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present invention relates to thernoelectric coolers. 10 2. Description of
Art: As the speed of conputers continues to increase, the anount of
heat generated by the circuits within the conputers continues to increase.
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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
cooler. 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.

However, current thermoelectric coolers are not as efficient as
vapor compression coolers requiring more power to be expended to achieve

the same amount of cooling. Furthermore, current thermoelectric coolers
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are not capabl e of cooling substances as greatly as vapor conpression
coolers. Therefore, a thernoelectric cooler with inproved efficiency and
cool i ng capaatiyiywoul d be desirable so that conplicated vap@f/c%ggp;];;;si on
coolers could be elimnated fromsmall refrigeration applications, such 5
as, for exanple, main frame conputers, thermal nmanagenent of hot chips, RF
comuni cation circuits, magnetic read/wite heads, optical and | aser

devi ces, and autonobile refrigeration systens. SUMVARY OF THE | NVENTI ON 10
According to the present invention, there is provided a thernoelectric
devi ce, cenpricti eapabde fofr sbolingr smeleneat 4s greacgnds tageARRheR®RRtion

. el ectri Cal:bcyléi:QUleQﬁ,lrE&ﬂehea fﬁh@%oetlggl{xrmeécﬁﬂggtv&it_i‘ﬁinﬁ:rglrég %Ifkf%llegt:Y fainI;iSt
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tips for g con tor substrate overlalid by a netallic 1ayer and
si t uat edngg%%n%g%%a? 5 e églj%set S REP RS PR gt SPATINFSL VREE TATRAPREBL o
poi nts; afCETHl TREL Py GL™EEEBRE=PP pral brirdyidaronier sem isehtierst opuch

subst r at eagwv el ag>hmpye g magt dirbine dosy@rerandheirhalameshdqamext @t Bot @hife second
20 t her noebmiRbEatAbonac 5G] 584nRf c Hesg)Bli€e PAIARL S opl & PLES O L NVeNt i on

provi des geJhet Mmeleaiddby v Lea ML Bnhaneed, structured | nt erfaces for
i nproved cooling efficiency. [n one enbodi‘nent. the thernoel ectric device

includes a first thernoel enment conprising a 25 superlattice of p-type

t her moel eBPPPEY Rt EFF JINVENEIOH second t her noel ement conprising a
superlattice of n-type thernoelectric material. The first and second

t R€r noel enent sAegardéne der Frealbrysepo iglvedt ian, edsdreot hewovikea sl aner surface
of the fitisirmblbictpet elRRbdie | SofyrQXid@t e to, w thout necessarily being in
physi cal contagte;Wst hpe@nddiefln@rray of electrically 30 conducting tips at
a discrete setaos]‘ oints such that_ el ectrical conduction between the planer
surface of the® fiTst® tREFTSeFBHENPLSGE T HeY f FPBLed i Pafhofisttect rical | y
conduct i NYPFMPPELTE Faci | itated while thermal conductivity between the two
i 85retarded. An pllanerityusf deesoftiphEcseanldod hesomebeamibri SuRESxiMt e t o,
Wi t hout neeRssal iblYya _btf‘e't@g]_.i'cnl%shﬁlsiéua%éd%k%?atte%$ Nnedegggond array of
el ectric ﬂeX*mS%’é%“&é ing, tips at a Iscr ette set of paints such that

el ectrical conduction betWeen e eldBtT @RIy Corfdticti ng tips and the

pl aner surface® L ¥ He tEetoRdceitet fare fernedt f¥an fagdnirerdustontsubettdrer mal
conduct i ®vebéiidebn d metslidici Sayeet arddedtuatbe wogthdtiecad ltheCcondUgt i Nng tips

ape coat athethddl cdcABlLLr i Alecbhdlscbas Lhe.SaDE, 40 Seebeck coefficient as the
mat eri al of the nearest |ayer of the superlattice to the tip. WO 02/ 7177

3 BRI EF DESCRI PTI ON OF THE DRAW NGS PCT/ GBO1/ 05193 The novel features
bel i eved char dCfePTSERE BIvephen Frvateor Bhermeetedtsi¢ tevhce lvé thmpeaded
cl ai ns. Higuetredt inserficel for Hopwwed, caasingeleEf S efcp. piefaler etbim@aenOf.

use, furtdner tlﬁali'}neéidic;teﬁq %di@éj\i.ﬁaﬁgggsa tfh?étf_@henr\%ehém&ﬁf%o&%ig%}geQSt ood by
(860 enctbty e, oot g L AL el AL 2 SR TS e e
wher ei n: FIGUrE"S UEPPTTSTR M Gh-1-6VeT hrotdelarugramictial Theraddrettric 10
Cool i ng EFECGeceed|erielzpenrdanc @laftdice ey pougledatd eabh gither 2 @epi cts a
Cross seetbtdnalsuview 6f thet fﬂs@@ie@ﬁ&é’ﬂeﬁe&@qg%roximate to, without
necessarily being in physical contact with, a first array of electrically
30 conducting tips at a discrete set of points such that electrical
conduction between the planer surface of the first thermoelement and the
first array of electrically conducting tips is facilitated while thermal
conductivity between the two is retarded. A planer surface of the second
thermoelement is proximate to, without necessarily being in physical
35 contact with, a second array of electrically conducting tips at a discrete
set of points such that electrical conduction between the electrically
conducting tips and the planer surface of the second thermoelement is
facilitated while thermal conduction between the two is retarded. The
electrically conducting tips are coated with a material that has the same
40 Seebeck coefficient as the material of the nearest layer of the
superlattice to the tip.
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wi th enhanced structured interfaces in accordance with the present
invention; Figure 3 depicts a planer view of thernoelectric cooler 200 in
15 Fi gurewygbpi)yAaseordance with the present invention; Figusescsaist 4B
depicts cross sectional views of tips that nay be inplenented as one of
tips 250 in Figure 2 in accordance with {he present invention; Figure 5
depicts a cross sectional viewillustrating the tenperature 20 field of a
tip near to a superlattice in accordance with the present invention; Figure
6 depicts a cross sectional view of a thernoelectric cooler with enhanced

struct ur edrizt eeiacesIoM b Akl pRBimksti pS i n accordance with the present
invention; 25 Figure 7 depicts a cross-sectional view of a sacrificial

'silicon tenplatg, el QIR AL JIERAl LB 0. A000K dB0CGMLLNLA De. Rgscnt

i nvention; Figure epi ct strating an exe ry_met hod of
produci ngTaIH ABtide EEﬁfé’geﬁs‘ilﬁg“‘% si”F? CBREHACR | ¥55¢6 1 & hP\é‘Tﬁﬂrat%s “AlB@s 2
accor dancersictrhed hedpras ene, ifnvern opjecEi (ry end adepteyss aheress gellt i onal
view of ajdsiBtalnde@pesd 8y MRdetsidadcPant efd1e6y RPROEYESESlaekr AEoH daNnce

with the Qz'; eS_l}E]']_nEt anV§Qt Imggdlnl:efg h%nl ea%epﬁ Ccloﬁ%&cftllg @.@‘1[1 tthiel Lycso Egﬁ@‘lggdance

exenpl ary et ormng all netal cones using photoresist in a
with the PTegeat 3BSFaiPention; Figure 11 depicts a cross-sectional view of
a t her moel ect r Fegwwmol etepices thbigthamcddbieqkudiagrai deerfamesldatrivhi ch t he

t her noel eeédiiieg maise i @dvikat hehcthamnédeipRlicak Havdusti,ng | ayer is forned
into tips at tpe dr%t rd %gﬁts' ’; Cor ance W Lh.f e Qr gsent_Lovent Lon; 40
Fi gure 12 depi ct art | rati ng an exenplary mnet od of

fabri cati Wy Weﬂé‘é’ﬁ?@%bﬁ}e@?a?% &L raEfEse With Eife Ppeessént

i nventi oninve@®?2/ 7177 4 PCT/ GBfl1/0193 Figure 13 depicts a

cross-secti onak;gi-ags afmphi Li4ist gpgﬂeggvﬁemeopcz%ﬁo@ae&&lefccpgh@L RSk st

necgessary roduce t n rnmoel ectr.ic terial; Fi gure 14 depicts a
dﬁ%gram s}flogﬁrl‘g ? a’cd cdn%ancet “ET pr{g1 FESE S i %n(r:%w% for use in a

t her noel ectri thﬂi’meér‘lﬁ Ialnés‘?tﬁr aeRingst tresporctionfilinygict eheiphprhes| vavi ve to
the surf agfleheteenrdameeomitips t45@ pi @Sgiie 2NEALEOHEanaNdrikh Qillcepidzedepi Ct s
a schemat | hgv diagram of a thernoel ectric povver generator. 10 DETAI LED

DESCRI PTI ON CF THE PREFERRED EMBODI MENT A hi gh-1evel bl ock diagram of a
Ther noel ect ri cF¥BEEI hg'PTED ad‘é’iﬂsées‘?cﬁla?:ac"oP’a%l"h&él’\‘/ﬁtFﬁt’crf?etb‘? iSRS
depi ct ed FielE gliree tip nFhermmel sweriectdgel imgecardartd wkttowheprdeasenpl e, is
based on i:’ﬁ,%nl?ed)rti er Effect, in which DC current is applied across two

dissim|ar ol gl4akss GUISLIN NERALss! Sehfodd BPaPLREY AL ddlgebtingt Lonof the
with enhanced structured interfaces with all metal tips in accordance with
the present invention;

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

Figure 8 depicts a flowchart illustrating an exemplary method of
producing all metal cones using a silicon sacrificial template in

30 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 photoresist in accordance with the present

35 invention;

Figure 11 depicts 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 in accordance with the present invention;

40 Figure 12 depicts a flowchart illustrating an exemplary method of
fabricating a thermoelectric cooler in accordance with the present

invention;



A typical known thernoel ectric cooling device 100 utilizes p-type

sem conductor 104 and n-type sem conductor 106 sandw ched between poor

el ectricaly ?ﬂgpﬁtors 108, that have good heat conducti ng geffapglosps, and
20 el ectrical conductors 110 and 114. N-type sem conductor 106 has an
excess of electrons, while p-type sem conductor 7.04 has a deficit of

el ectrons. A DC power source |02 is connected between the two el ectrical
conductors 114. 25 As electrons nove fromelectrical conductor 110 to
n-type sem conductor 106, the energy state of the electrons is raised due
to heat energyrahsoerbedeficen heatssSqufGendl diaghansipuoaassndaset he ef fect

Of Lranst erstog.heal, SASIS(JOMNealy SOUSEaL2 3, |LCCRoAR. LA hr ough

a%el ectricdl uct or eat sink |16. 30
The eI ectrf‘"’lfﬁ§l%i7r'op to a | ower energy state and rel ease the heat energy in
el ectrical condimirer14 ¥4picHyea ciebfanciskontingfa et f aorahddp #oveod swré€ass i ng

. re_t,r| ger agyr us§U_Lthaa§hetrtﬂ§é1@%£fcct:661ércQﬂu@ﬁré‘&ﬂgg 4% i)ck@.tﬁ.aﬁlr@ of dnbetip
cool i ng Caé)_l.a(él t%’ to tltl hesu§ acréeg. ag%agagé q)lwlq:?ifq; gyestegte %19& ROV\Q{d

v
COﬂSUﬂptIOﬂ O% he refrigerator e coe I ent ornance IS

gi ven by the eFtfFPol’ dePVft@ pAchemariy &agyam of 3 ther“_‘LOelRCtrlﬁcﬁo"fer R+ al ~T
PCT/ G BO dere26493 where the termalTc is due to the thernoelectric cooling,
the term (err) is due to Joule heating backflow, the termKdT is due to

thermal copdueth QRschiBrbRIdP tdRokeriieD HindOiMeRz | 0SS, the term (err) is
dye to work done 5 against the Pettier voltage, a is the Seebeck

coefficient fo rlal is the thermal .conduct,i ettier
device, Tc is %“hhelgge Véa(;a ure of “thHe ° ea{}ggf)%oreclzgcuéﬁdéo % &EC} dgeﬁ)erence
in the te*ﬁaéﬁﬁ?{ﬁaécéfmttﬁetfﬁeafmé’oa?‘bésf‘i"‘-‘é’l’rFtP‘-‘d ip Heopatder a'f*tﬁr@“o]fecttﬁ’ec heat

si nk. 10 ddgin@xiaTwellc eeddd prentipdé, perieedancehe Feletdrvadfdry, opt wmidi ng
t he currepd cubred@nds §ppglé/d§'3cpé/sst b&o fd@_L.élQl\MLQJg nﬁ@éﬁtahgrbauslﬂ_g hed€ th Bd~ Y+~

vvherethe ar amet er ress - o T~y Were Uis
2 el ect? cai9 cond%cetl ‘fctlon C iegérgrt)‘mlcglstshml]Iaﬁe'f?a{ar}r:a aclonductl vity. 20 The

eff|C| ency factor of the refrlgerator ais given by the equation: Y.T T y+1
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

20 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,

25 As electrons move from electrical conductor 1ll0 to n-type
semiconductor 106, the energy state of the electrons is raised due to heat
energy absorbed from heat source 112. This proéess 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.

30 The electrons drop to a lower energy state and release the heat energy in

electrical conductor 114.

The coefficient of performance, 7, of a cooling refrigerator, such

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

35 refrigerator divided by the total power consumption of the refrigerator.
Thus

the coefficient of performance is given by the equation:



The figure of merit, ZT, is given by the equation: 25 ZT = a2~. WO

02/ -47177 PCT/ GBOL/ 05193 6 where thernmal conductivity (err) is conposed of
two conpo X rr) the conponent due to el ectrons, and

conponent Q~%(lieZ%V(])‘htehe lattice and T is the nean of tenper atpukﬁg(gﬂqlﬁcnlg?gd Th.
Therefore, the maxi numefficiency, E, issachieved as the figure of nerit,
ZT, approaches infinity. The 5 efficiency of vapor conpressor refrigerators
is approximtely 0.3. The efficiency of conventional thernoelectric

cool ers, such as thernoelectric cooler 100 in Figure 1, is typically |ess
than 0.1. Therefore, to iIncrease tgﬁ e_f_h‘lizﬁi_%&y of thernoelectric coolers
to such a range as to conpete wi_th vap@ conpression refrigerators, the
figure of nerit, ZT, 10 nust be"i"ncreﬁga%qr greater than 2. If a value for
the figure of nerit, ZT, of greater than 2 can be achieved, then the

.ther ITD el eC\EJelrg &%OLgl[mS a%cyisl? edu%ttaog%ge tt%e%ﬁo@lgggritchgoosl?gg %L%Itgelr ”&#R alr.l:.d
cool ing capacCrty as Vvapor® compression refrigerators. Wth reference to
Fi gure 2, daueCkosmulecicaonal bucldoof taetiremnod] éetduecte cbberalwpirtiiughiranced
structured_interfagces is depicted.in_ a r.danc j h i nvention.
Ther noel ectFi %e%moglRerl 52%(? :‘?grl)cal%ﬁgeeéL °a° ’hgg‘tg ts?gﬁr(gréwzg% d#‘? gtrﬁo \%ﬁﬁ%ﬁ%n%m th
cursent | 4daanstnghaspdlmdéc abtthgeheatisi sheeReglack ecbedhtcidak i ficar etk t 0 heat
sink 202. . SOUE.C e gl | . Subst ange.t hat

i s desi reﬁ%g %'cgoﬁegggﬁg;g%m%i ﬁ%%f%gﬁrr%a?%ye t?ﬁg%%g%igg\glu%l' e% toq;glgvi ces
such as, feampexsEet &hhdwpt piqyece f PRS ATah?l/the HIEBFIERsE i8R unit to

di ssi pat e tdhgehari-or &MYEdhcht OfBubeatE SO U, Ce2Pbnpansk e $ilithBefeat 0inkheat
source 226. 25 Heat source 226 is conprised of p- type doped silicon. Heat
source 226 is thermal|ly coupled to n+ type doped silicon regions 224 and
223001 1ps 25CTRONBSYHE FEEFLHETSSF BRI O35k ° GFELT BAIPEOMAICE HE as
wel | as betngegood, tdrer fmlgivemductior SollEmdho aklakionype regi ons 224 and 222
forns a reverse diode with heat source 226 such that no current flows 30
bet ween heat source 226 and n+ regions 224 and 222, thus providing the

el ectrical isolation of heat source 226 fromelectrical conductors 218 and
220. Heat sink 202 is conprised of p- ty (3/_(1@ egd silicon. Heat sink 202 35
is thermally coupled to n+ type doped EillicopdTr egi ons 204 and 206. N+ type
regions 204 and 206 are electri cginaicy“ ganfluciing|and good ther nal
conductors. Each of N+ type regions 4 ‘and 206} and heat sink 202 fornms a
reverse diode so that no current flows between The N+ type regi ons 204 and
206 and heat sink 202, thus providing the electrical isolation of heat 40
si AR 202 fvyhsaeethecPriadgFee dneiic PBrexPoO8sselb®® i nformati on about el ectri cal

i sol ation of thernoelectric coolers may be found in U S. Patent No. WO
02/ -47177 7 PCT/ GBOLl/ OS193 US6, 222, tded "Electrically |Isolated
U tra-Thin Substrates for Thernoele ;jﬂc_UE@'oT& " assigned to the

I nt ernati onal Busi ness Machi nes rporafii gn of Arnonk, New York and filed
on Decenber 9, 1999, the contents of which are hereby incorporated herein
for all p oses.. 5 _The.need for form.ng . r rs L od i R
regi ons t(L;v|5 hl[e')alrgc e & v 1chtt)rllg ]gccc:%%%fﬁé %PI %Cg & ?%%h%egrt?er}é%in%og%%&gﬂh&'
conductors 218 and 220 from heat source 226 is not needed if the heat sink
203pand heat SoOpHeCer 226 6L teoNSt b81ahe et ddrakyr £ iemyirdopedhe equation:
non-el ectrically

T,
-
8_

B y+1

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

25
o*oT

ZT =
A




10 conducting silicon. However, it is very difficult to ensure that the
silicon is entirely undoped. Therefore, the presence of the reverse diodes
provi ded + and p -regions ensures that heat sink Z0Q2% apfl/ReaAt
source 22 are & ectrically isolated from conductors 208, 21é and 220.
Al'so, it should be noted that the sane eléectrical isolation using 15
reverse di odes nay be created other ways, for exanple, by using p+ type
doped silicon and n- type doped silicon rather than the p and n+ types
depicted. The terms n+ and S used her trefer to ghky Ehdoped and
highly p d&Fe8 ‘éki?ﬁi“éjor?dﬂé‘f‘ftﬁﬁl% et§ &P"FES e%ftl VRIS FHE F er s and p-,
as used hei@ipBnedBate ldogbiddtrondloped randhé i ghbbnenp deped 2@ bemiconrddcri ng

“material respectively. Thernpelectric g,ool JRVAS U %qu‘(ugl &fqgf'é{JyUCt' on

to ther noetect? i coo &F ﬂeorﬁ PR F ¢ ure : Wever, type 106 an type
104 sem condustaehistaduet wial f:gmtrerdfameslthaﬂ@ bEE'TPaICb‘Fﬁ aoBEhil t h The

supgrl atti gief12?eﬁmyegmbgp%kpgsskj?tﬂé&‘@:?ge%'a@o:?@@s %%réﬂ%ﬁt@lrﬁoei ecgrd cal ly
coupl ed by electrical conductor 3 # CLn| cal o1 uct . or Zt%%rnc?‘éieg rlfcormad
from pl ati St 8F CoBT T R4t B9 tcherelésdn uct i eri a such
as, for excamkee, 1°t°uh7g§tlehr‘{\¥\} 1ﬁ1ltt'R1§1al%Nll)essO§‘haPIQd‘nl UFReE® év §f ckel
(Ti / Cu/ Ni )lmbaée feink Nee£130enAy StiP @ hbAldel €& 1ii8 @oSérdlebUs@hconNshsd iasgtof
alternatin %Xefvﬁjfﬁfva N%Leesrs%a 2601 £ondua!, OEhm&ﬂfeaLeme@@@h ggever al

nanomnet ers ele i S _constructe rom alternating |ayers
of 1Rt ype BT BOARGERITRE FRCERIE st BT 2t héfsﬁpéﬂ?%thFcréieoFlgl‘ﬁ‘Tér%é‘gﬁ’rFent
212 i s 35 gnnstraieheer fthem akéebrasdrigveédy ehen the Reileypeelsermiconehlets Ny
materi al s. , Fagh, of tB %hlléygrtﬁe Qfama! éﬁrlgﬁéﬂcggaﬁﬁitzgéilﬁgscdpﬁcﬂ%ﬁQs Qfapor

t her noel ement s % 12 10 nanoneters (nm thick. A superlattice of
two sem coﬁ‘d‘ﬁ’E?T’%ﬁ’nnﬁ?fé‘ﬁ?%ﬁamﬁ%s | ower thermal conductivity, (err) and the
sane electrical conductivity, (err) as an alloy conprising the sane two
sensconduct i ng Wthnaéfreats .to Fidue: 02/ a @hbEE $:cPCIEB(ielvl6FE93 | n one

enmbodi nent the%ﬁgglhelc@Lié Cc%&él%i@%ﬁﬂ?&%d%&u@@&ﬂéﬁ' 888l desr PalikpO-teayst s of
p-type bisnut CO

enjde materials such xanm a r.na
| ayers of BOFNEITE TQF (A PRfe B SF 8 o. %%E)rf‘o%ﬂee G cdo%%egéuﬁélrc{laﬁgl ce
of ther noet éwehtsc®ibe c&?ﬁpilros\eshledht ey ikt FWenweﬁéovemsaweWet%s faeh is
chal cogeni de ARt £ ok Be184W6Raas, nbor exampke, mht efhatd ngslmyess of (err)

W Lh 'ayerg}etl %gfsy Fsup]tegb %yb%%gngé ﬁg&ﬂl@&g{gga ng tc%u@d S HBY Fﬁwsed

for super | her noel emen For exanp

rat her tha#fdmaynichtitrarebysarfeint? sevares St‘ﬁ‘eagurfé?if|%ﬁat“%f'esaokreat pipe,

t her noel eneiss &ddQoard cddZensayidre usconsbrdicisépater e tobalrend@Gdaftambeat
skutteridi L&, Bt Sl 380 TESATRE!L61 NGeCaRket 22Q0 al so includes tips 250
t hrough which electrical current | passes into thernoelenent 2|12 and then
from t her noel ement 210 into conductor 218. Tips 250 includes n+ type 15
sembconduct or 2PR2tapelrzA230 R AP PRI et M etYRoAPREA SEtiFaRt uFRRE RPEF e
thin overcosad ikaptREm2ihE a&&blzaoccoh+ cymd UdddeAgs ITAt &f iragjonsuzdy asd 2Rerof
exanpl e, }at' ALgn (ﬁi) tla%m?é”}% +1dn92mg:§rélglc?r hate célﬁ %eqeiln

place of p aﬁlnumlnc or exa ni ckel ‘h‘;
titani um cei)ﬁ’éﬁn%g@R%Ith(eT?‘?]CﬁPM‘)Ctﬁ’eft -al B39 HE N*THePeaF%%‘émBe%%e 362 and
around t hefdrimasa 2=0eass dibdy wbel @ebt isoured @R 6 adush 241t ayrd cRns hbigwd be

eV?‘auat ed %éth'agﬁ %Tak%ufr}f? s&al %%homt&gaowazﬁ%h ey %ms gXapkey tdey
ni rogen e en S O | coverli e C 1N
220 25 15 SIARFIFTiay Er o8 Eh R b E o ogusting.Laver LR R

fornmed frokd® P-type material having the sane Seebeck coefficient, a, as
the nearest |ayer of the superlattice of thernoelenent 212 to tips 250.

cLayer 216 i's ToplRd [L0m,an cwqoc@sget%a' yPEdoPda 1she; SATE AReeback s0o
coefficient, a, .as the neares ayer of-th ement” 210 to tips 250.
Th@5P- t ypeit %P?ﬁ?éllec‘f?‘ipée‘b\}:@r%béﬂp? dpepd 2idic@ ﬁ%%‘€§§a2r°5? fy} 206 N+

.t her noel ectygeC regianer2d308nd @0ob U@t & DLt Il yConlduaigingcaul good thérmanalegi on

near the rf’jyuc%{@&esr e EJL% gt %ﬁtE Sr%@npqoqsaﬁd‘ QOQ%@rﬁéans:m-EhQO?'fh‘f@@ a
t her noel ectrl c overcoat |ayer 6 Is beneficial, because maxi nu %g
Xi rrum

occurs wheF®efAe Hraei ¥hticRanGEYSRE A% §8‘é‘be§8ktlbeog1*ftiyé’f‘eﬂetgl°%s
35 The t herztmehediericsokerenath@ dréorindehP- ¢degeriadi tyrlasicppf dephat el y

60 4gm thi Clsmzﬁz&pe%alecleemfcla@e&%deétarh@w LMDR mparmgelioeca}sdue oMREeOa 216
has yet to ,be fully refi sanlglffa gtﬁ ?sh ould be in a
‘eC

u
simiar thit¥AELS Pﬁn‘d«?rf“Be]tet‘fEr’t%FE‘l’(%eégsmad? FiCc overcoat 214



40 WO U2/.17177 9 PCT/GBU 1 /US 193 By nmaking the electrical conductors,
such as, conductors 110 in Figure |, into pointed tips 250 rather than a
pl aner in an increase in coollng efficiency is ac tice

t her mal cgﬁéﬁgfﬁclty, (err) at the point of tips 250 is vg¥§%§ﬁgﬂ+ﬁ%ecause
of lattice mismatch. 5 For exanple, the tthermal conductivity, a,, of

bi smut h chal cogenides is normally approxi mately 1 Watt/ neter*Kel vin.
However, in pointed tip structures such as tips 250, the thermal

conduct i vi %/6 282 21913\&}% e tl %eﬁ%%rtlcgﬁt}mﬁgfatt%g Iﬁ.ttr% %19%&%tra&gs for

appr oxi mat ectrical conductivity
of the the”f"lT?éé‘P%]tﬂcFFt‘: ﬁ’ﬁﬂﬁrs LSEHIVENET F&er B}téf?iféfaﬂ’iahﬁﬁﬁdﬁéﬁd““%’éersef ore,
“the figurecofoormriion, ofZ Rrmeordky lh)fev Yok ead i led qy Bedagber BanlPs% dher this kind
of ‘mat eri alontARES REr witiReaf nemier irdlorphiaitel haposs itbl ex1fi opurphees .
superlattices of thernmpelenents 210 and 212 is cobalt antinony
"skufteridites. These type of materials typically have ,a very high thernal
conductivity) (Er pethiEPhgFREra ﬁ‘éYerFﬁF’I?/lofss dHGRSHr BT & Ver? by using
t he poi nt edllecitpscaldP, istohetd hendmltor @i€ubtanvheat ebrk Be2 reducwduttera #eéni num

and producg, f,bh QLR 1ar TBdrke 248, 14 QLBttrn-;%S@d rmt @fré abs Qan]ngCﬁta@ﬂa hdan 4,
thus making these materials very attr e in.t erm)ﬁements 210

cti
and 212. TIRTEP A8, ThEHREVGFS SPH%EY rﬁs %p‘? PPReH e e éases t he

ef fbci encycafduttingt hekivoel e@pwé\@rZOltceal‘@rrYZMfs%mi Ehersige Faatcshpar abl e
t0 vapor CoMAkesSis0bntiekbly GRBaiN.S. THaBetdier, advariseges aff thereaddepoi nt

structure as de0al L 08 dﬁhg%hreogi Rh . onfiRededQ, Ll %Q@lhgaé sagﬁuo@raﬁdﬂan the

vvavelength correspon el r_kinetic energ%. This type of
conf i nerren‘t‘eﬁtné?@ﬁe%“t REe |9egtrisal e hsP 1oy oo i or a1oRe awar | At &2 8 r 2
transport za:rnd effeCt itvehypulidbe emsed thhe tSecbeek eboefical emlatil'd’rugslrtg/

i nEFeaSI NOye e@Qg ﬂ%ﬁése‘?ns&/rlga greattlag Jt'hgi:"rv?aygf tf@réﬁa Te| %y'JLQE@%ﬁGGYPeNOI' mal
coo conventi onal el ectr sucQ 30 as

i ng capacit e _cqol ers,
i |lustrat e‘g" é’ildﬁ% apd oy éy%%rﬁlgﬁ?cg 5 lcﬁf’oa%tchieﬁg&a t enpBr &tr's CYpes
differenti @ﬂPlCéﬁﬂ b8revernt e P+ s Gfr eedahtrthe MFESE t8i MEhoT TrFgRAf 60
Kel vi n. Hoxvev @b ghliyhgrdapel ecdnt tchdocoigr m2RR a5 reqpsdiliieelof. priedusimegna and
t enper at ur d'agflge@nﬂér%lanfmequJ.Qﬁgﬁf nOfopkaOardteh %lﬁ-lth@SpecW th two _
ther moel ectri.c_cool er ulp ? ecea(\:,hlot her, cooling to tenperatures in 35
t hé%r ange BT™rPY cﬁlﬁf tm? el (fesgs 'YN&HY 100 Kelvin) is possible. However,
different materials nmay need to be used for thernoelenents 210 and 212. For
exanpl e, bi snut thdrebélaci-der hasleaxr 2€r sl oimidaatinl owstemqréemttere (i.e. | ess

than -Z00 Qf'e%gglsec%élcuéier k@m&aeﬁl ol SITUL o AR ”anyy';fé' hwgn@e;r feopanive! |
at Iowtengerature 40 % 177 10 PCT/%e%(r)ll [ (LS

emiconductor structura interfaces have replacedl with superlattice

25 thermoelement structures 210 and 212 that are electrically coupled by
electrical conductor 208. Electrical conductor 208 may be formed from
platinum (Pt) or, alternatively, from other conducting materials, such as,
for example, tungsten (W), nickel (Ni), or titanium copper nickel

(Ti/Cu/Ni) metal films.

30
A superlattice is a structure consisting of alternating layers of
two different semiconductor materials, each several nanometers thick.
Thermoelement 210 is constructed from alternating layers of N-type
semiconducting materials and the superlattice of thermoelement 212 is
35 constructed from alternating layers of P-type semiconducting materials.

Each of the layers of alternating materials in each of thermoelements 210

and 212 is 10 nanometers (nm) thick. A superlattice of two semiconducting
materials has lower thermal conductivity, A4, and the same electrical

conductivity, O, as an alloy comprising the same two semiconducting

40 materials.



Anot her advantage of the cobalt antinony skutteridite materials over the

bi smut h chal cogenide materials, not related to tenperature, is the fact
that the I nt i mony skutteridite materials are struc e

stabl e V\hg\?}e)gzs {ﬁe bi snut h chal cogeni de materials are strtﬁgtrg%%’ls‘/losﬂ\é\eak 5
Those of ordinary skill in the art will appreciate that the construction of
the thernoelectric cooler in Figure 2 may vary dependi ng on the

i npl enentation. For exanple, nore or fewer rovvs of tips 250 may be incl uded
than depicted in Figure 1. The depicted exa nat, , Me: to 10 inply

ar chi tect ur al HnnP‘t‘eatel“B‘?%““ﬁP'thsP‘e%ﬁéE‘tlcte 4 °?)]te§‘§%fht |nve tsc?rsf Wth

r ef er ence alowrdas ify guyers of apslyan dxi swiwwcbil copetridoetaderidle ewdl ef 00 in

"Figure 2 isageii chodhic 8GCo4RaRCE Bilrb, sBErepresenhybsv 6AtsiQLEL, sTe;, and
Thermoel ectri ¢ CPCOQathQO& tﬂelmttgfe SheD ot x&ertpgsr I0el a6t 1R aBderi al

section 302%ah hernoetectric mateéri al sectlon 04.. Both n-type
“section 302tERRI bﬁs‘[‘%ﬁ‘e %%GPQ%HdSGEPtFﬁHHE’deS"afht #% 'n TPRVEPTRIE cOEERE T Ve
mat eri al 3R@ethaf BQVErsith 3aydrsont Bode:. Sethearohyvid®2oi wehirtaduetingrray of

coni cal t In&%eﬁéa@.se@é%hbQQY£ﬁefLr\MsﬁﬁérZQt@cEQ|ﬂ)r' @lyeQ‘ﬁtoQ.ﬂceantislpeo rmatierizabks 308

of the sane type as the neargest e h er L r noel ement
210. Sect i'6A*304°F nEPlEEY é?tt!‘anarr%iha¥l ls(:m(‘)lrtt%lchﬁ%jcp 3S ezﬂ‘ag lﬁi)%:o&gged with a

t hi n | ayersuwkripttypres ﬁﬁtféﬁFaq’ﬂSTﬂnt@f 21heénd e ‘E‘%@e LonpRaIhed fESE Fhget of

t hgo super lakth&s Eoittehediveahamenils212. 25 Wth reference now to Figures 4A
and 48, a cross sectional views of tips that may be i npl enented as one of
tips 250 in Figure 2_is depicted a cord e _presen |nvent|on
Ti p 400 i ncl udg"sheém%ellﬁﬁlb’ﬁ E%Cijrgrt#togt has lﬁ(‘eene?or dztsta %oug%éﬂné angl e of
appr oxi matelegt Bivaldegrreest IAPSGeshinto| eiyrmodippept 2damidcErargirmit eri al, such
as plati nwﬂeéﬁéélemwterzﬁ@aih%tJ&dﬁédoirCm 4021psAz$d1ilﬂc]ltayermoEy;teher moel ect ric

terial 406 t 0 11
[ayr s ha GBI GERod e 7 L agRtiot Haery S Sl chs. T or7 LE) ve 11 p

radi us of thip #@@cpat épmlb%il?r@tnél %F°59f r?&ﬁé‘ﬂtttléﬂe“ s5iaty psuphgad s fah
al t er nat i V&aephodpi®ithuef (7@) t | prh&tebndstone natetiaps tB50.mali = 488d iimc| udes

a silicon cong oﬁfléléltél}tnmaln%i’muc,%éy%xmﬁ%r Ahgsand (hhenpmeheqtni, carmaterl al
| ayer 410 over t he a rmch ,§£|ar per

35 Q ngl e
than tip 4063"%##fe° Hﬂec?t‘ilf"g \Aﬁ’ﬁ??ﬁé@lh ? m5f08 40 i S appr o 8 Q 91%
nmaRonet er snd| araundngie kwsetanehtferwwct\m materdaby Géﬂélfndo?l%tétl?‘t?\ﬂ)e?econe
angl e for ddeulidd bs mRERSmcable sedieat hxnpeegenbuch WO 624 -y, dry

PCT/ GBI I | /(S %g A1 enbodi ment, conical angles of 45 degrees for the tip, as
depi ct ed i ure 4A, have been chosen, since such angle is in the mddle
of possible ranges of cone angle and because such formation is easily
formed with sildrcohe wnBh of pimst RhUecusRingoste cqpusting pavaniselh aRd328t ch

al gng the 5 106,ipl 8RR 06 Sehi&RBuAALYrmlteyifioens aadcawe angee xk bl
degrees. Thus, after the conductive and ttﬂer m)elsecgrl C ov coatts hagse been
added, thefTBRA% EAYI% P SR PR OX AR OB U5 P U SGFR P W AT ar e ancd ndw t o

Fi gure 5, tmechesesselyeondl thd ewpsdllausiqeabf rtglei@oetlhleertteﬁ%rtattt}rpe $%%®l d of a

tip near tﬁﬁr%eié %Hn&:e ft:ém dapi Gl ed daReAGAORLSARGENY bind BeeracrRSENt
i nvention ip 504 may be inplenented as gne of tips 250 in Flp%?rg 2. Tip

504 has arcesffitiente °t| P° R trerest 1ayeR0f P mRnt R 410 Hukt
t egper at urghef pelyihel Sndr@caldczeit boerroueryaysnedid 8 sikaerceyy riorappr oxi mat el y

equal to 23 or eq_regg)?ﬁ ? lje(?:02d-ba@8 &f fon ltﬁlc-gh@&ﬁflgﬁ %cc@rssligetfﬂeaEE o 502
needs to be onf ayers thick wth a thickness, F?‘? @goun 100
‘c €O

nanomet er snea“t’h*’e‘fte‘ei‘“ﬁﬁ‘"’e1L WB"s‘ien(jh‘T)&ilﬁ‘ftéfd’nflif‘S h%letgh%?enﬁ‘erfeér@ yol'erY5u t h
only 5-10 tmyessickorid heewswperlaget i20€ is bsuéfficédlbnbecapge THAXSIUY gBetiddt i ng a

_thernoel eCSJcJuQS GRRLEtheSIGRI S, (ERIngeXIER) skBesdrDedeTel éicht CROMRRidBO, iS
not _extr e r%ahergltoFlgortl.fsrﬁcl:’ner tcoaltngﬁ ?I’ﬂ X:hg‘ lj%\é)%%%g%%gg EIIE’?O??M‘Q@H-S?‘%W ce

muét be fof an nunerous [ayers wh e very tine 1
_consuni ng.nMTibEck -t hisrspeet Bet Ehickeed of tZGOntté{ﬁeb’é“"F%‘EﬁlieE‘é‘f‘é’dWFéfF?a‘t 8 (of
t he order wfs 00 thapOFRLBF Fefiriedk)butnicant amsicipare@btpti by shpgld be in a

t he{ Eoe'kecé 11 €2 £ 28k BLS W GHe R EndTent HEeQE A8 RS tBeffideh bBEETSreEC €at er
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O her advantages of a thernoelectric cooler with pointed tip interfaces in
accordance with the present invention include mnimzation 30 of the
thermal c ity of the thernoel enents, such as ther 10 and
212 in Fi g{}irj%mgl,lwat the tip interfaces. Al so, the terrperg?ﬁ’lre po%oglngt%i al
drops are localized to an area near the wips, effectively achieving scaling
to sub-100-nanoneter |engths. Furthernore, using pointed tips mnimzes the
nunber of layers for superlattice growth 35 by effectively reducing the

t her noel enent | engths. The gl)r esent_invention also permts el ectrodeposition
of thin film stPUEekSs thmFlatdiae! FPPIERTD EAYSS THEHRIF et o frensi ons
al | ow for mignetilt hictd pbbyrdt tips 250 mathepetindapsliaype inhermice| ements. 40

The ther nogl-eeidd GnCOREL @Efiélenw gseicHiBVaNt | aNIBY Bertdil biZfd: 10 ool
itens, such as, for exa specific spots. within a main frane conputer,

| asers, opti &t etPEcPisHi @ )tlﬁﬁ&FBd’eﬁ SETHrTalh REeBER Ph IgbHte Bismatciyp

" U2/ 547 177 2T, é@lﬁlé USlae) t?tiel'aaﬁ/vctaﬂdlfc%ﬂefi%n cg, net Elstmgtflcgs!i &gbniRsCEPSS
sectional vie ectric,c t h enhancedq structured

i nterf acesno\f\nmm%l ﬂprr%t“éﬁt ??’ ps Wa%”&‘ég?’&*t%a"%% ACTEY TN ¢B RGPRET FéPpr esent

i nvent i on.stAbeHERgh ausk I ésﬁmtzsPn\Félﬁt‘FY@ﬁtha§°b@m1‘dE§’CF$ reducdsov éuado

havi ng ti pat2bé: aaasdtcHciednd doin $bl dgpebxiRAESy OnStatustRdefem ihe n+
seni condugl,ogef eghgr&eg@rﬂicgmoa&%uymﬁ0%591e' @heFxlmgg'fe%tZ mt&%agp' aced by

ti 5650 as depi‘cted in ure 6. ave a metal  cones 8 and
620° I n tHE™EE EF?&?Jtléfﬁb’bd‘?‘ coﬁg%reé%eaﬁa%fzaua? ST cBIELEr K eW2Y P6m
copper andinhasesed hb ckehteay bhar0ats Ifayeirhl@Gl@lralndf @6ReriRher roetisnt L= ©dol er
600 is ideptbeall 10ad QsthRciORl €6t the SQQLEtt20 b EblnAlRRENYLEPEGHS,

i ncl udi ng Qvisn%og her eI ec uktc ro\ée{ coat, 21 6 and 214 over _the tlﬁg% 650.
Ther noel ectfi ¢ c60l Y SEUBFBVIEEE t he S ane BeRe e 188° tHEBF fibeiVect ri ¢
cool er 20(QavEioneeey hlby tu@mgl abhdmt‘aitvcoheﬁakatghehent harmagily i con cones

coygred wijReconduct i agwm&erayahsu;ghaa@%mew elgse%ost @g§%em41h' n the
cones becone 15 ver t hus further i.ncreasi ng i cl enc

t her noel ec“toflii‘é‘:tééfbf}gfa%dﬁ BWe?hreO a1 sy |aﬁér%ﬁ’§é‘be &f f’r%ﬁrén%ﬁlmﬁpt
t her noel ed%: | T bbter Mg ialhefagates mhroundimg hrlpsg6Biesanaateet slzen ti ps

ﬁ50 and tlhlewnﬁJtieg&wiive ot ged ahStx?eLQo@methBZ zi@%hdzﬁe VAGHEFQ! the see
ernetical l.y_se Wit such ry nitro

Al'so, as ih B m%egq? h%'a?t flgrca)%‘rte te nfﬁ%as 1S %:%e er?‘lz'glsce n%‘f o Q/}te y Ba°Y gﬁge 20
si#9 con. ICﬁO%ﬁntzP&s‘%“CPothltg’cFr és 2compayaiier to hrea?r §9‘m1@652€2’6 rr—%rltgh@tmﬂ y
coupled to n+ type doped silicon regions 624 and 622 that do not form part

of the tipped %eacetrua@vaﬁﬁggg @& h&le w@pgw SOHQREd Nt el Ez@g @h@@trrtongf 25
thetlpped structure a ore

doped sili 5onc°rne”|1%nst°6<§l San Zséna&%erstt? t%‘ér aveﬁ?‘fg‘ntg gﬁoggf?ﬁoggfnq §§I ation
function ﬁéﬁ’br}‘ﬁéﬁtlﬁyeﬁa%@h’bns Ths tyRe C’ZZQ"#H“F’I‘Q;W tnyeasys ghallopet hods may
be2aut i | | z@dngooyf of mthhes aizillmblmfo@OﬂfBstﬁ;SrtB@ndi&pﬂf@dtﬂdelyﬂ ihtxpakes GheFor
exanpl e, e ow Fi.qu n W

sacrifici \geg%clrkl %%%&tﬂgfeﬁf{{ Ithgﬁ tbq’n%%r%gsJé'ansed%?x %%‘l’rﬁing alfge fqg]lgtl ps is
depi ct ed F“ﬁr’a‘i:(?b"rt%ﬁﬁér%sfﬁ the present invention. After the sacrificial
silicon tenplate 702 has been constructed having conical pits, a |ayer of
met al ;rgz be d@]ﬁﬁﬁ&llt edolQ.V@rcalﬁza:azyt be JcﬁmﬁbﬁaﬂQZeinQ)ﬁDé&q{il@ecc%ielrsnefsac!l:h
capes c t s rnoelectric cool er
68%) W t haﬁéyfllélrugﬁ%gteﬁo%p?%g%% ure § é%g??ov?gh Qﬁ ugttrearlﬂ eract an exenpl ary
met hod of dpEdrigeting adlT. ﬂ?et‘@lencﬁweée%tsﬁﬂgm& 5114 |t<1}9rhestacwnkl Q:fi alcour@ senpl at e
i's depict edidih. acmd@ﬁcehwn{oalé&%l@r&am 2oBvaNthibie Tk gggdu@m&%m cal

pits are fabricated by anisotropi h|n icon to crea e
102/47177 S AL 0 gffrfﬁtlatl 8P e o LedbFON 12T SR

thermoelectric coolers coupled to each other, cooling to temperatures in

two

35 the range of liquid Nitrogen (less than 100 Kelvin) is possible. However,
different materials may need to be used for thermoelements 210 and 212.
For example, bismuth telluride has a very low a at low temperature (i.e.

less than -100 degrees Celsius). However, bismuth antimony alloys perform
well at low temperature.
40



nold (step B02). This nmay be done by a conbination of KOH etching,

oxi dati on, and/or focused ion-beam etching. Such techni ques of fabricating
a siliconyepne e well known in the art. 5 The silicon s (f;lg(ﬁ{(,a{%
tenplate is then coated with a thin sputtered |ayer of seed nmetal, such as,
for exanple, titaniumor platinum (step 804). Titaniumis preferable since
pl ati num fornms slightly nore rounded tips than titanium which is very
conformng to the conical pits. Next, copper is electrochemcally deposited
to fill the vaIIe¥ (coni cal 10 it? in the sacrificial silicon egg(l ate.
(step 806). The*d be%&PV%IbtegefOft GBpET APEPREPHI TR Yo 42 St Ep° SUSY

Met hods ofthel Bhamitzi siglacdeayde roteneial r@reradebed Kieovkroenatuye. arst thqhe
"silicon subhskratf e hemy anpMedy hkusedaat i @aeéhi Hgrershadsunal dorewn
(nthe arts (et eRuBl0)e ol An}thﬁehecoggﬁee RLANERALD Db TRINRLRY then
be covered a coat o anot metal, such as,for exanple,” nickel or
"titaniumand then with an uItra thin | ayer of therm)el ectric material. The
ni ckel or titariheseovepcditarai gsli ninekeetarbddpdsintreniask thed threr noel ectric
mat eri al Oéﬁ%eﬂﬁétloszf[ e tﬁgmta%ﬁlagc&ohiae 1li’ﬁei':tl;§|3ﬂe02f_r rr;ﬁ{zQEHﬂ}i dpeaddngret al .
cones is that, the [ roduc I S_reus e e use
up to arou‘ﬁld % ”tmpgg enﬁ% l6Jrne tthe rmalma?degrg%lgg gw rblé%wosrr%gt%ﬁ ugg%l e ® b
Form ng a ineApfiest &ham dehiateduih@lorze Ver yhrfedapietast prnired szné"br"@élﬁ‘éé@ very
unigd or m al imppt Alcheostitadl Liipscatioee wstlh irespecet edithg presvey Wnpsedbet abl e
and can 25 calculate slopes of the pits and sharpness of the cones pr oduced
to a very few nanoneters O her_ net hods of formng all nes my be
used as wel|. POFReiehprEce jeY ﬁor EYBF&nte 2riVEED ‘Fegute t erme?e osréC

secti onal adodwr 00alr Fievxd 2305 depkdedOn ?*B‘Fmﬂédn%l‘”ﬂ@h G&Ptxeleﬁe@ phot or esi st

is depict eldiveat%corﬁeaﬁeewcmct beolerremtmm\aegtarpa typ8 &ﬁurﬁoénetcbapb a
| ayer of netal f or.med ver the bott portiens o p glOIyBngrlcated

('t
t hat noel ecr?aFF]élaczlogFCtlon 3 BafPernBd bRt oreg'lalsetc 504 m@b%rla§ THen used to

f ashi on aprthe@enypemeleozow arid B-IPE etct &t Pt oelvdrdec &l tleinc ke ft hod.
35 Wth relRuenceenawet0alizgerakOcovark l0vehiah bddyustrating an exenpl ary
met hod of formng all netal cones using photoresist is depicted in
accordance with the present invention. To begin, small sections of

phot or esi st ar 8§54t P2 PRB LGP BTS2 2REATARY I%y@?nlcéhc‘ﬁpés“@ob?)@r coyfreg with
paeti al | y A@hiabrayeateEzdnt tyeenmaleetdlr 3e8 cdotisy saseidypasast hiey mpetatt tayer

cooler 600, i Fgugghedt@ (St:ep él%@aaelemac eb&t OEESiiSh mylh&u@@;ter Qlelqyl n an
array of sectl ons _havi nglﬁohotorem st égea h are hot or es

within thet <3/ E4PFL Ieftc‘?’(??f?ﬁ?lw? Ay %%:Pré of’i?i'%ertlSi aréas in
whi ch ti psoft oh¢ emaltvpeeialthe omesesy dayies pf ¢det eudselibrigediorThe netal is

t hen di recgﬂeym@glcghgﬁt ehectrochemcally {step 1004) to produce cones 902 as
de gcted in Figure 9. The photoresist is then renoved and the tips of the
all " nmetal cones nmay then be coated with another ' 5 netal, such as, far
exanpl e, ni ckelWitst BFeTOUE) POTHE ELRIBAT 4Betil 4Bodt CRYSDIETEIPRR AEFYInsfal
cones may dipentiee soatedimilenerardudd pae tdfi hidsagsd iof Fidvee nbékeddpripted in

mat eri al (a%.IcgpdAnQ:QS‘)/ltthl’rles ’pr@gejntnﬁ@htf&peshw kbo QnEhﬂenglﬁgiidnC cb@yer on

the tips a he m)electrl vice, such as,
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met hod i | |dsst katiedni4vaki QUILRIB 1alloM@EetherhbéleciiNodt @uBL e4vis| yolessciteaper
and ther efnre, old oF8ls b Aol MRALIAAL LREL Ureellt 1 PE RIS, sl abl @

met hod ep i cted fabricating a metal, cones are, nerely
exanpl es. ‘&Pﬁl%%teh’e%h(?@§r?f§9‘ab‘°elyu§%die%e%eI | ™o ef%ﬁft"?‘%%ttépafff”ﬁ%toﬁl Yones
for use w4t themwpostigetel s5¢owhensterfurt hernore, other types of netals may
"beyysed for the all~netal cone other than copper. 20 Wth reference now to
Figure 1Z, a cr eGlional vie Lectric | er t anced
_structural int eT?JTPaces llsna%a#t%rr’taﬁlevet ﬁgr?orfdgg réntgt%rl ¢ Bt eF S%gg aes é’? than the
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a col d pl ale,| 110, and. A 23 N0tBhal G 1402, rNEEEINL LG OLhiBL Aeels doB

t hermal cont. Weth © stance e [ofe]o) her mal conductors
11 4% and I1f18PWT“%}'éﬂéf %%eﬁﬁ%ﬂeterﬁ;m ét b‘etv\%teﬁn%%efr‘i*&m SRR pl at es
111 2 and Zt28d¢:eopattirirvedy coillhenpbd foorthect or s ldrkfemaidel| I8 Blrepresent
constructed of heavily n doped (n+) sem conducting material that provides
el ectrical isolation



30 between cold plate 1116 and conductors Z112 and 11 20 by form ng reverse
bi ased diodes with the p- material of the cold plate 11 16. Thus, heat is
transferrqg ﬁ 4 he cold plate 1116 through conductors IW,@;\H,OL%O and
eventual Iy to hot plate 1202 fromwhich it can be dissipated w thout
allowi ng an electrical coupling between ithe thernoel ectric cooler 1100 and
35 the substance that is to be cooled. Simlarly, thermal conductor 1104
provi des a thermal connection between electri caI conducting plate 110S and
hot plate 1102, while naintainin ele trical atlon be ween the hot

pl ate and WPRREal CORUELTIRS gf ETgfﬁ%s 31 rEVEFSE b ased

di ode wi t [Fighee Hat Ypivat bectl gogen, d@pefd Sslemaé@h@u@t ththﬁa‘t\ﬂé%dﬂ%uc’fasoséﬁ(}ble

~ di scussed ahg¥e o ThetdTahgoaguIGkes el 304 ESrmakseh aB dubily Rraapeden

sem conducy, ria t co ting. e 08y, L4l VO
112/ 7177 1 1 %ﬁ% g%ﬁg il or‘)eggéaé cgﬁg%r ucthPJu%E : I\éﬁgﬁ lrllja:iﬁ g?’t inthis

" enbddi nentoOHVERFePt sdtlh%‘?n ﬁﬁ‘t“éPF%ﬂ £oTHaf HPE HEHR ?—ﬁ éét SEIRRY, El?) duct i ng
and t her madflcyr cdedootduagi vryndahatidel edd iaovrerdatsphavg, begn sdndl dtlise

ment i oned dhatadfie & eaprSuUnsiipdingedides. 11 30-1 140 and between tips

| 130- 1140 and 5 thernoelectric materials 1122 and 1110 shoul d be evacuated
to produce a vacuum or should be hernetically sealed with a gas, such as,
for exanple, driiithi ¥$iGgerce PAY (Ri B RRDOdi Areffess rse?tcﬁé‘?na%h‘é‘r?wp’%d\)‘ﬁﬁ%dng
comt act betheeesmpeletdd €hddnoeleenantsaand 4 lrepfdattsourieeddpcaied émd) net al

el ectrode a(ceememetemtht Eﬁ@lﬁggse%@ aiveali . PRipNE&s imeytﬂaelmteaént%hegg ade as

in Figures 2 and the, arr g 15)%' nt.s of cant act etwee £ 30-

t her moel erfgnfl%f’nasf’ he FefHi® f egf’ dé 138 Bt SUEEed By En® arlruay % °poi’ntd

1130- | 140 Hapon¢tershertimel ermenterrsitgrarfdeld 26, 19qpld prd éﬁbﬁ)dpmﬁmsljdescrl bed

above W t likBak RS, et LNepréi mkt iyt e@uaz e dabor hheumEetal 108l eabhadesat the col d
engd, was f %@EQf Qyer Sgungcﬁ@tueo eé&é ebnal HE) % BES ahypal teras, hef g

di rectly etched to forma . However’, these nethods required

t her noel edtiFPERSFEr efi é?Pfsaﬁobm‘BéLOﬂe‘iﬂfﬁé’l“‘l‘t‘%?dsové“rhe’fﬁé’réol"c‘flﬁﬁd"’f‘ﬁe@dhb’cps' a

el ect r odesheymn@d lect 1 GC hewid zavi e biiyd §- 10T heyeglsetenr gtepopptiedtiat ési al s 20

tend to bepelychystalline and do not have ultra-planar surfaces. Al so, the

surface thernoel ectric properties may or may not be superior to single

crystalline thernoelectric materials. Annealing inproves the thernoelectric

proderties of tHEspolapeisatiag |4 FRETREETIEELS “OBIRT sENFace: SHBITIIRRYS bel ow

100nm r ougiteess: leevelcs cocimi 28, aipmobl etrendly tines c@subilf)- i@ oflvt ke

present enhqdi Rt wxhbesjpgffgﬁdlég QRS bBOH el »&%ttaér QE&a@QJuM@Eo\ﬁ%t @Ayers
thermoel eciric materials hy el ectrochenjcal t%t ching. lLn co

t her noel etBHE? £P24°F & EBnp e sEF=81 " - s UBeF’ 1AF e~ 67 'Si fig) cr s'fanl PI ne

Bi zTe3/ ShZRericargd(eawy) thind (ehébavadendit 1E0 nIPBLRES Lot dlrbfcoat%alfﬁeFO

| abt i ce ofpxSbhgire chatabalddthee Bo2lers/ Biicbedrandt Bh2 Tedeose03 nilkiwaterscal |y
conducting, plate L120 hs.gQated with a thin layer 1122 of the sane

thernoel ectric material as I1s the material of the tips 1130-1134 that are
nearest thin layer 1120. Electrically conducting plate 1112 is coated with
a thin |ayer 1Mthepfadvhetaggrect Rethrsaddertiic 3%t wititgpoi@sed $iPhe nmateri al
of the tipstdddfaedl 40 sbbatdadte wieartdstpdebent liayertidd |i2clWet himigf estdipoe now

toyfigure k2 pa tfhlepmx&:lh@zsﬁddclalmyr@é 'tHQ RABrRLE IR ALY SBhhA tRlrdabdnenati ng a
t her noel ectric cgg% thg{nne ectric cooler 1100

S | e
in Figure e P S Fle%]“rlenga(‘—:"(t:o%&aﬁ%?e W@‘%%aﬁs resén%hl nventi on.
Opt i m zed @mng#aéue%mtantwét @raps| a%gr eoFeliad l§erﬂe&r%nﬁéﬂfa¥|mé11@8t rodes by
convent i onglfefEiaRsy Gichiietdlg scaling to sub-100-nanometer lengths. Furthermore,

using pointed tips minimizes the number of layers for superlattice growth
35 by effectively reducing the thermoelement lengths. The present invention

also permits electrodeposition of thin film structures and avoids

flip-chip bonds. The smaller dimensions allow for monolithic integration

of n-type and p-type thermoelements.

40 The thermoelectric cooler of the present invention may be utilized
to cool items, such as, for example, specific gspots within a main f£rame

computer, lasers, optic electronics, photodetectors, and PCR in genetics.



WO 02/.17177 26 PCT/G BO 1 /OS 193 el ectrodes are deposited onto single
crystal materials to formthe el ectrode connection pattern (step 1202). The
ot her sidgPfybpp thermoelectric material 1314 is then pat,;cqr@@g,ogﬁ)gep
1204) by photoreS|st 1302- 1306 as depicted in Figure 13 and netal

el ectrodes are used in an 5 el ectrochemizal bath as an anode to

el ectrochemcally etch the surface (step 1206), The tips 1308-13l2 as
depicted in Figure 13 are forned by controlling and st oppi ng the etching
process at appropriate tines, cond r substrate is thinned
by cheni cal - rrec“ﬁﬁ% E‘%Fleriﬁce n? N urea"5 gcnrog e%etc%oc fem cal ?E et ching the
entire subﬁtera&teelet:ermn%ﬁrevlﬁfhl PWHG%Q EpTrEPEFd 1Fﬁérf§€€6nﬁt§@d§t Feft? with
"the ultra-dipsnisudbsidtieid aeasrdahe: eotid teacdbranent Hevénmdosubsl rlaues titehe one

with the ultrasdBho.4n8h rteel ﬁgetnr agsam@a LBbveand ﬁanen@ttnes Aot trbntsheucted
thernoel ectric tips) are

ed %et her with TF gure %ste ;l,g% ghl S
striicture 5™ FHAFPAS WPGH C(?F‘?/ u&F?‘? FRY SR 1 PGP O T8 HEE Y an’t 18
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reference nogw_ to Figure 14 s ddsggr am s ngw c]g ol 0| nt tIIE)a 20, above a
surface foPqeH ™’ S VPREr EeFEL T ¢EEoT18 FlUs

rat? f e posi °t f oni ng of
the tip reliakeyeveocedtelayarf % ahd 6dépi é“t’éﬁ“qene@b@ér ge 80t i tAenYdcasent

i nggntion. t&hé’ﬂ%@he&ﬂi@ctéc@ier whetherlcreatedebeds, aldcltingl haﬁzring&t al _
coated tipg of Lher ngrc%gI:ul% éx%d%%‘ﬂ vgr l{%gn?%essggd beghéxji%}ﬁ&hf , &S being

in contact W rH eﬁe surface opposi However the
tips may beeoler GOAt & F\Fct%dtﬁéhepifﬁ‘élk?f&e&ﬁsf a8 etherpoglechyisr é?%lllﬁFezqohat t he
tips be newwetéis BPPLRSNHTaISURdtACecariet hoithet obahi 91 itdre coned acerag wiepi ct ed

in Figure Jo%auJét%gt ltapce;_t@? 'tﬂe %Iagtgle144rels§stsant;g@tveqhﬂe%etéteeerteeewg
surface 1404 but T1's. not 0si.ng, surfa e,
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t act th t d t
In contac a‘@"erl ls 916)%.985%{}9?1?0 ane 0%@“\%\ orothggtnéﬁ:lggfl}ﬁggaleg &1%@1 %Cgtas ue to

the deviations from a e opposing surface .
renovi ng t%ht?SpSfPt?cﬁaﬁaE‘B]rﬂ aélfY Rt §¥P9€Pe opposi ng surface, the armunt of
theomal conductivity between the cold plate and the hot plate of a

thernoel ectric £Qgl efs ﬁﬁyml@ara; educed. sﬁtregtizsceé RpFuchi v t)y dype doped

mai nt ai ned,,_however, due tQ nelin el ect et we he . ti and 40
The opposi HALEHT ath HEqastoH TIFrea s RetPEo A0S0 it B errens
present i meaptédbrohayevad si@pbeenltt@gcﬁ%eds #R4 rheet éétabrqonm‘t Ifyrfh§art
perfectly cEOitHé &dpiaécltJ%tmE&meyea’so Pethit |dash rat edgidas Figudr € ¥érm tﬂaﬁt tdgs i n
pragtice typic ave_a. S Y. e is se
MR it i e e T OBl BalOnf SOV IACK WGP ° MESERSE,
fewer nunb“e’lpeéfs%aﬁ@tf Iraﬁtﬂ?réegz%é%‘éléazt‘?? 8E+1]|1e9%r Cﬁé e BEREEETE gr adi ent
bet ween t hgsot@eilont ewmes ah Weet@fvetl iy téqioandshendab2 tienpegaieuz e of the hot
plate. Preferably, the radius of curvature r0 of the curved end of the tip

10 1402 is of the order of.  a few ten§ of nanorret The terTBerature
Several methods may be utilized to form t all metal as

30 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 over

35 the template 702 to produce all metal cones 704. All metal cones 704 may

then be used in thermoelectric cooler 600.

With reference now to Figure 8, a flowchart illustrating an
exemplary method of producing all metal cones using a silicon sacrificial
40 template is depicted in accordance with the present invention. To begin,

conical pits are fabricated by anisotropic etching of silicon to create a



di fference between adj acent areas of the thernoelectric material bel ow
surface 1404 approaches zero over a distance of two (2) to three (3) tines
the radi ug, “ﬂJ Gppvature r0 of the end of tip 1402. Theref @cg)csvthyiod few

| ayers of e super lattice Z406-1414 are necessary. Thus, a superlattice
15 material opposite the tips is feasiblie when the electrical contact

bet ween 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, g)erlattlce of_ 10000 or nore |ayers
was neededold frage BP23uf firEF S }Eehlde’k"né’é’ i SPRHI O STl PR EHESt enper at ur e
gradi ent 2@i84:iappradghr ZerosedSiah baamerbeinaf $unpersrbpaguesngf acti cal , but
“using onl %3, 00,6,k AYEE S RS bdhel R REES@AbwA AMEfHd @i S nuch nore
practical. Al though the present invention has been described primarily with
reference to a thernoel ectric cooling device é Pelt er devL l.%) w th 25
"tipped interfad®s #idqor grcEbdicifg terRlake 15 58S} eC(?Sb Y&t By " those skill ed
in the ar tsphheéreﬁheaypetresfarsberﬁ meeal i encimay . bruetdupied thornigener &l ohunf

el ectricitycgs s48h! . Tlltaﬁlslm\/\@sl |préﬁegm zefcdyp1itnnn Sdink| @dghtnyt herart t hat

t her noel ectrl devi ces can be, use t her r { eri bed
above) forrof‘g‘g‘? Rk atl BB GFATHTY n hgugh th?méQPc%xP%Lé tgc%lﬁg,)ggn (‘%g %%\%\BI’

gener at i orNeXRefféﬂPPPﬁqSnewcttéocﬁe@b?aé115d8985%;’iﬁ?e5%t§1&1 cﬁbﬁgY%i'rheﬁT (gonic
t hes noel eclitkL pOvRs sgenefiat oy sidicbeptaivddte Foptangeslof Thrdeestsangiargcand

expl anati g, Ozopg @r{gﬁ%hsgtp&ggaﬂqw(sgsp%aw oaet@afsh@fr @;@@Aa&%iﬂgc PoWRE
gener at or accor l'

I ng rior_ar ed rath
t her noel e&fr F‘Etadoﬁk‘? W@é?‘lé?n& oriubg Ff#hgqggoﬁl poit fgulfl He %f t%len FELSRE 35
i nvent i on.byHewkamesrive jettchimsunelcipds rietle detowat i1 ﬁh%r?étehﬁféﬁl Ot ()'[F“eaall
t her moel eGlih€ cp:Qx\é@rprQ:@{l@é'cﬁEQrtkﬁEG%déﬂg\airOtHelﬁEb@I’ceSeﬂ‘Hd winreatdcam, ot he
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as WO 02/,£1éd-:18 PCT/GBU 1 /05193 indicated in Figure 1, a tenperature
differential, THTL, is created across the thernoel ectri c devi ce 1500. Such
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Figlre 15 throuffiRca>desragy v Y8 dresPadet PA%HSInarALS “?e§a} 1F8R8HPSsFIE mode
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described primarily With reference to 25 sonical l y shaped tips, however,
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The description of the present invention has been presented for purposes of
illustration and description, but is not intended to be exhaustive or
limted tqddgsifvention in the formdisclosed. Many nodi fcgatgiafsi«3nd
variations wll be apparent to those of ordinary skill 40 in the art.: The
enbodi nent 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 WO U2/ .17177
PCT/ GBf 111f 15193 19 various enbodi nents with various nodifications as are
suited to 3WeYpEFEPEOraF tasEe@dntteipicht Btps to Wep GBA . mere ¥ epeT /A (1erAr$5193
20 CLAI M5 th bA fdreedinelriscinetal dewhee,dicenpyi sichgd edeftmoshertiheYynéstegent ; 5
“a second tHge el sARNAte 6l8es rdosald Meioupd ad #Qutde finst pdisrdmel enepten a
plurality of firs dt| S ,forngg(g frgEl a sem conduct or sbubstratde . erlglnd,by a
met al i c 158V AARY PP UHPEC 8% iATars ft0 TRE TV st P hér RBBITentnt: At & fir st
"setSof di swatele syehmss; fanexa@le piekeal (1pPoflo8ecorte tsepard Beredc9atdnd a
sem conducdef sibsirt akealoverdsaing, Byerd baedcakbd eritiaaruiard-ih uatyed 4¥r oxi mat e

to the SGC&@Qmééggém%' SIORDE . Al B S 6RNd SEhs Ofa di RELLILnPOIALS 2 2. A
t hernmoel ectric device as recited ’in claim erein the first 15

: 1, wh
t her noel engRE"SHGPHE SBEGNY theriBe ket TeOirdr FEE™ SF¥erioat t Ge
t her noel ectheruvostetericafieric8, sich lrer nive] ectplie dbsivcelestriecpeed FIP-.cl Biem 2,
whegei n t hait her-n0edReLT ivoifmt prddksa GAMMHikSRnRES Bt hothad GRYAIMAL those

materials. o, 20uda A ICHIPELachr 6. 0au 68 asrifeled knelal Ma wahgrei n the
t her moel edtric na erral's conprise cobalt antinony skitteridite materjals.

5. A ther riyeFeRtlyi ts qBoIReE HS Fersef@d i if CPEF 13" WHRATERRE FREETF &ty B3 2

t her noel ement @eHpihlsesetdbtier nati ng | ayers of Bi ZTe3/ SbZTe, and | ayers of

Bl u.sShi.sTea . 6. A thernoelectric device as recited in claim1l or 5,

whegeln the second LnetipeleIBA! of YIBLI 885 AlLer AL Nk 8YRLsnle pi , Te, and
| ayers of 30 Bi e3P SR R roeT eCtFi ¢ device as re_mtecflin any” of clains
1 to 6, WREPBPHYT hePtSEariiheds I3 Hethd&sv ats rakyicoghe gillpretal cones
t her noel ectari ssdenticehasnaederted covlany. oFucihermerel ¢theB, typiaere netdis

metal lic lipyepe iviehUdRscid Gkelnetd1 HnthahEBElRGt ddppeslevice as recited in
any of clains 1 to 6, wherein the netallic |ayer includes tungsten. 40 10.

A thernoelectric device as recited in claiml1, wherein the netallic |ayer

i néfudes Ti/ CU/Wﬁthn¥ﬁ§§F3$qq Rpw 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

25 hot plate 1102, wherein the cold plate is in thermal contact with the
substance that is to be coocled. 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

30 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

3s the substance 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
plate and electrical conducting plate 1108 by forming a reverse biased
diode with the hot plate 1102 p- doped semiconducting material as

40 discussed above. Thermal conductors 1104 is also an n+ type doped

semiconducting material. Electrical conducting plates 1108, 1112, and
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In one embodiment, thermoelement 1124 is comprised of a super
lattice of single crystalline Bi,Te,/Sb,Te; and Bi, s;Sb..sTe; and thermoelement
30 1126 is formed of a super lattice of single crystalline Bi,Te,/Bi,Se; and
Bi,Te, 8e,,. Electrically conducting plate 1120 is coated with a thin
layer 1122 of the same thermoelectric material as is the material of the
tips 1130-1134 that are nearest thin layer 1120. Electrically conducting
plate 1112 is coated with a thin layer 1110 of the same thermoelectric
35 material as is the material of the tips 1136-1140 that are nearest thin

layer 11l12.

With reference now to Figure 12, a flowchart illustrating an
exemplary method of fabricating a thermoelectric cooler, such as, for
40 example, thermoelectric cooler 1100 in Figure 11, is depicted in
accordance with the present invention. Optimized single crystal material

are first bonded to metal electrodes by conventional means or metal
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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

15 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 layers was needed
to have a sufficient thickness in which to allow the temperature gradient

20 to approach'zero. Such a number of layers was impractical, 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
25 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 thermoelectric devices can be used either in the Peltier mode (as
described above) for refrigeration or in the Seebeck mode for electrical
30 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 generation, a thermoelectric power
generator according to the prior art is depicted rather than a
thermoelectric power generator utilizing cool point tips of the present
35 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
example, any of the cool point tip embodiments as described in greater
detail above.
40
In a thermoelectric power generator 1500, rather than running

current through the thermoelectric device from a power source 102 as



10

10! C 33(10%&' ()-!9 33(10%& ()-!33(10%& ()-!T '&10%!& ()-!T &10% ! & ()- 4444

566/ 7u819%§%290 '()-1X3 10988&' ()-Fys! 10%& () - PCT/GBO1/05193

"109%& ()-S 1 ' () - 100 ()- 10/ 7K889: : <zX619! | P " &10%& ()- 17" &10%6+& () -
&10%& ()- @P &10%& ()- @c&I0%& () - @Y ®LOYRE' () - <</ =V>>>>>>}ASH=I I P 10

10 10: 109%&' ()-Y8 10%& ()-!F. m(109%&' ()-!F. m(109%& ()- " &10%& () -

>>>S;§ 24(8351’??4;! 'P I Fl &0%DzD& () -

&l ' ():91.8&10%.\ L\.& ()-9! 10% & ()- 9.8 ()10 & () s 4BCLDREES

1K S, - &lo:b}%)jli%d( ju} I'E‘I:.ggg'% 8}10?’/%'6 f%r(a):ulge@d}%.@r%n&:)a'llovr@_%,(}_s %@ EE]_%%GSHZ

3F(! 109%4& {He- Eherepebaetr)c -devire 160\ pERel Femperatureodpidgreyeial, Tu-Tu

© =Gk HnHo Hp Hodubl e, @2 #6n't 109%60& {,) a8 SnH084t&G(In FOS6:& () -thtOlghl @\resistive

10\: 10% & () - K S.- 810%:\ \&: ()i Hle opposite mode fon fro o
KALvLM: ff@ﬁ zfﬁg/‘a]l g%()}f!&FélSQ/g}‘ PR Yoo O FE 10 () -1 81 B10%& () -
| F&20%& () oL RRECGIP} PogF=dedaht EOFRF0sR () -y/s!10% & ()-!, &10% *& ()-,)"10%

& ()-$-&10% & () -1 F$- &109%&! () - CQORRRRRRR~_@! &S10% & ()-10% & ()- 10" 10°
10" ; 10% & ()-Y7&:}JEQ%§£E()5M€§- Qﬁ’a&lgzogaéinﬁgsﬁ;ﬁer source 102 with a resistor

W} A<~ @ ! PQA0Y%IPAPE ()-F &10%&" () - ! F&1Q&\ Z\ & (). -
s10% & ()_:|.5§)ﬁ1. irefb/&m?gn %‘mligb %z;%i(t_—z ts &]lg andZ\.|.§L.l.6( )and constant temperatures

Ty and T, respectively with heat sources Qu and Q, respectively,

10 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

15 108 respectively in Figure 1. Thermoelectric device 1500 also includes
electrical conductors 1510 and 1514 corresponding 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

20 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

25 conically shaped tips, however, other shapes of tips may be utilized as
well, such as, for example, pyramidically shaped tips. 1In 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

30 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.

35
The description of the present invention has been presented for
purposes of illustration and description, but is not intended to be
exhaustive or limited to the invention in the form disclosed. Many
modifications and variations will be apparent to those of ordinary skill
40 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
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10 a plurality of second tips formed from a semiconductor substrate

overlaid by a metallic layer and situated proximate to the second

thermoelement at a second set of discrete points.

2. A thermoelectric device as recited in claim 1, wherein the first
15 thermoelement and the second thermoelement comprise superlattice

thermoelectric materials.

3. A thermoelectric device as recited in claim 2, wherein the

thermoelectric materials comprise bismuth chalcogenide materials.

20
4, A thermoelectric device as recited in claim 2, wherein the
thermoelectric materials comprise cobalt antimony skitteridite materials.
5. A thermoelectric device as recited in claim 1, wherein the first

25 thermoelement comprises alternating layers of Bi,Te;/Sb,Te, and layers of
Big.sSby.sTes.
6. A thermoelectric device as recited in claim 1 or 5, wherein the
second thermoelement comprises alternating layers of Bi,Te; and layers of

30 Bi,Ses.
7. A thermoelectric device as recited in any of claims 1 to 6, wherein
the metallic layer includes platinum.

35 8. A thermoelectric device as recited in any of claims 1 to 6, wherein
the metallic layer includes nickel.
9. A thermoelectric device as recited in any of claims 1 to 6, wherein
the metallic layer includes tungsten.

40

10. A thermoelectric device as recited in claim 1, wherein the metallic

layer includes Ti/Cu/Ni metal film.
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10 13. A thermoelectric device as recited in any preceding claim, wherein

the tips are substantially conical in shape.

14. A thermoelectric device as recited in any of claims 1 to 12, wherein

the tips are substantially pyramid in shape.

15
15. A thermoelectric device as recited in any preceding claim, wherein
at least a one of the plurality of first tips is in physical contact with
a surface of the first thermoelement.
20 16. A thermoelectric device as recited in any preceding claim, wherein
at least a one of the plurality of second tips is in physical contact with
a surface of the second thermoelement.
17. A thermoelectric device as recited in any preceding claim, wherein
25 at least a one of the plurality of first tips is not in physical contact
with a surface of the first thermoelement.
18. A thermoelectric device as recited in any preceding claim, wherein
at least a one of the plurality of second tips is not in physical contact
30 with a surface of the second thermoelement.
i9. A thermoelectric device as recited in any preceding claim, wherein
the plurality of first tips are nominally within 100 nanometers of a
surface of the first thermoelement.
35

20. A thermoelectric device as recited in any preceding claim, wherein
the plurality of second tips are nominally within 100 nanometers of a

surface of the second thermoelement.



