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BACKGROUND CF THE I NVENTION 1. Technical Field: The present invention TN
rel ates s bhenmoel ectric devices for, for exanple, cooli RgTKHYSDIEES %ggﬁé}
as integrated circuit chips, and nore particularly, although not

exclusively, the present invention relates to thernoelectric coolers. 2.
Description of Related Art: As the speed of conputers continues to

i ncrease, the amount of heat generated by the circuits within the conputers
continues to increase. For many circuits and applications, increased heat
degrades the performance of thé"EHRELRERIC Scircuits need to be cool ed

in order to performnost efficiently. In many | ow end conputers, such as
personal conputers, the conputer may be cooled nerely by using a fan and

fins forgconpsctd g &£RO0LIAG-tpwever, for larger conputers, such as main

BACK

frames, that performat aster speeds and generate much nore heat, these
solutions are not _via Ie Currently, many nmain frames utilize vapor

conpr esstod*EBYIEF s*4%3% 00l the conputer. These vapor conpression cool ers
performessentially the same as the central air conditioning units used in
many hones. H@fvaeyseésen\eawenemm&esﬂe@nt&Q@lleaﬁéelaeerlqua&@casmni@&J Iy
conpl | caledfeauiing LOsLall o, A0d NN LOAE MU, U kO MATLous parts

of the main e partic ar eas at are nost
suscept i &I AT ¥r %EW%P?B%H%VG% {8 (ﬁféﬁﬁ%‘éﬁ“ﬁ@““ﬂn Mf¢RE8S Pl er and
cheaper thepmoefectpdt @eclersa t hernoel ectric cool er. Thernoel ectric cool ers
utilize a physical principle known as the Pettier Effect, by which DC
current froo.a ROVSE o %Ok‘{)fa‘gehsa:%ppl ied across two dissimlar materials
causi ng heat to be absor at the junction of the two dissinmilar

materials. Thus, the heat is renoved froma hot substance and may be
transported t&s &hhesteedi ¢ik coupduterdi oot patesdto tingredse. conl pnepntthef Heat

subst ancgnefheddroe! €kt bifout 0918k hiNRYie DeonipabédL abet nvk h:ion idrehBé €03t ed
circuit gh pcmlggyaﬁaoggpms@m&ﬁsc QL. SRAL §e dpcl GESIdak s WirlaNOULe LS, J1eEd T OF

conpl i cated nechani ca stens, as 1S require vapaor CO ression cool ers.
W the computer. circuits need to be cooled in order to perform most

efficiently. In many low end computers, such as persomnal computers, the
computer may be cooled merely by using a fan and finsg for convective
cooling. However, for larger computers, such as main frames, that perform
at faster speeds and generate much more heat, these solutions are not

viable.

Currently, many main frames utilize vapor compression coolers to
cool the computer. These vapor compression coolers perform essentially
the same as the central air conditioning units used in many homes.
However, vapor compression coolers are quite mechanically complicated
requiring insulation and hoses that must run to various parts of the main
frame in order to cool the particular areas that are most susceptible to

decreased performance due to overheating.

A much simpler and cheaper type of cooler is a thermoelectric
coolexr. Thermoelectric coolers utilize a physical principle known as the
Peltier Effect, by which DC current from a power source is applied across
two dissimilar materials causing heat to be absorbed at the junction of
the two dissimilar materials. Thus, the heat is removed from a hot
substance and may be transported to a heat sink to be dissipated, thereby
cooling the hot substance. Thermoelectric coolers may be fabricated
within an integrated circuit chip and may cool specific hot spots directly
without the need for complicated mechanical systems as is required by

vapor compression coolers.
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WO 02/-t7179 PCT/ GB0110519-1 2 However, current thernoelectric coolers are
not as efficient as vapor conpression coolers requiring nore power to be
expended woonchireve ' the sane anount of cooling. Further mora;BocOsI9@Nt
thernoel ectric coolers are not capablz of cooling substances as greatly as
vapor conpression coolers. Therefore, a thernoelectric cooler with inproved
efficiency and cooling capacity woul d be desirable so that conplicated
vapor conpression coolers could be elimnated fromsmall refrigeration
applications, such as, for exanple, nmain frame conputers, thermnal
managenent of BRBEVEh B@reRF sReRicE 5T 10 RoRl FHEURYS HOHH@GnéFF’élFE’écP/swrl te
heads, optpealcoapkssase rcodeanCesquiatdg awirensbicketa @krégendtd on sotsieeas.

SUMVARY Ofe Tédﬁel MEHI I cg\lc-gbﬁr%r eSﬁﬂEhéMé%Qt | QPO h AR A cthanBag18eLr i C
device. In on %q éw { 1tllnerrme ectric fVICEInC|UdES a first
of cbo %?

e n tance as rea as a Y, compression
portion &f °ther efient ~and a secon i On Of -t he T hef el enent . The
first poFP‘PJtﬂ%fsof '-Ehr‘?é”efcl’?”ér nﬁetl%*‘f@?ﬂleicémt%égﬁ%ﬁrl Vl%&BP’éﬁ’efioeglﬁb?nCﬁﬂ aF%. The
second peovdligy cdpamitherowdé|endativaple er hedt yomplipheel tvepar colprasisate. One
0; E_he fEéﬁiexﬁngotfl%cﬁgcglﬁﬁﬁﬁéﬁéﬂsf% bl 1t B@Eﬂ%@f&ﬁ%ﬂtaﬂ%ﬂlf%ﬁ? auehural ity
of tips an e_other qne o nd. s n
t her noel &fent examtp(isésmaéns% DSt a?ﬁ“ipg %rsa Fanrgr‘%?sﬁarr*%geéen%ﬁf qmt cI':]hlzi)n(fl the

subst ant F&‘f“‘l“?‘lﬁF%ﬂﬁr cEiffiise "RERS G é?Fg’e;(Hrf‘f? Slgers M nPP'tiéﬂlc?'th Flé?e”c he first
and secodevipmst | ont aofordieéle hefmbelrenbot sgsteemel ectrical |l y coupl ed.
According to one aspect of the present invention, there is provided a

t her noel Qginidre 8 \WnECTvERReHt S Ng: a first portion of a thernoel enent
thermally coupled to a hot plate; and a second portion of a thernoel ement

thermal |y counbechd.geg, ARl duAlA! Siovthes & DailIB.0lcble dRcROr Lhops, of the

t her noel enent conpri ses a oné of the two
porti onseB‘F“{H‘i‘@n’fhéﬁ‘ﬁD@}eéﬁﬁ?ﬂecEB’rfbrdﬂb%e éngjt}’n?ésﬁa"htqlé?tf )PoﬁF“a‘fPaP strface; and

wher ei n thernpleliewdntt yndfa sepmdapdrtibe Subbe daiveiraddpmghtanafhs fifsice are
ar r angedpbft §h0XE ey tAImpEDieEe B eRéMiaCd LRAPDEd BY. a ALEOpBY thea Second

aspect of they BBP&%EUOE %V%HH @1er§] e & t%eB{a%‘i&d&qlﬁe& her QDclelﬁ"E?iL feef OF use

in a thernoelectric device, er.noe I, rst ort|on

of t her nOBF &t Fi'e SHaterd™d S?‘Fé\?fin’bor&lg%é’lfamﬁ é'tP‘F)ir)T‘P"ﬁll SOMErAReS aland a
second petttadatpfot hépsarethe Peherapes icdl thahiingt angl secabftgerotons ps;

the thermoelement comprises a substantially planar surface. The tips and
the substantially planar surface are arranged in proximity such that the

first and second portions of the thermoelement are electrically coupled.

According to one aspect of the present invention, there is provided
a thermoelectric device, comprising:

a first portion of a thermoelement thermally coupled to a hot plate;
and

a second portion of a thermcelement thermally coupled to a cold
plate;

wherein one of the two portions of the thermoelement comprises a
plurality of tips and the other one of the two portions of the
thermoelement comprises a substantially planar surface; and

wherein the plurality of tips and the substantially planar surface
are arranged in proximity to provide electrical coupling,

According to a seccond aspect of the present invention, there is
provided a thermoelement for use in a thermoelectric device, the
thermoelement comprising:

a first portion of thermoelectric material having a substantially
planar surface; and

a second portion of thermoelectric material having a plurality of

tips;



WO 02/.17179 PCT/ @B0OL1/ U519-t 3 wherein the plurality of tips are proximte
to the substantially planar surface such that an electrically conductive
pat h exi swe obatmeen the first and second portions of the thEreBAENSOL i C
materi al . BRI EF DESCRI PTI ON OF THE DRAW NGS The novel features believed
characteristic of the invention are set forth in the appended clains. The
invention itself, however, as well as a preferred node of use, further

obj ectives and advantages thereof, w |l best be understood by reference to
the follow ng detailed description of an illustrative enbodi ment when read
in conjuncti oMPRFLR Ehe PACEDHFINYS FdPEraRi PR imdfrecei e rrbRiPRt Al depicts a
hi gh- | evellaiekriicagsach ohata aiheYamyel @dilyi con@oot iviegr{ tFEE)1idevbewveen

"accor dangge Wikl thy PLEQIa Bétcioks Wi ened tlephdiSc@riel Ao%r8ect i onal view of a

t hernoel ectric cooler with enhanced structured interfaces in accordance

with the_present invention: Figur depicts a planer view of
t her noel ng‘% %E%%%ﬁpg?oni(?% F‘ﬁfr‘-’%" ggz i n accordance with the present

i nvention; Figures 4A and 48 depicts cross sectional views of tips that may
be i npl ement edPasiVRE BF2tLFps Pe5ERveA Frafaree i sEic £EcbrlARERNEAPR R Reh&et
present ifayentinothe BpgendedScldgps Cct Tha vessieedts«lfal haneewr | labustliiads g t he
tenper at Yreedrrgh thdle 8¢ Wik, NRAENLO B SURGEL alll £&-hBQGLCRRLANee wiikh the
present iventi of ELOUr &6, depLels (8 GLoss, secll ARl MeWof A scn o

t her noel 8€FFiC COOl &r W th enhanced Structured Interraces Wi all netal
tips in ABRCOrHERER Pt FCHE P ¥rATt TPRY eftt PO ER Pl BitA §BDiacFIMRANYing
Cross- sedtawimgk, whemetbdi: a sacrificial silicon tenplate for formng all

netal tips inrageqy dangs ekt nifie 1Rves abek MAGBEINBE Li@dLRoSetepicts a

fl owehart oLl Usirahi g, an exemplasy, reifiod of prodycing all ‘netal cones
using a sIT1¢6n SRdr | iClal t°enpl at in acco.ra’ance Wth the present

i nvention; Fi J#Fere2deRicts & cepossesetrpbrigievwwrew brewrpel pbraf “Oohes
formed usi.tig epadiednetphotel st Sifachs aec o¢dadescamv th tthe preasent
invention, dtgure 10 depicts a flowchart illustrating an exenplary nethod

of formng all  nmetal cone usig é)hotore ist in accordanc vvlhg t he present

i nvention; Fi §af&ers g%pdf’i?sa & g’? Js$%eC |‘6}he§f“°?/]ie§&/rb? cgofﬁ%lz efectric

cool er wFignzenRahit edesrdanee urigh thet erésagsidvenpberch t he thernoel ectric

mat eri al Figures 4A and 4B depicts cross sectional views of tips that may be
implemented as one of tips 250 in Figure 2 in accordance with the present
invention;

Figure 5 depicts a cross sectional view illustrating the temperature
field of a tip near to a superlattice in accordance with the present
invention;

Figure 6 depicts a cross sectional view of a thermoelectric cooler
with enhanced structured interfaces with all metal tips in accordance with
the present invention;

Figure 7 depicts a cross-~sectional view of a sacrificial silicon
template for forming all metal tips in accordance with the present
invention;

Figure 8 depicts a flowchart i1llustrating an exemplary method of
producing all metal cones using a silicon sacrificial template in
accordance with the present invention;

Figure 9 depicts a cross sectional view of all metal cones formed
using patterned photoresist in accordance with the present invention;

Figure 10 depicts a flowchart illustrating an exemplary method of
forming all metal cones using photoregist in accordance with the present
invention;

Figure 11 depicts a cross-sectional view of a thermoelectric cooler

with enhanced structural interfaces in which the thermoelectric material



WO 02/.17179 PCT/ GBUL/ U; 19-4 rather than the metal conducting layer is
formed into tips at the interface in accordance with the present invention;
Figure 12vdepitit7s a flowchart illustrating an exenpl ary nmedmweB@ios194
fabricating a thernoelectric cooler ina accordance with the present
invention; Figure 13 depicts a cross-sectional diagramillustrating the
positioning of photoresist necessary to produce tips in a thernoelectric
material; Figure 14 depicts a diagram showing a cold point tip above a
surface for use in a thernoelectric cooler illustrating the positioning of
the tip retiax vear ¢he hetsirfadectimgatmerdémdorned Hntheipresteibei nventi on;
and Fi gukgrFadepirt bscxaberAth Gerdi ggisam; ofnvant fier; m)el ectric power

~generator. DELAI NED A evel

bl ock di agr aml;é EE?S%DR ecqryllogé Bg{?gﬁp%gw ac@%@ﬁc% W th
the pri oifa%\?ltcaFénijé‘pF]&‘?réﬂe??FtFFﬁLFP@lir l?h%‘?‘??ﬁ@f‘%‘%ﬁ ?"fLEh cFE)‘SI?’?‘F@en%\ wel I known
“principl épvergibased on the Peltier Effect, in which DC current is applied

across two di &swel 8 Jmt&dd al &oeabbsacegoﬂaea&lafgearbe_laMtaﬁ@ ghe t he junction

of the two di.ssimlar materials |cal e ri€..e00ling
devi ce 180° Ut 1™ Oéﬁjht yf)léessf(sa%nngg?\s uc and %Qtyg% g%%"?:eolng or 106
sandwi ch@ﬂt%é?i‘/veen poor el ectrical conductors 108, that have good heat

conducti ng pr opeutd &4, depideeledtadrenl siponduct opd PoOn@andp ldkbve \s tsppéace
sem condygt Qfselﬂﬁ ahéﬁeﬁ(be%&ﬁﬁé &fol@l: eﬁtlwﬁ%tliﬁ\@'dh% goénx@@nﬁa%%ﬁcﬂﬂguﬂpor

104 has a flefl ci % eI e tég 1S o@%@ Wer sSQurce esen |s connectaen(gli bet ween
the two &Fett) rlca Eonductor s 11% t ons o om erect rical

conduct or 110 Figuss tlwéepééizﬁ co AehrTesEc Peeesrratﬁhef @éﬁggfﬂ%etlatf*erlsf PYWeE

el ectrongehexratarsed due to heat energy absorbed from heat source 112. This
process has the effect of transferring heat energy from heat source 112 via
el ect r on pfd QWb NG Ber it Y Srrf CFEEFRRCEIC bRk optiiBrAnd el ectrical conduct or
114 to hea. sink '16. The electrons drop to a | ower energy state and

rel ease the heat energy in electrical conductor 1l14. The coefficient of

per f ormance, @, hDfh-deedOblock KeddtagesBta0therside DedS it h@id1Iiry aake) cletded er

100, is Egeac;c%g:&]é)nc%f wlé}? tﬁQOAthQ ﬁ%p%IdteingJedt bl? Fi MR Q.Z/ 7’§i'?e9'moelectr1c
PCT/ GBO1/ OS19-t refrigerator divid b&g he t ot aI ower consu)g{/)tl on

the refri @‘é]r“&faor "“f‘ﬁhskr’t Rt Rl eh‘f *p&Pf bPTraCe 55 *htSren WPh‘éh

equat i onPC current is applied across two dissimilar materials causing heat to be

absorbed at the junction of the two dissimilar materials.

A typical known thermoelectric cooling device 100 utilizes p-type
semiconductor 104 and n-type semiconductor 106 sandwiched between poor
electrical conductors 108, that have good heat conducting properties, and
electrical conductors 110 and 114, N-type semiconductor 106 has an excess
of electrons, while p-type semiconductor 104 has a deficit of electrons. A
DC power source 102 is connected between the two electrical conductors
114,

As electrons move from electrical conductor 110 to n-type
semiconductor 106, the energy state of the electrons is raised due to heat
energy absorbed from heat source 112. This process has the effect of
transferring heat energy from heat source 112 via electron flow through
n-type semiconductor 106 and electrical conductor 114 to heat sink 116.
The electrons drop to a lower energy state and release the heat enexrgy in

electrical conductor 114.

The coefficient of performance, 1T, of a cooling refrigerator, such

as thermoelectric cooler 100, is the ratio of the cooling capacity of the



al T~ - ~ 1 ZR - KaT |I2R+al OT where the term (err)ITc is due to the

thernoel ectric cooling, the term1/2I2R is due to Joul e heating backfl| ow,

t he ter mWOarn)iloi s due to thermal conduction, the term | 2R1/§BeR1440 Joul e
|l oss, the term(err)l(err)T is due toswork done against the Peltier
voltage, a is the Seebeck coefficient for the material, Kis the thermal
conductivity of the Peltier device, Tc is the tenperature of the heat
source, and (err)T is the difference in the tenperature of the heat source
fromTh the tenperature of the heat sink. The maxi num coefficient of

per f or mapekrigsratar ¢bdidef wptthei tktad ndver ceansemetiop, ofdei xefgigerrthy- t he

fol | owi ngnuLkatierrdcibnt JE€ pefrirnbnvhasegihn paraeeé@iatyoan be expressed
'as 1+ a~ ~Th z T Y Wiere Cs' is the electrical conductivity and ~, is the

t hermal conductivity. The efficiency factor of the refrigerator E is given
by the equation: Y_Tr~T y+1 The f}j ngg%_gﬁgft, ZT, is given by the

‘equat i on: WO 02/ 7179 PCT/ GBOL/ 0519-4 "G ZT = a2~ wher e t her mal
conductivity (err) is conposednﬁT t worgpRonents: (err), the conponent due
to electrons, and 7k,, the conponent due to the lattice and T is the nmean o

tenper at %eerse -tl_- e 6}:rc]e(:j:m-l-OL TcTihseI;ige]; Q:I;)ethet Qgeﬂyo)glgyt@i%f ]::ci:c%.iiggs:ythe term ¥I°R is

due to Joule heating backflow, the term KAT is due to thermal conduction,

the term I°R is due to Joule loss, the term aIAT is due to work done
against the Peltier voltage, o is the Seebeck coefficient for the
material, X is the thermal conductivity of the Peltier device, T. is the
temperature of the heat source, and AT is the difference in the

temperature of the heat source from 7, the temperature of the heat sink.

The maximum coefficient of performance is derived by optimizing the

current, I, and is given by the following relation:

T 7’”%
(]

AT y+1

where the parameter Yy can be expressed as

4 20 2

Where ¢ is the electrical conductivity and A is the thermal conductivity.

The efficiency factor of the refrigerator £ is given by the equation:

T
74,
E-—.

B y+1

The figure of merit, ZT, is given by the eguation:



e, 1s achieved as the figure of nerit, ZT, approaches infinity. The

ef ficiency of vapor conpressor refrigerators is approxinmately 0.3. The

ef fi ci enoyoot4aenventi onal thernoel ectric cool ers, such a®CrheBorweivgctric
cooler 100 in Figure 1, is typically bess than 0.1. Therefore, to increase
the efficiency of thernoelectric coolers to such a range as to conpete with
vapor conpression refrigerators, the figure of nerit, ZT, nmust be increased
to greater than 2. If a value for the figure of nerit, ZT, of greater than
2 can be achieved, then the thernoelectric coolers nay be staged to achi eve
the sane efficiency and cooling capacity as vapor conpression
refrigerators. Wth reference to Fi ea2gTa cross sectional view of a
“thernoel ectric cooler with enhanced™sttucfured interfaces is depicted in
accordance with the present invention. Thernoel ectric cooler 200 includes a
heat source Z26 fromwhich, with current | flowi ng as indicated, heat is
*extract egnhangd tﬂ@f!ﬁa\lel‘:&diticﬁrh&@'tkﬁisﬂkor%%edl‘lﬂﬂﬁ:w&(ﬂﬁnﬁ&léﬁzg my, btaet hermal | y
coupled to a substance that is desj ébe g h :L r’g&;&, be

t her mal | YORSHERE 10 *QeRACEEE S ctiih FB‘? c@)?‘g?f‘belné 'y ﬁ@a’i i ?)%thFl Sy

and/ or aieotigensai icdntenpetratwredi Bsndare t Hesrkéate r eh@\nedltﬁunoaffuea.tensmur ce
226 and/ gr JULLIGL.GOQ REH:oROLIECAAe, BRALSOULAE. d50: 4ty OBl sed of p-
type doped Si Fico Heat source 226 1s therma y coupled to n+ type doped
silicon Pé@’r‘ﬁ'ﬁ*ﬁ‘w@?ﬁf &wmemws'é?wemerm@t%e FOHPHITECo CaBd XB2 are

el ect ri cakfoordug tdfngomeniwidialashdimpalpayodd ddedensal sgandactiorsceathiof N+

type regi.08te2260 %&dﬂ%& f @F & @yﬂl%\et@t;sfiegbordﬁn% tih heat-804s,Cec226 such
that no currente ro atween fhtat Soprce . 226 an ers nt I recgl ons 224 and 222,
t hus provi‘ding FPE%I°% BB EPF O 6 - heat - SoUrce 228 From &l &ctri cal
conduct oF@“‘% ah"dl 228“ FesRressHRn ZOPriserabiigsri Sl fdguis of yiseidopdd
silicon, mheatvesifderedfd its Gheirrsnl dhancouplieda tvalue doypehed Gp@ctesbt ingant,

regi ons 204 and r@&@r L\#ant !p@anr 891 QASAN and, %QQ 'él{e%mé‘él%GT:HcCéL&JYers may
conduct i ng and her mal conduct s, Each of N ty "f%; ons 204 and 206
[ /"@)S‘g

and heat tﬁé‘gigzt% BFAESE ERSNEPBR /I YRS “BCTIGRe PEVETRE di ode
so that memeussséen rEEoigsrbeeiseen the N+ type regi ons 204 and 206 and heat
sink 202, thus providing the electrical isolation of heat sink 202 from

el ectrical copduct.Ql.208. %’”ﬂ?hﬂ_f or ”@tdﬁgsaﬁgeior&le%éd gal, i solation of
t her noel ectrlc coolers mm ound in U S. Patent use, 222 113, Bl

entitl ed heMREL TS f/%%%l whtgeriaprgd ‘ﬁ*fFHC‘ét]-”Bgt}I}}Fégacfe&r I5HEPHOE%R A i ¢
Cool er s" 2aswidgned wight Hiee bneesnhativenbiorBus FireggeMathinesoCer B6P atticdndet

Ar monk, ueméa\éorstsu@adziéIfedmdml@ece&berc&meﬂ,@%fl.tvhagcwtleatcsateti whiaehiar e
fler eby | AfoIReLa! S RerRhad Ol Add, BuLPORES, AL0E g6l Fak Ko7 HLNg @ ever se
di odes - region ectrically Tso ate con tor 208 from
heat si nﬁhmlaﬁcF%‘Qn%(FPo?ss“?ZBa%fﬁdtWO lFr‘%ﬁﬁlﬁ%%ttmsB%trceél?jZG feat§inheeded
i f the heat mivnke 202rwaid yheaiplsdurc dePREsapechc onstiouceetpiat ar béat Phpen

undoped RORs el.86}d ‘an:MﬁeﬁleéﬁtﬁrBﬁl 86 1di QN HOVEY 8k ot idembsedV 8F¥m ek i cul t

to ensure that ob ean% on |sr entf relé/ s%ngggezg Therefore, the presence of
the revef o 6des p/ow eb ‘e : regl ons ensures that heat sink
202 and heat source 226 are eI ectri caIIy |soI ated from conductors 20S, 2I8,

and 220. Al soHeat hotd d2beinebegkisbatod be sarededeactiiicah. | gohatdanmcaISi Ng
reverse dghpdes tﬂastnafie ccro%e,tsai tgtzbﬁrtyi@@yd%petogll%amla?mtgyzwaag P bype

doped S|I|con and sjlicon _rather than nd n+ t
{pe doped hi
oo sacmmasbor i relRas TR sl el Ph Rt Ferorget [ orRiafty B¢ abbie” and
hi ghl y padopeasserrcc bhekred i deatceﬁi al Egcgspedt-i vatey reéﬁvetSt 4men@-223nd p-,
as used hef R, rgmaelaigmwlaa gapedoand bhghiuby @adow@usﬁmcemti ng
mat eri al LLeshe ;ll veISX el %goel ec;t I‘rleC COOEE% angozdzs ‘s_%‘ps] Eriv(f tructl on

.to thernberactr e c60 wever, e

| 04 seni edeeficet @Pie%tﬂar af Heat e?cﬁlaeeszzﬁa@@“beéwtrréﬁt G@Hd%tPﬁs 218 an '

super | at keee t hernoel enment structures 210 and 212 that are electrically

* coupl ed by el ectri cal conductor 208. Electrical conductor 208 may be forned
fromplati numgs or alternatlvely, fromother conducting materials, such

as, .for exampfe® Fafigd¥en® (WP HEKEF TNFYPS 6PPRT CAM IR cdffpEr S HI'TREE

(Ti / cul Nii)‘= Frerakl Yy cnepled soper by doped sidichr vedigne 2UnendR0Ag of

al ter n?t pSe h@ﬁf&r?s_r@fmta&ﬁ glod fa?é?ﬂgc%ﬁiﬂa@@?fﬂ&ﬁ@étﬁ@t &id Q{gfd teeakalsever al
hanonet er s i,.C erno n S str rom.a i ers
of N-typé° ré%urﬁtglé?lduc A efn'gget al's Jana t%ﬁg rhd;gé?aatntd 1geeato r?(hgrg%me erreé/nt
222 is constructed from al ternat| ng | ayers of P-type sem conducting
materials. Each of the layers of alternating materials in each of

t hermoel ements 210 and 212 is 10 nanometers (nm) thick. A superlattice of
two sem conduct| ng materials has | ower thernal conductivity, (err), and the

VAN N 1 = oA = NAYT ] AN/ A A N A N ~



I n one enbodi ment, superlattice thernoel ement 212 conprises alternating

| ayers of p-type bismuth chal cogenide materials such. as, for exanple,

al ternat i 0p/d¥1@9 s of Bi 2Te3/ Sb2Te, with | ayers of Bi 00. 5$IT/GAEAS1%Nd t he
superlattice of thernoel enent 210 confrises alternating |ayers of n-type

bi snut h chal cogeni de materials, such as, for exanple, alternating |ayers of
Bi 2Te3 with | ayers of Bi 2Se3. other types of sem conducting nmaterials my
be used for superlattices for thernoel enments 210 and 212 as well. For
exanpl e, rather than bisnmuth chal cogenide materials, the superlattices of
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titani um copper nic e areas ween and around
the tips°PBEEAC WB?%@F%&FFFEY ri‘&F%’fR%FEe‘izi“Gr%“ﬁ’d o34 ALNBUTRREDBR: evacuat ed
or hernetically sealed with a gas such as, for exanple, dry nitrogen. On
the ends of tirps n228 f&VE&}n&@gtf\ﬂreﬁg@dﬂeaééTgulﬂa)tﬂr sn@lp8 a&¥hodd0d s a thin

| ayer of  s¢ JH;&‘Q&% CEE&%t éo‘?a @t éﬁ ée?{% 21115% éﬁ)ﬁ%o?%ﬁd' éorfdﬁé%e.cds hyom a

P-type materi a VI ng t sane i cIent e near est
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t he near @@ﬂduc@-?l@ s@ilécﬂler 'E%!%Je%@?ntltzl@ vtepy tdl@§1c2§.@ tJQﬁsEré ¥R&t the

t her noel ectric lOSV%L g The nece st%gy J%em'g h%cf eI ectric cooler
200 to func’tl on'sin Ee dccurs in the ISR fedr the “RETal” where the
el ect r onSieded Hﬁvé§e‘érk§f Q%Waf‘%P THRE1ADE fﬁéu’quelthﬂélhé% rﬁlé‘ko:%/‘é?r éBat | ayer
216 i s beasf iseuade 2becaams&amx1m1rxycnﬂillaﬂga de ol rcenidiaioest 38, geaali end
(change) 5f tﬂfséegpegiguw%f hGlabnds RN oERE: d1CE EDEL 86 LsagVer coat
214 for the P-t )e}%é’on i's age;)rom mat e i C peci fic
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t her moel ggf h; ghﬂyﬁr §924a gémﬂiconﬁyctﬁé'rwaﬂael @L% Eh& O'HﬂeUEEB{sS - SyEh as,

conductors 11 ure 1, in p0|nte an a planer
interfacB;’ &% \‘?ﬁflrg Sl n’“ecai?oﬂl" 1 |d(‘?P‘é‘P1€§?dl Jslgéﬂff é\/gapeq_at tice thermal
conducti W“Ffonﬁ‘tc‘ﬁtlﬁé Wﬁﬁ%aloﬁfeﬁl?%l‘z@(}’ is very small because of lattice,
m smat ch. For exanple, the thermal conductivity, (err), of bismuth

chal cogeni desrhs-dRi &&l:i ¥ &%@g%oﬁawlsxmha\&aaﬁ/J&E@H&%wto However, in

poi nted ¢t ures, such as ti t he rmal c nduc IVI (S
reduced, }b%ém?%ecl%ﬁffl O slr?atbthégu’f%& pcﬁor‘ffverto E) Fo tty% 104
VAt t s/ nesercRafdter Howeteral ihterdhest hpralbeconwdedad tvytlmfsupwattlce

t her noel egdrinoe1 sMher siahusti:ERb e ahel iz YRl suachasgedtal Ihajcapée byt he

fi gure OLle?:Y‘:E:'!L al %Indd’é%)é %BI n%lea§§3hcatlo d%a\t.or ZF)parg?i 2beS ffog:rmecs m ?akl nd of

mat eri al mat eri al 'S possib he superlattices
of ther n%jé‘ltéﬁ’é‘ﬁt(sptél‘ﬂr'aﬁateff?f‘éa@ob%ﬁ"f“ AftsneTRANS kina E‘?‘F%ﬁ’f‘é@ SHRR 21t ype
of mat er fat sxeypliscatingshewe(Wa, werckehi @) t her mifandondeeppeyitigkel err), maki ng
t hem nor &l Aoy /mndestsakl ens However, by using the pointed tips 250, the
thermal conductivity can be reduced to a m ni mum and produce a figure of
nerit, ZT, for these nmgterials of greater than 4, thus maki ng t hese

- materials verf HPFFAELIVE Forf ﬁ%ré‘c?‘r‘Fet REPHTSE BTt &1 B LY g‘i TSTREr ef or e,
the use Bifo goEfrvsntt $qydcosiictor tiaserialer expsbsseverabifanonerrry Wiidkhe

th;ar noel egddnoel &Rak e110200 ehbridtall floml S1RAPAILADL B ere aamﬁywrrpressihon

" refriger nt 0 t t.hat the
el ect ron;&;"gr en%on? L%%CT Bl I’Y%%gltg%s 3 %tlcghdggg?%(rogge#ﬁn% ﬁlsan <0

(cor r espHMAHYCES TFY ralk?ﬁﬁ’é‘ﬁ”&g éﬁ?é?‘gsy)"f Prifivee tappacgrue b ﬁ%ﬁ%"rﬁalF ncr eases
t he | ocakadlenSithe dbyetsabelavendtabd enatoridlsains pert dhdhefrdoetemantky210

i ncr easegnd g2 SACHBCK LAGELACiGI cnddUS, A Wb ACHRASE B8 twiRdnA&GH88SIHY 8,
the figure of merit ZT is increased. Norrral cool ing capacity of

convent | BHEF phe LA el vt r trerpablsorductsyity ad i 419uEE? SPB8 §1§CHTifdrte 1, are

capabl e of producing a tenperature ( differential, (err)T, between the heat
source and the heat sink of around 60 Kel vin) Hovvever, t her noel ectric

cool er 200 is capable of producing a tenperature differential of the order
of 150 KeI Vi n. Thus W|th two ther rmel ectrl C cool ers coupl ed to each ot her,
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WO 02/.17179 PCT/ GBOL/ OS19~ 10 | ess than -Z00 degrees Cel sius). However,

bi smuth antinony alloys performwell at |ow tenperature. Another advantage
of the cobab2+4ami nony skutteridite naterials over the bi #amdBosioaissogeni de
materials, not related to tenperature$ is the fact that the cobalt antinony
skutteridite materials are structurally nore stable whereas the bisnuth
chal cogenide materials are structurally weak. Those of ordinary skill in
the art will appreciate that the construction of the thernoelectric cooler
in Figure 2 may vary depending on the inplenentation. For exanple, nore or
fewer rowsnddctivipy, 260 asayn B8 lpnclomdetsinbarhedeprec ted seniforgureirda The

depi cted gxanplge is not neant to inply architectural limtations with

‘respect to the present invention. Wth reference now to Figure 3, a planer

- superlattice 1S su

vi ew of thernoelectric cooler 200 in Figure 2 is depicted in accordance
with the preséntonengwndipent Thereniekbivter FeexyosleenB A2 aetrrdess an n-type
t her noel getdrinGt i @kieidts 5EGE-ItPPe 3 Smatil caaxbobymet heterael €Gukh CagyaEeF i al

sect 0N o1 B0t LG SEEILON AL AN n D] whsﬁea%w%fsgfl shcude gqthin

| ayer o uctive tover s con . Section 302
i ncl udes ®&h SHPPEAAESECT G E%Efr’“f’Fb?“e?FOz’é’aE?f“pc?d@%? 4 wh e tlﬁi’rﬁrﬁ &er of
n-type natepeabi@@8hothalheswdde nargeizls .t flechnasr ot dxaypte ofalt¢mnating
super | at thgesf 6f Hibwes, ReherDtrs 206 i 3RC! | 08na304ypdic bilGatmi abndRkE fiyg Of

coni cal 11ns1342 (23Che %@é@r%@ J}lg?&*}'eg %oary%e[x%ef)eée)é g zﬂi%t 254 %‘1?3&4 of

t he same type as tge near est er attice tor thernoel enent
212, Wt He%ef ef Th EE>TRAG - tﬁatli’ieﬁu hao RIe™H S c%tge&l%é“%%ﬁa}l&na? Si ews of

ti ps thabupmryabeldespbermbatecklaserome2dd andpdl22bdy ibe Ergurectzd Scraegpbilad i n
accor dangge oh{ diherPFegeltndtl¥efitsd on. Tip 400 includes a silicon cone that
has been fornmed with a cone angl e of appr oximately 35 degrees. A thin |ayer
404 of conducting material, such as atinum (Pt), overcoats the silicon
402. A thin | 39%‘?m°6?-e<f‘1¥éffzn%1§€t?qoca£%t &PFIIdeE B PE 0RRY ShFPRIWRifhend of t he
tip 400. eThercodie cangie: af pedseal intbayerrsobimenbegn aepobet edons

appr oxi Maf, &l e fand@ 98 £ Sned Q%n@nﬁét%‘}téi/ee Uifhsl 360 YscRiaeki R gQ
appr oxi matel(_yf\_SO nangomet ers. 408,is an al ternative enbodinent of a tip,

such as BAEGPUtTERE ?foanﬁ’lzﬁﬁﬁ “Ieﬁc’rrt]:éi’ego’ef‘tﬁil‘foéléﬁa]cﬁﬁéu‘ﬂtluﬁe%"fﬂh .
conduct i veid ayerccaaR?2layed tlHrnBad2fcef ionfuttdng alateaiadn, 4i¢h everfarhe poi nt.
However, ekdup140&1Rasn@n (p¥Y0 Oaéﬂéﬂeofﬁl;/t@ﬁéma@éﬁﬁié thht MH&H b haddaein cone
angl e tNaf.dd Be 400 Jluklséfﬁed%t' te;cgmpﬁ%dlvﬁa?gten R A%k ey Oxpately 10

nanonet ers not  known er a roa €r or narrower cone
angl e foFl'ﬁ?éu‘E‘l‘i?PP%rﬁPéf‘%]r a(mlé(?u/lNﬁ tIE2prES®At  enbodiTRENTZ2E oM WEF™ angl es
of 45 degréegohwi thhetipsp2Sasndepiected echri gareidls J1Qvendddh dlvgiérke
since sUehacR@L® drShifmdcheatiyddl £ af wassi Pleianges o canprange and
because g gfagrnati on is easily fornmed with silicon with a platinum

over coat . 'S 1's because a KOH etch along the 100 plane of silicon
naturally forns a cone angle of 54 degrees. Thus, after the conductive and
t her noel ect ri énover ende ofhalre PEErougidied, thcheonbirsizndkeers 23p ok RA@t el y
45 degrees.a Vhih 1:0ELTENGENNRNAE & ihE OMt8rDal 31LTR8S25ACt LORA! 24 QW
|IIustrat|ng the tenperature field of a tip near to aﬁgggﬁlrlattlce i s

depi ct ed *PTEcEBTUANTEYRE L TR e pPESEM “PRVERE| BiToo Tt HEYE v 28
i npl enentes n@sreste lofert iopstiRbBuparlkiglmrecol. thtpodlededtaglantcetimetaitoe tip

radi us, Af 280-20:0a00MBL&! S0 NRYSe ntata@riaqnﬂs\rﬁ%ume fshgd debSediocal i zed to
a very smaﬁ, di stance, r, approxi mately equal a or_around 6p-100

nanonet eF%effTﬁé‘T’IE-f of‘e.a% the Repratt iLeges s W?éﬂ%ejte@e%‘é %8RI ¥ &'P2vi5Payer s
t h! ck w the @-tib<e khestyeldetBfc arantbdt IGQenananmed @kSesshizger &§x0r e, usi ng
poi nt ed Ehmm@eétttg%n&%@wdoc ﬁ L. agfr gbnc%nwoﬁng,ooéc@ysrﬁ ERL AB8on

I Cl ent lcatin her noel ectric Cool er,

such. as™*ForPexipte heLrﬁe‘P}fFDéF“e‘“ctFPP% ad’f?o]l“élreszﬁf? IPRERIGEEY ex CPRAEIYPE i me
consum nghemont%ct@nbymaarbew layer £16fig hensfipézl.abe¢awenuztinge daod ieg

- rat her tB@éhx@Uﬁﬁ‘éx‘éuﬁhé @l:@&ﬁeﬂ/&’!f"i(&thngéﬂ &etﬂ@rs)éeﬁédmecmuﬂémglﬂmﬁmum

e Mo i) Ik ErfRALEL 200, CAN.DET,ABLL GIL e EL I COLoBg, Bldey of 100

nanomet er's 'n_con prior art ['ectric cool ers
wer e of f“hethdf’ﬁer AOFP?%?FFW%{“@?%S Bf tgrenttaPei HernPRieTeEls overcoat 216

has yet to be fully refined, but it is anticipated that it should be in a



O her advantages of a thernoelectric cooler with pointed tip interfaces in
accordance with the present invention include mnimzation of the thernal
conduct i WOW267179he t her noel enents, such as thernoel enent AIEBENE 1412 in
Figure 2, at the tip interfaces. Al so9 the tenperature/potential drops are
| ocalized to an area near the tips, effectively achieving scaling to

sub- 100- nanoneter |l engths. Furthernore, using pointed tips mnimzes the
nunber of layers for superlattice growh by effectively reducing the

t her noel enent | engths. The present invention also permts el ectrodeposition
of thin &inidest rhickaess rangk deotits thidhneehiqf bbhdRertrdeshnld evextioabnsi ons
all ow fogigqonolithic integration of n-type and p-type thernoel enents. WO
02/ -t7179 PCT/ GBOL/ US194 12 The thernoel ectric cool er of the present
invention may be utilized to cool itens, such as, for exanple speC|f|c
spots within BY MEHRY rRfectRButar COPHCEPES: SPEF @Sl BRAMEHITES 12

"phot odet eduzes], adamto RERnted gepetisos ratletrhtizaf erghaoer nowettads, game 6, a

cross segidQnal M e¥o0fnglet 104 RS 86t1dnGefQ0! efatMith SRRARC eUnidrGE Ly ed
interfaces wth all netal tips is depicted in accordance with the present

i nventi ofr. 2Al EROEGHRE 1€ pIRSERD dshVent iFBRL h&scHEen ot e B AL HHFE - as
havi ng tps e?cégpleongﬂé Q%Eﬁrﬁlalf e&m@eltur&qn ;coraeSbmms.ﬁ rd:ﬁtleégén&@ég tike n+

sem conduct i ions 2 s. 250 ip e replaced by
Fps. apoiegdy SPEGR e Rl A e e LRRLERE R B Bl p BB B 5D A
620. In F‘Fi'ém&éfﬁ%t éﬂc%rﬂﬁoﬁ}ﬁ*ﬁeﬁﬁ“ c,taﬂe“sl‘eﬁmﬂl &ﬁﬂd‘B‘ZGVa‘FSe eoraduradt ddef ¥om
copper anstthavemiamat@kelk aweponst, kayfpr6bihaaaly 662. wakiteynarkexdivia. cool er

600 is l%@@altﬂeoemewp@l eehil L1609 BF é@oth&nelaie@y&@rm;t%m%ts
i ncl udi ng havin ]g rnmoel ectric overcoat 216 over the tips 650.

Ther noel €& e&SFeYEIB’Oﬁn%ﬁ?Se‘E)T oV e Of fre tgﬁnglgﬁéﬁe‘ﬁ ey fherel®ect ric
cool er 20Greppe®\rer graprensiiig all faetdlisdoimdsof ardterialhanAnrthee diyreorfes
cover ed middriaonhdet iNgosilel by thbesyparbBsiti bés RStidB6Csmet § D10 &
cones be % o) cr g f y. of.

t her noel g%?l’gcg‘{:%cl)ke%ﬁtég'gk%fﬁe{y%%gﬁg%eagﬂﬁa‘lsgc%}gés eg "(eaft% %%{%na@,ﬂl&a Hy

t her noel exster Bcvexyohigh 2bermafh congushsvidyr r bundkiny thes n@5@Hyd bet ween ti ps

ﬁSO and {uherl | sHB@AlQCEj rﬁ&.feﬁain erﬂyah&ul%]-%@@dn?tje% §lwlzéopech\éa@w_mpr A
ernetic e a Su Qr_.exa Ly i trogen so,
as in Fi gur%cg %hg 'source g% | sgc%mlirmlngea o mc? T % %opeaE ‘% &bn. In
cont rast {0 fPFg"d‘reéeZ“atl‘Fé\’nklxﬁePf ‘-W?&F%&ﬁ‘ﬁ%é 25pug §‘a{‘ﬁ‘3ﬂ r‘FﬁFﬁ/ MBERIHRE to n+
type dopestysektcenivedoonss624 tanrdmo2nbhat 2do aat 2{0r nrpardtond, tthe ddepped

structurge: §a@nfat Ress tz@anf&ﬁheegnegéaéé;a&hedefﬁpélréheeréf Ofe téaerraaeqeeéim
structure as do o glon 224 and 222 do in Fi Ilcon

regi ons 24 °%5ne %325 et i1 15e?ﬂ’“8?ﬁ§kflﬁet%lvé‘ ?’Flc(?&’r’r‘?sssdf’étﬁecfﬁl%fﬁ&
performed by regions 224 and 222 in Figure 2. Several nethods nay be
utilized to fmidtnkeheaddlahrapt ak woenesiapotepisetesturs 5 gHie the &icrexdnpl e,

‘;V: lt |hc:)(ra1f ﬁeeeeefﬂew to th&&gl%nZ,srelﬁépscﬁaé CIaN QM1e¥§t§¥V (gér&sﬁéxﬁmgl & al

r%g oL é TH ormng all netal %32 dépicted in
accor dant®¥ i FHTHE %}Eég ht Vserjft”P?)r? AP EPETHY §gﬁﬁaﬁﬁﬁ| ci"iailcon

t enpl at edFGRthaaf Bewiescordtiahée dprhbxansgotonre st fiprtively ingyersesf thetal my
be deposiddcRV@ert i nelplmaie, ZQ/Z:Lﬁ&eﬁéﬁd_:}'l@&ar@léeé@a@lmé:(%naﬁm?@ﬂgur@ bt

net al coneersl:)L ? %a¥ thers1 be used in thernoel ectric cooler 600.

02/.171T% &Tqéé' BELE5E°13 Wth reference now to Fi gure 8, a flowchart
illustrating an exenplary method of producing all netal cones using a
silicon sacrifewad| ceoltipaptappel s of epingtetionnl ddeoneirceriv tholes, predent

i nventi ogs iloubagisq 1@9ﬁi§1ﬂrle Dj ta?reaa@afba@rdfcgwﬂml@ﬁg aenltsﬂééxe&h& et chi ng of
silicon to create_a a conbi nati on of

- KOH et chthg == 5% ¢t |‘3ﬁ1 ba‘g‘uWEBrtkfeoéﬁg"e&"i‘B‘fF Begnﬁh& B‘?ﬁ%j)’!m'sﬁcfha’f%‘t?ﬂnfoques of
f abri catkelyia. siHoweosr conermpeteatdiil davdwn 200 theappble Piepwidheoona

sacrifi cmlpekemyeaa@fﬂe&emﬁi cPatUo Mt ho@ 1601 Fe1SRHE t &fhed, ayereWef seed
© net al S Chmgelecftgrcec)é% co;[llfe%]n;:.um O£ cptlhatl ncu %r%t %p ggm (] at;nrt g'm umis
pr ef erabtfe S| pl at num or ity Nore’ rounded t CRANE t 5hi um
whi ch |sthFeF§/n%EomfoHﬁuﬁ5 ¥ rpaen d&ﬁ%&hawtog Keasip) thoﬁﬁe?lbilg However,
el ect r ochigifrceant ynadapi(asstrw heed |tIoI bd eed alolr-eyiserimoedrcak s panoSa)nd 212 he
sacrific BQ6 e top.s t he copper is
t hen pl a%ogjr |E§LL'el "@8%?%5&/& ods *of )'T?ng?‘f'z‘?r?é g£ g}%g eraFuﬂae (argare
wel | known in the art. The silicon substrate is then renoved by sel ective
et ching nethods well known in the art (step 8/ 0). The all netal cones
produced in this manner may then be covered with a coat of another netal,
such as, for exanple, nickel or titaniumand then with an ultra-thin layer
of ther rmel ect r| c mat er| al . The n| ckel or ti tan| um over coat a| ds | n

. ) Y - b1 . e . r o .



WO 02/-t7179 PCT/ GBU1/ US19~ | a photoresist are patterned over a netal

| ayer, such as copper, of a partially fabricated thernoelectric cooler,
such as tWertdde178ctric cooler 600, in Figure 6 (step 1002)ecTfaBogisedior esi st
may be patterned in an array of sectiths having photoresi st wherein each
area of photoresist within the array corresponds to areas in which tips to
the all netal cones are desired to be forned. The netal is then directly
etched el ectrochemically (step 1004) to produce cones 902 as depicted in
Figure 9. The photoresist is then renoved and the tips of the all netal
cones mayeihenabe 1woatieftewstdelamad)her Havetal, ughtlasnt frehy exapps egerhvokel
(step 100Q8): atheowechps-digtal coating over the all nmetal cones may then be
‘coated with an ultra-thin | ayer of thernoelectric material (step 1008).
Thus, all nmetal cones with a thernoelectric |ayer on the tips may be forned
whi ch my usednPHexr pAvIBE: ft Fie coelitcent Wipel W ttepidisgampspeials over

"t her noel es¢ iemeolcarl 6Q@nidhaaadtianet alotcosliacall oitaterpracuced dha thi s
nManner aggei@hafStydNLEIM Qa&lnnegyseskms%a@@la %h@ﬂlatlbeafgefsh%tukmgﬁ héded in
IF!Sgg.II:leI ?rﬁ%:ﬂq_\l\efvh?feat hl:he I‘T’ﬁsm CL% gryglrcggetnd.élgl rf_xaatbelrlgjps a Cwi.rJllﬁtegreg ch{ laf cost
nmet hods of fabricati ng all rret al cones are nerely exarrpl es. Clher nmet hods
may be used aghwed loft ordiabry catigl dbltiveteat widnespdreriatse tint lthe

t her noel e&tsftlrgc@ﬂgd @EstheFuﬁéﬂ%emt@m AReEr tivPesqdle a8l 'Saﬂ}a}dep&uﬂﬁ@d for

the all gl ne otpet t ha W th refgrence now._t o, Fi g% 3H
Cross- sec’fll nal“"‘?ne 57-18"t h rm)e aé‘@%‘? ForD e f Wit AOBhRENEES det ural

i nt er f acéscludedhiby terictheérivoEfetrer i ¢ Fhe elapabtechiehemrlehas nohenspatato
conduct i ngpllvayestnitectofdredihitheiddspsied rbhgdenterdnacgrdsendefiveh€rbni. n
accordance with the present invention. Thernoel ectric cooler 1100 i ncl udes
a cold plate 1116 and a hot plate | 102, wherein the cold ate is in
thermal cont altt %rteﬁefﬂ’é’esﬁ?i”gttan%’éufﬁeﬁ FsPiagehe” 1cf"i‘fo‘i”ied"heg’f’f?rlfar‘éffrl(‘?onductors
11 14 andcddie® peO\VindBigureherivablepicupf drbetomaanes edthithal poweducti ng pl at es

1112 andi ﬂaé&m@;&ﬁspQ'ElEj:rh&hk‘ctrE&eécmilerCmdﬂﬁéﬁ'agslaj-nlﬂ - e &Aellx%oﬁi@ctnc 4
constructe Q eayl m_conducti n terlal that rovi des
08 B b b P BT SRR B ey 1,

el ectrical J sof‘ Son’ con ors and 11 20
by form Befly 8vEYRS sBFEEI30R GaésPwhivPh segeiqn 3ﬁﬁt’é’+cilaqie @f thie lavtd opl at e
1116. Thuspdukeate imatbridistes reade fdooBrd Rescolddnpbadye 111 6 t hrough conductors
1112 and 1120 and eventually to hot plate 1102 fromwhich it can be

di ssi pated wi thout all ow ng an el ectrical coupling between the

t her moel ect ri 65SoGPer °1 1867 4ird "t“hé‘r’s"ﬂbﬁfaﬁ%cﬁﬁat‘tlpis 31% pE" CoYPERf with
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A second single crystal substrate is thinned by chem cal - nechani cal
polishing and then electrochemcally etching the entire substrate to
nanonet erwbiokasi79st ep 1210). The second substrate with thedlt¢sadshisn
substrate forns the cold end and the tmo substrates (the one with the
ultra-thin thernoelectric material and the other with the thernoelectric
tips) are clanped together with pressure (step 1212). This structure
retains high crystallinity in all regions other than the interface at the
tips. Also, the sanme nethod can be used to fabricate polycrystalline
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t he present invention. However, it should be noted that in one enbodi nent
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conically shaped tips, however, other shapes of tips may be utilized as
well, such as, for exanple, pyramdically shaped tips. In fact, the shape
of the tiwodedsI7mot need to be symetric or uniform as | orgTasBilfosprsovi des
a discrete set of substantially pointed tips through which electrical
conducti on between the two ends of a thernoelectric cooler nmay be provided.
The present invention has applications to use in any small refrigeration
application, such as, for exanple, cooling main frane conputers, thernal
managenment of hot chips and RF communi cation circuits, cooling magnetic
heads for di skbdrihpescelegtoifolsPPEen eF ritfePreissn, 1nHsat bR deopEitigrdand
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el ectrical coup ernoel ec recited 1Tn_claim1,

ling. 2. Ath tric device, as
wherein & e’f“éoe?éfcgqﬁn%v‘?ﬂco?%e"lﬁletﬁdaﬁ?‘f VY6 tE R 5ot TPRERYEFTESC cont act
wi th t|1ecp¢%§naﬁ00 also provides the same benefits as thermoelectric cooler 200.
However, by using all metal cones rather than silicon cones covered with
conducting material, the parasitic resistances within the cones become
very low, thus further increasing the efficiency of thermoelectric cooler
600 over the already increased efficiency of thermoelectric cooler 200.
The areas surrounding tips 650 and between tips 650 and thermoelectric
materials 210 and 212 should be vacuum or hermetically sealed with a gas,

such as, for example, dry nitrogen.

Also, as in Figure 2, heat source 226 is comprised of p- type doped
silicon. In contrast to Figure 2, however, heat source 226 is thermally
coupled to n+ type doped silicon regions 624 and 622 that do not form part
of the tipped structure 650 rather than to regions that do form part of
the tipped structure as do regions 224 and 222 do in Figure 2. N+ type
deped silicon regions 624 and 622 do still perform the electrical

isolation function performed by regions 224 and 222 in Figure 2.

Several methods may be utilized to form the all metal cones as
depicted in Figure 6. For example, with reference now to Figure 7, a
cross-sectional view of a sacrificial silicon template that may be used
for forming all metal tips is depicted in accordance with the present '
invention. After the sacrificial silicon template 702 has been
constructed having conical pits, a layer of metal may be deposited ovexr
the template 702 to produce all metal cones 704. All metal cones 704 may

then be used in thermoelectric cooler 600.



surface. 3. A thernpelectric device as recited in claim1l, wherein at |east
a one of the plurality of tips are in physical contact with the pl anar
surface .WO.02A7t7her noel ectric device as recited in clai m PCvbBri@sm4t he
plurality of tips are nomnally withit3 100 nanoneters of the planar
surface. 5. A thernoelectric device as recited in any preceding claim
wherein there is a lattice m smatch between the thernoelectric material of
the plurality of tips and the thernoelectric material of the planar
surface. 6. A thermpelectric device as recited in azr)l%/ %%recedl ng claim
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conpri si figtal cones produced in this manner may then be covered with a coat of
another metal, such as, for example, nickel or titanium and then with an
ultra-thin layer of thermoelectric material. The nickel or titanium
overcoat aids in electrodeposition of the thermoelectric material

overcoat.

[One advantage to this method of producing all metal cones is that
the mold that is produced is reusable. The mold may be reused up to
around 10 times before the mold degrades and becomes unusable.] Forming a
template in this manner is very well controlled and produces very uniform
all metal conical tips since gilicon etching is very predictable and can
calculate slopes of the pits and sharpness of the cones produced to a very

few nanometers.

Other methods of forming all metal cones may be used as well, For
example, with reference now to Figure 9, a cross sectional view of all metal
cones 902 formed using patterned photoresist is depicted in accordance with
the present invention. In this method, a layer of metal is formed over the
bottom portions of a partially fabricated thermoelectric cooler. A
patterned photoresist 904-908 is then used to fashion all metal cones 902

with a direct electrochemical etching method.

With reference now to Figure 10, a flowchart illustrating an exemplary
method of forming all metal cones using photoresist is depicted in

accordance with the present invention. To begin, small sections of



a first portion of thernoelectric material having a substantially planar
surface; and a second portion of thernoelectric material having a plurality
of tips; wereiimothe plurality of tips are proxinate to theTsekaioanti al |y
pl anar surface such that an electricaldly conductive path exists between the
first and second portions of the thernoelectric material. 15. A

t hernoel ement as recited in claim14, wherein the first portion of

thernoel ectric material conprises a superlattice of two types of

t hernmoel ectric material. 16. A thernoelenent as recited in claim 14 or
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The depicted methods of fabricating all metal cones are merely
examples. Other methods may be used as well to fabricate all metal cones
for use with thermoelectric coolers. Furthermore, other types of metals

may be used for the all metal cone other than copper.

With reference now to Figure 11, a cross-sectional view of a
thermoelectric cooler with enhanced structural interfaces in which the
thermoelectric material rather than the metal conducting layer is formed
into tips at the interface is depicted in accordance with the present
invention. Thermoelectric cooler 1100 includes a cold plate 1116 and a
hot plate 1102, wherein the cold plate is in thermal contact with the
substance that is to be cooled. Thermal conductors 1114 and 1118 provide
a thermal couple between electrical conducting plates 1112 and 1120
respectively. Thermal conductors 1114 and 1118 are constructed of heavily
n doped (n+) semiconducting material that provides electrical isolation
between cold plate 1116 and conductors 1112 and 1120 by forming reverse
biased diodes with the p- material of the cold plate 1116. Thus, heat is
transferred from the cold plate 1116 through conductors 1112 and 1120 and
eventually to hot plate 1102 from which it can be dissipated without
allowing an electrical coupling between the thermoelectric cooler 1100 and
the gubstance that is to be cooled. Similarly, thermal conductor 1104
provides a thermal connection between electrical conducting plate 1108 and

hot plate 1102, while maintaining electrical isolation between the hot
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thermoelectrlc material 1314 is then patterned (step 1204) by photoresist
1302-1306 as depicted in Figure 13 and metal electrodes are used in an
electrochemical bath as an anode to electrochemically etch the surface

(step 1206). The tips 1308-1312 as depicted in Figure 13 are formed by

controlling and stopping the etching process at appropriate times.

A second single crystal substrate is thinned by chemical-mechanical
polishing and then electrochemically etching the entire substrate to
nanometer f£ilms (step 1210). The second substrate with the ultra-thin
substrate forms the cold end and the two substrates (the one with the
ultra-thin thermoelectric material and the other with the thermoelectric
tips) are clamped together with pressure (step 1212). This structure
retains high crystallinity in all regions other than the interface at the
tips. Also, the same method can be used to fabricate polycrystalline

structures rather than single crystalline structures.

With reference now to Figure 14, a diagram showing a cold point tip
above a surface for use in a thermoelectric cooler illustrating the
positioning of the tip relative to the surface is depicted in accordance
with the pregent invention. Although the tips, whether created in as
all-metal or metal coated tips or as thermoelectric tips have been
described thus far as being in contact with the surface opposite the tips.
However, although the tips may be in contact with the opposing surface, it
is preferable that the tips be near the opposing surface without touching
the surface as depicted in Figure 14. The tip 1402 in Figure 14 is
situated near the opposing surface 1404 but is not in physical contact
with the opposing surface. Preferably, the tip 1402 should be a distance
d on the order of 5 nanometers or less from the opposing surface 1404. In
practice, with a thermoelectric codler containing thousands of tips, some
of the tips may be in contact with the opposing surface while others are
not in contact due to the deviations from a perfect plane of the opposing

surface.

By removing the tips from contact with the opposing surface, the
amount of thermal conductivity between the cold plate and the hot plate of
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a thermoelectric cooler may be reduced. Electrical conductivity is
maintained, however, due to tunmneling of electrons between the tips and

the opposing surface.

The tips of the present invention have also been described and
depicted primarily as perfectly pointed tips. However, as illustrated in
Figure 14, the tips in practice will typically have a slightly more
rounded tip as is the case with tip 1402. However, the closer to
perfectly pointed the tip is, the fewer number of superlattices needed to
achieve the temperature gradient between the cool temperature of the tip

and the hot temperature of the hot plate.

Preferably, the radius of curvature r, of the curved end of the tip
1402 is of the order of a few tens of nanometers. The temperature
difference between adjacent areas of the thermoelectric material below
surface 1404 approaches zero over a distance of two (2) to three (3) times
the radius of curvature r, of the end of tip 1402. Therefore, only a few
layers of the super lattice 1406-1414 are necessary. Thus, a superlattice
material opposite the tips is feasible when the electrical contact between
the hot and cold plates is made using the tips of the present invention.
This is in contrast to the prior art in which to use a superlattice
structure without tips, a superlattice of 10000 or more lavers was needed
to have a sufficient thickness in which to allow the temperature gradient
to approach zero. Such a number of layers was lmpractical, but using only

5 or 6 layers as in the present invention is much more practical.

Although the present invention has been described primarily with
reference to a thermoelectric cooling device (or Peltier device) with
tipped interfaces used for cooling, it will be recognized by those skilled
in the art that the present invention may be utilized for generation of
electricity as well. It is well recognized by those skilled in the art
that thermcelectric devices can be used either in the Peltiler mode (as
described above) for refrigeration or in the Seebeck mode for electrical
power generation. Referring now to Figure 15, a schematic diagram of a
thermoelectric power generator is depicted. For ease of understanding and
explanation of thermoelectric power gemeration, .a thermoelectric power
generator according to the prior art is depicted rather than a
thermoelectric power generator utilizing cool point tips of the present
invention. However, it should be noted that in one embodiment of a
thermoelectric power generator according to the present invention, the

thermoelements 1506 and 1504 are replaced by cool point tips, as for
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example, any of the cool point tip embodiments as described in greater

detail above.

In a thermoelectric power generator 1500, rather than running
current through the thermoelectric device from a power source 102 as
indicated in Figure 1, a temperature differential, Ty-T., is created across
the thermoelectric device 1500. Such temperature differential, Tyg-Ty,
induces a current flow, I, as indicated in Figure 15 through a resistive
load element 1502, This is the opposite mode of operation from the mode

of operation described in Figure 1

Therefore, other than replacing a power source 102 with a resistor
1502 and maintaining heat elements 1512 and 1516 and constant temperatures
Ty and T, respectively with heat sources Q, and Q, respectively,
thermoelectric device 1500 is identical in components to thermoelectric
device 102 in Figure 1. Thus, thermoelectric cooling device 1500 utilizes
p-type semiconductor 1504 and n-type semiconductor 1506 sandwiched between
poor electrical conductors 1508 that have good heat conducting properties.
Each of elements 1504, 1506, and 1508 correspond to elements 104, 106, and
108 respectively in Figure 1. Thermoelectric device 1500 also includes
electrical conductors 1510 and 1514 corresgponding to electrical conductors
110 and 114 in Figure 1. More information about thermoelectric electric
power generation may be found in CRC Handbook of Thermoelectrics, edited
by D. M. Rowe, Ph.D., D.Sc., CRC Press, New York, (1995) pp. 479-488 and
in Advanced Engineering Thermodynamics, 2nd Edition, by Adiran Bejan, John
Wiley & Sons, Inc., New York (1997), pp. 675-682, both of which are hereby

incorporated herein for all purposes.

The present invention has been described primarily with reference to
conically shaped tips, however, other shapes of tips may be utilized as
well, such as, for example, pyramidically shaped tips. In fact, the shape
of the tip does not need to be symmetric or uniform as long as it provides
a discrete set of substantially pointed tips through which electrical
conduction between the two ends of a thermoelectric cooler may be
provided. The present invention has applications to use in any small
refrigeration application, such as, for example, cooling main frame
computers, thermal management of hot chips and RF communication circuits,
cooling magnetic heads for disk drives, automobile refrigeration, and

cooling optical and laser devices.

The description of the present invention has been presented for

purposes of illustration and description, but is not intended to be
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exhaustive or limited to the invention in the form disclosed. Many
modifications and variations will be apparent to those of ordinary skill
in the art. The embodiment was chosen and described in order to best
explain the principles of the invention, the practical application, and to
enable others of ordinary skill in the art to understand the invention for
various embodiments with various modifications as are suited to the

particular use contemplated.
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CLAIMS

1. A thermoelectric device, comprising:

a first portion of a thermcelement thermally coupled to a hot plate;
and

a second portion of a thermoelement thermally coupled to a cold
plate;

wherein one of the two portions of the thermoelement comprises a
plurality of tips and the other one of the two portions of the
thermoelement comprises a substantially planar surface; and

wherein the plurality of tips and the substantially planar surface

are arranged in proximity to provide electrical coupling.

2. A thermoelectric device as recited in claim 1, wherein at least a
one of the plurality of tips are not in physical contact with the planar

surface.

3. A thermoelectric device as recited in claim 1, wherein at least a
one of the plurality of tips are in physical contact with the planar

surface.

4. A thermoelectric device as recited in claim 1, wherein the plurality

of tips are nominally within 100 nanometers of the planar surface.

5. A thermoelectric device as recited in any preceding claim, wherein
there is a lattice mismatch between the thermoelectric material of the

plurality of tips and the thermoelectric material of the planar surface.

6. A thermoelectric device as recited in any preceding claim, wherein
gaps bhetween the first and second portions of the thermoelement comprise a

vacuum,

7. A thermoelectric device as recited in any of claims 1 to 5, wherein
the thermoelectric cooler is hermetically sealed and gaps between the

first and second portions of the thermoelement comprise nitrogen.

8. A thermoelectric device as recited in claim 7, wherein the nitrogen

is dry nitrogen.

9. A thermoelectric device as recited in any of claims 1 to 4, wherein
the portions of the thermoelement comprising a substantially planar

surface comprises a guperlattice of two thermoelectric materials and the
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other portion of the thermoelement comprises a same type of thermoelectric
material as a nearest layer of the superlattice of two thermoelectric

materials.

10. A thermoelectric device as recited in any preceding claim, wherein

each of the plurality of tips is substantially conical in shape.

11. A thermoelectric device as recited in any preceding claim, wherein

the tips have rounded ends.

12. A thermoelectric device as recited in any preceding claim, wherein a
power source is coupled to the thermoelectric device such that the

thermoelectric device operates in a cooling mode.

13. A thermoelectric device as recited in any of claims 1 to 11, wherein
a temperature gradient is maintained between the hot plate and the cold
plate such that the thermoelectric device operates in a power generation

mode.

14. A thermoelement for use in a therxrmoelectric device, the
thermoelement comprising:

a first portion of thermoelectric material having a substantially
planar surface; and

a second portion of thermoelectric material having a plurality cE
tips;

wherein the plurality of tips are proximate to the substantially
planar surface such that an electrically conductive path exists between

the first and second portionsg of the thermoelectric material.

15. A thermoelement as recited in claim 14, wherein the first portion of
thermoelectric material comprises a superlattice of two types of

thermoelectric material.

16. A thermoelement as recited in claim 14 or 15, wherein each of the

plurality of tips comprises a substantially conical shape.

17. A thermoelement as recited in any of claims 14 to 16, wherein each

of the plurality of tips comprises a rounded end.

18, A thermoelement as recited in any of claims 14 to 17, wherein each
of the plurality of tips are nominally less than 100 nanometers from the

substantially planar surface.
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