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such as integrated circuit chips, and mare particularly, although not
exclusively, the present invention relates to thernoelectric coolers.
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the computer. These circuits need to be cooled in order 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 perférm
at faster speeds and generate much more heat, these solutions are not
viable.

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

A much simpler and cheaper type of cooler is a thermoelectric
cooler. Thermoelectric coolers utilize a physical principle known as the
Peltier Effect, by which DC current from a power source is applied across
two dissimilar materials causing heat to be absorbed at the junction of
the two dissimilar materials. Thus, the heat is removed from a hot
substance and may be transported to a heat sink to be dissipated, thereby
cooling the hot substance. Thermcelectric coolers may be fabricated
within an integrated circuit chip and may cool specific hot spots directly
without the need for complicated mechanical systems as is required by
vapor compression coolers.
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el ectr odegonstructed from a thermoelectric material and has a plurality of tips
through which the thermoelement is electrically coupled to the electrical
conductor. The thermoelectric tips provide a low resistive connection
while minimizing thermal conduction between the electrical conductor and -
the thermoelement.

¢

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

a planar electrical conductor; and

a thermoelement composad of a thermoelectric material configured

with a plurality of tips which are electrically coupled to the electrical
conductor.

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

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

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

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



pa,t'térni ng a photoresist mask onto a second surface of the thernoelectric
crystalline material to define |ocations of tips to be formed; and etpylﬁgzom
the secondvwwaini/amesin the presence of the photoresist mask Pb?/dﬂ?)ﬁ)ﬂv%@s
plurality of tips in the thernoelectric grystalline material. 4 4
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The novel features believed characteristic of the invention are set forth

in the appended cI ainms. The invention itself, however, as well as a

referred node of use. further objectives and advant ages thereof, wll
Eest be urF&éFEtWSRWIP&%Fr é'ﬁ’é"e"%nt"??e fol I owi ng detailed description of
an illustrative enbodi nrent when read in conjunction with the acconpanyi ng
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Figure 2 in ac e t |nvet|on Icts a
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cross secti onalFigwmnv2oflerdcther roeseeketinadotiel ofMat heambBancedi stdoycdur ed

Jinterfacesim tnahded Bt AletlibOS 1hPeAGERL dANEEMhlie 118, RLE: GaLenvention;
Figure 7 qg‘pé“lcﬁtl% a cross-sectional view of a sacrificial lcon tenplate

for formng a netal tips in accordance with the present invention;
Figure 3 depicts a planer view of thermoelectric cooler 200 in

Figure 2 in accordance with the present invention;

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

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

Figure 7 depicts a cross-sectional view of a sacrificial silicon
template for forming all metal tibs in accordance with the present
1nventlon, |

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

Figure 9 dEPlCtS & cross sectional view of all metal coneg formed
using patterned photore51st in accordance with the present invention;

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

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

Figure 12 depicts a flowchart illustrating an exemplary method of

fabricating a thermoelectric cooler in accordance with the present
invention;



Figure 8 depicts a flowhart illustrating an exenplary nethod of producing .
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invention; Figure 10 depicts a flowhart illustrating an exenplary method
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material rathef #H5 PREESR TORBIRECFIRTAE A18rra™s if braveatingt that i ps at t he
interface P@nsﬂetéeamtané@hmtbrﬁmhe rnecesenty tHonpwrbheonipEigueechkZnstaphetis a
flowchart mdddistrati ng an exerrpl ary method of fabricating a thernoelectric
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A typical known thermoelectric cooling device 100 utilizes p-type
semiconductoxr 104 and n-type semiconductor 106 sandwiched between poor
electrical conductors 108, that have good heat conducting properties, and
electrical conductors 110 and 114, N-type semiconductor 106 has an excess
of electrons, while p-type semiconductor 104 has a déficit of electrons, a

DC power source 102 is connected between the two electrical conductors
114.

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

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

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

refrigerator divided by the total pPower consumption of the refrigerator,
Thus the coefficient of performance is given by the equation:
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where the parameter Y can be expressed as

y= \[1+a'a(T,,+TJ
A 2

Where ¢ is the electrical conductivity and A is the thermal conductivity

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

T,
7/-/ . '
N

- y+1

The figure of merit, ZT, is given by the equation:
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conductivity 2 is conposed of two conponents: fie, the conponent due to
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With reference to Figure 2, a cross sectional view of a
thermoelectric cooler with enhanced structured interfaces is depicted in
accordance with the present invention. Thermoelectric cooler 200 includes
a heat source 226 from which, with current I'flowing as indicated, heat is
extracted and delivered to heat sink 202. Heat source 226 may be
thermally coupled to a substance that is desired to be cooled. Heat sink
202 may be thermally coupled to devices such as, for example, a heat pipe,
fins, and/or a condensation unit to dissipate the heat removed from heat
source 226 &and/or further cool heat source 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 222 of
tips 250. N+ type regions 224 and 222 are electrical conducting as well
ag being good thermal conductors. Each of N+ type regions 224 and 222
forms a reverse diode with heat gource 226 such that no current flows
between 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 gilicon regions 204 and 206. N+
type regions 204 and 206 are electrically conducting and good thermal
conductors. Each of N+ type regions 204 and 206 and heat sink 202 forms a
reverse diode so that no current flows between the N+ type tegions 204 and
206 and heat sink 202, thus providing the electxical isolation of heat
sink 202 from electrical conductor 208. More information about electrical

isolation of thermoelectric coolers may be found in U.S. Pateat No.
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Thermoelectric 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
electrical conductor 208. Electrical conductor 208 may be formed from
platinum (Pt) or, alternatively, from other conducting materials, such as,
for example, tungsten (W), nickel (Ni) , or titanium copper nickel
(Ti/Cu/Ni) metal films.

A superlattice is a structure consisting of alternating layers bf
two different semiconductor materials, each several nanometers thick,
Thermoelement 210 is constructed from alternating layers of N-type
semiconducting materials and the superlattice of thermoelement 212 is
constructed from alternating layers of P-type semiconducting materials.
Bach of the layers of alternating materials in each of thermoelements 210
and 212 is 10 nanometers (nm) thick. A superlattice of two semiconducting
materials has lower thermal conductivity, A, and the same electrical

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



sem conducting material respectively. _ Thernpelectric cooler 200 is o
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may be formed from platinum (Pt) or, alternatively, fromother conducting
materials, such as, for exanple, tungsten (W, ni ckel (Ni), or EI t ani um
copper ni ckel Ti/CQu/N) netal filnms. A superlattice is a structure
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Bi 0. 5Sb1. 5Te3, and the superl attice of thernoel enent 210 conpri ses
alternating layers of. n-type bisnuth _chal cogenide materials, such as, for

exanpl e, alter nﬁ‘ﬁrﬂ‘@elelcéﬁjecr §°6]ferB?%°I'ea§SW IFIPSERE4PB25B] Dizegah bRek types
of sem commlisctiimpl cmtrent al pamwes hetmsceebrnfccenemrperatatahﬂca&nf Ofom

Chal Cogent fo mat BT Lol G e By AR HEPETED MAREEE 1% 10 212,
chal cooent e, L RFLAl Saai siherld nees of, et oeloredls 210, oo,
Ther noel ectYPcotE6PEr 1208 A8 (ridn23 U @Escaridpst RBO matrrdagh amehcds, Ebectri cal
current | passds phidntherwel eneat Rhduandgthar:isomaihespos) QB&WleO
into condyahee 181ackkRg l%éQuaéﬁCk&&d%aaﬁalet y%gﬁsm GANAuChQr 444 and 224
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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
is a thin layer of semiconducting material 214 and 216. Layer 214 is
formed from a P-type material having the same Seebeck coefficient, o, as
the nearest layer of the superlattice of thermoelement 212 to tips 250,
Layer 216 is formed from an N-type material having the same Seebeck
coeff1c1ent, o, as the nearest layer of thermoelement 210 to tips 250,
The P-type thermoelectrlc overcoat layer 214 is necessary for
thermoelectric 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 i1s beneficial, because maximum cooling
occurs where the gradient (change) of the Seebeck coefficient is maximum. J
The thermoelectric overcoat 214 for the P-type region is approximately 60
nm thick. A specific thickness of the n-type thermoelectric overcoat 216
has yet to be fully réfined, but it is anticipated that it should be in a

similar thickness range to the thickness of the thermoelectric overcoat
214,



thin overcoat |ayer 218 and 220 of conducting material, such as, for
exahple, platinum (Pt). O her conducting materials that may be used i n-5 SEP 2005

pl ace of phadoiunys ncl ude, for exanple, tungsten (W, nickel C(rl\llﬂﬂ(h/ 8’
titani um copper nickel (Ti/Cu/Ni) netal §ilms. The areas beth COhE

around the tips 250 and thernoel ectric-materials 210 and 212 shoul d be
evacuated or hernetically sealed with a gas such as, for exanple, dry
nitrogen. On the ends of tips 250 covering t he conducting | ayers 218 and

220 is a thin em.conduc material 214 and 216. Layer 214 is
formed froma Péf%ghnﬁatﬁe ARV PR ‘g’ﬁié‘c%%ﬁ?é ELehEEK CBErFIEFeY 1B, as

teria avi
t he near estiquas et é?tﬂt Reirtigserirg tzﬁ@e-’ad}f‘-ex HérroeIrdreet iRQriagef Iap’ns 250.

Layer 216 imréatared édﬂﬂh@&f&i&&:}é@z@ynﬁ athadveRavim@eri e tﬁé‘%ls‘é«%%ﬁ% vity
coeffi ci en/{ ches % near.est_|ayer of thernpelenent 210 to tip % The

P-type thernbel €6t o¥erd84:23% RrVeFY4515s nkerdysarsf FB‘FthFh'éW?GéF@Ct ric

\‘;ﬁO' er ﬁOCFcTrOe:fahkméJ mrtesmglmacmua&mew 9,1 8¢ tﬂi@mﬁtﬁﬁbﬂﬂco@@@fde%hfs et al
ere the ol.es e n-t hérmoel ectric

over coat Irgbyggﬁﬁ'lgg?r%gg@%e CI aa%t%%caﬁglé%‘miﬁr bl eoil HQ PogRESH §iRhere the

gradi ent (CREAGERS ofSUchersSédpe @8 0¢ oRfe Fosrmai chldwammm is Fhduced, due to

t her moel ectatticconeseoab 214ntqloihbe d3- byROxERHAY b2 ARPEDHLPRLGLY,H0 NM

thick. A speeddd,c ltgtle@gagxsi%apf t lovercoat 216 has
yet to be bully. L& oG iod BES R ESELE B RLERA

uI
similar thic %\%ssreiraé:ﬁb'%lst 6mf]ﬁaé"gteﬁr cKREES G t e t“h%‘trﬁ'o‘éf é‘t?FF‘Fc Zé'vét‘aé’oh?
214. - 5 SEPYERFST WDIDSFAETLFRIPET? CROLLIDS] BSnd SEByatrakahg hhetlelkeofde 6al
conduct or sniatenich st ¢ondhseiores f&i&uensuﬂargbjftﬁtcles bk Qe PRt Rl P 209

th th | ff
rat ner 382 Pkanar Eﬂl@\rof'xon%ut@é}ldﬁ@gg ea%?zl-;' O(I’)lt I 2 tte,rb!g %ggg%/cgal%%r y

achi eved. Lattice thermal c ctivity,
smal | bec&a¥e aot’e’Flfithtlﬁ’ééW@?ﬂaFéﬁduCthttsexénmaélnm tréet heeemal Lyconduct i vi ty,

% of bi snutésichpl€ogrnides, ik u@ﬂ{;ﬁ&hé ﬁo@ﬁ@é@)&w@t—z@by the Vet 4 et er *Kel vin.

" However, iB,RQ0t8d LLP neS re ch as t the t her mal
conductivity is reduced bed%&h tSH taott‘_=1 %iémr‘?tugrraaé Em uctah‘s’e ThEvER ofrerit,

appr oxi mafél V8. P&t paterd ik PReFRAMET Hhdieterthus makine thebc aktecrdact i Vi ty
of the th&pmDatEvttive ererialis theenménsmenesd attovald 2unchangedord hanef @y,

the figurefdoifesd tipd BsoNMBY-tBEr increases the efficiency of the thermoelectric

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 increases the local
density of states available for transport and effectively increases the
Seebeck coefficient. Thus, by increasing " and decreasing 8, the figure of

.merit ZT is increased.

Normal cooling capacity of comventional thermoelectric coolers, such
as illustrated in Figure 1, are capable of pioducing a temperature
differential, AT, between the heat source and the heat sink of around 60
Kelvin. However, thermoelectric cooler 200 is capable of produclng 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) is possible. However,
different materials may need to be used for thermoelements 210 and 212.

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

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



increased to greater than 2.5 for this kind of material. Another type of

material that is possible for the superlattices of thernoelenents 210 a.r5dSEP 2005
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undesi rabl e. However, by using the point é@j tips 250, the thernmal
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ZT, for these materials of greater than 4, thus making these materials

very attractive for use in thernoel enents 210 and 212. Therefore, the use

of pointed tips?esthayperntapp@icttesobhld ertinore gptotridice 'ndter el ecen i c

cool er 200tBeldishbiet chialtcyeRQaP akodd A1l D N68PEY] aEBNTHL SGRRat@fd,| 98IakOrS.

Another adyaal agg: Afne! BE:£Q dufilhl HLELGLHIE lmatshﬁ?&sta&% SLACkLors ., AL .

confined to di.mensions smaller than _the wavel engt correspondin o eir

ki netic enBYERPDS YaHIESt Fie PP ™ EInFRHIERET AP rﬂ‘?rtég%@ss fhe ﬁtSE‘équrdég%i"F?k of

states avail able for transport and effectively increases the Seebeck

%ef ficient. Thusesdysi Besi@asy ng1l1 &ﬁdtlf&eﬁfﬁaﬁﬁmgap%re&ihl@:ef iﬁ%r %hfbf nerit
I'sS I ncr 00 LLY nvent 1 o { hernoel ectric

cool ers, sggﬁ&(}gs? ﬁnlrr%%tt%la?t gﬁ%ﬁgﬁcﬁ% Ee Cf?g{%rrcgnc% ab 2? SEY P Ul e

t enper at ur & ef fERISHEPEILIOAT, F9BtSHSPRI hBOFRAF SVFFCEOYENEL tTHEshe:R may e of

around 60 inksludien. thdaweyeicted hier Aeirect I | Che Gebette200xdnp16 apahbe wfant to

produci ng gupiteopaldlute-Ai LIRnapdAal vafh theordes (ot Ll keliyin,. Thus,

with two thernoelectric coolers coupled to each other, cooling to

tenperatures in_ the range of liquid Nitrogen (less than 100 Kelvin) is

possi bl e. ‘HowevBith rgfpFecentovnie dlignrs 3nny niever woeheofusheroeiectric

t her moel enentier24@ andrihZe 2 Hera@xaspd an diomuidiet pldithdehasyna very |ow

a at lowt I enfb L n, -.}00. degrees _Cel si us).. However,

bi smut h anﬁur%gg%%l | 35‘%"“%&1 ?%ﬁ‘? '%A%?Fr a33°g| B%%tg%%pé‘%‘a?ifﬁ’@? ghe?“"éﬂ%éﬁrﬂfo%

WO 02/ 4717‘?%&1’%@&%‘5&@@2 1B 9AR R HEPS FYETREAGROE PHerénbaeetian BAbny

skut t eri diBa-hnat epieakectover 302 hed Ip-sypit kecthizhchipeahdrudenh edtinl Say<R0Obs

rel ated tadreopeial Hhteriad Sdecnf@chvdal dhec4olakt antinony skutteridite

materials are structurally nore stable whereas the bisnuth chal cogeni de

materials are structurally weak. Those of ordinary skill in the art wll
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may vary depéadi yayer of n-type material 308 of the same type as the nearest layer

of the superlattice for thermoelement 210. Section 304 includes an array

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

deposited is approximately 45 degrees. The effective tip radius of tip
400 is approximately 50 nanometers.

Tip 408 is an alternative embodiment of a tip, such as one bf tips
250. Tip 408 includes a silicon cone 414 with a conductive layer 412 and '
thermoelectric matexrial layer 410 over the point. However, tip 408 has a
much sharper cone angle than tip 400. The effective tip radius of tip 408
is approximately 10 nanometers. It is not known at thig time whether a
broader or narrower cone angle for the tip is preférable. In the present



on the inplenentation. For exanple, nore or fewer rows of tips 250 may be
included than depicted in Figure 1. The depicted exanple is not neant t§ SEP 2005

inmply archwieediigl |imtations with respect to the presentpéﬂ&ﬁ&taﬁp Wth
reference now to Figure 3, a planer viey of thernoelectric €00 er/‘ (5% in
Figure 2 is depicted in accordance with the present invention.

Thernoel ectric cooler 300 includes an n-type thernoelectric materi al
section 302 and a p-type thernoelectric nmaterial section 304. Both n-type
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the tip, astidepémt.ed in Figure 4A have been chosen, since such angle is
in the mddle of possible ranges of cone angle and because such formation

is easil y f()rnﬁﬂhéM Egbricating a thermoelectric cooler, such as, for example,
thermoelectric cooler 200, is not extremely time consuming, since only a
few layers of the superlattice must be formed rather than numerous layvers
which can be very time consuming. Thus, thermoelectric cooler 200 can be
fabricated very thin (of the order of 100 nanometers thick) in contrast to
prior art thermoelectric coolers which were of the order 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 thermoelements, such as thermoelements
210 and 212 in Figure 2, at the tip interfaces. Also, the
temperature /potential drops are localized to an area near the tips,
effectively achieving scaling to sub-100-nanometer lengths. Furthermore,
using pointed tips minimizes the number of layers for superlattice growth
by effectively reducing the thermoelement lengths. The present invention
also permits electrodeposition of thin film structures and avoids
flip-chip bonds. The smaller dimensions allow for honolithic integration
of n-type and p-type thermoelements.

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, optic electronics, photodetectors, and PCR in genetics.



silicon with a platinumovercoat. This is because a KOH etch along the 100
plane of silicon naturally fornms a cone angle of 54 degrees. Thus, aften SEP 200

the conductyyg,@4is t hernoel ectric overcoats have been added,
angle is approximately 45 degrees. Wth seference now to Fi d’&},lh(?%m%gw& 0SS

sectional view illustrating the tenperature field of atip near to a
superlattice is depicted in accordance with the present invention. Tip 504
may be inplenented as one of tips 250 in Figure 2. Tip 504 has an
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Also, as in Figure 2, heat source 226 is comprised of pP- type doped
silicon. In contrast to Figure 2, hoﬁever, heat source 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 part of
the tipped structure as do regions 224 and 222 do in Figure 2. N+ type
doped silicon regions 624 and 622 do still perform the 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 Figure 6. For example, with reférence now to Figure 7, a
cross-sectional view of a sacrificial silicon template that may be uged
for forming.all metal tips is depicted in accordance with the present
invention. After the sacrificial silicon template 702 has been
constructed having conical pits, a layer'of metal may be deposited over
the template 702 to produce all metal cones 704. All wmetal cones 704 may
then be used in thermoelectric cooler 600.

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



PCT/ GB01/ 05195 12 SEP 100'. Wth reference now to Fi gure 6, a cross

sectional view of a thernoelectric cooler with enhanced structured ~9 SEP 2005
interfaces wdbb4ahg nmetal tips is depicted in accordance w ﬂﬁmg{ esent
i nvention. Al though the present inventijgn has been descri be ove as

havi ng ti ps 250 constructed fromsilicon cones constructed fron1the n+
sem conducting regions 224 and 222, tips 250 in Figure 2 may be repl aced
by tips 650 as depicted in Figure 6. Tips 650 have all netal cones 618 and
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utilized {e-f.0n4 lo o 1 @S depi,ct in. Fi ._For exanpl e,
with refer encetg%%vht%gg%zl fz?ltéél 89&6&3%%’ t%%‘c b oﬁgrf iR o?ré: & ci al

silicon tSFpIRRS At ey B GERFLEER FofbA geHmaelaptzic vaesisk depi cted
in accor daYRE°#Fth the present invention. After the sacrificial silicon
tenpl ate 702 has been constructed having conical pits, a |layer of netal

may be deposi tQQneO\é@.(rant;aG@ g&@ﬂlé“m%tl?o@?o% QR Uane aﬂ Im-.=.=ta{ congsoniesstga04 Al
net al COI’]@Q Z’lgﬁd mt is produced is reusable. The mold may be reused up to
around 10 times before the mold degrades and becomes unusable.] Forming a
template in this manner is very well controlled and produces very uniform
all metal conical tips since silicon etching is very predictable and can

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

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

With reference now to Figure 10, a flowchart illustrating an exemplaxy
method of forming all metal cones using photoresist is depicted in
accordance with the present invention. To begin, small sections of
photoresist are patterned over a metal layer, such as copper, of a partially
fabricated thermoelectric cooler, such as thermoelectric cooler 600, in
Figure 6 (step 1002). The photoresist may be patterned in an array of

sections having photoresist wherein each area of photoresist within the



then be used in thernoel ectric cooler 600. Wth reference now to Figure 8,
a flowchart illustrating an exenplary method of producing all metal cones

using a silyweqpuspgrificial tenplate is depicted in accorda W|th the SEP2005
pr esent |nvent|onl%To begin, conical pits are fabricated bﬁﬁﬁéﬁ
etching of silicon to create a - 5 SEP 2005 WD 02/47178 PCT/ GB01/ 05195 13

nold (step 802). This may be done by a conbination of KOH etchi ng,

oxi dation, and/or focused ion-beam etching. Such techni ques of fabricating
a silicon cone are well known in the art. The silicon sacrificial tenplate
i s then codtad GPTIFeRORY Ho aTPRt ror Bichaier Bt theediniatal coage rrasdesised
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(step 808)ovexMerdiads mftapl anasidynghed bayestedivitehalwidke twehl1dBpwWz in the
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the nol d degeadkedrant bedodes unusable.] Forming a tenplate in this nmanner
is very well controlled and produces very uniform all netal conical tips
since silicon ehghj dt%d [Y.oRL edi tbabl and alcul ate sl opes of the
pits and sharpness le congs ﬁjro duceq: l(l)q'gaavef“f‘/ta WiTandbmersry o her

met hods o “FBPHY g %'ffrerrr@wao € oM PR eh e u¥eH: &8 R catRoAl] @gaaploenesi t h
r ef er ence REW D VEFy e rioelgctr bs sosleti ofakthémaref cahédr mppead of otass 902

formed usimag patdseaned photQl esdtsl dshedepicst ekhd eo%cegordance with the
present invention. in this nethod, a |layer of nmetal is forned over the

With reference now to Figure, 11, a cross-gsectional view of a
thermoelectric cooler with enhanced structﬁral 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 is to be cooled. Thermal conductors 1114 and 1118 provide
a thermal couple between electrical conducting plates 1112 and 1120
respectively. Thermal conductors 1114 and 1118 are constructed of heavily
n doped (n+) semiconducting material that provides electrical isclation
between cold plate 1116 and conductors 1112 and 1120 by forming reverse
biased diodes with the p- material of the cold plate 1116. Thus, heet is
transferred from the cold plate 1116 through conductors 1112 and 1120 and
eventually to hot plate 1102 from which it can be dissipated without
allowing an electrical coupling between the thermoelectric cooler 1100 and
the substance that is to be cooled. Similarly, thermal conductor 1104
provides a thermal connection between electrical conducting plate 1108 and
hot plate 1102, while maintaining electrical isolation between the hot
plate and electrical conducting plate 1108 by forming a reversze biased
diode with the hot plate 1102 p- doped semiconducting material as
discussed above. Thermal conductors 1104 is also an n+ type doped

semiconducting material. Electrical conducting plates 1108, 1112, and



bottom portions of a partially fabricated thernoelectric cooler. A
pa'tterned phot oresi st 904-908 is then used to fashion all netal cones 9_ éEP 2005

with a direwbhlectsrochem cal etching method. Wth referenc gur
10, a flowchart illustrating an exenplarys nethod of form ng)&?(\f%&l%qa

cones using photoresist is depicted in accordance with the present
invention. To begin, small sections of photoresist are patterned over a
nmetal |ayer, such as copper, of a partially fabricated thernoelectric

cool er, Sufﬂoaﬁr%*k% LIPS &Y déx%mcﬁ%'tﬂumGQQu : 1B trﬁ.sgé\ﬁkﬁad§mérﬁ:t ephd0e) . The

phot oresi st ma atterned in‘an array of = sections having photoresi st
wher ei n ea%Weér @%te(ﬂiab‘hc?ﬂ‘éﬁ‘* geshoshi ehat T e 1N WoraTiPEgany tg@?f?""é%bl/ 05195 -
5 SEP 2005carduayigpmeeeondslized arseasll.n Mizoc hit isheuldobe henaidnedetialt cbaes
are (jeS|"e&&ea@°s$¥id&9&fﬂ§dtlﬁQ1Q1§@ﬂiaho'éﬁdtﬁH%Qeéh E@8§|ﬂ4391£¥1@dand

el ectrocheni cal | pr odu nes lepi cted in Figure
6 “The. photRBBF LAt S MaGR L 8 A2y ahd LT h EBPFFS 26 = PRESS Cratar-toias. may
t hen be coecadmvgy ishawet herhermetigalls wehles viflpe sxanphel ami cleal etadp.
1006) . Theaseadesbgeat al coating over the all metal cones nmay then be
coated with an ultra-thin layer of thernoelectric naterial (step 1008)

Thus, all nmetal _cones with a therpoelectric | on the tips nmay be
formed which malP (&8 § °31meflﬁer%g‘)’éctg?? @ra*ékﬂa\ég CHTBRE Ty tE‘%aan e,
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accor dancelwttibdebenyp reesamochéxﬂ\éentnle@ﬁ@dsThefHEDeié‘&trBH«.fpoQ@Qécﬁ hadd:AQ; L ncl udes

a cold pl alggldl6e y@ryﬂ%tllmeaggd jd%oxgdt Wer %h.tr:]ra p?ar?a(%l gulpgaggse : ilso,

thermal cqptact wit e
. e surface thermoelectric properties may or may not be superior to single

¢rystalline thermoelectric materials. Annealing improves the
thermoelectric properties 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 single crystal or

polycrystal thermoelectric materials by electrochemical etching.

In one embodiment, thermoelement 1124 is comprised of a super
lattice of single crystalline Bi,Te;/Sb;Te; and Bi, sSb, ;Te; and thermoelement
1126 is formed of a super lattice of single crystalline Bi,Te;/Bi,Se, and
Bi,Te; ¢8ep... Electrically conducting plate 1120 is coated with a thin
layer 1122 of the same thermoelectric material as is the material of the
tips 1130-1134 that are nearest thin layer 1120. Electrically conducting
plate 1112 is coated with a thin layer 1110 of the same thermoelectric

material as is the material of the tips 1136-1140 that are nearest thin
layer 1112.

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



substance that is to be cooled. Thermal conductors 1114 . and 1118 provi de a-
t hermal coupl e between el ectrical conducting plates 1112 and 1120 SEP 2005
respecti velywo othhergal conductors 1114 and 1118 are construct Dﬁ

n doped (n+) sem conducting nmaterial thajs provides electrical I so[ i on
bet'ween cold plate 1116 and conductors 1112 and 1120 by form ng reverse

bi ased diodes with the p- material of the cold plate 1116. Thus, heat is
transferred fromthe cold plate 1116 through conductors 1112 and 1120 and
eventual 'y to hot plate 1102 fro ipat e out
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pl ati num (Pt) | n th| s enbodi nent. However, other materials that are both
electrically cohdgeerhdgiagte CREFER| P‘}bStE%ﬁfdaEt"r*ﬁ@nﬁ%%’ybéhm%clailz‘wha%i%I | .

Al so, it shadkdirdgean®gntheons@dcthathehhellareaadisythoundiing $upsrdr3@e1140 and

bet ween tlrﬁa%oééé‘& %11% asgep tlbﬁd)rroeheé:fsge&dr@ﬁ@srt&aw &%RZt@nqlééalQhﬁoul d

be evacuate roduce uu or her sealed wth a
gas, such é’g’ tDe g?(’éms che o v ?dstg an t§a ? "I FBF t han

provi di ng Ucléﬁf‘a’%i"cmbé‘ﬁ%@@ﬁl%q’iéic t"H‘éF | eRfefibe %@artwrethhém themrasd etedicd
end) net altigkkcireodbanpednchyetbey) withrraaghuran (drepay210f) . pOTHisS staudthee met al
el ectrode ,asakdk Iﬁllgw@x@s@amgi@ mtéhq §£§1@Mson£th@9| ma% Rhe GRRLAGL L V&%@”

t he t her rel emagg.l t he matgth el ec S an arra

;
poi nts 1130¥714 |scr’1’t e “¥Helrds erren% ‘ff§4 an&g’ijlcfée %Cﬁgs?ﬂﬁ&{ﬁ ment s
descri bed SéEEB?/%‘r\ﬁFtFﬁthteéf"e‘iaénﬁ@gtle Fyghrddne Séﬁacﬁlretshe metal el ectrode at
the cold end was fornmed over silicon tips or alternatively netal patterns

were di rectly With reference now to Figure 14, a diagram showing a cold-point tip
above a surface for use in a thermoelectrie cooler illustrating the
positioning of the tip relative to the surface is depicted in accordance
with the present invention. Although the tips, whether created in as
all-metal or metal coated tips or as thermoelectric tips have been
described thus far as being in contact with the surface opposite the tips.
However, although the tips may be in contact with the opposing surface, it
is preferable that the tips be near the opposing surface withoﬁt touching
the surface as depicted in Figure 14. The tip 1402 in Figure 14 isg
situated near the opposing surface 1404 but is not in physical contact
with the opposing surface. Preferably, the tip 1402 should be a distance
d on the order of & nanometerg or less from the opposing surface 1404. In
practice, with a thermoelectric cooler containing thousands of tips, some
of the tips may be in contact with the opposing surface while others are
not in contact due to the deviations from a perfect plane of the opposing
surface.

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



etched to formall-metal tips. However, these methods required
t hermoel ectric materials to be deposited over the cold and the hot ~5 Spp 2005
ten

el ectrodeswayo®i7nd rochem cal nethods. The el ectrodeposi ted Eﬁl 0&/@1?
to be polycrystalline and do not have uk4ra-pl anar surfaces. he
surface thernoel ectric properties may or may not be superior to single
crystalline thernoelectric materials. Annealing inproves the

thernoel ectric properties of the polycrystalline materials, but surface
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plate 1112 is coated with a thin layer 1110 of the sane thernoelectric
material as is thg rrgierlgl of .the tips 1136-1140 that are nearest thin
layer 1112. W RS TEFRrenc8e gl td & Qi Ta of| bR IF¥FTed IePAsifr B¢ rfgran
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exanpl e, thefarefte GhbhdenC 00} fend 1:0Qa4 rbetQéth%eﬂnJoelbétﬂ%%QE&qa below
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to
layers as in the present invention is much more practical.

Although the present invention has been described primarily with
reference to a thermoelectric cooling device (or Peltier device) with
tipped interfaces used for cooling, it will be recognized by those skilled
in the art that the present invention may be utilized for generation of
electricity as well. It is well recognized by those skilled in the art
that thermoelectric devices can be used either in the Peltier mode (as
described above) for refrigeration or in the Seebeck mode for electrical
power generation. Referring now to Figure 15, a schematic diagram of a
thermoelectric power generator is depicted. For ease of understanding and
explanation of thermoelectric power generation, a thermoelectric power
generator according to the prior art ig depicted rather than a
thermoelectric power generator utilizing cool point tips of the present
invention. However, it should be noted that in one embodiment of a
thermoelectric power generator according to the present invention, the
thermoelements 1506 and 1504 are replaced by cool point tips, as for

example, any of the cool point tip embodiments as described in greater
detail above.

In a thermoelectric power generator 1500, rather than running
current through the thermoelectric device from.a power source 102 as



nanoneter filnms (step 1210) . The second substrate with the ultra-thin
substrate forms the cold end and the two substrates (the one with the -5 SEP2095
ultra-thin ectric material and the other with the t c
tips) are c?vgbqrrrﬁyeﬁg?isoget her with pressure {step 1212) . Thi shi(jt:ﬂggw?%éﬂ
retains high crystallinity in all regi ons other than the interface at the
tips. Also, the sane nethod can be used to fabricat’e polycrystalline
structures rather than single crystalline structures. Wth reference nowto
Figure 14, a_di agram show ng a col d-point ti above a surface for use in a
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slightly nore round i'p as is the'c asevm \
G stxigspetdidedi ces

closer to pod’éff%‘?ﬁelrﬁt’p‘?ﬁ ﬁ’t"%d’et ARURY b |

needed to ¥ D. M. Rowe, Ph.D., D.Sc., CRC Press, New York, (1995) Pp. 479-488 and

in Advanced Engineering Thermodynamics, 2nd Edition, by Adiran Bejan, John
Wiley & Sons, Inc., New York (1997), pp. 675-682, both of which are hereby

incorporated herein for all purposes.

The present invention has been described primarily with reference to
conically shaped tips, however, other shapes of tips may be utilized as
well, such as, for example, pyramidically shaped tips, 1In fact, the éhape
of the tip does not need to be symmetric or uniform as long as it provides
a discrete set of substantially pointed tips through which electrical
conduction between the two ends of a thermoelectric cooler may be
provided. The present invention has applications to use in any small
refrigeration application, such as, for example, cooling main frame
computers, thermal management of hot chips and RF communication circuits,
cooling magnetic heads for disk drives, automobile refrigeration, and.

cooling optical and laser devices.

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



achieve the tenperature gradi ent between the cool tenperature of the tip
and-the hot tenperature of the hot plate. Preferably, the radius of
curvature rwoebitg curved end of the tip 1402 is of the orﬂ§g ngﬂ ﬁé%SEPﬂm5
tens of nanoneters. The tenperature diffgerence between adjace PEURLS of
the  thernoel ectric material below surface 1404 approaches zero over a

di stance of two (2) to three (3) tines the radius of curvature ro of the
end of tip 1402. Therefore, only a few |ayers of the super lattice

1406- 1414 cessary. Thus, a superlattjce material opposite the tips
is feasibl gglﬁ/f]’g% rﬁ’éﬁé LE VR Ve En)‘ts IbEERTT AFharhstisti teolte pl at es
is made usPHFIFREAZL vpg shtppelasedsent 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

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

i nvention has been described primarily with reference to a thernoelectric
cooling device (or Peltier device) wwth tipped interfaces used for
+cooling, it will be recognized by those skilled in the art that the present
invention may be utilized for generation of electricity as well. It is
wel | recogni zed by those skilled in the art that thernoelectric devices
can be used either in the Peltier node (as described above) for
refrigeration or in the Seebeck node for electrical power generation.
Referring now to Figure 15, a schematic diagramof a thernoel ectric 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 invention. However, it
shoul d be noted that in one enbodi nent 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. In a thernoelectric
power generator 1500, rather than running current through the

t hermoel ectric device froma power source 102 as - 5 SEP 2005 WD 02/47178
PCT/ GBOL1/ 05195



18 indicated in Figure 1, a tenperature differential, THTL, is created
across the thernoelectric device 1500. Such tenperature differential,

TH TL, induces a current flow, |, as indicated in Figure 15 through a3 SEP 2005
resistive load elenent 1502. This is the xpposite node of operation from
the node of operation described in Figure 1 Therefore, other than

repl aci ng a gﬂggﬁwipurce 102 with a resistor 1502 and nai ntai ni ng heat

el enents 151 516 and constant tenperatures TH and TL respectively

wi th heat sources QH and Q respectively, thernoelectric device 1500 is
identical in conponents to thernoelectric device 102 in Figure 1. Thus,

t her noel ectrile cod} ihaanerdesiriedeai@Ocanptisizges  p-type seni conductor 1504 and

n-type sem conduct, Qg wi.¢ched bet ween poor electrical conductors
1508 that have go%%kWéggg%§§@u8?@ﬁ§“p? erties. Each of elenments 1504,

1506, and 1508 conr éepnodehentet@nposes di04, thtBfiocladiflc haRrhETBRELINE! With N
Figure 1. The el egt.ri CP’.%EW Celgqltgoo al so includes _electrical conductors

1510 and 15135‘6 1Y 8L BB iPicE aroe!eteeally; coupled i theelestrical camlugted; whereinrthetipur e
1. More infoamahidtodRedin ddek gd ri f(ﬂ)e i may be
found in CRC Handbogk ofI%ﬁ?%ﬁggﬁggﬁﬁ%%g?&%?&%@E$K§%W%%bg ﬁg&éF%%ﬁ?D.
D.Sc., CRC Press, New York, (1995) pp. 479-488 and in Advanced Engi neeri ng

Ther nodynam gs, 2 [ . i ran .Bej.an, .Jghn. W/ & Sons, Inc., New
Yor k (1997),§bp. Zg%ﬁ%@%?agglgx%ﬁgﬁﬁﬁgﬂégﬁgCﬁgpgbyhaﬁﬁb§¥§%¥gpg CH&rein for
al | pur posesmatinal pracsiegi¢ criystaBint intateriyds been described primarily with

reference to conically shaped tips, however, other shapes of tips may be
utilized as well, such as, for exanple, pyram dically shaped tips. In

fact, the shape ®he tembdletdoesiaods rBaRM ih labf 1SWIBRI the tRmbBlE@EM as
long as it provides a discrete set of substantially p0|ntegnt|ps t hr ough

whi ch el ect r MRHaLISGieleryseRlinanaisEdl t he two ends of a thernoel ectric
cooler may be provided. The present invention has applications to use in
any small refrigeration application, such as, for exanple, cooling main
frame conpufers, Thhéemedelontmadmonerds refitei ot claim pswhaeinRke ¢RmmbEEaHE on

circuits, ¢ L ¢ h s for disk driyes, autonobile
refrigerati oﬁl?deg%g C@%@%%g‘lp 8@%%8%?93‘??&51?%05560 fneetalsthe description of
the present invention has been presented for purposes of illustration and

description,sbut LS. not intended to be ~exhaustive or limted to the
i nvention in’the @i?%?%ﬁﬁ“{}g&&l?e %Wlted in claim 1, wherein the electrical conductor is

constructed from platinum,

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

plurality of tips is in physical contact with a surface of the electrical conductor.

7. A thermoelectric device, comprising:
a planar electrical conductor; and
a thermoelement composed of a thermoelectric material configured with a
plurality of tips which are electrically coupled to the electrical conductor;
wherein the thermoelectric material comprises a superlattice of two

thermoelectric materials; and

wherein the two thermoelectric materials comprise BigsSb; sTe; and
BizTCg,/szTeg.

8. A thermoelectric device, comprising:

a planar electrical conductor; and

a thermoelement composed of a thermoelectric material configured with a

R :LIBK:636829SGclaims.doc



nmodi fi cations and variations will be apparent to those of ordinary skill

in the art. The enbodi nent was chosen and described in order to best ,
explain the principles of the invention, the practical application, and 3t SEP 2005
enabl e others of ordinary skill in the art2ito understand the invention for

E WD 02/47178 19 5 SEP 2005 PCT/ GBOLl/ 05195 various enbodi nents with

various nodific tio?il as e suited to the particular use contenplated. 5

a
SEP 2005 20 ALRRMEOC!YPS Xhichérqdlattieally coupledite the elesiinal spndyctora pl anar
el ectrical conduct e d t n o] a.th .ectrjc
[ uct QheredditR SRR MhaGRYP mgﬁg%ﬁges a ﬁl@gﬂﬁhgff FCtwo

material configured with a plurality of tips are ele I§’/
coupl ed to t Heerapoeleetric sudteridmdudt or; wherein the tips are made to have an

effective tip radi | @ss than.apprgximately 500 nanoneters, 2. The
t her moel ectric dev%g%g% rﬁgeci P&y Fhﬁprg?ej?crtﬁli, n?l%@? an%‘i‘?@“f%ebﬂ?@é?-ﬂ@@@-ri and
material is BificpBiLecrystalline material. 3. The thernoel ectric device as

recited in claiml, wherein the thernoelectric nmaterial is a
pol ycrystalline material. 4. The thernoel ectric device as recited in claim

1, wherein the the\rm&%m@devm@;&;ﬂlﬁsi nprises a superlattice of two
thernoel ectric materials. 5. A thernpelectiric device as recited in claim1,

wherei n the el ect RipéaRr degitiesd conductor; constructed from plati num 6. The

t her noel ectric deyi it i im1 erein.at | east one of the
plurality of ti ps\iiﬂg&?’ﬁaﬁ‘k’gsi°8§1%°%:%1n?cfj£‘%‘e%‘{ehec cnpieekeopfiziied Yalvet (i cal
conduct or. 7plutalithef tipsewkich aieceleberidatle coasIBMEd the REkctrical RInd0abr:ehect ri cal
conductor: and a tllﬁer. rmg:herrenlﬁccorrposed of a thernoelectric material
configured with a® 'BEUPHPFERPeFCtc Ratep;dispoggdeoreihe lactricagongueton phetkin thet he
el ectrical coReuet SermbhasRi Malcls LN&IRE e ot r ;
superl atti cewgf ,ti/vo t?\\ﬂgr noel ectric rra]EBgr Fgﬁg;thgrﬁg‘ﬁ\%\ﬁﬁgﬂp% t%lé%?oeﬁcmc

t her noel ect r MEIEHEL &rthafhsrpesigpenie Bi 0. 5Sh1l. 5Te3 and

10. The thermoelectric device as recited in claim 9, wherein at least one of the

plurality of tips is not in physical contact with a surface of the electrical conductor.

11. The thermoelectric device as recited in claim 9, wherein extremities of the

plurality of tips are nominally within 100 nanometers of a nearest surface of the electrical

conductor.

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

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

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

etching the second surface in the presence of the photoresist mask to form a

plurality of tips in the thermoelectric crystalline material.

13. The method as recited in claim 12, wherein the thermoelectric crystalline material

is a single crystal material.

14, The method as recited in claim 12, wherein the thermoelectric crystalline material

is a polycrystalline material,

R ALIBK636829SGclaims doc



Bi 2Te3/ Sb2Te3. 8. A thernpelectric device, conprising: a planar electrical
conductor; and a thernoel enent conposed of a thernoelectric material _ S
configured with a R . LI BK-. 6366295Gelai ns. doc 5 SEP 200: 21 plural ity BfSEP 2008
tips which are electrically coupled to the2electrical conductor; wherein

the thernoelectric material conprises a superlattice of two thernoelectric

material s; and whetein the twa therpoelectric terjials conprise

Bi 2Te2. 9Seo. iq(gandelrlgie &%@9‘%525@?(1 1@."gbﬁnt1§e‘ﬁ‘ﬁﬁtép g??ﬁclj‘@gd’éwe@@l}d sufseiosiieg:  a
pl anar el ect rth@aloclotmid ¢efsailinAmbBRAITRRIpRITRY Yer 6AM] %1&,ftro@hérﬁ&%51”8?§l+eﬁ ric
material configured with a plurality of tips which are electrically

coupled to the electrical conductor; and a |ayer of thernoelectric nmateri al

di sposed on tjke elggtrd ' : ayer ,of .ther.nopl.astic
material is conpri se?ﬁééé:ootc%ggé%ggﬁ Flﬁ%ﬁ??’%ﬂﬁr{a@ghﬁ ﬁgﬁ%eé?cérd? E?‘dce ISOTENSER  as
t he t her noel ertbermoelkotricTthoelet.her noel ectric device as recited in claim9,
wherein at | east one of the plurality of tips is not in physical contact

with a surface of the electrical conductor. 11. The thernoel ectric device

as recited in7cl aimme Meihdiedsabdted El‘ﬁiﬁxtlﬁ,e\ﬁhé?éinttllf@theﬂﬁé’erl@éuhé Yesdle i if&sus?rn’?
nomnally withijn 100 nanoneters of a nearest surface of the electrica

conduct or . 12.thotmoglerizig elfctricannwes genaigforn t her moel ectri ¢ devi ce havi ng

t hernoel enments with tipped interfaces, the nmethod conprising: bonding a
first surface of a thernoelectric crystalline material to a netal

el ectrode; pPétt ednsystgmaoiplabri aitieg ia shermaslectontdeviae Aadng thesmodlamentofvithhe

t her noel eCtritiﬁgﬁcHnYe?faﬁclésl, g%%gﬁaaﬁlgcéﬁgét 0 define locations of tips to be

formed; and e I ng ié‘gi n the presence of the photoresist

mask to forma pimeaad fof Yodfing b Psst i ficd @ f b iRABElESik o st iyeShalelihle a metal
material. 13., The nethod as recited in claim 12, wherein the thernoelectric

crystalline fscEPdeal s a si ngle crystal material. 14. The nethod as

recited in clai m i2anydep@idinihBe phbIAREHBOL b6 aGEYHIALH erial is a
ool yorystal line marariar P R\ hE & phOSIARELEA! 66 aSEIGHBut 0o ThE
thermoelectric crystalline material to define locations of tips to be formed; and
means for etching the second surface in the presence of the photoresist mask to

form a plurality of tips in the thermoelectric crystalline material.

19. The system as recited in claim 18, wherein the thermoelectric crystalline material

is a single crystal material.

20. The system as recited in claim 18, wherein the thermoelectric crystalline material

1s a polycrystalline material.

21. The system as recited in claim 18, the means for etching the second surface of the

thermoelectric crystalline material comprises performing an electrochemical etch.

22.  The system as recited in claim 18, wherein the thermoelectric device is for use in a

thermoelectric cooler.

23, The system as recited in claim 18, wherein the thermoelectric device is for use in

a thermoelectric electric power generator.

24. A thermoelectric device, comprising:

a planar electrical conductor; and

R-LIBK\6368298Gelaims.doc



5 SEP 2005 22 15. The nethod as recited in claim 12, the step of etching

t he- second surface of the thernoelectric crystalline material conpri s_ei
perform ng an el ectrochem cal etch. 16. The nethod as recited in claim §EP2005
wherein the thernoelectric device is for yge in a thernoelectric cooler.
17.* The method as recited in claim12, wherein the thernoelectric device is
for use in a thermelectric electric power generator. 18. A system of
fabricating a t he@ndsiaediementJesmpasehpfi Agthermaegienttie matesalicohfigireppeith a

i nterfaces, rL.SiiRg.: f i first surface, of. a

t her moel ect r Pgﬁ ?:%3’?2?% ?ggﬂ%&e@?g ﬁ&gc%gplﬁggoaﬁl%%ﬁe’%cg%taﬁ% ;ucﬁ?é’a‘ﬁéer?lﬁ}ﬁhe lips
patterning aarshoidertediant amefdctivntip raliwaddesd tisnrdpproximhtelyh$00 fdneriered ectric
crystalline material to define locations of tips to be forned; and neans
for etching the second surface in the presence of the photoresist mask to

forma plurabsty Nthéﬂnmlécﬂ'iddh‘@ic%h&fnfﬂ}%ir%@t ric crystalline material. 19.
The systemas recited in claim18, wherein the thernoelectric crystalline
material is a si Agldacelgerieal comdusioral . 20. The systemas recited in claim

18, wherein the thefdmeligGbhd Onfph cgltcﬁlaltht%}g}om %@fcirﬁ%teri&lscoﬁﬁgﬁ% %Vé%flSt al line

material. 21. The systemas recited in c e neans ching the
second sur f aphiraity phips whieh aadletically conpled @l the alecmizhitdndhcton@pdi ses

perform ng an el e¢trachem cal .efch. 22.. The systemas recited in_claim18,

wherein the ther n%ie}ygrc?ft%nwgﬁc&g ey dispose "H”Se pﬁﬁ‘é‘i ﬁs%trle tPpductol er .

23. The syst eie@én teclayedof me@maéleatﬂi&mmeﬂsrboﬁﬁiﬁis&@wfrzigelsﬁﬁferimpu '%?’it I's
. €

for use in thernoel ectric electric _power generator. A thernoel ectric

devi ce, conphicappagectrigmafesiabas the thermedlementonduct or; and R

"LI BK\ 636329SCGcl ai nu. Cnc - 5 SEP 2005 23 a thernoel enent conposed of a
thernoelectric material configured with a plurality of tips which are
el ectri cal | y2@ouphdbermyelehicalegict s raitediormdaint 2% or 2fhetheicin theahdrirpslecaice

made to haveT%{grig\f feGhloye r&ét?ﬂiﬁg%i %%ian | ess than approxi mately 500
nanonet ers. ) tRer froel eet i e devi ce, conprising: a planar electrical
conduct or;

27. The thermoelectric device as recited in claim 24 or claim 25, wherein the

thermoelectric material is a polycrystalline material.

28. A thermoelectric device as recited in claim 24 or claim 25, wherein the

thermoelectric material comprises a superlattice of two thermoelectric materials.

29. A thermoelectric device as recited in claim 28, wherein the two thermoelectric

materials comprise Big sSby sTe; and Bi;Tes/SbyTes.

30. A thermoelectric device as recited in claim 28, wherein the two thermoelectric

materials comprise Bi;Te; 9Sep and Bi,Tes/BisSes.

31. A thermoelectric device as recited in any one of claims 24 to 30, wherein the

electrical conductor is constructed from platinum.

32. A thermoelectric device as recited in claim 24 or any one of claims 26 to 31
further comprising a layer of thermoelectric material disposed on the electric conductor,

wherein the layer of thermoelectric material is comprised of the same impurity type

thermoelectric material as the thermoelement.

RALIBKY636829SGclaims doc



a thernoel enent conposed of a thernoelectric material configured with a
plurality of tips which are electrically coupled to the electrical

conductor; and a layer of thernoelectric material disposed on the pl an{hISEP 2005
el ectrical conductor, wherein the |ayer off thernoelectric material is
conprised of the sane inpurity type thernoelectric material as the

t her noel enent, 26. A thernoelectric device as recited in claim?24 or 25,
wherei n the Pher moelhgaros! Q,ctrlqﬁveqqa@reqltgda] ¢lning P4 ocaysarel dficheme@bes Bl . 27.

th
Uner moel eat recra ar ot Tie s REREAe o e B Blafiad RoRbE) it B PELRT

thernmoel ectric material 1s a

devi ce as r e¢letidal gondhi@pm 24 or clal m25 wherein the therm)el ectric
material conprises a superlattice of two thernoelectric materials. 29. A
t hernmoel ectric device as recited in claim?28, wherein the two

ther moel ect 4. Ml Ei@)efecRI@iceas &cﬂeé%g%ﬁ%%f@ﬁﬁnﬁm&ﬁ Wtel&idar 30- A

t hernoel ectric device as recited in claim?2 wherein

t her noel ect r 1@stReetfithy glusditp of tps B T §PPlgGEn! tondand VBT e@fRieaSeBe cRdtricA

t her noel ectrpg,qdenkce as recited in any one of clains 24 to 30, wherein the
el ectrical conductor is constructed fromplatinum 32. A thernoelectric
device as recited in claim24 or any one of clainms 26 to 31 further

conpri sing a,tayer, el ectri erial di osed n the electric
conduct or, %er elAntR% eg{}grdeglrceta%qcﬂ%&nea&yrqngo fong %‘?toi%z MewiiR sed of
t he same i rrpevrtretrmtlés/pé thet Pl log Gipk i dee MBH@EAIR wakint & WA

R\ LBK\ 6368295 g P OIS 2o TR wABin 1) PARIHRES $Tf ncarey

recited in cf& aﬁ?? {Lgre?‘%iﬁysab‘i@ dy¢tor| ai ns 26 to 31, wherein at |east one of
the plurality of tips is in physical contact with a surface of the

el ectrical conductor. 34. A thernoelectric device as recited in any one of
claims 24 to3®3, Mberaiosleatricldsuice apreeitat intdempl S, whkieity theftips iapsmade ©odiavé N

Phor ool ect rirooieiie o Bl dAES din bR PufEh 00 Feaoi@oa < o 32, wherein

extremties of the plurality of ti ps are nomnally within 100 nanoneters of
a near est Wfacg of t(pw{el echrl c& gduct _ 36 A thernpel ectric device
as recited in claiMmIs prigating A ccipie dpgerehavingibgamodiements wéthi ve tip

radi us of |el‘smyetlhaBrfmp,rtﬁé(hﬁ&Ioﬁ|cMm5Q§anan0m3t ers. 37. A method of

fabricating a thebr mael ECtII’I C folew ce having thernoel enents with
onding a first surface of a thermoelectric crystalline material to a metal electrode;

patterning a photoresist mask onto a second surface of the thermoelectric
crystalline material to define locations of tips to be formed: and
etching the second surface in the presence of the photoresist mask to form, in the

thermoelectric crystalline material, a plurality of tips having an effective tip radius of less

than approximately 500 nanometers.

38. A method as recited in claim 37, the step of etching the second surface of the

thermoelectric crystalline material comprises performing an electrochemical etch.

39. A system of fabricating a thermoelectric device having thermoelements with

tipped interfaces, the system comprising:

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

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

means for etching the second surface in the presence of the photoresist mask to

RLIBKY636829SGelaims.doc



tipped interfaces, the nmethod conprising: bonding a first surface of a
thernoel ectric crystalline material to a netal electrode; patterning a

phot oresi st mask onto a second surface of the thernoelectric crystalkﬁn&EszB
material to define locations of tips to besformed; and etching the second
surface in the presence of the photoresist mask to form in the

t hernmoel ectric crystalline material, a plurality of tips having an

effective ti pomadh dke bermedertrig bna{atalimprrmtcrm,taabl)ureﬂﬁﬁ ofitipp tretiag an eBBctiv tip

o
nmet hod as re im37 e et ching the second surface of
the ther me?ée&cgg?féesé’ﬁhg %pmﬂxga{%&ﬁmﬁp OWEHHY i ses perforning an
el ectrochem cal etch. 39 A system of fabricating a thernoel ectric device
havi ng thernoel enments with tipped interfaces, the system conprising: neans
for bonding a first surface of a thernoelectric crystalline material to a
nmetal electrode; neans for patterning a photoresi st nask onto a second
surface of the thernoelectric crystalline material to define |ocations of
tips to be formed; and neans for etching the second surface in the presence
of the photoresist mask to R 'LlI BK ,.636829SCcl ai ns. doc 5 SEP 2005 25
form in the thernoelectric crystalline material, a plurality of tips
having an effective tip radius of |ess than approxi mately 500 nanoneters.
R\ LI BK' \ 636829SCGcl ai ms doe
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