WD 03/ 054958 PCT/ US02/ 40515 CARBON NANOTUBE THERVAL | NTERFACE STRUCTURES
FI ELD OF THE | NVENTI ON The present invention relates generally to providing
cool i ng swbuBioss¥ssto el ectronic 5 circuits, and, nore speciTfusoakdsysto the
fabrication of a thermal interface structure using carbon nanotubes to

i nprove thermal | ol ic circuit.

B Er DESeR! Pt RO R R R AP Pk R g BhpBcathia & Bl e
enbodi ments of the invention are obtained, a nore particular description
of the i i hef cri bed above will be rendered by 10 reference
to speci ;%iY@%%J?énehﬁYﬁsﬁI@eof which are illustrated in the appended

drawi ngs. Understandjng that these draw ngs depi.ct ?nl y typical,

enbodi ment's ofth¢ PresahEHLioR Felatesgenerailntopsaviging eaodng $qlyHags iinet8ni€cal e and
are not therefore to be considered to be limting of its scope, the

i nvenfi ofirgiits) andemgrsspecifisally trihe Ekpeaionafia et agﬂfaﬁ PHEIISHEE ficity and
detail through the use of the acconpanying drawings in which: 15 Figure 1

i s an el eokon oanobesvoshpiave thiepnal pprporalagcettp 8 diecopfeipingangicteni¢ sr@gupl ed to a
cooling plate using a thermal interface according to an enbodi ment of the
present i nverRRIGH DESCRIPEION OF THERRAPENGSve view of a portion of the
thermal interface of Figure 1, wth polyner additive, show ng carbon

nanot ube arr ajn @derdha die 2 ig awhéch3hé entadpesnéspd dhtel iveeniiph ys obtainedral
schematic view of a thermal interface show ng, carbon nanotube bundles, in
exagger atnede partiddardiestiptidiudfait inventiot heefhuietaibed atiove el b¢ tvedeared byi nt er f ace;
Figure 4 is an elevational cross-section of the thermal interface structure
depi aved referndd tgypeif catbouinrgtstineedt wbivhafe ileatatet iothe byendet draeiagof t he

el ectronic device to the heat 25 sink; and

Understanding that these drawings depict only typical embodiments of the invention that
are not necessarily drawn to scale and are not therefore to be considered to be limiting of
its scope, the invention will be described and explained with additional specificity and
detail through the use of the accompanying drawings in which:

15 Figure 1 is an elevation view of a flip chip electronic device which is coupled to a
cooling plate using a thermal interface according to an embodiment of the present
invention;

Figure 2 is a perspective view of a portion of the thermal interface of Figure 1,
with polymer additive, showing carbon nanotube array bundles; |

20 Figure 3 is a perspective illustrational schematic view of a thermal interface
showing, carbon nanotube bundles, in exaggerated scale distributed over the surface of the
thermal interface;

Figure 4 is an elevational cross-section of the thermal interface structure depicted

in Figure 3 showing the flow of heat from the surface of the electronic device to the heat

25  sink; and



1 WD 03/054958 PCT/ US02/ 40515 Figure 5is a flow chart of a process for
producing a thermal interface structure according to one enbodi nent of the
present iwWoeasos8 Figure 6 is a flow chart of a process fPer/ysoowisdi ng a
thermal path between two objects according to an enbodi ment of the present

invention. 5 -[{r%lr!rgﬁ% @Eﬁr a?‘g ﬁ\&% fgﬁﬁoﬁgwﬁéﬁgﬁf ({e%ﬁgaﬁrei _nventi on

relates to a ructure me ormng it froma

mat ri x Ofacgorééiﬁél%035316t%%rb?ﬁ&eﬁ't%wefht%én%‘pﬁ%ﬁ%-i ng froma substrate. It will be

readily un ose sKi e 'art that various other changes

in 10 the details, . erial ., .and arrangements of the.parts and method

st ages whi ch A%/&® Bésgaﬁﬁo‘%%%aétrqfﬁé)ﬁocgﬁa&iHq?ﬁglpggfhéean?lr?atgr gé-’\fee o expl ain the
nature of ,this inyention . be de wi t.hout. departing fromthe principles
and scopé’bﬁfgstaﬁcé’r ‘%@ﬁpie@ﬁg‘g@e@@gﬁl@s@?&nﬁlﬂv? ¥ clains. In Figure 1, a
portiqgn of an el ectronic device such as a conputer 10 is illustrated in 15
an el eévation view. In device 10, a silicon die 12 which, in the enbodi nent

shown, is nounted in_a flig-chiﬁ ball _grid array on an organi c substrate
14 which is, DEHAIRED DRSGRIEHON Fé”ﬁ@‘%‘@ﬂ“@%strate 16 and secured by

sol der balls 18. A cooling solution such as heat sink plate 20 is coupl ed
to the surfacdhepreginginyentis) relatesfeategrmplinsriagetudie aed wehodof i n t he
enbodi nent shown. 20 A variety of thermal interface materials have been
used in tibeipaifrome metdy ogoriankedcatbon pensiubeapreisciig figaen subs@ite and a cool i ng
solution. In some applications, thermal grease is used for the thernmal
i nterface mat &willlbes¢addrusigestrodde thoseadkgled avide hit gat Yranioks othéreshangies in
conductivity and readily conformto surface irregularities in the heat sink
and tlhe the details, material, and arrangements of the parts and method stages which have been
described and illustrated in order to explain the nature of this invention may be made
without departing from the principles and scope of the invention as expressed in the
claims.
In Figure 1, a portion of an electronic device such as a computer 10 is illustrated in
15 anelevation view. In device 10, a silicon die 12 which, in the embodiment shown, is
mounted in a flip-chip ball grid array on an organic substrate 14 which is, in turn, mounted
on a further substrate 16 and secured by solder balls 18. A cooling solution such as heat
sink plate 20 is coupled to the surface of die 12 by a thermal interface structure 22 in the
embodiment shown.
20 A variety of thermal interface materials have been used in the past to reduce
thermal resistance between a die and a cooling solution. In some applications, thermal
grease is used for the thermal interface material since such materials have high bulk
thermal conductivity and readily conform to surface irregularities in the heat sink and the

device. Use of thermal greases, however, have the disadvantage of possible pump out and

25  phase separation of the grease as the die is heated and undergoes thermal warping due to
2



device. Use of thermal greases, however, have the disadvantage of possible
punp out and 25 phase separation of the grease as the die is heated and
under goeswODha/osmbs war pi ng due to 2 WO 03/054958 PCT/ US02/,P¢0aNKS2/40515
differences in the coefficient of thermal expansion between die 12 and

or gani c Sﬁikférgﬁcl%g f thét c%ekﬁbié?ltt GﬁﬁerﬁﬂF&lp%lﬁS%dnﬁ&ﬁﬁeeﬁqul !a\ﬂg g{%}lﬂg Qub@t?at poxy are

used as ermal Intertface nmateria ave the disa ntage of requiring

2 eure procssaudld8lcd NSl LaRRRll Gl o VAL LRHS: bled TRleBebgepch 2o

silicones of cert use S rmal Thterrace 5
terial t they al ir. i ft licati. d h I
Thermar Dubiys sy adk P Fngr byP Sulet Sha Pl bR Sliteion ae

ur et hane gy ubber have hi.gh bul k conducti vi but suffer from high contact
Fesi ot ancETRRLESERER PEoITRAE PGHIbT EUSURY TP Dodpe B maGHe Do appl | od
at the thermal junction to, provide adequate thermal coupling. Finally,
certaSn bﬂaégr@l%%g & ARSI e fEng @ W@Bl‘q%ﬁﬁﬁ‘tﬁﬂ@ﬁ% Oéi"ter&é’if%t pol yesters have
been 10 used hut %I sg suffer fromthe fact that their thermal_ conductivity
is |ess tRAMCHKEY that thepeal gicpse. Greaja glastomersipdyanaretiosn eHbbes hpre ight t her nal
interface materials commonly used have a conductivity value of about 10
Wm K. | Pulrrendybisty henpferronhich eapéact resistancs an sgquiae thetitigh prasseredtlr uct ure i s
formed from an array of aligned carbon nanotubes in a polyneric

i nt ersti taf lepstrAP pyiibaiapplisd gtibe thyanal fisetier to preyidedenreteitidrmg! eofiplinge car bon
nanot ubes is on the order of 3000 Win-K using themin a thermal interface
st ruct ur &iwlly] cestainghagstcharige ynaienigls sachensilevg mokeevlamwveighsmdlyestéry have be¢m Fi gur e

2, a portion of a substrate 28 having an array of spaced bundl es 24 of

car bdff nawnat ubeko 2@t fiomebt fapighdtrtican théremabemfleatioity dess dfanitlst df therstat at ed i n
highly enlarged formprior to injection of a polyner additive. Such arrays
are avai lgadake TheaherMahanbaddiyit?f thermal inteirfate matanidflacimmedy tdee hawerader a

chem cal vapor deposition process described in an article of Dr. Z. F. Ren
i n Sci eneendukBdty Valor@BOA®) Wbk, .array of bundl es 24 of

In one embodiment of the invention, a thermal interface structure is formed from

an array of aligned carbon nanotubes in a polymeric interstitial material. Since the thermal
15  conductivity of the carbon nanotubes is on the order of 3000 W/m-°K using them in a
thermal interface structure will substantially increase its thermal conductivity.

In Figure 2, a portion of a substrate 28 having an array of spaced bundles 24 of
carbon nanotubes 26 projecting from the surface thereof is illustrated in highly enlarged
form prior to injection of a polymer additive. Such arrays are available from Nano-Lab,

20  Inc. which manufactures them under a chemical vapor deposition process described in an

article of Dr. Z. F. Ren in Science, 282, 1105 (1998). The array of bundles 24 of

nanotubes 26 which are produced in accordance with the process are grown on a variety of
substrates 28 including glass and silicon. The nanotubes 26 grown on substrate 28 are

aligned so that the majority of the nanotubes are oriented generally parallel to each other



nanot ubes 26 which are produced in accordance with the process are grown on
a variety of substrates 28 including glass and silicon. The nanotubes 26
grown on wolswsase 28 are aligned so that the najority offCrhsSonanset ubes
are oriented generally parallel to each other 3 WO 03/054958 PCT/ US02/ 40515
and per pgp§l| dde dnr Lgh fect. The heights
of the nangk)%géggfcg%g typf@ﬁ%@ﬁ%ﬁﬁléﬁlﬁhﬁ&ﬁ % gﬁgﬁér%lﬁg ?tntﬁ(grface structure
22 accordj t . | ntion may be formed froma substrate 28
upon whic &g‘_ébr?gfltﬁgzplg%lﬁgiﬁgéSd?@xrgre supported. A polyneric 5 interstitial
e O A OhEFhET AL gund e nanel g, bund] 6530, Lo, SURRRKY e

nanot ubes. Suita nmeterial’s®inc p

pol ypr opyl ene d tal .  .After di tion of pol ric /mmaterial 30, the
substrat e 28* ﬁ%%ﬁt%f nt‘ﬁlédﬂ}i‘ﬂ%tflﬁeg%g‘gtﬁég%are ﬁqp@ﬁ%ﬁﬁyoygﬁﬁ%d i s renoved.
Sui tahl e .processes f renoval of substrate 28 a mechanj cal grinding or
cheni cal “gtFré‘ilFi‘aia‘.ateilélo s af%nﬁ%d‘ra‘é"@?eeftuﬂgle %‘ﬁ‘ijtsﬁplwr‘a}hﬁ wi dth W of

t her nmal interfacgws#){ uc*ure, 22 a eﬂi}lel ected to pravide a substantial heat
exchange "éaatfbsse SRR Hﬁ‘t%a{st‘ﬁ‘ de palyeribatfe BOLYRIPPYIFNS 8% pGE&Ed sur face
of die 12. In one enbodi nent the length and wdth are 2 cmand 1 cm The
maxi num tHicE peétian of pgymere matcairiad the gihsirata 28 upan wigh the nprotybeniversd by t he

| ength 15 of the carbon nanotubes but will typically fall within the range
of about osgiallyrmedis ssroved CPuitablemeecessphier EavalpfeHsieEZ8Rifess of t he
thermal interface structure 22 will increase the thermal inpedance of the

pat h bet wisshaniagbgréfidingzmghemigalgiedingsi nk. As shown in Figure 4, the carbon
nanot ubes are oriented generally parallel to each other and perpendicul ar
to tHE top andshyotniomiges 2, dedengtl Land wisthuWeof2ermgl intsefacaséiyctme @i de t hei r
greatest thermal 20 conductivity along their |ongitudinal axes and it is
des i‘ r abl erdslebiad & prbdde @ndstentéed hée atchange surface while falling within the outlines
of the exposed surface of die 12. In one embodiment the length and width are 2 cm and 1
cm.
The maximum thickness t of the thermal interface structure is limited by the length
15  of the carbon nanotubes but will typically fall within the range of about 5 to 20 microns.
Of course, increasing the thickness of the thermal interface structure 22 will increase the
thermal impedance of the path between the die and the heat sink. As shown in Figure 4,
the carbon nanotubes are oriented generally parallel to each other and perpendicular to the
top and bottom surfaces of structure 22, since they provide their greatest thermal
20  conductivity along their longitudinal axes and it is desirable to have the conducted heat
follow the shortest path between die 12 and heat sink 20.
Figure 5 is a flow chart outlining an embodiment of the method of forming tﬁe
thermal intermediate structure. In operation 52 an array 24 of nanotube bundles 26

includes a substrate 28 from which nanotubes 26 project. The array is embedded with an

25  interstitial material 30 which is a polymeric material selected from the group consisting of
4



foll ow the shortest path between die 12 and heat sink 20. Figure 5is a
flow chart outlining an enbodi nent of the nmethod of formng the thermal

i nt er mediwDa@3®s98Ct Ure. I n operation 52 an array 24 of namemruise/imsnsll es 26
i ncludes a substrate 28 from whi ch nanotubes 26 project. The array is

Serect oq 5l AR HT b Sl R i R U
pol vt or mil ae Ry R=LREDY uERRop PR KRE Rl ko R Sy IR PRRR) e g i

injected _in ten formt nbed it in the array to forman internedi ate
structur5va¥ﬁﬂ%$%?%?%3ﬂﬁgﬁe§H§gg%cess interstitial material 30 is renoved
fromthe inteyrned

te., 5 and the sybstrat. 8 upon i ch t.he nanot ube

bundl s ver e BLTGTHaE 7Y RyRBRS MR HGUS 0 RN e QGBI RE chon cal
mechanpi cal , pol i shin rocess or b hani cal r.i ndi ng. t he concl usi on
of oper e fhe gbeifei ds RRRA WalFh P Ao PP RS Yo RGN S ohn ot e, The
carbon nanot ubes remained aligned with each other throughout the formng
of the styRR¥Elsae banerormed By 2 phsrpica meghanispbralishing propest Pt Paneharisli al and the
original 10 substrate, the ends of the carbon nanotubes are at the surfaces
of the tBeEpdiag Atiheponshisian of opgratign Ofythe thipineh indespadiate sHectyBjiect to be cool ed
and the cooling solution surface to which the thernmal internediate
st ruct ur eowplgist.e$he earbonfnandiuvbes hesnaiedd alignadrwithdiaeh ethertthigaghaubthpr ovi des
thermal coupling between surfaces of two objects and the thernal
i nt er nedifatmengstfithecttuctore apdiafderenmpvasd exw@ss iyicrstidalmepteyial ardethd Grigimtler sti ti al
material will assure that the carbon nanotubes nmake secure thermal contacts
wi t h 10 he sshstritacibs eralf of the cabprendnstuhks ohatsbnovihah of the tibespli ittermddétpr esence of
irregularities in the flatness of the surfaces. Figure 6 shows a process
for provisicige svhidhengagk theabjrct tode bedlvdkan thempobig @bitt®n shiface to which

the thermal intermediate structure couples it.

If the thermal intermediate structure provides thermal coupling between surfaces of
two objects and the thermal intermediate structure is under pressure, yielding of the
15  interstitial material will assure that the carbon nanotubes make secure thermal contacts
with the surfaces of the objects which sandwich it, despite the presence of irregularities in
the flatness of the surfaces.
Figure 6 shows a process for providing a thermal coupling between two objects. In
operation 62, a nanotube array is coupled to one of the objects. In one embodiment, the
20  nanotube array may actually be grown on the surface of the object rather than on a
separate substrate. In that embodiment it is necessary that the temperatures and other
conditions under which the carbon nanotubes are formed by within the temperature ranges

and exposure times permitted by the object upon which the nanotube array is grown. In

this embodiment the injection with the interstitial material in operation 64 and the removal



operation 62, a nanotube array is coupled to one of the objects. In one
enbodi nent, the 20 nanotube array nmay actually be grown on the surface of
t he obj ecworcath®ss t han on a separate substrate. In that ecyobomestsit is
necessary that the tenperatures and other conditions under which the

car bon ”%@ﬁ{e‘é?%% Exrafe ih1%r QriéayouWntlmﬁ.tﬁ%% ARG WS ARG Sho ANl exposure
tinmes permtte %y he 0 j ect” upon i'ch The nanot ube array Is grown. In
this enb(%di nent the injection with the interstitial material in operation

64 and t hee'fehoval 5 WD 03/ 054958 PCT/ US02/ 40515 of the excess materi al
are carried out in nuc he same .mapner of the.operations shown [n Figure
5 1 anot her UbSEST HERA G SRR RO oas re Sorpi ABPHER ap BB F58MHehot ubes ar e
formed on a separate substrate.agnd.after the interstitial terial has
boen appiPT8deritte BRI B 405 8 i P ey Ees bRAERReAI PRsvbBg !

oper ati on 53 . In the enbodi nents the process shown in Figure 6 discussed
above; tHB g’ﬁé?‘%ﬁsf'@ﬁter@ge’?ﬂﬂv [ eREUQAPi ng the other surface of the array
to the other of the two objects. In one __enbodi nrent one of the objects may
be a cool i ng &bthaemEedigigeinhaProsetshewsindicuna dispesseiabare. ths oseiaiidbnduct or
die. In one enbodi nent, either of the objects can receive carbon 10

nanot ube$8dvolvse youpliag deotlier swilaphelithe preny te the ofher akthe e obinctie dg gne an

addi ti onal advantage of a particularly strong thermal bond to that object

i s obt ai sabpémerhamefosthepbicaly M de picprlingolotion sveh sprledat sigk andidlerdothent s

reveal s the general nature of the invention sufficiently that others can,
by appl yiasgneandustor dien dnpredigebodimeeat ielther ofrthd iobjpcta paty regeivedatoni t for vari ous
applications without departing fromthe generic concept 15 and therefore
such l@dapbattates ss tiay anegdivin ic apérainm @ dJsingttkat gadetspanpdditiong) adhaetaged Wit hi n

t he meani ng and range of equivalents of the disclosed enbodiments. It is to
be under sf apattitiiady sthag dermddohdEythabbicttds obtaiodtdgy enpl oyed herein is for

The foregoing description of the specific embodiments reveals the general nature
of the invention sufficiently that others can, by applying current knowledge, readily
modify and/or adapt it for various applications without departing from the generic concept

15  and therefore such adaptations and modifications are intended to be comprehended within
the meaning and range of equivalents of the disclosed embodiments.

It is to be understood that the phraseology and terminology employed herein is for
the purpose of description and not of limitation. Accordingly, the invention is intended to
embrace all such alternatives, modifications, equivalents and variations as fall within the

20  spirit and broad scope of the appended claims.

25



t he purpose of description and not of limtation. Accordingly, the
invention is intended to enbrace all such alternatives, nodifications,
equi val enwe oafoshosari ati ons as fall within the 20 spirit ad/Uusovadiscope of
t he appended clains. 25 6 WD 03/ 054958 PCT/ US02/ 40515 CLAIMS What is
clainmed is. 1 ﬁng/llger mal interface structure conprising: at |east one
car bon nanotugé‘ orirented substantially parallel to a desired heat 5
transfer axi Sgﬁ{ﬁ)t h?.thde.rmal interface; and an interstitial material in
whi ch the nan B8S'UPE Enbedded. 2. The structure of claim1, wherein the
structure has a first surface to contact a surface of a circuit die and a
second surface to nt act. rf. . ling solution, the first and
second surfacz's beﬁli(r%%er%lglblg éf?l |Sg ﬁgre%él}@iwﬁ% to each other. 10 3. The
structure of claim?2, wherein the thickness of the structure fromthe
first surface to t#Hdeaseussarbenpangibe pdenigsobstantioly payaligl iy ayfssireddieatthe
structure of claim1l wherein the interstitial material is a polyneric
mat eridal . 5. Vhesfetarisef thedhesmaldntgifépesandwher ein the pol ymeric material is
selected from 15 the group consisting of polycarbonate, polypropyl ene,
pol yacet al , pol yoxgmatersjitielreatened in oty the nastubshgrd embedded t her mal i nterface
conprising: at |east one bundl e of carbon nanotubes, the bundles oriented
substantially parallel to each other and to a heat transfer flow path of
the thermal interface; and

2. The structure of claim 1, wherein the structure has a first surface to contact

a surface of a circuit die and a second surface to contact a surface of a cooling solution, the

first and second surfaces being substantially parallel to each other.

10 3. The structure of claim 2, wherein the thickness of the structure from the

first surface to the second surface is about 5 to 20 microns.

4. The structure of claim 1 wherein the interstitial material is a polymeric
material.
5. The structure of claim 4, wherein the polymeric material is selected from

15  the group consisting of polycarbonate, polypropylene, polyacetal, polyoxymethylene and

polyformaldehyde.

6. A thermal interface comprising:
at least one bundle of carbon nanotubes, the bundles oriented substantially
parallel to each other and to a heat transfer flow path of the thermal interface; and
20 an interstitial material between the bundles of nanotubes.

7



20 an interstitial material between the bundles of nanotubes. 7 WD

03/ 054958 PCT/ US02/ 40515 7. The thermal interface of claim®6 wherein the
interstitwalodfoseesial is a polyneric material. 8. The therealusoniesnsd ace of
claim6 wherein the thermal interface has first and second generally

pl anar surfaces which are each substantially perpendicular to the 5 heat
transfer path. 9. A heat transfer structure for use with a sem conductor
die conprising: aThethtnsi mkerface/dfivdpiim 6svlrefeac the irderstitigbnetetial is he die; and a

thermal Iy conductive el epent conprising a first surface coupled to the
heat sink andpgygﬁg%ﬁﬁ&gafface coupl ed to the sem conductor die, the

thermally 10 conductive el enment conprising a plurality of carbon nanotubes
oriented with_thei xes substantially perpendicular to the first and
Second sur f acds. - 1bhe Sah iRy e s BRI R bR PGS TR ot ne
thermal |y conducti ve | epent al so conprises an interstitjal bonding

mat eri al i nt eFEHRY o B RGHE S A B Are FATTo LD Al gergandi s (B

di ssipating structure of claim 10 wherein the interstitial bonding

mat erifal is abpdiywdsirethnat erial sel ected fromthe group consisting of

pol ycar bonat e, pol ypropyl ene, pol yacetal, polyoxynethylene and

pol yf or mal dehyde. 12. The heat dissipating structure of claim9 wherein the

thermal Iy conductive 20 elenent has a surface area that is substantially
the same as tRe suffhagidransfenstiyeturetfer usdingth apgmicTrdctos die caingssipgit i ng

structure of clai M, feat XYHEBEM}; 4 &?fa&ﬂo%gﬁb?egt% R dig;r}lﬁd
a thermally conductive element comprising a first surface coupled to the
heat sink and a second surface coupled to the semiconductor die, the thermally
10 conductive element comprising a plurality of carbon nanotubes oriented with their

axes substantially perpendicular to the first and second surfaces.

10.  The heat transfer structure of claim 9 wherein the thermally conductive
element also comprises an interstitial bonding material interspersed among the

carbon nanotubes.

15 11.  The heat dissipating structure of claim 10 wherein the interstitial bonding
material is a polymeric material selected from the group consisting of
polycarbonate, polypropylene, polyacetal, polyoxymethylene and
polyformaldehyde.

12.  The heat dissipating structure of claim 9 wherein the thermally conductive
20 element has a surface area that is substantially the same as the surface area of the

die.

13.  The heat dissipating structure of claim 12 wherein the thickness of the

thermally conductive element is between 10 and 50 microns.



thermal |y conductive elenent is between 10 and 50 microns. 8 WO 03/054958
PCT/ US02/ 40515 14. An electronic assenbly conprising at | east one

i nt egr at edOaBis4958 package conprising: at |east one inte@Catusd/eisngui t
die; a heat sink having a surface coupled to the die; and 5 a thermally

conductive el nt I Sl f . SUr ounl t . at sink and
a second surf g'g c%ﬁgllr&e)%o n?coag%}l]fgbbalé%n?ﬁr{s&g aE %gs(r?ﬂ% #%g@%&ﬁrg@? aé;k%%ement
conprising a pbuprddiigt y of carbon nanotubes oriented with their axes
substantially per (?ndi cul.e%r ttodt.he.tfitst and second surfaces. 15. The

el ectronic assenbl%)) Gt e Ivgratsd GREHEI% the thermal Iy conductive 10

el ement al so conpr i B&assialhdvidger sitfhéd @lpledioahd dik; mtbedded anong t he carbon
nanot ybes. 16. The ﬁléeca't]:‘roni ass?nbl of claim15 wherei q%c{)he interstitial
materPal is a pol JHEMEY GEE ‘i“éﬂe%qng‘é‘f“éﬂlsf“ﬁ(? e SAWPIeA S ti ng of

pol ycar bonat e hefd @ik REPPIcSsurfaoMAE@1ozthe dipGhe/ B HEY By RBEveahent

pol yf or mal dehyde. (15 17. A data processing system conprising:, a bus

. - € g:.
coupl i ng conp&MepisingaPIvREY PAEADY HReEBssRyicakd vEhtheirgxes wpttaialyupl ed to

the bus; extenBalndRIPIYhE PhRGEGdhFadys; and a processor coupled to the
bus and conprising an electronic assenbly 20 including at |east one

el ectroni c package conprising: at |east one integrated circuit die; a heat

sink having a 13ur f Tai?eeel&%ﬁﬁl: %ggeltnglytd? Rlaflh €4 ARG the thermally conductive

10 element also comprises an interstitial material embedded among the carbon

nanotubes.

16.  The electronic assembly of claim 15 wherein the interstitial material is a
polymeric material selected from the group consisting of polycarbonate, polypropylene,

polyacetal, polyoxymethylene and polyformaldehyde.

15 17. A data processing system comprising:

a bus coupling components to the data processing system;

a display coupled to the bus;

external memory coupled to the bus; and

a processor coupled to the bus and comprising an electronic assembly
20 including at least one electronic package comprising:

at least one integrated circuit die;

a heat sink having a surface coupled to the die; and

a thermally conductive element comprising a first surface coupled to the

heat sink and a second surface to couple to the die, the thermally conductive

25 element comprising a plurality of carbon nanotubes oriented with their axes

substantially perpendicular to the first and second surfaces.

18.  The data processing system of claim 17 wherein the thermally conductive

element comprises an interstitial material interspersed among the carbon nanotubes.



a thermally conductive elenment conprising a first surface coupled to the
heat sink and a second surface to couple to the die, the thermally
conduct i vwo25/08i988rent conprising a plurality of carbon nametruiser4@ns ent ed
with their axes substantial 'y perpendi cuI ar to the first and second

surf aces. he GomX 1 thermal |y
conducti ve eI ae-meniJ rrpg rgés%"gszI§ I ntOZ%Ié Tl g&%’é’t@é@ r t@fmlgafdé@%rtiaé%ssed anong
t he car b(pnlymnotmtrelsl se&cwmfr@ﬁlltﬁég@mcd%@'fmgs&%%&ﬂz&atelQolyﬂi‘op.-ylel&t a
processmgls%/%ge )\ ,@1 18 Whﬂf A ﬁlnterstltlal material is a

pol ymer i oA rli y%‘@‘?qg {ef (5’ ytfc?{él 18' consi sting of polycarbonate,

pol ypropyl ene, polyacetal, polyoxynethylene and pol yformal dehyde. 20. A

met hod of fabrjcating a thermal.interf ructure conpr.ising: 5 enbeddi ng
an array of sé@sta‘ﬁt"?eémdﬁgﬂb%ﬁ‘é‘é adhgrnp mﬁ%ﬁﬁ SHBEWCCAMBYSING i er st it al
matertal to form agmbdatiag aeelirat o sitRvinfiglyoaligadEdarkdh nentdsdeanidnal | y al i gned
carbon nanot ubes enbedded t herein; and. renovi n? excess material fromthe

t

i nt er medi at e SeFHEYMaErial to fasmpg intermedisferhaving adavgeefsrbstadioilngicacd i r st

subst anti al | ycgha@hot¥ésaftRddeakneddigaging a surface 10 of one object and a
second substantially planar surface for engaging a surface of another

obj ect, the first BROVEEEHsss B dien the Iﬂéqiimé‘éiaféma@@‘&dwglerfydlper pendi cul ar
to the subst cl aim 20
wherein the a?@%f/a@%%tyuc% ﬁ% gf?rt%gﬁtéhgﬁ d car uré%eﬁ%%o a%ﬁxg}%q f%&;e conpri ses
a subl8trate fpﬁwne\nbje@mndhee@adbldmanmﬂytplﬁmessmﬁacq lorengagidg 4 Surfdeepti n t he

removi ng of e X fotEE obR ttetrtl!e s%%on%ngrfécgggrl%lﬁe%%\ﬁfasrt‘ tlgﬁ l ?ﬁesr&h 1P grtion of
the substrate. cl/aim erern &x€eSs materi al
conpri ses the substantlally ahgned carbon nanotubes.

21.  The method of claim 20 wherein the array of substantially aligned carbon
nanotubes also comprises a substrate from which the carbon nanotubes project and
15  wherein the removing of excess material also comprises removing at least a portion of the

substrate.

22.  The method of claim 20 wherein removing excess material comprises

chemical mechanical polishing of the intermediate.

23.  The method of claim 20 wherein removing excess material comprises

20  etching the intermediate.

24. A method of providing a thermal intermediate between two objects

comprising:
providing an array of substantially aligned carbon nanotubes coupled to one
of the objects;
25 embedding the array of substantially aligned carbon nanotubes in an

interstitial material to form a layer of substantially aligned carbon nanotubes
embedded therein; and

coupling the array to the other object.
10



chem cal mechanical polishing of the internmediate. 23. The nethod of claim
20 wherein renoving excess material conprises 20 etching the internediate.
24. A netwod3os49ps ovi ding a thermal internedi ate between PRO/US0P/EBSLS
conprising: providing an array of substantially aligned carbon nanotubes
coupled to one of the objects; 25 enbedding the array of substantially

al i gned carbon nanotubes in an interstitial material to forma | ayer of
subst anti al | y23al i gheednethodbefielaiadémibe previdiad theditak eoupled;to thedbisotupl i ng t he
array to . . Ohj ; / /40515 25. The net hod
of c|ainfggﬁﬁﬁéggﬁﬁlq?%%%%?Hégﬁwgs§§P§§ﬁ§%%65§§Q¥§Q he object conprises
form ng the carbon nanotubes on the surface of the object 26. The nethod of

claim 24 whergin providjn e r coupled to the abject .. cC rises 5
Forming t e aftay” ofF HeUl ol MEpC BerdBhRyhae AS SR GBI ST re 2
mat er i al compgyeevi Nng the substrate; and coupling the array to the object.
11 WD_03/ 054958 PQI/USO%440515 G,ossary 10 device
5 orming the array on a substrate;
embedding the array in an interstitial material,
removing the substrate; and

coupling the array to the object.

11



12 silicon die

18 sol der

15 23 24 wpriaps@48 25 26 of bundl es of nanot ubes
nanot ube bundl es)

10

15

20

25

bal |l s

5 13 14 organic substrate

19 20 heat sink plate

15 16 further substrate 17 10

21 22 thermal interface structure

29 30 polyneric interstitial material

Glossary

10 device

12 silicon die

13

14 organic substrate

15

16 further substrate

17

18 solder balls

19

20 heat sink plate

21

22 thermal interface structure
23

24 array 24

25

26 of bundles of nanotubes
27

28 substrate (for nanotube bundles)
29

30 polymeric interstitial material
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32
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