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WD 2004/ 068545 PCT/ US2004/ 001787 1 METHOD AND

APPARATUS FOR THE USE OF SELF- ASSEMBLED NANOW RES FOR
WA RHB4BEFIB/AL OF HEAT FROM | NTEGRATED Cl RCUI TSPGI/US2004/001787

BACKGROUND OF THE INVENTION 1. Field of the Invention

This invention relates to the conduction of heat and

el METHOD AN ANPARATHISFORSTHEYSE QF SELF-ASSEMBLED

X SR RERIGPST! OFGRENE ERBA INTHSRA D
nano-w res for the enhanggrentiTsf heat conduction out
of 10 the integrated circurt, and the for increasing
the speed of electrical signals propagated within the
integrated circuit. 2. Description of the Related Art
Prior art used to cool sem conductor 1Cs incorporates
the use of |ar FAGKGRAINPAF THEH YENAERNgi ng havi ng
externally nmounted, finned h eat s inks ¢ oupled t o

1. thepiclkboaBe Biehtief Pl astic encapsul ated | C chip. As
the speed and density of nodern integrated circuits

I ncrease, the r chi I hi
i B o JBE SR o Y LR S witin e
stridAGE €881 70 istenatddy cabet.f Mgt i geaifichly, this t heemtictedliscloses the
processing and CPU application areas, the abili t(y1 to
appicstorpaf eslf-trsemblet rsaprigrageie et edpansemant O eat) ogdygion out of

becomi ng a seriqus limtation in :
they BRSO 6 TP dhe BB PR ol RBF el Hapals propassted
witheh Bk idt8ahRd chyuit.or ced convection devices such as fans
and even liquid cooling), the core of the problemis
now_shiftin 0 e ermal resistances within the
2. chi PCS%P&@P%}%%%@F@&‘{ he outer package surface
tenperature is producing dimnishing returns due to
t he Phibgharthesad 14 ek spaicegduséare Gy derogporpise the use of large and

] duct y ti t i
exﬁq%@y%%?npg ﬁﬁ%ﬁ{f@{}fﬁvﬁg?ﬂ?ﬁéﬁw@??%f gﬁg&ec? %&ét ns@rgﬂgsre coupled to the
ceratChi FRsENEhdapSuIRUE €C A, Rackedpesliidaensityifsmodern integrated

problemis produci ng high junction tenperatures which i
circliitseintieyse, dlief pewercgansrates bahdse chips . alsy inereapisanitemén geometric

avai |l abl e chip design techni gues, used.to .l Nim .
PIPRTPTS (4 RREF ity o (5‘8&% a8 Bgate plakiing and CPU
ap@%ﬁ&?sﬂéa@ Y B6i8t 14 T@RFaR! HeShaMiedtind RaRdrhté@, by current ICs is
ecrease the size ‘of specific, non-critical
bedonaing iastepioss listitatipn it tiee adianenof tachnalogs While spmgasprets of the

pr&%/m gq%rétlzlfece@u EI,%ar tc.?sdbﬁg %)rgiral clogﬁc’elc 1oen tdg\%cgsh ISIPCht gs %a%rs r(¥1nci1 %%n liquid

s

cooling), the core of the problem is now shifting to the thermal resistances within the chip
itself. Reducing the outer package surface temperature is producing diminishing returns
due to the high heat fluxes being generated at the semiconductor junctions, and the
relatively poor thermal conductivity of the materials between the junction and the outer
package surface. This problem is producing high junction temperatures which directly
affect chip reliabilities. Other than the available chip design techniques used to minimize
chip’s power generation (lowering voltage, clocking schemes to turn-off transistors when
inactive, decrease the size of specific, non-critical transistors, etc.), the current art does
not provide any particular structure inside the chip to carry heat out and reduce junction

temperatures.
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Heat generated near or at the silicon active devices

W@ s@aiessmtiuct or junctions) is dissipated throRQTUS2004/001787
paths: a) through the interz2netal dielectrics and

netal layers to the top bonding layer, or . b).through. .

t héddntilgrnerated coar elovicthelSilicRB aBBYS HRIERS (ﬁ%lc\%é‘ﬁ Owg&éons) 18
. thermal cpntact. 5 is nmade to the back of the chip
dw%ﬂ%@f@ﬂggﬁg%ﬁgaéﬁs heat sink. Both paths have high

thermal resistance. In the current art, tEe Iinitigg

f act) drsugly te inthemetal diplgciicsrand mesal dayertiodpe ipdqndingdayer, or

of dielectrics and bulk silicon materials. Mire

i 'Bgtthfbﬂgﬂ e HiSk Lieod astaridvaie bottempaftthe tvafen edtere thermal contact
conduction is usually at the bottom.or back of the
is nelde o thierbedighf tha ehipuvidy thsinarleags sdigBklat e. As t he
nunber of metal and insulator layers 10 grows to
ac CRHMRAtHs haGh highi thérétat essiveaice an the cureas ertpthetliting factors are
tenperature is anticipated, Wth heat sinkjng onl -f‘t
the drieswWitde tbermdh shatarigripticspeic shelectrey at bl Sdé?fga ma{%@ 5. More
. chip. As . a_. result, la n - §WM i
it 66f b G g FEfor® it B 5y i ke bottom or back of

the (BIIP@IFRIHRe biilk§ ilRBACEbERKS. alsnthomxinund Valetat and Tisukitor layers
is alsotrue for netal wires with high current a

. : nd ..
grogaito eh¢amymadaté vhipyinter@nppeitan; gcisa heig temperalyEs Ly @ticipated.
Jn close proximty to t poVer, ' ¢’ -
il SRR P 5 A GBS PAFIGEAHLRS tg ey e i e

res@IPNGE tan i §8%-shvRchifg tfaRbiBoBd/E T havethélf aRlividSlghnaion temperature
structure should be conpatible with current

risesabioive oerthie toxinieh vakigs.i s isadsorftiedgymetah pixgs ath high current and
significantly |lower thermal resistances, and be | ow

swigddRg ail¥i%e from thermal considerations, a rel ated
probl em concerns the art used to 20 electrically )
i nt $rlmonnendededds | arstractiarier clofe geaxipdy fondhg@ower generating

1NN /CMOS | Cs. T . [ £
B S RSy SRR BT B, s

Sudia Lt?yc%re sﬁé‘uléf b8SompAiRE GRIMNGElenCRAHLSGIdRE DT Edteicansieteohnology,
netal s such as tungsten, alum num and/or copper.

prolviveusi atificemtlsllew edherines rearstancesd end bolavacest.de vari ety of
materials, and nay be organic or inorganically based.

I nt ?\rsﬁi%niggrﬁt th! UhOSrafibss, Us faté® pRitddth ddnberhl the art used to

si gha and power connections to various_
clesEiRhity Httaabanect ghit derge witrhibanr oth dedmssinsitiepsiligur/alE@S dCs. The
ever decreasjng di pensi ons .of ~horizontal features.i
cuseE Re R BPIc el Lo e BN Histe e af GyUeER g o taver
by Qst Btk RbARf WndBOidEs h@NHaddboRadals B S MREn, aluminum and/or
copper. Insulating dielectrics are made from a wide variety of materials, and may be
organic or inorganically based. Interconnect conductors are used to provide both signal

and power connections to various semiconductor devices within the CMOS chip.

Because of ever decreasing dimensions of horizontal features in semiconductor
ICs, the intercomnect RC delays can be quite large for some long, global interconnect
wires whose length can approach the chip half perimeter. IC interconnect delays and
undesirable parasitic coupling effects are the single most important factor gating

improvement of chip and electronic system speed performance. While shrinking design
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wi res whose | ength can approach the chip half
perineter. |IC interconnect delays and undesirable
w@arasessist coupling effects are the singl e nosPCT/US2004/001787
i nportant factor gating 30 3 nprovenent of chip and
el ectroni c system speed performnce. Vhile_shrigﬁingl _—
ensity, circuit

rulesleboagts \NENZiE04/ OBSSAER PETIASS2ND Anatseses 7 funstiopile
. . boosts transistor.operat] j .
RS R AT Ly RS P SRR FRu ARy AR thoperating
speélipé'fi tHALIEp AUE FR dpedy & VAT IDInES QiR AC Bartsyertadrtd fnitengpat deevices.
operating speed of the chip and the speed at which
information.is transferred.to . i ect
TR bt PTG L PubEE e (68 okt ara, e

curehOSst 88&td QAR coid@Biors g1 adctid evtictarfirthakasrassesethe lateral
conductors tall and thin which further i|increases the

he _ .
caphditaecabetweap adjatent cendistave cFhia ditarak AAPACHE 4138 Astedyfdsimpact
| at er al aci tance. has a .edu > : [
on afidhiposteon St SnfR5sd SRELEAR DIBRE] atiflofYBR tines Al
as tﬂgfr@g@eﬁ‘&y SF ghdhing SiRmits MhcFuse tPBedr tpalteetg Uentythef skin-effect” of
swtching circuits increase to near giga hertz levels
the hifeeal cohduvi@ffinglodr inayéases fieravistaare vdiekuct or furt her
increases its resistance values. 10 One result of
conginyadi dganahckd &Rt fd Feahicngalhias hixebsent to increase the time
increase the time required to design today's I Cs. The
reqeined entlesigh t6dmy’ piCumeFhedestagh af far@epddesisn pRdC products has
evolved into intractable problem.r 404 :
evoRCHEe B TpiAgs G R BRussh ROl t cach intercomnect

wirB 2 3B drAid Hh&GhaRk! ot hes tinulainth fieMietidctiog ofNe&rge number of
Imteraction of large nunber of <clustered active

clustenetl cetivadeviéasrentli fonctlonbl blokks. Tnrfhe arrensrohimeesegn #t, one of the
design_art, one of the 15 st difficult design

moRG B, SFSIARADT R gt FBRERc o e i ity A Bnfge R delaye

SBES! Y Thiyf QARG oM &sess T fengti¥nt®Xhe time it

amggéﬁ%ﬁb%g%gggg\ﬁgé'F&%b%ﬁgﬁg% théM??HE it takes to

tak By fortg@inaaiswpsroduntd ®© markenircetasingreveaphen casty slgpgirently.
costs significantly. Wat is needed is an inproved
hi 941508 8keqbd Férhnci‘ﬂg)gb‘%d' MR ¥pde! Bih @BAGRLIvRY Siteffontiddt system
i ncrease signal speeds, |ower cross talk to adjacent

to GRAhIE tsigra] sperds,r eker ergrovielk to2adjecams wapduciers, Submgdege power
OF THE INVENTION It is an object of the present

consHEPHPon to provide a nmethod for fabricating a heat
conduction device in an integrated circuit conprising
the steps of (1) fabricating at | east 25 one
transistor in a silicon substrate, (2) depositing a
first dielectricdayefaren GiherbarvaNtine of he

transistor, (3) depositing a netal catal yst |ayer on

the_surface of the first dielectric. .
It is an object of the present t1nven’|:(%on fo ];r)rlo(\:llde a method for fabricating a heat

conduction device in an integrated circuit comprising the steps of (1) fabricating at least
one transistor in a silicon substrate, (2) depositing a first dielectric layer on the top surface
of the transistor, (3) depositing a metal catalyst layer on the surface of the first dielectric
layer, (4) depositing a second dielectric layer on the surface of the metal catalyst layer,
(5) etching at least one cavity through the second dielectric layer to the top surface of the
metal catalyst layer, the cavity being located above the transistor. In step (6) at least one

carbon nanotube is grown within the cavity, the carbon nanotube extending from the top
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| ayer, (4) depositing a second dielectric |ayer on the
surface of the netal catalyst layer, (5) etching at

wo e@gessme cavity through the second di el ectriBCIT/HY®N4/001787
to the top surface of the 4retal catal yst |ayer, the
cavity being | ocated above the transistor. In_.ste g

surfage ptist mowak c3@lysh Hyontnaintsesiee iteP JPBRANL) SRR (G he second

o538 i SR SRR e 490 B Mo

surfe@ BF YR sb@MRI dleReciic 888t suchethtio heahogetnbm'néchlbysﬂnﬁf ‘amslstor is
of the second dielectric layer, and in ste

condnetial friony thectap sofackiof iegtrinsyser fosthgapeiallice g\e%}nmﬁgctmg layer
surface of  the second dielectric layer, such that
ﬂxoﬂggﬂwd@ﬂgpépgaa@9 the transistor is conducted from
the top surface of the transistor to the metallic, .
hedts is anoiet olmgctl affley pregeng HEiSOEPD v HORC RGOl bticating o
Its is ang t her. ob f, t.he. L
heatp?qg\(}p&téo %qan 18fegfag r‘flEcg%tpd;%g (S,(? élﬁ¥ ﬁgég éﬁ%ﬁ chtl%fabncatmg
at léjagﬁ’ 61%etrérﬁls@& 1hrhtt89 KitRE oFlalselitioh ﬂbﬁraﬁ@ Ry bwiingat Jeest one cavity
steps of (1) fabricating at |east one transistor i
w1tlim pthe silfcan esubftrage, ghé icevity s}gtb@dm&fﬂgou@)i bagk sHgeue ftqle silicon

| easf one cavit n e Sili
subgEgs b§IOB e O DUROHUBa R i LR ARUR SR dhe bty md (4
grogv tg%’éﬁfd'l Sf SebhdnBRibks FRBInSthe Eavify3Ihedarosi rtahﬁ@bas extending
ayer wthin the cavity, and (4{ growi ng a
ﬁorplalho&bnt gurfate ofithb cavihaindhebask swifasd of theal lé%ﬁl%b;?tfat?he
carbon nanotubes extending froma bottom surface of
t hey; Gayd, taMothQr dti6ct Bagle preveh@iGeertion!th praiidd £B¢nt conducting device
substrate. I'S yet another object of the present
w1th1nv:ﬁﬂtnteg1a1bd opmcoﬂlsttectardw eampoising L heat oaduqive nefyverk; gitending
an inte rated circuit . struct r
FromaHanERTie HanaHIE il rorieh el S BrreRlkes leyel. o o
top as[ﬂ{ﬂgé bY ﬁledxﬁi’ég‘r‘;ﬁec{[ BY&ED stifehRd OPheahddk Wbaductive @ktwork comprises a
erconnect [ev to a top surface of the
plubalitegf hes donduative tvizt tramsmgthem@rahéfa@f intanennoeshlgvels. The heat

t K
cmx%ﬁa&%i@as‘iéﬁé?qﬁ,%ﬁaﬁém'? i B ] e PENS RpHhAR evels
oSO AP s RSLAEy ) Sph el fam e e
l's

cord@B@veAdstelofkytoakis to}b@uﬁfa\ﬂ ofelse integrdted aiccuitsrugbne.ce I ayer

is conducted through the heat 20 conductive network

to ftq? ti%&h?l‘% i8G5 Hhe ﬁ)ﬂageﬁtrlh€&ﬁ1%hecg peb¥i@diah integrated circuit die

structur I§™a f ur t her obj ect of 'the present

ha\hﬁ% eflidnesd power dissipatian dontpexgmgt ze dubsltnawu ihaviggen topastitfage upon
anced power di ssipation,

whishianeT £ohOBaE Apviees Qibn TGHAER HOWS leg%fﬁgb‘éfé‘iaﬁe& the substrate
ha\gﬁ%!ag)a%l%s {’Llli]ﬁc%] Q§sg&fa"ﬂgﬁ%5agf§f Uik t(gp ?.gﬁfc@ ’fl?éol'hté‘g@ét&ﬂ eircuit die

avin side s ce essenti al
of @@rp@ésleﬁﬂ intyéntionefutthe (ﬁ)ﬂfpﬁ“la&&t |dseonantas iy adxéchdomg ﬁ@mtthe backside

surface a predetermined distance toward the top surface, the predetermined distance being

—

less than the distance between the top surface and the backside surface, and a heat
conductive media contained within the cavity, the media having a thermal conductivity
greater than a bulk thermal conductivity of the substrate, such that heat produced by the
power generating devices is transferred to the backside surface via the heat conductive

media.



10

15

20

25

25 of the present invention further conprises at |east

one cavity, extending fromthe backside surface a
w@e@dessseiri ned di stance toward the top surfacepCt/ig2004/001787

predeterm ned di stance being |ess than the distance

between the top surface and the backsi r{%ﬂ\sj rface, and

a heat cond BRIBVORRBTEGN QY AEE RN éﬁe cavity,

the nedia having a thermal conductivity greater than

a buhdpilehean enGON QLI be BEtter vatiestoed sulteatcoasideragorcts given to the

that heat produced by the 30 power . geneyating devices
following devaitash deseriptéon WerephcRusH Sglal?tf%{b%la%‘?sar Henggdgthe annexed
4 conductive. media. WO 2004/ 068545 PCT/ US2004/001787 5
TARRISEFVBESCRI PTI ON OF THE DRAW NGS The present

invention will be better understqod when consideratjon .

i s Biguen! ia pewial £t switinnaldeewiof 48 HEgrgdogir structure having
her eof.. Sugh_ descr i pt:i : : 1
neal {5 8h0e PrGRERGR ST y IR AR ERBY AL Rl Mction according

to £V SHodHAEAH iR MR prés@Min@Entidh; | ntegrated circuit
structure having heat conducting, carbon nanotube
filled vias |0 0 ' J; - 0R; - adicati
ccbirng S e R ale S Yo 4 [RESuRl e @Ristor indicating a
podsibid! IR aBoh Dfeh BENUFRLIEIng Ofa Mb@ndidgftaren ahbodiateatiin the present
circuit transistor indicating a possible |ocation of
invanthert conducting via according to an enbodi nent in
the present 10 invention; Figure 3 is a partial cross
sectiQRaB iy bl cadts isedtidghiatied ofiancintdgraiéd cictuir gructure having
having multiple heat conducting vias_ ext endipg .
multiplo gttt eeniducing viagyextendyrs m@% e dayisecpt Metal interconnect
accordi ng t n _enbodi nent . i 1e .present invention;
accﬁf‘ﬁﬁggo %g?rgg%(ﬁﬁjgm ﬁngﬁe grgséeélé 1@516 (lﬁ%jnal view of an
integrated circuit structure having 15 carbon, .
nanBigvbe 415 lal pactis ezess sevitonel View oftan jategraied preustacaye having

into the b ' f the sili t: [
B S5 I553L 5y Sork i AR, HBFLAR S RR0RIS08 of v

siliRof STRIrhRhc¥d @b ah@bodidfenoin the grésentdnvdntigny e 6 is a
partial cross sectional view of an integrated circuit

t t .havi bot h ch ' ' d
boc ki St R ST IR e 0r 6 g Lo an

20 enbodi ment in the present invention, Figures 7a-e )
( Pr Figura\btiy agprastiparessapctingl sleweed: anomifr¥#rd RECHE stgypture having

bo{hnilgﬂrggn%%ct‘flllgr Cvlijaltst and backside heat conduction structures according to an

embodiment in the present invention;

Figures 7a-e (Prior Art) are partial cross sectional views of an integrated circuit

structure during the damascene process for filling a via;

Figures 8a-e are partial cross sectional views of an integrated circuit structure
during a process for filling a carbon nanotube containing heat conduction via according to

an embodiment in the present invention;

Figures 8f-i are partial cross sectional views of an integrated circuit structure
during a streamlined process for filling a carbon nanotube containing heat conduction via

according to an embodiment in the present invention;
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structure during the damascene process for filling a

via; Figures 8a-e are partial cross sectional views of
W@roosi6ssgy at ed circuit structure during a proP€EES1004/001787

filling a carbon nanotube oontaini ng heat conduction

via according to 25 an enbodinent _in th resent .

i nviagure Oris aPagial exsgectiontleigyapf iﬂa}nt%%@g cugf siEvpgpre having a
. views.of an integrated ci.recuit S : ' reui
hieh, g Bt SERgere g S v "LBHE, Compid i rated cireui
pro@RBY Vithl e dRRALCIHRISEYGIct GBingitd an amboditicnyirt ihe resent invention;

enbodi nent in the present invention; WO 2004/ 068545

PCT/US2004/.001787 6 Fi gu [ !

et PERA0ST Bucbimatt Pheder of adief oREh ihSreofhRT Syucture 904 of

figh@Y bbGrding b HePBEAthehtinahepRpaE in@htiogt ure mount ed
above a partially conpleted integrated circuit

praduce i.t h,standard tec : ' .
OB S PORHICE e TR ap ST bR Aeg 197 and
schematic top view of a high speed interconnect, . . .

st riguerld BoupioressHIaT gingeany forcRrafning 2p doiggrated circuit having a

. enmbodi.ment in the. present. iny L QL O ' :
B T
and Figure 11 is a process flow diagramfor producing

an integrated circuit having a high speed
i nt erconnect structure according to an enbodi nent in

t he PRIIENEDI PELORITOIONLOF DIEIAPR EBERRECRENIB QNIGENIHE
PREFERRED EMBODI MENTS It is an object of the present

invention to i . | FlC 8 13] dx®mity t
t et portor g S BY RSB AHEA U Pt UG SRR SRE A it Brdmity Lo
thel JoRYTedh&dtisE k&Hicon@ivkd japeinki afadnl integlatad gireuit pbip s pecifically

conduct heat to the chip outer_ surfaces. Such a . i
designed ¢o worducs hewsrtphe Bhip autertFurfagasy SHED 8 sHPEBHGogPatible wit

fabricatiaon technol : ides_siani.f i 1
curtiby e corgheEeRERaRRls RRbAG  pRYARS HERtinaly WG therma

resRtaRedst bl isd6wesstsect i onal view of an integrated
circuit structure 100 having heat conducting, carbon

tube. f.illed.vi 6 I t td '
FOnEiEE L b ot AL CRs AR ToRor e = Rl GRLT titure 100

hayify 884t Qhdudtis, YatioBORnStbS tiltddevid®2 164b Ibbated above a transistor
integrated circuit structure supports an active devi

. ce
junktigre accb@Bingita b wmbloiiphent fie thEOTESERE HIVERROD le}ehSéh?ﬂngwlbstfate 102
ower tranpsistors are fabricated, Typica i ch th
of BiebtrarsifegraoatodiBuprons fl Srnred Qi 16 Wil which the
urkfiBRESh S 1ot PSMerMisiisistis sidPabscdiel. atypially, Hhigh pewvdintegrated
]I evels. These transistors will generally be .
cirbuinwill bavengnasbel ofctkangistore fhat g dissingte dplpiesly highyppwer levels.
Thcles/e(%ransistors will generally be functioning as clock drivers, bus line drivers, and I/O
buffers and drivers. The high capacitance of the loads driven by these transistors
aggravated by the very high switching frequencies, can create significant power
generation, even in so called low power CMOS circuitry. Because this heat generation is
localized to areas near the drain and source regions of these drive transistors, it would be
of considerable benefit to remove heat from these localized hot spots if possible. Figure 1
illustrates a subsection of a micron scale, heat conduction network designed to remove

heat from localized areas on an integrated circuit die, such as power transistors or other

high heat generation areas (such as laser diodes or passive components such as resistors).
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buffers and drivers. The high capacitance of the | oads

driven by these transistors aggravated by the very
whe@h/oessitd chi ng frequenci es, can create signifPCHI$2004/001787

power 25 generation, even ih so called | ow power CMOS

circuitry. Because this heat generation is . |ocal,
Heat ooafuetiee mieall6etie pthacad dirasily S6HRcRPYLE FBHEIBE ?ﬁaﬂ%‘étégdthe gate

dri ve .t i St or. it f ' : .
104158 b SR iRt st AR L0 PGP RERRbRuctve via 116D

is plabePBSBhdURect MKE via 11dd, ustheahsiscontamt bathctindi 6of togprovide a
m cron scal e, "heat conducti on network desi gned

higlr ermlu_etivit('j)qmth throngh bethlviasefn Biswanish hapf g%ﬁ@&da%tgayef 106 may
ci.rcuit die, such as powes t ' - .

be q{feﬁﬂvﬂ}é éltan@fgﬁg(f v Bﬁ acglrvg aievtcrgan e ;1?8{ g@g{e @%o glsc’sé glgncﬁons are

1oce€%§ [1SuSPIRY BEH L Fas TR NuBSatb@ S $IDBS)bvIMD 3 @iebe GkRIB4 5n the art

USZO_ 4/ 0 1787 7 Heat conductive via 116a is .
to spt dmednylnmeber §f veemay hecwrsked enegagh thfgloprsypars phhe integrated

. the ga 104 of whi ' i 1
e e EAS R T501 O B
poopltﬁ'&ﬁﬁl 'chcid}gl:‘fl@iﬁ;I IoF §Rd InYulBIe \eeackh df id@ametdl diblectnis. Due to the

contact with via 116a, to provide a high conductivjty ..
rep@iitve miliititayghpiooess necessary|for mivitiplertayarsrofiaigrcogaeds afpgle via is

desi?ggiq@(!l \a% e‘rgj@/{]é?sgeglﬁ )],aglre? %glfnfe%ﬁ gxi}t\él%:pﬁléetcéggz E:cglr J{n%ﬁ%:c{%? E)ﬂr%g finterrnc:tal
diel?%t?i\cl:m %‘&C@E{%@' intAloRRMINa R, Vedr Wk adip®ss 34 € 16h | etEdndatfatn the top

e obvious to those skilled in the art to see
surfab@tof am? activebdavieef layerabOGralrobgh sntacheth! dicledde H 08y cterminating
_top surface of the integrate i rcui i P
withiedey a4 povtich aisuiKepe ey s Bkt [y PRl Flbkbomect or
dev‘iicle*1r ?56' RNpdia 5O n%ﬂe% AP a1 NG aklceRRANE tisolhtby Bfmtddg metal
mul t1pl'e stacks of inter-nmetal dielectrics. Due to the
intel@?rﬁleﬁlelhyefrl veennhbtgh y eop predmesstereineteddnya mgtal layer 122. Metal
multiple |ayers of interconnect, a single via.i .
layele 422 ne orineily Avet 4o [SHRINE,BF (BPS ALERD GAHRLEF CRoEs 114a (f
whi.ch_incl ude i . di el ect I Tn
el e R P ARy L g 06 Bl o e v
thaf (a1 b artrP be Seafedctireotly svmeait 1 Ma, fieekampleaystal layey 122 may
throygh inter-netal dielectric 108a, term nating
alsqube hibad tp aidelaterddieat@onerCctifBul d be at the same |evel as
the first level nmetal interconnect for 15 device 100.
I't 3Rowlad 1062 aod el bafigwea drb6hows cehiting carbby nanotubes 114a
I sol ated fromany netal interconnect,. | Yk, sven
and Roflghretmestiasp AT ohs ROV REVORF FHe Vgt & eyl or metal
122. Metal layer. 122 ] [ i '
S el AYFhub S, TR g i@ BTy, Caron
nardfithel ra?é/% rable eved Senpméd wanaett sudhtag coppers sinboardys of carbon
via 1 16b above. In the event that via 116h cannot be
nanwulzsethayi heve |3 thpowed oprlustehy fiesy tg&%ﬁ%l@}ermee(g?edmg 2000

W%%%g@&%‘i%% ﬁ&?\xn (2,2%ng|1 %gnongelésﬁg 1{128/ i ﬁeée@ft &ifin BRea%ias along with
voids between the nanotubes. The voids may be filled with a secondary material such as
copper, aluminum, tungsten or other metal. The voids may also be filled with a dielectric
such as silicon dioxide, but preferably the voids are filled with a heat conductive material
such as a metal ormetal alloy. Atthebase ofthe viall6aisa catalystlayer 110 for
nucleating the carbon nanotube growth. The catalyst layer 110 is comprised of a metal,

preferably nickel or cobalt, or alloys or mixtures containing nickel or cobalt. Silicides of
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The vias 116a and 116b of figure 1 are shown
cont ai ni ng car bon nanot ubes 114a and 114b,
wo empectsivel y. Alternatively, the vias may be PCT/D82004/001787
with a pure netal or netal 8alloy, such as copper,
al um num tungsten, or alloys or mxtures of_t

h
nichmiababdaalt@laasbdao baasrst Gloatenty &f the ¥ rawselaéﬁﬂeﬁﬁmegﬁg SyrEQynding
..to.a neta h ; [
ok ot WS Raf SeGPEREF s PLAE OBLOTR B R 2. Caon

nanQfu8Be1 14 %%@&% RS2 P0suridés | shof drgraetyskedyer 110 @athiedmttom of
nanot ubes 114 may be present within the vias al

the :malt {1166\1@& dengtiegaesilytdréendingorbane setafHayshd L ¢s Oﬁé%[]-g% number of
ille i.t h d i al

s SSEREEL Bl RS, s o

nanBEibkd Jnle%gc;\% hglng ﬁfﬂsﬁﬂa%hﬁﬂc%d chétaltabeapsi demsitioi @BAE)), as has

ut prefe ably e voids are filled with a heat | .
been eewbutly raperivd e teaiciedtifis Uit¢ramse andristiarovar torfaess skallgdoip, the art.

At the b f ' i
oL P30 St B RSk iy oo o
tring f?ltg?{)e}%(s;%f theY&lotbkd 1dve] GRARI ©f GuFhceoTBE Rletalization layer 122/124.

rably nickel or cobalt, or alloys or mxtures
Carbontmancstube Hidckrelpreferablsbgiown 8i Ipiptegapted cyyinuous vertical tubes

2004/ 068545 PCT/ US2004/ 001787 i ckel :
ora 96 060 B8 LB T I B Vo el SRR et
hm%ggwg&qﬁgﬁgdlng dielectric |layers 108a, b and active

e [ayer 106 by SiN barrier |ayer 120. Carbon
nanot ubes 114 9r own fro

i 114 e o Lo o Sl gee S s
pos&@ﬂegfogat%ﬁlwaaﬂé%’ C(grﬁflc]lgfg;lgés PQ 2RO EortRIcAb ahdyfodlinhed iRfthe present

_ er o tiron techni ques are known for
invekton. 008 tangistonalt heivisg a Ridsh &Y &bl4) and kagthak Kbk?) is shown with

nanot ubes are grown, usin | agma _enhanced . chepnj
ot el 0 090 PR (IECVE] 2o R AGu S RGN PR £y Thost of the heat
sy R Rl R e via 208
dirécll\ﬁ}g%\}et elk s duatd/drakrdrdgionaoibartaamisttriwill greety gidsmatepving heat

) to trimthe tops of the nanotubes |evel wth i&e

whergpit g8 gpreratef redeingHRIRSRL IBRCTIORy EPPPEsTs 4The, yia 208" can be
. rbon nanat ub 4 ar - ef er, I S;
A e g
soR&sEraff reettm i thist top tvhiew,t s aldoi@obsible e pretide hvwelify or via in the

smal | di nension between netal i ntgr connect | ayers.
sutfsirgigrbglow the tegnsistee AR, iae vitll pedisetpssd PElAvi nt egr at ed

circuit transistor indicating a possible |ocation of

a heglure aniduc parfigl vioss 28Bioasiceiedi offjan dntegratedbadiutestructure 300

in the present 15 invention. CMX transi st 0{. 0
having imgtinlewhedt ondycting)viand 14 extpnding theopgh my tgﬁ%ﬁzﬂm of metal

int b RLECON Aot B0%, AR SR EBLAL AR AiGR RBra8BY2 contains
an N doped region 3 06 representing a generic drain/source region of a heat generating
transistor. Via 314a is placed directly over the heat generating region 306. Vias 314a-c
make up a heat conducting network for transferring heat from transistor drain/source
regions to the top surface of the integrated circuit die. In this example, vias 314a-c are not
oriented directly above one another, but are in a staggered configuration. In this
configuration, some lateral heat conduction within metal layers 310a and 310b is required

to complete the heat transfer from via 314a to 314c. Although metal layers 310 are at the
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generated by transistor 200 will emanate fromthe
source/drain area 204. Placing a via 208 directly o

Wo 4068543 ource/ drain region of the transi st oPCTB1004/001787
greatly aid in renoving heat where it is generated,

reduci ng subsequent junction tenperatures. The via 208
same aertiel [0itsinedhe SEvdelpraBnaet i Clar 0 4 ot SECIEA]ly Somnected

Al t hough vi a. 208. i h ) -
to thegy Esgﬁrqmqtall ﬁ}eiec?rablsawsr%%”g]slhsgfﬁég g?@%c.plgggﬁlﬁ %Féeﬂ?%! {ias 314a-c are
ﬁllet@ P %Erb%ncr%gmesoml,: %%oi}vﬁ fidig a sabigttrlaye B, ovitdriwgively, vias

transistor , as w ‘be discussed below Figure 3 .
314i-8 mapdetfilldd withss coslciivnaletalj anPEVigsly i%ltS@g%S%‘f apove. Barrier

i I t . 00 i i : : :
tayegs 568 Bron e dr QT RGPS PoeRp Sy B f YR G Bk be 2
nitriglé cbﬁhtgﬁlfcg @F@&%bl@%ﬂ&%ﬁ e dé, QlRbugiegiuienitridembnalso be used.

rese , 06entl on. Substrate 302 contains an N doped

regi.on representing.a generi r-ai . '

%80 Coar PR DL EPuRPERS) o AR LRy g o
havg{ r g{;}ig!ﬁ{ &ﬁl@tﬁb& hedaepsat aRMER@idnNBiri@@ieo (366, iftbgsted into the

4 make up a heat conducting network for ) .
packsidasf thersilimgnisebitrate aeptdizgit &t enberimeny ol pgesent invention. In

this:ﬁ?%o%glr;eétghéa? gg(ltgjgxg‘fiértlj %rf\gﬁlg}govge} égﬂ%a@ﬁ%ﬁ%&%@ 2}3 tlgér ilrngé;%l'gie’cad circuit
struQ{uEf%}é %icﬁﬁgarf?ﬁc%ﬁesaapkﬂﬁﬁlelst2 Bhteintd the Shaggeifag 414 of the

configurati this configuration, sone |ateral )
subkteat 486 rolsppleatennhéshitmansterred fromytbe topasidaef thaquiztiess thaugh vias

s ehl e bk 128 2P gl S
( 0 4 ; : 9 . ; .-
w33 DSEUOFEH RTBLOM B, ns i sal i 412 e

pref@ible be Gilled eaihl gartonnectibes, ot witherondietivermersa sich as metal. T he
dielectric | ayers are shown as SZOQ

caviesop BTl o helof G RO el D eePBb s espisd cirol
rown .f : wvat i o
siniie, U580l G AGERE ISl (RYRIOD el SRS s 0

incRI§ME ésl Yraflifecasisadueing\tie dBaths iofrths chdfies, subggate 416 may be
rovide isolation of netal

pr. ) co nd t Ai it hi .
ba0ﬂ<hlié_e eremnd tgieinthy substrate. ) fpta g}&ﬁ%ﬁfﬁ?&ﬁ%{] ﬁ%@&%@ed cavity
ilicon.ni.tride, although titaniumnitride may also b
A’O‘E?eg 9WH¢?8§W§%2 is a partial cross sectional zi ew of °

an integrated circuit st t 00 '

nanBiawe 5fis kIdetilae AR é%”rrﬁ Qf‘ Heaceorgs gt?‘gg structure 404

i ntegrated i t.he ' fzabh i -
compRe R sry el i e PRE Kb s0b e bariFANlap BAL i8I ated

thel Bottok? shithée SThefiHEEAMvityhert caglurdnatotuires breorp growerfrom c atalyst
generating regions of the integrated circuit structu

layar 616italiat Iy i besk shrtssaHiohahe FEORTHE. Tipl s Subsequent
back sutface 4 f e b 0
R
planBRHAN oV E@SOff any nanotubes extending beyond the back surface, creating a flat,
metallic surface layer 506 to which further heat sinking can be bonded. The interstitial

voids 508 between carbon nanotubes 502 may be filled as previously discussed above.

Figure 6 is a partial cross sectional view of an integrated circuit structure 600
having both heat conducting vias and backside heat conduction structures 604 according
to an embodiment in the present invention. Integrated circuit structure 600 is shown

having the staggered via heat conduction network 300 of figure 3, coupled with backside



10

15

20

25

30

406a, b (not to scale) extending through the first

inter-netal dielectric |layer 410. Structures 402a-c
woreyhessised with o r without vias 406. As prevP@UEE3004/001787

noted, cavities 412 may 151preferably be filled wth

car bon nanot ubes, or with a conductive nedia su

condretiah , erThalimenty642. e%n‘mdem@teﬁ(e?r SOMPrises AN B@F‘%%et fitaining
heatg(fc%gﬁef S e @’ L@%aegl%%hgd’] mtglf {08 ds R W bR 1 ?MCE/&[% surface of

source regrons o

Sub&ﬁ@@§@§tors with gates 408. To aid in increasing heat
transfer and reduci ng the depths of the cavities,

tgl]qrg% éSrrB e \PI acksl es% gé&% g iRk i EE 1H€egrated circuit

em10 car on nanot ube fil

stru‘éﬁt‘{é th(nn %é@ﬁnés%eﬂ’eh@%esb Tof Kiflitigea Fia. ATGLIPMCESS mlkabe rev1ewed
detailed view of ref. 404 of figure 4. Heat. conducti P
bnezﬂtyrful:tcnmparzson to e shipseiisens embediriany of the|nsepeq] lfﬂﬁe%ﬂnbi}h dare 7a,

ox@eh %Itgg?g%rﬁs %ﬁewlgg)g/erg%% S a 65111?319 ttﬂ?zsgla%g‘?%fqh@ﬁ via 706 is

etcﬁéﬁ%ft%ﬁﬁe&l@e 200G Gk aflidi‘ﬂbl@ oﬂtsaﬂ)sy&te 7028\ edvidel 8rdcdure 700. In
J ust beyond the back surface 414 of the substrate

figure7b paiTily lmrrmrﬂam Tédts deposisechpvirdhe pxide ﬂ@é.a@lrl&ﬁpwé@ubstrate

7022%1)%?}01&.@% S o fa?i%&f‘ %é%gstu[]]g %sp %%ket&lrl? t ng eyoncg)%r barrier

1 hﬂzbﬂ HE(IPa(%ﬁ'thé ®8bds N@sdtihd 8t struchee a0 @ fHued 2d end e, th
ay]a et gggﬁto mhlch urtﬁershea% s?nklng can ggy%onded o

mefBh qayemseasmedt beak anacsuu@qa@alyuelam@ﬁd i @MP (ehestieAbgaechanical-

eSSt 25abb e Bl Tl T, PR p s o1

oxill g grlg'({'ﬁ]gg e rv‘féjﬁltl [N RleUh &a 0D, 230 dh@vtung74mt h heat
uc

con Vi as an ack3|de heat conductlon
structures 604 acco[dln

pr eBignres; $rve i BATIA GEOS FS‘E@& tegvﬁl (t(?jfl 8t |mte ﬁtre‘g (gff(].)lit' gructure
duﬁ" o%grolgg% &Pﬂ}lfn%% SHRRIEhEMLY b@ntﬂi%ﬁ{ KR eIt @¢h via according to

ure 3, coupled wth backside WO
an %ﬂ%ﬂﬁﬁ&ﬁ415 BeT; ﬁr@ﬁﬁﬂ)ﬁﬁ#@ﬁﬂ)ﬁSﬁl fiore adudrstogielectric layer 802 is

nmbodi t
dep%@ﬁgi Igg%r]cb@ ggtgsltrﬁt%ggge gélélg/,t G%Etccﬁgg%tlrs ﬁsﬁeg"i‘%ﬁﬁcon nitride, or less
s vV
g
firsIde] it ler 8ODSI&e&%bﬂy tirahetul eamslygflapm SOAtie grrmt@]dcompound or

circuit 5 structure during the d e rocess
allgy contaiging nickel, TRPEL Rkt SLWS| Pfeftanﬁ vt%svtﬁata B?tF‘lé(F‘i {fyer may
of G ar ¢S
conRlaoBEREE B IAM R A BRI SO RGLTRN 10 cp g o (oo mete
catdfySVRy&VETA, afd & preferdbly siticqi hitddm Ssbissmenttachigg produess a cavity
via 706 is etched within oxide 704 to_ex

e
80p dirougin thsfscaqrtsdiplaetaic 1T S)eoi ey (OB SEREE R Potis etal Gatalyst layer,
resulting in structure 800. In figure 8b, carbon nanotubes 812 are selectively grown from

the exposed catalyst surface at the bottom of cavity (via) 806, producing structure 810.
Preferably, the carbon nanotubes are grown using plasma enhanced chemical vapor
deposition (PECVD). In figure 8c, a third dielectric layer 832 is grown over the surface of
dielectric 808. The third dielectric is preferably titanium nitride. A fourth dielectric 834 is
then grown over dielectric 832, followed by a metal layer 836, finally resulting in
structure 830. In figures 8d and 8e, metal layer 836 is etched, then planarized with CMP,

resulting in structure 850.
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figure 7b, a TiN barrier layer 712 is deposited over
the oxi de 704 and exposed substrate 10 702, as in 710.

WO pootioggsee 7c, a netal |ayer 722 (such as tungBRCED}2004001787
deposited over barrier |ayér 712, filling the via in
the process, resulting in structure 720..1In frg ur e zd
ancFlg'éfeS 8Fa armeaatial gy socioRAl CHEHS 4R ffgprated circuil structure

ubsequ I an i e -
fﬁ%{‘%? ]%1?% Rf \%/ilﬁ%l l%l&ﬁ%ﬁﬁ)’glcg)rﬁ{aé gﬁ[rirclggé}uCUOl’l via
accbr@i/r%r toatﬁpé&ﬁbédiﬁutehpﬁl the f}i‘r@@ﬁt @véntidne In ﬁgutﬂaeSf dfitst dielectric layer
leaving the via filled with the netal 742,

802sis rdgpesited ov40thelmbstraje Rasfesile the Ershielechtic ?%38%* silicon. nitride,
or %ﬁrgrﬁ%naill%v'g%\éﬁ%lolilg}%f Wt ?el[%f c%tta gstq gg%gg lssg%}g)gftéﬂ' @n the surface

of BRNERL NdiBGchRata &Oﬁd@CPte%iadeathaCIﬁelfaﬂlcﬁgl}tsO lam 804 is a metal
enbodi ment in t%’e present invention. In figure

confipaust! odiallbw contamingyickelgogbalts or Helho gpqseme@p@[ly,tth% metal catalyst

substrat e. f.er abl the fir I
layghippy Sﬂmﬁ’rUtIHCE"é 0 rocr°b¥]§§ gic I(EﬁsefA’eIGC%lg d?e? i Ct[hlé& JAL}/% Y808 S deposited
ovddith ntlea1 AtdiBlabyeaioal ¥sd id pedratiiP4iliconaenim S&Hsdqnent etching
t he sur?ace of t%e 20 first dielectric layer 80
proH’u@i’S&f ediity &(6ethretghl the accang siiclpeisie ﬂa}@oﬁo&stoathﬁé%ﬁurface of the

npound_ or al |l oy contai ni I
me'(_a‘lj §§ta}y|s’b]laézprék;p§}ﬂt1 Nl FFELEC&F Lkg){)aﬁge e é% %rlgdn 12 Cng%eg 812 are
sel %ggl < ynCRoal eséxgbééﬁdc%ﬁtlys{\sﬁﬁ%“ﬂ ﬂﬁbeﬂo@@hf bE chdwe(via) 806,

eposite r the netal catal | ayer 804,

prodoeing sstpicafrer &l yreferabbyonthai carbae na@u g@q een B3I MSW@ plasma
produces .a cavi

t 06 t ond d|
e S ok p St RN 15 SRS G from he
bots@y §F thezc%v{tf %«.’g bt l'e%@ tﬂ&oé%ﬁﬂfﬁe%ﬁh@g&ond Bieldcgrit Ey&JCBOS In figure
car bon nano es 812 are selectively grown from the
Sh.expestit, baitadondictagribyer és deposhel oo ttberswface @f idisleqtne kyer 808.

806 rodu0|n structure 810. _Preferabl t he,car bon
oy ml iodseis %grafe% S iy PR AR S ARCEH oL R AR P referably

coppeP (%qgﬁo ek aﬁlﬁg@n ok ntuﬁ%ﬁéﬁ eF&fowﬁ tRbtad deposition the
& élec rie a er 832°1's grown over the sur ace of
strédt@leegdq Ir@su&QSIn Tilgeret 8i, maktaliie) bedtréondiigtingr bfyer 886 \is planarized,
titaniumnitride. A fourth dielectric 834 is 30 then
pragiueing stvetbre @) ectri ¢ 832, followed by a nmetal |ayer
836, finally resulting in structure 830. In figures
8d aid BRutheRbBiEct Gfithe ph3éntiiavetiohed praidnapimpreved bigh speed,
wth CW, resulting in structure 850. WO 004/068545 talk t
highCTyndsptvity Gaergmmect Syspgyidedncaasy sgnal SRPqGSa oW eSS talk fo
sectional  vie r e
adigegh ﬁ&ncﬁlcg ‘{IﬁchIuchoIvQJ S6dh gt‘flolffnﬁ%l hife g & UGEMIL

Yr&am process ng-a carbon

nanot ube contai ni ng heat conductiopn via accordi

an dmbonti peodimenthd pflipsdiy hHiRge |SHH°t“feh 1§ |I§EIP€S%§$ 8051taining
b LA PGS AR e S o i
badlted?” @ANtonk tchid eonstructed with standard fabrication techniques, but with fewer
intercormect levels. The new structure accommodates some of the chip’s difficult or
bottleneck wiring tasks (i.e., long wires, power feeding wires as well as other components
such as passive components). The lower level, short range interconnect wiring is left on
the primary integrated circuit. The primary integrated circuit is modified with additional

interconnect vias that couple to the flip-chip structure, which is mounted on top of the

primary IC.
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5 or less preferably, titaniumnitride. A netal

catal yst |ayer 804 is deposited on the surface of the
w0 peognessiuel ectric | ayer 802. Preferably the nep@i/us2004/001787

catal yst layer 804 is a netlal conpound or all oy

cont ai ni ng nickel, cobalt, or both. Less preferabpl

t Bflgmtaﬂ. llspa_tpghgeétcrosswﬁ@tion&hyleev ohieaiRteg b pirgif Sglicture 900

obalt.g ilicides. A second diglectri.cql 808
havgpgp%i];g%e ape:egy .er?qyéleﬁe%tgcg%st@ﬁy@%ﬁﬂlt% ea}%)ﬂg% hy 8%%%@ gompleted
integx:a?é‘detﬁﬁmt@@' Prb@RRd RiitH étsteiarSidobmslogniccetdig tgad Bmbodiment in

oduces a cavity 806 through the second dielectrjc
the b egset 1808 tiono Thhk é igloppesd i hieseonpect £ Ha-chips? 84 it mrognigd above the

. layer,. resulti [ t t 8 | ' .
ook Ehsir ol B0 e R o AU Snfrdipnest tyer
the g%g@fr&g atraleys fipgsetip a6 otdde JoREnBOItIROGHimesidng bewvezh 1-100

roduci ng structure 810. Preferably, the carbon )
nanomeetuiresratel geowl-assnigy phddenesitech praacatiabia sHbsigie according

to 5 earant Paooh ! eiceBoE R0 g mey iRy TR Gumpwires have
cap%{igaa{:ée%pp%ﬁﬁﬁita(f&lg% ndl§ S86RNE AhelirEerdntalledBin 8A8o-Wites and

_ a netalli ¢, heat conducting |layer is
inte?_ﬁmﬁmtt\eﬂirxgviar a shedadriCafepoiding endbeir i etal ggs'@ﬂargg,g_he wire RC
e metal|ic, heat conducting | ayer . e
del%}ﬁg%ﬁingfleomgg} Sgt)t?e,r SBEI?&J ]bqr}épgllalé%ﬁy 9{ ﬂg(}g%b(@‘jrq?ggﬂ% rgaéggf\ire arrays
: i Ay @wWhaeriame tsath as Si, Cu, Co,

L A e e A
andfﬁli.glPirdferabllyﬁahe canduizt iangyd ayem:@86witk qarkomanpnasdbes omsilicon

produci ng structure 870. |t is a further,.qbject of th .
nangméisenthq FRsHEICIRAEEIDIAY PREIEAT W@lﬁ?aﬁcﬂsﬂsﬁé-ﬁo&eﬂmn
betgfliag}]hﬂ]l%qﬂ -%?%J y({)éf ¥nd Tt 865 QGE WV@E 60k BelRGh SR tric 912, first

I'ghal” 'speeds, | ower cross talk to adjacent

me&@?ﬁb&@bﬁieﬁt 138691 @ dud int@raven] dielesuivpayarPO8rarapart of the standard
_integrated circuit. In one enbodjnent,. a _flip-chip" .
lntftg}?%té{ ofiregitr fRbrigaon SUNEHHos G%H‘?%}@n ity chig ﬁ%‘ﬁoﬁ?ﬁr g as an
. {carbon or siljcen). hi gh: speed
RS, S SRR o of st
serkieOsductdz . Wi t h st andard fabrication techni ques, but

Wi th fe\éver I nterconnect |evels. The new structure

accgnmmdat es s . i pe i ffi

Dot FIEGRe i € Brplic 1P yieW B #pigh sl rher@bunect structure 904 of
fighRedli RBordireto an eMebddimentoinhitie pesquoriantrsions dahimigal pattern of

passive conmponents). The |ower |evel, short ran%e
nanawieascii§earbainr papgtubss [o&fstliceR) %c&eﬁ‘@dpqq it (e or more parallel

i nt.egrated circuit. Th [ ' ' b i .
el B S koo ol P TRl REB RS0, 101 b propi
dirBHRInG, T1Rest BEnthéti dlectlots WiIY becdomhectedvu thhb viscomaats €606 m figure

IOltﬁ;C)friJ'ﬂ t%fsziegizﬁtd)g&érgggn%glg%f tl\{\g)urzlgegﬁflirggesr%gﬁlSchip. For each application and
main chip die, the location and shape of the metal electrodes on the flip-chip should be
placed and aligned with the connecting vias of the actual silicon chip underneath. The x-y
coordinates of the vias are provided by the main chip layout which would otherwise use
long metal wires of the conventional art to connect signals of interest. Wires that are
deemed ‘too long’ or, for whatever reason ‘too unreliable’ by the chip design and layout

software are replaced by nano wires (carbon nanotubes or silicon) on the flip-chip. This is

accomplished by chip design and analysis software and by connecting ‘via-holes’ brought
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Figure 9 is a partial cross sectional view of an
integrated circuit structure 900 having a high speed
WO paogessenect structure 904 nounted above a par€i/ab1094/001787
conpleted integrated circudt 902 produced with
standard technol ogy according to an enbodi nent in _tlee
to the pEmemiate mvehichibons. $He ohilene renea@gs iLAPR Aroieried dn pitu (at wafer
l.i p- chj 04 is. mounted aboy bt iat
tevel) HREC e iy Pobernt Tissibe et REEBLES for appropriat
swiﬂ%}r%lf levaker £ r@?ﬁprﬂaﬁzy 8t Sofl tihnotwigess tndiicla ket Migximiun RC delay
thelip-chip ructure 904, nanow res of di nensions
spetifitaims, dre 56BctedaNondentionalrmanewirgs ¢ ngnqgvires outside of RC delay
sel f-assenbly ang deposited on_ a.suitabl trate. -
SPogt @bt ARngH PUNEET TR ek R HSpb el ?%%f‘es. i figming. A

sepHateCREPGRUNANNMOE Slaced HEBR PONMS. Bl B8V Qructure uses multiplexing
capaci tances per unit Iength nmany orders of nmagnitude

circnitey lte rminhaizenther numberest darge (LD icentetsornaed iPr ¢agesinto test

a standard I C. pendi nt.heir total resist .
caiaety SPETRSERY . Pagpgiagéga ﬁ?ar%ﬂabffl%asm?@he“%sem%irbesﬁ%éﬁ" ascertain
parQrﬁEtfelo réﬁfﬁ%ﬁer@{i?ss idfl GRS PFollbad aROWpkErsHebFY Smeli®ments,

grown on top of an appropriate substrate usw{ﬁ _
nan@&@tiek yath medesiritdé sharachrisgics Siay Weutrin@oed owindfunper connections can

Preferably, the nanowire arra are. made with.carho L
be prde e gggregrn@pwpr@6§y mgﬂgwgr%gh agqlition g?l?vaeflgonal Rl lines if

i 8 Yii by | 4EA RG. cust e @hcilWadividual die metal
necﬁn%ﬁu éc’?ilbgﬁﬁllétlﬂgé‘t%wéyen hlé@fdlé'?ap-m%hciu?og%ﬁ and IC 902 is
patteatl €0 ytoWoasp1 &0ént aRd eemetaihe gewiredbplog® ePpanoirss of each die on

metal interconnect |ayer 910 and.inter- taﬁ% lativel 1
theivalFe di-Bram i esradupioast plvativarincRdt S fdylg the relatively sma
LnLe i . | byf . Sl - ing topology of
USSR UAEH) by B EBL PER, poncrosing eploe
naid¥eRENdRBte lahdrronmet it eddantocsont the tordgrerfivirgboles whinh need to be
passi vati on | ayer of standard _semi conductor chip. d20 ¢
corpleglerl el Gerp<l08, 3 direnatl COPIPREN BRURESCFE fhbipd 10 connee
i ntercgnnect stru e 0 [ L NGt or
Ak
ap@_@ﬁc_t}ﬁrhl’%h@ﬁot BraentiEeand Q08 afeabpsaognafidnobeéies erill be required as a
silicon) is created so that one or nore parall el
roufgovhees start and end at |ocations with contact
el ectrodes 1002, 1012 of appropriate dinensions.
Thesggontakt a eh&eky 9deSdisgtain H€0E don prddadingoart gegrated circuit
via-contacts (1004 in figure 25 10b) of th% esired
having er bighripeed Ierophrect Haeqtyrg| asgordientoc i gmbpgiment iy the present

. application i n_chi. ' he. . ti h o i
i BREh S afth 0 O Bl e, 8L AR Lo eROEh S IRing i
fuiisRAfy. 2R had athin/Ohstilbgire JAREHt 1104, wirkhg add tdreponents to be
actual "'silicon chip underneath. The x-y  coordi nates )
adédd trordeflipshiy srept Seingae!. by stapel 1A% hhecﬁirpclvlam StfEshand via

| d oth i al o W . the..
o BB B 1y em. RS RE TP il AE5eS in ticqiod g tesed. The

t o fSealsidreneaiilid@o 1 ong' or, for whatever reason
foﬂ%oggnrgl [ a%l%e' by the chip design and | ayout

1) Synthesize, grow or deposit a fixed array topology with a large number of
nanowires on the surface of an appropriate substrate. If carbon nanotubes are used, only
multi-wall carbon nanotubes with larger diameters are grown to obtain metal only type of

nanowires.
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software are replaced by nano wires (carbon nanotubes

or silicon) on the flip-chip. This is acconplished by
w@hiop/oeksgs gn and anal ysis software and by connBCT/US2z904/001787

“vi a-hol es’ brought WO 20044068545 PCT/U82004/001787

13 to the appregplate x-y locations. Sets of |agn
nancii Fadargoms depesit awfal Fleoodes gt Pt exfEanEfies 0B s panowires or

cujc&'i s@&:tgl%ls ¥y %llmvtflal' Qrafer %\Qﬂ g}ﬂ%}eggdtﬁgap‘gﬁevﬁgéjincarbon nanotubes,

for appropriate
Ra'mmmrs@rétftr@b@pys@tus&f fon asR-cHth@probihg.ch meet maxi num RC
delay specifications, are selected. Non-functional
nan%y 188 PheNANOWILES tﬁri‘fxﬁi:ngeto(’fcuthuFi Sl AV worSRE SR HtSof-specs
cut out using, for exanple ser or ectron m
nafdwieam trimmng. A separate test circuit may be
placed in the flip-chip. The test structure uses

mul tdgpi%l% b C'(1:11'ﬁ) aéoh%l ggg[tg'anhﬁl ul hﬁlagly ft’fen? resist for metal

| arg a 0 connect to t

depoiiigrmBBessdppactdrase (fm}btlbn@lr wirtig aliipy. mgaﬂha metal deposition is
measur enents may be used to ascertain ar anet er

reqresd e cappest perovwire J{ESHYE ]:oegnasf:gq)m@ﬁ]inp-gg o tha conventional chip lying
oscopy neasurenents, 10 nanowires with
unﬁaggéﬁrable characterlstlcs nay be trimed out.
Further connections can de to desired nanow res
y palepesit Hg oxire W%@Pm%?hs |Waf%rd?rf\ﬂé¢ﬁqpawa€f clyp stgpcture, seal it.
Ilnes if necessary. E-beam|ithography may be used to
cust@)isameoraichiedchdiis/i dual die netal pattern 1010 to
conpl ement and connect the generic topol ogy of

Inlrél?e?owllbe eSiflingc"ﬁ' isdl!)cﬁafd?&]t Méem%fﬁf cth %ﬁﬁﬂe com(hmatloltql is tested

hograp ost e I've since | han
andelhemtpavledgedsnall 15 nunber of wires replaced by
nanowires. In order to create non-crossing topol ogy of
nanowi res, a single |layer router is needed to sort the
order of via-holes which need to be connected. In
figure 10a, a diagonal, non-manhattan routing schene
is used to connect the vias with nanowires. |If the
nunber of long nanowires is large, the single |ayer
approach m ght not be sufficient and a 2-1ayer
topol ogy of nanowires will be required as a 20
routing schene. Figure 11 is a process flow di agram
1100 for producing an integrated circuit having a
hi gh speed interconnect structure according to an
enbodi nent in the present invention. In step 1102,
the main integrated circuit chip is designed, defining
its functionality, wiring, and main UO structure. In
step 1104, wiring and conponents to be 25 added t o
the f lip-chip are determ ned. Instep 1106, the f
lip-chip PO structure and via positions are
determined. In step 1108, the flip-chip structure is
fabricated and tested. The
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foll owi ng process steps are utilized: 1) Synthesize,

grow or deposit a fixed array topology with a | arge
woveesse3 nanowi res on the surface of an apppPCpPUSBD€001787

substrate. |If carbon nanotubes are used, only 30

mul ti-wall carbon nanotubes with [arger dianeters are

grown to obtain netal only type of nanowires. WD

2004/ 068545 PCT/ US2004/ 001787 14 2) Enl arge or

dep¥didt isethialedes:ect rodes at the extremties of the

nanowires or circuit structures to allow for wafer

| evel probe testing. In 6&@ Ao of carbon nanot ubes,

Raman spectroscopy i S use 1Aor non- cont act probing. 3)

Use E-beamor laser triming tgo cut.out,h non- rk|n
1. fumetbpd Syelabricatingmbegt ﬁ@@ducay deECEIhh RIPgTAlS @ﬂfawﬁyompnsmg
e Slpate a uni que ~mask' pattern resist for netal
[:}))OSItI on necessary to create functional wring

chips. This extra netal deposition is required to

conﬁ]e)c,ffl HEAHBGAY 82 Ong Sppyigor 1§ = sjlicon S“EﬁFﬂﬁ"éctl ng to the

conventional chip lying underneath. 10 5) Deposit the

ext (2) depbdlinge fies diddvericvaf@roncf top Berfspisatdent dduispone transistor;

structure, seal it. 6) Saw or slice each die In step

11 1 (fﬁ_ggsi{hllé PRI Ratafys t g%ﬂg%‘ﬂ ttB g dTRr @alldcf"irg'trlil@lectﬁe Gayer;

t he Inatton is te en packaged.
2004/.068545 PCT/ US2 017 7 15 What is. cla
CL A EReDRSITNg FotROR  GioToP ST 4P ABESS %ﬁ%ﬂg Gl catalyst

fVIce in an |ntegrated circuit conprising 5 the
eps of: (1) fabricating at | east one transistor in a

|S Ialy g)ogtﬁ Slgg tS % Ll%éﬁ(? rq‘n%gél g@ ptglg] il a“t% qa éf of 304%glle§t|r1% Clta}r/ercto the top
sl 21 b PR, W PR U R s

leadtecﬁﬁirdhsm@r,a second dielectric 1 ayer o n a top
surface o f s aid in etal c atalyst

(6) growing at least one carbon nanotube within said at least one cavity, said at
least one carbon nanotube extending from the top surface of said metal catalyst layer to at

least a top surface of said second dielectric layer; and,

(7) depositing a metallic, heat conducting layer on the top surface of said second
dielectric layer, such that heat generated by said transistor is conducted from the top
surface of said transistor to said metallic, heat conducting layer through said at least one

carbon nanotube.

2. A method for fabricating a heat conduction device in an integrated circuit as recited in

claim 1 wherein the first and second dielectric layers comprise silicon nitride.

3. A method for fabricating a heat conduction device in an integrated circuit as recited in

claim 1 wherein said metal catalyst layer comprises nickel.
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10 layer; (5) etching at | east one cavity through said
second dielectric layer to the top surface of said
woredoalessas al yst | ayer, said at | east one cavi t RCTHERI994/001787
| ocat ed above said at |eadé one transistor; (6)
grow ng at |east one carbon nanotube within said at
4. A eashodfoe famichatiyg aéuaatoboaductrbﬁ degizs tin gn entegiptgdreircuit as recited in
nanot ube ext endi ng the top su ce of said netal
claigy{ gyhgegin P%?/é?et%lﬁa yst fa ]Im¥%¥scl°n§’nls‘83p°°éﬁﬁf ace of said
second dielectric layer; and, (7) depositing a
nmetal lic, heat conducting Iayer on the top surface of
said second dielectric layer, such that heat
%[P%ﬁ@& £A fgihc%ﬁhg a theAN®ndh@fonl d%vﬁ:@ 1A Uk idgrateanaitchi ok @gvited in
ace of said Transistor to said netallic, heat
clamo i duletdim gaitl ayetallie, Hreetugpndseting layer |cemsnsqsr¢@ppqo car bon
nanot ube. 2. A nmethod for fabricating a heat
conduction device in an integrated circuit as recited
in claim1l wherein the first and second dielectric

layers. comprise silicon nitri
6. b b EPrirefade hetranobrin Srieas hAnsRE dp g gecited n
claﬁhrl |heiRSaill $EdtA186, Hebt conlddétiiglia M%Bﬁgﬂs&aﬂﬁnﬁﬁhﬁ'

catal yst [ayer conprises nickel 004/ 068545

PCT/ US2004/ 001787 16 4. A nethod for fabricating a

heat conduction device in an integrated circuit as

recited in claiml wherein said netal catal yst |ayer
7. Aomthodsﬁx fatpixating adeatrcondpéiou decyrceflal?ml@f&gliaﬁﬂji IR E reClted m

duction devic ted.circuit re
Cla} R Wherpin; Sﬁ’rdlmﬁﬁgl'ce ?‘ﬁﬁscz?fl@luﬁ&ggﬂelr & depsy ted(:‘c?)vngluc al& gtdleaSt one
ca\J1 YR o QPR S3d SRR bne Barbéh ARIAAE. for fabricati ng a
at conduction device in an integrated circuit as
reC|ted in claiml wherein said netallic, heat
conducting | ayer conprises alumnum 10 7. A nethod

for fabricating a heat conduction device in an
8. Annago@fwcfalmmacug f hyat eandiretéan davicedn ginrintegiatrsk @rqyitsagirgcited in

lic t duct | a £ROS |
clafs; i WheHfing o A aEat < FEBUiRe et Spinelip duiqt B planarized
fol o‘%ﬁﬁ% dORRtERL RRdh 1ANSLiH0Ee leaBt o\ cABbAGENAbe HBEY hétEdit®dl above
a t conduction device in an integrated circuit as
said éep $uefhct of salbmetadliophéatwoadwitingdayeop surface of said
netallic, heat conducting layer is planarized
foll owi ng deposition, such that said at |east on
carbon nanotube does not extend above said top
?\unrafet og for fag rica 1ng%thae|ajt condugt?oant de%?c%diﬁcagll 1H%g{*a%é/f Lircuit as recited in
claim 1 wherein said at least one cavity is located above a drain of said at least one

transistor.

10. A method for fabricating a heat conduction device in an integrated circuit as recited in
claim 1 wherein said at least one cavityis located above a source ofsaid at least one

transistor.
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9. A nethod for fabricating a heat conduction device

in an integrated circuit as recited in 20 claim1l
wob@neess4sai d at | east one cavity is | ocated apOWESH04/001787

drain of said at |east onel7transistor. 10. A nethod

for fabricating a heat conduction device in an o
11i Atnegthed ol fabiricating a hsatrcenductidn davice inadmminicgyted eirepiikas igeited in

t | t. ity is l.ocated, ab f id .
clafp 1 Whgeingiig! atdsest Pan Sralor JSoHs 200N BeRaseration St said a
lea &6%%9@6&.001787 17 11. A nethod for fabricating a

eat conduction device in an integrated circuit as

recited j llajm.1 wherein said at l.east one.cavity. . ..
12{ & presdhod dora BESAHR Ga pog PR AT OGSt Mo Vo L HEd cireuit die

- sistor. 12. A nethod for fabricating a

conBafhe SRR

tion device in an integrated circuit die 5

AR Sbifhn 4 e one Gensitll o1 B S PeO ‘GRS PTG

(2) cutting at least one cavity within said silicon _
sub$2y atting stdeast abe baatyt withie semhsiligon suksteatelisayl atHeastighe cavity

a back surface of sajid silicon.substrat el ow saj d, at
oxudDE HRED, § ok svece 1 18] SUBHB.T PG DR b Teast one
trah@¥Bf- Within said at |east one cavity; and, (4)

growm’ng a plurality of carbon nanotubes within said at

| eas ne cavity, said l.ural.i.ty, of carban nanotubes

ext i RgsiFpg mcgta]é’é"ta]%‘?ﬁ"g‘gﬁ 5§04 apfead ong C%\Yl&’éﬂ t one

cavity to the back surface of the silicon substrate. )

15 18) grawieg hqdurbbty dfatrhaaninetubes vatin saiddidedsbane cavity, said

pllggl\ééycﬁ%fig%%oggﬁ1atéggs£%&%%i§gi ﬁ‘ér%![ qtjléod[tq?% ggrgz?c:reec?é;a%d atilgast one cavity
to E‘%ﬁ%@k%ﬁl‘?&e%f%tﬂlidoin%ubm. conducting layer on the

ck surface of said silicon substrate and within

said at | east one cavity, subsequent to the growth of

said plurality of carbon n anotubes, s aid netallic,

h eat ¢ onducting 1 ayer in contact with said L
13plAunethady fopf fabi2@ting ra beat namductivasdevies, infamanthgutedogircuit die as

fahricati 0 Eeat conducti on dﬁ]vi ce in an integrated
TeI{eH 4y F1aIg g,égt o1 QOIS tHe 8°B Ok 13, furt her

conprising the step of: (6) planarizing the back o

sur f(acéepositingiadnaallicclorat sosbicting yesocthettagk sadaag of said silicon
su sltrlé{ea!arlldt x}(/it}?ifn said at least one cavity, subsequent to the growth of said plurality of
carbon n anotubes, s aid m etallic, h eat c onducting layer in contact with said plurality of

carbon nanotubes.

14. A method for fabricating a heat conduction device in an integrated circuit die as

recited in claim 13, further comprising the step of:

(6) planarizing the back surface of said silicon substrate, such that said plurality of

carbon nanotubes does not extend through said metallic, heat conducting layer.

15. A method for fabricating a heat conduction device in an integrated circuit die as

recited in claim 13 wherein said metallic, heat conducting layer comprises copper.
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25 carbon nanot ubes does not extend through said
metallic, heat conducting layer. 15. A nethod for

wo anioesasd ng a heat conduction device in an i nP€mUS1004001787
circuit die as recited iniglaim 13 wherein said
metallic, heat conducting |ayer conprises copper. WO
2004/ 068545 PCT/ US2004/ 001787 18 16. A nethod for
fabricating a heat conduction device in an integrated

16CIA enthodd¥® RABricdtRgi 4 Bati dbndhi@ion dsvivdhal Qhﬁn&@ta@ed circuit die as
metal lic, heat con uctln? | ayer conprises al um num

recited i cleen 1 dvifeprin aif magallie, rfgafaccmémtmgdnm(@pmns@ealummmn
in an integrated circuit die as 5 recited in claim12
17w hedtibds &rdfabAatAingSd hbaYQndGaRr 1686 /i ek Ghtegie®ed éircuit die as
met hod for fabricating a heat conduction device in an
reqifeddgy claite d2 ovheeain said icatalyst layesiompaisesnigkadi m 12 wher ei n
said catal yst |ayer conprises cobalt. 10 19. A nethod
for fabricating a heat conduction device in an
integrated circuit die as recited in claim 12 mherein

183% gm ?]{1 d: ?o?siiabgga?mgaay h&}‘[ éotnduc(:)tC at éijcpee g ﬁ'ogntgéraate% circuit die as

one“transi stor
recﬁabrm ehirhNQ vihehataie ondlet lapdt daipriess doban | nt egr at ed
circuit die as 15 recited In claim12 wherein said at
| east one cavity is |located bel ow a source of said at
| east one transistor. 21. A nmethod for fabricating a
heat conduction device in an integrated circuit die as

19r demedlepd forciabiienting %h@%temdg%tm vigea s 1 dPlELIEted| @1ycu1t die as
rec{léd 1{? %ﬁh‘ﬁq WG%% alla%?%? en%rc Vi y 1184, ad[li) oow %fed\ﬁ?l@lo? sa1d at least

one rans S hea con
on¥iiahdistoAN i ntegrated circuit structure, conpr|5|ng a
heat conductive network extending froma top surface
of an active device layer, through a plurality of
i nterconnect levels, to a top surface of the
|ntegrated circuit 25 structure, said heat conductive
20n¢y wsihedcBplebrsaige 4 peaireanivsiions devaes: mc@mdm@gnateé Girqudt die as

15T AP RLGEH bl 81 SEMISRA B i

lea¥t &% tepisR@rel ectrically isol ated fronlnetal conductors
of said plurality of said interconnect |evels,

21. A method for fabricating a heat conduction device in an integrated circuit die as
recited in claim 12 wherein said at least one cavity is located below a heat generation area

of said at least one transistor.

22. A heat conducting device within an integrated circuit structure, comprising

a heat conductive network extending from a top surface of an active device layer,
through a plurality of interconnect levels, to a top surface of the integrated circuit

structure,

said heat conductive network comprising a plurality of heat conductive vias

traversing said plurality of interconnect levels,
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such that heat generated by active devices in said
active device layer is conducted through said heat

W@ orvdietsivye network to the top surface of the PCT/US2004/001787
integrated circuit structune. 5 23. A heat conducting

devi ¢ an integrate C|r uj t cture as
reci® ﬁohfia %HPWEZVL‘&S T PErty ’6? T ety comgdugtors of said

phﬁ@ﬁ@r%@shM%ﬂéfc%ﬁn&ﬂg%lsse car bon nanotubes 24. A heat
conducting device within an |ntegrated circuit

structui S reC|teghln claim.?2 erei n_sai

pl urlfh at igengrated DY JEEYS V\]/‘?eﬁén &3 piilgeedean%]la@erl ig ponducted
thr%ﬁél? §di& ﬁezft rceﬁﬁlfcﬂ% HEQMB toltfle i BEL BOme fmtg 01rcu1t structure.

al uUm num po yS| I con, and turigsten. 25. A

device mnthln an i ntegr.ated C|rcu
23 RIS o ATt o e Cirhi GG 3 Rpcited in claim 2,
wHékéiﬁ thﬂltp aﬁt %?ﬁéat%@ﬁ‘cﬁiéﬁ% Vs x?ﬁg ridd Gl ERbRfLN @
direct l'ine ron1sa| top sur of the active
device layer to said top surface of the integrated
circuit structure. 15 26. A heat conducting device
within an integrated circuit structure as recited in
24 cAdieat gmductisigedayiae veitlth amlategmtesiaambunlsunaﬂuret 35 wetitdvbmt claim 22,
conduc e vial.,trave s a.sin e | evel
wHE R g Al St e cgv%ﬁge Fiad EPrirog giocaheated from the group
oM oFicBSh R, a?n'uﬁ &, beNeHiced, a'nH g% panect netal over
a single layer of internetal ectrlc 20 27. An
integrated circuit die haV|ng enhanced power
di ssi pation, conprising: a substrate, having a top
surface upon which power generating devices of said
25j Ath\@g’fr eanductiigr davice wdithin anentbgbtadaanced straetiuck &subsﬂtefdalllezlalm 22,
Vi n urface essentla arglle
it Sl iR SRR RS Bisechisalid % Brefimerigom soid top
surfdcRIOr iy éihbé‘ﬁé’*ﬁééjﬁyegr% £a8% f‘s&f’a%g fﬁfe'ﬂl@%q déél d:?ltcﬁﬁ Sfructure.
toward said top surface, pre eternl stance
being | ess than the distance between said top surface
and sai d backside surface; and WO 2004/ 068545
PCT/ US2004/ 001787 20 a heat conductive nedi a
26.c eali spadudtingtienics avithimean |imagatedmércuia\strugturmirdcitaeldha:laim 22,
reater .than a bul k

h th
whpRl R e e g gr o oo wes CouaneR painele lovel of
intd}€kineBr, QHCEEL10 YRR bd ROWBAnKE egIF‘lg{':lélH %Q g%h $f interconnect

transferred to the backsi de
metad nuierct Sinvge tayei of insrmetal dielectric.

27. An integrated circuit die having enhanced power dissipation, comprising:

a substrate, having a top surface upon which power generating devices of said
integrated circuit die are fabricated, said substrate having a backside surface essentially

parallel to said top surface;

at least one cavity, extending from said backside surface a predetermined distance
toward said top surface, said predetermined distance being less than the distance between

said top surface and said backside surface; and
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28. An integrated circuit die having enhanced power
dissipation as recited in claim27, wherein said heat
W@ orvdietsiehg medi a conpri ses copper. 29. An i ntBOI/ESE04/001787
circuit die having enhanced0power dissipation as
recited in claim27, 10 wherein said heat conducting
medacheab opndistse ozadbonontained wigsn s3d@, atAlsastnenegeavityd said media
circujt die havi.ng enhanced r, di ssipation. as, .
b it CendieH Y Srea i G oLk B PRbteRUiRE Of s pybstate
U SRRl R HGEE DY SHa RN Rhrh@RP L A0S [BSloed to the backside
suriface e sl e bleat comdunictivelinediaavi ng enhanced power
di ssipation as recited in claim30, wherein said at
| east one power generating device is a transistor

having a drain, said at |east one cavity being

| ocated directly below sajd drain. 20 32. An 1 .
25; R Seari Crau e AT BeRa0NGS SR SRR fo recited in claim 27,
wlﬁgfﬁéﬂ@héé?'&oﬁcﬁlcﬁﬁgh{eﬁﬁ dofhyirlsdd Bppey. Wherein said at

east one power generating device is a transistor

having a source, said at |east one cavity being

| ocated directly bel ow said source.

29. An integrated circuit die having enhanced power dissipation as recited in claim 27,

wherein said heat conducting media comprises carbon nanotubes.

30. An integrated circuit die having enhanced power dissipation as recited in claim 27,
wherein said at least one cavity is located directly below at least one power generating

device in said substrate.

31. An integrated circuit die having enhanced power dissipation as recited in claim 30,
wherein said at least one power generating device is a transistor having a drain, said at

least one cavity being located directly below said drain.

32. An integrated circuit die having enhanced power dissipation as recited in claim 30,
wherein said at least one power generating device is a transistor having a source, said at

least one cavity being located directly below said source.



