﬁae mcmsmunnaeerfatsrm H@&lanmnmhete@@ﬁlpoﬂlﬁmn of

FIGURE 1,

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

host’s conduction band,
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general, the current level (e.g., current density) can
depend on the sanple size. In sone enbodi nents, a

w@osasm2zlensity in a range of a few t housandsP@/TaD05/039362

(e.g., 2000 A/cnR) can be enpl oyed. Further

under st andi ng of the invention can be obtained by
reference to the foll ow ng detérled description in
conjunction with the associ ated draw ngs, which are

bri ef | yFH&SRE B seltnintitaily. depicts etheDoededtre hapacafipdstiecomposition
Drawi n h

CnrobdRe oy Fo o dpBRTIEY f8l il fhind phuraliy ot spnoparticls
W tafe dintgbweedbadondingtto .fthrtda@mnmhpaﬁem/mrathom, FI GURE

2A schematically depicts variations of electronic

band- edge offset at interfaces of the host and the

i ncl usi BIGUﬂEarsbladn&tlbﬂlytdaﬁlmarmamﬁmm Haemg(ampﬂqjot'ticmrformed of
of FI GURE FIGURE 2B is .a graph.illustratin

en@RG SFIRFdHEIAT TRt SR et T S0 Sorres L Al acnaiflor
si lnh£QM1,nanoparticl es enbedded in a germani um host
materi al can be | ower (depending on the stress
cond|t|ons) than the energy m ni mum of the gernmani um

host' s eRRARE 5ia0RhARRLalF deiE adn&aberBtit aldcymp@Rk Glaterial

a thernoel ectric nanoconposite conp03|t|on accordi ng

t o aggroding Fo aneihstipRasdimestt of the et WBish isformpmdas aamxture of two
qg&gbfyeng nﬁé&@ﬂ’%&ﬁa?ﬁc@e% are distributed according

R ee- di mensi onal pattern in a host, FIGURE 4
schematl cally depicts a nanoparticle haV| ng a core

portion 0 . ' ' ) et
e on S B PReRRARR SIS PRkl s o o
natearbbéilrnenﬁf(ﬁaﬂlﬁvﬁﬁiosdtaehlahd@ad yralityif s¢ngicenductor nanoparticles

rrloelcectg }: Flrecson'pom te material according to
HEP D ﬁ of the invention, which is forned
as a m xture of tmo types of sem conduct or

nanoborBaSV R Gacae bR EaR - BHEC SRGaT RGN e

t hectdiaptd AdtHehahbddiébi @€the tnvehtidnalvhicy ioformed of a stack of
sem conduct or panoparticl es havi ng core-shel
st rsegpentgdnanowires,

FIGURE 6B is a schematic cross-sectional view of a segmented nanowire of the

composition of FIGURE 6A,

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

stacked coaxial nanowires,
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FI
na

GURE 6A schematically depicts a thernoelectric
noconposite material accordi ng to anot her enbodi nent

wo@koobha7oehventi on, which is forned of a stack PET/US2005/039362

se
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co
de
ac
fo
na
th
an

pl

gnmented nanowires, FIGURE 6B is a schematic
oss-sectional view of a segnented nanowire of the
nposi ti on of FlI GURE 6A, FI GURE 6C schemati cal | y
picts a thernoel ectric nanoconposite material

cor di FEGUBE&Rds heshemgtivprripsefiveaiew ¢fe qogyiahnangyyire of the

r [ my stacked segnented
nﬂg\ﬁm&f)ﬁ%@%ﬁ@ﬁ@}ﬁﬁ& err??’i cally depicts a

er noel ectri c nanoconposite naterial according to

" c nanocomposi te material |
it ECORE e L el R OPere AR Rbodfe et

7B fosnedl of alphiaity of gerispenbivires dispeyeddh a thremdixicasional pattern

na
FI

na
co

SC
Sy
FI
co
th
of

now.re of the nanoconposite material of FlIGURE 7A,
éﬁ]gév%m%%%rf?gtferr’cal ly depicts a thernoelectric

noconposite material formed of a plurality of

patt or n FRODBEI SRR GRS Hiuteta : vor e 4gFootR e fo

heagbiiealahyparidieisidmbesira, vapor phase deposition

stem for generating nanoparticle and nanow res,

GQURE 10 schenatically illustrates a plasnma

npact ifpGURRAA Bl dsatiSaliytiBRBtel @ plaSiNEdI@ScAd Epparatus suitable for
ernoel ectric nanoconposite material froma mxture

syaiesizing ¢ theeroelqejrgRgpocpmpptiedeaierial Romamixfure pliapprsticles,

data corresponding to two prototype nanoconposite

sa
we
sa
ge
th
th
th

npl es according to the teachings of the invention as
| | as FAGBUEild omessatapt-iay disffrgiéipwgﬁa aerrespensiing to &¥iel prptotype

I S Ly I r il .
e FRSRE R 13 RTHER It i Eofthe Hypldihs 3Rl a a sitcon
esamplel & gdrmiasiuticengte, imlraseoipRsompewd obapowder mixture of silicon
e{ﬂﬁ%el ectric nodul es fabricated by enpl oyi ng
PrEEEE Y ¢ nanoconposite materials of the

i nvention, and FI GURE 13 schematically depicts a

th

er m)elF?&tJEECl Z(jsgl\{eln?a?icglglrdegﬁg\éecﬁér}nggec HE Eootle(% 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

electricity.

Detailed Description

The present invention is generally directed to thermoelectric nanocomposite
materials, and methods for their fabrication, that generally include a mixture of
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
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electricity. Detailed Description The present
invention is generally directed to thernoelectric

wmaveasipbsite materials, and net hods for theiPCT/US2005/039362

fabrication, that generally include a m xture of
sem conduct or nano-si zed structures or sem conduct or
nano- si zed i ncl usi ons enbedded®rn a seni conduct or
host, that provide a heterogeneous conposition. The
s e iiecsoméhoo duntorrramperieatssvhale gheshstezqgeneitysys thescomposition enhances
S“%ﬁ{;}&'ﬁtshﬁl&ﬁ{ ﬁe@éb?rgs%ltﬁ‘lgqﬁ: LIF {15@9@1%9195516 (pfi) r& oFﬁlerlt as
e nanoco e rna ative to t
a pliscedsed/ia thoedeiaihbados. al | oy for med of t he
seni con to t
t he Con‘g\p%‘ tfeaerrllcgﬁaﬁgﬁ@tgzl 1\8% gjhegrﬁgggcé fgeﬁ{lcpo%gﬁ]{f% %m@gsmon 10
r esluddrdmgtd ane ambedihantcdthet ivemtioeneluties achost semlconductor material 12
ur e-of -

SRS e BB TR TG 5V b PPy
se mb@@mdemanmmmpqs i1 Biodr S1QGe slvg@fdidiféerénd Gerencentration than a

CemPeohadet it Hiovs® pabhied 0B tyf eapedimen g promplary

hernginkictk 8@ ih Blegbmeds @Bst@;ﬁlaﬂy EybisticaBartitis hdvihg\/ﬂ%ﬁﬁe @ameters in
Iurallt% of nano-sized inclusions 14
§

Si @dange|ch bR 1 Amdp Rt AR NIReor dRATE BiSEE eriawfag%sk nm to

al $80ftqbamRA, foncﬁ arel diritthd Q¥ doR1§ wR AR e AR mhtﬁxt 'Ft' sﬁould be
enbodi nent, "t he exegglary inclusions are in

of usdesstpedihpihe shasppicthe panopgHrles 1) is goHuvitedgo éRPéFl%?éeIn fact, they
di auRleL ?ne)’r fes s?ec{ PARE P%fth@r%ﬁ?e ih Bk Eﬁb@cﬁﬁk‘ﬁts %ﬁ)@inﬂ:@ac& lhetween

nore pre N a ran about nmto about
n mthamnolbartacrlg amdéherhomae e pleaned mtyemmuqdmmﬁeam@@tface can

matlﬁélﬁ(de n§1ﬂ8r¥l'ze%m%?n %gﬁ Echcé:trﬁﬁglatl Q&L%CL Rﬁm%l}%&gs‘ B&P ttlpa? of the

nanop Artic to spherica
thémmﬂaﬂmtaMheamyBMES|red shape. Further, while in

sone e di nent t erfaces bhet
nanopa??ggpg?pgﬁgefEfmﬁg§vm%8 %@n% gegmwnﬁaggﬁuxmnaho
emyeidired®iotas an ielusioh @fadterial tieahasi aﬁ@leutﬂmlabztrfda;nﬁctttme@]ﬂat is similar to

eSS hpieh s, fatertal comesition Ehanges from

n arb‘ﬁﬂv@ﬂﬁrleﬁ{ @ife hbdt 18418 0shBhePber@amam of S[(Qd’éllo? fwhile the inclusion
mat eri al hereln also referred to as an |ncIu3|on

matreatprigl Is silican opgiGieafor| Agrpaivply. spamaniemngRqngrticles jap be

i's eﬁ{b@hclle%rm b thEMOSPfBJﬂlFﬁle Iiﬁ@ﬁtmd%ﬁaﬁﬁﬂd%he in8Risidh SatsiaRdn be
in nore detail below In this exenplary enbodi nent,

t helonesswithadenant -2 GAPriVRScloPE PHraRTYAN APt Wegegeipbihe doping
whi Joﬁcetnt}gtldnrb%h Y b&ﬂmzed 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 Bi,Te; 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
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
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material is silicon or SiGe alloy. Alternatively,
ger mani um nanoparticles can be enbedded in a silicon

whoemb/138et h t he host materi al and the incl usi oPCT/US2005/039362

mat eri al can be doped with a dopant, e.g., an n-type
dopant or a p-type dopant. In general, the doping
concentration can be optim zed’for different nmaterials
conbi nations. In sone enbodi nents, the dopin

c o pogattieatindornc@rihdeachings ofthe iybrtionagsalgscrbed ay mengidetail elow.
ot her e od| s]E i AN

Si Ge, rrTFnl‘@ a!ﬁﬁ tl!}] lﬁ&lt‘ e Iﬁ%téﬁ%ss%gﬁelgcg% eri %ﬁ{a%%%and ~edge
be offiut betfweabﬂie coﬁbﬁﬂd’rebands ﬁbheT‘alqncobands ofthy bpst matefinhand the
sui.t abl e teri PhTeSeSn.

& GG e g sty RSl afely AGE o

I'n %baf%f&ﬁlsi a6l thiaf abou® B IRGT, wirtedt kﬁaﬂs mchcmzimn corstant argll Bisian
accordance with the teachin enti o

o ST gP e Ao S RRRTIGR™ A PR g prac-odse

Sy%ﬁﬁeﬁnlﬁlle@mﬁn&b&h @ygVem Those havi ng ordi nary
skill in theart wll pr tethat gher host

d .
i ncl usi dRe FRICER °§P§a‘@a 8gP %?t %WE?P&WG e sqna,lﬁ@ndﬁgtor materials

thej &elﬁiqwr{ Nurethdfesk, fr iRt fiasioh) ASURBYA pfesén@s 4 fBematic
t eachi ngs t he |nvent|on as described in

detezdph lgelll@watmgqvagléﬂ@? Githe Gongctig pand:ald fheeraleries br shersies, and
mitn?d'ré <3tc‘311 K L8y ek %@sdas%éfétkdtvﬂﬁtth@mﬂﬁﬁqmeeq&%g offis %bnductlon

bet wee conduction bands or the val ence bands of
_t héatrband thamexiiuim ensteytdi gheiviateheediand atrintesfaces of fhe hogt material and

,iL@lﬁ o&fna#elﬁgl E %%Sp%r%r E}Jeﬁno c{rﬁsss%miéoﬁ&hc%%%‘lposition

prerera an about ere
| s apdrediBgict wmrcmbodmteatstof thednvEnfian, syshaw ghealeve semiconductor

te ratur e, of I
PSR SRR g o
eV.valthe: lmnd esgtieobre affba |b§z| al aigalrmtzlﬁ staihtelfedepobibe hoss and inclusion

adJ acent sem uct or materl

R 28 A SOP TR BB ol S asbRRY Sy or both, are less
p I @B AHbSutb kg T heledih &y @rtﬁeplbolﬂzﬁlah lebrisgint &xid M aviavéragd teiperature
of the conducti.on band an e val ence_ band ner i es,
and ﬁ&?r"é“%ﬁ?@&’iofﬁec@mp?s‘?% H]&é‘gs 2%‘8@:‘?5?% gl g"‘?‘he
M NP AInRRRBY nibpdri@leS @R Uil Higier BRRE, @AudiBe bars] dFidwer
energy of the valence band, at interfaces of the host

mateagnigyvalapes hapds, rekiivadq Baheshseions ps snaretissts FRsran gmall, e.g.

t heyanpe l'fo% EiOT. S%h%ﬁﬁﬁ BedOddgE OARASIELd BRmAR ?@t’éﬁiﬂldﬂ Barti€rs facing
some enbodl nents of the |nvent|on such as the above

s elestronh s irserfasenplohe Rosoandile ingimeion mﬁtmelm therelyampnimizing
en eée%trgg s&ﬂgrlﬁ)gaafﬁk?ets? Fﬁ/ Mﬁtmal'lﬁe fec{rﬁﬁl c%ﬂht?oﬂ@i@y of the

band ener an anount I nterfaces
of ﬁaheoohmtlteamthplosltlbmmms close to that of a putatlve 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
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.
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materials. As noted above, in many enbodi nents, the
of fset 18 or 20, or both, are |l ess than about 5kbT,

wob@eas12kbi s the Boltzman constant and T i s aPCHUS2088€39362

tenperature of the nanoconposite conposition. It

shoul d al so be understood that in sone enbodi nents the
nanoparticles can have hi gher-Ehergy conducti on bands,

or | ower energy val ence bands, relative to the host so

| ong as hemrega,mtmﬂﬁmtss thedngtiand ﬂlﬁé&icﬂqsioa ngpterielst dné selevibeolisuich that

pot B upPr e TP RGREPR R REREs S Rk gplence
t hebah@)k bewhcaré losvel thah Ui eatrermah endrgy of a dobvespebyfing band of the host

monin zin el ectr ring at these interfaces. |n
et e LR ARt by BB cting bk e
NanQEARN6Ss bind c6&EP 0Sh-Hbsd sflﬁ&ﬁhdiﬁpﬂhﬂ&ﬁerﬁbbdﬂétﬂh a(gferrmnium host
put ati ve honpogeneous all o fromthe host a

t hen3teraal g RerOyrartaan the gondéﬁwné’ﬁ% ergy of e gerpupiym 58~‘ft

conduct iAtihbygtathe ﬁzih%pﬂﬁ@l@§ﬁrﬂ?@e&io{/@th61&{bewcfrfc%bmpbﬁtl@ﬂm are
fromthat of the putative honp eneous alloy b

f acestomlpdisiriprisd Wil ihe hoshmairix slaﬁélap?@fn&ﬁwscowoaﬂon 24
f acl.05rd@f tc)’gaxﬁfhegemlng11L1§nt'oFth@‘?rmén€dip SHHWIRBhmatibAB in FIGURE 3,

el ectrical cond uct|V|%é_ he nanoconp03|te
c 0 rtb@sanpp@'hclﬁgw 256 emberldad tnﬁh‘t hast metrix 19 i agcpidence| Wigya regular

%anﬁgggﬁﬂﬁ%&mﬁan be greater.In sone enbodi nments,
t

the i nclusion materials are sel ected such
t hat t hén emey gybodinengmef thyf ineéntinethe teaopanisdlessi2oe composed of a

gg: cﬁ)rel Blms ocf%rr]lg ls"{t%'c&n‘?iy%%ﬂ%at?ﬁal hda YR l%ﬂﬁ‘&lr#&ﬂ%qhe re, which is

are er num ener
Orﬁ)ﬂﬁemloﬁdncﬂ:gerbaﬂd:onﬂuctdn enateoisk Bmtf@ralya)tf cxa‘ﬂmie @i@HﬁEé

e e e B el S R

nan@pasding Isl&sn enbagdedveln the @es tarefomied of ameltwy &.8), a silicon-
can be | ower g£athe conduct i n ban ener

.of the
ger%?é}ﬁ?‘ﬁ‘t‘ﬁl ﬁB‘%}ﬁ andafhe g 2splgct ?C&?régaq%/r}??’ﬁﬂ@ as
O%e%n&{iﬁh MRS lehibe diefRR OS] the Iaoré Qn@ﬂ%ll@?ﬁ@ﬁﬂécyof semiconductor
is buted within the host matri x 12,

n an%]@biﬁp%% example pethithe pesmandssheld ey bs; fﬁ@ﬂqd&f §rﬁﬁ #loy, but with

eﬂbaqﬂe@ﬁt%n&hréms bPYERk{iRYo Rhown schenatically in
FI GURE 3, the nanoparticles 14 are enbedded in the

host nmatFGWREZA sehematinallnfepictyd thamapelesgigingnocomposite composition
thr £E c%r%@%%%ﬁler Qﬂ{)&ﬁfh t olf ﬁlegﬂéﬁmﬁ{‘iﬂ&%ﬁ%% ﬁ?lggalrn@fés of two

i nvention e nanoparticles are conpo core
f ortypat (ezg tmaed efwochitferett semivanducionmatgrialskthailsed intermixed

S R, S PPy Tl S W e,
nanoparticles are chosen such that they exhibit substantlally 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 5kgT, or preferably less than about 3 kgT, wherein kg is the Boltzman
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 Sb,yTes.
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schematically depicts one such nanoparticle 11 having
a silicon core 13 and a germani um shel | 15.

wa\Raoensmed vel y, the core can be formed of an aPCDVY$2005/039362

e.g., a silicongermanium alloy, and the shell of a

sel ected sem conductor material, such as germanium In

ot her enbodi nents, both the cnlre and shell are forned

of semi conductor all oys. For exanple, both the core

an dFoshahipIa; ane ipaopatictetype fandieciarmaad| o§ PbSeand agher f PbSeTe. Those
di ffer ent;con GRE oa

5A SCIH% nar %‘?ﬁ] n C}ﬁé 51'9?@1 %fpreﬁ ea}er r;[géet%‘ieﬁgy r?&’Tnl(i:lgonqa:‘foxl: 1ln

nanio mapmplotyed mn lﬁrpmmgthcmanmﬁara@cﬁowmnd@l 5o lang@s Hheir material

n ar%ci?g{le P 8(?@%%?&/%{1 he t?ac nng citttll?eaﬁlvén? 811 uggﬁoqgh in FIGURE 5A, for
dl feherof ﬁllusﬁrﬁmncﬂhﬁ dblmipaﬂtlch‘ab‘éthe ad/cst)ypd:shai shawa aB Bllbstammb'd

Vi gus e di
g apavigy B R BP SUlbEYE R AT Farel il hagipenes of
sugle hhakioh H%Mlaﬁ‘éfﬂﬁtttbﬂlds awﬁie@l‘lﬂiacﬁéd tygahatipb@ntiadlyeetuiting in some
properties. Mre ticul teri

a
B e Karienec dhe R ahtpans %t&fééo b Pl el BsePpfpgonce of the
congufd k@R, bands or the val ence bands of the different

particle types at interfaces thereaof is | ess than

about 5kn many,embadimeis Bpgon bethdtypes o nanepgticlss ggfloped with a

V"” QEREEY Hofafit, %Ee ab Ry AR B-t %ﬁﬁt ARRSLgh thegnaﬁﬂccfiwp%gl@eg e
temperature of the nanoconposite conposition. Fo

exanpipesitien B s fermied pf oo thizas opaanopatielss, 1f90t{1%f@mb@th§t?m3 a mixture

W t | h

e Ao i AFopA YRl o IR, B b sy, e

e mboalérind pt@erttlhmﬁthmmpparmlqusﬂ@md spchthatshe @éfeﬁowwﬁ any,

of Si Ge T or Sb2Te3. For

ex fﬂﬂﬂné 'thebr Y ecﬁrg%lg%gr} Str%fslﬁre? are%lglyha%be formed of PbSe

and ot héi sefie di’h)lﬁeﬁliﬂents]'ﬁxa&endpmtlchg 19od2har both liah be & pore-shell

the art wll ci at her emco ctor
vt RSB EIGPBEATPE RE P RC R ictes 19 can be
nanepadidralsgRod Sora Bflrotindedy d RAganism ik, rWhmtererrk to FIGURE
pro erties conformw th the teachin

in et emarp];\Qﬂ}l]@\';lrlt1 ehnqnp@]};@s@/_@oq §1t1%%%%1s§?rmed of a mixture of

' | | 1485 3aREd1Q5 thdl reRRPRAE tofdiRs, Wherd &Rh hidphitiBR a4 €
shown ‘as substantially spherical with_ the nanocorrgl ste
5

ex Hictsredengpus Sictped-f corrapis!] sirvpivra AYFh R EBHIBR EﬁURE 3
they, b / Ry le Qi ng%lg' &a %ﬁd@éaﬁ%a@er £sifensele/anR aGkAshnium shell.
toget er pote resu tlngeln sonme di stortions of
t heAlpamativelyeeach napxpsmche ehminclpée 2 BiGesoreguaguisicd b a ShprCe shell
dlsa 0 aps. In many

%9&% ?oglcvglth i d&ﬂ&%g?&&ﬂ-fpbﬂh%rg of nanoparticles are
d 0 ped WA har@composite thermoelectrlc 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:




sel ected dopant, e.g., an n-type or p-type dopant.
Al t hough t he nanoconposite conposition 17 is forned of

wo dvotiyees of nanoparticles, in other enbodi mMEPCEUSH05/039362
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m xture of nore than two types of nanoparticles can

al so be enpl oyed. As noted above, the materia

properties of the nanoparticlel-are sel ected such that

the differences, if any, anong their electronic band

st rmeteld © sheavel-kaownSdebeck noafhicientgorizohl eleattica] cerfdsctivity of the

nanoparticles, 19 bot .can he core-s I .

ot pOS TR 20 o BT BrEe 4 o gy has the units

ex yrlverse KBRid ahlnh @l @8sed, 9 dedéhsalelofigueeobinedt (T),iob@ined as a
rence

core surrounded by a ernanlun1sh§¢I“ VW&% e

t o PEYdaeret Z5d an AVEARR fraice ERSHT B hY); 1S SR S‘io/;ﬁa%chpome
CONRARbEIE@fic donpaiition aBRed RS toahd&aalulrge opthe memr bich hethe
25 that are conpacted together,

whe
narropapsitiansd0gnd 15 C%@wm@%ﬁh@mlegﬂﬁ %ﬂﬁrcg-meélt &) that can be
COr Lz Blah aﬁ&{thtﬁdf @xa%@eh it@sn St astH&YH?oeleE‘trlE R f3nerit in a
above. For exanple, each nanoparticle can have a

si Irhngsof lnue 1 sneboat fer Fmﬂqngﬂﬂfém P to ghoutd.nBarisxample, it can
eac l.e. C n rounded

ST o (8 RUAE g M, GRS 807 0L
c o nposi Without Beimpliroitattpesy pm«wﬂmlyﬁb@lrje dher gnbanpad theimagdelectric
?ﬁ (éo?cgp%i“t% o¥nan%cc§ Qeos t& %%%35‘19 3f tﬂ% ]}ltvglﬁg)lnr&ﬁ? gé {érg%gslto%ldcag béﬁg due
exhbh lretdueumnen Iphasmmdhetrimek aqvoédctigity wihild qogwresndﬁl preserving (el&ptron
o SRR e B Sngb GRS Be e pio
conddsigibed hioye ahe tnfefac@ieodeh thematwsival inclagichskand shei Host material
thermal conducti vi t The figure-of-nerit Z E h
uni 488 cYise prinaeass IRQK%‘OH sc::frtﬁrn?ﬁi 1608 §%§1€:1ng the t errna conduct1v1ty of
di "BROSInBEasEItd materigl: Mow¥eér the érZéF 1) ban@lldpd GEt Eéiwéen the host and
product of Z and an average devi ce, temﬁerature

enphoipelsionmaierials sHplEzes Slcehuy TR ag et hesedgRpysH %Y.ﬁ‘? with a
ac oA hctich $frb?ecgr§!'épwn@\%‘§1v9§ tﬁerB%ebé'é}é %Béfﬁ@i@nt BN 68 imdfeased such
t he conpositions 10 and can exhi

t h ethamﬁézbewbuld be ﬁmrgparzﬁ}l@fm ﬂ@nlgtea(e?_fﬁ)m tﬁaaof clammdgeneous alloy

t t b
B B A o
t 0 tﬂiﬁlé’ptﬁ't Iﬂ’?peﬁﬂﬁeslcﬁn Leadggatea lﬁhit;x%hémtoelzctho ﬁghmw:f derit, Fa@ K:an be readily
exa e | ca exnl ol a r er
oot BY hrepatinte BETRNTORE Shbe PRRRRG D e pERces

t O RiVech Md dapbpaidlds ih ARAUbYve daRcotbSRBMposition 17 can lead to a

t hernoel ectric
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

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

power factor = S*c
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properties of nanoconposite materials of the invention
can be understood as being due to a reduction in

w@bwaosroeher mal conductivity while concurrent | BCT/US2005/039362

preserving el ectron transport properties. For exanple,

in the thernoel ectric nanoconposite material 10

descri bed above, the interfacel between the nano-sized

i ncl usions and the host material can cause an increase

i N weanDis tiscSkebek icogficititeany is theddesinvgl ¢dndudtivgy néthe composite

conductivity of the napoconposite e ver
C Dl OB PO BaTUER! el 10t VRIS R hoou
I naloosiod W i edah &k Sbtained. nwtesute)bmg tirotad mtytpemcmgr meory, the

these interfaces. Even wiith a s .0

el POPET fagier eARGEETA3p fe g8 q%@ﬁ@@ &lee 8%%6? Xg}r?’étﬁ{l by flyg nano-
be siAgE nt§ BERe tRahoskechsc saipodiibs. conpar abl e, or

even greater than that of  a honngeneous allo

f or ned
of the HAbeMoskeiric HRAGEMBRSitEEPBPGsEiogs a@&@wgéo)(he teachings of the

co 'Imeaa&ﬁ 28 thfhrﬁlte%% [R5 RRAGRRA abdvaN B?Q\Vaty P ELRENE, IFSURE 6A
can lead to a better thernoel ectric ure-of -nerit,

as selamabeallyaHestiaips éarerr@%wm%@nwnrp@ﬁ@@ﬁ&veﬂw escording to
d efa'nB‘fhElJ At HRAY ﬁlverﬁﬁl)ﬁtﬂ‘la‘% chﬁlrdlesy a plhifAfityl oF E@grﬁ@i@‘e%snanowues

bet ween € nano artl cles in he ab ove nanocon‘p03|
c orﬁﬁdhattarmnmact i 4 wagher éesarlqum prioprydeil bekpay, g form 2

conduet dj\éklttcy ?tferleh Wlﬁlqgﬁpe?ﬂ:é ﬁ) FIEURE M€ el s ?grﬁﬂ‘&éf AahBwire can

honbgenous a forme e naterlé I's o
na nquladet segnents ypﬁ)smwhmﬂ age sypeloff sathif dndne ocresterivd ivterdgavedwith

el ectroni res. 9
sub BT g% f% ‘Eﬂ' thag? ectarsgrr]f}JE Pé{l\r%/{s%ﬁor %e%rpa)r 6%2 %%é}e the
I'n sagldtﬁt;t B0ngantble dorirfed bﬁﬁﬁb(ﬂﬁﬁhlledhmgmemnﬁb snetﬁa'med of germanium.

mat Is of t.he | n exhi.bi,t enhanced power .

B
= SaRsMbes emSlobé&d fohﬁ)nﬁﬂlgbmk separht) i tﬁfstexerﬁlbldry&mlﬁdﬁﬂbﬁt the
el ectrical conductivity of the composite naterl%

e x SRBPRICHRARR IFLEp JRE qr?ﬁSﬁeqtlgﬂﬁéha&%et%wwa%a qLim fo Foout

W 63 nhD aRPRBEe frifedbiFift a YWngk3f £t 106 ePAtRUNEthm Wil feaetbl,
bei ng [imted to améggartlcular t heory, the

f actmilardp Fermeeirs embadimeats dericondugtes sietmalsiof gieéﬁg@%%m and 32
ex helrp Eetl%'tied% ab RENAARGS H&ﬁfén&&@%@ﬂﬁ&ﬁedﬁlﬁc band structures.

her noel ectric COfT'pOSItI ons. her noel ectric
nanMomrspcIsﬁqaéy,do mEos PmbetHmers @f)th@l inyentios, & brndted g fifseketween

Of t‘h gongﬂ&%lﬂtbaﬁ)c# 0? rtl?&: d&%ﬁlcé %ﬁ%})é &nﬂ&%ﬁ&ctﬂqﬁ& 11[1;}? %f'jthe two

i I I segtnemttﬁﬁ:s at amgmanfaeé dbthcv ve materids miosﬁlgtalbg\;rﬁdm'f,taind n
26 &gt%ralijpyl fe s% tltlan 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
embodiment 34, shown schematically in FIGURE 6C, the nanowires 28 are randomly

located relative to one another.
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anot her enbodi nent of the invention that includes a
plurality of segnented nanow res 28 that are

w@ewpastexl, in a manner described in nore det aPCT/b81005039362

to forma nanconposite material. Wth reference to

FI GURE 6B, each segnented nanow re can include

segments 30 formed of one typeldf sem conductor

material interleaved with segnents 32 formed of

anot her M(WEEW\ sheeaticelinidlusitates atfiermpéledtric Fmocamzsité e,

t he se n.be for

seqnEntaia s eof k2o SEbodhediar tER e Bt rmed of

or dilurality o$ khdKed inanowtir sandtunes 83, eaqdnplf ediichtie cdrinpn‘secbbﬂtezb nanowires

F ordnprtr ey Ly e ft SRaREhET Teos CEfrit ey

t hecagitestyed FIGURW msaoaalandmammm&sa%m frictuda bn outer shell 40

ters inar t o ahout. 300 n d, no
O ity sPan g s st o AR BhaBet A SRR Rfmed of
gengb@bs seflidbnlddtoriaté e Phiedohablsafeiess @Athave a cross-sectional
sem conductor materials of the segnents 30 and gﬁ%fre

sel daneer 13 5 amngerfpbawtd pptoRbeytd BIStBsOB A RRIgH of prav | nm to
el efbfii30h Gnd Qﬁlﬂm%nterﬁﬂ&&% ?% a Mﬁg@ofs&@@ﬂ 1 e & db¥but 100 H¥RNY
enbodi nents of the invention, a band-edge offset
bet ween Thh eemlswmylé&or oatetialn & Termingbe panosnrestrigimgs 3Hire selected
t hesu fﬁhtca%qwﬁﬁ&r ff R cﬁﬁér She1ihd M&que‘f\@oﬁ SRS latxh¥ t&%nd-edge
at an interface o two materials, is |ess
abadﬁmﬂkBmmnammhph@f@mdbmyh¢E%%w@haﬁsaﬁbgpm@rﬂmﬂﬁnd
V\'hecrcnerlesn kdllng b% I?i? F 816 11%(1%?&) & f%gsst‘ng’pa{bom % \'Nﬁergiﬂ ']_gaYsecﬁéaﬁgltzman
t enper PUFes 8 Re nanoconp05|i conpos 8
exammﬁanahm@1banu@m@gmn@apnmamﬁbenﬁmsmnWhamcwmmwtmm.Ex

0 t he, se na in the above
nané‘&%‘ O@?F%ndh%g ﬁngjﬁ?ef% \éﬂ’oéf@ﬂgged relative to
one anotne ﬁleﬂefcbganeﬁt@@tﬂ ﬂlarnaﬁd&bmpoﬁe mﬁmsﬁmnépagt ﬁme ﬁnterifaraes
another enmbodi shown chenatlcml

6 Defipin S Bl 259 e dPE s A 5aE e ishiags Empp the
onesoapRbined, < HuRkse phosceifrtih g ahdrabyl rbduésiothd nsition’s

t her noel ectric nanoconposite conposition 36 according

{0 STBRhRNABSHYERN RBMElGRoH FRIPTIDENES BAVEYRRLes TR hsgruse the
of & @éoﬂaﬁtartrﬂat&ta1§6faﬁé<&9er RRICYAI e Blrlh Gl 89 clRBen K38

of I's conposed of two nanow res di sposed

su bstnamze éiffeyene@abﬁtvmen yheirelegtrpnieband syneuigpontnaher wogds, the

ex =

g Siend, G o RER LR bbbl oty Rnofiebpntiall
fo raltednpélearcmermsnmdm«mwtes,rthﬁrm redultingain eshaneaithetgoglactric

| nn&%pe%t?ers of 4he compomp on |5 formed of

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
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.
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anot her sem conductor material. The coaxial nanow re
38 can have a cross-sectional dianmeter D in a range of

w@bweti37@2ym t o about 1 micron, or in a range OPCHDS2D5/039362

nmto about 300 nm and nore preferably in a range of
about 1 nmto about 100 nm The sem conduct or
materials for formng the nanoW Te structures 38 are
sel ected such that an interface of the outer shell and
t he i nnérvatisleoligshniguesean be employsaiiel fabrigaic thepaeslectric

betn‘ﬁﬁ%w@?ﬁggﬁgbgﬁtlm Qg@or&iﬁg {hke t‘éé’éhﬁ%@ &f ﬁl@ ﬂgl%nt@cfn 528 as those

outer s correspondl ng bands of the | nner core
| eglesarivadhatayeuln ggkerdl, kpgver teghmiquss, suchtan.ev @ghemigigy techniques and

conzb&an qgﬁf’]%hg cbr?deﬁghu@?f Caftd utﬁlﬁg@ﬁ) r%fl&ﬁt% tlﬁe; a%gﬁﬁlctu dﬁs e.g.,

nanotonpos ti’on. or exa
gaplanmrti@k:s Ioesasaotwimam Hmman@stmlcm\rbs aﬂ’ermeﬂ'qmlbbfrmgen@awgr within a

Of 1S, AANFCANRASILS GABRSLIE N ufinBprechilin o avoid

aces bet ween er S
c orgeseradontdiénteréine viates, esd. ,rmtetfan’eeﬁlcfem lthmt ngld bantribute to electron

i.tion,.can,j.ncrea sca the
o Rbe AR isEB R B AR PR it SRt el o pEbifes can be
el afdhfel @Pdn P BsluEdn 16 irérfovieSiny BltWRv&ing fbr@fd tiedréct ed
because_t he seﬂ$§onductor paterlals of. the ou

r .
Shol | s AheherRahoch AP cpee] BiBPE AR Gaggies by taking

M nidfakge dF § HBfRNCEBetREINBEM kg tdnpRlaBGE HOME Bod aﬁtdthat of the
structures. In other words, the heterogeneity of the

corfgaetticlss. Earexamplecrangpastidles cep be ebsdded Withyhost material

su %‘&ﬁg b & dr Yn el oS0l hap 186 bF BB nddopABRGY. tSIHORBEHati€Sexamples
thereby resulting’in enhanced thernoel ectric

pr oy evatinesopssticlasand begs owreripls includet Yisarfpaitisles pabedslod én a Ge
th o@%ﬁ%ﬁ?&n&%ﬁ&sﬁdéd BTethids, HABM, Gar %é#@fe% ﬁf‘sﬁie a Bi,Tes

i ncl ude two ers - i nner core surrou
outhost. hophits canj alsochehmormmgﬂmttﬂm kst arglrthe ndnapartlvbs In some

| ayg eaibodi en% do a&? canobaexcilf%ctl})/ acftiieé gotﬁee ﬁiosf rﬁorc? pr eraP]Hedopants can

surrounglng an | nner core,” can nploye
al theaddsl tb ke nanapartidlesiandiitiones tidthostn t he above

conmposition 3 di spased random ative to e

onof her I PSRt s BB SaphAR e e B

in Hﬁll@dBEloSks foh gene BNt AhnoBARVLILE BSteALIS a@bFdMiIO the teachings of the
relative to one anaot her accordlng to a

t hriBEnHPhERCE FEFMBIATA IBFACIA IR RePERiNESPIE SETR Iy anepgfticles as

be eI sQYRAvited afcrlREdriRl BelbWETARG GRS baindANRAPHRASAE Rill
conposi tions according to the teachlngs of the

i n\VAPRterigs thas siatlaptechmguss cyeeaitilipefonfosvme nprongeticdss and
kngﬁﬁo&ﬁ£nﬁbﬂﬁﬁﬁam§Mﬁh as, wet chem stry techniques
an

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
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
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vapor-liquid-solid condensation, can be utilized to
generate the nanostructures, e.g., nanoparticles or

wo2aweas1923. These nanostructures are preferabl PCT/US2005/039362

i ncorporated within a host material, or interm xed

wi th one another, while taking precautions to avoid
generation of interface stateslé-e.g., interface

oxi des, that could contribute to electron scatterin

25 s bsctoraat otk o 386, 0,6 L of phenyl-

s I t '

LR SR PSS s R12E5) SR o
rreuﬁowl% displmmn imedleme)pdan ibs addcp teg el mb flagkt. HThis mixture can be
nang e

pecparior et ik SrpaPERa A G e Hhst ShERFpueny
gf trfahr;ferfbﬂrta B@ﬁtrlré‘dcﬁ)s T]Eﬂ?aneaemml can bakapo pﬁamteﬂwla@é tepgperature,

e enbe t
e Ao TR IR bp ReheenditoRa i Behdkliud then cooted
|I¥@§bﬁ?§m¥@mﬁk§nples of such nanopartlcges and host
materials include: Si nano i
host, PEHSENTRANGpAHIERIEESa) & breSuuSRE, gﬁg‘(hﬂ%&rc lected at

ShkEdRRARABETd $rb&Ss bywisHRgahdFiodTiesw pstcessRanants sf hdane,
al so be incorporated into the host and the

narssphel and disgilled waghineordsitRgmeun Y, Natd Dapiodusipdiydrocarbon
di @s?&dey g‘gg@%jbé RIbRE Wﬂlrym@@feﬁ pRfshRu 3@% Yin aH@R&) 60 C for

can to the nanoparticles in addition to the
h o@boutllﬂ hevemy Exprsinicatsl ¢horactedestiong plaotonin Sisaprqperticles

an
g e% %I = 22&?@2\%’2%6?@%%%@}%{546%&&16@ h%@ysﬁﬁlﬁne structure and

s according to
t eammmrg@r siries, tetge, a dianesteriof aboukRhom, Acstmaitpl a@pg@a‘ﬁectan (bé gtilized for

n aﬁg&ﬁ%ﬁé%ﬁ'f&g n%nopaﬁ’é% é‘aﬂrgfeﬁ%ﬂ%daﬁéi t$ ﬁleaaﬁoxygeslghth@s?s steps

escri 0ose havi n ord
skiakd prbf&rdbl}@e&lfotmw Urlderprinetatabspheieat. g.sarmtinasphere of argon, so as

techni can utilized for .form .
ando RAR P RERoa R ol O v srarneCea e R e AR b g Rioperes o
of dah&olipe&RRirhAetial@AeRRE bl ehpRying titmaaspaSicley as@iscussed in
nanopartlcles are synt hesi zed by enpl oyi ng wet

chéﬂ@@@@?ﬂé?OWapor deposition techni ques. Both
vat er - bggedb ARl My@ipphﬁ&ﬁ&n\&ﬁb be hﬁI'Qeatté ibrm nanopart1cle

techni ques can_be enpl of exanp
nareeing stcatesporinn ss@owl PDé% ﬁ@ﬁdsusi agifp phoye H@“Oé’alﬂlﬁlﬁ’/ 11 shown
t e@ﬁénﬁ{tl%l&/as g@ﬁﬁﬁ ANTGE E}la%p?eohyl&ﬁdﬂﬁﬁeﬁlhaﬁﬁg Hggmranﬁlm core and

non- wat er tech nlque -"that is capa
yi edilition ghgdircambe sntheisizgd laf foaaing &iecereigstapnsl sulysﬁguently the Si shell

pr eg%feggﬁcpﬂ- &Inta%ng 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
of lead acetate, i.e., Pb(CH,COOH),.3H,0, can be added. This is followed by adding a
reducing agent (e.g., NoHs.Ho0) 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
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nanoparticles can be perforned, for exanple, in a Parr
reactor (e.g., nodel 4750, Parr Conpany, Mline, IL,

WQBMH/13723 ypi cal exenpl ary procedure for prepaPCTygsS2005/039362

Genanospheres can be as follows: 80 nL of hexane, 0.6

m. of GeCl4, 0.6 niL of phenyl- GeCl3, 0.6 nL of
pent aet hyl ene gl ycol nonododedik et her (Cl12E5), and

5.6 mL of Na (25 Wb di spersion in toluene) can be

ad deaiageallaaneza@ ofribofit Za&mm The abowé wtlumes angd magses of flifferedt reagents

g A G DU el RIS v

I eagjrediate ﬂHaemRar\rahreeamam htea:mpbnfecke pt at an el evat ed
tenper af ur e

rab 0
f ur nace WHPWSD?X%&‘(P’ 15 Fpﬁegnagppag%cg 4 Cﬁré gllg(tﬁ then H%%do &d ﬂ?llar
r 8 ?mnh@nw fo Sabhp, llncﬁ'fe mﬁp’t‘\(,)\dwm s ilklpthiesfaataramn bévaixed evith 50 mg
obt ai ne roma ac er ollec
T BBt B e chg L Ry of e BEGEr iy PRI dodhis misture,
anuntng RBfre RBX 2MPmg dF Rad &etate D, IPB(SHb(Ed)eHI)}AH[zeI cAnbe added.
order to renpve any NaC byprod carbon
Cedhuie e L5 4408 A GO i NP L) G G s while
ershiingBd ThE nfixturd dan MenB¥ BB 14 pieSufe Ve@el abQthpekature of about
ours Experinental characterizations of protot

n arlép&rfet doas2shavrs aad the gpspiant maleHy o bpVeTEY Wﬂ% aterfethanol to
g}b&ﬁ'} ﬁofe%%ﬁ@paﬁ?c‘iés'hﬁ%ﬁ% an@ dfmeRd- @b dbh@ 19t CE Bove

nanonet er ‘sl zes di aneter of about 20 nm
A siohinea an@ppssaacaﬂmffqnntm@agmt;z prie given fasrlluspati veasipasefg and those

2%'&{:}@1%% OoF al’glg)pﬁ{lﬁ | Ctjhg Bt v&)ﬂ'ﬂa Qe%;a?cr th %tmﬁﬁéﬁﬂ Ro bl Qﬁployed

578 8 eps are era Iy pertormed under
an iner 1[n ahnossdsevapor phage depesitian nowpives @ndafe eaaptpond faso

as to. inhibit fo n of .surfac '
o T e iy BhEE o Hef Pt BAEhSeohliBlive
gﬂtlﬁz[térall%acgﬁﬂmlgaé td téhylclﬁnmlo@yhengvehhm rfamexmmlﬂe mh o apaEDach,

i scus in npre de ai |, |OML The. ahove wet .
OOl g R Y8 o LS ST Reg P it gpd nanoparticles,
nangp 8 dnipld, FIGBRENscRergMc A1y iaiSHaRE a SYsténd U6 de dyhilesiing Si
shel |, such as the above nanoparticl e

1
sc HeReFeane panapatticies e Vapor phgse dspasiion, V]V‘acfhﬁlﬁ“@fi%sr% §ragphife boat

avienGitPorR§ AR %Fémﬁg;ﬁre@c}?éﬂa tifekdof 8aNis PREd inGArnage 50. A source
syntheS|zed by Tormng Ge core first, and subsequentl

t hemderiaeed.J silioen @onoxidel osyilanegas(SiHnl G- $8500i 18 didposed d 2 higher

o e e

ch e(h@]s’fasry, byrguopot.gde sdary perdpni e floyingedatnigr gfole.g- argon with

ex ahnB‘l gurlty M2 Svith 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
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.
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enbodi nment, 50 mlliliter of water can be m xed with
50 ng of a surfactant, e.g., PEG and 1.3 grans of

WG o@basmoky dr oxi de (NaOH). To this m xture, 78 PgI/U82088039362

and 378 ng of |ead acetate, i.e., Pb(CH2COOH) 2. 3H20,

can be added. This is followed by adding a reducing

agent (e.g., NHHO to the m&ture while stirring

it. The mxture can then be held in a pressure vesse

at at emﬂer emmpieuonfof the@uowth @EocSssf the siliboutirug@®reds gam bg soaked in a

Watsgfp?gla ?1 o ugrtl %(‘tlé ﬁ-ﬁ)%bg‘égﬁ cg&ex\?a?irag l%g éﬂo‘ﬁplo% to remove oxide

anopar
h avla)re@aifeﬂm@ fre duc&meﬁr anddbtab sﬂltorQﬁySMhsilemen@bWES and
vol unes di fferent given. for

? e ge t Qs %ﬁg@ c g il
i | INGRYRRHCST e SRS SESTOLRIFTOHN “H%g o4 ?rﬁ XPes Icf”i’
in s&rh&m@é Forived hccafpigee ItliH&oﬁdﬁﬁbceﬁhﬂ&&how alpliedity afBuhktSﬁnally

be | oyed. In another PbTe_nanoparti cl

S g e EBITFS oS HTPAY RGeS e betwaen

eX afipbéht nhid Qx'ﬁ@leg PRA® G ted 2t abldetron diffedction (SAETB'spedia show that
be m xed MA€ of a surfagtant, and

e.g.,
2. 4h@maalﬁ§ar6$le%% pamRassHe G yRalingfor and?g a?lﬁfpgo'ﬂﬁ Qi layer-
127A(§_Béicﬁfon-5?a@ﬁdsof’u%gn AByifY a {BREEdRE6Ed AL Rion o. %i about 10%, to these

O, can be added. This is o
ad cﬁllmgn-gnmtedu@nwgr@ g@rntesql@lng}btam@_&eq@@}hqg@ﬂtc% nanopartlcles

%lltgn?atl‘(}gt)/lrtﬁe Skl dalGwir %s call Bguﬁﬂz)éa ure can then be

essure vesse tenperature of about
160 C f Gegmbuoed anﬁ@comurr@novared comtm%@hftrtbaﬂdmgrhloekﬂ ngeded for

N
n ansgBtg?ilzn&g nano&onepos%\aéo? e;{rogltlggﬁ %Lorh?lg ?5;& %#enenggg?nefg of the
Th Einedntivie sue asrrmcoamdsmmsszwmd% descfibadeahbve. eégions wclan@ws are

iven for ill strat e d th h .

o AP QR P SRR BT e SRR At O gphesize
Vﬁ' éé@lﬁgrﬁ&flna&tbﬁﬁeshiﬁvﬁllg'@l aydde sdgmeﬁ@mvapatslﬂﬁse de@p:nﬁon system, such
phase deposition techni ques c
sy rsHsAoEY g Stetintp tgeéﬁ ST 0 R AER A S SRSy The sources

f abih §ahétReeD FNACARRAGHS RSHTBE RY defbst s@@rﬁ&ﬁéﬁl‘ rﬁiﬁoxilﬂestd'ﬂ@ substrate
t eahchi ngs of the invention. For exanp

appirlessd Hownsitsan ob e seuraesp b prathsh cxaple; 8b%%/Ph>TezS€amﬁ%?d
synii F@ir@s‘é&%ﬁgbﬂ%éﬁ’%ﬁ @ﬁct%ﬁg‘o&ﬁfbﬁ RafoldnGhRSina @Q503 template.

exanpl e 9 schemati cal |ustrates a stem
46 Agreossydephutionliathy hgiing éméaﬁq’wé%awuwamrd%ﬂdt @ 62 9py TeO; as

va ps%h{cg h@ﬁs@leﬁ%ﬁf@d%lﬁﬁum‘éﬂ a@&g&é"ﬁ | LgESe 8P ITh% Qlut?ﬁ’rﬁttemplate

enin end t reof
pI amaﬁdbe iransderfedriaclcand30rth Betwoun thetwratomespahding dgoosmon baths and

*L SR TBRPE SR g S BRRT, Mg s one
Thenfhywireynfoaa typbaie. lieuacefiraed dotha shtswatp iressanrer described
€ gétb’ove, 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
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
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0.01 Torr, by a punp, e.g., a rotary punp, and a
flowng carrier gas (e.g., argon with high purity

woreooed3 i h 50% hydrogen) can be introduced i NnPOI/UR®05/039362

boat fromone end. In this exenplary enbodi nent, the
gas flowrate is selected to about 100 seem and the
pressure is kept at about 100" ¥orr. Those havi ng
ordinary skill in the art will apprecjate that other
gass6fapphy arhighecompsessise BISSHES @Aph BiFSTIC INfgardpal abaut 4f trbout
gte 6‘110 @Me %}ﬁag&ehlriga( .\/hgazu ) Oc? gn@ﬁopg%t%leg ﬁlg)[tﬁl‘g: udrﬁ_k‘B%eH 'é@fglarf;‘ap aﬂﬁ‘!e@ylmder
carysi ‘elsllevaamrenf Joureetol grayisies & eurgrmhviensity Bow tlupeghche mfxture for
th r

%eLtH‘%q Sf? ?n glgg}pﬁhlltyogﬂn e%\\;\ig?t&tdgﬁnsp rlsgltn%rr%n of about 1000
t haét/crof totaibeuts?@()@ Aéonte The Ienmerame)af @} mixtorej wnatnlealmatt thereof, can
9 ' % ‘ia? Ned %g P{ %%ﬁllng %%& i}b@g geéﬁb%{‘ahlﬁ@ rlo% ?a%hfag §Rhder via an
st rotputah pmrrre&m (ﬂm slsmai} eda tharmacewdleistiaohedad tHeysdmplel sudsdec The
aC|d entration bout 10% t

0o 8o 55108 o5 PRASRR Al i R agraped O dhgmiure while

Obtuati«ﬂr p‘ieslsure aft seleytsd &d astb bagoformanavdlag@nddshposite composition of

nanoparti g Scanni nhg el ectron n1c SCO S

AN B B 6 BT RS PP BeTRNAALioy GITSHTE Of the
ac Gamdondicto? cbiiforrbRvetheh@edur e show a plurality of
substantjally unlforned si zed siljcon nanoparticles

and a pFarsimple: &1 forasg rscomosiis et serPEHngidpglusions in a

NaNQPRYst 4rdloBS corhéng 6f L6 hEFe 8f Gang b%%tﬁdf)ﬁrtfélefs ff pfddeCRixture of

(SAED) spectra show that the nanoparticles are

c 0 rﬁpegfb@e ainogargicles ean heipsed wider aprmpipssirdrestise el abguiel27 MPa
Yflite ﬂ%%gl é:a&}eﬁﬂhfguggt tpo§/g UtT'hQ &IE@Y&&%C%&QS&P&%&pS of

concentratl on ese

si 1206 @rﬁ\flmdmoemnnfammwl rt}@sternlamatm@sxﬁ the mimtueﬁmtemhnsis atgmt 850 C. The

fre | on n e

th en%é&%el 1cs: ghr?n%lg%loa\h ih(fse tgm at%E %rct}x g’omopres§1e € I1%Fm§ure %0¥ a%out 5

C oaxinetks, aad mxhsescpsntl;mmsted dowe, eqd. e whiet ¢adhmgoﬂ1he)p1lmns over a

needed, f nt hesi zi ng..nanoco 05|t|

st RO o R e e e e T

as téhger ORI FielrhiRite whlcAPtesst@ idRIE bé1b® theahehify teMPErafdittSof
techni ques are known in the art for generating such
narlGW4e8Y For exanple, in order to synthesize

segnent 5 Wi tTekagsle Ao Mlisthte ARALKRCH SONE BcVe nRtH6APRE
phase deposition system such as the above system 46,

wi tegaigle dsumesechifdnanoce P s Rt RCpE diBa i ¢ ésgchingseof the

S04 R0 MGOREAY hk@e s b afacibs 84D %rkeﬁﬂorfdﬁ@"zb 8 bidtotype
deposit Segmented nanow res on a substrate plac

dovmaseonwapticfamples, heeain designated assaoples A @%Mb@rated by
Pb %ﬁéo?&]rﬁln%%g%g&@&jsﬂlcon 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
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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nanow res can be fabricated via el ectrodeposition onto
an alumna (Al O) tenplate. Agueous deposition baths

whawongyokrad acetate as a source for |ead, andPCGEUR20851039362

Te2 as sources of seleniumand tellurium

respectively, can be enployed. The alum na tenplate

can be transferred back and fo?&h between the two
correspondi ng deposition baths, and the deposition

potcembé erthiloysalras iermodleatdc rayted geficragiry for Bgpct genversian af ghermal
Coaxi . .

o bk UL FRal GRES FARBNAESRY. BY el EPGanBIOPIGURE 12
descldntatichlyslopiets atth@motlhdric swiler 68 forged as amassandpof ce,

¢ anthe?’r%oag ttllu}/ gglﬁgntégu%ogtm&dugs f6i bont 64M ’Irh%%}eﬁqe{ag afe ec‘ig'c .ic!ally
e.d., a she 0 . I'none exenpl ary nethod accordi ng

t 0 colmeected dckring®r afcombimationwd is¢riabad faredle hamograiohs ddpersling on the
and the nanow res. are..conpact ed at, an..el.evate

F eris P apd PR iR SRR RACAS o LhsPRORY F URHER pype and ntype
syneg¢hinmed of dopedapeshiosita@ifedhtentitn). THE lRgast thbidsgces are

descri bedq above. B of ex |l e, a,.plasha .pressur.e
o e cereall® Yordherfs Sl by FURaB e B g St
FI %ﬂﬁﬁnl Qs.ppﬁ?iﬁob @g ﬁﬂﬂ}kdg}é tgﬁbufgﬁ) l[hetnﬁtidﬁle@ ﬁm@&ﬁtﬁmsﬁy\_@f heat from one
raphite plstons 54 an a a hi conpr essi ve
or S, the thergocleciic, ¢onler ip We Pk thesg Ry dOVSATINg s fempgeiugs at one
abagte vat@x@%&@gﬁgﬂfeqahﬁeréth@aa} thetoﬁg@ed‘ﬁﬁ'@par ticles
|

m xture di sposed within a graphite cylinder 58, while

a cur r efftesigtivedy aghasingp FH%@RE 13 Jientegen beappdied fo erecige of a

t hr ] ' I :

e g oo s dethal B pG R 13 oo R M yia an

ab clactricidocondediire budgibg sagmR o000 Aerarte a plecttieatyeltage @eress those
ofﬂ% L xture, or an estimate thereof, can be

obt'ai ned by neasuring, for exanple, the tenperature of

t he gr afhodedaripp ontieary skikirathe anp tvillbalprasiatatirettvariofsmoedifications
shown) or t.hernocoupl e attached .to the sample
surrh be o dto RERREEE SPodipdie SREP ooriuashr 88 SEpestive
as iwedntioss the tenperature of the m xture while under
pressure are selected so as to cause formation of a
nanoconposite conposition of interest while inhibiting
formati on of a honobgeneous alloy consisting of the

sem conduct or conponents in the m xture. For exanple,
for form ng a nanoconposite naterial conprising S
inclusions in a Ge host and one consisting of a

m xture of Si and Ge nanoparticles, a powder m xture
of Si and Ge nanoparticles can be placed under a
conpressive pressure of about 127 MPa while flow ng a
current through the powder. The current can be

i ncreased in steps of
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200 A every two mnutes until the tenperature of the

m xture reaches about 850 C. The m xture is then held
W@eoobh3223 enper at ure under the conpressive preBSUDS2008039362

about 5 m nutes, and subsequently cool ed down, e.g.,

via water cooling of the pistons, over a period of 1

to 2 mnutes. Typically, for tdmerating Si/Ge

nanoconposites, the tenperature of the m xture under

pr d8lstkseclaimedist d bel ow t he nelting tenperature of

germani um By way of exanple and to illustrate the

ef fi cacy of the above nethods for generating

t hdr noeabérmioelectein oaapopdsite sevsit @rduetbscommosition, fgmpHsing:

the teachings of the inventiaon, FIGJRE 11 presents

X-ray d?F??%%F@%ﬂrQE¥%a%ggrégbonding to two prototype

nanconpaslirdits afzhesizehmacesinndésiigriet edhiasaid hogy megerial, said

and B, .gener at.ed i ncor pqQr ati.ng. nano-si.zed silicon
in d’i“i?‘ésil%’ﬁ E I %Oémﬁcz ¥%§?Pﬁ?ﬂ?lﬁ%c§ r lﬂgg'tlsrl PR par i son
Wit h si ihkin tHatadi@iondasd-tdge offsa anpldenca baet-edpaiofiiset between

sanpl.e, and a._s | e conposed of a,powder_.m xture of .

o1 I G GLRAERY G Ph T CEREHA1 AP e P SOp P Piegels s less
cl e&n BYhtGRET BviRteit WPis SV B iah 06 Etad 4nldi Tisbh @verage temperature
nanoconposi te sanpl es. Thernoel ectric nanoconposite

matod Faié PaNOogPMpPasEe FHIRAEIBN can advant ageously fi nd
applications in both refrigerati on and power

generation. For exanple, they can be utiljzed in

t hé& mal Thanzngeeraprsitosentisandadpreaiiclainil cwhetpig ap g gnmérinum of a
d e‘ébﬁcﬁ%}ioﬂgnh ReEaid HIRYER haRFa BT RsOHeS aféhergy minimum of the

t hernoel ectric power generators Por direct>conversi on

of cohdictied baadef gpid hast whsoel i cal energy at a hi gh
efficiency. By way of exanple, FIGURE 12 schematically
depicts a thernoel ectric cooler 60 forned as an

assenbl Theharohenpmit emticinduabesfeitin, 1, whabinas enagumésmum of a

62 and 64. The. el ts are. i cal | ted |
2 A0 TSRS S Sl S FRER SF o

COMABE bf Alhodepgadiing on t he needs and power supplies)
with current flowing alternatively through p-type and
n-type |l egs (forned of doped nanoconposites of the

I nvent i qR) nantiempRES séMlicdlabetedi s 12wRer6iARARAEr8Hminimum of a
through electrically conductive bridges to adjacent

| ecpondustion band oA arith Bost asteriahis leapibprn ametiersy reipinging of the penduction
thgﬁﬂgpf§ﬁﬁngﬁg&{ﬁ ofAauses transfer of heat from one
side of thet

ernoel ectric cooler to the other,
thereby | owering the tenperature at one side while

in Gy eas '”[rlllg an‘éo&qSéER@ bt R @br 65&%119"1?%&%&&1%&@ 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 band-edge

discontinuity lies in a range of about 1 to about 5 kgT.
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Al ternatively, as shown in FI GURE 13, heat can be
applied to one side of a thernoelectric device 66

whaoosngroes t ype and p-type portions - connect edP@I/EHSENS/039362

el ectrically conductive bridging segnent - to generate
an electrical voltage across those portions. Those
having ordinary skill in the a4%- will appreciate that
vari ous nodifications can be made to the above

enyodi n#Fh¢ sanotbhymasite skapiaoridietgr dficim tl hehereippaid sémichsductor

invention,Wat is clai.ned is;:1. her riC . .
v iBRIeLR e vetaRr S res iyl MGRERELER I pgron,orina
S eFhrpe g usfud I nhsieterdd eoued 00 nanshaierp) animb range off about 2

nano-si zed inclusions distributed within.said host
matT@pqrAGiers E%‘%L&“ fP& HFRYBHESPETHY P o ?ﬁaag"‘g‘fz 1IgnOmEIErs to about 50
Sefassmdest or inclusion material, wherein the
conducti on band-edge offset or a val ence band- edge

of fset between said host material and the inclusion
mater i alrp@haBorhPéstt Eagior@hictbN& clabl 1M Wheeinahial sbilich@RStor
t han about 5k T, wherein k is the Boltzman constant
andncfusians sAmpREeagera il e AANIESf sai d nanoconposite
conposition. 2. The nanoconposite sem conduct or of
claim 1, wherein an energy mni num of a conduction

barfd of Thahehoceopesit ssmigendaetpief claim|lewherelnspiddnclesions gie
T ni ) ot - of . .
R B e S A
an energy mni mum of a val ence band of said inclusion
material.is_|less than al I 1 N

pard- of ok e RO RO HE PafPaflan el riHALS SdRolHh RHRS
senogpristscbpantof cl ai m 1, wherein an energy m ni num of

a conduction band of said host material is |ess than

an energy mninmum of the conduction band of said

i ncliusi dme ABtREMPoite SemithRlubBNERMIRAS ivhereharieasingotionrof said
of claim1l, wherein an energy mnimum of a val ence
barBClBHOLHAMEIHGEMPHES 8PPAIS- s | ess than an energy

m ni mum of the val ence band of said inclusion

materi al .
12.  The nanocomposite material of claim 1, wherein said nanocomposite

semiconductor exhibits a thermoelectric figure of merit (ZT) greater than 1, and

optionally in a range of about 1 to about 4.

13.  The nanocomposite semiconductor of claim 1, wherein said host material

comprises germanium and said inclusion material comprises silicon.

14.  The nanocomposite semiconductor of claim 1, wherein said host material

comprises silicon and said inclusion material comprises germanium.

15.  The nanocomposite semiconductor of claim 1, wherein any of said inclusion

material or said host material comprises an alloy.
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6. The nanoconposite sem conductor of claim1, wherein
sai d band-edge discontinuity lies in a range of about

wda2ae/13tveuit 5 kBT. 7. The nanoconposite sem conPUYUS008639362

claim1, wherein said sem conductor inclusions have
average sizes in a range of about 1 nanonmeter to about
1 mcron, or in a range of abod%t- 1 nanoneter to about
300 nanoneters, or in a range of about 2 nanoneters to
abd6t 10be manomeiositssenGeondncter of ahge Lovheigip said host material
nanorre}ls%rs ‘g’lh%on a%%%ﬁ”ﬁ 11? 191&6}98&?}1 % 1s§s a &ﬁ alloy. .
88@8 e senicon uctor 0 ereln sald
sen1conductor i ncl usi ons conprise nanopartlcles

na The nanoco It ag

1 Winer ahnatramiists der e aret o éhﬁpeq%ﬁ%?ﬁhﬁitgﬁﬁaf”
W tcbinprised b $idrodloyaad exid alclusion nﬂtcmhlrcomms@ Geccording to
a pattern. 10. The nanoconposite sem conductor of
claim1, wherein said host naterial conprises dopants.

11.18The Than@oesHsRIt Sensedhdeandifelain 1phhatiaisad host material and

er%%lﬁllgrl’é ]ggli Iea%E aéglmg%gstel#@ éﬂ&wsai}ﬁ-ﬂ@q@ﬁ“ﬁs ]‘&ggﬁ?%gﬁtaqnon of Si

cl ahigk, wherein said nanoconposite sem conduct or
exhibits a thernoelectric figure of nerit (ZT) greater
than 1, and optionally in a range of about 1 to about
153, THE nARPAHAIIRO SntiSordIBEb ARG 1 O h@in Ghid Bt Inaterial
mhereln sai d host material conprises gernmani um and
s aicdmiprigsls (siapd said inshusion madarish sopesises 4 § 1gg ore pad aPhuter shell.
nanoconposite sem conductor of claim1l1, wherein said
host material conprises silicon and said inclusion
mat28r i alThe omopmrelwltg sanmieeniduetor afSlaind eWh%rﬁl@é@ldﬁ@stlmaéerlal
senm condu [ [
PGB PhaY aft sl BHTd U RRLEL R ol o i3S or Posete,
al l oy. 16. The nanoconp05|te sem conduct or of claim1,
mhereln ai d host terial co se con. .and sai d
ncliast SR e ras e b uESERS R 1, Fhesb i iy Bogl gt
NanNREPHRA PilTR; SRIBakiaAclugéOnatefial cbi@dpiided anyMif@b@T &) 08 Bi,Ses.
host material conprises a SiGe alloy and said
inclusion material conprises Ge. 18. The nanoconposite
senixcondiyg hﬁfoc&’ﬁp&sﬁt@ kdhidond0beF & chimal Whéremisaidibeddomiposite

and
material exhibits a thermal conductivity in a range of about 0.1 to about 5 W/mK, or in a

range of about 0.1 to about 1.5 W/mK.

23.  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.

24,  The thermoelectric nanocomposite semiconductor composition of claim 1,
wherein the host material comprises a plurality of nano-sized structures formed of a

semiconductor material different than said semiconductor inclusion material.
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said inclusion material conprise SiGe alloys with
different relative concentration of Si and Ge. 19. The

wmaveasmpdsi t e sem conductor of claim 1, whereP@I/BE81005/039362

host material conprises Ge and said inclusion nmateri al
conprises a SiGe core and a Si outer shell. 20. The
nanoconposi t e sem conductor of24cl ai m 1, wherein said

host material conprises PbTe and said inclusion

maRér i aThehamidebeticanyocompigsomposifiBefelaing 32, Wheeein any of the

nodtnipea e G ARAE iy UBLL FomifE) BBl o

manhendvdles,co Apidparislea hyvily SoRige dameBisifSe3angg 2f abbuel nanometer to
nangc osite sem Cﬁnpugt or oJe acl gi me{sle ingternei rg)fsba})iug

naft SHOP 0T PAPRATTISES BRRTELAEE PSR ACaRG SR E

i P naré)dn@d%)‘@o afoua PELianOmdtets CoralanaptartfolehaKng averdgn danetengia a

of about 0.1 .to about 1,5 . 23, The nanoconposite
sefiEs ﬁ%i%hf’%? nagomefess tg,afout éﬁ@a&oﬁle’%ﬁ' d nanoconposite

sem conductor exhibits a reduction in thernal

conductivity relative to a hormg_ene(g]llés al | oy forned, o{
sai2f- hodhe thgtneqelesfricaprcompasiiefepisen torraoer@mswnﬁggalm ’

f achiRfeid HiPndnBORSHRHe RRPdbitidn &NiBRAkerhBl codductiVideless than that

t her noel ectri ¢ nanoconposite sem conductor. conposition

of ofphpmpgenceysatay fermpmofitaidthoptapaieriah pndwidipelygdaen gaterial.
plurality of nano-sized structures forned of a

sem conductor material different than said

seni’condbe thermaetrsirissiomposiganefickdim 26, whiein said thermal conductivity
th SFInE lnaen%%@ospg DG IRAR IQ%QQJEQ?& oF 2 ﬂo&%g@!ﬁa&s%ﬁ;by at least
wher el nany € nhano-si zed 1 nclusions or e

nandacsorzd@, droglhersit said thamed comluptivityef said opecompdsés canposition is

P o B RRSRE 8 0BRSS AR s o,

nanoparticl es having average dianmeters in a range of

about 1 gaqﬂgmsti&r? t o about 300 nano ers, or, .
narf8par tPE MEENGEiReTiaBRrerRGR AP RIFER LT FopPsttion gt clim 1.
abGiteretn SANRITBENSoskOcoripRbitioR BikhilianRa BRRESIS. corductivifiethat differs,
t her noel ectri ¢ nanoconposi te sem conduct or conposition

of it fiem an glseirigrtoadiicHviRA{ G OMeBTIcee AeMiaEret phtfid host
ex b Riria$ ad Mmggéi?&m@ﬂat ifhdor 168 $hahRBsutl4hat of a

honogeneous al | ornmed of said host material and
said inclusion material. 27. The thernoel ectric

g gn Silt fIil}? @ﬁ%oe%cﬁ;ﬁc'ﬂaagcorﬂ%ﬁfeesieﬁic%ﬂ(ihgtdr Q%H&htion of claim 28,
wherein said nanocomposite semiconductor exhibits an electrical conductivity less than

that of said homogeneous alloy.

30.  The thermoelectric nanocomposite semiconductor composition of claim 28,
wherein said nanocomposite semiconductor exhibits an electrical conductivity greater

than that of said homogeneous alloy.



10

15

20

25

30

of sai d nanoconposite conposition is |less than that of
t he honobgeneous alloy by at |least a factor of 2, or

wob@sesr2zai d t hermal conductivity of said PCT/US2005/039362

nanoconposite conposition is |less than that of the
honbgeneous alloy by a factor in a range of about 2 to
about 10. 28. The thernoel ectt35c nanoconposite

sem conduct or conposition of claim1, wherein said
nandc onpbsihbenetepivgiatécompesilsisernicenduntoe berapasitivalof claim 1,

conduct i vi that. djf o . [
COTUEH U b Bl PR SRS e o
hostledtad emiaindanct saerihl,and kaid harosinet isclusibndopngprifac teoond

| ess than.about 4. 29. The thernpel ectric. . :
R DL RIS T i A SR BT e e e Bicondugiopmaiprial. sad
Wh gécdhd nSidindres BEIAE itgImBiet evith et dios dartnares.exhi bi ts an

el ectrical conductivity less than that of said
honbgeneous al |l oy. 30. The thernoel ectric

nangc oNPRS hindc&HisROMERELIQT cRRMPNSHetedsad nb®ires dirst and
wherein sai d nanoconposite seni conductor exhibits, an

el &890psl BRES §E Kndew if;%?seélrrglégné}to CR&AOE 0 gherely fid nanowires

horgp gRP SRS cld! tPpes Bfe disPagedlin & INREdiBGLJibifal PARALRNASSIotRe
sem conduct or conposition of claim1, wherein the host
mata@pthefl conprises a pluarity of nanowires of a first
type forned of a selected seniconductor material, and
sai d nanosi zed inclusions conprise a second plurality
of 3Aanwilhesangfompasiie magrilof elame veichetsin saidbranewires of the first type

se f . ng
s SRS P n S hABERAT RS PR
nanoconposite material of claim 31, wherein said

nag Wi res of firs{ aqd.zeconq.t_pes are randomy

di %‘ose TP IR S B BN BHSUHEY, or wherein said
nanow r eplupdlity bf sickedehnsetreomelictygyes are di sposed in a
three-dingnsional attern relative to one another. 33.

The nanE¥OPBBRYHESUYEET SCHPIYPEC| ai m 32, wherein said

nanowi res of af fiRerfshélBorhyEr 2816t sbICEREhcRI materi@)@ndai d
nanowi res of the second type are fornmed of Ge. 34. A

nanoconposi t & wagreprefPrmed i sseondhgpmicongpeipamatesialof

st acked yaaREAWNifiefhdcWEkAME BSier HEE Bnd\AROWhE Lotk HBIt4E Band-edge
conprising: an outer shell formed of a first

s ervifiseshdiceen therpandiiction bandper the valence bands of the outer shell and the inner
core less than about 5kgT, wherein kg is the Boltzman constant and T is an average

temperature of said nanocomposite composition.

35.  The nanocomposite material of claim 34, wherein said nanowire structures have

an average diameter in a range of about 2 to about 200 nm.

36.  The nanocomposite material of claim 34, wherein said inner core is formed of Si
and the outer shell is formed of Ge or wherein said inner core is formed of Ge and the

outer shell is formed of Si.
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an inner core fornmed of a second sem conduct or
material, wherein an interface of said outer shell and

wa@ 200d/137192r core exhi bits a band-edge of fset bRCTNES2005/039362

t he conduction bands or the val ence bands of the outer

shell and the inner core |l ess than about 5kBT, wherein

k is the Boltzman constant and2f-is an average

enperature of said nanoconposite conposition. 35. The
gg?:o npbis thermegleetric apnaspmpdsite sen@idondupter einmpositiva of claim 1,

nan r

rang"éb‘%'?l Sy e B Y AUl B i o merie (21 i

nan@@émﬁﬁbpwel trabeutidal of claim 34, wherein said inner

core is forned of Si and the outer shell is fornmed of

Ge or wherein said inner core is forned of Ge and the

out 8§ shBielnahecomppsitednasériabpf @zim ﬂmwhm’eﬁrsaﬁeiaﬁ@dohipasne material

nan ' of .claiml1,
wh e%@,@gi’:‘%“ﬁﬁ%ﬁﬁ‘%wg%&ﬁp is rlﬁﬁf % | Blilq:ugtl\gty of a’homogeneous
t heallydbmedrof said hgp mate@[ﬁl amsrshitl n{cﬁiE)onlnliht@lal Bﬁ&ﬂe&f a fafctor of 2.

about 1lto about 4. 38. The nanoconposite materi al
clai m 37, wherein said nanoconposite material exhibits

a t3ter nelhecimtdedtiiic hahotdiBposit® sdnfisshdididi tompb 86 E clalrn 1,
cond ct.i Vi honogeneous al | oy formed of sai d

hosY’ %Té?lﬁﬁf’gﬁ?mprés&?d inclusion material by at |east
a fact ora fart pZulal&Q of TdiR st 8B R It ?%r%ﬁ@&ﬁi@@ﬁ@@ﬁk Gterial

sem.c np05|t| on of claim erel n sal
hosi? gS(ﬂ’ﬂE?t %féo 0 3 REFCOtiQR BEtOLK, and Whateis said dnclusions comprise a
f Orsﬁe&thﬂuraht? of %ﬁn&ﬁﬁét&x@@ b O5f d@tzcﬁfd's@hcﬁ%&ﬁvﬁ? glaterlal disposed

together to torma percol ati on networKk

saig¢ %F%@f%n%ﬁ%rl se a second plurality of
nanostructures forned of a second sem conduct or

mat eri al _di sposed in channels of said network. 40. The
narf¥e ondd8 nenecewpgsits compasitivh of blainm$ B Whewhresaid firssaiddecond

fi rﬁﬁraﬁ?@fﬁﬁff&ﬂ%ﬁﬂé U{?ﬁllprlgé/ of {}gsnost ructures conprise

nanow r es rTe nanocorrp03| te
sem conduct or conposi tion of cI aiml, wherein a
ed nuity between at | east one
co%uct qun eﬁﬁ na ﬁ]eglFlcana\l} ?08}?8\@1%095’??5’08‘%“"&05 Wnﬂ‘b“étlon of claim 1,
matvérereik a hemdl -calge dmccmspmnobdmgeehaﬂléa@fmd & doRGlckish 8hd or a

IS

mat |aI rface with said host materi al
| esvgre bang';l Bgfﬂd § 1&?1 and a corresponding band of the inclusion material at

an interface with said host materlal is less than about 0.1 eV.

42. A method of synthesizing a thermoelectric nanocomposite semiconductor
composition, comprising

generating a powder mixture comprising two sets of nano-sized semiconductor
structures,

applying a compressive pressure to said mixture while heating the mixture to a
selected temperature for a time duration selected to cause compaction of said sets of

nano-sized structures into a nanocomposite material.
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42. A nethod of synthesizing a thernoelectric
nanoconposite sem conduct or conposition, conprising

w@emensmeng a powder mi xture conprising two sePGI/U82005/039362

nano- si zed sem conductor structures, applying a
conpressive pressure to said nmxture while heating the
m xture to a sel ected tenperaﬁﬂre for a tinme duration
sel ected to cause conpacti on of said sets of .
nand- si Theomsthpdiof eaiwst2i frthercopppiaing aPessing said compressive pressure
ma&;géé i%!a‘rg'ns e 0}% uq% &%o@fm@b 1Y 4.2’ further

co i sing selecting sald conpressive pressure to be
in a range of about 10 to about 1000 MPa. 44. The

nmet hod cl ai m . fur 1.S1.10- ' :
curtont TReRefey of fam Pr Ak EREPEECAREAELER el flow
f orhrbgst satigobipesseedimiatuck fophdatingiheseof gldenptipmedly seleeling said

current to be in a.ran f abo 0 to about 2000
A/ CHgent fasbe i aange,0f 8%°“g$°°§|t%?bn‘%“ﬁ9&°v@g%i n said

current, said conpressive pressure and said tine

duration are_ selected to substantially.jnhibit.

f ofitat | Qe BEA0 RGO UL IBY SRR R v e prese and

f O Migh SR Mol aROeREEE D sibdtatihlly Bhibitbineatibacf & hémddengps alloy
formati on of the nanoconposite terial. 46. TQe. .
e CRBROSH o maeHAa STSF I nanes e Lo YIS fysitating formation of
nanEpahbldmhRsitd Ratb@smed of a host sem conduct or

material and the other set is fornmed of an inclusion

sem conductor material, and wherein said step of

aPRleY | Nep nEHIIR PSS 85, NnSRRHUHE sBSBEI M ERnBparticles is formed of a
nanoconposF{e conposi t1on having said inclusion )
naropaehicohdsta instariabanddle otheraetis Srmad o¥ andnglptioraggmpgonductor

sai d _host semcon r i al . o
ot i o SPRAT eI Ehb Beonbig o PR B,
sai@nsanppsitetdomipesititefaving sgid mehasidnngnepartitlgscisttéhuted in a host

m xt ur.e, ) . .
matrix formed of said host semiconductor material.

47.  The method of claim 46, further removing oxide coating, if any, from said

nanoparticles before generating said powder mixture.



