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“THERMOELECTRI C COOLERS BACKGROUXD OF THE X\é\El\ﬂ'I ON, f1 Teclhnl cal EI 1el as
*@00002* Th i nvention relates to devices for cooling substa

such as, ﬁ&@"z%l e, integrated circuit chips, and norePSAGBOLIEE |y, the
10 present invention relates to thermpoelgctric coolers. 2. Description of
Rel ated Arts As the speed of conputers continues to mcreiﬂmmlemmmnt of
heat 5 generated by the circuits within the conputers c

increase. For many circuits and applications, increased heat dgggades the
performance of the conputer. These circuits need to be cool ed |n order to
perform nost efficient| yRNEANCENERNYERFACE CHERMORIBCURET SooL&REN as per sonal
conputers, the conputer nmay be cool ed merely by using a fan and fins for
convective 20 _coolin Howeveri for |arger conputers, such as main frames

t hat perfor’?ﬁcxéf PR %ﬁg‘@gd'g @hd generate nuch nore he ”wwmm&w@mmutlons
are not viable. Currentl many main frames utilize vap

cool ers to foEeghipal fie nputer. These vapor conpression cootwss ~perform
essentially the sanme as the central air conditioning units used in many

homes. However, mp@i‘esﬁﬁfmiﬁﬁ&ldﬁnrﬂgﬁéﬁ kS RhEddUELL cg&qg&muﬁﬂfgg?s@ chhpar ts
com| oot i s Satgis g uns, ot S LT

of e main

SUSCgptI bl eprese%omilc’i‘éeé‘rteaseﬂaﬁ%sr {8 PErast g‘ifel'f FoBYtheat i ng. A nuch sinpler
and cheaper type of cooler is a thernoelectric cooler. Thernoelectric

' cool ers utid-i Pesaxipthpsiefakelprehdipl e known as the Peltier Effect; by which
DC current froma power source is applied across 35 two dissimlar

mat eri al s causi ng HRAkpded &ec%ﬁgéxgegorﬁlmlegetd gﬂcfczteagg Q e a}ngﬁt o heat

I I .S [en ance and
(rjrgflﬁgren t?:"i é&%ﬁt‘ea l::?rot%l'u:l?rcuiy E&qg %m %pmguters <o ixf%gr%qo)ilncr86%ﬁ i nla)rt he

hot subst ance cliﬁcuitBeTnd e éca(%?ﬂser‘s“"ﬁﬁ%ﬁeﬂeh*&b‘?ﬁgfé‘ieédthW‘fWPﬁ“‘a&ﬁa of
i nt egr at ed TPr TP (FPaTR] CHEgp o BPed pe dief feolndtinspusies Wi peEbiy ndé: wi t hout
the need f®fftsieprivcat Tdmanechemenhcompstsnesad as pheihl @dmiiters, the

computer may be coovled merely by using a fan and fins for convective

20 cooling. However, for larger computers, such as main frames, that perform
at faster speeds and generate much more heat, thege solutlons are not
viable.

Currently, many main frames utilizs vapor compression ccolers to
25 cool the computer. These vapor compression ceolers Pperform egsentially
the game as the central air conditioning units used in many homes.
However, vapor compression coolers are quita mechanically complicated
requiring insulation and hoses that must run to various parts of the main
frame in order to cecl the particular areas that ara most susceptibla to
30 decreased performance due to overheating.

A much simpler and cheaper type of cooler is a thermoelectric

cooler. Thermoelectric coolexrs utiliza a phyeical principle known as the
Peltler Effect, by which DC current from a power source is applied across

38 two dissimilar materials causing heat to be absorbed at the junction of
the two diseimilar materials. Thue, 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 spota directly

40 without the need for complicated mechaniecal aystems as is raquired by
vepor cowpression coolers.,



«coolers are not as efficient as vapor conpression coolers requiri

power to be expended to achieve the sane apount of cooling. Furthernore,
current thernoelectric coolers are not cap%bl e of cooling substances as
greatly as vapor conpression coolers. Therefore, a thernoelectric cooler
with inproved s effidxﬁév@n@unaﬂdh&ﬁfaueagic%%ﬁlatré/nm,gle?hd@éqtggwo@*a&% nl%?si&hat
conpl i cated vapor conpression coolers could be elitmnated from sr‘rg
refrigerati ofORISH TeaRIINGgBoreshpyter 48 be gxpendedaapichievedia sémapmouningflitcotisg.

t hermal mana I DS . C nication circuits,. magnetic
read/wite hgglg@?ﬁ%og%’i Qg-fengg ggg&”&e%}%’(i:%ss ,ageahat C‘%H?H?n% F?%lll}ge%ag?eét #on
systens. 10 gueatiyrag vaport dvengresstomt dooterst NEh@efsE AtthérRRcircdoled Willinproved

t hernoel ectri¢.device with jnproved efficiency. . | n one enbodi nent, the

t her noel eétriegﬁﬂ‘ae‘}ﬁycén%i“n&‘m’d‘&s C%&"‘Fl")’st""’?ﬂeﬁﬁoé‘?ﬁ%?ﬁ sandha camplingtpd vapor

t her moel enenteofilppibivh G8blets CRUPHEWIibthatdderbin! sShalll Qﬁﬁé@?ﬁlo%%ﬁicati%ﬂ 2R Of
first tips are in close physical proximty to, but 'hot ne ssarlfy I'n
physi cal contl@cteXgmpie, men 16ampr spmppigrspodleantntmanagementy of det dfips, RF
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at a second swtonghildireftigehtompsgyistens, The arrays of first and second tips are
constructed entirely fromnetal, thus reducing parasitic resistances. 20
Accordi ngot o one aspect of the pSeasenary of énd Imventidiere i s provided a

t hernoel ectric device, conprising: a first thernoel ement constructed from a
first thernoel ect rlihg pEsetrinygntion prwidsad tharmppboetrie device witbrimpraved efficianoyn a
second t her | ect L ri . C - led to the first

t her noel erremil? OS' %drllg%tdrﬂ@%@’ ct)l?‘:'| F}llepgb 8% élt{[g)l!é %& 1c?%i lﬁgllﬂgestg rtlrﬁ%ttl?eiwgflemem and a

t her noel enentse@nddhérimosteneet eleétridilbeeepied tpahafisst shusmotleaiente| &6 takdag @l first

conducti on be -the array of first ti and the.first thernoelenent is
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the second thernoel enent., at a second set of 30 discrete points such that
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t her noel ementhdrmobleichd 4tat Reonthict 8f HRELMIBI0IRONTHE bi i of
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vapor conpression coolers. - 5 SEP 2005 2 However, current ther mel}g%%%@

20 According to one aspect of the present invention, there is provided a

thermoelectric device, comprising;

a first thermoelement constructed from a first thermoelectric material;

a second thermoelement, constructed from a second thermoelectric material,
electrically coupled to the first thermoelement;

25 an array of first tips proximate to the first thermoelement at a first set of discrete
points such that electrical conduction between the array of first tips and the first
thermoelement is facilitated but thermal conduction between the array of first tips and the
first thermoelement is retarded; and

an array of second tips proximate to the second thermoelement at a second set of

30 discrete points such that electrical conduction between the array of second tips and the _
second thermoelement is facilitated while thermal conduction between the array of second
tips and the second thermoelement is retarded; wherein

the first and second tips are constructed from metal.
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According to a second aspect of the present invention, there is pLgv%@\eZa 5a
method of formng netal electrode pointed tips of a thernoelectric '@:e,
the nethod conprising: formng a nask of g)atterned phot oresi st onto a

| ayer of netal; etching the layer of netal?in the presence of the

phot oresi st mask to produce substantially pointed tipped structures of
metal ; and renovi t i o : . 1 hi . f e
present inventi on?%tc1?11lea(r?negogia2‘l Sgé‘g’@i%ge t?@gg?ées%ﬁd Ve 8?21&1%% 1%@1@3&:&1"3& }Poéide
poi nted ti ps obf feamintgemaatell electrode geuitak tipshef sy shamoekeapici dbvige, Heans:tifodlr
formng a rra%lémghsiggtter ned photoresist onto a |layer of netal; neans for
etching the l'ayer of netal in the presence of the photoresist mask to
produce substanti dbimingaintised! piteped phblodist b (Ohyd¥Rif aletalreans for

removi ng the phot Oi?ﬁsqiﬁéb; and fmsans, or coating the substantially pointed
tipped structures SHANBIG[2YE; efinefal ig jhe pressnce plthaphoteresist mastatogrddiice Br i ef
Descri ption 1 i ; [ beli eved characteristic of
the inventi o%ﬁ%%tigﬁlgg’ ?wggtﬂﬁlp;ﬁﬁ@%tﬂg%ﬁgsp%%ﬁggld%(?:? ainms. The invention itself,
however, as wel | a&@mevipg tleghptotesisbde of use, further objectives and

advant ages thereof, will be best understood by reference to the follow ng
detail ed description of an illustrative enbodi nent when read in conjunction

Wi th the acconpanyicagrditigaaiantisd aspeerdfitiie prEsegtin@ertiche fieed i§ peoviddinr dyenes] of

bl ock di agr aﬁn of. a Tga?rlm)el ctric Coo(lgtj ng@%}TE& .device_ in accordance with
the prior ar tOTERGTEE! slegl ed’toé“t%\‘_i EPod BgEachhlc drviss Be syisnepPmBEBgt ri ¢
cool er w th_enhanggdns for Fotelibi £hablnbepatdfRE phBoREEPbABRAARy Mo thetdle Present
invention; Figure 3 depicts, a ﬁf!eanar Vi ew ofp t hernoel ectric cooler 200 in

Figure 2 in accomfantirgichingithelaperadapataliintherressace of the photoresist mask to
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Fi gures 4A and 4B depicts cross sectional views of tips that nay be

i npl ement ed as oneeahs for pgn@sig tha pRotgesst; 2ndn accor dance with the present

i nvention, Figure_ 5 depi .a.cross sectional viewillustrating the
tenperature 5 fi 3}63980 rg&f%llnﬁ tlﬁee%lis?gmjfyé’l?ﬁﬂ?q SIBR%W&&Y”FWC&@?BF&@E%@ WAYH t he
present i nvefithennoelddtigeimatetialdepi cts a cross sectional view of a

t her moel ectric cool er

Brief Description of the Drawings

The novel features believed characteristic of the invention are set forth in the
appended claims. The invention itself, however, as well as a preferred mode of use,
further objectives and advantages thereof, will be best understood by reference to the
following detailed description of an illustrative embodiment when read in conjunction
with the accompanying drawings, wherein:

Figure 1 depicts a high-level block diagram of a Thermoelectric Cooling (TEC)
device in accordance with the prior art;

Figure 2 depicts a cross sectional view of a thermoelectric cooler with enhanced
structured interfaces in accordance with the present invention;

Figure 3 depicts a planar view of thermoelectric cooler 200 in Figure 2 in

accordance with the present invention;

[RALIBK1636816SGelaims.doc



wi t h:enhanced structured interfaces wth all nmetal tips in accordance with
‘the present invention; 10 Figure 7 depicts a cross-sectional viel SfP 2005
sacrifici al SI | i con terrpl ate for formng all metal tips in accordance with
the presentWOPH{AMt i on; Figure 8 depicts a flowchart il | (PATGROVAYSHN

exenpl ary net hod of produ0| ng all netal; cones using a silicon sacrificial
tenplate in 15 accordance with the present invention; Figure 9 depicts a
cross sectional view of all netal cones forned usi ng patterned photoresi st
in accordance with the present_invention; gure 10 depicts a flowchart

i |l ustrating anPESE&Rp|4dr 9,88 HeBLass q“'BP?n‘ﬁifiﬁml Nl °E&ﬁ%% theh pgv be

phot or esi stimpiemastedr daroe ofi tipst 169 pr @tk 2 20 scovehneowitiFithe peedeéhtdepi ct s
a Cross-seghiR@dn,vi ew of a thernoel ectric cooler with enhanced structural

nterfaces in whigh, g, n%%%a@%%t;Jceim%%'ea'iu%&trgangt ban.d e JueL !

conducting !Layer 'S g g g n_accordance wth
t he Jresenf*#HBAtS 54‘? n%r P fu FBRF 22 AT &?sa°§°f BGe WAFt PP PERITht i ng an

exenpl ary ABMRSEof fabricating a thernoel ectric cool er in accordance with
t he present i nytavreohdepayare ci@sdeptbingl aview GESa Sbetnehedtrik agolen

i[lustrati Qoed BEhanRe® iskb@ithuigi ShtRBed ASh 11 NARES SAPY 1hOadRbAMES WitRS IN a
t her noel ecg.' 4 Gresde M&ln Fi gure 14 depicts a diagram show ng a cold
p0|{1t tip a ove_ erm)electrlcfg8 Ler illustrating

su
t he*posi ti oni ng” he%f?“pc"r ef"’éﬁs"’v's cfgmf‘g Vg (Fat S5 F a&r%‘%%r%@%n with the
present i nyewRAEH f°5rﬁ?"?"r%?’é PetadeliPe tis acoPefrat b diragREsAsif a
t her noel ectnvemtpower 35 generator. DETAI LED DESCRI PTI ON OF THE PREFERRED
EMBODI MENT A hi ghub-e Ve linfil-@g ke 8iagham OftuatrRReigTae|Leddlacy Gealdange ( TEC)

device in P&%Qi%agﬁf mék 410 LS Wlhgra Al ol sggﬂlfﬁéﬁ‘i’ ddpldQuie 1.
Thesmnel ec Llc g%prlnmp e, Is based on the Peltier

SRECHaa aficeapace” B@E%B 3%16‘27“ 6 PCT/ GBO1/ 05188 S DC current is
appl i ed across TAB=Hi SQ?WF%F PR PP AV STy AtaletY e £65%bed at t he
juncti on ofsingeratherngfselichptegistirin esjogfiance Avitly fhe direfgrwinvedtderel ectri c
cool i ng devi ce #izeltiol dep@8tepatfpwhart illustrating sn exemplary method of
forming all metal cones using photoresist in accordance with the pregent
20 invention; -
Figure 11 depicte a crogg-gectional view of a thermoelactric 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;
25 Figure 12 depicts a flowchart illustrating an exemplary method of
fabricating a thermoelectric cooler in accordance with the present
invention;
Figure 13 depilots a cross-gectional diagram illustrating the
positioning of photoresist necessary to produce tips in a thermoelectric
30 matexrial;
Figura 14 depicts a diagram showing a cold point tip =zbove a surface
for use in a thermoelectric cooler illustrating the positioning of the tip
relative to the surface in accordance with the present invention; and
Pigure 15 deplcts a schematic diagram of a thermoelectric power
a5 generator,

DETAILED DESCRIPTION OF THE PRERFERRED EMBODIMENT

A high~-level block diagram of a Theruwoelectric Coollng (TEC) devlce
in accordance with the prlor art ls depicted in Figure 1. Thermoelectric
40 cooling, a well known principle, is based on the Peltler Effect, in which



5 sém conductor 104 and n-type sem conductor 106 sandw ched bet veer ?ﬁpzp
el ectrical conductors 108, that have good heat conducting propertie€s 85
el ectrical conductors 110 and 114. bi-type sem conductor 106 has an excess
of el ectro¥00¥#ilfee p-type seniconductor 104 has a defi ciRCTHBIPESE rons. A
DC power source 102 is connected betweerythe two el ectrical conductors LO
114. As el ectrons nove fromelectrical conductor 110 to n-type .

sem conductor 106, the energy state of the electrons is raised due to heat
energy absorbed from heat source 112. This process has the effect of .L5
transf erri B FEEEPeARFPL90ORTIPERLEYS cﬁ}FE’é“ihlZ mytexialie ERYSAS fth‘%vtPrﬁ%ugh
n-type seniebeardadtasr thurgtdorofcthei twl dpauiler grtddiale o heat sink 116.

The el ectrons drop to a |lower energy state and rel ease the heat energy in

el ectrical C0ndﬂcﬁﬁicﬁlﬂmx&ot@e@mﬂi@c&q@fédo‘fir@‘@evqge TN =Tl thpe of a

cool j ng refr| 100, 1st eratlo of
t he gcool i n§® capaC| %&oﬁﬂtﬁ"g n'té'?’? |Eeng’§f‘ \%Pgesﬂ“‘gvc'f'ﬁ"ehf'a’f’a’? §58%er

consunpt i ofteFErLeE F@TG(“FB@'TBa%QfP tha*Fh‘E‘yetQ?éddGeF focafushing propertisemmnde i s
gi ven by t btewrgtiedl oonduaficks 110 add?i¥a, ndAPe sbmicohdudtvaFAd misesit ekdwst €erm

al TO is dueftaaeaa%nrs h%mp@lpe@%@ é‘em@@&xﬁhé&m mehatsearae%ici%%f %m&%&é 0 Joul e
heati ng ba

the termIOR
is due to § Lﬂowgfosglemet ft‘ie térma %TQ%etw it e wo' ﬁfetfgrycag %ﬁ“ﬁﬁt"f?ﬁe Pel tier
vol tYage, a*t% the Seebeck coefficient for the 30 material, It is the
t hermal conductivity of the Peltier device, T. is the terrperature of the
heat source, anse Aleétxohhiencté fekak eDeridull bmaudiPRoatdhery@e the heat

sour ce frog;,;l;fanwﬁtwmera&xur&epgy Etﬁeh@@fché'e@é&rémei L oamecoef fi.cl ent  of

per f or manc S m Zi |ven by

0 curren
the fol | owfng E’?’eﬁl % P’y"m‘sg‘?é#’%ﬁ %% "2'95‘4’73”/"65’6’ &‘7" the efg&c*\/\ﬁ re the
pargnet er §raé‘&ﬁ°%“%>&5ﬁése§é§¥a§r%h% fopzoe )llpcmcﬂepmsmswazmn@he 0. is
t he el ect r hetatpe camnd cotduytdry Lemn dnddel et lt deringtlor cRdiec héat Bink 116.

The electrons drop to a lower energy state and release the heat energy in
electrical conductor 114,

20 The coefficient of performance, 1, of a cooling refrigeratox, such
as thermoelectric cooler 100, is the ratio of the cooling capacity of the
refrigerator divided by the total power consumption of the refrigeratox.
Thus the coefficient of performance is given by the equation: l

an;-—;-I’R-KAT
PPR+adAT

=
25
where the term oIT, is due to the therxmoelectric cooling, the term ¥I°R is
due to Joule heating backflow, the term KAT is due to therxrmal conduction,
the term IR ig due to Joule loss, the term arAT is due to work done
against the Peltier voltage, @ ls the Seebeck coefficient for the
30 matexial, K ie the thermal conductivity of the Peltiex device, T, ie the
Lemperature of the heat source, and AT is the difference in the
temperature of the heat source from T, the tempexature of the heat sink.

The maximum coefficient of performance ig derived by optimizing the
38 current, I, and is given by the following relation:



The efficiency factor of the refrigerators is given by the equation:
e=yyThT y+1 10 The figure of nerit, ZT, is given by the equation: ~ATSFRAST
A where thermal conductivity %is conposed of two conponents: X., the 15
component dW@®®@78fectrons, and ?,,, the conponent due t oPEHEBYIMSIBce and T
is the nean of tenperatures T,and T,,. TQerefore, t he maxi num ef fi ci ency,
e, is achieved as the figure of nerit, ZI, approaches infinity. The

ef ficiency of vapor conpressor refrigerators is approximately 0.3. The
efficiency of conventional thernoelectric coolers, such as thernoelectric
20 cooler 100 in Figure 1, is typically esg ¥han 0.1. Therefore, to
increase the efficiency of thernoel e¢tri Ytodrdrs to such a range as to
conpete with vapor conpression r@hng “lhe figure of nerit, ZT,
nmust - be i ncreased to greater than 2. al'ug for the figure of nerit,
ZT, of greater than 2 can be achieved, then thé thernoelectric coolers my
25 be staged to achieve the sane efficiency said cooling capacity as vapor
conpr essi or'PES (FPE RAGEPRTET V. o8 BEExprrRsed502/ 47176 PCT/ GB01/ 05188 7 Wth
reference to Figure 2, a cross sectional view of a thernoelectric cooler
w th enhanced structured interfacesf bcspi in accordance with the
present invention. Thernnelectri@&ﬁ&ﬁéﬂé?&d;h cludes a heat source 226
fromwhich, with current X flowing s ifdicéted, heat is 5 extracted and
delivered to heat sink 202. Heat source 226 nmay be thermally coupled to a
subss ance tinaie iosidleskradctche connkedricieat biibkhe202 @y chRubhetepl |y
coupl ed to devices such as, for exanple, a heat pipe, fins, and/or a
condensation unit taq gi33| ate the heat renoved from heat source 226

and/ or further COBISTHEHE TOAPTET 2P0 P FeFEPraE8hF d8 P8 %Y PEnpFItiRPiof p-
type doped silicon. Heat source 226 is thermally coupled to n+ type doped
silicon regions 224 and 222 of tips 250. N+ type regions 224 and 222 are

el ectrical conducting as well as being,gopod thermal conductors. Each of N+
q«qg%f
(-]

type regions 224 and 222 15 forma a r e diode with heat source 226 such

that no current flows £=
y+1

10 The figure of werit, 27T, 1s given by the equation:

where thermal conductivity A is composed of two components: A\, the

is component due to electrons, and A, the component due to the lattice and T
is the mean of temperaturea T,and T,. Therefore, the maximum efficiency,
€ is achieved as the figure of merit, 2T, approaches infinity. The
efficiency of vapoxr compresgor refrigerators is approximately 0.3, The
efficiency of conventional thermoelectric coolers, such as thermoalsectria

20 cooler 100 in Figure 1, is typically less than 0.1, Therefore, to
increase the efficiency of thermoelectric coolers to such a range ass to
compete with vapor compression refrigerators, the figure of merit, 2T,
mugt be increased to greater than 2. IFf a value for the figure of merit,
2T, of greater than 2 can be achieved, then the thermoelectric coolers may

25 be staged to achieve the same efficiency and cooling capacity as vapor
compression refrigerators.



bet ween heat source 226 and n+ regions 224 and 222, thus providing th&
el'ectrical i1solation of heat source 226 fromel ectrical conduct ors'ﬁl P05
220. 20 Heat sink 202 is conprised of p-, type doped silicon. Heat sink 202
i s thermal IYOY#I%d to n+ type doped silicon regions 202CRBRGHS N+t ype
regi ons 204 and 206 are electrically conducting and good ther mal

conductors. Each of N+ type regions 204 and 206 and heat sink 202 fornms a
reverse diode co that no current flows between the N+ Lype regions 204 and
25 206 and heat sink 202, thus providing the electrical isolation of heat
sink 202 from eIWzE‘t FRESHenEO A igYTe 208 CfRerschidiahatieBPtaBout el ectri cal

i sol ati on dhexnveietteiecerier vl extanesl stmctateddintazidcss iRadephittedoin

TJS6, 222, 1k3chddantd witiedne [pregdnki ﬁﬁ’eﬁﬁdohsobﬁiz&deﬂctfﬁ'l' dbd1ax Wb Sidcpbps for
Ther noel ecty,r IS [ ' | S ines 30
Cor por at i on g%tA%%JﬁE,ﬁlﬁe%ﬁ%%gg'nggﬁ ngfgﬁqgﬁﬁggﬁsgﬁl&%g%g?, thfgg&qs
cont®nts of**WSER® &P8 AP ETFei cthor EfetPtherErh 8OBFCF16 BR¥ §8ses.  The

need for f&reyMgly opurled & sdvbstinch that gifdderired gp dresceaiede| Bertr pidl | y

i sol at e cordictagrbe2 @Bedinably hegtleditokd2@2en Bacic anduiot @kangdad3 a3heaanNgipd20 from
heat sour ceig26ahd/oR0d LR&ASEk1ch [f1e ralesibdte 2nadrhRIba r2QVLER 226 are .

construct ed entis£l Xﬁ@?{%ﬁ?%%pg&ing&-t%ﬁg L‘?E!'l y conducting silicon.

However, it I's very to ensure e siliconis entirely
undbped. Therefore, the presence of the reverse diodes provided by the n+
and p- regions BeRfuPRNCEMRE Hegemeyipgd 20 P-atibe4drrhé allavnr c #e@D Gowrce
el ectri cal 1296 iisotistraa ifyr eptendo at+otwe28iped 2448 1 camntkgl 2R 22 /i@ 22k togshoul d
tF)%T /nc();B 8?/ E) h8ls BBE. SAMaypl e:@g{dngamlb S a4 A lé&%éhlﬂ-im Qa{dﬂgéﬂéj dk ﬁezﬁEP g005
rever | odes e create er ways, for exanple, by
usi ng p+ t;g%géia%ﬁgag?F?ngonc?élglgytﬁ? B'ty%aeC%d?)Péﬁ %‘?Fir(:ea%’“fﬁaﬁ?e?n{ﬁg% the p-
andh+ t ypeST™egB gt EERE. AANE ISP ieah2o8RER B3¢ eueh FRdd PAceErTRt Flover to
hi ghly n dépewten dedt Hoghtsy 2p6 doped smiPooAtd @hd 1'g2 mechey ipadvidespend | vel y.
The terns BiecaBfkdl PsolaBfonlSEtedleEBivte MRALrIm Ghclyicay dop@drandaid gha!ly p
doped sempgpnducting material respectively. Thernoel ectric cooler 200 is
simlar in construction to thernoelectric cooler 100 in Figure 1. However,

Nt e 106 and. P-type 104 10 seni conductor structural interfaces have been

repi®aced with S%ﬁ?él‘ fjé'lkt f@eia comprised of p- type doped milicon. Heat sink 202
is thermally coupled to n+ type doped silicon regions 204 and 206. N+

type regions 204 and 206 are electrically conducting and good thermal
conductors. Each of N+ type regions 204 and 206 and heat sink 202 forms a
reverse diode sco that no current flowe between the N+ Lype regions 204 and
25 3206 and heat gink 202, thus providing the electrical isolation of heat
sink 202 from electrical conductor 208. More information about electrical
igolation of thermoelectric coolers may be found in U.S. Patent No.
US86,222,113 Bl entitled “Rlectrically Isolated Ultra-Thin Substrates for
Thermoelectric Coolers” asgigned to the International Business Machines
30 Corporation of Armonk, New York and filed on December 9, 1999, the
contaents of which are hereby incorporated herein for all purposes,

The need for forming reverse diodes with n+ and p- regions to
electrically isoclate conductor 208 from heat gink 202 and conductors 218
35 and 220 from heat source 226 ie not needed if the heat sink 202 and heat
source 226 are constructed entirely from undoped non-electrically
conducting esilicon. However, it is very Aifficult to ensure that the
silicon is entirely undoped. Therefore, the presence of the reverse
diodes provided by the n+ and p- regions ensures that heat sink 202 and
40 heat scurce 226 are electrically isolated from conductors 208, 218, and
220. 3also, it should be noted that the same electrical isolation using



t her moel enent structures 210 and 212 that are electrically coupled by

el ectrical conductor 208. Electrical conductor 208 nmay be forned fJg)rérEP 005
pl ati num (Ptz) or, alternatively, fromother conducting materials, su %\Q
for exanpl eVO¥AYE en (W, nickel (Ni), or titani um coppeCHFBIEHISY 5
(Ti/Cu/N) netal films. A superlattice ig a structure consisting of
alternating layers of two different sem conductor materials, each several
nanoneters thick. Thernoelement 210 is constructed fromalternating | ayers
of N-type 20 sem conducting materials and the superlattice of thernoel enent
212 is corksverrs dibdep ginvalba oreried mghemyayss &fr pxamppe bemstendudivbeg

mat eri al s. doged midiconhend Ay eyse dbpad bEYiRed irathetbtiaki tHeSpd An® ashcyphs

ther noel emefabsct2d0 1280 ehe nik SankOp 2RO WBLL S iR ekl €K nifnBLRCAdRLt T Ce Of
{wo sem condiclidy pTabRh! Aol QUG LIGE MLLAIMCHT Vil Yuarbs 22Nt N
sane_el ectrlca & ncﬁictlwt . -er.-as an al corrplY|S| ng the Sare two
sem Eonductﬁ'n(if’ Hﬁ?’%%?%ﬁ g “‘Rﬁnﬁﬁ%h’&ﬁb’b&f’ﬁ’é’nff‘d g 1Y & 89988t her noel enent
212 conpri Se8icontpeiing MageriedueFBedrivelyt ype bi snut h chal cogeni de naterial s
such as, for 30 exanple, alternating |layers of Bi 2Te3/ Sbh2Te3 with | ayers of

9: 0. sSbhx, eTea, aﬂe&m@mt@we&mtmewfsi&ilrlaz mae_&gx@eﬂkti’&ptformri Sﬁs f
alternatin 3 - cha teri.als,  suc , for
exappl e, aIQ:t?1 %ﬁé%&?cr?%c Icgoieérégﬁ%f&%irp%% \t'/il\ll t%g‘%ggié'rg %egofsae@. 1t %rl%ti ypes
of 3&ni cond‘ﬁ?ﬂ‘{‘f"ﬁé‘m t%F?{%{:I%ﬂrréﬁ}t‘tfgafﬁfeawﬂo?e?uﬁ?ﬂf%ﬁdt Yitbssypgylattice
t her noel emdfpEmoRi gmeah drtFctuges 350 \aall| 212 gt cargnplectricat lyve rouphed) bigi snut h
chal cogeni cdeamntiesl absiuctdre 206.UpeTdcatidal emnafctbh aosnal aiepérmed omnd 212
may be conghktiGhad(skl B, Cohahlariadit, MOy sthalt bekdudiiy FRESIHE] Such ac,
Ther moel eCtebl GuRPIeST culbk ! B4, | AhHfISRAL! B 2oLl OuAR WU, 40
elegtrical ‘9'?;‘%?8 ), XeRASERS, nt o t her noel enent and then Trom
t her noel enen i nto condtctor 218. Ti ps 250 includes n+ type - 5 SEP
2005 WO 02/ 47176 PCT/ GB01/05188 9 sem conductor 222 and 224 formed into
poi nt ed coni cal Psrurackalieese df tshetructiiencanséstdoator| ahrerna2i®y dmekzA2E of
conduct i ng tratdfiadent Jeairaadyetbd matexdanp! @acipbaderil Maddile}ersOtkiRk. cOnduct i ng
{mt erital S(ggaémoammeﬁe 2466k E&gtﬂlc@ﬁ? £2bm Rh 8drhBLRy] i_lﬁrhi"éﬁ%f TJ;? emf'i;fm ei |

ungst en : - aniu er, ni cke I i) neta
1o “The a’?i%*sg‘%%g‘hééréﬁ% s okl AT ERE e i mmio et 1
material s ST ARG 1T VUGPSR S8t Tated 0P TBFIFBATEART PoLE4rEd with a
gas such ag?‘c’l’f 8f tgzga}wpﬁs, oarsylternating materials in each of thermoelements 210

and 212 is 10 nanometers (nm) thick. A superlattice of two semiconducting

materials has lower thermal conductivity, 1, and the same electrical

25 conductivity, o, as an alloy compriging the same two semiconducting
materials,

In one embodiment, superlattice thermcelement 212 comprises

alternating layers of p-type bismuth chalcogenide materials such as, for

30 example, alternating layers of Bi,Te,/Sb,Te; with layers of Bi,Sb,..Te,, and

" the superlattice of thermoelement 210 comprises alternating layers of

n-type bismuth chalrogenide materials, such me, for cxamplae, alternating
layers of Bi,Te; with layers of BiSe;. Other types of semiconducting
materials may be used for superlattices for thermcelements 210 and 212 as

s well. For example, rather than bismuth ¢halcogenide materials, the
superlattices of tharmoelements 210 and 212 may be constructed From cobalt
antimony skutteridite materials.

Thermoelectric cooler 200 alse ingludes tips 250 through which
40 electrical current I passes into thermoelement 212 and then from
thermoelement 210 into conductor 218. Tipe 250 includes n+ type



nitrogen. 10 On the ends of tips 250 covering the conducting layers 218 and
220 is a thin layer of sem conducting material 214 and 216. Layer 2§4SEF52005
formed froma P-t ¥ e material having the sanme Seebeck coefficient, a,
t he near estWP4YdH @f the superlattice of thernmoel ement 2PETGBOI/HES 250
Layer 216 is forrred froman Wtype materd al having the same Seebeck 15
coefficient, a, as the nearest |ayer of thernoelenent 210 to tips 250, The
P-type thernoel ectric overcoat |ayer 214 is necessary for thernoelectric
cooler 200 to function since cooling occurs in the region near the netal
where the éP@t‘t"PB‘F@‘-’éﬁdzh%lde%z‘*aﬁ@’“ggri‘@F‘atPeélﬂtﬂFh@nhcatlyp@uCtth?e# mighectric
over coat | autd odfrobs lagaecligiaal, 220 cfataeuaminy Mate£iR0] mngh%@ ofeuUr s where
ther %Zf"eﬁm‘“"ﬁ@a%?%‘aﬁ‘zﬁ‘ﬁ’af o o B ?‘*;@*F%ﬁﬁs“?‘ P a0 o

|
thick. A 8%5' a ?%%tﬁ Helsnglu 1Ihremf" pe %‘ﬁ‘gr%e dt ri:%geic))v‘g{:goﬁ?&l216 has

yet 10 be FbTW“'Pé’PP?Fédn Pt T/ %?nf"r"rﬁ pEHBH: t hat | TResPERAIP PI5ES™ a
simlar thieefkreserd ey &ind 25hand [beiirebertoic phteri ey Abtked A2 choviay beat 2%
214. By nulevamatée oelehsiiesllycosnded WAl a GdiChudmSas,ConEUgimpLs, k3P in

Figure 1, hit@gp@i nted tips 250 rather than a planer interface, an

increase in cooling efficiency is achieved. Lattice thermal conductivity,
30 féi at the poi nh of top ﬁ‘czi’50 I S very smal | because of lattice m smatch.
For*%xanpl e, t h&® R&IFEF %o ﬁcﬁovi"i"fr Ehsr CHUAE HEFT SLRAPAE0 s
normal |y aépr’o%h#mﬂ&%r qf \Aamiconduet bngt K@Mﬂﬂ« AHowed @26. | hayeai dtdetls ti p

|St{ ;Jct ur es gosméaheas 4 IppsyP%S.QaceLm bR A Rhe %ﬂg%ﬁﬁéékt%ekﬁi]cﬁgx%u%?dm? due t035
a ice m 0] F OXI el s/ met er *Kel vi n.
%Q@g%pre%‘: fag o% C uper?ﬁ:rgirfe Eq:th nYanleme ES t.é: Fﬁﬂ e? e

However, the elecirical con u HePHoer ect |
remai ns relRfVEYY LafeRaTy Eee™ ﬁ*hé’r%’fpdr'é‘teﬂfé Pqvdng Srefeame SpebecET, nay be
i nc¥seased teefgleidner of, hemn tRe Defxmst tlayer loie Nthebfioslaviet i Al . toABYNGS0,t ype of

material g PL§pr0€&§slrQ$eQe£gictct@r§&£@efaly@I‘tz'lﬁ:eﬁ QJcem%g,%%' ements 210 and
212 is cob@h rmgn_{tlcgoryc oliutt I‘Idl% tiaESE %’cﬁi erials tZ pically 40
have a very high POEBFA0CT Ty "’L’R’a K g‘t%@?ﬁuﬁf)riﬁ‘a'f}ﬁ/r gl nSEP 2005
WO 02/ 47178°BCTGEBOT 0%1%s e ‘EPf‘FGé%‘i“FaFd‘Ideh°lFbv9é'Ve€fen°Waﬂ|5| Hep whieypgoi nt ed
tips 250, thrrmpéiechallc ovswaehic bivwsict 316cHm bigeell edlc dgchwseangriininreeiang produce
a fdogur e obcawesivhere ZRhe gradicnbecRaiRl aifi cheS sédvegk @AM clidhd N A matiiys, Maki ng
these mat efidkfermsEiabeBid ERGLLME 28 Pt 28 |91 £ CLIREL ATERLS 0212 875 2 12.
Therefore, nutt Qﬁic”cse A specifie thickness of the n-type thermoelectric overcoat 216

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

similar thickness range to the thicknese of the thermoslectric ovarcoat

25 214.

By making the electrical conductors, such as, conductors 110 in
Figure 1, into pointed tips 250 rather than a planer interface, an
increase in cooling efficiency is achieved. Lattice thermal conductivity,
30 A, at the point of tips 250 is very small because of lattice mismatch,

For example, the thermal conductivity, A, of bismuth chalcogenides im
normally approximately 1 Watt/meter*Kelvin. However, 'in pointed tip
structures, such as tips 250, the thermal conductivity is reduced, due to
lattice mismatch at the point, to approximately 0.2 Watts/meter*Kelvin.
3s However, the electrical conductivity of the thermoelectric materials
remains relatively unchanged. Therefore, the figure of merit, ZT, may be
increased to greater than 2.5 for this kind of material. Another type of
material that is possible for the superlattices of thermoelements 210 and
212 is cobalt antimony skubteridites. Thess type of materials typically

40 have a very high thermal conductivity, 4, making them normally



5 of ‘pointed tips 250 further increases the efficiency of the

‘thernoel ectric cooler 200 such that it is conparable to vapor conpr-e5 SEP N,
refrigerators. Another advantage of the cold point structure is that the

el ectrons “P&Y4WHt i ned to di mensions snaller than the wRE/IEHIOFHSS
(corresponding to 10 their kinetic energy) This type of confinenent
increases the local density of states available for transport and ,
effectively increases the Seebeck coefficient. Thus, by increasing " and
decreasing 8, the figure of nerit ZT is increased. 15 Normal cooling

capaci ty ofuderivelrite. oripwetdrerippekiggt thecpcioskd tdps 28¢h thasheidalist rated i n
Figure 1, &Bﬁd&&pﬂhbecﬁf pPREMGENG @ difiie ald!pLoduds faf 8IRAL IR me AL, between

the heat - S%r %rg{}% hr% ggﬁ@&s Sdf“&bﬁf:eﬁ?%ﬁ‘l Q:Q:us lﬁi@lﬁl’ﬂfthﬂgvﬁ%gﬁals
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.di f. Eer enl’FP&Y aBFratc Eﬁalu"%fi = =e 38 G4 Tt\%e%e' the use

t herfroel ectofi Reisbrst bfms éE)QJrﬁhe*deomea%qﬂe@tﬂhereffe@bmngft@et BrepesaipotEs i N
the range eboldrqziod sdéi ERGe Bt (Jsecmphhidle 1A0vERk Vdomprds6ifDe6i-RL&atbnICVET
di fferent mat eri als may need to be used for ther m)el enents 210 and 212.

For exanpl e, bi thh t%II r| de h%col\éer%ng ¥ rLow terrp ature %@
ees I ST a | rform

| ess than -100

25 wel | at aF?)\ﬁ"F%’?fﬁgrté’t a*r"@nsmam@iu%m H&Wb‘felﬂ*se“-hc&ﬂ@mspa?ﬂ#nmw

skutt eri di theirpkinetid snevay) . tThis biyeeref ronhieverye hicrearemt tird 2d®l not

rel at ed todemsiperes staresimraituble fiaet trah@iort heqcadtabdivant kheRY=&kukd eridite
material s 85&esk raagmrcauty "B, 39 Alablapghereas. g, L sl halgogent de
mat eri al s are sk weak. Those of I nary Sk e art will
appr eci at e “that { 3

con ~t‘af’iuct ion of the ther noel ectric cooler in Figure 2
may vary depend| ng on the inplenentation. For exanple, nore or fewer rows
of %3 ps 250 nuyNyREelFophisiguchardcitivant ¢epientiabal rthPrupsiecttic Fhelatepisutied
exanpl e i samofilnsaated dn Fipgiodayl anehidapailer ad phodvictmi howa‘.pwathhcer espect to

the presenaimm&tiwnATWb%@wJe%fa{eeﬂga% &%Wcé %nﬁ'&% dheag a:l.nk pl.aner yigw of

t hernoel ectrj ¢ cool er ure S ordanea® &% h t he
present 40FHFBnt |H8‘?‘Fve’rhé:F‘ﬁﬁ'é’Féi°gﬂ‘b cB‘E?(?Fe?“S% CFPﬂquﬁd@sP%ﬁ‘“ﬁ‘nﬁybe

t her noel ecEimErabyye eFif fkrecbiali oh tBO2rderd o8 150t Kgieid.herhvweelveck rtiwo nat eri al
secili on 30thexrmod.eSER c2 088 D O 14T 166 RETHEHBD 1 /518G il chpfebatinbypa secti on
302 and p- tyeasRCht ABqRQnivichdideLdrst dHa 1AYRI1v0f) 16 QRduGhE Ve poRleri al 306

t hat C(“/er§iﬁ%e§éﬂt'ﬁé¥3r5%¥éymay need to be used for thermoelements 210 and 212,

For example, bismuth telluride has a very low & at low temperature (i.e.

leas than -100 degrees Celaluw). However, bismuth antimony alloys perform
25 well at low temperature.

Another advantage of the cobalt antimony skutteridite materials over
the bismuth chalcogenide materials, not related to temperature, is the
fact that the cobalt antimony gkutteridite matarials are structurally more

30 stable whereas the bismuth chalcogenide materials are structurally weak.

.Those ot ordinary skill in the art will appreciate that the
construction of the thermoelectric coolar in Figure 2 may vary depending
on the implementation. For example, more or fewer rows of tips 250 may he

35 included than depicted in Pigure 1. The depicted exampls is not meant to
imply architectural limitatioms with respect to the present invention.

With reference now to Figure 3, a planer view of thermoelectric
cooler 200 in FPigure 2 im depicted in accordance with the present
40 invention, Thermoelectric coolexr 300 includes an n-type thermoelectric
material section 302 and alp-type thermoelectric materlal section 304.



Sect'ion 302 includes an array of conical tips 310 each covered W|th ggﬁ
thin layer of n-type nmaterial 308 of the sane type as the nearest g5) 3905
the superlattice for thernoel enent 210. Section 304 includes an arra

coni cal tip¥0983/471¢ch covered with a thin layer of p-typePGREERI{05188 314 of
the sane type as the nearest |ayer of the superlattice for thernoel enent
212. 10 Wth reference now to Figures 4A*and 4B, a cross sectional views of
tips that may be inplenmented as one of tips 250 in Figure 2 is depicted in
accordance with the present invention. Tip 400 includes a silicon cone

t hat has beenhfroeyed sedtibn Socomd Bitghe sodtiapEuaxintaiel ¥ t3Bndageecas. A 15
thin layer 4Q4clve QREUQL] NGs NBEL doRdrs SUWAR1EN MRLI NUM (Pt), overcoats

the silicon 402. A thin |layer of thernoelectric materlal 406 covers the
very- end of the tip 400. The cone angle after all ers have been
deposited is apSPExPRet®@l eanisteti g%y %é"’%’f"laécttiipﬁ 10i pchgpvecedorighi p 400
I S appr oxi matlny 1§Grnahonetrer sate21Tiq8 408he Famm tybé awndiel veresbadyarent of
a tip, SUCRsagheOBEeRiaddibs fo2XPermbeDentdB 210C! WO oA k! OIS ORE adld Wi th a

conduct i veokayggc%;ge&qn Ea{ ggJ,e%wish TRl Byl yer 4lgd,§¥§%ahﬁ4p0' nt.

However , er, cone angl e fective
tip radius °6f ¥ Ea“‘EO%YPESaT § A PBPTEE nHivet 16’%3‘??5?‘?\5‘1“@?%‘* Y is not known at
this tinme khermeetemgnt Flgader or narrower cone angle for the tip is
preterable. in the present enbodinent, conical angles of 45 degrees for
the tip, as depugiedeidiandd b o 4AguitaVin BEENRCNOSAL: @c@@&awa@w@w els
[0 the. m ddLe, QL.PAssHYl faaLANER BT oa00E «800kg, and, ecayse, such, fprmati on

i.s easil I con W | NUM ove PRSP fRcause
a KOH et cha‘é?‘lfﬁa“‘i%@ithlﬁ’ﬁﬁ Brefigat df“’%’itll?‘b'on'r’r?aﬂﬁ éFF%}“dF%Fnﬁﬂéc%ﬁé“%ngl e of
54 degr eesthathirge beat tformechiithondwee isngleaantl apherrivededr t3si ¢egwver.comt s have
beers addedghiheaygone: angoadiaiap)paostiant ehsh 45 plegmaesiet) 1avilicbhey ef er ence
now t? Fi gUh& 221 AnCERSS SeELd QRA: %ﬁ. %mmbéib%uﬁi {nmriélhﬁoé %g\-{%ﬁrsf‘%ﬂér e fiel f'
of atipn S a ce 1S dep or dance e presen
nvent i on. g%[y teg%}f HRe E:{ td“ T ?on(? anﬁtle atjter faag ¥er235 ave% gure 2. Tip
504 has an ‘é‘?‘%éﬁ?q J8 %’F’ "riﬁﬂ ei.’fg 45 deggpes3.- ":’?U’ e‘ﬁf&ﬁb’d@t Y'-J‘rPsradFHEls"f tire

t enper at ur 8% |1EIQPPF'S°<’I“’65%11IY| ifée?ammeael\rery smal | 40 distance, r,

apooxi mately equal to 2a or around 60-100 nanoneters. Therefore, a

superlattice 502ip1e68lSst & BocRPlolva chBMiaNCbE o BLLK WKt By Bna o2 SFE 2005
250. Tip 408 includes a silicon cone 414 with a conductive layer 412 and

thermoelectric material layer 410 over the point. However, tiﬁ 408 hag a
much sharper cone angle than tip 400. The effective tip radiue of tip 408

25 is approximately 10 nanometers. It 18 not known at thig Eime whether a
broader or narrower cone angle for the tip is preferable. In the present
embodiment, conical angles of 45 degrees for the tip, as depicted in
Figure 4A, have been chosen, since such angle is in the middle of possible
ranges of cone angle and bacause such forxrmation ig easily formed with

30 silicon with a platinum overcoat. This is because a KOH etch along the
100 plane of silicon naturally forms a cone angle of 54 degrees. Thus,
after the conductive and thermoelectric overcoats have basn added, the
cone angle is approximately 45 degrees.

35 With reference now to Figure 5, a cross sectional view illustrating
the temperature field of a tip near to a superlattice 1s depicted in
accordance with the present invention. Tip 504 may ke implemented ac omc
of tips 250 in Figure 2. Tip 504 has an effective tip radius, a, of 30-~50
nanometers. Thus, the temperature fileld is localized to a very small

40 digtance, r, approximately equal to 2a or around 60-100 nanometers.
Therefore, a superlattice 502 needs to be only a few layers thick with a



WO 02/ 47176 PCT/ GB01/05188 12 thickness, d, of around 100 nanoneters,
‘Therefore, using pointed tips, a thernoelectric cooler with only 5-5GCSgP 2005
| ayers for the superlattice is sufficient. 5 Thus, fabricating a
t her noel ectWP8Y#dH er, such as, for exanple, thernvel ectPquéGﬁf’g@-ﬂé? 200, is
not extremely time consuming, since only a few layers of the superlattice
must be formed rather than numerous Iay%‘rs whi ch can be very tine

consum ng. Thus, thernoelectric cooler 200 can be fabricated very thin (of
the order of 100 nanoneters thick) in contrast to 10 prior art

t her noel ecthickn&aq! &r 8f WibGid WEr @adinetdre . OTderefofe,3uping| poimted Sivegragr eat er

in thi Ckne?r?amoefétcgf{c aoMantAeRSntf saud NeydrRetRCild Suge@DAtdicaribh poi nted
tip interfaces, I n accordance with the present invention include

m ni.m zat i 8%48*BF t he thermal conducti vi ty of the thernoel enents, such as
t hernoel enents 210 and 212 in Figure 2, at the tip interfaces. Al so, the
t enper at ur e / potiemt | briveops arthebuachtdtréel cPelexn Bt EFEPISps,
ef fecti vel ynaahem et S6dlek Yot d.sSndl- diRemayoniat eronbenigy hsindaipelveprnor e,
5o by bt ”%t&?’ 18*&% EIEdQh@&ﬁ%‘xﬁm?ﬁauﬁberbw%xha&%snjgoeha%gﬂ%kaist E‘ga_r@r Owt'h
y effeci]ve educi e r Mo | I £5H€ vention
3 beqertdips aRnduneid] ShETPhe BONAG1c THOLRT RRCGn b

al so per mi P&<g € 0 mstructures and avoids
fl1ip-chip Bewdsatefneeynihipefotdthrerdes fE 499 BWW"B?SII‘?DH@IC% CIHRFEGr B i on
of I-type ambrpattypeermhelesbaicernmiees vIBhTIRTe: ofe FibOFé PF @ BHILBIE®EP t he
present i néerfrestermiy theckibad.i zed to cool items, such as, for exanple,
specific spots within a main frane conputer, |lasers, optic electronics,

phot odet ect ors, jgnd f&a}gi%aggg%t@ﬁg e fiSemod ol {LELNERGRLAQN A QeRGUr e 6, a

cross sectional "view electric ructured
i nt er f aces ‘BTG i'hﬁ‘f’ﬁ‘frda’fﬁep's'ﬁ%g& ﬁe%’fegf’é% iﬁ‘ﬁe%g%g:no\ri\nﬁ%%ggg\%ﬂt}ﬁg?ﬁ%%gr esent

i nviEnt i on. oAl WROtRSATIh EenFEIVARY Of rPE NtheET HER hRe AUtk 88 r TBEWPARBVE” as

havi ng ti ps1®30dcaiasin Btdurd 2.f pokbsithp doherfones cBWst et ed fromthe n+
seni conductbm@rhOgepidterdA4] azdps 322 lotdlise®@FO dnnafsaguwee Sharaipshe repl aced
by tips 65Qsas:deAlCledediig3RabigUEL sbo-1Tb RenbiRlehavaytak| Foitdbreoaes 618
and 620. |01 0C RRLEegs oeIROMITEAY mufiQRCS: dfir8ndeORRoRIRLLANSIGWA! CC

f e and 0 62. Ih Lectri
Cootier 60057 SRR REAF-EEs 188 sherasire) dentar- oot pReepl SHARALAC! !¢
respects, PBHS BETHE? [RAFFIFGIePortHeR feFiot F110 HFEFCEaE 296*aHF 214 over the

ti ps 650. Fhir-wbial dewdsi.c The smaller dimensions allow for monolithic integration
of n-type and p-type thermoelements.

25 The thermcelectric cooler of the present invention may be utilized
to cool itams, such am, for example, specific spots within a main frame
computer, lasers, optic electronics, photodetectors, and PCR in gaenetias.

With reference now to Figure 6, a cropg sactional view of a

30 thermoelectric cooler with emhanced structured intexfaces with all metal
tips 1ls deplcted in accordance with the present invention., Although the
present invention has been desaoribed above as having tips 250 constructed
from silicon conee constructed from the n+ semiconducting regions 224 and
222, tips 250 in Figure 2 may be replaced by tips 650 as depicted in

as Figure 6. Tipa 650 have all metal cones 618 and 620, In the depicted
embodiment, comes 618 and 620 are constructed from copper and have a
nickel overcoat layer 660 and 662. Thermoclactric cooler 600 is identiocal
to thermoelectric cooler 200 in all other respects, including having a
tharmoelectric overcoat 216 and 214 over the tips 650, Thermoelactric

40 cooler 600 alsc provides the same benefits as thermoelectric cooler 200.
However, by'ueing all metal cones rather than silicon cones covered with
conduceting material, the parasitic‘resistancas within the cones become



40 cool er 600 al so provides the same benefits as thernoel ectric cookvﬁr ??8?
However , by using all netal cones rather than silicon cones covered EPRI0
conduct i ng material, the parasitic resistances within the cones becone -
SEP 2005 WON@ARUTHG6 PCT/ GBO1/ 05188 13 very |ow, thus fur PGREBIINEBEasi ng
the efficiency of thernoelectric cooler 600 over the already increased
efficiency of thernoelectric cooler 200.* The areas surrounding tips 650
and between tips 650 and thernoelectric materials 210 and 212 shoul d be
vacuum or hernetically sealed with a gas, 5 such as, for exanple, dry
nitrogen. Al9,1as thisFhgui® PrerBfhg IOl 1280y SECOEPRde3eckaE dbou;ype
doped si | Imnovarnuceoaifea% 15&fswe&i%¢e&9wé/%£emta§ﬁ4ct§we 582 0!
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f orm part 5 EERES ﬁ%st 2 e?weteﬁe ?h 6 TRegPHESTHEL. do form
part of tH@tFFﬁ&éoP@t?’tj’c?%ﬁ éh‘&’éch? Yasgin RS paetdralbosesledivitigare 2. N+
types dopedsughlas;cofor exvphs, G2¥ ndnebg&?2 do still performthe el ectrical

i solation function performed by regions 224 and 222 in Figure 2. 15 Several
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6. For exa erence now t fpw ew of
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i s depi ct ecFouplegctomdaime dared sihieoprregtons 634nveh R ehatAfiparott fpkm part
sacnbfi ci alofstid coppeticsgrheatee 7432 haBe R 2O 1e9itmbI tiatedb Bavi pgrtconi cal
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all metal c Lnes

co
t her moel ect rf’c cog r %e(%o E\/\?%"n CP §2 ﬁcaetqﬁ%\ﬁef il '§Iir%1‘*§“’ef‘h owchar t
i |1 ustrati ngeHFion fé‘R‘é"ri‘ﬁFaR"ff‘?%‘fﬁ&éf mim%a%n:m@ 23% [innpkggre Gones using a
silicon sacrificial tenplate is depicted in accordance with the present
i nveation. To begréxel meRbdeahaybd ucdrieed abricated Hy AdHa30édnepiss et chi ng of
silicon to@penled i righd ¢ SRR é&@la, S JFRYerRE mn@, 9! cpmpi nation of

KOH et ch / f z ch t h f
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ne
sacrificialf ajr]sm??Pg t’é’Sa&” ﬂe%cfﬁﬂ g tal‘fF?Fd"é‘f:ﬂJt"f'é‘r Ebe PESRSPt of seed
metal , suchUu¥eRticyy BSEempihe sadritimlaimedlicph dempiate A08thys B94) . Titaniumis
pr efer abl e constaecipdabavingn dooiaad ks ght Layernyfem@al ropignble depdsited bady

titani um whe cleampTatverog eOREOBE RI1 t@tdN@osant @l Ml Getal cones 704 may

then be umed in thermoelectric cocoler 600.

With reference now to Figure 8, a flowchart illustrating an
25 exemplary method of producing all metal cones using a silicon sacrificial
template is depicted in accordance with the present invention. To begin,
conical pits are fabricated by anisotropic etching of gilicon to create a
mold (step 802). Thie may be done by a combinaticn of KOH atcliing,
oxidation, and/or focused lon-beam etching. Such techniques of
30 fabricating a silicon cone are well known in the art.

The amilicon sacrificial template is then coated with a thin

sputtered layer of seed metal, such as, for examplé, titanium or platinum
(step 804). Titanium is preferable since platinum foxrms alightly more

35 rounded tips than titanium, which is very conforming to the conical pits.
Next, copper im alectrochemically depositad to Fill the Valleyw (conical
pits) in the sacrificial silicon template. (step 806). The top surface of
the copper is then planarized (step 808). Methods of planarizing a layex
of metal are well known in the art. The silicon substrate is then removed

40 by selective etching methods well known in the art (step 810). The all

) metal cones produced in this manner may then be covered with a coat of
anothex metal, such as, for example, nickel or titanium and them with an



Next ¢ .copper ip electrochemcally deposited to fill the valleys (conical
pits) in the sacrificial silicon tenplate. (step 806). The top surf-dcgEPios
the copper is then planarized (step 808). Methods of planarizing a | ayer

of netal arWORHIM&known in the art. The silicon substrat eP(FHGF‘Hg’ﬁlsﬂermved
40 by sel ective etching nethods well known in the art (step 810). The all
met al cones produced in this manner may *hen be covered with a coat of

anot her netal, such as, for exanple, nickel or titaniumand then with an 01
- 5 SEP 2005 WD 02/47176 PCT/ GB01/05188 14 ultra-thin |layer of

t her noel ectulitea st Lriaghr of hMBeidakeltrd wktdraRl UNThO MRSy Bl €kH1idm
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advantage tQ this method of producing all metal cones is that the nold
that -is pro uced is reusable. The-nold may be reused up to around 10 tines
before the nold degrades and becones unusable.] Formng a tenplate in this
mannér is very weh¢ advmitred [tedchdpdrephraid ot esodueiys @il frecad cahds heetthbt coni cal
ti ps since tdal hantigichi peodused/ @b wepsmdb Ct ahd @oBNGhag AR ddhse@hugUiat e sl opes
of the pits a8k HAALLDErHe {HCHAAN G RIRIMGLHaddhed WiBEdb1al BVESARRIRE €T S.
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bot t om pnr tfewommondtegepartial |y fabricated thernoel ectric cooler. P.
patterned photoresist 904-908 is then used to fashion all metal cones 902
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cool er, suGhtas phelopebeatpairelA0p|rabricida tirmddlgit:@c Gobsdrep 21002) . The
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whi tips to the a cone are r to be formed. The netal is

then directly etched electrochemcally (ste
With reference now to Figure 10, a flowchart illustrating an exemplary

method of forming all metal cones using photorsaist is depicted in
accordance with the present invention. To begin, small sections of
photoresist are patterned over a metal layer, such as copper, of a partially

25 fabricated thermoelactric cooler, such as thermoelectric cooler 600, in
Figure 6 (step 1002). The photoresist may be patterned in an array of
sections having photoresist wherein each area: of photoresist within the
array corresponds to areas in which tips to the all metal cdneé are desilred
to be formed. The wmetal is then directly etched electrochemlcally (step

30 1004) to produce cones 902 as depicted in Figure 9. The photoresiet is then
removed and the tipas of the all metal cones may than be coated with another
metal, such as, for example, nickel (step 1006). The second metal coating
ovar the all metal cones may then be cosated with an ultra-thin layer of
thermoelectric material (step 1008). Thua, all metal dones with a

35 thexrmoelectric layer on the tips may be forxrmed which may used in a
thermoelectric device, such as, for example, thermoelectric cooler 600, The
all metal conical points produced in this manner are not as uniform as thoge
prcduced using the method illustrated in Figure 8, However, this method
currently is cheaper and therefore, if cost ig an important factor, may be a

40 more deairable mathod.



30 1004) to produce cones 902 as depicted in Figure 9. The photoresist is
then renoved and the tips of the all metal cones may then be coated $gptns
another nmetal, such as, for exanple, nickel (step 1006). The second net al
coating ovBO®KE'%| netal cones may then be coated witHhPGHGBIHOSHWSt hi n

| ayer of thernoelectric material (step,l008). Thus, all netal cones with a
35 thernoel ectric layer on the tips may 'be forned which may used in a

t hernoel ectric device, such as, for exanple, thernoelectric cooler 600. The
all nmetal conical points produced in this manner are not as uniform as
those produced Thsidegitted washddsdof IfRlbrsicrtingdalilnudtiag reped. arkiowestyr , this

met hod curexenpley. | Dcbdrcapdbdangy Haciaboise vell t6 Babricitaill Maesi abhed act or,
may be a A4QrMiyeLufStredRb abB100o1dre® FEPKMe, VRHAZ/ tﬁ%&s 68 metals

PCT/ GB01/ 05188, T i thods of fabricating al'll metal cones are
rrere%y exarrgl er .u§eodt Egrr qﬁ%ta%g“s tgr;ig)(/m ee°5%e§d£%a§1 WeFf“to fabricate all netal

cone for use with thernoelectric coolers. Furthernore, other types of
netal s may be HaEH rPiAreptrenay [torfimate dbne eondsersechimatogperof & Wth
reference rdeencelédtgiie @odlsr Rl @MANGAChOBRIraYiBerfacas 1thhasBRehect ric
cool er wi t Rneakanssdis atiiul darhdd! BlehAORS mbid1 WHnGhihE 1L OLIIORLAGI i C
material rather;bhap ffe;fetal. cpygyg%;:t:%gil a%%gréagcfgv&tr}pg e OLO LIps at the
interface |i§wadne€_%‘g:t edhel nﬂgggo’_riaance the presen i-AvENTTBH.

Thet noel ectTl e cool ef “TTH FREFUTELT R 1LY dnpiides 21996 BiRge 211howdph at e
7.102, whefbel Plehe 1887 dviaraie the dopd theterdd doothegual whitact hath shiest ance
that is tosbestzood etlat Therorsd coarduciraesmal ldhaditdrd 118 pROVILEE pravidaer mal
coupl e bet weaferakle%ﬁzugaﬁetqwefé&pgzaml&h@éctl&glé,lm 1442004 @%fbect ively.
Ther mal conghigloiaailf,gnd L8 are constipiad of heauily T30 doped (n%)
senjtqconduct g _maj eii al’ 3 SPOVT s T 8RY EN P SPHSFBRTd R Reiitol d

pl ate 1116"a&Colfdlct® Bt L3 amatertob thyt msPridag stectaisel Leplasiar di odes
W th the prefieeericaf B¥pte Bale ohd cphdictorBl1BL2 divudi2ohbnttoisingt reansdeer r ed
fromthe colabegl &ivded bith the Quofateandust eré cbid 21800114520 @08 neveniual |y
to hot pl akfankiOerehir B WHeCLb1it p1088 1286 Qh§ﬂgﬂaéoﬁgu%@o£p%¥%%2ag% ghké{"‘#g&‘g art

subst ance (TP ERbEIe Hoa Pt HeD 1 it B IS GiRaEes BFETEEBA pr ovi des
a tHermal BN PBP BT IER “errldrg Peteet giduBEFMplpPtiie cbeDE AR sibt
pl at e 1102ths\ghbstaped nhati dé tg & ectleiicakinideknt,i therhel wennctdie 1ot
provides a thermal connection between electrical conducting plate 1108 and
hot plate 1102, while maintaining électrical isolation between the hot
plate and electrical conducting plate 1108 by -forming a reverse bilased
25 diode with the hot plate 1102 p- doped semiconducting material as
disaussed above, Thermal conductors 1104 is also an n+ type doped
gemiconducting material. Electrical conducting plates 1108, 1112, and
1120 are constructed from platinum (Pt) in this embodiment . However,
other materials that are both alectrically conducting and thermally
30 conducting may be utilizsed ag well. Alge, it should be mentioned that the
areas surrounding tips 1130-1140 and betwaen tipa 1130-1140 and
thermoelectric materials 1122 and 1110 should be evacuated to produce a
vacuum ox should be hermetically eealed with a gas, such as, for example,
dry nitrogen.
35
In this embodiment, rather than providing contact between the
thermoelements and the heat source (cold end) metal electrode (conductor)
theoudh an array of points in the metal electreds as in Figures 2 and ¢,
the array of points of contact between the thermoelement and the metal
40 electrode is provided by an array of points 1130-1140 in the
thermoelements 1124 and 1126. In the embodiments described above with



pl ate and el ectrical conducting plate 1108 by-form ng a reverse biased 25
diodes with the hot plate 1102 p- doped sem conducting material as .g SEP 2005
di scussed above. Thernmal conductors 1104 is also an n+ type doped

seni conduct WO2#{eri al . El ectrical conducting plates 110RCT/GRUIMSIBANG 1120
are constructed fromplatinum (Pt) in tglis enbodi nrent. However, other
materials that are both electrically co Suct | ng and thermally 30 conducting
may he utilized as well. Also, it should be nentioned that the areas
surrounding tips 1130-1140 and between tips 1130-1140 and thernoelectric
mat eri al s 14€¥2renve tdl FOwlagd dnd@, evhacuesbk dlbéctrpdoducheacoldasgidumasor shoul d
be her meti Coddmia SRaF &A1 Mok e 1Bs 0RS al tkEAL 1081y hiéta1 XARPLS, werdl d4rBEE100EN. 35
n this embodhgg ik, s&A! PRLnddd2 a0k OV hiltad: CARIACheRBE EEILILEE
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the &rray ot'esbTHes Tt o teshTHdrisal WweshriPhe Tha el AvErdspeattednenrtentalivet al 40
el ect r ode i sendrvvibdaelpgryaralidnea pnd o pok iaye 11B0a-pléfhx surthers. also,
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over the cotd%aHd0tdfethoprepent crbediens hyy b dorret fem ewlolesthowd, oiThe

el ect r odepasilved/shsl ehembslecteitdniterbaspipt Yrédesbalehidae aedidQ not have
ultra-planar surfaces. Also, the surface thernoelectric properties nmay or

mmy NOt be SUPELhOLudl guslulahe, (ENSEAehDGIANTERERASLEI S MALeL Al .
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coat ed wit Fehegigt e is the material of ths tips 1136-1140 Lhat are nearest thin
layer 1112,

With reference now to Figure 12, a flowchart illustrating an

28 exemplary method of fabricating a thermoelectric coocler, such ag, for
example, thermoelectric cooler 1100 in Pigurs 11, is depicted in
accordance with the present invention. Optimized single crystal material
are first bonded to metal electrodes by conventional means or metsl
electrodes are deposited onto single crystal materials to form the

30 electrode connection pattern (step 1202). The other side of the
thermoelectric material 1314 le then patterned {step 1204) by photeresist
1302-1306 as depicted in ¥igure 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

35 controlling and stopping the etching process at apyropriate times,

A second single crystal substrate is thinned by chemical-mechanical
polishing and then electrochemically etching the entire substrate to
nanometer L[ilms (step 1210). The second substrate with the ultra-thin

40 substrate formg 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 presgure (step 1212). This structurs



| ayer 1122 of the same thernoelectric material as is the material of the
ti‘ps 1130-1134 that are nearest thin |ayer 1120. Electrically condugtg Erpgm(ﬁo
plate 1112 is coated with a thin layer 1110 of the sane thernoel ectrlc

mat eri al asWD924HE6 materi al of the tips 1136-1140 that arRCTHEBNHSESSt hi n

| ayer 1112. Wth reference nowto Figure 12, a flowhart illustrating an 25
exenpl ary nethod of fabricating a therndel ectrl c cool er, such as, for
exanpl e, thernoel ectric cooler 1100 in Figure 11, is deplcted in

accordance with the present invention. optimzed single crystal materi al
are first pmqﬁg 11 8n el @ta1 €1:R6) Q0SS hay16AN VeRr Onal tHE ADGarbicdRE e

el ectrodes GRSS e L.a0hg ﬁé&gi.gﬁg 343 FRLELR! Sorber/utismibbe 30
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t her moel ecEFFEEWREPTA" ?r Faam = ’églf'h"e’ﬁ”b ﬁgﬂ“’ s’f ep 1204) by phot or esi st
1302-1306 as depicted in Figure 13 and netal el ectrodes are used in an

el eqd r ocheni cal what Fefaserme anote Figurel BGt & Gdh@mmcatiowine b ctrlimisurtiace
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poi Nt tip dakp¥Re dr8dd bAGEnAMhetae dxldsst hemmael epdosing ewolaes lbd ustrating
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in as all- ve been

10 descri bBSE tRUPRFG:E gee B%ltﬁ‘@ I ‘E‘gﬁ’f‘%éfm@\f’ PPrERE § %ﬁgggﬁ 8%t he
ti p& Howewxfaceal t hough the tips may be in contact W|th the opposi ng
surface, it 1is preferable that the tips be near the opposing surface
wi t hout touchi ngy réheifiginhaclpasrae poftRd wikh RihgUdppodihg dlx®add,ptied02 i n
Figure 14 LSount of thermal conductivity between the cold plate and the hot plate of

a thermoelectrie cooler may be reduced. Electrical conductivity ise

25 maintained, howevex, due teo tunneling of electxone between the tips and
the oppoaing surface,

The tips of the present invention bave also been described and
depicted primarily as perfectly pointed tips. However, as illustrated in
30 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 numbexr of superlattlces needed to
achieve the temperature gradlient between the cool temperature of the tip
and the hot temparature of the hot plate.

35
Preferably, the radius of curvature x, 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 thermoelaectric material below
surface 1404 approaches zero over a distance of two {(2) to three (3') times
40 the radius of curvature r, of the end of tip 1402. Therefore, only a fow

layers of the super lattlce 1406-1414 are necessary. Thus, a superlattice
material opposite the tips is feasible when the electrical contact between



situated near the opposing surface 1404 but is not in physical contact 15
with the opposing surface. Preferably, the tip 1402 shoul d be a di st arfEe 2008
on the order of 5 nanometers or |ess fromthe opposing surface 1404. In
practice, wWMOP247Y7her noel ectric cool er containi ng t housanBET/EBOYISHES, sone
of the tips may be in contact with the o&posing surface while others are
not in. contact due to the deviations frofm a perfect plane of the opposing
20 surface. By renoving the tips fromcontact with the opposing surface,
the amount of thermal conductivity between the cold plate and the hot
plate of antheermRl estar hrateslsefiadsbysibe thedipecht Elecpredeot|ingentdant i vity
s 25 maintgineg, ; NAUBNEL: tgUhe! Sribknie! ingnh @ @6d oA eREitsReN the tips
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much, more practical . A LAuqD LA PLESERla LAMER 100 NBSaNRED JFesCri bed
prifmarily Wi {R - reference t o a Lher noe gctrLc cool ing dPVI C& LOr hPelt| er
devi ce) Wi ttlli;ermoelectr?l.c power generator according to the present m.r.ent_O ; the
thermoelements 1506 and 1504 are replaced by cool point tips, as for
 example, any of the cool point tip embodimente as described in greater
‘detall above,
25
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 temperéture differential, Ty-T,, i8 created across
the thermoelectric device 1500. Such temperature differential, Ty-T.,
30 induces a current flow, I, as indicated in Pigure 15 through a reslstive
lcad slement 1502. This is ths oppoaite mode of cperation frem the mode

of operation described in Figure 1

Therefora, other than replacing a power scurce 102 with a realstor
35 1502 and maintalning heat elementa 1512 and 1516 and constant temperatures
Ty and T, respectively with heat souxces Q, and Q. respectively,
thermoalectric device 1500 ig identical in components to thermoslectric
device 102 in Figure 1. Thus, thermoelectric cooling device 1500 utilizes
p-type semiconductor 1504 and n-type semiconductor 1506 sandwiched batween
40 poor electrical conductore 1508 that have good heat conducting properties.
Each of elements 1504, 1506, and 1508 correspond to clemente 104, 106, and
108 respectively in Figure 1. Thermoelectric device 1500 algo includes



10 tipped interfaces used for cooling, it will be recognized by those
skilled in the art that the present invention may be utilized for -5 SEP 2005
generation of electricity as well. it is well recognized by those skilled
in the art WQP¥471Ther noel ectric devi ces can be used eit h@CTIGBO/AHSBe| ti er
node (as described above) for refri gergtl on or in the Seebeck node for

el ectrical 15 power generation. Referring nowto Figure 15, a schematic

di agram of a thernoelectric power generator is depicted. For ease of
under standi ng and explanation of thernoelectric power generation, a

t her noel ecetéatrpmaiesondgetrer alsdp (and CBd s ddomgesponding tpr plectatdali ®ndeqtoes ed
rather thami@ and hQ4MBEkesizki L, Q@&Briﬁsﬁﬁw&rpﬁb&kl tiethbld 600l PQLBL1t T pS Of
the pr ese”EO{eQ &Q«t\éﬁmiogg\\agc %un%.rin RC . . i t.d . Lhat : In g:ﬂ:eed

enbodi ment ri c power gen

" U
i nvent i on, ®¥ e tﬁ@?’%@?e"nﬁrﬁ §°1’36%° 5ﬁ“c?°15"5’4‘1’ ‘éﬁ’:@ r@BPQCBH lﬁi’/" “8813%60i nt
ti pf no f b% Adusased|BRcineeing SEenlcan oindt Bdit pore nby @dkeamt Bedas, dieber i bed
i n greaterwikkgt mSona,baue.. ﬁ&: unrla(lhernmel GUb¥és2, Jonk rofgeneh adver helksbP,

rather thaindodpskaRga HeWsiLBdxr bl QuUEdatde thernoel ectric device froma power
source 102 as indicated in figure 1, a terrperature differential, Tx-TL, is

created across jf.he ther devi c ratu

differential, T’Lh e B@ﬁ é%n “ F?’b fs?r?g% fmaég}'nﬁgﬁ}’cﬁ%ﬁe’?cﬁ E? gure
15 %hr oughc%f’ ipaivs phaped ti’LB%mI h@?’%’ﬁé'nt"tli%‘ozhw?ﬁl%‘? Fjé”t'PPé’ Bh st ized Msde of

oper ati on Veldm ausd 3dEor efampper ayiaphdidetty shaddi fipEi gdnefatt Thibe ahape,

ot her thanef eph ddpndpea PXELedSOLIbE Byttt rid folt WiEES 8 Qong A8 MHOPPovAAEL

mai nt ai ni ng dlgatere! et Suldthr i, pakiandps anshant wlieiNekaldees Ta and Tn

r espect | velonadidnGtlie O he € GraBY QenenESRBEL Ebotns n%agebf moel ectric

devj.ce 1500 e eV|ce 102 in

Fi gusr e 1. édec{jhghﬁo’éfesg&r ﬁﬁ%ggﬁﬁ %\’Qg 5%?/.'115%“1’%’06 °u’ﬁ°l f"ké‘ﬁy B2ty pe

seni conducTOr 964t APREFSHan s BRI BAd EF SFaTRIge oaHing BHEJEHEE ween 40 poor
el ect ri cal “WORERIEt OrbernE(Banalenenh pfehgjoobintesid B3O rdominiergipr opeetites. Each
of el ement sol 5yl madrie®be hamds (&OBig0Ar BepOnRitinbel e remntigedon, 1863 and 108
respecti vedoplisy bhgitat hd. 1aE8Lrddpelegctri ¢ devi ce -1500 al so includes - 5 SEP
20Q% WO 02/ 47176 PCT/ GBOl/ 05188 19 el ectrical conductors 1510 and 1514

di ng t duct 110 114 in_Fi 1
nfor mht | on abddr FHEFHErecE g egint, ravensfiipsn e reedi R e 1 ound i 1

T ReHandbJBRPI S TRE MIDUFERT P 404 qagFEiagion, but Ls not intended to be

exhaustive or limited to the invention in the form digsclosed. Many
modifications and variations will be apparent to those of ordinaxry skill

25 in the art. The embodiment was chosen and described in order to beat
explaln the principles of the invention, the practical application, and to
enable others of ordinary skill in the art to underxstand the invention for
various embodiments with varicus modifications as are suited to the
particular use contemplated.




by DD M Rowe, Ph.D., D.Sc., CRC Press, New York, (1995) pp. 479-488 and 5
in Advanced Engi neering,a Thernodynam cas, 2nd Edition, by Adiran Bejen,
Cohn Wley & Sons, Inc., New York (1997),a§p. 675-682, both of whith Sapeuns
hereby incorporated herein for all purpos The present invention has
been described primarily with reference to 10 conically shaped tips,
however, othecraiapes of tips may be utilized as well, such as, for

exanpl e, pyram dically shaped tips. In fact, the shape of the tip does not
need to be symmetric or uniformas long as it provides a discrete set of
substantlally1p0|ngqg Eﬁm%@%pu h which electrical conduction between the
two ends of a thernoel ectric ¢oore OHQQIBE 15 provi ded. The present

i nvention has appla fist tlmﬁﬁodlﬁnuﬂ@ondt\ru@téﬁ fionB4d first ﬂi%?rhb&@étﬁ& hﬁ'fbrﬁppl i cation,
such as, for exanpl %eﬁ‘}ﬁ?ﬁoglﬁl ng main frame conputers, thermal nanagenment of
hot chi ps ‘and RF cb FRQRlerasnt,onstauctedfeun iaﬁgconﬂgmnnogletteamtermi di sk

drives, aut orabiieuebhpBeTdE oy cRiflocfighi N9 optical and laser devices.
20 The description of e present invention has been presented for

purposes of il ustansrfayrofdind tige proximate emthe gt thesmnellemeﬁttzemdﬁd seboffiscrete

modi 11 cat 1 ond S DEF Lt RGN Foichelon, Bebiten B ibuaSbion pnary e fist 25
inthe art. ﬁhmrmﬂmmnmrfammdmﬁmnamndmmhlbla@%ehrﬂh@érda%roftﬁ}stb@p% and the
expl ai n tr})e Pk ] ?t% Iﬁglmei of tthe i hvention, the practical application, and to
enabl e ot Rer s Of "o HiHAS ’ssI{Ftlaf frafdhe art to understand the invention for

vari ous enbodi ment# atal F/h)f\éétfoh@ﬂﬁ Qirﬁdt@ﬁiﬁ@@&oﬁ@tlﬁ?ﬁ&éb&k&ﬁ%Egecto 8s%t of

particul ar use contepplated., 20 2005 t her noel' ec
devi ce, conpryl&Telg Poﬁltf’r pucht thatrdeqiiedl epeditction hetwean teal afrayoof secbhd $ips and the

t her moel ect r 's‘éc&ﬁttﬁér&rﬁalelenﬁnf"lssfg&ﬁﬁ%d[v{}ﬁ‘feca%n% glutS‘B‘ft &)w%e'%tet ?F%}éf{}} second

second thernoel ectric materi

t her noel emanttlpsandélwrsayorxdfthémrostGMmps retadled;neticeeiho t he first thernoel ement

at a first set of tﬁ’%ﬁﬂg 0 nts such that .el ectrical conduction between
S S&C?

the array of first t1ps an S FE oSt Famdigat is facilitated but

t her mal conduction betvveen the array of first tips and the to first

t her noel eman? ded and an array, of second tips prOXI mate to the
second t her mgel e FmRelesiuis Javice gs @Fltedd%lf‘l“@tlewﬁéﬁem@e i papper.
el ectrical conduction bet ween the array of second tips and the

3. The thermoelectric device as recited in claim 1, wherein the metal is a first metal

20 and further comprising:

a second layer of metal overcoating each of the first and second conical tips.

4. The thermoelectric device as recited in claim 3, wherein the second layer of metal
comprises nickel.

25
5. The thermoelectric device as recited in claim 1, further comprising:

layers of thermoelectric material overcoating each of the first and second tips,

wherein the thermoelectric material layer impurity match the respective impurity of the
proximate first and second thermoelements.

30
6. The thermoelectric device as recited in claim 1, wherein the first and second

thermoelements each comprise a first and a second superlattice of thermoelectric material

respectively.

[RALIBK]636816SGclaims.doc



second thernoelenment is facilitated while thermal conduction between_the
array of second tips and the second thernoel enent is retarded; whert &i 5P 2805
the first and second tips are constructed fromnetal. 2. The thernoelectric
device as recited in claim1, wherein the Bletal is copper. 3. The

t hernoel ectric device as recited in claim1, wherein the netal is a first
metal 20 andy further gﬂr{m | N : o] . 0, i ch
of the first d7<'£1nd s@%otr}ll coL#@gw}%sg%ga{%gﬁ%%kéﬁérlh})ve}ﬂ%};eér?'mecﬂrgg%ﬁggeecggd 885
recited in claé snbBfantiblby @inicat. he second | ayer of netal conprises nickel. 25
5. The thernoel ectric device as recited in claim1, further conprising:

| ayers of thernoelectric material overcoating each of the first and second
tips, whereid theTHehthénmvelceticrdediconk @ediRt ih aah 1 WdeFdid YheMbsCind §#8ond tips
respective inpurity of the proximate first and second thernoel enents. %0
6. The thér ?%‘@F?‘{’Peal&@?ﬁi’@@l%nb’éﬁﬂe@d inclaim1, wherein the first and
second thernoel enents each conprise a first and a second superlattice of
thernoelectric material respectively. [R\LIB K] 636816SCcl ai ns. doc - 5
SEP 2005 21 #. TheA niethadod] fenning cnalahvilentrods poiateditgs dfra themnoaldciriovievied, thd he
first and se i .are substantially conical. 8. The thernoelectric
devi ce as regﬁ{]g%&?oﬁﬁ%qsg}gm 1, wherein the first and second tips 5 are
substantial |y pyr dbimingalagk shparechedphotdresiit bad adhydrofmengd; met al el ectrode
pointed tips of a hergr}gegectr'c devi ce, the tﬂtgt hod conprising: formng a
mask of pitter ned“'&ﬂ#‘éﬂ g aver ofgnttal 13 theRresengs offhe ahotoresiskrask iepreduee| ayer
of netal in tsh@staaftﬁﬂ%@mefaft%ape@stﬂ&@ﬁr%@tsrhéthl;Hﬁék to produce substantially
poi nted tipped structures of nmetal; and renoving the photoresist. 10. The
net hod as recit ed 'fHO¥ERghephotofpsistei n t he patterned photoresist forms an
array 1s of photoresist areas that correspond to areas for which tips of
the substantially pointed tipped structures of netal are desired. 11. The
met hod as redit ed Tihe ndthadnasgecitedén elamm Ohwhereinahe pattermguigsiotorddst ¥armsTarearray
met hod as . recjct in.claimg9.  further conpri.sing:. coati t he substantially
poi nted tippdd pglg trotrﬁ:sfsﬁl%egs it SRESSPORH i, ALas 5@%‘?’918]? %:QS °§3@%ﬁ‘§’sm1 Y ponted

tipped structures of metal are desired.
11. The method as recited in claim 9, wherein the metal is copper.

20 12, The method as recited in claim 9, further comprising:

coating the substantially pointed tipped structures of metal with a layer of a

second metal.

13. The method as recited in claim 9, further comprising:

25 coating the substantially pointed tipped structures of metal with a layer of

thermoelectric material.

14, The method as recited in claim 13, further comprising:

coating the layer of second metal with a layer of thermoelectric material.

30

15. The method as recited in claim 9, wherein the substantially pointed tipped

structures are conical shaped.

16.  The method as recited in claim 9, wherein the substantially pointed tipped

35  structures are pyramid shaped.

[RALIBK]636816SGelaims.doc



13.. The nmethod as recited in claim9, further conprising: 25 coating the
‘substantially pointed tipped structures of netal wth a | ayer of -8 SEP 2005
thernoel ectric material. 14. The nethod as recited in claim13, further
conprising: coating the |ayer of second me#al with a | ayer of

thernoel ectric material. 30 15. The nethod as recited in claim9, wherein

the substantiglly ﬁgyﬂéﬁ%f%ﬂﬂ&ﬁ mHIHEIHEE Boidc tfp‘ag&f“aa{heﬁ@c?e‘feecgmi %%6%%'&?% :

met hod as recited inclaim9 ereln the substantially pointe
struct ures arsgstggrcgmipdisgigaped. [ R\ L1BK] 636816SCGel ai ns.doc - 5 SEP 2005 22

17. A systemof f ] I electrod ointed tips of a thernpelectric
devi ce, the systg%%gg?}%r@}énﬁlﬁé:aWgﬂgpﬁﬁnqd(f{hﬁ?oﬁﬁﬁgoﬁtﬁﬁlaﬁ?r 03&%%% ned .
phot or esi st ont o andany €or etdhimgpthallayer sEaEl thhe s hBPhbRYR]st Rhs®t al i n
t he presence of theylPhOt'o{leSI'St nmas 5 produce substantially pointed

Bsk to
tipped st ructiipdee spbstantially pointeddipped strustiies ofgnettle phot or esi st; and neans
for coating the SuhwhaRliahbyinSieHifihrigangd structures of metal with a
i 10 18.°

| ayer of thernoelectric materral. . 'he systemrecited in claim17,
wher ei n the patt eniReds fHicoatingsths sutfstntiallapoisted Hippedoftruptuntsarfesdt sitwidt £ Bsert hat

correspond t . \wWhi tips of the substantially pointed tipped
structures o%f?rﬁee?lgl elfgér}élc%éﬁ%d. 19. The systemas recited in claim 18,

wherein the metal is copper. 15 20. The systemas recited in claim17,
further conpri,sing., nmeans for coati.n he substantially pointed tipped
structured of Shet g]he\AS/iy %ﬁmare?‘ftfg?iép Cﬁale‘g]aYE é"&'&Eﬁ‘l‘H ﬁweﬁaapmeé @hotpresish forgp ANATays

recited in clofipfividesist Wrdab €liat @OABIPoRd RS ardd® FatSwhith ,tlg@%tfitf?@s Pantigifls'f oftfed
second nmetal with a |layer of thernoelectric nmaterial. 22. e system as

recited in clRPsf structyipeefaneiakasedesingdt anti al |y pointed tipped 25
structures are conical shaped. 23. The systemas recited in claim17,
wherein the substantially pointed tipped structures are pyram d shaped.
[R \LIBK] 63881 63belsgsters ageesited in claim 18, wherein the metal is copper.

15
20.  The system as recited in claim 17, further comprising:

means for coating the substantially pointed tipped structures of metal with a layer

of a second metal.

20 21.  The system as recited in claim 20, further comprising;:

means for coating the layer of second metal with a layer of thermoelectric
material.

22, The system as recited in claim 17, wherein the substantially pointed tipped

25 structures are conical shaped.

23.  The system as recited in claim 17, wherein the substantially pointed tipped

structures are pyramid shaped.
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