; e3ecocj j kdl mn6nTov&AND 02/ 47178 1 THERMOELECTRI C DEVI CES BACKGROUND
THE I NVENTION 1. Technical Field: PCT/GBO0Ll/ 05195 The present invention /! .
rel ates wm éhenreoel ectric devices for, for exanple, cooli PGT/GBOEIHEATES §Q§%#
as integrated circuit chips, and nore Iparticularly, although not ’
exclusively, the present invention relates to thernoelectric coolers. 2.
Description of Related Art: As the speed of conputers continues to

i ncrease, the amount of heat generated by the circuits within the conputers
continues to increase. For manyupgivoeiedrar@méveygl i cati ons, increased heat
degrades the performance of the conputer. These circuits need to be cool ed
in order to performnost efficiently. In many | ow end conputers, such as
personal conputers, the conputer may be cooled nerely by using a fan and
fins forBxeREREEND P8 TWOFNYENTISHWever, for |arger conputers, such as main
frames, that performat faster speeds and generate nuch nore heat, these
sol uti ons. afeentida1vradilge. Currently, many main franmes utilize vapor
conpression coolers to cool the conputer. These vapor conpression cool ers
performessentially the same as the central air conditioning UHI%S used in
many hones. HEWRPERSeRFapBYSTES A rEL8s tn te JOIEPRe e B  tu A B SRec Hani 6T I y

conpl i catehpilequiool imy isnbstakessuahdashogemrehed ciustitr oninso ¥ imoYs parts

of the éﬂ:lfcﬁﬂ@.}ﬂ Na HHd88h 1o CaRhut RR1PArdn Cillenal Rt 1HAl réll@eBOSH
suscept i & to reaseq Perfornance due to overheating. A nmuch sinpler and
cheaper ype 5t cooFer 'S & thernoel ectric cool er. Thernoel ectric cool ers

utilize a physical principle known as the Peltier Effect, by which DC
current grausarjypvien so®etetddsaappl i ed across two dissimlar materials
causing heat to be absorbed at the junction of the two dissimlar
material s. Thys, removed froma. hot s ta n

transport ed tg' a eeedaoﬁ ciomp%teral cont1 es to Jhecrrg ée ng a%\ognﬂ%¥ lpeeat
subst anc@eneﬁ?éiaﬁr%ﬂ EE% GHECRES é%té’lﬁaV‘ebé°‘1‘PA’6FF%eﬁ°é‘81%eﬁhF‘h l&ﬁr?aﬁfeng&Fed
circuit ehmp canchinmyambebrbipetidisc hotregspat dedi rdegtddesnkidh parfdtmeneeed f ox

conpl i catgd JREHANY, Cathe3KSL &% 1 85 nbed 30k IRd14Y i%APRier COIRLeSs 0ROl ers.
efficiently. In many low end computers, such as personal computers, the
computer may be cooled merely by using a fan and fins for convective
cooling. However, for larger computers, such as wmain frames, that perform
at faster speeds and generate much more heat, these solutions are not

viable.

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

decreased performance due to overheating.

A much simpler and cheaper type of cooler is a thermoelectric
cooler. Thermoelectric coolers utilize a physical principle known as the
Peltier Effect, by which DC current from a power source is applied across
two digsimilar 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
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vapor compression coolers.
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WO 02/ 17178 PCT/ GB01/ U519S 2 However, current thernoelectric coolers are
not as efficient as vapor conpression coolers requiring nore power to be
expended wooagshireve the sane anount of cooling. Further noPeT/GRM VSIS

t hernoel ectric coolers are not capabl e2of cooling substances as greatly as
vapor conpression coolers. Therefore, a thernoelectric cooler with inproved
efficiency and cooling capacity woul d be desirable so that conplicated
vapor conpression coolers could be elimnated fromsnmall refrigeration
appl i cati ons, uSwsBr ASourk @it @xaffe@ectiicNcddlar® aenpit akSefdibesdtahs

”H”agerre”épo%f FQ%ESQFJ&S gﬁﬁ%@ﬂﬁ”kﬁg& [Heian %'o&z&“'tksbe TRgOGldCed eatliwd te

heads, optica aser eVl ces autonobile refri erat|on syst ens.

SUMMARY EF° PRES |JU0ENRTIONCTHE"Br e SHREESTAGE FBFFeﬁFoW?fé‘ eleqtReT FSRF Rk ri ¢
devi ce wetchnphprapebte afff tedldngysubehansee anigoditiones vaper tdrmphetsiertric
devi ce i psdivdes ameedRetl i £ahetaduet Al thRkrahity oadiphed dfaiaiel dada at e

and a thgrielement ; &) Gehid 3@ &é/sﬁ%‘ﬂal 8 didct Q&npqhsgéerd' sgg,orcg gggfon The

t her noel enent -i s "Const r uct e noel ectri ¢ has, a
o T S TPre] RGP SO IRECR AR TG A SHEE LPS B BECTERT | Jotbapl od
to the ekectiekcetanpbadreinrirafheanherensel Bermet menpgensrbvfidson dhdps, RF
resi sti VeoeRNestioanc Wtiuk €s Mna gtz e daher el hemadusdtiaal belkvweart he

el ectri CQ‘LVl%de%"dog‘ﬁergb&ﬂe r'é?ﬁd&?%@ % stefigcording to one aspect of the

present Invention e I's provi ermoel ectric devi ce, conpri sing:
a planar electrical conductor; and a ther noel ement conposed of a

t her noel ERPPRE PRTEE| BIVENSHN gured with a plurality of tips which are

el ectrically coupled to the electrical conductor. According to a second
aspect of theThe asenénti rdvesittiion, prohddes Rstiprovélbedric mevhotl woth figbrewdt | ng
a ther nogt@Gliehsy devh Chehamidagnd el tRelashitleS e Aib &d-pREdidANLEES ages, the
met hod CQ{@Jtr%QB coQ&folo@gt AREY, c§&&£1eﬁc@o Qf cé’idt beLipelgct hherglYShall 1 ne

mat eri al tro patterni ng ggotorem st _nmask_onto a second

e,
surf ace S%Eﬁtﬁéc?ﬂéfr AoEEdt 19 cthﬁr ‘é’F’r‘iaﬁe | T GBPTIRELPU®At FBns of
tips to bensftgpmestt faen aetb¢wm¢gl¢¢reflsewnd1@uﬁfl<éd@5i a nlheapitesehcdpef the
phot or estBioudhSkhich €164 Fhardqilellbmdrtt ¥s afiettRTal Iy tdaGpidte EaDRe1ddt€ical

cr ySt al | E&f‘du@&@“ %he them&%/ctgi7clzgp£gé\%@1éOﬁzg'feé.stive connection
while minimizing thermal conduction between the electrical conductor and

the thermoelement.

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

a planar electrical conductor; and

a thermoelement composed of a thermoelectric material configured
with a plurality of tips which are electrically coupled to the electrical
conductor.

According to a second aspect of the present invention, there is
provided a method of fabricating a thermoelectric device having
thermoelements with tipped interfaces, the method comprising:

bonding a first surface of a thermoelectric crystalline material to
a metal electrode;

patterning a photoresist mask onto a second surface of the
thermoelectric crystalline material to define locations of tips to be
formed; and

etching the second surface in the presence of the photoresist mask
to form a plurality of tips in the thermoelectric crystalline material.



BRI EF DESCRI PTI ON OF THE DRAW NGS The novel features believed
characteristic of the invention are set forth in the appended clains. The
i nventi onwg byelifs however, as well as a preferred node of pas&GBoilwsSREr

obj ectives and advantages thereof, w |3 best be understood by reference to
the follow ng detail ed description of an illustrative enbodi nrent when read
in conjunction with the acconpanyi ng drawi ngs, wherein: Figure 1 depicts a
hi gh-1 evel bl ock di agram of a Thernoel ectric Cooling (TEC) device in

accor danﬁ&EW ﬁél;cﬁz?f"rﬂ%' O Rkt pra ancg‘%e 2 depicts a cross sectional view of a

t her noel’ ectric cooler wth e structured interfaces in accordance
with the present |nvent|on Fi e ts,a.p vie
.t her noel ect ri B 88Y%r ﬁﬁ’f)urleﬁ P"ég i ﬁa%cébs%anc%%\%’metJhnveﬁelon aserc*

i nvent i ofgrthi urtds abkeaded 48atepi cThe drogdisecitsehbl heVewRs ofs t‘”ﬁb% F%hat nmay
be i npl eprittere Afo@N@£0hsd,| BEr2RQ bifY ok gticeaRd isdvatcoedateeeyt t hithe
present fgn\gegg'\T%gu{eo%rﬁiﬁe@spén%st@tﬁé %&1%%5' 840ali 1 ¥4 ed@sbii;l%%ﬁ%fl ng the

t enperature near to a su? |(ée in a c& e ‘é“ntfhthe
present PRVEREFERELYS GoPRYiEeaE pitehs ¥ rbs°§n%‘értct i-Bhaf* Vi et o?c panying

t her noel écdwings cobkegimai t h enhanced structured interfaces with all netal
tips in accorgdanae Wdehithe pheselbvdNYESdd aDagrhingell @ Thélepelicrac

T 095 Sealang! MePnd o8 SACEILIARAL L iGarLdepplaLe for foring all

metal tips R aceot esent_ 1 nvention; gure 8, depicts a
fl owchart i |1 Bsquest ? PRt e e APTSEr ?e‘ffe’“f’ﬂi‘f’d VoY pﬂfoauﬁeﬁﬁ %Pﬁtﬁ’ect ég"]c?nes
usi ng a sitl eonargadrstfhuctated énpdrdbeed nnavwordareewitit hhe lpreperdsent

i nventi o duivgh e 9 depicts a cross secti onal view of all netal cones

formed using Qattergefgl?%t gr§ %rtsetr b tggqﬁg ance wWiih the nres

i nvention; Figufe 1 D trating an exerrp‘fary met hod
of form ﬁéﬂltflﬂl 2 gt afcErese l!l@ichgtfﬁhbﬁﬁeé%l%‘f’ei“ﬁo&écor dance with the present
invention; ' Figidee 4zl ademEHSchtscem segtibaflalvivvewsofips ther megllectric

cool er wi, ;nlple%gﬂer tgan t Et%% ?éd‘ﬁﬁ 130ES 2 fmvﬂycﬁ»bdérb:% LN8T PRSIRELLC

mat eri al rat conducting layer Is formed into tips at
the i nt efP¥RMELPH accordance with the present invention; Figure 12 depicts a
flowchart il @séuwt bniprantexerpbar genwiohat méﬂ@bns’%@tﬂm@ tdet hevrepetwet ri c

cooler iR;acCEdAREE Malrhtd NE sRFHI8BE 1 deNVE M6 dance with the present
invention;

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

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

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

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

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

Figure 11 depicts a cross-sectional view of a thermoelectric cooler
with enhanced structural interfaces in which the thermoelectric material
rather than the metal conducting layer is formed into tips at the
interface in accordance with the present invention;

Figure 12 depicts a flowchart illustrating an exemplary method of

fabricating a thermoelectric cooler in accordance with the present
invention;



WO 02/-47178 PCT/ GBOL/ OSl 9s -4 Figure 13 depicts a cross-sectional diagram
illustrating the positioning of photoresist necessary to produce tips in a
t her noel avon2/e7imat eri al ; Figure 14 depicts a di agram showPEF/GBosOF®Spoi nt
tip above a surface for use in a thernmbelectric cooler illustrating the
positioning of the tip relative to the surface in accordance with the
present invention; and Figure 15 depicts a schematic diagramof a

t her noel ectric power generator. DETAILED DESCRI PTI ON OF THE PREFERRED
EMBCDI MENT A higgbe |:IQV6JEpr:|tBCak ctlbfgkadpiohan dThpranoel et ratdnganki ng ( TEC)
device if,a¢ ng{lggoﬁcfeﬁworeg 06 BLAAL. A boltolehl Ehel (i Tt deers

Ther moeleCtTiT ¢ nown principle, 1s based on the Peltier

- Ef fect, Tafefktch DC current is applied across two dissinilar materials

<

causi ng heat rigube Bbslerbet atdimrbean ghetingna gfolfhroimpot i $bpve kapurface
mat eri al oy Ast ViRl § A ndsRONTE & bes B8l 8CE 11k te 0NN Endl @l CELchfly W thez @Sp
p-type serm,conduct or, 104 and n-LuRe, 6l AoAduET 8L A00 sndut ghed, et veen

poor el ectrical Cof uctors ave conducting properties,
and el ect ri caFi SRR C6PECtH B 2AREMaL s d?@ﬂrﬁﬁeo%én?}teﬁﬁaﬁﬁcﬁfl‘i@ewﬁ%s an
excess Oferlracds.ons, while p-type sem conductor 104 has a deficit of

el ectrons. A DC power source 102 is connected between the two el ectrical

conducto é&d@é ﬁ%&’o&siﬂp\é’%{:géﬁ%}’% ﬁﬁﬁ.l conductor 110 to n-type
e 0

sem con e energy sta ectrons is rai sed due to heat

ener gy absor bed from heat_ source 112. Thi s §rocess has i ?%&c%
transferring PeHEReHardyPIIEnH g™ Fuf B P AACET T &Pt T HFSGgh
n-type sewmiecopdissrervit@otamaoredectt iisaiiegionddciroFiqus Lo Tharneslaktriic6. The

el ectrongodiriap, t0wail OMBLin §erEp1s| AlLradil belwaseeltier hemcenangynidh.
el ectri C@t% cu%ggnl‘!:c%graspjp:!ﬁed a@% g@%tvgltﬁlsg 11@:: rg %ﬁ:?&f@@ﬁ@slng heacEf t@ B'éOO| i ng

refrigerator ectric cop he rati o of
cool i ng %%i%b?@ WroFhe HémFE‘qu’nl @Er‘%?FO‘FWOdPWEt)‘@leJ‘S/ mf"ﬁ%“la&{sal power consunptl on

of the refrigerator. Thus the coefficient of performance is given by the
equati on: VO Q24417 k@wEQﬂeMe@ﬁh&Sc&laﬁg‘&ethR -160Tut 1 14Re s pakyde Wher e
Qo to JBUTE RN Bt oot HaT OB R 1o o taed e apet = 21 18
conduct i 6¥pctr1cal conductors 108, that have good heat conducting properties, and

electrical conductors 110 and 114, N-type semiconductor 106 has an excess

of electrons, while p-type semiconductor 104 has a deficit of electrons. A

DC power source 102 ig connected between the two electrical conductors

114.

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

electrical conductor 114.

The coefficient of performance, 1, of a cooling refrigerator, such
as thermoelectric cooler 100, is the ratio of the cooling capacity of the
refrigerator divided by the total power consumption of the refrigerator.

Thus the coefficient of performance is given by the equation:



the termI2R is due to Joule loss, the term (err)l(err)T is due to work
done against the Peltier voltage, a is the Seebeck coefficient for the

mat er i al wdoz/s11the thermal conductivity of the Peltier derCtaBoTosi9s the
tenperature of the heat source, and (e5r)T is the difference in the
tenperature of the heat source from Th, the tenperature of the heat sink.
The maxi mum coefficient of performance is derived by optimzing the
current, I, and is given by the following relation: y_T,, T~ T =0l +1 Y
where the paraneter y can be expressefi as y= 1+a~ CI' ZT where (err) is
the electrical conductivity and @)+ IiR—&KAd t hermal conductivity. The
efficiency factor of the refri;ger-ai_g{—zé—i-s—gi—ven by the equation: ~. _ Z'r~
T y+1 The figure of nerit, ZT, is giv@ho®d the equation: ZT - a2o0~' WO
02/-Qr178 PCTI GB01/ CSl 9s G where thermal conductivity (err). is conmposed of
two conpanrest Gie Eefd g, tiBedwoapanenthdalueel a-tel e cdooatsy, ane HeemrI’rtike
conponent due to_.the lattice and T .is the nmean of tenperatures Tc_and Th.
Ther of ordie £REIHRI MATIET FPCIaniey, 1 CPE 400, o e o ERE T gte er Hher i t
ZT, appraachesn imf iiBi tye toéheo2bf iisenene abrwvapar Ooaps e9Sesrk abts ger at or s
is approximately 0.3. . The efficieng f conventional .thernoelectric

cool er s, *CuRR" 44t ﬁeglrtﬁﬁzélveo 9% gob%/é:ge 1%(753??1]{ I'—cfjaggleale?t ifg’gt Yhically less

t han 0. ImatBméalef &r &g the thmomehsentihe-ieféy cifebioy PoltidvedepiekecT.r i< theol ers
Lo such 2p3R0g.aSci LEOMRR! Eolidh YRPAY {OBRI GSEONLETL ggrators, the

gt
figure of merit, ZT, nust be i ncréased to greater than 2. a val ue for
t he figutePEFatEeri L Iy hept grugeefrahan the darreeataehi v éBe herersitke
thernoel ectric coolers may be staged to achieve the sane efficiency and
cool i ng capacity mas: MaP ke FIRPLRS Sk %r%@:ﬁn{a'nggr:%t 8LPived by optimizing the

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

T
(TCJV“%
Nooax =

AT )|+l

where the parameter ¥ can be expressed as

Y= 1+g2{ ___]7'+]1f)
A 2

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

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

/——Tl
-

£ =
Y+1

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

2
ZT:aoT




Wth reference to Figure 2, a cross sectional view of a thernoelectric
cooler with enhanced structured interfaces is depicted in accordance with

t he presavdor4mesnti on. Thernoel ectric cool er 200 i ncl udesPaTIGRAI/03108r ce 226
fromwhich, with current I flowing as 6¢ndicated, heat is extracted and
delivered to heat sink 202. Heat source 226 may be thermally coupled to a
substance that is desired to be cooled. Heat sink 202 may be thermally
coupl ed to devices such as, for exanple, a heat pipe, fins, and/or a
condensafi0n tilhai Oco%ééemw A he hepbsdeuRved toaioabeal: spyres 226 and/ or
further cool heat source 226.” Heat source 226 is conprised of p- type doped
si | i con. coanenodre c2ebetworherid| hy oupPEIIER” et §hEraciFés* & 2Re ofh
~regions 224 nangka228s Aenbé Rt udd. 7. Mratype thegé s, 23k ammaa&f&&elaic@ct rical
conducting as well as bei ng good thernal conductors.

of
regi ons 2245 a3di9ve £8 e Z19EFePS T b i ?l??rﬁé‘ékfessb 15‘ét7226T§uch that no
current éffiwselrst weernpheatorpoasce 226 igathtesroyiapprx2R4tediydo 222, Thehus

pr O\él di ngfélg:%e@éﬁgkré&%bn&%@tmﬁm@élelaeaic ST ey gafehf é@rﬂh@hﬁfetldébﬁgﬂc
conductors at _sin s.coppris pe. dope
silicon. §°°n|%n2%?uxell_:‘§’ thera YC(EZL)?JS %gp to §+ qir/lﬁgef(fopeg: silicon

regi ons waeaﬁ@l thg6et e ieRgye of efdlieéﬁ%elfﬁﬂr%(?nﬁoﬁﬁa—’sal;‘é sEFR FPRIA By tO
conduct i agnperd @eadvideer aahpreesitnt FefQgemachsoftid+figupe segeonts 204 and 206

and heat méé@%eZQ?crE%éEF o %z%\geélsechqﬁ ode ¢p f bgiumog%eeﬁgufrgoaﬁmpﬂmeen
the N+ type regions heat si nk grow t he

el ectri cafr i°SoPER4tEhH ’B“F‘nh%a%ans]i"?ﬂ?ci‘ﬁ?’ Cr oThE El?ﬁ rtF‘Eﬂ‘I‘OG&B ‘it %?°l 68."or e
i nf or mat berstabedittoebdcitere cile paw affbnieofy tdndr spBling taabecBookerdrany be
found i NcdhpResPaleRbeNGeratdd@,. 02/ 7178 PCT/ GBOL/ 05195 7 US6, 222, 113 Bl
entitled "Electrically Isolated Utra-Thin Substrates for Thernoel ectric
Cool ers" assigned to the International Business Machines ~ Corporation of
Ar nonk, New Ygi”kh ZREEFECB IO AL B Abet 059 §68E1AMRE st @hts of which are
her eby i ncompetattedc herc@en Wich aldanped posesturdtieimeethckorid depigrgdriver se

di odes WhtdhtnaqiPn Jh%gb%b%nE ouﬁrleﬁgicrd Cafle¥mbslcat £ coBUICEOF i20Buddsom
heat si nk 202 and coQ tors 2 8 220 fr mpleat sourced12a§eéshnot needed

i f the h8at®™i RRMSE62°% rﬁ’%é" 8 *He ohHSEPE A SR T VOFF om
undoped ﬁb@@ﬁé@taﬂﬁc@]{lyeéwdedﬂqaﬁgBSIM i289Hn. Hepweparce |2?5|"§lyvé¢y difficult

t 0 ensur endhal 1y eupidd €6Na issibetdrceetnacundopedred heref ebsled. henqutesence of
the revepge (i,0ges,pLOMk Qeg'ougge&hc% Hexf:]acfég Q.lchr £g] ¢ P? SARPLES LAk g%& si nk

202 and heat source 226 are ectrica i'sol at ed from conduct ors 218,
and 220. TAF%0 24O AoTANISBRAHOE P iEhE? FRBIRARETRA 881 FERPVSISEYAM PBRC usi ng
rever se dpeodes2pypnbéorfeatied otdlehemmyouréor2éxanpl e, by using p+ type
doped silicon and n- type doped silicon rather than the p- and n+ types
DDl o180 aneyhfl Mhulde 308 oSS LGl Shlle SELETL I kol AGPEA AN
hi ghly p_doped sem conducti erial erns n- p
as used R&f é13 th%f%&hlirucgﬁﬂiﬂg ﬁOdﬁpéaP%mpFﬁ? gﬁ%ELHP“p reRo8d %?éw%r?aac?# ng
mat eri al timpse&et | Wel yypeThegivne| 204 ahe¢ Q0BT 280k risalicohfidtihg «zO0RSIY UCti ON

to ther rraslﬁe%glgoo@oah&%aio&nhﬂc@xgureEach &p\&@varpe %c_fﬁégs 236, %{1%5’ type
Z04 sem %onduct or stru dr(3}@;1ral i nterfaces have been_repl aced wt
e

super | at tPE® £hETITHET B EEPURTAT B 2%1%5“?*1?*‘?56&" Sreeef ettPFcal Iy
coupl ed bytwdegchedtcapursendifc oot R208egHEnectz4 eall WBnduvisoprRA8imnyhbe f or ned
from pl aki&eypicst )isOlatidht &f Mahi WRlYce f220M QihET e & ONEHICLLNE-EBE LRI Shg SUCh
as, for gxanple, tungsten (w, nickel (N), or titanium copper nickel
(T|/Cu/N|§< metal filnms. A superlattice is a structure consisting of
alternating layers of two different sem conductor materials, each several
nanonet ers t hek: sThieramelenenprizkd o5 pcotgia depelsiTievhal tleebatinRgzdayer s
+of N-types seikaonduebingand) oLl Al altd Qﬁ&%ﬂe{éﬁkﬁé %8405ad DL MR emrent

212 is constructe élom al ternating lNayers of P-type senmiconducting

mat er i al SYPEZER B £he Fdyetss 265 e&F‘E'é"?‘ﬁ&H%gmﬁ‘é‘FéﬁlP%ll?dl P therrl
-t her noel epmvcsosl0 Bach REXN4 $yid meghonelet sandnegs khd deat Asisupred dbimce of
two sem gonduct angGie SRLELEals cb@l%nltomwst D& Jaeh &%nﬁp%%glllegm% z@&'dar{dhe

sanme el egl, i cgl Qnduqﬁtl Xity n alloy_conprisin same
2 th
sem condct ithg at us prov:l.gl ing the “electrical is lat:.on of heat

sink 202 from electrical conductor 208. More information about electrical

isolation of thermoelectric coolers may be found in U.S. patent No.



WO 021-t7178 PCT/ GB01/0s19S 8 In one enbodi nent, superlattice thernoel enent
21 2 conprises alternating |layers of p-type bisnuth chal cogenide naterials
such as, wonzexaspl e, alternating | ayers of Bi zTe3/ SbZTe3 PairtdBo1Ayess of

Bi o SSbl, STe,, and the superlattice of7thernoel enent 210 conpri ses
alternating | ayers of n-type bisnuth chal cogenide materials, such as, for
exanple, alternating |layers of Bi2Te3, wth |layers of Bi2Se3, . OQher types
of sem conducting materials nmay be used for superlattices for

t her noel eseent s, 1A30paRdc 2 12dasE ek ticafoy Bvaapdepl tat-hetn Shastdakssnfdy

chal cogepi de DRl eLialSe1d e sipaphat theas QhedNet (MEh epRNLSs2 M-RML212 My
be constructed from cobalt antind oy, Skgtt%\,\ﬁd' teg‘]rga % ailgé)9 ‘l;herm)el ectric

-cool er 260P8F3GoPnet lf‘dr@%nktl pev 2@5 tH¥o iR | car’edffent | passes
i nt o t herorsehehedt wiRith ared hehelty ﬁ?i‘éfmpphefr%b?@#éniornél inEBeeGnduct or 218.
Ti ps 250 includes n+ type sem conductor 222 and 224 formed into pointed
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Thermoelement 210 is constructed from alternating layexrs of N-type
semiconducting materials and the superlattice of thermoelement 212 is
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, A, and the same electrical

conductivity, 0, as an alloy comprising the same two semiconducting

materials.




have a very high thermal conductivity, i1, making themnormally
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enbodi nent, conical angles of 45 degrees for the tip, as depicted in Figure
4A, have been chosen, since such angle is in the mddle of possible ranges
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ti ps 650masitdepi &t edetragnskigure 6. Tips 650 have all netal cones 61B and
620. In the depicted enbodi nent, cones 618 and 620 are constructed from
copper and haXIe aln!:c eln oger coat a er 660 agd 662. Therpoel ectric cool er
600 i s identiCal Yo THerfostFast 1 & coBIvaPtHTG i AT 5CHBIC rasldy sSuch
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structure as do regions 224 and 222 do in Figure 2. N+ type doped silicon
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performed by regions 224 and 222 in Figure 2. Several nethods may be
utilized to formthe all netal cones as depicted in Figure 6. For exanple,
with reference nowto Figure 7, a cross-sectional view of a sacrificial
silicon tenplate that may be used for forming all metal tips is depicted in
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The silicon sacrificial tenplate is then coated with a thin sputtered |ayer
of seed netal, such as, for exanple, titaniumor platinum (step 804).

Ti t ani umwe opnef7gr abl e since platinumforns slightly nore proaveBadsigsps t han
titanium which is very conformng to ¥he conical pits. Next, copper is

el ectrochem cally deposited to fill the valleys (conical pits) in the
sacrificial silicon tenplate. (step 806). The top surface of the copper is
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for exa ni ckel (step 1006). The second netal coating over the all

nmetal cones may then be coated with an ultra-thin |ayer of thernoelectric
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Fi gure ldoo asCdfpesxsfilhonal n¥ihsw.ofs a thermoel ectric cooler with enhanced
structural interfaces in which the thernoelectric material rather than the

metal conducting layer is formed into tips at the interface is depicted in
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1116. Thus, heat is transferred fromthe coI d plate 1116 through conductors
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exenpl ary nmethod of fabricating a thernoelectric cooler, such as, for
exanpl e, thernoelectric cooler 1100 in Figure 11, is depicted in accordance
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In a thernoel ectric power generator 1500, rather than running current

t hrough the thernoel ectric device froma power source 102 as WO 02/-47178
PCT/ GBOLAM®®3997138 indicated in Figure 1, a tenperature di fekar@mtijoalos TH- TL,
is created across the thernoel ectric device 1500. Such tenperature
differential, TH TL, induces a current flow, |, as indicated in Figure 15
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isolation function performed by regions 224 and 222 in Figure 2.

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

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



WO 02/ 7178 PCTI GBU / US19S 20 CLAIMS 1.. A thernoel ectric device,

conpri si

ng: a planar electrical conductor; and a thernoel enent conposed

a ther noav@ot/wiics material configured with a plurality of tcpsBehishsare
electrically coupled to the el ectricali3conductor. 2. A thernoelectric
device as recited in claim1l, wherein the thernoelectric material is a
single crystalline material. 3. A thernoelectric device as recited in c
|, wherein the thernoelectric material is a polycrystalline material. 4.
t her moel Ralr (ScPevdne asnilLhby b ﬂcﬁhecbfyllamcbmbmeliﬁt et ke ehenimgel ectric

mat eri al
t her npel

-mat eri al
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metal cones produced in this ‘manner may then be covered with a coat of
another metal, such as, for example, nickel or titanium and then with an
ultra-thin layer of thermoelectric material. The nickel or titanium
overcoat aids in electrodeposition of the thermoelectric material

overcoat.

[One advantage to this method of producing all metal cones is that
the mold that i1s produced is reusable. The mold may be reused up to
around 10 times before the mold degrades and becomes unusable.] Forming a
template in this manner is very well controlled and produces very uniform
all metal conical tips since silicon etching is very predictable and can

calculate slopes of the pits and sharpness of the cones produced to a very
few nanometers.

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

with a direct electrochemical etching method.

With reference now to Figure 10, a flowchart illustrating an exemplary
method of forming all metal cones using photoresist is depicted in
accordance with the present invention. To begin, small sections of
photoresist are patterned over a metal layer, such as copper, of a partially
fabricated thermoelectric 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

of
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11. A thernoelectric device as recited in any of clains 1 to 8, wherein
extremties of the plurality of tips are nomnally wthin | 00 nanoneters of
a nearestwaorirare of the electrical conductor. 12. A ther ROEIGHIIWOFOSdevi ce
as recited in any preceding claim whd#ein the thernoelectric device is a

t hernmoel ectric cooler. 13. A thernoelectric device as recited in any of
clains 1 to 11) wherein the thernoelectric device is a thernoelectric

el ectric power generator. 14. A nethod of fabricating a thernoel ectric
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pol ycr ystidrnbacratelbpér of 7theAt et had basfareed twbdch magmnysedf ilkai s 14 to
16, E hﬁ §ﬁeer909{ec@1»9@ Ideglctehes&@lcggld f§H rdxags of ulta}a?&mwmbs@wﬂ €00. The
crystallipe nate ses form an_el ectraocheni c c

met hod a%ﬂr BEFtle SOTWaEnﬁ/rEB cﬁrﬁg sd ttﬁgsl?]amv%era ern the t 1efr°%‘¥6'e1bs tgl Sae 1
devi ce | Broduredissing the tirchadef bettrreet dbl Boura @ AI¥BY Hod TAlS F‘@E*Hded |n
any of chbaidhtily ikockbépesMans eitdréfiaet higr boe! estan cmgtevite fastdrormayseeian a
t her noel gty hes £L68d HeEnddpWer generator. 20. A systemof fabricating a

t hernoel ectric device having ' thernoelements with tipped interfaces) the
system conprising: means for bonding a first surface of a thernoelectric
crystal |l i ne nberdericisd Bethodal ofelfebticglieng aliymegel FPrgs PFEF ©BOLY0519s 22

examples. Other methods may be used as well to fabricate all metal cones
for use with thermoelectric coolers. Furthermore, other types of metals

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

With reference now to Figure 1ll, a cross-sectional view of a
thermoelectric cooler with enhanced structural interfaces in which the
thermoelectric material rather than the metal conducting layer is formed
into tips at the interface is depicted in accordance with the present
invention. Thermoelectric cooler 1100 includes a cold plate 1116 and a
hot plate 1102, wherein the cold plate ig in thermal contact with the
substance that is to be cooled. Thermal conductors 1114 and 1118 provide
a thermal couple between electrical conducting plates 1112 and 1120
respectively. Thermal conductors 1114 and 1118 are constructed of heavily
n doped (n+) semiconducting material that provides electrical isolation
between cold plate 1116 and conductors 1112 and 1120 by forming reverse
biased diodes with the p- material of the cold plate 1116. Thus, heat is
transferred from the cold plate 1116 through conductors 1112 and 1120 and
eventually to hot plate 1102 from which it c¢an be dissipated without
allowing an electrical coupling between the thermoelectric cooler 1100 and
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
discussed above. Thermal conductors 1104 is also an n+ type doped

semiconducting material. Electrical conducting plates 1108, 1112, and



means for patterning a photoresist nmask onto a second surface of the
thernoel ectric crystalline material to define |locations of tips to be
formed; awdowenns for etching the second surface in the prPeIacmE/06fIst he
photoresist mask to forma plurality ofS tips in the thernoel ectric
crystalline material. 21. The systemas recited in claim?20, wherein. the
thernoel ectric crystalline material is a single crystal material. 22. The
systemas recited in claim20, wherein the thernoelectric crystalline
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controlling and stopping the etching process at appropriate times.

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

structures rather than single crystalline structures.

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

not in contact due to the deviations from a perfect plane of the opposing
surface.

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

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

In a thermoelectric power generator 1500, rather than running

current through the thermoelectric device from a power source 102 as
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of operation described in Figure 1

Therefore, other than replacing a power source 102 with a resistor
1502 and maintaining heat elements 1512 and 1516 and constant temperatures
Ty and T, respectively with heat sources Qu and Q. respectively,
thermoelectric device 1500 is identical in components to thermoelectric
device 102 in Figure 1. Thus, thermoelectric cooling device 1500 utilizes
p-type semiconductor 1504 and n-type semiconductor 1506 sandwiched between
poor electrical conductors 1508 that have good heat conducting properties.
Each of elements 1504, 1506, and 1508 correspond to elements 104, 106, and
108 respectively in Figure 1. Thermoelectric device 1500 also includes
electrical conductors 1510 and 1514 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
in Advanced Engineering Thermodynamics, 2nd Edition, by Adiran Bejan, John
Wiley & Sons, Inc., New York (1997), pp. 675-682, both of which are hereby
incorporated herein for all purposes.

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

The description of the present invention has been presented for
purposes of illustration and description, but is not intended to be
exhaustive or limited to the invention in the form disclosed. Many
modifications and variations will be apparent to those of ordinary skill
in the art. The embodiment was chosen and described in order to best
explain the principles of the invention, the practical application, and to

enable others of ordinary skill in the art to understand the invention for
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various embodiments with various medifications as are suited to the

particular use contemplated.
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CLAIMS

1. A thermcelectric device, comprising:

a planar electrical conductor; and

a thermcelement composed of a thermoelectric material configured
with a plurality of tips which are electrically coupled to the electrical

conductor.

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

thermoelectric material is a single crystalline material.

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

thermoelectric material is a polycrystalline material.

4. A thermoelectric device as recited in claim 1, wherein the
thermoelectric material comprises a superlattice of two thermoelectric

materials.

5. A thermoelectric device as recited in claim 4, wherein the two

thermoelectric materials comprise Bi, ;:8b; sTe; and Bi,Te,/Sb,Te;.

6. A thermoelectric device as recited in claim 4, wherein the two

thermoelectric materials comprise Bi.Te;.Se;: and Bi,Te,/Bi,Se,.

7. A thermoelectric device as recited in any preceding claim, wherein
the electrical conductor ig constructed from platinum.

8. A thermoelectric device as recited in any preceding claim, further
comprising a layer of thermoelectric material disposed on the electric
conductor, wherein the layer of thermoelectric material is comprised of

the same impurity type thermoelectric material as the thermoelement.

9. A thermoelectric device as recited in any preceding claim, wherein
at least one of the plurality of tips is in physical contact with a
surface of the electrical conductor,

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

at least one of the plurality of tips is not in physical contact with a
surface of the electrical conductor.
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i1. A thermoelectric device as recited in any of claims 1 to 8, wherein
extremities of the plurality of tips are nominally within 100 nanometers

of a nearest surface of the electrical conductor.

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

the thermoelectric device is a thermoelectric cooler.

13. A thermoelectric device as recited in any of claims 1 to 11, wherein

the thermoelectric device is a thermoelectric electric power generator.

14. A method of fabricating a thermoelectric device having
thermoelements with tipped interfaces, the method comprising:

bonding a firsé surface of a thermoelectric crystalline material to
a metal electrode;

patterning a photoresist mask onto a second surface of the
thermoelectric crystalline material to define locations of tips to be
formed; and

etching the second surface in the presence of the photoresist mask

to form a plurality of tips in the thermoelectric crystalline material,

15. A method as recited in claim 14, wherein the thermoelectric

crystalline material is a single crystal material.

16, A method as recited in claim 14, wherein the thermoelectric

crystalline material is a polycrystalline material,

17. A method as recited in any of claims 14 to 16, the step of etching
the second surface of the thermoelectric crystalline material comprises
performing an electrochemical etch.

18. A method as recited in any of claims 14 to 17, wherein the

thermoelectric device is for use in a thermoelectric cooler.

19. A method as recited in any of claims 14 to 17, wherein the
thermoelectric device is for use in a thermoelectric electric power
generator.

20, A system of fabricating a thermoelectric device having

thermoelements with tipped interfaces, the system comprising:

means for bonding a first surface of a thermoelectric crystalline
material to a metal electrode;
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means for etching the second surface in the presence of the
photoresist mask to form a plurality of tips in the thermoelectric

crystalline material.

21. The system as recited in claim 20, wherein the thermoelectric
crystalline material is a single crystal material.

22. The system as recited in claim 20, wherein the thermoelectric

crystalline material is a polycrystalline material.

23, The system as recited in claim 20, the means for etching the second
surface of the thermoelectric crystalline material comprises performing an
electrochemical etch.

24. The system as recited in claim 20, wherein the thermoelectric device

is for use in a thermoelectric cooler.

25. The system as recited in claim 20, wherein the thermoelectric device

is for use in a thermoelectric electric power generator.



