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OF THE | NVENTI ON *166166* 1.. Technical Fields *@0002* The presen
invention rewai @xu7t® thernoel ectric devices for, for exanpogcpeoMibig
substances such as integrated circuit chips, and nore particul arly,

al t hough not exclusively, the present invention relates to thernoelectric

coolers. 2. Description of Related Art: As the speed of co ues
to increase, the anmount of heat generat ed by the cirecui tsnmn"mlmﬂﬂmmm"mr
conputers continues to increase. %'% ¢ircuits and applicatjons,

i ncreased heat degrades the perfoTW@ ¢ PREE8nput er . These ¢l fcuits

need to be cooled in order to performnost efficiently. In many | ow end
conput ers, such as personal conputers, the conputer may be cool ed nerely

computer's. Sueh as o m TraneeChat perform at faster’ spiIUMAIAN

generate mua fedwibLekielidnese solutions are not viable. Currewdoy MaNYy
main frames utilize vapor conpression coolers to cool the conputer.” These
vapor conpression coolers performessentially the same as the central air
condi ti oni ng uni RSN IERTI RO atesHBRdRTIoclRgssEc deTiseeESorfogool er s
are quite neehupiesatdalienrphsteatesdsuch eguilstiegrptiedsalratitonhipad sdaeseset hat

muSt run to paati@ilsrpar &4:helight A BR10eivbLHehd Profder i ont3oR rel s to
particul ar ahgasedibadridr&oinst susceptible to decreased performance due to
overheating. A nuch sinpler and cheaper type of cooler is a thernoelectric
cool er. ThernDeIectrlc coolers utilize a physical principle known as the
Pel tier Effdct I RECBIPIDREE! 8F%* from a power source is applied across
two dissimlar materials causing heat to be absorbed at the junction of

the two di ssiml| @ tret epded| f. cohipusarst dvathe@at tioSitiaanees defd abuat Et heat

subst ance anr@nsratelayt Emﬁﬂﬂﬁﬂ.@wi&iﬁ tﬂ@aéomﬁlhﬁkfst&mbﬁmdb S:%' RRLELbe. hi%;:eby
cooling the gl SURSHANGR- apbh EEAPELLC c&&sQQ e ae gct s pga:!cgra,{aﬁé’e oM thin

an int egr at Q:gxecégm%}iltl_é[r Chllhgsea grc”?ys need to coo&. ord ¥ to perform most

_ efficiently. 1In 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 main frames, that perform
at faster spagds 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 esseantially
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
decreaded performance due to overheating.

A much simpler and cheaper type of cooler is a thermoslectric
coclexr. Thermoelectric coolars utilize a physical principle known as the
Peltier Effect, by which DC current from a power scurce is applied across

" two digsimiler 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 digeipated, 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 raquired by
vapor compression coolers.
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@B01051- - 5 SEP 7005 2 However, current 4 hernoelectric coolers are not as
efficient as vapor conpression coolers requiring nore power to be expended
to achieve the same anmount of cooling. Furthernore, current thernoelectric
coolers are not capable of cooling substances as greatly as vapor
conpressi on coddwerer, Theraftorksrmaet drsraoeicoders areoviters witthciapr esed
efficiencyapbd chiRobidi@nCaRacts YraWRitiGgbfodesbhabhe KO kpalae@ordld 5ated
vapor congy %Sgém ﬁmgunQ:l co%?yxﬁpbguz%hle%onrfaef, egurfreg[:né} rmc:feletc%rI n;‘ira |0n

appl i cati ons,
managenentarsf n%tcaE‘ﬁtPlﬁs"f WOlmh?@&FF%rﬁscSF%ﬁﬁlysas YRBPRICOBPTRESALW | t e
heads, optdooaérsaandThasetvre, daviicespebstdr it tcpobdx wéth efbirgesd el DIt isnst edmd
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device. In one hggtome e t er noel ctr% devi ce 1 ncl.udes

portion of°8 e"fsngf Sr'r%lrﬁ"llé?ﬁf E‘E’bﬁ’ﬂﬁl SPET G B PhaPR HERFDWSendRt? The
first porsiofProfxarrdet H@rlﬁoé#@?emmnuﬁemertmma} rgkeeent of shdforchpbat &F
The secordmpatiichoibrokiacdiber mehenenireddywi-hes mehdy, optptadahd 1ase0l d

plate. Oagvided, hﬁné lal8imcdRR e SREPELARCEL] QYStas .t he thernel . ement
conprises a plurality of tips and the other one of the first and second

portions of the thernoel enent conprises a substantially planar surface.
The tips SHEPPRhEF SHFIRATTa?™ y pl anar surface are arranged in proximty
such that the first and second portions of the thernoel enent are

el ectrically cObpleagsenedoventignt orayvadesmigpteermoplediariprdaydne. | Fpents on,
there is proadithedt, ankharermedlerenic kevids entTudast hepigbel@etic odexi ce, the

ther noel eRRBino ¢ ORFH: §M‘91 sé‘anHrﬁ&r&@ﬁtdfoﬂhgfthk%é\j%ﬁleﬁct I ipfe @EEE' al
havi ng a _subst ang | %I surf

I a
t her moel eBETTE™ Rat erléfeorﬁlogfmnt 3 %hé"fma? oc1‘°uf> cm‘m °§ %lattﬁe g@i}ﬁal ity
of tips aPeconst BRI eret & F‘I*f%m‘%b%‘te&ﬁt+salth?n?5‘lléha‘?°u§&?¢ é@eas‘iﬂiﬁ P

el ectri caphg ofcohefitsvengatdroer | sirsitmet weethet hiernoedémentdcagodnds porti ons

of the theirmetecds ltgpmh@rml oG VALIRI fhd erid RRad&HBGREQoRRVE an
effective  l iR LRAUGS LESSE0AD ABPLOXL IPLELY 2000 eace. The tips and
the substantially planar surface are arranged in proximity such that the

first and second portions of the thermoelement are electrically coupled.

According to one aspect of the present invention, there is provided
a thermoelement for use in a thermoelectric device, the thermoelement
comprising: a first portion of thermoelectric material having a
"substantially planar surface; and a second portion of thermoelectric
materi;l having a plurality of tips; wherein the plurality of tips are
prb;imate to the substantially planar surface such thét an electrically
conductive path exists between the first and second portions of the
thermoelectric material and Wherein theé tips are made to have an effective
tip radius of less than approximately 500nm.
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2005 «where rality of tips are proxinmate to the substant | aI ly pl a,nglrc;gp 2005
surface’such that an electrica ive path exists between the first an
second portions of the thernpelectric nmateria BRI EF DESCRI PTI ON OF THE
DRAW NGS The novel features bel i eved characteristic of the invention are
set forth<F=the—appe . TOTEY e
as a preferredBgeror 22 tl@ﬁj%’fﬁipﬁ%’él“&ﬁl %fﬁ\'i%t%\ﬁ’é%a‘i"rf&lééif
will bestplbeanrmlmfsd:e)csdcbythlaefer ehee i oatiyesdmluciwe padetadiked kchemeen ption
of 10 an idhkugifat bie Lubadigeiionwhen 58 3h ol o 120k HIC b OB THTE
acconpanying draw ngs, wherein. Fi gure T deprcts a nign-Tevelr bl ock
di agram of_a_Ther noel ectric CooI i n TEC) device in accordance with the
prior art PREFGARICBIRIFON Q5 THE lg%gect i onal view of a thernpelectric
codler 15 with enhanced structured interfaces in accordance with the
present i nventThennowlgfiearuges disilievedachiragberistew of thtaimveeteut rre sool er
200 in Fifgute id khe agpeRdanetaitkst h dHaeifUeas et ikHMEN hoWbvell Y @18 AanRd
4B dopl Cf SREEQIRASREd 9PAleal! AL JiDS DRl ica80 IIRLEIENLES, 85 0N

of tips 2 ure i n accor ance w t resent - 1mention rgure 5
depi cts abEFBs‘%e é‘é@"?ﬁ%ﬂ&‘i‘ Ry ’é%ﬁrFPf%ttPa'E}}%§°Jc]f?é’lF%rﬂ?é?éjc‘“tﬂ' ges¢Riptdonfot, tjp
nddr to aasupeiusaritioe ermbodéuartdanere repd Hnt benjpnesiemt witn\eéat aaempbyiFogur e
6 depi ct s adakies weglienal view of a thernoelectric cooler wth enhanced

structured intgrface %ﬂil@té'i hrfgﬁalevLipn%ocf? ﬁ%&?&g ?Cg Welfloe A€, PL eSent

I nvention; Flgure epi ct I onal sacriricla SI|ICOn

tenpl ate Ferlimgr ATHY QFYl%t‘%Ia"FPb‘?ﬂcﬁ %Bo?llfaﬁﬁé°watrﬁ the present 30
i nvention; Fi gideue depemiicss aa fdroswe sartidnkl usitewadf g thermeed aptrdey coeltdrod of

prgduci ngwaéﬂ MBhAdeL QRS tUSEN A nBeSacbs O 88kdriahhed @ik alHal Bt&schi

invention;

Figure 3 depicts a planer view of thermoelectric cooler 200 in
Figure 2 in accordance with the present ihvention;

Figures 4A and 4B depicts cross sectional views of tips that may be

20 implemented as one of tips 250 in Figure 2 in accordance with the present
invention;

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

25 FPigure 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

30 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

35 using patterned photoresist in accordance with the present invention;

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

Pigure 1l depicts a cross-sectional view of a thermoelectric cooler

40 with enhanced structural interfaces in which the thermoelectric material

AMENDED SHEET



accordance with the present invention; Figure 9 depicts a cross secg @B%
view.of all nmetal cones fornmed 35 using patterned photoresist in 05
accordance Wobv4m® present invention; Figure 10 depi ct sper/GBoveshar t
illustrating an exenplary nmethod of fo#mng all metal cones using
photoresi st in accordance with the present invention; Figure 11 depicts a
cross-sectional view of a thernoelectric cooler 40 with enhanced
structural interfaces in which the thernoelectric material AVENDED SHEET -
5 SEP 2005 WD 02/47179 PCT/GB01/05194 4 rather than the netal conducting
| ayer is fofNed™ied Drgetal PRt 19 WYPRFE T8 dBFU&MRe At the present
i nvention; hﬂgamf%celzn deprrdercegwithotienriesesy fapepedaniing an exenpl ary net hod
of fabricating mguberrDidpectisr a Clowbbhet illusattanglanceenbldrytfeehqt esent

i nvention; Eaﬂ%m;é el rmbs1 e@t QL0831 5L ¢h | 2BMaakdeA @Mt hd bbsdehat i Ng the
posi tioni ng, 9 %Aor esi st necessary to produce ti ps in a thernoelectric

mat eri al ; F| gure depicts a di agram show ng a cold t above a
surface for usée® jlgﬁr%lj'? fﬁ?élaeﬁf FeAeehiorat d??qrﬁ'%tlﬂ'h‘fﬁ%ﬁbtqf‘ﬁéh ositioning of
the tip rebesitianipg of frhosepesistenscassacy dpdrmduseviiph inhe theawekectrirvent i on;
and Figure d&etityii;cts a schematic di agram of a thernoel ectric power

generat or.  DETAI juigRe DESGRLEH:ON ey hiEa B ERGED BVBEDL =MW higbrdevel
plock di ag gy Qe 3;;1%59@1%15&%&&&%%994 ey qulﬁgitiogt@gchrtqgr\ﬁ? with

the prior art Cc00 JlﬂC
cufrent is

[
nowh pri noFRIEYS Co LR Y EAFer HEARBFTIAce HeP dhe Prepetin e
appl i ed across tﬂ@“ﬂ? 38ideplae MEcRrrhlcs dtagran 9§ HERermPelasEricaBMRThed at t he
junction of gédegataxo dissimlar naterials. A typical known thernoelectric
cooling device 100 utilizes p-type sem conductor 104 and n-type

semi conduct pETatOdy seduivdrrbe brofiE exERERo M eMeeb el i cal conductors 108, that
have good heat conducting properties, and electrical conductors 110 and

114. N-type sem conductor 106 has an excess of electrons, l e p-type

seni conduct or 10% PA% 18vedePiock 14 89aE| A B rBfETCe pectists 6899&1“95‘6"5%@3‘1%}’2 i's
connect ed b&t REeFriphee viwh Bleeptior cirlt oAeRictest 4n Figure 1. Thermoelectric
cooling, a well known principle, is based on the Peltier.Effect, in which

DC current 1g applied across two dissimilar materials causing heat to be
absorbed at the junction of the two dissimilar materials.

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

Ag electrons wove 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 hag the effect of
transferring heat energy from heat source 113 via electron flow through
n-~-type semiconductor 106 and electrical conductor 114 to heat sink 116.
The electxons drop to a lower energy state and release the heat enexrgy in
eleatrical conductor 114.

The coefficlent of performance, M, of a cooling refrigerator, such
as thermoelectric cooler 100, is the ratio of the cooling capacity of the



114. AS el ectrons nove fromelectrical conductor 110 to n-type -

sem conductor 106, the energy state of the electrons is raised due 5095888{15
ener gy absoMse@/471%9m heat source 112. This process has t RCEEBEHSIY of
transferring heat energy fromheat sou¥ce 112 via electron flow through
n-type sem conductor 106 and el ectrical conductor 114 to heat sink 116.

. The electrons drop to a |l ower energy state and rel ease the heat energy in
el ectrical conductor 114. The coefficient of performance, 71, of a cooling

refrigerator, suc as, the lectrigc c [ gl el [ he

ool | ng. CapBErioeYon, RO G0 5 17eE B %ﬁﬁ*%%égﬁ et i ety

ref ri ger at otud e et HiFienfe of Reaforpatte: 1t SALIDY 8% 8P R® refri gerat or.
Thus the coefficient of performance is given by the equation: alT _!12R-KKT
n- 12R+ al/T where the termalT0 is flue to the thernoel ectric cooling,

the termM2R is due to Joul e headlyrgs FRKKABw, the term KIT is due to

t hermal conduction, the term|gR+ —Joul e | oss, the termal4T is
. . S[%e{yjﬁr . S

due to work done against the Peltier T e, ais the Seebeck coefficient
for the material, Kis the thermal conductivity of the Peltier chevi ce, T.
is the temfferarthedest Hheindse Oothe EReTar sRF 1 SPhddi FiteF ¥lcE T 5t he
t enper at ur es@f td BeuReRda SR el 6 MeFb thhe ki Apeuatisr ehegfral kendveatonsi nk.
The maxi num coef fi gient , of foromance,.i s, derj ORLT g t he
current, | ,thﬁn rf“sf;éii\?e%u 3‘???{% b sévﬁhr?gterzgl %ﬁgina?xﬁg gLT‘%‘lf' d% ® (AT ~) y+1
wher e the parimet bre Pelanr beleagpr @b edhaFepbackigpeffictentyfor thipere O is the
el ectrical GeBEUE! i Witk YenaNheAnd1Scdragetihetynat taonduetel vidvyce Theiefthkci ency
factor of the refrige ors s given_hy e uat.on. . T igure of nerit,
27 S g veIrBY AT Sh e Bt U s 1§ GfrkRned 16 died

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

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

T
(&) 4
Tss =\ A7 | 741

where the parameter ¥ can be expressed as

2
y:Jl-}-a G(M)

A 2

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

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

Y- hT
y+1

The figure of merit, 2T, is given by the eguation:



a2aT A - 5 SFP 2005 PCT/ GB01/05194 where thermal conductivity 2 is
conposed of two conponents: X., the conponent due to el ectrons, and SEPt?05
conponent dueobm4titse | attice and T is the nmean of tenperacwcnmﬂﬁumand T1,.
Therefore, the maxi num efficiency, e, 6is achieved as the figure of nerit,
ZT, approaches infinity. The efficiency of vapor conpressor refrigerators
is approximately 0.3. The efficiency of conventional thernoelectric

cool ers, such as thernoelectric cooler 100 in Figure 1, is typically |less
than 0.1. Therefore, to increase the efficiency of thernoelectric coolers
to such a range as to conpete with vapor conpression refrigerators, the
figure.of nmerit, ZT, nust be increa _gEbreater than 2. If a value for
the figure of merit, ZT, of greater Thani can be achieved, then the
thernoel ectric coolers may be staged to achieve the same efficiency and
cooling capacity as vapor conpression refrigerators. Wth reference to
Figure 2, avwhewssherdel icORBICtiNiew dote gompased (PdetuectIperegbdi et vi®h enhanced

struct ur ed Bk AC @8e ItS dﬁetf&leﬁ ab8 A, ACEO cdREALnINehd) tb e PIa@ELHY and T
| nvention. Thernoel ectyic %QQtu%s 2190 d @C' U'Haeﬁefo? h%ﬁ& e)%?ract e%@?iewm

whi ch, wi t h*8ufe®™ °% I8 as if
del i vered t & Heatchdpyad Q@Zhe Héaqreseﬁmeeitzzwl nwrh@‘hef HefyrdFYy Erupled to a
subst ance t katidisndesi Magbd GoldRee0| Rdriddeaiorsiiakapp2OdimaBaiybe. st hemeal | vy

coupled to deyicqeﬁcysumo@&mmgl ha e Cact @1 18881 eRh PBuch bk NBermdBTRE1at
condensat i on unit 1(f ﬁe'ﬁémaieit. g%bﬁgéy LerPYRd, %2§m$h%§£for§o%ce 226

and/ or furtfer coo at 'source sour ce rised of p-

type doped §Ff’feé‘5ﬁ theesitietsnre 8* t’é‘?’émfé“ttﬁé‘i FBPYeF® FOUPICB P £8°H+21 yBe doped
silicon regicomeets 2uithitdroD zomgfresyiop srefisimeratere y hoe rfdgingnet pouitandf 222 are
el ectrical owmdwetinegemsdwel §reats: binng. gONG trdleenmlr gentigntos. meEach of N+
type regi ongr2ask t2122harif OrdiB 1 LeMEISE ElcadteViidindlaakt 30 WosEerd2faysuch

that no cur E)gnét ach?éx)@e E@r%t e&gy{eg ?aﬁg c%gging gitgr%ser ngAb and 222,

t hus providi n‘go ec ri c I'sol ation of heat source 27 m el ectri cal
conductors 2% rﬁﬁﬁ““z’ﬁr 955881 nk 202 is conprised of p- type doped

silicon. Heat sink 202 is thermally coupled to n+ type doped silicon
regi ons 204 and PO8: riderenogpec Flaprerls 204osmnded@enadr viey| eterically
conducti ng anékngeng:tiirekdiler with enhanced structured interfaces is depicted in

accordance with the present invention., Thermoelectric cooler 200 inaludes
a heat source 226 from which, with current I flowing as indicated, heat is
extracted and delivered to heat eink 202. Heat gource 226 may be
thermally coupled to a substance that is desired to be cooled. Heat sink
202 may be thermally coupled to devices such as, for example, a heat pipe,
fins, and/or a condensation unit to dimsipate tha heat removed from heat
source 226 and/or further cool heat souxrce 226.

*

Heat source 226 is comprised of p- type doped silicon. Heat source
226 is thermally coupled to n+ type doped silicon regions 224 and 23232 of
tips 250. N+ type regions 224 and 222 are electrical gonducting as well
as being good thermal conductors. BEach of N+ type regions 224 and 222
forms a reverse diode with heat source 226 such that no current flows
betweeﬁ_heat source 226 and n+ regions 224 and 222, thus providing the
electrical isolation of heat source 226 from electrical conductors 218 and -
220,

Heat sink 202 is comprised of p- type doped silicon. Heat sink 202
is thermally coupled to n+ type doped asilicon regione 204 and 206. N+
type regions 204 and 206 are eiectrically conducting and good thermal
conductors. Each of N+ type regions 204 and 206 and heat gink 202 forme a



conductors. Each of N+ type regions 204 and 206 and heat sink 202 fot WEP 2005
SEP 2005 WO 02/ 47179 PCT/ GB01/ 05194 7 reverse diode so that no current
flows bet weeMOOH&1IT+ type regions 204 and 206 and heat sPoORGBASsighus
providing the electrical isolation of fAeat sink 202 fromelectrical
conductor 208. Moire information about electrical isolation of

t hernoel ectric coolers may be found in U S. Patent No. US6, 222,113 Bl
entitled "Electrically Isolated Utra-Thin Substrates for Therm)el ectric
Cool ers" assigned to the international_ Business Nachi nes goration of

Armonk, New*PBYR® &89 PP d42bA° CBEETYef 1 Y® PROYRF™ tiTe™ E¥Rt ERTS Bi2%MEh are
her eby i ncokporat dgaheies A0F.0khygl Prqyempas@y ﬁrﬁhb‘-‘ﬂ{%bdﬂp%ﬁtifmpmmtreverse
di odes Wit hsink aog zpom EEGiANG]Lt@nd@teE 208 CaMbie LAt o aBeLC bDdct20R1f r om
heat sink 2@&1%@%&95"1&4&&8&&::29& c@digre?%gy b OLAE AL $.QUMGRek2Ro] S NOL
neoded I LB 182 0 0 AN el oy AU S8, L LR NS ELEL £ el Y

from undope
difficult td %’H@%ﬁaét‘fiﬁa?mﬁﬁ”é" sﬁ“FiLQﬂﬁ‘H % F‘i“?aévvia?ﬂ}obﬁt}ne%ﬂ?‘é‘%?% t he

presence of Cetperatdgercferrngiipdliey Perky pefbdilpd erhBeqewbeind, 999 ef§bons ensures
t hat heat steiceRO2 ofindiicthesd hewiy Cinc2ziorated idreli Ebcall pursekat ed from
conductors 208, 218, and 220. Also, it should be noted that the sane

el ectrical i sol afyd Qeelasmgfoﬁn@ygegé«%rgé%%@eswn% Qﬁdegtexq 2djedo Ways, for

exanpl e, ed |I|con r at her
thagpt he p- egenc r%’fg% g‘ghtﬁle F%“tcé%” zﬁgr‘t’%?‘ﬁ%t ﬁir&yg% ‘P"?\% UGE¥F fET ei n,
refer to hi &t $2%h fﬁﬁbé‘ﬁat 8?chhl’dﬁlif W%Bﬁdd%nﬁ*@omcfﬁﬂﬁgz%ﬁﬁ hegt
respecti vel yourfher26 exrebcanstgugtied patiraly dseduwiiepel nen-pheerxicghy| y n doped
and |ightlycshadoped si3€68nCOomnduslel NGB 08dyalis seeSNRCEd Uddute thReruNREl ectric
cool er 200 amssﬂnilgagntmlgqaaweuct 18B-deBre | DG/ PRALAGS bE G QRLELse100 I
Figure 1. l_g es rov p1:|e aggﬁp-stzydpl e ?nsures tlglc{ngecti[ OInk %J UCt ral

i nterfaces ave een re at enen S ructures
210 and 212P%afafogre ’éFé&”’E’ rﬁlé'é‘i‘liﬁajéﬁu%%ﬁeﬁyfmél“é’&?‘l“ite%ﬁ 2eHnétiot #rd 208.

El ectrical #¥ndukieer i208wnl bpacteat neat £ pmmepblackrivl (fBb}atden using

al ter nat i vetaterkd ampakher, KoBtdattd RGhdBWe), afok, exabiple, asy usfngl pLXgsd! e,

tungsten (ViapeRi £ 8on( Ma n- @Ypd bl 411 EAPPEIne PGk tne (pUI AfaUuA N pdt al

films. A supgnlaldi Gl Sxfe Ua‘iﬁtﬁk ascqgéa gsg ng, ok eaJL &%&g GBYET S of
(-]

tWo di fferent conduct.or , evera nano |ck
nd gfgﬂl oped semicon uct ng matar1a1 respectively. erms n- and

p~, a8 used herein, mean lightly n doped and lightly p doped
semiconducting material respectively.

Thermoelactric cooler 200 is similar in construction to
thermoelectric cooler 100_in Figure 1. However, N-type 106 and P-type 104
semiconductor structural interfaces have been replaced with superlattice
thermoelement structures 210 and 212 that are electrically coupled by
elactrical conductor 208. Electrical conductor 208 may be formed from
platinum (Pt) or, alternatively, from other conducting materlals, such as,
for example, tungsten (W), nickel (Ni), or titanium copper nickel
(Ti/Cu/Ni) metal films.

A superlattice is a structure congisting of alternating layers of
two different semiconductor materials, each several nanometexs thick.
Thermoelement 210 is comstructed from alternating layers 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
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ni trogen. Otnbheténdat GLotings cdbéictoy ans .ngrigac2swontiicddsngs ltgpeer s 218 and
220 is a thighi d A& oL 228 SHACLRIML b IntPLE I AY Clftal M rddkBred GYE 4214 1S
formed from iP—t pe teri gh hg 1,09 o’gﬁheongac@nSeepe%a coeff|BC| fg_grt, a, as
the nearest Tayer ot -t he?Supet Fat tr¢e o ,ﬁern%e enerit’ 249 #%8 fihs 250.
Layer 216 i L*PERi%ePAFIHR TN t PP ntondiqtipg pataAchtte FRAtsTAYePSEERR AR

place of platinum include, for example, tungsten (W), nickel (Ni), and
titanium copper nickel (Ti/Cu/Ni) metal f£ilma. The areas between
and around the tipes 250 and thermoelectric materials 210 and 212 should be
evacuated or hermetically sealed with a gas such as, for example, dry
nitrogen.

On the ends of tips 250 covering the conducting layers 218 and 220
is a thin layer of semiconducting material 214 and 216. Layer 214 is
formed from a P-type material having the same Seebeck coefficlent, o, as
the nearegt layer of the superlattice of thermoelement 212 to tips 250.
Layer 216 is formed from an N-type material having the same Besbeck
coefficient, o, as the nearest layer of thermoelement 310 to tips 250.
Tha P-type thermoelactric overcoat layer 214 is necessary for
thermoeledtric cooler 200 to function since cooling occurs in the region
near the metal'where the electrons and holes are generated. The n-type
thermoelectric overcoat layer 216 is beneficial, because maximum cooling
occurs where the gradient (change) of the Seebeck coefficient is maximum.
The thermoelectric overcoat 214 for the P-type region is approximately 60
ntm thick. A specific thickness of the n-type thermcelectric overcoat 216
has yet to be fully refined, but it i& anticipated that it should be in a
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cooler 200 such that it is comparable to vapor compression refrigerators.

Another advantage of the cold point structure is that the electrons
are confined to dimensions smaller than the wavelength (corresponding to
their kinetic energy). This type of confinement increasges Ehé local
density of states available for transport and effectively increases the
Seebeck coefficient. Thus, by increasing " and decreasing 8, the figure of
merit 27T is increased.

Normal cooling capacity of conventional thermoelectric coolers, such
as illustrated in Figure 1, are capable .of producing a temperature
differential, AT, between the heat source and the heat sink of around 60
Kelvin., However, thermoelecttic cooler 200 ig capable of producing a
temperature differential of the order of 150 Kelvin. Thus, with two
thermoelectric coolers coupled to each other, cooling to temperatures in
the range of liquid Nitrogen (less than 100 Kelvin)} 1is possible. However,
different materials may need to be used for thermoelements 210 and 212.

For example, bismuth telluride has a very low o at low temperxature (i.e.
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Section 302 includes an array of conical tips 310 each covered with
a thin layer of n~-type material 308 of the same type as the nsareast layer
of the superlattice for thermoelement 210, Sectilon 304 includes an array
of conical tips 312 each covered with a thin layer of p-type matexial 314
of the same type as the nearest layer of the superlattice for
thermoelement 212, '

With reference now to Figures 4A and 4B, a cross sectional views of

tips that may be implemented as one of tips 250 in Figure 2 is depicted in

. accordance with the present invention. Tip 400 includes a silicon cone
that has been formed with a cone angle of approximately 35 degrees. A
thin layer 404 of conducting material, such as platinum (Pt), overcoats
the silicon 402. A thin layer of thermoelectric material 406 covers the
very end of the tip 400. The cone angle after all layers have been
degposited is approximately 45 degrees. Tﬁa effective tilp radius of tip
400 is spproximately 50 nanometers,

Tip 408 ig an alternative embodiment of a tip, such as one of tips
250. Tip 408 includes a silicon cone 414 with a conductive layer 412 and
thermoelectric material layer 410 over the point. However, tip 408 has &
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Thus, fabricating a thermoelectric cooler, such as, for éxample,
thermoeléctric cooler 200, 18 not extremely time comsuming, since only a
few layers of the superlattice must be formed rather than numerocus layers
which can be very time consuming. Thus, thermoceleatric cooler 200 can be
fabricated very thin (of the ordsr of 100 nanometers thick) in contrast to
prior art thermoelectric coolers which were of the oxder of 3 millimeters
or greater in thickness,

Other advantages of a thermoelectric cooler with pointed tip
interfaces in accordance with the present invention include minimization
of the thermal conductivity of the thermcelements, such as thermoelements
210 and 212 in Figura 2, at the tip interfaces. Also, .the
temperature/potential drope are localized to an area near the tips,
effectively achieving scaling to sub-100-nanometer lengths. Furthermore,
uging pointed tipe minimizee the number of layers for'superlattice growth
by effectively reducing the thermoelement lengths, The present invention
also permite electrodeposition of thin £ilm structures and avoids
flip-~chip bonds. The smaller dimensions allow for momolithic integration
of n-type and p-type thermoelements.
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materials 210 and 212 should be vacuum or hermetically sealed with a gas,
such ag, for example, dry nitrogen.

] Algo, as in Figure 2, heat source 226 is comprised of p-~ type doped
gsilicon. In contrast to Figure 2, however, heat scurce 226 is thermally
coupled to n+ type doped silicon regions 624 and 622 that do not form part
of the tipped structure 650 rather than to regions that do form paxt of
the tipped structure as do regions 224 and 222 do in Figure.z. N+ type
doped silicon regions 624 and 622 do still perform thé electrical
isolation function performed by regions 224 and 222 in Figure 2

Several methods may be utilized to form the all metal cones as
depicted in Pigure 6. For example, with reference now to Figure 7, a
croga-gectional view of a sacrificial gilicon template that may be used
for forming all metal tipe is deploted in accordance with the present '
invention. After the sacrificial silicon template 702 has been
congtructed having conical pits, a layer of metal may be depogited over
the template 702 to produce all metal cones 704. ALl meta; cones 704 may
then be used in thermoelectric cooler 600.
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very low, thus further increasing the efficiency of thernoelectric coofer
600 over thewvabyeady increased efficiency of thernoel ectrpcr/cpalogios200.

The areas surrounding tips 650 and betmeen tips 650 and thernoel ectric
materials 210 and 212 should be vacuumor hernetically sealed with a gas,
such as, for exanple, dry nitrogen. Also, as in Figure 2, heat source 226
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to the coni ellraptiis. iayblexi, theoppeeectrse ehegtaioc B ciakky odepssitwd to fill
the val | eySodiRBaC akds Ph teSpcurBadpBSitI AL ok fHnei tHerfidelLbt@c m@bFRiiat e. (step
806) . The tgp..ausf ace of , '

{One advantage to this method of producing all metal cones is that
the mold that ig produced is reusable. The mold may be reused up to
around 10 times before the mold degrades and becomes unusable.] Forming a
template in thisg 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 sharxrpness 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 502 formed using patternaed photoresist is depicted in accordance with
the present invention. In this method, a layer of metal 1s formed over the
bottom'portions of a partially fabricated thermoelectric cooler. A
patteined photoresist 904-908 is then used to fashion all metal cones 502
with a direct electrochemical etching method.

With refarence now to Figure 10, a flowchart illustrating an exemplary
mathod of forming all metal cones using photoresist is depicted in
accordance with the present invention. To begin, esmall sections of



the copper is then planarized (step 808). Methods of planarizing a lsn(ﬁ:
of metal are well known in the art. The silicon substrate is then re Edl005

by sel ecti vewetiehimg nmet hods wel |l known in the art (step ®t®cBoiomoal |
nmetal cones produced in this manner may t hen be covered with a coat of
anot her netal, such as, for exanple, nickel or titaniumand then with an
uItra thin Iayer of therm)el ectric material. The nickel or titanium
‘overcoat aids in electrodeposition of the thernoelectric materi al

over coat . e adv ta e t hi,s net ho roduci n | |
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tenpl ate i n mipie freaher 1062) veThe phdtoradat mat be datvrdngd ool woesrrgrraf uni f orm

all metal coRbcRhs tHaPngSiittereaidt MReRl 64UhNgrek SotVitoYork &t Gitabh &nand can
cal cul ate sl opes 6?{]“5&%9@85 fagf;? %E&“@&% QJ tﬁ41§11CR£\'.‘3a§ &Qaqgschemga very

f ew nanonet ers. S.0

wel | . For dXafpfermed ¢ fis BFEYc c’éheﬁor% ?%tqﬁ g%@ ﬁlec'émg]? mrslgé/légcfs Fhal view
of all metali00bokeProdmefesnar 0 ap Mgpiried dr Fa@ussndt oThesphotoresisfe i che® i n
accordance webtdvedtdnd recsipatod theemtli oetal |cndshnsy bigEnhiod costefl awth apbtheetal i s
formed over oebg, bQiht 4N p bipt, oficrRelDadtlep Alobs) . alne | RasXIndtaerdvaedmctri c

cool er. A \%@t&{]%@éﬂl %QLP’&&&JBSJ:angén%Q da%edt PeR éiﬁ@fl:r&&hfiﬁsﬂ&&n ogl | netal

cones 902 h”reference now

tching
to Figure ld:he’ﬁ“c’ﬂ%%h P‘?terf?flué'%eﬁt:nr)\ ar'lr?‘eXe il conef‘%\"/’\ééh f fornming all
metal cones HHeTIPQLaEIORERET SN FRe EHAS| WY ke F‘?F“‘gg(‘f'E’ch‘dEﬁafc‘és% ¥hat he present
i nventi-on. Theiygglertrimdeticeectdhons &fr WO, JhePdelaptrid cQipr 05 The
PCT/ GBO1/ 05194 mrlat @SS podtd Radiced Nadkay ehmibrn®isatot] &y enifostich BBee

copper, of %rQ@t.{cEEQJshzyg tmnéehgatlem&m@aqﬁl ﬁg&{d 8. CAQJeSLy, BMGInASoa

thernDeIectrlc C 00 100 qLoresi st [ray be
patterned i T an g?”gg D aﬁer aLntdl ons ’éﬁ/ ié %Prelgil)mg?xl\a}\?lerel R eac ﬁoar ea of

phot or esi st WRFE et y corresponds to areas in which tips to the all
metal cones are desired to be fornmed. The netal is then directly etched

el ect rochem cal | yh¢ Sepirted @@YYods @ Epfapdircgimoatls m@BR amesepeaiegdly N Fi gure
9. The phot exesiiek. | SthdiCRethb@TRMEBe A1BEH aBavell @5 Bibridaee allh w@talcos@nes may
t hen be ‘3oalf%g &Met&lﬁﬂnﬂﬂéhﬁgélectric coolers. Furthermore, other types of metals

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

With reference now to Figure 11, a cross-sectional view of a
thermoelectric cooler with enhanced structural interfaces in which the
thermoelectric material rather than the metal conducting layer is formed
into tips at the interface is depicted in accordance with the present
invention. Thermoelectric cooler 1100 includes a cold plate 1116 and a
hot plate 1102, wherein the cold plate is in thermal contact with the
substance that 1s to be cooled. Tharﬁal conductors 1114 and 1118 provide
a thermal couple between electrical conducting plates 1112 and 1120
regpectively. 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
biaged diodes with the p- material of the cold plate 1116. Thus, heat 1sg
transferred from the cold plate 1116 through conductors 1112 and 1120 and
eventually to hot plate 1102 from which it can be digsipated without '
allowing an electrical coupling between the thermoelectric cooler 1100 and
the substance that is to be cooled. &imilarly, thermal conductor 1104
provides a thermal comnection between electrical conducting plate 1108 and
hot plate 1102, while meintaining electrical lsolation between the hot



metal , such as, for exanple, nickel (step 1006). The second netal e6&alFPmgQ;
over the all nmetal cones may then be coated with an ultra-thin | ayer of

t her noel ect rwe@ 02/it1& i al (step 1008). Thus, all netal coneBCHGBOL/(A194

t hermoel ectric layer on the tips may b¥ 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

t hose produced using the nethod illustrated in Figure 8. However, this
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of a thernpe ecﬁrlc cooler wt

anc§ itruc [ mteg aces i n which
the ther noREELIAEET AP SHRE I 27F JPFR PLEIFERCAI e SHBTUSF e PRI ELT B YYayer i s
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present i nmeRbiaRroubdetidretbee tiav- 140 cokiasetddfOtigacizdesi4a odl d plate 1116

and a hot glah&1li0de WRELEID 1AL 2601181018584 B bihchhiaTB] peobaGt W th
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provide a fherma tween efectrica ucting pl ates

1120 respe® B?a‘irﬁge"rherrral conductors 1114 and 1118 are constructed of
heavily n doped (n+) sem conducting material that provides electrical

i sol ati on betweenticd empidinteat 1 rareartban mydviciiog soithtP hahdee 1@ by f or m ng
reverse bigeietlodlenélts ad thed hentpeoutied @edldl exdl) ridtel eobdtrpdatontitdtor) Thus,

heat is trapghel raﬁdart.-aprz\ftgbgn@aom tRé eCa1ldildiridHeOmdin GAREMGt Plasig k112 and
1.120 and eﬁ\:/hent ual lgf h: of0| qxttgct %%)%7361{% %e%e%&e&%%@%k? eﬁlloat ed

wi t hout oW ng a trical cou ernoe ect ric cooler

1100 and ??é“"%fﬂﬁt%@ﬁmfiﬁé‘f by &7t '5”5% °50‘6’| BY 1895148 }‘/ %% her mal conduct or
1104 pr ovi desmeelehesttrnll2d orrdeHli2F on Ih dheusahedimerttsr fesgrihed rebare ivheP pl at e
1108 and haifepérberd kdgirents el FRithE AkbtdINgleek Bpler AtC 8he w8 abd @as bet ween

the hot - Seg3RBs €08» MO L2/ AL 2 éﬁePﬂi@Q%@éﬂ deRl-Al GeANdiRlceg) ri cal

conducting BJdc%Ls t%lPéi o AL go\a@csiﬁ B8 Gl endds AldGuiichh the hot plate
1102 p- dop teri

t ermoe tr c mater 1s to be posfted over the cold and the hot
1ectrodes by electrochemical methods. The electrodeposited materials
tend to be polycrystalline and do not have ultra-planar surfaces. Algo,
the surface thermoelectric properties may or may not be superior to single
crystalline thermoelectric materials. Annealing improves the
thermoelectric propertles of the polycrystalline materials, but surface
smoothness below 100nm roughness levels remains a problem. The tips
1130-1140 of the present embodiment may be formed from eingle crystal or
polycrystal thermoelectric materials by electrochemical etching.

In one embodiment, thermoelement 1124 is comprised of a super
lattice of single crystalline Bi,Te,/Sh.Te, and Bi, ,;db;  Te, and thermcelement
1126 is formed of a super lattice of sihgle crystalline Bi;Te,/Bi.Se; and
Bi,Te; 8e,... Hlectrically conducting plate 1120 is coated with a thin
layer 1122 of tha saie thermoelectric material as is the material of the
tips 1130-1134 that are neareet thin layer 1120, Electrically conducting
plate 1112 is coated with a thin layer 1110 of the same'thermoelectric
material as is the material of the tipe 1136-1140 that are nearast thin
layer 1112.



di scussed above. Thernmal conductors 1104 is also an n+ type doped SEP. 2005
sem conducting material. Electrical conducting plates 1108, 1112, ané 12%
are construcwedzi4riom pl ati num (Pt) in this enbodi nent. HowevyeiBoiossdher
‘materials that are both electrically cetmducting and thernmally conducting
may be utilized as well. Also, it should be nentioned that the areas.
surrounding tips 1130-1140 and between tips 1130-1140 and thernoelectric
materials 1122 and 1110 shoul d be evacuated to produce a vacuum or shoul d
be hernetically sealed with a gas, such as, for exanple, dry nitrogen. in
thi s enbodi ment, %5 HEfe%eRsH Pp¥ GGl’HI‘-TH’if SHn POV HEr e hugthat ng HgY moel enent s
and t he heatexsmﬂra:e wfecbdd] o€ dbrivetidy #ltbetmoelketfizoomlet Oshch ahy doagh an
array of poigxksple) themidleadriel R6id0dRoam Figurh Olif e defiltedin t he array of

i f
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al ternati velejesteiode qrabecsiors padeen distact?op) . etthhedhdrosfder of ahé - netal ti ps.

However, thesnerwRibedsc magstiaedsii herdmeelRetdea B LAk 3y0pmoﬁees|@9§i ted
over the colﬂo@(}qom% a%cteea' ?&giémsubxn ln&%&req%p{qsh&aarmg@@ 8 anggge

el ect rodep05| te terl ten sta e and do not
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may not be si§pEE i13PS)-0 Hengire 130P1A3LAIoE] drpieteditoBiauze 117 canentamed by
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coat ed wi t htapé)hiaBe dianes thldthedfwithQreanRe t(RESgTRLIZGCT Frhis H@i&ﬁi—.ﬁﬂ as is
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El t |1 d t 1 1110 of th
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are near est ’F’ﬁ‘f"t’f“"?’aﬁé‘? efl"f‘?‘ “in%lesﬁ’l’f“ gne structures.

With reference now to Figure 14, a diagram showing a cold point tip
above a surface for use in a tharmoelectric 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 tipas be near the opposinhg surface without touching
the surface as depicted in Figure 14. The tip 1402 in Figure 14 ig
situated near the opposing surface 1404 but is not in physical contact
with the opposing surface. FPreferably, the tip 1402 should be a dlstance
d on the order of 5 nanometers or lese from the opposing suxrface 1404. In
practice, with a thermoelesctric codler containing thousanda 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 plana 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



WD 02/ 47179 PCT/ GB01/05194 16 Wth reference now to Figure 12, a Fljogurhzps
Il lustrating an exenplary nethod of fabricating a thernoel ectrl c cool er,
such as, foryoexgml e, thernoelectric cooler 1100 in Fi guseyddolokds depi ct ed
in accordance with the present. invengrion. Optim zed single crystal
material are first bonded to netal el ectrodes by conventional neans or
netal el ectrodes are deposited onto single crystal materials to formthe
el ectrode connection pattern (step 1202). The ot her side of the
thernoelectric material 1314 is then patterned (step 1204) by phot oresi st
1302- 1306 as tdepiacfectriin deptpm vaylBe grduagdt aEletteidal grhaduardeltysed i n an

el ect r ochemdakabriih meewr, aeds twnel gt sbHehentoal batwedrc bhd hbpsand ace
(step 1206) pnelBepdsiRs sh3Bel312. as depicted in Figure 13 are fornmed by
control li.ng and stopping the etchi ng process at approprl ate tinmes. A second
single crystal substrate_ is thinned b hem cal - hani cal ol |sh|ng and

t hen el ect rochen’*}'h(‘f’aHt ot ¢he PGe4RE ié“ﬁ%/’?‘ﬁg Y)esf‘?’%ﬁ eI IS il s
(step 1210) deptﬁéecbewﬁai%mbgtpﬁaﬁeétw PALAERD LR r HWATSY: UBLUEETaEef 3Pns t he
col d end aneigue Mwotisubitsr &t gsactldre wirletydibillyheve 14 BLighthi more

t her noel ect fdupnab®tep il 1ARHe thSe QLHEEIPHAI .t hRWbhR! el @ckéd 6o tips) are

cl amped tOGELRELci SPLESANTS, (51 SRe 1) vurkl s AL Soosl SRS O

crystallini e Interf Al

the same ma‘f%éa"?: &ne Bzémg%‘éau’ieogﬁagg ECREEESH FIR PO 5?“?”?1”&“”% of u‘i:hteu?ié’s r at her
t han si ngl e2®r §h¢ &Pt iHsEPABETRS: O £R¢ DOF tAR%%ef erence now to Figure 14, a

di agram showi ng a cold point tip above a surface for use in a

thernoel ectric cmekefabiy) Wé radivagod BervaPRRi £ €NitRy cofveliherdt s eh€hedp i ve to

the surface.fog %Bkcérédofdaracﬁcﬁ”fg@%ﬁs o ﬂéﬁo&ﬂﬁrspr eﬁﬁ”éedp&!’a‘%ﬂ{»é on. A' t hough

the tips, her t oa S.or
t her noel eC}[,\%]if‘ftfefence };he%weenba&e]jﬁcen areals g?d %ghex?\oelectrq a%gria%pbc%ﬁ‘{ act with

the surface®Bpos H‘%“ FREFPFIRS. 2oTRoNET & ILUPRFO ATV h@! t‘i"p y B etimRe

contact wi tthet Hedigppess Fwyabienef aicet the end oLpripf BH0ab| Ehededorer hanlyi psebe near
t he opposi Npayads foCehenbiidt@Ulatt DeCiM 089141k NereSttick 8@y AS TSN £ bepkrilactegur e
14. The ti PpahdQ2a)i Bp@sgeg %helléusss is SﬂeLé@:ﬁ.@dvh@x?QEe e EtRPRAS LMY a SULEAREn 1404
but i 10t L BOY3he A $0LAGT s Weddudd1G GRPOTENG B LSS, FLELEIAD! Y, the
tip 1402 shol Eh aho ? Téss from
the opposi ntf §u1"f 38 °f5f’fﬁft t'r“nthep?’é\“c“ﬂfl T:ré IRy BHFEa H%‘? ﬁbﬁ’r"éﬁ’l’:f‘{:" cool er
cont ai ni ng THSEEURRAELEIPUY EHRS, & GHRRT1pFtics @t 13980 PRYNGSE jaMeRsoMRBESdRFt h t he
opposi ng sutd asee whédfdiotenbrthicimess 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 inventicn is much morxe 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 thosa skilled
in the art that the present invention may be utilized for gemneration of
electricity as well. It ig well recognized by those skilled in the art
that. thermoelectric devices can be ugsed either in the Peltiler mode (as
degcribad above) for refrigeration or in the Seebeck mode for electrical
power generation. Referring now to Plgure 15, a schematlic diagram of a
thermoelectric power generator is depicted, Por ease of understanding and
explanation of thermoelectric power generation, .a thermoeleotric power
genexrator according to the prior art is depicted rather tham a
thermoelectric power generator utilizing cool point tips of the present
inventiocn. However, it should be noted that in one embodiment of a
thermoelectric power generator according to the present invention, the
thermoelements 1506 and 1504 ars replaced by cool point tips, as for



not in contact due to the deviations froma perfect plane of the gp%oszb[ﬁg
surface. By renoving the tips fromcontact with the opposing surf ;
anmount of t h®Omak7Iddnducti vity between the col d pl at e and pclsesBopésigl at e of
- 5 SEP 2005 WO 02/ 47179 PCT/ GB01/ 051948 17 a thernoel ectric cooler may be
reduced. Electrical conductivity is maintained, however, due to tunneling
of electrons between the tips and the opposing surface. The tips of the
pr esent invention have al so been descri bed and depicted prinarily as

perfectly p0|nt ti e tipsin
practice wIT ’E‘ ol ca"ﬁ'l o Hlg‘\e/é":’elr EP.%hH °|¢g g%t?ﬁdde gﬂ’ﬁg a2 E?rfa{; e case
wth tip 14(8ta ﬁ%‘?ﬂér the closer to perfectly pointed the tip is, the
f ewer nunber of superl attices needed to achieve the t enperature gradient

between the cool rheqpesaiodlecofc phxrt geperatod Wsbe bathek eivaRrAmimg Of the hot
plate. Preferably, tmﬁ?ﬂ @ﬂ% ‘éﬁeﬁfoef.a‘éw?ct HLA L qrgAﬁ tgraﬁqewo\as& gfd 0f the tip

1402 is of the ord ew t ens nangnet ers erature

difference BRPHEREAS 48 HeF? araeﬁgmpﬁfa"t“ﬁ& Fresoapende i r’rﬁt%??w Herofv
surface 1404bgappresardiestriedsvirretiq - disscharrewrestturaiifPyreppislhiTed™( 3) ti nes
t he radi us dhdetssvatarsentotlel, theaschodicbtdd i Filas IBhetveheh e, redhétiva f ew

| ayers of th%&ta@%eﬂtaiatouceﬂ.ﬂms AL AR5 LBGRAS AT dperd (MR, £:8m TR ELET Li ce
material oppy m%eraf_ 1% 4 3esc§ib|e§ fegfl bl e when the electrical contact between
a

the hot and cof I'S ‘made us%“ng he tips of the present invention.
This is in contrast to the prior art in which to use a superlattice
structure w t houttheygfgre, gothgpeihpatreptarind al000 sonrqepi® Wither semtoneeded
to have a sufsbi cin@niaihttigkiteheati lewbhzh112 @ld D6t iy ERIEPRItatdtperaadi ent
t o approach g ehQ. T;,%Ee@ci@&h@bﬂthoﬁealtayo%ﬁt.see\’\&;smld r@&etp!egﬁlvel}bm using only

S or 6 layer, i nv n ;Al t hough
t he present t?xn%t'%oe ecttr nﬁ % P gg%xtdcal fn complone s t‘ﬁdl)[:her*noe%.ect tO a
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descri bed above refri PoH of
electrical conductors 1510 and 1514 corresponding to electrical comductors

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 aAdvanced Enaineering Thermodvnamlce, 2nd Editioq, 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. 1In f&ct, the ashape
of the tip does not need to be symmetric or uniform as long as it provides
2 digcrete set of substantially pointed tips through which electrical
conduction between the two ends of a thermoelectric cooler may be
provided., The present invention has applicétions to use in any small
refrigeration application, such as, for example, cooling main frame
computers, thermal management of hot chips and RF commundcation cirouits,
cooling magnetic heads for disk drives, automobile refrigeration, and
cooling optical and laser devices.

The description of the present invention has been presented for
purpoees of illustration and description, but is not intended to be



power generation. Referring now to Figure 15, a schenatic di agram of- JaSFP 70M
t heryroel ectric power generator is depicted. For ease of understanding and
expl anati on wbh oesErPOEl ectri c power generation, -a thernoelcedsol/esipowner
generator according to the prior art i%$9depicted rather than a

t hernoel ectric power generator utilizing cool point tips of the present

i nvention. However, it should be noted that in one enbodi nent of a

t her noel ectri c power generator according to the present i nvention, the

t her noel enents 1506 and ,1504 are. r d 0 s,,as for - 5
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t her moel ect lekflLaviieepiinoiplas pEEHe Spehtidn]ORe gaactitdl cabBdativnli gdreo 1, a
t enper at ur e odhffeb 8kl &l ormn;l;g gi131 CnCaleCEr2 el ASSershind BRI MDA k6

o o1 o0 vastitld SBBRLA L e ULLELE e Hioaclbhy Lhavel AAHERSo Bt T B0

flow, 1, as In ug resistive enment 1502.
This is the965ﬁ5§FT%“ﬁ%&8mﬁ?PUﬁ8?at|on fron1the node of operation
described in Figure 1 Therefore, other than replacing a power source 102
wth a resistor 1502 and mai ntai ning heat el enments 1512 and 1516 and
constant tenperatures Tb and TL respectively with heat sources QH and Q
respectively, thernoelectric device 1500 is identical in conponents to
thernoel ectric device 102 in Figure 1. Thus, thernoelectric cooling device
1500 utilizes p-type sem conductor 1504 and n-type sem conductor 1506
sandwi ched between poor electrical conductors 1508 that have good heat
conducting properties. Each of elenments 1504, 1506, and 1506 correspond to
el ements 104, 106, and 108 respectively in Figure 1. Thernoel ectric device
1500 al so includes electrical conductors 1510 and 1514 corresponding to

el ectrical conductors 110 and 114 in Figure 1. Mre infornmation about
thernoel ectric electric power generation may be found in CRC Handbook of
ThaXwel ectrics, edited by DD M Rowe, Ph.D., D.Sc., CRC Press, New York,
(1995) pp. 479-488 and in Advanced Engi neering Ther nodynam cs, 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

wel |, such as, for exanple, pyramidically shaped tips. In fact, the sRhapg;
of the tip does not need to be symmetric onrouniformas long as it provides
‘a discrete set of substantially pointed tips through which electrical
conduction bet g%he two ends of a thernoelectric cooler may be

provi ded. The (\SE t invention has applications to use in any snall
refrigeration application, such as, for exanple, cooling nmain frame
conputers, thermal managenent of hot chi ps and RV communication circuits,
cool i ng magnetli.c hefathermenlecdiicitevaes, vesprisng: onobi | e refrigeration, and
cooling optical an ser..devi ces. The description of the present invention
has been present ed%f%glp [r)tlljornp(z)flsaetger(r)1 OCPﬁWeﬁ}g?‘F’é‘B"ﬁQﬁoaﬁlad&%%E?ti%%t?’&ﬁf‘ but is
not intended to be aseConBpBriA0T aMBraRekikAOthddn DG ToGHEd (LHIAd pRIhaust i ve or
limted to the invention in fIBe formdi scl osed. Many nodifications and
variations will be “4]5PAP 8ht 048 ProRYtRS iths themyoedgaant comprisepa phirglity pREDS

embodi ment  wasinghpe 8thenRde @e36d S Poitdn®odFhe HRrRESEmer RBhfkiled MSubst ntially
principles of the invention, the practical application, and to enabl e

ot hers of or diPteeysuféceanin the art to understand the invention for

vari ous enbodi nent L J: F.OusS, | f I suit.ed to the ..
particul ar use _CQI’]'?V eh\r%ﬁrpﬁt“g%hé%.l dr?llﬁgogﬁgé %@E é@g%ﬂgﬁpglgqarﬂur&%c&aﬁ%g@&q e
devi ce, conpr ipsdxngity o piovsie epotricabeoupfing t her noel enent thermally coupled to

a hot plate; and a second portion of a thernoel enent thermally coupled to
a cold plate; wherein one of the two portions of the thernoel enent

conprises a plural iThy tigimbélpdric apdcd fgedltcden cRRE 10WhdrBif at WastRYnkiophe of the
t her noel enent fOfTE)I‘I es a sub,stpgntl ally planar surface; and wherein the
\Hglt |

plurality of # ARG UPhHE® 8oL PRNTicH cPtag veHthe plapsrawefaeg e arranged i n

proximty to provide electrical coupling. 2. The thernoel ectric device as
recited in claim1, wherein at |east a one of the plurality of tips are
not in physicdl codbaderppelecttingeviteasaecitdnd eleion 1 3vheTtie at kkestneak of thei ¢

device as rechfedid Br ﬁﬂ)sazirmrpphymgfc%n&c?&ith Bt QNg,9f the

4. The thermoelectric device as recited in claim 1, wherein the plurality of tips are

nominally within 100 nanometers of the planar surface.

5. The thermoelectric device as recited in claim 1, wherein there is a lattice
mismatch between the thermoelectric material of the plurality of tips and the

thermoelectric material of the planar surface.

6. The thermoelectric device as recited in claim 1, wherein gaps between the first

and second portions of the thermoelement comprise a vacuum.

7. The thermoelectric device as recited in claim 1, wherein the thermoelectric cooler
is hermetically sealed and gaps between the first and second portions of the

thermoelement comprise nitrogen.

8. The thermoelectric device as recited in claim 7, wherein the nitrogen is dry

nitrogen.

9. The thermoelectric device as recited in claim 1, wherein the portions of the

RALIBK\636831SGclaims.doc



plurality of tips are in physical contact with the planar surface. 4. The

t hernoel ectric device as recited in claiml1, wherein the plurality 6P $5Pp?£905

are nomnally within 100 nanoneters of theiplanar surface. 5. The

thernoel ectric device as recited in claim1, wherein there is a lattice

m smat ch betwetin th? thgrrmel.ectric material of the plurality of tips and
PRI HRNE POTHPTIBRE £ SROSHNAARY Plapsrsyelace epmmmines eisuparbtsice of tivo

the thernoele
devi ce as recithegdelectic@mmedials UABT R t bhSht : and
portions of the thernoel enent ﬁ%&? gtelﬁgla\glg%ﬁudn@ﬁﬁg.tﬁé%ﬁg%ﬁgétr%ﬁbgg?srelggame
devi ce as reci¥Byof theanesleeiric mejgealeisa neprsstt Ingar wb Heasuperatticodlten thdarsoelectric
hermetical ly sgalbggsand gaps between the first and second portions of the

t her noel enment conprise nitrogen. 8. The thernoelectric device as recited in
claim7, wherein the nitrogen is dry nitrogen. 9. The thernoelectric

devi ce as recilt ed i cbai m'%, wherein the portions of the R\LIB K\ 636831
SGcl ai ns. doc -1U5 SER'CIBYBIOSIELYiNdrrGe puteiad 18 GHRils Mherem eaabaf hapiusality of

pl anar surfaceigeoRsefsalp @HREr hahigc.ce of two thernoelectric materials
and the other portion of the thernoel enment conprises a sane type of
thernoelectric material as a nearest |ayer of the superlattice of two

her mel ect i . , or of the sup: of
cl'ai m 1, wher o ook T TRRG PP AT 15 oo il i OB Ao U Sl 1

shape. 11. Thendhernoel ectric device as recited in claimi1, wherein the
ti ps have rounded ends. 12. The thernoelectric device as recited in claim
1, wherein a power source is coupled to the thernoelectric device such

that the therndel eheitiersiovieatic dpet@isascitdd i cRRR | WhereiRRwel Sourdd ¥ cou led
t her noel ectri goggw ce as reci ted in claiml, wherein a tenperature grap I ent

is maintaine § MeEmoslpRlin Jevies sueh sl thenberpnelecpicadevien pperathain & oling
t hernoel ectrignglevi ce operates in a power generation node. 14. A

t hernoel enment for use in a thernoel ectric device, the thernoel enent
conprising: a first portion of thernoelectric material having a

substanti al | y gl an i : kan of. thernoel ectri.c .
materi al havi r%g a g{hﬁfﬁ“{f‘?@g%?@? %%eaas\?ﬁ(g%g?%&? {I]I?all’p%elfgflia{}?fn%‘?rawep@a@{?@ 18
proxi mat e to mientsinbd betmeemitheyhqs| pdate rnd tiref @id pRtectuch tthatth@theah@déotic ablive

conducti ve patoBcﬁst?ﬁ?p&%r"‘g’%ﬁ&attiohnemgciléﬁ and second portions of the

14. A thermoelement for use in a thermoelectric device, the thermoelement
comprising;
a first portion of thermoelectric material having a substantially planar surface; and
a second portion of thermoelectric material having a plurality of tips;
wherein the plurality of tips are proximate to the substantially planar surface such

that an electrically conductive path exists between the first and second portions of the

thermoelectric material.

15.  The thermoelement as recited in claim 14, wherein the first portion of

thermoelectric material comprises a superlattice of two types of thermoelectric material.

16.  The thermoelement as recited in claim 14, wherein each of the plurality of tips

comprises a substantially conical shape.

17. The thermoelement as recited in claim 14, wherein each of the plurality of tips

comprises a rounded end.

R:ALIBK\636831SGelaims.doc



thernmoel ectric material. 15. The thernoel enent as recited in claim 145 SEP 2005
wherein the first portion of thernoelectric material conprises a '
superlattice of two types of thernoel ectricgomaterial. 16. The thernoel enent
as recited in claim 14, wherein each of the plurality of tips conprises a
substantially conical shape, 17. The thernoel enent as recited in claim14,
wher ei n each” of8-t hel b theraloetepest axregited in slapn il § exhercinsastuefdhe plirality of tips are
R\ LI BK\ 63683 1 P. 20 The, t her npel.enent as
recited in cl bﬁ%ﬁ} l etggllglnooerga(‘:’aﬁg%e?st@%ng}feusgt@?t??tiﬁgﬁjlatniab%“ & nominally

| ess than 100 nanoneters fromthe substantially planar surface. 19. The

t her noel enent s T ;ett é:l i n, cl ai m 14t v.\he]rélei n at |least one of the plurality
of tips is in physt SalEESIHENt 35 restedin clofip dt-amhareip ol lepstong pf tg phusgldy 00,
The t her noel entpstis asphysichltoedtatwich fieRubsanthe R satfadeeast one of the
plurality of tips is not in physical contact with the substantially planar
surface. 21. A thernoelenent for use in a thernoel ectric device, the

t her noel ement CoNPrieshéde: hi St 1 on: : i terial
having a substanti & ﬁi‘%ﬁ*&ﬁ%ﬁ*@%ﬁ?ﬁ%&?ﬁ Oftigh 24 nBlinwDRRTREE SEE bR} SF

t her noel ect ri dipyas eetiimbhyssoal eantact pltbitiad subytandallyiphmaf 8bfke. wherein the
plurality of tips are proximate to the substantially planar surface such
that an electrically conductive path exists between the first and second
portions of thd. therrmebdaheitcomnst af i flermddecthed®ide, haehdrBsleaks Mmade to
have an effective tip radius of |ess than approximtely 500nm 22. A

t her moel enent cgglpf‘é@gt ed in claim21, wherein the first portion of

t hermoel ectric mataefirs@orG R0 : i :

t hernoel ectric nateri atﬁj. 23. Afﬁ?ﬁﬁ%’??@%@%?gﬁiﬁfgﬁ‘?ée%gﬁ%@ﬁ?}ﬁﬁhﬂ”or 22,
wher ei n each 6#fe4fea urality of tips conprises a substantially conical
shape. 24. A ther ' ' of clai 21 .t ,
wherein each of t %%ﬁﬁg?%ft?’?y&glférﬁnlsgg&ggﬂn%ﬁn(éggavéngr %ﬂlﬁﬁa@y %%téﬂs(%%ég’ A

t her noel ement as r edicteduthaplualjty ofi 6podre padmste 24 tHeaubdantiaslie pRnsy @Gk @ELt he

plurality of tj [ oal Ly Less than 100 nangonmefers fromthe |
subst anti al | ytt}lf) Zdrqaeﬁecr{]@él?r“ AQBAUHEE P ??‘é?’tfrgﬁtiwgﬁ%%?e g’égt PABd jsecogd inRrtiany of ik of
claims 21 to ZHgrmeblecteic madridl @ad wheretn Ofe tigsh@e Rlade 8 hive & effdddie i rhdlus of

ggls;::?r:s gggt q\ecsts tﬁ’gntagp}og&ﬁéig%grﬂ}l,' ally planar surface. R \LIBK\ 636831

22. A thermoelement as recited in claim 21, wherein the first portion of thermoelectric

material comprises a superlattice of two types of thermoelectric material.

23. A thermoelement as recited in claim 21 or 22, wherein each of the plurality of tips

comprises a substantially conical shape.

24, A thermoelement as recited in any one of claims 21 to 23, wherein each of the

plurality of tips comprises a rounded end.

25. A thermoelement as recited an any one of claims 21 to 24, wherein each of the

~plurality of tips is nominally less than 100 nanometers from the substantially planar
surface.

26. A thermoelement as recited in any one of claims 21 to 24, wherein at least one of

the plurality of tips is in physical contact with the substantially planar surface.

RALIBK\636831SGclaims.doc



-5 SEP 2005 23 27. A thernoelement as recited in any one of clains 21 to

24, Wherein at |east one of the plurality of tips is not in physical§y SEpP 200
contact with the substantially planar surfage. 28. A thernoel enent as
recited in any one of clains 21 to 27, wherein there is a lattice mismatch
between the thernoelectric material of the plurality of tips and the

t her moel ect ri c2rat efitbgrmgelemprt asiregited isenyianeef clagns Al torkd; mvﬂaeteecalttrl@ast wde\dfce,
conprising: a :226) ¢ - 20, rnpel enent as
chFned i% anyme’P@@?&?EéﬁfgﬁPwﬁP§8$g%?%ﬁ%§§§§ﬁﬁﬁﬁﬁﬁgn g&?@gmg§u5%§ited in
claim 29, wherein gaps between the first and second thernoelectric

i al ti i cuum ,31. A thernmoelectrjc device as recited
T o1 b 5o orT ar B GRBe eiled T inyrnb O RS ZChEV wBSu Rufret | oal Ty

seal ed and gaplatthetmBentchhgtdédnstheafigmsReRi mhREANMBE RS blurslitPRiralgsadnd the
portions conprjise nitrogen. 32. A thernoelectric device as recited in claim

31, wherein tHBeEaelsliAnateria of theplanapgaface.r \ LI BK\ 636831 SGcl ai ms. doc

29. A thermoelectric device, comprising:

a hot plate (226); a cold plate (202) and a thermoelement as claimed in any

preceding claim.

30. A thermoelectric device as recited in claim 29, wherein gaps between the first and

second thermoelectric material portions comprise a vacuum.’
31. A thermoelectric device as recited in claim 29 or claim 30, wherein the
thermoelectric device is hermetically sealed and gaps between the first and second

thermoelectric material portions comprise nitrogen.

32. A thermoelectric device as recited in claim 31, wherein the nitrogen is dry

nitrogen.
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