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I nvention relates to thernoel ectric coolers. 10 2. Description of Related
Arts As the speed of conputers continues™t o increase, the anpunt of ‘heat
generated by the circuits within the conputers continues to increase. For
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Currently, many main frames utilize vapor compression coolers to

cool the computer. These vapor compression coolers perform esgentially
the same as the central air conditioning unite ueed in many homes.
‘However, vapor compression coolers are quite mechanically complicated

25 . requiring insulation and hoses that muet 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 = thermoelectric

30 cooler. Therxmoelectric coolers utilize a physical principle known as the
Peltier Effect, by which DC current from a power socurce is applied acrogs
two dissimilar materials causing heat to be absorbed at the junction of
the two disgimilar materials. Thus, the heat is removed from a hot
gsubstance and may be tranaported to a heat sink to be dissipated, thereby

as cooling the hot substance. Thermoelectric coclers may be fabricated
within an integrated circuit chip and may cool specific hot spots directly
without the need for complicated mechanical systems &s is required by
vapor compression coolers.

40 However, current thermoelectric coolexs are not as efficient as
vapor compression coolers reguiring more power to be expended to achieve
the same amount of cooling. Furthermore, current thermoelectric coolers



wi t hout the need for conpl i cated nechani cal systems as is required by
Vvapor* conpression coolers. 40 However, current thernoelectric coolers 'a%SEP 2005

not as effi 347497 vapor conpression coolers requiring to
expended toc‘ggﬂlle@e t he sane anobunt of cooling. Further &%@&W&t

t hermoel ectric coolers - 3 HP 1005 WO 02/,47177 PCT/ GB01/ 05193 2 are not
capabl e of cooling substances as greatly“as vapor conpression coolers.
Therefore, a thernoel ectric cooler with inproved efficiency and cooling
capacity woul d be desirable so that conplicated vapor conpression coolers
coul d be el Art Bat ezbrhblenes eabling efubsipared ropraplyi Latvmrs compuessionas, for
exanpl e, nMaioolerane ThanItier & thbhﬁbl’el’@dtrmieagﬁmfthQ[fumP&IedCﬂleéien@f and
comuni cat i @8o1dhg Al E@ity%ﬁ]@tﬂecdés@?éyIWdot Enalteagizyi A %& % Eén}_:ir

voratng oI So SLBLAELE O 343 SlPRug eﬁg%gdapg %P%e,wr:g“,lo

A di t
dg\(ilotr:sel ngon%Fl §P’F|gex“'<¥]1"'|' "é’tmtiﬁé‘f“‘rn?@'f'%‘ﬁ%‘?ﬂ tf&rg@camsemtnﬁfevnemﬂps, RF

el ectri cal | §owunigaédon cdrqudbs f pranetiq medtweite imats, optixaplasdaldsey of first
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and situated proximate to the first thernmoelenment at a first set of

di screte posmbGry dR0rsl Phvsketont Y of second tips fornmed froma sem conduct or
substrate overlaid by,a netallic |ayer and situated proxinate to the
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i nvention p&%\éhg&%c@iitchggﬂggl 86l ?gingew ce with enhanc structured

I nterfaces for roved. coo I ency. |In one enbodinent, the

t her moel ectric deviee |’ﬁecmu%9€§‘g'5"f| rst thernoel enent conprising a 25
superlattice of HPFYPE HIEPPIETEEL Piegtitaehyi enuphedi ta thectivdt t her noel enent
conpri si ng hesupaerenttii ce of n-type thernoelectric material. The first and
sec@Ad t her noel enphtlariecelBesy ko EyrmeoURbEG béhitathcdNelnatIie Pl aner
surface of ddeerfidr 54 af hedalDR @%Btaddssiﬂﬁ%dn?ﬁoﬁirﬁ&e ) EK@‘;‘} sthécessarily
bei ng In progalGalahQHll BET Wkliaed %fécﬁ gl e'sct“ calTy 30 conducting

ti ps at a di scr Et Sléra‘iity oPCyertn gi%% forme from a sem conductor substrate

overlaid by a metallic layer and situated proximate to the second
20 thermoelement at a second set of discrete points.

The present invention provides a thermoelectric device with enhancsd

structured interfaces for improved cooling efficiency. In one embodiment,
the thermoelectric device includes a first thermoelement comprising a

25 ’ supexrlattice of p-type thermoelectric material and a second thermoelement
cdmprising a superlattice of n-type thermoelectric matexial. The first
and second thermoelements are electrically coupled to each other. The
planer surface of the first thermoslement is proximate to, without
necesparilily being in physical contact with, a first array of electrically

30 conducting tips at a discrete set of points such that electrical
conduction between the planer surface of the f£irst thermoelement and the
Eirst array of electrically conducting tips is facilitated while thermal
conductivity between the two is retarded. A planer surface of the second
thermoelement is proximate to, without necessarily being in physical

35 contact with, a second array of electrically conducting tips at a discrete
set of points such that electrical conduction between the electrically
conducting tips and the planer surface of the second thermoelement ig
facilitated while thermal conduction between the two is retarded, The
electrically conducting tips are coated with a material that has the same

40 Seebeck coefficient as the material of the nearest layer of the
superlattice to the tip.
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contact with, a second array of electrically conducting tips at a discrete
set of points such that electrical conduction between the electrically
conducting tips and the planer surface of the second thernoel enent is
facilitated while thermal conduction between the two is retarded. The
el ectri cal | prRoodesrkrenyoi grs e eryagéeed With a material that has the sane
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advant ages P Befndaratpod Festetprengs deor theofrd ibyingedespbirdedesgrigtdor off| owi ng
detai | ed deserilptitgatbfe ewhpdinenysihenttevd igndvoghumendn wihen tlie adedmpanying
conj unct i onaxdwiihgd, hend@gonpanyi ng drawi ngs, wherein: Figure 1 depicts a
hi gh-1evel bl oCkyfa@ @ Qlce o TREHIDRLEGHELE a1 422t R@! 4 q'gem(m-ggfgctgfé” ce In
accoidance widod Naul 181" HLAYLS 2 dRRlel S 8 clpss Sectional view of a
t heritoel ect Fic CooloF i ith BhASiTEeHree Pt TP F Ph*8Ff aces i n accordance
with the present™SPRYEntsRIAEe B Gioee esctioprl tvdewh of | aaiibermeeleftpic coolex
t her noel ect¥ity emgheed abctured] tEripgee 12 dqromdapor dratic ehwipichedadae present
i nvention; #awguotis;4A and 4B depicts cross sectional views of tips that may
be i rrt)l ement ed_ﬁgugle_a @Ipitggpd% 230Qad B4 K gyr@tegno'e?erﬁg&?'&g@ﬂgezdl@: th t htG_
presen [ n, Figur icts a cross s | onal view 1llustrating
t he§?errper gliliﬁ-rr'néé g26nfaicg?rc?%3?e gﬂt?il glt‘engﬁ?sef“(:) iz“awes’“g‘(iCénr"l attice in accordance

with the present™¥B*$hiR AP demirlrEes BRSLRS Herr GEstivactiabrmay ¥ ew of
a t her noel ebtrhppented|sgrone of tipe 250 in Figure 2 in accordance with the present

invention;

Figure 5 depicts a oross sectional view illustrating the temperature

20 field of a tip near to a superlattice in accordance with the present
invention;

Figure § depicts a cross gectional view of a thermcelectris cooler
with enhanced structured interfaces with all metal tips in accordance with
the present invention;

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

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

30 accordance with the present invention;

Figure 9 depicts a crogs sectional view of all metal cones formed
ueing patteirned photoresist in accordance with the present invention;

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

35 invention;

* Figure 11 depleots a cross-sentional view of a thermoelectric cooler
with enhanced structural interfaces in which the thermoelectric material
xather than the metal conducting layer is formed into tips at the
interface in accordance with the pregent invention;

40 Figure 12 depicts a flowchart illustrating an exemplary method of
fapbricating a thermoelectric cooler in accordance with the prasent
invention;



wi th enhanced structured interfaces wth all nmetal tips in accordance with
the present invention; Figure 7 depicts a cross-sectional view of a
sacrificial y3j biefm. terrpl ate for forming all netal tips in accordance5vGE1PHUU5
the present "invention; Figure 8 depicts a flowchart ill u8tFEBIH1%n

exenpl ary nethod of producing all netal cones using a silicon sacrificial
tenplate in 30 accordance with the preseft invention; Figure 9 depicts a
cross sectional view of all metal cones forned wusing patterned photoresi st
in accordance with the present invention; Figure 10 depicts a flowhart

illustrating an mgesphsrdpidshod-as- i&.EIBnQQ ﬂkéraﬁﬁﬂlﬂst‘égﬂﬁé 43l ng
‘phot or esi st sitPcn?tQé g\?vrtgl weg%et&%e ro 2l Qi\{ognfnlt %ézﬁ |ggre 11 depicts

a cross-section FC00o TF & ruct ural
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the present i n\ﬁg& aﬁ dFQg/ 4%;{%#’ am °§t°h§he‘$‘8§$°[ ﬁweﬁf Figure 13

depicts a cr 0SS-SEcti on I'agram | Eul ng
phot or esi st ﬁgﬁ%tﬁary to produce tips i n a thernoelectric material; Figure
14 depicts a diagram showing a cold point tip above a surface 5 for use in

tp??r nmoel SEEPIELCRRFCRIRPTION 98t THEL AREHERRAR PWOHIMENNI ng of the tip relative

e surface in accordance with the present invention; and Figure 15
depi cts a schendt heghdiegl drhook diaddamrafoe| Betmoeteqseive Cooldea eiTat o dev k@
DETAI LED DESORIdeFiiNe GH th Hhe BREEERRED s EAOBDENMENT ridta0l- | edhodlle@Ek odi agr am
of a Ther neebesiy, i £ voOOhag ﬁiﬁﬁQpldeVﬂeCEasahrknaﬁ&%&%@w ‘étécfé e R ,Or art
I's depi Ct egyl &IFEgl]i‘”ig ﬂ]ppl eg%% Q—_%E rdigﬁimgi)ar m&%riaals causing eat tBrI nciple,
at

IS sed on, th
Egi Lhe junct?on of the two diseimilar materials.

A typical known thermoelectric cooling device 100 utilizeg p-~type
semiconductor 104 and n-type semiconductor 106 sandwiched between poor
electrical conductore 108, that have good heat conducting properties, and

20 ~electrical conductors 110 and 114. N-type semiconductor 106 has an excegs
of electrong, while p-type ascmiconductor 104 has a deficit of slectronz. A
_ DC power gource 102 i connected between the two electrical conductors
114.

25 As electrons move from electrical conductor 110 to n-type
semiconductor 106, the ensrgy state of the electrong is raised due to heat
energy absorbed from heat source 112. This prodeaa hag the effect of
trangfexring heat energy from heat source 112 via electron flow through
n-type semiconductor 106 and electrical conductor 114 to heat gink 116,

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

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

the ccefficient of performance is given by the equation:



DC current is. applied across two dissimlar materials causing heat to be
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conductors 110 and 114. N-type sem conductor 106 has an excess of

el-ectrons, while p-type sem.conductor 104 has a deficit of electrons. A DC
power source 102 is connected between the two el ectrical conductors 114.

25 As electrons nove fromelectri cawgegd_C}aqugATllo to n-type sem conductor
106, the energy state of the elecirond i2s raised due to heat energy
absorbed from heat source 112. This pridResgAhas the effect of transferring
heat energy from heat source 112 via electron flow through n-type
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| oss, the termaxdT is due to work done 5 against the Peltler voltage ais
the Sfebeck coef FTH BTy FoRffeier b posforuss Lg e tyedr brapotashelugt thei ty of
the Peltier deveme, I.Tendsist dioenthynper &dldpelngf rdlheldneat source, and AT is
the difference in the tenperature of the heat source fromTh the
tenperature of the heat sink. 10 The maxi num coefficient of performance is
derived by optimzing the current, T, an is/g' ven by the follow ng

rel ation: _T,
™OAAT ) y+1
15 where the parameter Y can be expressed as

7= .\/” 25

Where 0 is the electrical conductivity and A ig the thermal conductivity.

20 The efficlency factor of the refrigeratore is given by the eguation:
T,
Y= hT
&=
y+1

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

25



max '" 1_RT-) 15 where the paraneter y can be expressed as 1+ 2 (Th+1l )
Where a is the electrical conductivity' and Ais the thermal conducti vi

20 The effi ctor of the refrigerators is given by |on§¥5ﬁmﬂ5
The figure q#,gagyn{,a $T, is given by the equation: 25 ZT ft"i&"@?%@%m 47177

PCT/ GBOl/ 05193 6 SEP 2005 where thermal OC8nductivity ? is conposed of two
conponents %, the conponent due-to electrons, and %, the conponent due
to the lattice and T is the mean of terrperatures To and Th. Therefore, the
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Therefore, to 1ncrease the eff|C|enc of thernoel'ectric coolers to such a
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merit,s ZT, léffiméinchert nagogasedrdsgoreftigerdthan 128, aphfoxanamally® .8 or Thdie
figure of nestdicienéy, ofoboriFefBllofil thamosleeBilcDEocaetl, EMRM. ad BRSImbAIRctric

thernoel ectri g 600bEeTS, Ph)ire € & @%qail&e?érzl = 5r1e s‘%& ff| gl ency and

cool i ng capagi t ssi on gerators. fef erence to
Fi gure 2, g’f 5%%“35’& 8’%?&!“%%% BIF“?;Y"“teﬁé‘F‘?‘r‘o‘é‘fc’éﬁfﬂr 2 B&%Pe?ang; t% ®hhanced
struct ur ed |‘1’R"’§P¥%@é§‘ vapfepnpresdipm refrigeraaroetid EipvrhefprerdentsT,
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whi ch, with §#r5§@§-eite§:|19§%nﬂc§:§ bu@hwead,mb@%eIé,em%iéﬁgicegoﬁ'ags m
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del i vered t In at__sour b I

a substance ?%g de aqusae t0°Ba e eéfwéemi—yiea 5?‘%1%“9 fﬁ?cr%gg Be"Pher mal | y
coupled to d%‘??'?ﬁ%“? R FREEFETSEGFE exanpl e, a heat pipe, fins, and/or a
condensation unit to dissipate the heat renoved from heat source 226
and/ @5 further coUkhheétresoeintocrigdta 2, a croes sectional view of a

thermoelectric cooler with enhanced structured interfaces ie depicted in
accordance with the present invention.l Thermoelectric cooler 200 includes
a heat source 226 from which, with current I f£lowing as indicated, heat ig
extracted and delivered to heat sink 202. Heat source 226 may be

20 thermally coupled to & substance that Lle desired to be vooled. Heat sgink
202 may be thermally coupled to devices such as, for example, a heat pipe,
fins, and/or a condensation unit to dipsipate tha heat removed .from heat
source 226 and/or further cool heat source 226.

25 ' Heat souxce 226 is comprised of p- type doped silicon. Heat source
226 is thermally coupled to n+ type doped silicon reglons 224 and 222 of
tips 250. N+ type regions 224 and 222 are electrical conducting as well
as being good thermal conductors. FEach of N+ type regions 224 and 222
forms a reverse diode with heat source 226 such that no current flows

30 between heat mource 226 and n+ regions 224 and 222, thue providing the
electrical isolation of heat source 226 from electrical conductors 218 and
220.

Heat sink 202 ls comprised of p- type doped silicon., Heat sink 202
35 le thermally coupled to n+ type doped gilicon regioms 204 and 206, N+
type reglions 204 and 206 are electrically conducting and good thermal
conductors. Bach of N+ type regions 204 and 206 and hoat sink 202 forme a
reverse diode so that no current.flows batween the N+ type regions 204 and
206 and heat sink 202, thus providihg the electrical 1solation of heat
40 gink 202 from electrical conductor 208. More information about electrical
isolationlof thermoelectric coolers may be found in U.S. Patent No,
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i sol ation usﬁ!‘ﬂghifs‘&f Bviarsd AaPbUeduTrAse Betariehrethest ety walke, tFon exambl e,
by using p+ ®ype uekshheredin] imeomn léghdinn deneé abdpbidbsliv pooped at her than the
p- ard n+ tyeescondepiing edrerIRE reesarBivatyand p+, as used herein, refer to
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Thermoelectric cooler 200 ig similar in construction to
thermoelectric cooler 100 in Figure 1. However, N-type 106 and P-type 104
gemlconductor structural interfaces have been replaced with superlattice

25 thermoelement structures 210 and 212 that are electrically coupled by
electrical conductor 208. Electrical conductor 208 may be formed from
platinun (Pt) or, alternatively, from other conducting materials, such as,
for example, tungsten (W), nickel (Ni), or titanium copper nickel
(T1/Cu/Ni) metal £ilms.

30
A superlattice is a structure consipting of altermating layers of
two different semiconductor materials, each geveral nanometers thick.
Thermoelement 210 is constructed from alternating layers of N-type
semlconducting materiale and the superlattice of thermoalement 212 is
as congtructed from alternating layers of P-type semiconducting materials.

Each of the layers of alternating materials in each of thermoelements 210
and 212 1s 10 nanometers {(nm) thick. &A supérlatticc of two semiconducting

materials has lower thermal conductivity, 4, and the same electrical

conductivity, o, as an alloy comprilsing the same two semiconducting
40 materials.



p-, as used herein, mean lightly n doped and lightly p doped 20
.sem conducting material respectively. Thernoel ectric cooler 200 is simlar

i n constructy®pdpn thernoelectric cooler 100 in Figure 1 c?ﬁ{@b@iéﬁsﬁ N~t5y5£> 2005

106 and P-type 104 sem conductor structural interfaces ha repl ac

wi th superlattice 25 thernoel enent structaures .210 and 212 that are
electrically coupled by electrical conductor 208. Electrical conductor 208
may be formed from platinum (Pt) or, alternatively, from other conducting

material s, S“Ch JQ& %?E&EKP' %?‘P HQQéifg%&QWdelﬁe%F%z N %i‘iseg titani um

copper ni ckel a Structure
consi sting ot-t& ’éfl?ﬁit"f‘ Br"s!’PSfb”‘P% ﬂ'i*‘ﬁf??r%ﬁ’rﬂa E@t‘?‘i"t’(}ﬁdﬁ’éi‘cﬂs nEfteri al s,
each sever al eman?cmm@eanthm KaverPhef RbSkEfinFe: ‘21D Jayersons ttlusbeded r om
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of ther noel amephe %l;mitﬁ c?nﬁl&ggéitd@%@mﬁg,orml ! 23k i@y Gh Beithe fogl VPO
semconductlir:% ter i thgcho%é 5 of alte i lﬁrrgierlas I n
each of therioal efent s 521 il gt i’o el s { ARy oPRIE

ouper | atti cAa$PTiake ¥ 9PRfuEDS ﬁg@erhﬁtttéﬁsarf%r RAYrmPelpEpnteh & Onad 212 as
conducti vi t yweld, &nx sikirgplsametigiretiani keiahuidonidilcbaenidey pateprials, atheal | Oy
conpri si ng tdipeSANELdeWOo:S ERaGONAMEIINTL0 Ah BBE ALy Bk SoonMRuLadTrbh /ccalt
PCT/ Gg01/ 05193 4 o ? ﬁ@tgzqggi Igatgg& nmbodi ment, superlattice thernoel enent

212 conpri ses ernating layers o p-type b| snmut h chal cogeni de materials
such as, for exarrpl e, alternating |layers of Bi2Te,/Sb, Te3 with |ayers of

Bi 0, 5Sb, , 5Tea, arfierioRkecttiifeFPoler| 08 HECLinelIAse Wie RS0 Xbgoednpics es
al t er nat i ng dlayerisabfcubremt t¥y pesder simib rheh@letogenizde amtwenalrepy such as, for

exanmpl e, al tidhidel 8bnt | AYEIrRo onBhdrle 2190 t RiAYS $nOhuadll 25a3pe O her types
of S%g‘ Cond%hi%gu%%q’f?aln% myf(ﬁ%gd l"é,%g&igo?r(te?%guaqté Ir%?%res w.1th at h

t her noel enent
chal cogeni d&RtVFTRsE 1ayfe 218 398328115 E‘ﬁ?“fﬁi“? ST o uft §32fer and 212
may be consts*aeried Flagnueo B4 t Ofigerasandneiipg sktrtietd ¢dhite mamberisad 9o
Ther noel ect ndlece 6| wrt 200 Dlcdvisl, NRirudesply, pemgbi:nt noughkwhieh , &lsectri cal
current | D&S.Eﬁﬁiuinrﬁc@pér hiduempiri 2AER) Adhiafdmihen froffe areas between
20 and around the tips 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"

25 is a thin layer of semiconducting material 214 and 216. Layer 214 is
formed from a P-type material having the same Beebeck coefficient, o, as
the nearest layer of the superlattice of thermoelement 213 to tipes 250,
Layer 216 is formed from an N-type material having the same Seebeck
coefficient, o, ae the nearest layer of thermoelement 210 to tips 250,

30 The P-type thermoelectric overcoat layer 214 is necessary for
thermoelectric cooler 300 to function sinde cooling occcurs in the region
near the metal where the electrons and holes are generated. The n~type
thermoelectric overcoat layer 216 is bemeflcial, because maximum coocling
occurs where the gradient (change) of the Seebeck coefficient is maximum.

35 The thermoelectric overcoat 214 for the P-type region lg approximately &0
nm thick. A specific thickness of the n-type thermoelectric overcoat 216
has yet to be fully refined, but it ie anticipated that it should be in a
similar thickness range to the thickness of the thermoelectric overcoat
214,

40



t her noel ement 210 into conductor 218. Tips 250 includes n+ type 15

.sem conduct or 222 and 224 forned into pointed conical structures with a 5 ot g
thin overco 218 and 220 of conducting material, s - 005
exanpl e, pl gftv?hﬁar?\ﬂ?m) O her conducting materials that may Bﬁdg‘i’lg;l n

pl ace of platinuminclude, for exanple, tgngsten (W, nickel (N), and

titani um copper nickel (Ti/Cu/N) nmetal filnms. The areas between 20 and
around the tips 250 and thernoelectric materials 210 and 212 shoul d be
evacuat ed or her ically. .se suc or, exanpl e,

nitrogen. on_the 8@1 e giefgﬁcgév‘:@’rl?‘%gc’fﬂdes“b"&n%cfﬁ’"ﬁlacfr"ﬁélg j2“18 and
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is formed frémraafs tiypEOITHxQecﬁfabielnay|ilagadhheve@ann.a&eiebetﬂiérmeédﬂdﬁbtﬁﬂlty,a as

t he near est haﬁertlﬂf Jigg o ﬁ al Aot kéz‘%epyt sﬁ{ﬁ?\%hgg‘gﬁtla@g‘%etﬁg £k, 250.

Layer 216 is formed rom an pe materi a ng t peck

coef fi%i ent , FeF egamplpe th%é#mllwévctévi%e’r ok bdemith abodgenidepsis250. 30
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occurs wher e® & Yr H’Eﬁ é?ﬁctﬂ:ﬁ'}n’@j’é‘f“‘iﬁ“”c"ﬁ(e°’§éébé€ﬁ”&?6éﬂ*FH 8rterialenaxi mum
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ernpe

ina siml thic
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poi ntzp t 0 apRboxdt A8 @lvh Cnek VelikSédBhAkiKebVidbor compression refrigsrators.

© Another advantage of the cold point etructure is that the electrons
are confined to dimensions smaller than the wavelength (corresponding to
thelr kinetic energy). This type of confinement increases the local
25 density of states avallable for transport and effectively increases the
Beebeck coefficient. Thus, by increasing " and decreasing 8, the figure of
merit 2T is increased.

Normal ccoling capacity of conventional thermoelectxric ccolers, such
30 asg illustrated in Figure 1, are capable of producing a temperature
differential, 4T, between the heat source and the heat sink of around 60
Kelvin. However, thermoelectric cooler 200 is capable of producing a
temperature differential of the order of 150 Kelvin., Thus, with two
tLherwwelscleiu coolers coupled to sach other, cooling to temperatures in
35 the range of liquid Nitrogen (less than 100 Kelvin) is possible. However,
different materials may need to be used for thermoelements 210 and 212.

For example, biemuth telluride has a very low « at low temperature (i.a.

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



Howeyér, the electrical conductivity of the thernoelectric materials 10
remains relatively unchanged. Therefore, the figure of nerit, ZT, may

b
i ncreased towgloed4®f than 2.5 for this kind of material. Mﬁé‘ﬁ{‘@&ége 63 SEP 2005

material that is possible for the superlattices of therno 0 and
212 is cobalt antinony skutteridites. These type of materials typically
have a very high thermal conductivity, A nmaking themnornmally 15

undesi rabl e. However, by using the pointed tips 250, the thernmal

conductivity can a. m. ni an rodu a figure of nerit,
ZT, for these mat gfﬁtéggggfgnﬁé%ato fe[ghf hcg;ﬁazﬁ aqﬁﬁgnyrrﬁ ‘fetﬁﬁritdﬁg%é‘a’f’rﬁiéjﬁ Y
very attract i@ oDl reeRAePRASEIRdAL S0 F1akRd B pemppretuse orle, thehe use
of pointed tifpet 2B&: the chealti mbdesyeskut baridftfei sitentalsofret Mieruthenlnehent ric
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1, are capable oOf producing a tenperature eren 8n the
heat source and the heat sink of around 60 Kelvin. However, thernoelectric
cool er 200 is caphifieredrreRce el trgFigure Snpe Pasnarevigf ¢fe thavmpellectsfict he or der
of 150 Kel vi aeol&h 90 i Figuren® 14 liepiroed et 4dcordsned G sh ¢helpredbnt0 each
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very |ow a aB’{oly ‘wBmiarEenr?(quder-type £&4ctinn F 04 100 diegp ddidn Geved as) .
However, bi seandhctbine imsbendad | 06yishaperofreram ad@ldonabodyow t enperature. 40 WO
02/ 47177 PCT/ GB01/ 05193 10 Anot her advantage of the cobalt antinony

skutteridite mat eddets P¥Chnc h SEL N, ' L regh
relatgd to tg;_g?lg grure, i sEt ﬁgg&f gﬁjj %J}atggﬁiéﬁgg% geaégf% ?r’%ncébg &t'?%ﬁ dite
e

\ o -t t : ;
material s are Sttucturar Iy YRS BeidnTE GheresE™ (1ePDirE it Peeheitc bY&RI de
mat eri al s ar%f §P‘? defﬁilaq:qiyev@akt_h_ermoelcment 210. Scction 394 includee an array

of conical tips 312 each covered with a thin layer of p-type material 314

of the same type as the nearast layer of the superlattice for
thermoelement 212.
25 '

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 inventlon. Tip 400 includes a silicon cone
that has been formed with a cone angle of approximately 35 degrees. A

30 thin layer 404 of conducting material, such as platinum (Pt), overcoats
the silicon 402. A thin layer of thermoelectric material 406 covers the
very &snd of the tip 400. Tho cone angle after all layers have been
deposited is approximately 45 degrees. The effective tip radius of tip
400 is approximately 50 nanometers.

35

Tip 408 is 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
thermoslectric material layer 410 over the point. However, tip 408 has a
much sharper cone angle than tip 400. The effective tip radiue of tip 408

40 is approximately 10 nanometers. IU iy Lot known at this time whether a
broader or narrower cone angle for the tip is prefersble., In the prasent



5 Those of ordinary skill in the art will appreciate that the construction
.of the thernoelectric cooler in Figure 2 may vary depending on the

i mpl enent at | exanpl e, nore or fewer rows of tips 250:nmay be -5 SEP 2005
i ncl uded thi%l’ér%;10 ggﬂrét ed in Figure 1. The depicted exanpl e r&/ﬁggﬂ‘}%’ént to 10

inply architectural limtations with respect to the present invention. Wth
reference now to Figure 3, a planer view of thernoel-ectric cooler 200 in
Figure 2 is depicted in accordance with the present invention.

Ther noel ectri ool er 300 jncludes an n-type thernpelectric 15 materi al
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o same r er... 16, _Super a for thernool enmen
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thin layer Sf*HE £HpSoREEI TeaP R It ePHaC SHRECRY p&ase HefR sAdsdr ete | ayer of

t he super| ateheangly 1stapprardeitehe Mt degpees25 Wt h ref erence now to Figures

4A and 48, a cross sectional views of tips that nmay be inpl enented as one

of tips 250 in Fgg&{ ee.l%rgﬁced@m fec}; 9dgd:Q s,ﬁg%@%ﬂi@e&%ﬁ%ggiaféflrugéfa\}maﬁ .

i nvent i on. inclu a.silicon. ¢
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mat eri al , sﬂﬁﬁm‘g‘gniﬁ AR PEREPDt SPERERIs TiPP4sTay Bddmateyentadiad Ang ayer

of thernoel efttipg 20t &x FagurdA(6 CDiwe¥ld hdpean eéfertived tid rhéiust i 40D00-50he

cone angl e abh&feradd. |myer InhavGpdititc APOSbtRdal RcapRr 9X¥epRlpbit 45

nanogpter s AEgee! Yok ARy La LB B R a MLV MIREE e o as one
: | | I,V | | u

o 1 " S5 guesprae 8 supfridlth 5 RoBl G or e Bt Bt Y ay o

412 and t h&PHISERBt fi Cintieerd AP0 pagrdptrto heriere WomAtRolMedet e, aip 408
has a nuch tséraepkectcbneodeglvdth kahy 510 48krs Tive fef agerlettidepis adi us of
tip 408 40 isafBppeaxi mately 10 nanonetere. IL is not known at this tine
whet her a broader or narrower cone angle for the tip is preferable. In the

pr es%}t WO 02/ 47'}&75,ngr%QHgoéjt%grmoelectric coolexr, such as, for example,

thermoelectric cooler 200, 1s not extremely time consuming, since only a
Few layers of the superlattice must be formed rather than numercus layers
which can be very time consuming. Thus, thermoelectric cooler 200 can be
fsbricated very thin (of the order of 100 nanometers thick) in contrast to

25 prior art thermoelectric coolers which were of the order of 3 millimeters
or greatexr in thickness.

Other advantages of a thermoelectric cooler with pointed tip

interfaces in accordance with the present invention include minimization

30 of the thermal conductivity of the thermoalements, such as thermoelemente
210 and 212 in Figure 2, at the tip interfaces. Aalso, the
tempereture/potential drops are localized to an area near the tipe,
effectively achieving scaling to sub-100-nanometer lengthe. Purthermore,
using pointed tips minimizes the number of layers for superlattice growth

35 by effectively reducing the thexmoelement lengths. The present invention
also perxrmits electrodeposition of thin fillm structures and avoids
£lip-chip bonds. The smaller dimensions allow for monolithic integration
of n-type and p-type thermoelements. '

40 The thermoelectric cooler of the present invention may be utilized
to cool items, such as, for example, specific spots within a main frame
computer, lasers, optlc electronics, photodetectors, and PCR in genetics.



11 enbodi nent, conical angles of 45 degrees for the tip, as depicted in

.Fi.gure 4A, have been chosen, since such angle is in the mddl e of possi b& %EP 05
ranges of c and because such formation is easily formed with ~
silicon wi tﬁwgog@g%l num overcoat. This is because a KOH et!GI’G%Y*t he 5

100 pl ane of silicon naturally forns a cane angle of 54 degrees. Thus,

after the conductive and thernoel ectric overcoats have been added, the

cone angle is approximately 45 degrees. Wth reference nowto Figure 5, a

cross sectional vj L1J ustratin 0.t tenqperatyre field of a tip near
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t enper at ur e/ P BN Bie drEISY drerdeerdapfiiatency Hfntharacelaetrict drolent 2ps,
ef fectivel y Bohhessisngursoalding tim sitbailbethvaaontbensd angtihsymdelédthes Nor e,
usi ng poi nt eghtlel-PRsN NI MZa5 thou AWIbRIL@ oF aﬁé%étif:&rlysérr]&%c{ i Geggrowt h

35 by effectjysl ¥s regdugl h | ement | engths. The present Tnvention
al so permts ec eth'ro epo@%%bﬁ%?%’ﬁ?%'fi | m structures and avoi ds

flip-chip bonds. The smaller dinensions allow for nonolithic integration
of n-type and p- tﬁ}ﬁ%' PReMBEIuEP @t heat source 226 is comprised of p- type doped

gilicon. In contrast to Figure 2, however, heat source 226 is thermally
coupled to n+ type doped allicon regions 624 and 622 that do n&t form part
of the tipped stxucture 650 rather than to regions that do form part of

25 the tipped structure as do reglens 224 and 222 do in Pigure 2. N+ type
doped silicon reglone 624 and 622 do still perform the electrical
ieolation function performed by reglons 224 and 222 in Figure 2.

Several methode may be utilized to form the all metal coneg as
30 depileted in Pigure 6. For example, with reference fiow to Figure 7, a
oross-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 pacrificial milicon template 702 has baen
constructed having conical pits, a layer of metal may be deposited over
35 the template 702 to produce all metal cones 704. All metal cones 704 may
then be used in thermoslectric cooler 600.

With reference nov to Figure 8, a flowchart illustrating an
exemplary method of producing all metal cones usging a silicon sacrificial
40 template is depicted in accordance with the present invention. To begin,
conical pits are fabricated by anisotroplc etching of silicon to create a



40 The thernoel ectric cooler of the present invention nmay be utilized to
.cool ‘itenms, such as, for anrrpl e, specihficdspots W t hi nda mai n frame -5 Sgp 20
conmput er, tic electronics, photodetectors, and P enetics!
WO 02/ 471778%@9?/&8?/ 05193 12 Wth reference now to Fi gur @’éﬂ;{"@ﬂ&s
sectional view of a thernoelectric coolers with enhanced structured
interfaces with all nmetal tips is depicted in accordance with the present

i nvention. Although the present invention has been described above as
having tips 250 constructed 5 fromsjlicon cones constructed fromthe n+
sem conduct i ATHY &gi®8ntP4224 T ma’???,d"f‘?’g’%' & sgmbination ph KOH BEGMIBE) 1 epl aced
by tips 650 alsiddé#ﬁfntw/Ph foqyegd rion theatT gy chigso Iﬂa#eta&thnimaaﬂf cones 618 and
620. in the depiieiday epbndbirents acomesl Gddmand :62@xrare constructed from
coppef and have a nickel overcoat |ayer 660 and 662. Thernoel ectric cool er

600 |§.‘I identical J0 Lﬁigggr L?c(itai't% :glggLeir %%Q éogt%l 19; her respects

I ncl udi ng havin er noe tFic. ove Re ti ps 650.
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the tipped st tFRtdre #¢etet rtélﬁfrﬁ?ﬁée"ﬁ% %‘H’ri?‘g athe ﬁiq;—‘r"‘blﬂret’fa“wm type
doped si|i cofVerERRtonkiscim earrireiERotGian Pf Ithpibparantetfeie mesenint al
I sol ation fumeieost.perfornmed by regions 224 and 222 in Figure 2. Several
nmet hods may be utilized to formthe all netal cones as 30 depicted in

Fi gursg 6. For exaEEBLeadvéMtfaE'e rtﬁft%ri?%ﬁhd&oéﬁ Oodil S0y @117me@a1050%§? Sephdonal
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aroun 10 tlmes before the mold degradas and hecomes unusable.] Forming a

template in this manner is very well controlled and produces very uniform
all metal conical tipe since silicon elLubiog 1s very predictable and can

25 calculate slopes of the pilts and sharpness of ths 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 crose sectional view of all metal
30 cones 902 formed using patterned photoresiat is depilcted in accordance with
the present invention. In this method, a layer of metal is formed over the
bottom portions of a partially fabricated thermcelectric cooler. A
patterned photoresist 904~908 ig then used to fashlon all metal cones 902
with a diract electrochemical etching method.

35
With reference now to Figure 10, a flowchart illustrating an exemplary
method of forming all metal cones using photoresist is deplcted in
accordance with the present invantion. To begin, small sectlions of
photoresist ave patterned over a metal layer, such as copper, of a partially
40 - fabricated thezmoelectric cooler, such as thermoelectric coolex 600, in

Figura 6 (step 1002). The photoresist may be patterned in an array of
sections having photoresist wherein each area of photoresist within the



invention. After the sacrificial silicon tenplat.f; 702 has been
.constructed having conical pits, a |ayer of netal may be deposited 0V€£§,%%P2005

the tenpl at qy@@x4419; produce all netal cones 704. Al netal 4 ma
then be used in thernoelectric cooler 600. Wth ref erencepﬁ“g‘wa%&— 3gure 8,

a flowchart illustrating an exenplary method of producing all metal cones
using a silicon sacrificial 40 tenplate is depicted in accordance with the
present invention. To begin, conical pits ag_/ ggrlll ggagg % an: Zo'zr;)pl c
etching of silicon to create a WO 02/47177 P no step
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titani um andeudrantlyi tshcharperbbd fhdrkfare} dferosofist e inmet @t faceorangr bala The
ni ckel or tihee amiradeneerdd.ai ds in el ectrodeposition of the
thernoelectric material overcoat. 20 [One advantage to this nethod of

dygi |1 t ' t that is. produced is reusable.
El)_[’lg lr{rlt%ﬁ: Sgngy bge {%Iﬁs‘g @gg)led!t gtz’ga%oﬁfr}ogp%dg%%%ﬁsﬂge 5P PRE ABT B°tRdYr ades and
becomes unusabre 9 FArRFhJeHo% ERYIP5c Wef P Kid Hadpkiicrte ghh fetpd| pones

control | ed afff Prodttiesherdpsieahiiroiatiesl | Fathernaroniataer tips of meealsi | i con
et ching is veaybpredd doalihe sdhdretah @t otllecutmhecopb@pes of the pits and
shar pness of the cones produced to a very few nanoneters. O her -net hods of

formgag all et alyieRN@se tRYe lﬂ@w "é§eﬂg_@|§ vel LA'CLEQE-Eeg‘f&%m Grewbl Q reference
now to Fi gurﬁme%moe@a&[r?«? Sco%fecrtvln [l]xacl.nh\a/rlzcee sot-]crugx-!ulramggerfaces in which the
' thermoelectric material rather than the metal conducting layer ie formed

into tipe at the interface is depicted in accordance with the pregent
invention. Thermoelectric cooler 1100 includes a cold plate 1116 and a

25 hot plate 1102, wherein the cold plate is in thermal contact with the
substance that i1s to be cooled. Thermal conductors 1114 and 1118 provide
a thermal couple between electrical conducktlag plates 1112 and 1120
respectively. Thermal conductors 1114 and 1118 are constructed of heavily
n doped (n+) semiconducting material that provides electrical isolation

30 between cold plate 1116 and conductors 1112 and 1120 by forming reverse
biased diodes with the p- material of the cold plate 1116. Thus, heat is
tranpferved from the cold plate 1116 through condugtors 1112 and 1120 and
eventually to hot plate 1102 from which it can be diesipated without
allowing an electrical coupling between the thermoelectric cooler 1100 and

k] the gubstance that is to be cooled. 8imilarly, thermal conductor 1104
provides a thexmal connection between electrical conducting plate 1108 and
hot plate 1102, while maintaining electrical isolation bastwesen the hot
plate and electrical conducting plate 1108 by forming a reverse biased
diode with the hot plate 1102 p- doped semicgonducting material as

40 discussed sbove. Thermal conductors 1104 is also an n+ type doped
semiconducting material., Electrical conducting plates 1108, 1112, and



30 cones 902 formed using patterned photoresiet is depicted in accordance
mith" the present invention. In this nmethod, a |ayer of netal is forned

over the rtions of a partially fabricated thernpel ectric cool eb.SF
A patter neﬁ%%&&e& st .904-908 is then used to fashi on EFF/GBRVENI9ones P 20;
902 with a direct electrochenical etchi ng method. 35 Wth reference now to
Figure 10, a flowhart illustrating an exenplary nethod of formng all

nmetal cones using photoresiet is depicted in accordance with the present

i nvention. To begin, small sections of photoresist are patterned over a

met al | ayer, 1flchreagonssppsed fyom plydne 4Pty igGhissrbaidnedt .t Ferenssl ectri c
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in Flgure8 per andther?fore i f

t
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met hods may fvemess ederasiviebh tips pabrlieabelvaly maetlapattenes wedfeodingselyM t h

t her noel ect rdteh&D@b elosn FUFHALT ADSL, HWERE, thBes nefhclBtaksirefBy be used for
the all. net@lrkRRfaQt hehrihan, ¢9maea omewotvbr W8t eAGRaNAW @ Figure 11,

a Cross-sect r (of r|c CO | e ance tructural
J 2 od é %&/ eq,ecgroc%em? {Eoget%. é he 49.1. Ero\geposigacpmatsrgals

|nterfaces in
ten to e polycrystalline and do not have ultra-planar surfaces. Also,

the surface thermoelectric properties may or may not be superior to sgingle
cryestalline thermoelectric materials. Annealing improves the
thermoelectric properties of the polycrystalline materials, but surface
smoothness below 100nm roughness levels remains a problem. The tips

25 1130-1140 of the present embodiment may be formed from single crystal or
polycrystal thermoelectric materials by electrochemical etching.

In one embodiment, the;moelement 1124 is comprised of a super

lattice of single crystalline Bi,Te,/Sh,Te; and Bi, (Sb,  Te, and thermoelement

30 1126 ig formed of a super lattice of egingle crystalline Bl,Te;/B1,8e; and
BiaTez 08@q... Electrically conducting plate 1120 is coated with a thin
layer 1122 of the sams thermoelectric matexrilal as io the material of the
tips 1130-1134 that are nearvest thin layer 1120. Electrically conducting
plate 1112 is coated with a thin layer 1110 of the pame thermoelectric

3s material as is the material of the tips 1136-1140 that are nearést thin
layer 1112.

With reference now tco Flgure 12, a flowchart illustréting an
exemplary method of fabricating a thermoelectric cooler, such as, for
40 example, thermoelectric cooler 1100 in Figure 11, is depicted in
accordance with the present invention. Optimized single crystal material
are first bonded to metal elactrodes by conventional means or metal



thernoel ectric material rather than the metal conducting |ayer is forned
into'tips at the |nterface is depicted in accordance wth the present

i nvention. Rggr £ctric cooler 1100 incl udes a cold pl aé,? ;((JIH]O?/ ﬂ?ﬂ a '2% SEP 2005
hot plate 11 wherelnthe cold plate is in thermal cont T R e
substance that is to be cooled. Thermal cenductors 1114 and 1118 provide a

thermal coupl e between el ectrical conducting plates 1112 and 1120
respectively. Thermal conductors 1114 and 1118 are constructed of heavily

n doped (n+) .$ { e I ctri sol ati on 30
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for exanpl e, rovidin

cont act rTBet V\E%Hc%/‘ﬁ@“1’?5‘tg?f’e|t’fﬁ5‘el”é1’?éﬁt°§yﬁcﬁ jt"‘ﬁe"tl’l'}é‘?i’t“r%‘bur ce (coI d end)grret al
el ectrode (conductor) through an array of points in the netal electrode as
in Figures 2 and ¥Wgth tefieregre apw Glo pignd 34 ofa dicwtac shdidbyveetolidhgoint tip

t her nel emendboBth heeaaBt Mk uselﬁpar@dﬁnaesed%m/b&gdrM1a&ra£fr@ytm poi nt s
1130-1140 i npgsieioptins;rommﬁleemntéa@%%4t@@fép 1Pl ! 1 &Jg@ﬂ@mbﬁﬁ'a nee

descri bed abu?i‘é% t‘:’y{e pres%nt L\?er %e tJﬁtllmzougH rt% t%.p whet’he}: hc?:esr}:‘:"etdaln ﬁeCt rode

at the cold
all- metal or metal coated tips or as thermoelectric tips have been

dascribed thus far as being in contact with the surface opposite the tips.

25 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
sltuated near the opposing surface 1404 but is not in physical contact
with ths opposing surface. Prefcrably, the tip 1402 eghould be a distance

30 d on the order of 5 nanometers or less from the opposing surface 1404, 1In
practice, with a thermoelectric cooler containing thousands of tips, some
of the tips may be in contact with the opposing surface while.othars are
not in contact due to the deviations from a perfect plane of the opposing
gurface.

35

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 cocoler may be reduced. Rlectrical conductivity is
maintained, however, due to tunneling of electrons between the tips and

40 the opposing surface,



formed over silicon tips or alternatively netal patterns were directly

.etchéd to formall-metal tips. However, these methods required 5
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Although the present inventlon has been described primarily with

reference to a thermoelectric cooling device (or Peltier device) wlth

25 tipped interfaces used for cooling, it will be recognized by those skilled
in the art that the present invention may be utllized for generation of
electricity as well, It ig well recognized by thoae akilled in the art
that thermoelectric devices can be used either in the Peltier mode (as
described above) for refrigeration or in the Seebeck mode for electrical

30 power generation. Referring now to Pigure 15, a schematic dlagram of a
thermoelectric power generator is'depicted. For ease of understanding and
explanation of thermoelectria power generation, a thermoelectric power
generator according to the prior art is depicted rather than a
thermoelectric power gemerator utllizing cool point tips of the present

35 invention. However, it should be noted that in one ambhodiment of a
thermoelectric power gemerator 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 greatex
detail above.

40

In a thermoelectric power generator 1500, rather than running

current through the thermoelectric device from a power source 102 as



10 polishing and then el ectrochem cally etching the entire substrate' to
snanoneter filns (step 1210) . The second substrate with the ultra-thi r15 SEP 2005
substrate f cold end-and the two substrates (the | he
ultra-thint (Ser?r/figgﬁectric material and the other with thep{‘aﬁg}rﬁf})ﬁ%@ﬁ%mric
tips) are clanped together with pressurelfstep 1212). This structure 15
retains high crystallinity in all regions other than the interface at the
tips. Also, the same nethod can be used to fabricate polycrystalline
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Al t hough t heldadpslemsitetfoer, anheatiedcHenoppssital modeeifabpedat ivatl BomCtat @sliat | pS O

as thernoel egd ph&at idSadlAv e dAeaN riflsCy i bed thus far as being in contact
with the surface opposite the tips. 25 However, although the tips may be in

contact with the opposing surface, it 1is preferable that the tips be near
t he opposi ng sur fREERERFE hEtHe "t BERHTSRGACIPRE RIYEF o087 1fe it et B FshetPrgur e
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fromthe opposing _suriface 1404. In ractice, wth_ a thernoelectric cool er
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i lTustrated gy, g, e, Hipt e gkl Pk Brided Ol CRoM |(|19§5§p{: 2l 19 4BR%Ge a
SLigbly morg L QURdPY: AR et IS GRRG, " editPorl 407 el RNSHS L, LIS
Wiley & Some, Inc.,, New York (1997), pp. 675-682, both of which are hereby
incorporated herein for all purposes.

The present invention has been described primarily with reference to

25 conically shaped tips, however, other shapes of tips may be utilized ae
well, such as, for example, pyramidically shaped tips. 1In fact, the shape
of the tip does not need to be symmetric or uniform as long as it provides
a discrete set of subetantially pointad rtips through which electxrical
conduction between the two énds of a thermoelectric cocler may be

30 provided. The preseﬁt invention has applicatioﬁs to uge in any emall
refrigeration application, such as, for example, cooling main frame
computers, thermal management of hot chips and RF communication circuits,
cooling magnetic heads for disgk drives, automoblle refrigeration, and
cooling optical and lager devices.

35 '

The description of the present invention has haen presented for
purposes of illustration and description, but is not intended to be
exhaustive or limited to the inventlon in the form disclosed. Many
modifications and variations will be apparent to those of ordinary skill

40 4n 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



5 perfectly pointed the tip is, the fewer nunber of superlattices needed to
-achi eve the tenperature gradi ent between the cool tenperature of the ti%
and the hot - ture of the hot plate. Preferably, the i -3 S
curvature raﬁggﬂﬁﬁg curved and of the tip 10 1402 is of gﬁgﬂ%@ggg&%f a féwzmm
tens of nanoneters. The tenperature differwence between adjacent areas of
the thernoel ectric material below surface 1404 approaches zero over a

di stance of two (2) to three (3) times the radius of curvature re of the

cad of tip 1402. Therefore, only a,few Jlayers of the super lattice

1406- 1414 ar‘éarﬁ %ses?géﬁdﬁ'."e‘%ﬁu“él,tl’ava§b?3‘5r'|1°af1[t€¥°5§f°f5 Haftt FUtteEp1PoE e the tips
i s feasibl e BFEACHRE WectEP®Artadont act 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 nore |ayers was needed to have a sufficient

thi ckness in which to allow the tenperature gradient 20 to approach zero.
Such a nunber of layers was inpractical, but using only 5 or 6 |ayers as
in the present invention is nuch nore practical. Although the present

i nvention has been described primarily with reference to a thernoelectric
cooling device (or Peltier device) with 25 tipped interfaces used for
cooling, it will be recognized by those skilled in the art that the
present invention nay be utilized for generation of electricity as well.
It is well recognized by those aki.fl.ed {n the art that thernoelectric
devi ces can be used either in the Peltier node (as described above) for
refrigeration or in the Seebeck node for electrical 30 power generation.
Referring now to Figure 15, a schenatic diagramof a thernoelectric power
generator is depicted. For ease of understanding and explanation of

t hernoel ectric power generation, a thernoelectric power generator
according to the prior art is depicted rather than a thernoelectric power
generator utilizing cool point tips of the present 35 invention, However,
it should be noted that in one enbodi ment of a thernoelectric power
generator according to the present invention, the thernoelenents 1506 and
1504 are replaced by cool point tips, as for exanple, any of the cool
point tip enbodi ments as described in greater detail above. 40 In a

t hernoel ectric power generator 1'500, rather than running current through
the thernoel ectric device froma power source 102 as



t WO 02/47177 18 PCT/ GB01/05193 - 5 SEP 2005 indicated in Figure 1, a
tenperature differential, THTL, is created across the thernoelectric

devi ce 1500. Such tenperature differential, T'-T,,, induces a current
flow,. 1, as indicated in Figure 15 throudl® a resistive |oad el enent -15@;32005
This is the opp05|te node of operation fromthe node 5 of operation

descri bed |n H@S 1 Therefore, other than replacing a power source 102
with a resi stor 02 and nmai ntai ning heat el enents 1512 and 1516 and
constant tenperatures Tu and T,, respectively with heat sources Ox and Q
respectively, 10 t ernDe ctrlc device 1500 is identical in conponents to

t her moel ectrile "ltfl*F V@(‘@r eomprisppgis, t her noel ectric cool i ng devi ce
1500 utilizes p t Bhfo or 1504 and n-type sem conductor 1506
sandwi ched bet vveen)mg%tgr elere&gﬁif cal conductors 1508 that have good heat
conducting pr opertﬂe@ondMOelfemhte&Meally%étpled&Oﬁe fresidhdraidBleafint;espond to
el enents 104, 106, an ég’ 1@? \E/Cgl% in Figure 1, Thernmpel ectric

devi ce 1500 al so i ﬁcﬁ W& ésé It £ gieriieandyctap qubstrate overlaid by a
cor r espondi ngnetali€lset ﬁm&ﬁkuawnﬂﬁﬁﬁﬂM§to b Girdferddbldent 204 st Lset WP HRcrete .

i nformation about thernoelectric electric power generatlon may be fdunaeln
CRC handbook PBMtSTARY noel ectrice, edited by D. M Robl e, .D 4 D.Sc., CRC

Press, New York, nced. En rin
Ther modynani cs, 2nd%%gl)ﬂtlt?/(@)l.or%c S%gO% ﬁ r%ﬁqﬁdgj ohl's ?gﬁ% f toeryglk tg’g?‘ngvg’r 13id by New
York (1997), H}?}Eﬁ lig Fesgnd sb@atbd pfoxinatehtoathe sb«mndbmenmmmraatae@bcbﬂa @étnoff or

al | purposesds§%% gsent i nvention has been described primarily with
reference to onical ly shaped tips, however, other shapes of tips may

be utilized as well, such as for exanpl e, pyram dically shaped tips. in
fact, the shape i'hagtl not need to be symmetric or uniform as
long as it pfovides™™ md? ’é"t evigs asgecitedpr elaim il awhsredhe fied tharpoeletmentugh

whi ch el ect r hgdihe s@&ﬂd‘ﬂ%n@@le%ﬁ%rfs@@#emﬁﬁ@ ﬁrﬂ[)elgcthrb_%a T allse ctric

cool er may be 30 provided. The present invention ications to use in
any small refrigeration application, such as, for exanple cooling main

(rome comubers, sheqtaledeAROBIRILL oLty AR5 SR EE CHIIIL L on

circuits, cooli ng magnetic he
refri ger ati omatezialy compoisé higmuopt ¢halbgaride maeinlsdevi ces.

4, The thermoelectric device as recited in claim 2, wherein the thermoelectric

materials comprise cobalt antimony skutterudite materials.

5. The thermoelectric device as recited in claim 1, wherein the first thermoelement

comprises alternating layers of Bi;Tes/SbyTe; and layers of Big sSby sTes.

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

thermoelement comprises alternating layers of Bi,Te, and layers of Bi,Te;.

7. The thermoelectric device as recited in claim 1, wherein metallic layer includes
platinum,
8. The thermoelectric device as recited in claim 1, wherein the metallic layer

includes nickel.

9. The thermoelectric device as recited in claim 1, wherein the metallic layer

includes tungsten.
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35 The description of the present invention ham hen presented for purposes

of illustration and description, but is not intended to be exhaustive or
limted to the invention in the formdisclosed. Many nodifications and§ SEp 2005
variations will be apparent to those of ordinary skill 40 in the art.. The

enbodi nent was chosen and described in order to best explain the

principl es of Ot he L[nventi on, the practical application, and to enable
others of ordPnary L&&kithermpplegtrig dgyice apregitribingilaimnd , wherdimthemétalfic flayer WO

02/ 47177 PCT/i#0dds AN LA MPEIPUS enmbodi nents with various nodifications
as are suited to the parthulg? use contenplated. 20 CLAIMS: 5 SEP 2005 1.
A thernoel ectric device, conprising: a first thernoelenent; a second

t her noel enent, el ectyically cqoupl.ed to the first thernoelenment; a plurality
of first ti pslfor ”'ghe eﬁggegﬂﬁd%ﬁ%%&ﬂwe@%@f%@ Whetzah thgicgniggl tips fisther| | i ¢

| ayer and si tcompgise th@}ﬁ@é'tiWl@eis%ﬁtlﬁ@m%ﬁe@ﬁicﬁﬂﬁéﬁ@%lvelnﬁ@tmﬁél(lji% @efﬁz&he%éih (R

discrete points; and a plurality of second tips formed fr

seni conduct ofNEMeelestse angicrad!| layey Ippusty typesmaics theyespeeting isipunisy ges of the
proxi mat e to f#H6nge6Rnd tiAGbIRS : toQlimagll Screte points.
2. The thernoel egtri c device asle@g?lp%vgg:hiﬂ?\e %q%g?%?ngﬁ?l%va{ TE1 the first

t hernoel enent and the second thernoel enent conprise superlattice

thernoel ectri;g materials. 3. .The thernoelectric device.as recited in claim
2, wherein tﬁg' thejh%&egg?%%m %‘%??SéF%lt@dPrﬁh@g,w &t e@ﬁﬁ?@ﬁ@éﬁpﬁéﬁﬁ

mat eri al s. 4arrdfgedtihen abey 6Cligs. ¢ device as recited in claim2, wherein the
thernoel ectric materials conprise cobalt antinony skutterudite material s.
5. The thernoel ectric device as recited in claim1, wherein the first

t her noel emenyi3, conph #RFmAMIL&FOALYINDad (BY: irff12 nq 51, Of
Bi 0. 5Sb1. 5Te3. 6. The thernoel ect\rléls%gaS edﬁgzngglﬁét‘}? g@%%zglssa?rr%sf!)&ﬁ@ﬁgi n
the second ¢PripHdeBlaARENt conprises alternating |ayers of Bi 2Te2 and | ayers
of Bi 2Te3. 7. The thernoelectric device as recited in claiml1, wherein
metallic layer includes platinum

14. The thermoelectric device as recited in claim 1, wherein the tips are substantially
pyramid in shape.
15. The thermoelectric device as recited in claim 1, wherein at least a one of the

plurality of first tips is in physical contact with a surface of the first thermoelement.

16. The thermoelectric device as recited in claim 1, wherein at least a one of the

plurality of second tips is in physical contact with a surface of the second thermoelement.

17. The thermoelectric device as recited in claim 1, wherein at least a one of the

plurality of first tips is not in physical contact with a surface of the first thermoelement.
18. The thermoelectric device as recited in claim 1, wherein at least a one of the
plurality of second tips is not in physical contact with a surface of the second

thermoelement.

19, The thermoelectric device as recited in claim 1, wherein the plurality of first tips

are nominally within 100 nanometers of a surface of the first thermoelement,

20. The thermoelectric device as recited in claim 1, wherein the plurality of second

tips are nominally within 100 nanometers of a surface of the second thermoelement.

R:ALIBK\636803SGclaims.doc



8. The thernoelectric device as recited in claim1, wherein the netallic

| ayer includes nickel. 9. The thernoelectric device as recited in claim1,
wherein the nmetallic layer includes tungsten. R \ L[ UK 63 6 803 -5 SEP 2005
SGclainms. do ¢ - 5 SEP 2005 21 10. The themnnoel ectric device as recited in
claim1l1, wherein the netallic layer includes Ti/Cu/N mnetal film 11. The

t hernoel ectri,¢c device as recited,in claiml1l, wherein the conical tips

further com% i se ,«%@lﬁ@&qqlqulq &7 CUNPESRE noel ectric material over the

metal lic |ayer, whgrpitihdrh@elehfagf. noel ectric material layer inpurity types
mat ch the respective inpurity types of the first and second thernoel ements

to which the coni célseqang tharmoplemenhnalearically.colipled the fivelteatoekndayi ce as
recited in claiml L] h | ur al i of tips are arranged in an array
of tips. 13. The tA rrmg eél{ ?'llrsg tg)év‘i[ogge(gimpeéi ﬁeg'ﬂcciq‘?“%t%is\‘rl?&lﬁat%\éfﬁ@i%bv He
tips are subsietaiti¢ &yey and siniaeedl proRinsdt@Rethe kst tiBRnddN@RIRGL § G i .tg?‘dLs&%teas

recited in claim1, wherein the tips are substantially pyramd in shape.
15. The ther RS i c device as recited in claim 1, wherein at |east a one

of the plurality gfyihiStoftdeBshd Sps ' wth a surface. of
the first thernoel efent. §,10§5. el Gnsefontd ?gﬁf%‘g -lﬁ{eééﬁ@}ect(gssulrg%tﬁqt? QYT oY i m
1, wherei n ametadliedaygr ené sishated groxiinateaboi thy sedonslethemtbeléndént iz ai §tcphy SéCat

contact wit hdﬁc@%ﬁécﬁﬁt@ »%eré' e second thernoel enent. 17. The thernoelectric

device as recit N clarme, wherein at least a one of the plurality of

first tips is not i foisysid sdcondnipacie Walh t@ havd bR cefeive S rddiiSbf less than
t her noel enent . 1%.11}%62)(?5{3(51& noel ectric device as recited in claim1l, wherein

at |east a off®™8 H"I‘%’I“?ett?s'of second tips is not in physical contact
with a surface of the second thernoelenent. 19. The thernoel ectric device
as recited in claiml, wherein the plurality of first tips are nomnally
Wi thin 100 nafonet 8rtBergioelecigrdesise apfecitpdinf dlaist 2 &, ndreraie therfirst therdthel chivat

t her moel ectr ¢y G\l | I i.m wherein the plurality of
second tips are n%%ﬁggfﬁn&gg\n]ﬁ{]ﬁﬁtn&%%’s%gu 5#@@8? CWOQCQUFF"%@%? t he second
thermoel ement. R \LI B K\63 6803 S G | ai ns. d oc 5 SEP 2005 22 21. A
t her moel ect b dev}\_c\tﬁérrn%gfggtl}llcscfe\r}gé as recited in claim 22, wherein the thermoelectric

materials comprise bismuth chalcogenide materials.

24, A thermoelectric device as recited in claim 22, wherein the thermoelectric

materials comprise cobalt antimony skutterudite materials.

25. A thermoelectric device as recited in claim 21, wherein the first thermoelement

comprises alternating layers of Bi;Te;/Sb,Te; and layers of Big 5Sby sTes.

26. A thermoelectric device as recited in claim 21 or 25, wherein the second

thermoelement comprises alternating layers of BiyTe; and layers of Bi,Ses;.

27. A thermoelectric device as recited in any of claims 21 to 26, wherein the

metallic layer includes platinum.

28. A thermoelectric device as recited in any of claims 21 to 26, wherein the

metallic layer includes nickel.

29. A thermoelectric device as recited in any of claims 21 to 26, wherein the

metallic layer includes tungsten.

RALIBK!636803SGelaims doc



a first thernoel ement; a second thernoel ement electrically coupled to the
first thernoelenent; a plurality of first tips formed froma sem conduct or
substrate overlaid by a netallic |ayer and situated proxinate to the—ﬁiggp'gom’
t hernoel ement at a first set of discrete jgoints; and a plurality of secon
tips fornmed froma sem conductor substrate overlaid by a netallic |ayer

and situated proxi qghe to the second thernoel enent at a second set of

di screte poi r:st; V\ArﬁXg gmPelelriq dovige as fiepited ibelaim 2 hsvherein tedmetabiicHayee an

effective ti pdigYs/coing n approximately 500 nanoneters. 22. A
t her noel ectric %feé\'ii ce as”?é%ll@gg in claim2l, wherein the first

t hernoel enent and the second thernoel enent conprise superlattice

t her noel ectri3rc£ mat rtirl}gl S. 2% £ thernoel ectric device as recited in claim
22, wherein the t aelsCicdevies: CamIIsiN& onpr i se bi smuth chal cogeni de
materials. 24. A thdisoigh@etleinenglevi ce as recited in claim22, wherein the
thernoel ectric materials conprise cobalt antinmony skutterudite materials.
25. A t her noel ect r &c@B¢ theamgelemens electriqally epepled withe it tlermotlement; r st

t her noel ement  conpry i f. B b2Te nd | ayers of
Bi 0. 59b1 5Te3. 26, A 1%?@@?@”!61;}%{652?@:,%'}8 ncl Bom, 2 Sreg’é‘i?‘%g‘gé‘?rnsﬂsgfﬁ Ovprlgd by a
wher ei n t he swtaliel layehandsisiatadeproxicotgto the firstl themmzidnimt hay dirs f oBilRdeR
and | ayers OE §k52§e . 27. A thernoelectric device as recited in any of
claims 21 toP26, > Merein the netallic | ayer includes platinum 28. A

thernoel ectric devhgturalityrdaet@d tipy PMMedfrof RkéBicddddcfora8bstMiebeiddid g?.a
in

nmetallic | ayer |1ncl udes nickel. 29. A thernoelectric device as recite
any of cl ai melig dpysp andysevaied, Praydmataee dhe isecondythermastdmetie 9t usegsid et of

R\ LI BK\ 63680386t 8binfs ; - - I [i evi ce as
recited in claim 2?,m\%ﬁéﬁ{e&%ﬁ?ttﬁgl?ﬁ?@ﬁ?%gcﬁgg{é% Ee| Jccpg%é esﬁ P%th |]°ﬁ§ft§'|°
film 31. A pW&rsbevadhe metadesiape, whorepr thsitiymockctricnsaterii daye ehpmetyttypes

ol ur al ity of T ereprpet R b R B S st oo st tndan Hrusy a
metal lic | ayéps amgredimatat ed proxi mate to the first thernoelenment at a first
set of discrete

32. A thermoelectric device as recited in any one of claims 21 to 31, wherein the

plurality of tips are arranged in an array of tips.

33. A thermoelectric device as recited in any one of claims 21 to 32, wherein the tips

are substantially conical in shape.

34 A thermoelectric device as recited in any one of claims 21 to 32, wherein the tips

are substantially pyramid in shape.

3s. A thermoelectric device as recited in any one of claims 21 to 34, wherein at least

a one of the plurality of first tips is in physical contact with a surface of the first

thermoelement.

36. A thermoelectric device as recited in any one of claims 21 to 35, wherein at least
a one of the plurality of second tips is in physical contact with a surface of the second

thermoelement.
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points; and a plurality of second tips fornmed froma sem conduct or
substrate overlaid by a netallic layer and situated proximte to the
second t hernoel enent at a second set of discrete points; wherein the IE[ﬁPZUU}i
further conprise respective |ayers of therppelectric nmaterial over the
nmetallic |ayer, wherein the thernoelectric material |ayer inpurity types
match the respective inpurity types of the first and second thernoel enents
to which the ?fi ps é?@%%ﬁ?tﬁﬁfigﬂc%% regitgdigrany one of Flatmeydl/tocs, agherait pttleabt i n
any one of claba® o thet Sluddi i+hats : ti a arr ed in
an array of tips. 33. % %ﬁg P}gg}sgct@rsilg%gte\% Efé%%aﬁ?ég@t{afte‘h’ﬁﬁr? {a‘ﬁ%"’%ﬁ’i?@? fes
clains 21 to tBgmagieareain the ti ps are substantially conical in shape. 34.
A thernoelectric device as recited in any one of clainms 21 to 32, wherein
the tips are substantially pyramd in shape. 35. A thernoel ectric device
as recited irBgany Quehenhoelbatidedde dsredifed i%ﬁ?%hé‘oﬁ&lain‘?safltto ﬁ,%@reﬁr{ atl1BS
plurality of first. tips is ip physical contact with a surface of the first
t her moel ement® Onedf the EIHB’IIII%%{]%EWC‘ ipsdepptia physicelontagt with asyrfaceeofdhe sdcandrs
21 to 35, whah@hideRinechgast a one of the plurality of second tips is in
physi cal contact wth a surface of the second thernoelenent. R "LIB
K"636803SCcl ai ns. doc 5 SEP 2005 24 37. A thernoelectric device as recited

i n any one ofyqcl ai 1erein .at .l east ne qf t luraljity of
first tips is hot {E}th%@éﬁ%cgrﬁc %éyr?ﬁeaaétreﬂﬁfiﬁn A0 o S sdets 2 H%gg’i Vlgrein the

t her moel ementplurdBty #f fisertimedre cidniinaltie witn 4901 @GbiREr Bf ANYWPRE &f (16! fis®
21 to 37, Wh%{&el n&ft | east a one of the plurality of second tips is not in
physi cal cont PGS surface of the second thernoel ement. 39. A
thernoel ectric device as recited in any one of clains 21 to 38, wherein the
plurality of first tips are nomnally within 100 nanoneters of a surface of
the first t#Har noelethgmmocleptric devigeersierited dn ansconpenfictaimad 1 ted9 tveltbréin tieny one

f claims 21 , st L ti inal |
i L hi n 100 ndnRany of SRR e A7 noBAIT bt 300 RS RHebrelen et MW oot
K\ 636803SGe| dhargiocidment.
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