10

15

20

25

SYSTEM AND METHOD USI NG SELF- ASSEMBLED NANO STRUCTURES

I N THE DESI GN AND FABRI CATI ON OF AN | NTEGRATED ClI RCU T
wWORGROGABLER by i nvent or CARLOSDANGELO BACKGROBNIDUSE004/027449

THE INVENTION 1. Field of the Invention This invention

relates to the renoval of heat generated by an
kv ANIHVHE T U S g TURES IN

16 AP RARR N G o DR ECAEAERDS
the application of self-agsegnkrd nano-structures for

i mprovi ng the performance of heat sink structures

coupled to integrated ci rg evi ces. 2. Description

uit \
of the Related Art Prior art {&8

used to coo

sem conductor |1Cs incorporates the use of |arge and
expensi ve chip packagﬁﬁguﬁgﬁ rnal |y nount ed,
finned heat sinks coupled t o the ceramic or plastic
encapsul ated I C chip. As the speed and density of
nodern integrated circuits increase, the power

gener at ed by  NeRexeilENE 69 JHICHeRBRAIORT Len in

geonetric proportion to I ncreasing density and
functjionality the video processing and CPU application
1. Hieldof the Hwenlen jty to dissipate the heat being
generated by current 1Cs is becom ng a serious
| i mThatineetion rtlhies adthamermowd] of dedirpehagyed blyrantiltegrated circuit and

current art, relatively |large . . )
thej opmongits Degtip cRIP- seantly apé Backaeins da fci it saldiheat gmeval. More

oot s .

sl A6/ S0 ) et B0 ERURLy, 1SBh DALl hrctrs o

improttigehé paiforafantefiteasdinigstiabaks chuplddroimagrasidrkreuit devices.
resi stance and meki ng heat transfer nore difficult.

2. ?feg&{ﬁio}lﬁ(fﬁﬁlg%laé&% is a cross section schematic view

a sinp Integrated circuit structure.

Transi stor structure 102 is forped. near the top
sur FHEE a5 usgthi caple sqpIgOnEciit G commrare 613?@@? <of fgge and

oxAS,U38D LNTBHE ROPh Akt BBCA0E ol o e

cerambs by pllasticl Oftapsufintd&C chipl. 143" thd Ghecl snduddrlsity @€ madlern integrated
.conmplete the interconnect of the integrated circuit to )
cirgitsrinerieass, ehe RAVE Ssaatiateddhy Hiepe chipadispalneicaseny afien Pegeometric

progégfbgggaﬁ‘ﬁcr%a%igggéeﬁl?igat%gg rf{ﬁ&iotngli@‘? If thg lx)li@eocpfl‘c)%lel:ssing angi CpPU
application areas, the ability to dissipate the heat being generated by current ICs is
becoming a serious limitation in the advance of technology. In the current art, relatively
large interface-thermal-resistances are added when the die is ‘attached’ to a heat spreader,
heat pipe or heat sink. These multiple interfaces have the undesired side effect of

increasing total die to heat sink resistance and making heat transfer more difficult.

Figure 1 (Prior Art) is a cross section schematic view of a simplified integrated
circuit structure. Transistor structure 102 is formed near the top surface of substrate 100.
Electrical interconnects 106 are used to make contact with transistor 102 and numerous
other similar devices (not shown) on the substrate 100. “Solder balls” 104 are utilized to
complete the interconnect of the integrated circuit to a printed circuit board or wire

leadframe. This type of package is often referred to as a “flip chip” device. In the current
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art, heat generated b y transistor 102 s extracted

t hrough the substrate 100 to the back surface of the
wohbg/4sheat transfer bonding |ayer 108 nmay beCT/US2004/027449

utilized to enhance heat conglucti on by reducing

interfacial heat tiansfer resistance created by air

gaps and surface irregularities. Typically, this |ayer

antaly cdb g cooapdb g drapfistar 1®@rsmtrag5®&3wghrtht lvetssradel 00 to the back

SRR PuER e BEnTe Fhbdne Bvdt I milod Silicka t Pharcp hoa

Padictibh By Pealicif@ Rietedeiay hday i r&mRE 8fkate® b$ Qlrigdps and surface
netals. As a result, the backside chip surface

irpgudrtise e @EGRLLY, Tﬂi‘ise@éﬁﬁtlgayab% FyApPGsPE ah e therepabngroase or thermally
cBﬁéicﬁ@@@ﬁt% Whh G ﬂlét .4135 e b%ﬂgie&att %%ﬁi &?ﬁcé?s%rface contact, still

extract ed fromthe chi p. Recent
happh ;rsdatwetyrpqam blhqrmalt qood;uquwwhemmécommmndws As a result,

B ERE 0 SO o] BBy BRER Bt SEmee i

Hnﬁ&ltﬁd}ﬁj‘w@t}ﬁebédﬁ%rbx&ﬂ:t@i@ﬁﬁﬂﬁ&h@.deVi ce and a heat
sink. Bundl es of aligned nano-tubes receive injected

pol Y RREdngiy, m%}serpa?ént %fﬂiﬁ'cétgxg iﬂ%lﬁ‘aﬁ&h %ﬂ%\éf%@zoos/ou 770 has
coO oSI te W et weent he e ectron

desglogeha rpajoqesmef formaig & fHeriTdl enteelact thbiesmplogs edrbgnetho-tubes to
] rection f heat r

oBRES Wit Pslihed SR B0 bGP RE M PR s o

afigiedniianalthtyes Cleestd Digecksdcpdliett haicrispat moqxen tfbﬁ:h de\prdRice a
surface. .-The use of bund]es of aligned carb

ARSI JHueh i lared dgheep &b clee ket Sl 26 G0 B£3! Sila The nano-
Rk lare APROA Bhrafdl o TR SR oLYRRBGSy. WAL It I filler

shown that isolated carbon nano-tub&s show Unusually _
dhesgltttle e spraad h@hbﬂhmlilyv uaot;znuablutcmahag lqchzedHt mpdts on the device

u IVIt ad an. order .of
SSE Thk Yid ¥ AR 4P B S B Bbor TR EaER R thormat
cotuch@t & ek G“hf:cﬁétlcﬁl(ﬂlﬂléblﬁaﬁ@maﬁch&hh@monehav%|sh0\5’1|il }lﬁlt 6lated
QEV|eM/Letter no 20, 4613, My 2000) US Pate

B i2Ee RS SOBY | %‘&’ts?aé]ﬁf eh gbarph f&?‘i“"&?’@él @E‘e@ataﬁle thermal
cbﬁHu@ﬁkh%l @ééré‘deﬁ WY dn BREKBYSabiiglde UWhdnl 2850 hBLGbdMBlildles are

or doubl e wall Carbon nano-tube arrays grown
feyogd e‘q@eﬁube-tqawbh eomteqioee foowxahpl©IBvasi Barpandetfal,| RhysicDReview

Lg&ﬂg@ﬁd%QHQQQE§3@W]IZ D dianond filnms, carbon

es’are d to aid making ther mal cont act
bet gn t he su faces of the ci rckélt silicon die and of

t he 5%\88 igtgr PeiicatineS20PRe3 i“iﬂleckgqlfm ) I{ggraged circuit
p@&&ﬁ@tﬁﬁ‘t difliCed @06 %vh'llp 8RR Willcafbloh h&ith-R6 8 &irayd Bl W AlBsequent

flexibility. This disclosure, however,

to the deposition of CVD diamond films. Due to the roughness of CVD diamond films,

carbon nano-tubes are utilized to aid in making thermal contact between the surfaces of
the circuit silicon die and of the integrated heat spreader. The interstitial voids between
the nano-tubes are not filled in order to maintain flexibility. This d isclosure, h owever,
fails to provide any method to reduce matting and nano-tube to nano-tube contact, which
reduces the effective thermal conductivity of the structure. Although CVD diamond films
are good conductors, they may not be thermally compatible (from an expansion

perspective) with a number of other metallic materials utilized in various heat sink

structures. Additionally, commonly known techniques for growing carbon nano-tubes
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fails to provide any nethod to reduce nmatti ng and

nano-tube to nano-tube contact, which reduces the
wehbwsaui2ase t her mal conductivity of the struct uPET/US2004/027449

Al t hough CVD di anond filns a%e good conductors, they

may not be thermally conpatible (froman expansion

perspective) with a nunber of other netallic materials

Wil pERAAY 3hibBk SalBde Ehoditichl diktetiy beS. sﬂémﬂuﬁﬂc@ﬂa ald, ¥ince these
commonly known techni ques for grow ng ca

teelminuey g Be JRReRte & thedanssr %fo?ponfﬁn%%t% Eﬂ@ﬁ?}@g i Ggppleted
gfgﬁﬁ Gle! 1Y 1R devidd 16 rGtlilef Hinbt SefomBleARA piitese

niques require t nperatures In the range of 700 to

2?2\,%65)( 1?%' ]tasllﬁ(‘: glg’:a} ﬁl ¥[TTEhel%ﬁ gnter:?acg tres&stances are

Mﬁﬂhlzb@bﬁﬂ%é@ﬂmg%eﬁl dmﬁdﬁﬁﬁi oaﬂlgoﬁe&ﬂfsl.t@ totkxemidy hwhltﬁhsfer from hot
interface resistances are mnimzed by integrating
Yehes an thajetegaicdc8RBbnent s to maxini ze heat transfer
fromhot surfaces on the integrated circuit. SUMVARY

OF THE INVENTION It is an object of the present

i nvention to provide a mcro-cool er device structure
cont ai ni ng a heat SSMMARVAF THEINYERNTIEHt Si nk

surface, a plurality of individually separated, rod

|'i ke pRaR o%%ét%%ﬁérp‘?t?seﬁtq{wehﬁﬁ{‘t%f S5 dd Wi REESRL: RORE Sucture
froma surfaceof at |east one i nt egrated circuit chip
tootainieg hlacat sisk hcbdysiuvmg@éeattsimé smfame,aﬂ plogpliyfof individually

I ndi | v sep r od- -strueture

P Sl B RS n PR S PP R b o S Pk
lggneieihicp@ted dirtwcehip ANtle Reat Sk stafaky, tigOplGalityl oféndividually
materi al  di sposed wwthin inters |t| al voj ds bet

ePatE dod- ke AR IEIeE etng SOt DHEdROREH FER PGS Erkhe

I{éﬁteg%ﬁ%tlﬁg"éﬁ%&é QY a ﬁefﬁ%ll'?@gncfu@tﬁvef CLt SURY @kbﬂ&d Qv1th1n interstitial
m crocool er device includes fashioning a shall ow

wadsibetiasn therrodrtike mapostimétase of a heat sink body,

gr owin Lke . n re

cavi tygneae;}%3 lenﬁ%% D?%QB%SCI# ﬁntvg““o?r X\I{ng%lr? lﬁ‘%:r{}? ]%rgcgn'a‘% 1\9{1cr

doﬁler tdvédedhdliidea faskoinilg akzﬁztlmﬁravﬂilm aaekltink gurface of a heat smk
no- struct ures. BRI EF DESCRI PTI OF THE W NGS The

fw R §BROWT B P fhesh e rat baadiRrasiing a

Q0211985 RALERR hatert] MERtetRAINBidk BLtwRYA A rSleliRd h@E-structures.

description thereof. Such description nakes reference

to the annexed draw ngs, wherein:

BRIEF DESCRIPTION OF THE DRAWINGS

The present invention will be better understood when consideration is given to the
following detailed description thereof. Such description makes reference to the annexed

drawings, wherein:

Figure 1 (Prior Art) is a cross section schematic view of an integrated circuit

structure;

Figure 2 is a schematic side view of integrated micro-cooler device attached to a

flip chip integrated circuit according to an embodiment of the present invention;
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Figure 1 (Prior Art) is a cross section schematic view
of an integrated circuit structure; Figure 2 is a

weehsmatise si de view of integrated m cro-cool ePCURSRDE/027449

attached to a flip chip integrated circuit according

to an enbodi nent of the present invention;4 Figure 3

s a s chematic side view of integrated m cro-cooler

devi dégat B dshedthématividifid pke dflihipgrated pnicrit @gteatdedice attached to

circuits according to . an enpodi nent. of the present . i
Fbelf S FIID EflggifiEd LS apogibedo g ErbOimetins e eeeut igygntion
of a finned integrated m cro-cool er device show ng the

det ailigirof 1 eneessussction sdewealic visy eloa dnnehintetiraiechmieé-cooler
(ﬁebiﬁce %ﬁ?\?ﬁ@tthé QUGS LP QonsFﬁo%%ﬁ eacé3 rding Fo GhQ %081%’(1:91{ 9 the present
schematicview of an in egrateé)n1%ro-coo er device
inwenting; i nternal flow channels according to an

enbodi mrent of the present invention; Figure 6 i s an

e | eqiuipa R ik 6r@6EeRaRNNCLERE evRbbaRn iBBakd R8Sro-cooler device
according to an enbodi ment of the present invention;

hav g igterpal Rovychappels acsandingdn aw embodiineet of fhepresentdnvention;

i ntegrated m cro-cool er device bonded to multiple flip

chi p Higwegn atedleirocniitsscapeohad nfc tibomn asovimbel aeoitdingf to an
the present invention; Figure 8 is a process flow
%&?8&%ﬁ$?§$ﬁg??%¥F%@Pcﬁe steps for manufacture of a
firmed integrated mcro-cool er device according to an
enbodigENY DR I Sprtivssahenialy iy ohan fjtegipted gnigrg-cgoler device

RLELES %JltlilﬂWﬂgJ gg,x &E@tgwtéd%fcg@st dcBGald g% glfé glﬂgoc{i&em of the present

manufacture o I nttegrated m cro- evi ce
theeniiong | nt ernal fl ow channels according to an
enbodi nent of the present invention; and, Figure is a

par t Fadur€ BOS S 5106dsk Trdwy Hiapaaf illubetingnRe Stepd! edrUbSuBdchdy of a

subsequent to a planarizati ongﬁg ocess according to an

fewed dniseted omiqrpreoqipre detite perprting dn. anDEmhpdiment of the present
“Rl.PTI ON OF THE PREFERRED EMBODI MENTS Figure 1

(pripf art) has been addressed above in the Background

sect %Qg%reog ig I'ellpsroccclalsss ﬁlov(?fscifz[g?ém illustrating the steps for manufacture of an

integrated micro-cooler device having internal flow channels according to an embodiment

of the present invention; and,

Figure 10 is a partial cross section view of the nano-structure array subsequent to a

planarization process according to an embodiment of the present invention.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

Figure 1 (prior art) has been addressed above in the Background section of this

disclosure.

Figure 2 is a schematic side view 200 of integrated micro-cooler device 202
attached to a flip chip integrated circuit 206 according to an embodiment of the present
invention. The integrated micro-cooler device 202 is a separate structure from chip 206
containing highly conductive, self assembled nano structures, integrated with heat sinking

devices. It provides a Jow thermal resistance path for heat transferred from surface 208 of
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Figure 2 is a schematic side view 200 of integrated

m cr o-cool er device 202 attached to a flip chip
wonvesgaetsed circuit 206 according to an enbodi reEMUSEF04/027449

the present invention. The integrated m cro-cooler

device 202 is a separate structure fromchip 206

contai ning highly conductive, self assenbled nano

thé [MEdrate@Sircuit HHEPL 66 8tbuetl B nRe@bit 5 bAKI2NQ bdeww. CErmditinterface

provi des a | ow thermal resistance path for heat
193{35 R9f Brovides prigtnrsiiange dntorbie GPRIABIG REP-aEwduRT tushance heat

&Iﬂhﬂ&t@n QR mOUY ek, 'r&ﬁxls‘é theBmBadt A RlcAVhot MRS ﬁiB(!hlﬂ e bh@Gferally

| ayer 204 prOV|des a low resistance interface
eodiuch hert rcrga heat @mls tStfmillr@ 263 of ge@tnﬂwﬁmpenhféam the shipudd6i Diructural

c{eﬁa}ol%n g Hggro g‘bﬁ ae% er ~ 2yar§ glﬁgﬁg%’t%t e?ovsf (?1 o}? 50? gﬁc% ﬁlﬁ)c%) %oé)lgr 202

Bhy bcbonded Rethafusiiigeatdatic tager pr tH&:tm&lhﬁﬁdth edl&hivﬁs Gﬁﬁ shown),
Structural deg&;ls of. m cro-cool er device 2

Hits Knygety BRcow! et frotl A4AEOREY BUEHEPRFT ?er?@% pegrated

ct?&ﬁﬁ @ﬁp t2@§I eh efcuishagh ?ll@txﬁéfylﬁe%eicﬁ}é Ediler %thtrﬁ&:hﬁﬁﬁbal straps, clips,
bondi ng hesives (not shown), as is known to those

aibioldineceiiges (et shpwn). Addi ti onal |y, micro-cool er deV| ce
202, integrated circuit chip 206, and circuit board
210 magube 3hel d sdhegatiheidewitw 308 cdfainiegatedsimicapsoolel dgyice 302

SRR AL S E O 2 13,8 o pvcdimen
shand ﬁr@seﬁpl%vé}ft&ﬁ‘qﬁ%s ERbBULEAPb &N tle Pp&inR 16Wraarades @E micro-

circuits (306a-306d) according to an enbodi nent of

qorles device 3 @ Widized foremevsheshrsamynisom flihein [EnioapsHed Chips
ﬁ)%g aJKP %;ﬁ t ﬁlld[uflt@c? Git ﬂﬁte cﬁéu?t%?j} 10g gﬁea@ﬁ%masﬁ%gces 308a and

utr 0 renove ener gy ronﬁ |p c
KZIBB,atomﬁlde 3Chivppsinfibee apa 3866 KChipriO6t edd 8064 mlumned on printed

S o 00 s sl 5, Sy e i G0 & F terfce
3B 80ANEh3RBHs alPHI&oNE N nitlyed behdeaUbdetiRPatifly 3dblic layers

si nk heat from surfaces 308c and 308d, to device 302

oi theimal dondivg albgsasies Jpatbshown), s gOsoamdtonihepn siilled a the art.
ﬁ%d’l?'tl(ﬂﬁ E@cxgo&gfég 8%1 c%ejtoael[:n #Pa'té&%h St ?ﬁf)é ﬁ6l 11%u1? Boards 310

er na n eS|ve§ as s
hinobe hsldi ﬂogﬁhlerl with meschrtical Atiabst Ichpssalolr yholding demcﬁso(lnew shown)

BB aE s P ApeBer Ao Fisbechrer it B el St Y shoutd b
SAdeANS thdsb bPSrdindfy Mal B tﬁﬁaﬂﬁl‘eﬂ S8l of%ﬁ@ﬁi’iﬁﬂal integrated circuit
Al t hough the enbodi nent shown in Figure 3 contains

Hip ghips PRGgyalecadded byiprieasing the seabnafdenee 283 dent to

those of ordinary skill in the art that any nunber of
addi tFigmoahl is rat egssa&eertrtbmiscmemattc Yiewpofch fipsed3iéegrasgdomicro-cooler

cﬂ:(\jn%g gO(gJ Xhoiwri]lggr tﬁg ﬁétgﬁ’s oih cons %uoen :g:fcor El\éltg Sn emgodlment of the present
invention. The device 400 comprises a heat sink body 404 for extracting thermal energy
from surface 418 of flip chip 402. Heat energy is delivered to heat sink surface 420 by an
enhanced heat transfer interface structure containing layers 408, 410, and 412. Heat sink
body 404 is fabricated with fins 414 (or pin shaped structures) to enhance heat extraction
by convection, typically forced air flow generated by fans or other devices. However,
natural convection may also be employed if suitable. Also, fins 414 may be immersed in a

liquid such as water or another liquid phase coolant for removal of high energy fluxes.
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Figure 4 is a cross section schematic view of a finned

i ntegrated m cro-cool er device 400 showi ng the details
woRosmastss uct i on accordi ng to an enbodi nent of PCNAIS2004/027449

present invention. The devicg 400 conprises a heat

sink body 404 for extracting thermal energy from

surface 418 of flip chip 402. Heat energy is delivered

Haut Redt bodly Mo4SHsyf 8€ enali2 Grddy sRidog nhenie cok h&aﬂtcoﬁdu%ﬁﬁef e¢ramics.

interface structure containing |ayers 408, 410, and

Metals yghnes eGPRRT HGHYmBOR 318 PreABFade BEleWr UGt frshifned fipm silicon

9§ s r&ﬁB%@ uSdd. H%'il%ﬁ ?’s)usEéP tﬁ@ﬂ?ﬂﬁﬁc&e@&y ‘t?exéorat%ﬁtah@lrh metal

conve tl on, typl cal y or ced alr | ow ener at ed ﬁ«é
tbamharmﬁ laiemldteademciuetgon Hmmm:admgactamt}aﬂ 1@m1ﬂﬂelmpnw p heat

%lﬁ%dgg‘%ii Y 1% ods weqlsi \t»vﬁll k?o %ose Tcl%ﬁ 11]‘1 lch%s'artd' ]to c@%ﬁa 3?28 transfer

iqui anot her

ipkefa&: legad 4081 4100 and €0V al of h| gh ener gy fluxes.6 Heat
sink body 404 may be nmade fromsilicon, netals, or

heat 1GoRduRt do‘ﬁﬁmﬁeiﬁ&mdﬁﬁly Mobated, ?tk!lclhcea@n@%ﬁﬁ&ﬁre.@ fthat provide
al um num are preferred, but "structures fashioned from

iy hrghrthmlswrwmetsvmaty 1aflurg iblerfagseebntact rosisfaneqnltiese structures
%ﬁgén%%pl% 1811%{1 11%C Sano-Whtks O%t TELCH ﬁ‘; erx\ﬂ%lh hva@leg%gr%tm 1 8no-tubes

& ronduetd rea
@FWICWT) 0% n'flﬁﬁ»hlaﬂl"tﬁdjmllﬂam-lfﬁhere aMe’&HmmahO\dyeﬂQ‘dr e)tmynple Au, Cu,

net hods known t hose skilled . in th rt, to . .
Toria, fridroad fAgdrtfes) Aroprian v s debing i Sepy of e with
cﬂﬂﬁ%ﬂﬂ&@é@lﬁpﬁgﬁe ek ?h&&n'rﬁh(ﬂh el Path kﬂéuﬁﬁypt@ﬁﬂf@ﬂnometers at room

rod-1i ke nano-structures that PYOVIde very high
teiperatte) soricta benefit fipmt ayapieen roatipgneal pheaemersaligptng for efficient

hegftlr;ﬁ]% %ﬁlaralt!gﬁsc‘rﬁs Shd HELM g?ré 2 a%ifl %ﬁe g)?aﬂﬂ)ﬁé ﬁ% grmde anow1res

C nano-wres, or pre car
dr@belidved &Sha(ngﬁbﬂ')heﬁﬁal rmhﬂact—mm;thnoe airbe tow ahmicf ¢dnellclsres1stance

8 o ISR P oY ey Bty 7 YOP GRS pripted it

thél? l&l@ﬁﬂﬁna@fax@) ypp&&mﬂaﬁety SRR heN® SeERaabl.ad ues tfieallel to
'£ onon nean free athéégsually tens of nanoneters at
9]

direetionper keetifley. SEWESITschae rvemi high lemagishifterel conductivity,
%%8&%11 Wﬁﬂttﬁar agg TRR80 & how g)gmfogr Tﬁ%}f %{I%Qtu{) he %tfactor of two

rans teristics an her ma tac
textanthresolide€i\dD daetond dilma They axemdcrreblb gforvmvcedhe m1¢traweoler 400

d t her mal r.esi st ance sinc i C
a6t 5 Q87 PRt Tra0 o S BN Fac BV pgperated carbon
Iﬁh@t‘%é’s%? fanofb&E LAk décuﬁyhfét\%m%tafﬁarﬂr 4®Q e Ghd Wrfabe from
their longitudinal axis) ap rOX|natel%%§qrpend|cular

1@013 dhqya@ré serapn. Fh@oms @mbﬁg}{%gnpse |the 1 o i8S EF9V8T, by fplasma
il d:uc AR (thsg‘rm%qnéfﬁc{dg Imr gjgan(p%] tﬁ@%hé@ao&shfe‘é%ed by Jun Li

et al. (Applied Physms Letters, vol. 81, no.5, July 2002) and L. Delzeit et al. (J. Appl.

Physics 91, 6027, May, 2002) can be used. However, while axial thermal conduction of
CNTs is very high, lateral thermal conduction (in the non-axial direction from nano-tube
to nano-tube) is not as good. In fact, it has been found that lateral contact between axially
aligned nano-tubes can reduce their effective axial thermal conductivity. If the number of
carbon nano-tubes attached to substrate is too high (for example, > 40% CNT density)
Van der Waals force will create a bundle or mat situation resulting in poor thermal

conduction. If, on the other hand the coverage density is too low (for example, < 15%),
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generally within the range of 800 to 3000 Wm K. They

may be up to a factor of two better than solid CVD
wdizeosmaes6i | ns. They are preferably grown on t RET/US2004/027449

m cro-cool er 400 surface as an array of free standing,

vertically aligned, individually separated carbon

nanot ubes (or nanofi bers) that occupy between about 15

thathaA O8hduttidrheilB hisd &e @owdratiie wh itiehretiineyt Iﬂhfbeg bPeshdutting nano-

enbodi nents, the wn | asnma
BhiTa AcBe @?fbrmeveyer@%%%%t Rdieen ‘%Bﬁ 15%&&&104’ Wifhe25% to
4094 Baﬁgn%qﬁ&b@&ﬁ TFhYs A48ppebedab bahdle &R dr e TRVl aligned,
Letters, f 2002) and L. Del zeit {
laﬂmd(ually ﬁqp@ratedpmyrgllelsCMs vethzcmvewa«y be@@@mab@lanlﬁoend 40%, can

e, TR B e R oA D P E At el oS, =

thexmadixi edndakdtive cinhateriall s mlacad owithid etht cinteastitial Woals be&ween the

D83t 488 emninl R bionpt sl haro Aeh et copi it imin the

ﬁaﬁi@ltﬁbeﬁﬂ‘oﬁﬁﬁrﬁﬂ By XILAbrall NWaf FoRkuGRAdaEkth theé.sptdadinB@f heat from
nunmber of carbon nano-tubes attached to substrate is

:; @éatlﬁplg smek eilicer dimsigace o hegpuohiarge ryifase)arsenf theheat sink body
%ﬁa' als@ rr&ﬁlcgg Hcalcr‘zreﬁ AR s ot@ Ucﬂld Lugfagé 4ri'§‘toffsdhtéﬂyj Qb% C”i‘he thermally
resulting 1 n poor ermaf conduct’ on

doadubtivh maml\alemag be demsdl toy niet! blbay, klméltmoﬂu@mlcaMS CVD

5% , 7 nductlon W | so, be | ower due to .

abC ot DB BB eSS £ ot LisBGET oot materia
Praeh&slrsach £§Jb§geraalﬁﬁ1\ﬁﬁxhﬁ@ﬁvéﬂegb$d Lo thelr ARV hahetil mbirials,
and 40% wth 25%to 40% bei ng nost preferred. Thus

WRPA 3B SeRPX Loy praItee Hpst REpfergTie. @isls eensrallycdyp tq the hlgh thermal
&5&%@9}/ &ddf\ﬁ ﬁ anyvmc‘ glgﬁfo% /g@@&}dcﬁémlgﬁrﬁp%&ﬂ& and low

cover age etmee can provi

wyie @ppertelﬁe‘rthtmgan dwl‘lt lmown tﬂ’(bhqsmskliivé irl tieewrtadf dwvehDamascene
conducti on t|ve na ri.al . i | aced

iR § RBnp iR rigfof 8F 0S5y FisER e iR rfion te

th&tefalBdldyctian @8 tHeltRGmARY ednidadtive it fesridlafagéralos R@ald typically

conduction wthin the nano-tube containing |ayer.

hedebrean Shert 1Q09eigions Brilickesss-i t at es the spreading of
heat froma relatively small silicon die surface to
t he Muothet ategigable dedtiae eofamgag ahettlhes heilﬂlelsinmertad)diy that it is

bR SRR R ARRONER SRR S g

digayir #e8 &lused tomhiatairafliteass fét@batlony ragedusitict.eHowever, “short
ceram cs, CVD di anond, or thernmlly conductive
raRgey nRERECe Hreguiaribst fon tthe qrfrar APl {PWe SHEIGRYi @ also contribute

ﬁ%ﬁﬁahﬁ’y td %te?faggefh@ﬁna? WG a‘fi’é% GPR Qﬁér@fo@héé%ﬂg % h&e 8ferportion
d, or their all e netal nmaterials,

of the MWCNTs extend from the bulk of layer 408 so that the exposed ‘ends may conform
to these surface irregularities and improve thermal contact. When layer 408 is planarized,
the softer metal material is eroded more than the harder nanotubes, resulting in an
undercutting of the metal layer. This undercutting leaves a portion of the nanotubes
extending from the composite layer 408. This undercutting will automatically occur when
layer 408 is planarized with CMP (chemical-mechanical planarization) or electrochemical

etching techniques. An additional (optional) bonding layer 406 can be added, if eutectic
metal bonding between chip 402 and layer 408 is desired. In this case, the exposed
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copper and copper alloys are the nost preferable. This

is generally due to the high thermal conductivity,
weasws/af2sdeposition via el ectroplating or PCT/US2004/027449

el ectrochem cal deposition, and | ow cost. Copper

el ectroplating is well known to those skilled in the

art of dual Damascene processing c oormon i nt he p

206464 ERROwbulmN PEtaIdsi infot 84 BY@ded meyickend tiRpegditn geeferably,
the thernal conduct|V|t%bof the thermal |y conductive

tonding layeh /8¢ isap culealifemelabuivisraeltBpbies 1aehrondiepaspounds
1‘?% ARPLL P08 @%@Plﬂf’z i rénﬁﬂlsﬁé@%@%ﬁenaﬁ%ﬁdﬁecran ‘ﬂ)@shsreé%l& a silicon

ature of usi metal as a material is it
liegt sm@nbcﬁdyc &b | ’yFylbmAhr lasnar He2dmeskl bh mntpl®eedlvmi:l\ﬂlsconl pitride
sone e S n L a 0
CEPIEI (?rr{nef %12}6?1 esgmsk 0 %esg g%fdl W gfr% 5 %ﬁlﬁgﬁ g on r%§]§ged to aid
1h|®lm&saon shattyst aagelays uil §.aveal dataf]}}gtlla@d?rléﬂ()eSus(edmo tnfieate and
order of a few mcrons) can also contr

C@Pﬁ?ﬁ &fPWélrﬂfl the P@OWBF%P% ¥ 40k Rial catadyst E%yﬁh%]eo mpy chogen from
éod; QESPtr 34! aﬁd AN Gs. PATE AR thétANailyst RO MAEMISNi and

exten romithe bulk of layer 408 so that the exposed

Niredloysrliyrtin pfogesnconditionsselatsd iof these laversegruisruisteddslognd

i mprove thermal contact. \Wen |ayer 408 is planarized,

the Johiret ifatcddss FBdtidhisahen asic afadofl amﬁ{t%rithdilmitlbe:ooler device

har der nanot ybes, resu gin n under cut he
108+t bavingaiptsrnal v charne caf“t PERGT %ga\%én *%zﬂdt &Prpéesem

RERRLHPER R¥iceB360 @&1}%&5@%%@& SERTAGIsHE férad(ﬁﬁctﬂ@&henml Snergy
undercutting will automatically occur when | ayer 408

fragn piirase 518 efiflipichip iQSZ'PHéaiE vaerky: &l deleasprhiei heal sink surface 520 by an
E%iﬁlgl a{il ﬁt 'a?lnge ?rﬁ?r? cgcs r&&%{% &fﬂnfgg ggijs }%&t iy ﬁnagﬂ Ug3. Layers

|ona I Oha
mdﬂd 1eshde 1ﬁlhbﬂcsbre@d1ﬂ§t:axhtytﬁlﬁ dashg)nb@tn/\‘ﬁelly 50Ki fin ¢OPeralaliment,

r. 408 is desire hi s case,
% %Bﬁ‘ghﬁ)%%“aéﬁlfd@m%?ﬂ ﬁmﬁ rP&fSF%F&eSMﬁP 3ePRYSsthe dhgemal encrey
GreBY Fort &b 1505.088M NitwidPutl hARbYingdd N Gostebié,ap@r for this
406 is a eutectic nmetal, but thermal polyner based

aymdim@t digmdoeneling naypreftred Gie iesbe. speafehead1gEppaityaef a liquid
J {4345 geefr 'ﬁgjiﬁ'}lg%}aﬁplsc 1H§ei%r %et Hl 961 gl%lg}%gt removal

S|nk bo yp! ca ayer
@ﬁﬁmQS@dwlm‘re smH ambnanmuhttlodetempmamma dse rdﬁmrednﬁtra\ferm bizh speed
si nk bodi es 404 [ tional

412
FRGeIoRo o g igh Hefloitin cureeb Barishy S o low themal

ﬂeﬁ%%ceé"ﬂ@wd@@ﬁﬁémﬁ&ﬁﬁbﬂ@éf th@ﬁl%éenﬂﬁﬁeﬁt&nl&@&né &ssentlal to reliable
initiate and control growth of the nanotubes in
@%the same

%@tlon/eLwersC 80Gf 12 haveagher s fipaliont HBd e FPBIRPHAD
bkt n a%Fcan& akﬁo Mo £ 8&!13%}&3& cPreferably, netal
ca t 1 [

ayer are oys Furt her
glr gg ég;:’uécag Egh%l ectroﬁr%l 1cartosec(cj>pé 1(3) h&he% rlba1¥ B fv0-Albes according to an
embodiment of the present invention. In this figure, the aligned, individually separated,
parallel nature of the MWCNTs is evident. Also evident are the interstitial voids between

nanotubes that need to be filled for good lateral heat conduction.

Figure 7 is a cross section schematic view of an integrated micro-cooler device
700 attached to multiple flip chip integrated circuits according to an embodiment of the
present invention. The device 700 comprises a heat sink body 704 for extracting thermal

energy from heat generating multiple flip chips 702a and 702b. Heat energy is delivered
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Figure 5 is a cross section schematic view of an

i ntegrated m cro-cool er device 500 having interna
wobhas/aiannel s 514 according to an enbodi nent 8ETHISE004/027449

present invention. The devicg 500 conprises a heat

sink body 504 for extracting thermal energy from

surface 518 of flip chip 502. Heat energy is delivered

foOndae gk Suftces Ynbaaed T26b By aanneahences thaater tlﬁtaﬁé?(fe&d’tructure
interface structure contai nin 508, 510

miinayens S0beTS1A0A 8HS LI LRiat SEr aating Slvs ap reside in
1?&:119 %I e%gg% Q%Stge 'ﬂ 62 Qafii&i A % 1|e§6>'3cﬁx}3¥ys h?fff@soghmﬂhent hl’?éﬂ% s1nk body

sin contal ns ericlosed flow passages 51
Tdnewiirts eacibsedr fivet p@s@egy 14 tcamsies ﬂ@dheﬁrn@hﬁmptrmﬁrred from

%%ga#i ui tgisaﬁ‘g%} ma%‘go‘i?"r?g |t§le ﬁ?‘%‘f%?‘i B%a%c} 1ﬁu1d co%hng is

SBREkd tite QR speaipiatkdt)agdcitd of & Qyid cedlatanth é?suﬂzheraASreﬁ‘lgerant
water. Arefrigerant is also possible for use in ve

i e pesatbley &w\?lapvaéysft @ﬁ&ngfbhe%e%dé 8t ths%ﬁléﬁnﬁmblent unction
defﬁg&tafus)ég atruef%ﬁfréﬁ 98Pl 8h Eﬁ%lprr@&sio% LVi§&rY 70681 zsara%aeb 06b-

cessors the high” heat fl uxes encountered
%llibthasey&ne eam¢ ﬁmhteorl wlf arhermposed efsthe sancastepals vt éi@arlw above

fnbod 18 ‘Qﬁ‘ﬁ esent invention becone essentia
OBC?Qﬁ%’ Q§ @6@? Layers 506-512 have the sane
function and are conposed of the sane materials as
descriigle &psve Rrefest dfe<Pumar ngY g@g}fétﬂlﬁo gxargplary steps for
Iﬁblgifﬁc%.g@ of asﬁrﬁ’l@d i REI 50D 1iGH R8E1OPE R NREQdR g fto Gn @EdMBBiment of

ano-tubes according to an enbodi nent of the present
ihn \pmatnt mm/enﬂlcm #Ahi882,faj sgmlée rrtatv@alalb isefexdel f0|‘r thebi sybeiiagd oryheat sink

%ﬁg’gr &y g g R ?‘lldsglugm?éﬁ Pesrfg W d 111@34{ 2&Absen as the

sidRedte) bﬁssomhmat @lﬁeﬂiuﬁgacdvﬁleé |(é g edl(f)mre gﬂtmlneldaharﬁlist foeabttom)
conducti on. gure is a Cross sect Ialfgﬁ 8é)gemitl c.VI ew

Briag Atrﬁpégﬁhaél% SHieEBS oMt et e t &t gty material

W 1415} 8 debdsRedIH e bRGAT@EED16)I AS BidhRusts GnEbR, s Bferface
yodi rent of the present rnvention. The device 700

m@h@palusslscqm tfifgide insgomrie endhainkos. Nomeoys teal@tlﬁllrﬁg areti@ppalto those

%gedg%ééer grtmtoh g})tos@ glh%rl?ﬂtrg% r&ﬂrﬁﬂl@ t ‘& lgafehCQE 7(925‘$utter1ng

energ rvere
Alsrhaben), ﬂﬁﬂﬁa@pﬁbaaﬁ@ leatifiesadan da Hanmedd be atachingngsf ére heat sink

interfac structure cont.ai ni ng. | 508 2a

O s S DB OBHY P AR SbSLS SR PR PR laver s

&%@Emﬁp&%@'tﬁ@ ikBMAdel BSer! 3O aadmdte /40 bdepbﬁﬁ&f—‘ Ghd Vih¥sion Bf the
hi s embodi ment, heat sink body 704 contains encl osed

mbmugasefakye@amﬂheozon@wbwlamem%bwm@s@i gy Ti, Cr, or Pt with
@hgcrnxg’sfﬁ g@ hgg{aérf %%gg][% 0@91% IfF ?er heapéﬁk B‘&Bflolg %ﬂE?%,ta co‘ile&ctltvg layer
may not be required. At 812, a catalyst matenal chosen from among Ti, Co, Cr, Pt, Ni,
and their alloys is deposited using CVD, PVD, electroplating or electroless deposition to a
layef thickness of 3 nm to 30 nm. At 814, a carbon nanotube array (e.g., as part of layer
408) of individually separated carbon nanotubes is grown. In some embodiments, the
array is grown via PECVD per the method of J. Li and A. Delzeit referenced previously.
At 816, a thermally conductive material is deposited between the carbon nanotubes. For a

thermally conductive material that is a metal, the material is typically deposited by

electrochemical deposition or CVD as is known to those skilled in the art. If a CVD
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preferred due to the specific heat capacity of a
liquid coolant such as water. A refrigerant is also

woaswsidixsef or renoval of the high heat | oads, BCTMmIS208/027449

sub anbi ent junction tenperajpures are required for v
ery high speed processors. Layers 7 06a-712a and 7
06b- 712b have the sanme function and are conposed of

tiamosd imeerstitiab riasdrial BSusé@,S@VDQﬁ?@be%@ﬁ)‘kﬁoxffmﬁn the art can be used. At
is a process

or respondi ng | ayers 406-412. Fi

? %8 ﬁﬁg%ﬂﬂ @se%lg? | PREARS nl@yeéx 59) Jf eplangriged by CMP,
SBAMLRGH ] @t ingd of b REGBinh G RYE dxt 06! 81 GARNEN ed@e%’ﬁh $6nding
according to an enbodi nent of the present i nventi on.

layerdog, 486)sefi apatsioeatadhickicsd isiaddeslelf detizsd. AbB22, Hims (c.g., 414) are
g&ﬂ%ﬁlteﬁ % £s8b chg)?tto 2' lﬂjfacg ?&ysilgcgn gubstréltgé})At 852,6“[}1e fins are etched by
u sequenf s]ile S I:p fser to a process \/\7r1er e stfircon 1's
whibksowramethhds. $uil386,rta¢ fins At c6ld] whisat osisrahtictay coatlng or CVD
rned in a first.

t . q., 16 ar e. pat.t.
Gty Sepliiiell-r ik hmafirioR hishanr zsisgl oy | Ewperature

ah@eth 6RAE theaMd a&rfa%QSS FoﬁﬂheIcwe%ffa%&alnwaﬁglh@boéﬁ(egg 1404), the
412) is deposited in the cavities (e.g., 416).

Prseve Bhtajedhywelbrewn nashigingpresessase mat erl al |s
silicon nitride in sone enbodi nents. Nunerous
t echrﬁigmes9 as ea kprowens titowt hh@ars k9dd dlthstratingh examnplatyo steps for

de Sit Sj cnnltrJde X s of .which_are CV
e R et ™ BB R atiProdlinch Soayhp prcing
t@adm Bebddabii AR pR¥erTasEnAbMN AL $02t g ﬂ@@tpagga%&fs gcgdysm) are

material is chosen to be a netal or ceramc¢

hﬂ%ﬁ?@. igrihe bedrieaneter bedy &r 5G4 Bepwsiet badiey standard machining
u@@gﬁl ﬂealys For 91110@1? Edb'sttrﬁése ﬁfl?fﬁag &P ?acb'ntcht%q a@@gscnbed in the

I on of e sub sequent cat a
wwum;nltsvﬂlot?vaya riigmceu§. dAtseltabdmmﬂ’&E d:emfnlél,' iar sdicon @iatdbr cover is

Wil BB tedonafea % B e reforciast Pomesn (e

51a§4U|red At 812, a catalyst material chosen from
anong Ti, Co, C, Pt, Ni, and their alloys is

deposﬁﬁéu?cd l'ésgng 1 &R se%{iﬁgtvfegspllﬂb(b g 86 n o:ptructpre array

el ectrol ess deposition to a layer thickness o
Bbsequent 18 1a}, planagzation npmease taskrediag rtayar endpodingat pdrthe gfresent

[ IVI dually s rated c bo nanot ubes
nEon, Sbor Rao bt s ten DR e SRp R P BgareRtig: laver
RBEME @€ faprointiedl QQMDIEI Jtruduire 230sHdWnDEAZ Skdviously described, a
ref erenced Pr eviously. At 816, a thermally conductive

thermally gpndustivre St meterisht QA Phecc & Mo vPidh delires  the nano-
s ey SO0 Y g L5y O e
eaiép@%th@ nae-shinci@ apg thegretanepiplanarited ssdaclkiflthedlldrmatdral. Gap
1%68 results ﬁlom a c}lemmal-mechamcal planarization (CMP) process when a composite
material ¢ ontaining c omponents o f significantly different h ardness is p lanarized. In the
case where the nano-structures are M WCNTs and the filler is a metal such as c opper,
aluminum, or silver, the planarization process will undercut the filler since the metal is
much softer than the carbon nanotubes. The same effect can be created by chemical (or
electrochemical) etching of the filler metal, since base metals such as copper are more

reactive and susceptible to chemical dissolution than the relatively chemically inert

carbon nanotubes.
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di anond interstitial material is used, CVD processes

known in the art can be used. At 818, the carbon
waamstdise cont ai ni ng | ayer (e.g., 408) is pl anactaseoohy27449

CWP, el ectrochenical etching, or a conbination of

both. At 820, an optional eutectic bonding |ayer

(e.g., 406) of appropriate thickness is added if

desi edyn &%?d, naﬁlb@‘§u&t§r€:&gm e LhD6 afeSrePbEIS TRLB1, Elll@vmg the
second (or F surface for silicon substrates.

egpaed teinds £ rhxglsaaed deethéen bymigesi| scRigbh CARPRB S . uwlatlons and
826,. t-he fips .ar al I 2
11n8axffec ions, in E\?Sle £ §§n@ﬁa§&ﬁg cf\({eﬂ%ésgl (?fntélg H{xﬂe?ﬂ% d &R&fg crhlpatTénS hair
Hriwhe Ieffas §rdd&qas|11ﬁtﬁdaté mmacnwnh it ehé;ansfeth@nambestlgcmwsmﬂbmng heat
along the fins' surfaces. For t S f a. net
sl oS 54 i e QDR R L PER! AR o e

Qa@é’éﬂ Iﬁﬁ(étiieeﬂlanr %Iﬁlﬁ%sﬁ?& is Te@Uihe Qpbsed @ndy OCHS Sahd- QWLctures
%%ran1900 il lustrating exanplary steps for
protrude wtothislaysrmndgyadbe ioves-te gefarm ipllp caposing surface
| t th
DRG0 SRR gl S0 RS SE SR pi e o
snﬁscsbagﬁ& dxpeded gap Mhemsion 1086 dep@acﬂm the strfeee letess of the circuit,

%&1&2’% gppggkwnﬁiela%aélgecg grB égtﬂgr ﬂlr% 'ngdﬂ@l? }r]eﬁue oP %e surface

SphEY (s@eﬁé;vedft(b NS i Y rge 6817 116 8 dnrwithl ptdricdedluedibditieat the
enbodi nrents shown in figure 8 A suitable netal,

lewpranidof therangel i con plate or cover is adhesively

bonded to the top, flat surfaces of the fins to create

encl Gdedvpaes age®dpeng. dedﬁﬁhﬂ@d alevg usteulid) be scomsigered i ag| merely
ross section view 1000 t he n IR

Hﬁg’l@&% 1e preseqt B}Vﬁ]ﬁtg)rnl ;geiyl %n?}rua) Sléqse t%@%gf bvet ¥o 11m1t the

B0 Bk ofnd NE1RE@SERte dkianh itnart Gal tb@mmmm&wmm still
or nanowires 1008 are grown fromthe nmetal/cataly

¢ﬂat§ré/ra1‘1&t0@12 apfh nzadiffgepensxanahbepipcsst arifhept dPpiioe lﬁ@ 3*5 general

ﬁ?; 1t ‘thepﬁ?i &EBM 's&%%%%h&@rﬁc lllepggr fid ]Ex?ﬁﬁlﬂ@(i ¥t t‘ﬁ@ AGH iMRntion
I'er {erial iI's placed in the voids be ween

lkh&ﬁnaﬂg&hed@mmﬁﬁmﬂﬂmﬁm Pl anari zati on of the

nano-structures produces a gap 1006 between the ends

of the nano-structures and the recessed planarized

surface of the filler material. Gap 1006 results from

a cheni cal - mechani cal pl anarization (CVP) process when

a conposite material ¢ ontaining c onponents o f s

ignificantly ifferent ardness i s p lanarized. the

case where the ano-stractures are MWCNTs and e filler

i s a etal s uch c opper,
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alum num or silver, the planarization process wll
undercut the filler since the nmetal is nmuch softer
woOheos/uise car bon nanot ubes. The sane effect caRCDAIS2004/027449

created by chem cal (or elecprochem cal) etching of

the filler netal, since base netals such as copper are

nore reactive and susceptible to chem cal dissolution

t han Whee is adiaei wel y chemical ly inert carbon

nanot ubes. 11 The unsupported nano-structures in gap

doPeere relatively flexible, allowng the exposed

ends to tw st and bend (on a mcron scale) to conform

to undul ations and inperfections in the heat

g ne&ayug r@ynfa%gl fe&ﬁe integrated circuit chip
R 5P USH ST e 5P 88uces i nti mate cont act

W t h athegt seikddohatiiiea Randnisfurfacé;ur es, al |l ow ng heat

extraction along.the axis of the nanotubes, where .

t hei @ PRHRHHAF Indiidnaty peprielpdi Bodi ke ngResslfustyres fof trapsferring

BRIy AT onP 2 SEFRE of AYEEt dis S8 Hed LiGIHRROS 4 a BB SinRf

the nano-structures would protrude into this |ayer,
sarfaconesid plutsditysdflimiieidually sepwdtest, mdidkettago-sppabwesieing disposed

surface n. the .eutecti.¢ or. bandi.-ng, |l ayer is.flui.d,.
S etk b 6 e T B T s ifipips e
ex peatiesmgiycshidi®ive nererik Ddifpodepwiikia ierstitie veids beaeen said
flatness of the circuit, silicon die and of the

hpraby of indeyidrally serapindetoddite PARASSITUPRESSRVS val ue of the
surface asperity is believed to lie in the range of

0.2 uto 3 uwth preferred val ues being at the | ower

Ze Admigfo-¢deder dayigeas ritited yaelhious vdwisodsarbplugliteafdndividaplly

ve. sh e nsidere ' rative of
’%ﬁ%m%%éggﬁ#gP%%E%ﬁ?%%%%$ﬁg?ﬁéﬁgﬁgg%%?%%%ﬁgéggto be
exhaustive or to limt the invention to the forns
di sc] osed, Thase skilled in the art will readily
‘A PpFISES- SO REES SHPFIEd at HRP % Attt by ed carbon nano-
tiRdiafd drRhic@BSosiRY alRecRiAgibhiGad sl lsi@de o8 8Nadst bitdnfes@MBd
the general spirit of the invention set forth herern.
ciseif elfipre, it is intended that the present invention
be defined by the clains that follow 12 Wat is
claimed is: CLAIMS 1. A mcro-cool er device structure
4 eanpictsedolpr davibeatredict kn daidy], vdwteigsadd saddplumiitykof individually
surque; ) . .
separated, rod-like nano-structures are metallic nano-wires.

5. A micro-cooler device as recited in claim 4, wherein said metallic nano-wires are

oriented substantially perpendicular to said surface of at least one integrated circuit chip.

6. A micro-cooler device as recited in claim 1, wherein said thermally conductive material

COmprises copper.

7. A micro-cooler device as recited in claim 1, wherein said thermally conductive material

comprises alloys of copper.
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a plurality of individually separated, rod |like

nano-structures for transferring thermal energy froma
weunfsamaesef at | east one integrated circuit chPETHUS2004/027449

sai d heat sink surface, saidsplurality of individually

separated, rod-1like nano-structures being di sposed

bet ween sai d heat sink surface and said surface of at

4. aasicroo®ldriibaigs ad redlted iin elbiint 1,6¥Hepsin @idithedndlyebndictive material

conductlve mat eri al disposed within interstitial voids

BEPHESSIS d plurality of i ndi vi dual |y separat ed,

rod-1i ke nano-structures. 2. A mcro-cool er device as

recited i claim1l1, wherein said plurality of
- Adnigrgenslingdeviep astagitsd in elaien | ivibsraiasned ey gpedictiyematerial
%?h}kﬂgﬁbhﬁgncarbon nanotubes 3. A mcro-cool er
eylce as recited in claim?2, wherein said
mul ti-wal | ed carbon nano tubes are oriented

ubstanti a endl r.to said suf face of
o83t Brrtler lelreat e Pt o mgrenen ey Spotodls spled by
flgvice as recited in claim1, wherein said said
plurality of individually separated, rod-1like
nano-structures are netallic nano-wires. 5. A
m & d‘l%(:l%o(gg Fe!i‘ dgsgyé £:Fedted {neccfélfneld \x}h@reﬁl %t sn‘ﬁﬂ% cooled by a
sal IC nano-w res are 6r|ente stant I
lpeidofovdng thraughtpassagds dashionédatherenf at | east one
integrated circuit chip. 6. A mcro-cool er device as
recited in claim1, wherein said thermally conductive
1rehehdtidd ﬂépf&Bﬁba‘i a@xﬁ&a%oleﬂ devideMded@sm@ol er device as
recited in claim wherein said therna Iy conducti ve
mat e ,qugqon@@@d}eptgq@gea@pg Wgty@ﬁ a @]@B@T@}g syfage of g heat sink body;
m cr rein
sai d tcﬁxgﬂ%‘gl{dl lﬁ{%\é{gﬁﬁ ﬂtgtﬁf%(%%ﬁg@g ?dlgflﬁhl%%%t eéﬁ}gl | ver.
9. A ldﬁpnsﬂmxgcadhmnamsmndectars nragegiat mdnue]rstmdllarprds betwisbresaed od-
ald thnglly conductive material conprises alum num
ool er device as recited in claimi,
mhereln said heat sink body is cooled by fins. . A
m cro-cool er device as recited in claiml, wherein

13af dustos fos fahrcasiba g migoseplpedevisy sardcitefuinglaunddi yieerein said
b GiRU IR RATSAAE S AFRLANEA AR Eh B ubes.

i

14. A method for fabricating a micro-cooler device as recited in claim 12, wherein said

rod-like nano-structures are metallic nano-wires.

15. A method for fabricating a micro-cooler device as recited in claim 12, wherein said

thermally conductive material comprises copper.

16. A method for fabricating a micro-cooler device as recited in claim 12, wherein said

thermally conductive material comprises aluminum.

17. A method for fabricating a micro-cooler device as recited in claim 12, wherein said

thermally conductive material comprises silver.
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12. A nethod for fabricating a m cro-cool er device,
conprising: fashioning a heat spreading cavity in a

wonwstumnge sur f ace of a heat sink body; grow ngPcoaskioke27449

nano-structures w thin saidyghall ow cavity; and,
depositing a thermally conductive material in
interstitial voids between said rodlike
1 flanmetibd atftreatinglBmAravatdim defios afraditel datlaing 12 wherein said
m Cro-cool er device.a ecited in claim,12, wherein
s He Y A PO ALY rPEStedy WY G ERaBr bon
p&ﬁaﬂictu%@%@salé-ﬂmﬁﬁﬁ%tsﬁ%e bOsaid Bl LigRbOAY @ m cro-cool er
device as recited rn claim12, wherein said rod-1ike
nano-structures are netallic nano-wires. . A nethod
o I1:C I A
e U e e i
canpgxingses copper. 16. A nethod for fabricating a

m cr o- cool er devj C. recited in cla 2,..wherein
o PRI CoRaaeE S e ar S b sud PTG Hor
s%aﬁem@@%e?&{d dRhlifRtshFebed  §1i8 HRrBABR RhdbeVé ERteRiSL.
recited in claim12, wherein said thermally conductive
material conprises silver.14 18. A nethod for
z{@@fﬂ lofiBh %Rl S0Pl ier RV & B 13T LT 16 Bt R ™

erein sai e nano-structures are
complisimgrlual | y separated, and oriented substantially

e e A R S

device as recited in claim18, further conprising:

pl anari zi ng ends of said rod-li ke nano-structures such
that said rod-like nanostructures extend beyond a

pl anari zed surface of said thermally conductive
material. 20. A nethod for fabricating a m cro-cooler
device as recited in claim19, further conprising:
depositing a bonding | ayer over the ends of said
rod-1i ke nano-structures.



