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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 20 JUNE 206 WD 03/ 054958 PCT/US02140515 Figure 5 is a flow chart of20JUNE2005
process for producing a thermal interface structure according to one
enbodi ment of the present invention. Figure 6 is a flow chart of a process

for prowdiosgsassst her mal pat h between two objects acco l@rﬁ%ﬁ{\# gll enbodi nent
of the present inventi on 5 DETAI LED DESCRI PTI ON OF THE | Is The

resent inv a_ thermal interface str cture and net hod of
1I‘Oor mng it ?ﬁghnﬁgg 1%7% Pl x & o?gppéwgodp&ogpﬁ%a{qm BFES B "WEL i ng from a

SUbS”aE%Pwu}rth“ﬁllnéen%d&n%ﬁt {thpﬁe@gnggrﬁ%n%g t(r)rat 2??; skilled in the art that

vari ous anges 1n and arrangenents of the
parts and S h have .been...descri bed gnd il]ustrated in order
to expl ai nnBlIElE'PnaGt %gg&gfﬂ%][h gp{orgg}sémrlpboﬁd'xwtgeém AER3th be gw%m departing from
the pri the.invention as expressed in the clains. In

qure T8 58 1 GUREaRinch 1F s eGeR

Fi gure a por ®such as a conputer 10 is
illustrated in 15 an elevation view. In device 10, a silicon die 12 which,
in the enbodi ment shown, is nounted in.-a flip-chip ball grid array on an

organi ¢ sub nt ed on a further substrate 16
and securedsté) %@@Wﬁ@%@*ﬁﬂwﬁwﬁ? | ution such as heat sink plate
20 i s coupl tothes f a thermal interface structure 22
in the enbod®RERT g‘ﬁ%’iﬁh‘? %CSXOGQ’FF’@&V’%?%FW@?H’F@P %ce materials have
ther resi.stance hetween a die and a

ggglni ﬁ; g’B}l“gtnltdgor‘F Qﬁnﬁm§8ﬁg %gﬁfk%fﬂaa?fg ©S PISCHES &”b? %-s used for the

conduct i vi ¢y SEPSrERT PRYCERd Byt SRR LEr P STMSP e RSB he. heat si nk

and 16 hethe 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 elecﬁ‘onic 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, therral
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 di sadvantage of po3%&J@\i2006
punp out and 25 phase separation of the grease as the die is heated and
under goes thermal warping due to 2 20 JUNE 2006 WD 03/ 054958 PCT/ US02140515
di ff er engg9shdledshe coefficient of thermal expansion betﬂﬁﬁﬁoﬂiﬁuﬁ and
organi ¢ substrate 14. In other applications, adhesives such as €epoxy are
used as thermal interface paterial but have the di sadvant ag{e of requiring a
cure pr cesrip ghe cogfasient ghifermahexpansionhgivesn die 13 apdopganic§isEale ych as

silicones or certajn olefins may al so be used as thefnmal interface 5

mat eri allé Buather penyicatjons, adhesiysssuchasepiy aprused asfiromaldntertase matstalnave | ower
thermal . conductivity than thermal grease, Certain elastoners such as

ur et han@urhase e dﬁé‘i)’é“t?ﬁe reqpifipg 2 EYR BEOESSH e {heps applisgtiope VaiguS m hi gh cont act
resi stance and require that high pressure of at |least 100 psi be applied at
the t hethfEmaligglssuqhicnsifigpusyQsgertaan elefingmay alsp hevssdps thsmsl iplsgace Final 1y, certain
phase change materials such as | ow nol ecul ar wei ght pol yesters have been 10
used butmagrials but theyaalsomrpauise ewing rierapplicationaad pavedewsr thgrmalonduct i vity is | ess

t han that of thernmal rease. The thermal conductivity of thermal interface
mat er i alcendugtiniyihap thesmel srrasre Cortaip slastormers sich gs Wathens rgerhiayekisho Wm K. 1 n one
enbodi ment of the invention, a thermal interface structure is forned from
an ar r aypubsfeorductivity dubsifisufroonbigl contastresisfange pug rpgriteithat high pessurerof al  mat eri al .
Since the thermal 15 conductivity of the carbon nanotubes is on the order
of 3000 atieast KOOpsi bryppplist the thermal jngtign tp proide adeguate thermalgoupligigl | substantial ly
increase its thermal conductivity. In Figure 2, a portion of a substrate 28
havi ng d&tinadly.cafjainphaspehaege matasidls suchzg loyf moleeulas igighbnebtesters bavedesy oj ecting from
the surface thereof is illustrated in highly enlarged formprior to

i nj eldt i aweddtut dsquwiforiEom the dict thatdheirghrrmalpopduglvityrislesphan thas pEthermgn Nano- Lab, 20
I nc. which manuf actures them under a chem cal vapor deposition process
descri bexease Tan thepmal conductiyity pffthermal ipterfrgematesialscpamerdy usedpaver1 05 (1998) . The
array of bundles 24 of nanotubes 26 which are produced in accordance with

t he procesducivity vglupefabowt 1§ Wariket y of

In one embodiment of the invention, a thermal interface structure is formed from
an array of aligned carbon nanotubes in a polymerié 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 genefally parallel to each other



substrates 28 including glass and silicon. The nanotubes 26 grown on
substrate 28 are aligned so that the mgjority of the nanotubes are oriented
generally parallel to each other 3 WO 03/054958 PCT/ US02/ 40515 and

per pendWAP54958 t he substrate 28 from which they proj ecrusiimesisei ghts of
the nanotubes are typically quite simlar. A thermal interface structure 22

accordiangpte@eﬁdlmuatoaﬁembs&awmdnowmemmg,b&oj‘e@tt rie heibftPBR the SUbStrate 28 upon
whi ch nanot ube bundl es 26 are supported. A polynmeric.5 interstitial material

30 i s inunctabesdreaysicullgt quitesifdiot ube bundl es 26 to support the nanotubes.
Suitabl e polynmeric materials include pol ycarbonate, polypropyl ene and

acetal .  Af tAetheratlinterface sehctire 2y BRbiding1® e bieddnt BVentioh Sha$ OSIHaL € 28 upon
whi ch the nanotubes were originally formed is renoved. Suitable processes

for renfonnh subbtrate/D8ipgon inhich Bashebe Basda 26 alsusPoitedi AfolPheg e cal et ching. 10
As shown in Figure 2, the length L and width Wof thermal interface

st ruct uinwrsiffal niatefias3l iidjeed broumi By ha6tube KunBRS 2dolsappolat exchange surface
while falling within the outlines of the exposed surface of die 12. In one

enbodi riRstutieseStiBRpblyiRec hefiils REIBdepofRhrBothtel palPBropyiéic ARXAcEMIM t hi ckness t
of the thermal interface structure is limted by the length 15 of the

car bon Afed eddiddicof pulymeéfid hatkiA130,3kd dibdirdtel28 WhdWilct BEn&RRBE vife about 5 to 20

m crons. O course, increasing the thickness of the thermal 1 nterface

st ruct Wrigindlly Mirthéd i REAoVEE ESulithle prb&Bei R rdntIBIdASGRrAE 28 ie path between the
die and the heat sink. As shown in Figure 4, the carbon nanotubes are

or i ent aflecB@iAl SiddihgRREidnli®l ettingach ot her and perpendi cul ar to the top and
bottom surfaces of structure 22, since they provide their greatest thernal

20 ppnduct i Wk kpova if PlEute Mot 14n2hal dnll HidiRhy GPtRSmANfteiicelsBudtifsdy abl e to have
t he conduct ed heat ol l ow the shortest path between die 12 and heat sink

f28 -r mFin 3*“1" %éeétea fo frovidy$ubiaiihl 1Rb i Hah g uike WHAR SR Wit thi HRnifget hod of
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 S is a flow chart outlining an embodiment of the method of forming th-e
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



thermal internediate structure. In operation 52 an array 24 of nanot u%beJUNEm%
bundl es 26 includes a substrate 28 from whi ch nanotubes 26 project. The '
array is enbedded with an 25 interstitial material 30 which is a polyneric
material selected fromthe group consisting of 4 20 JUNE 2096 WD 03/ 054958
PCTTUS02W2P34959%%| ycar bonat e, pol ypropyl ene, pol yacet al pcpedoyaesgsret hyl ene

and pol yfornal dehyde. The interstitial material 30 is thernoplastic and is

i nj ect egolytarbodate dlypespehe) pSYREHAL, b&lyg,,gnmﬁen@gn@g}gxﬁﬁoﬁg%@%% inn,l Nt er medi at e

structure. In operation 54 any exceSs interstitia is renoved
f rom { héntérmital wmeliah@is heraidflalio@nd WHHEAANR mefert 180 URlteh s W, NANOL Ube
bundl es were originally growm. The renoval can be perfornmed by a chem cal
mechani esdy p®riniiifigmpdiaeegscnge. by nechanical grinding. At the concl usion
of operation 54, the thermal internediate structure is conpleted. The

car bon_nanot pérationAisnpekoddsiiasianaiiaif 36 i rhdRE sbaiEde Torm ng of
mat e

the structure and, after renoval of excess interstitia rial and the

or i gb nahkndlfle SubRFkd B Pon Whith ﬁiatiandafbefbhﬁdlc%%l%%igi}aﬁ%}d? ?Tﬁe{)e at the surfaces
(0]

of the thermal internmediate structure which engag ject to be cool ed

and  erdiaRh abeRkiidaby SUhEER nlelhWRbiRIisHiriorddS 7By mkdHaitbd el at e

structure couples it. If the thermal Internediate structurée provides thermal.

coupl | NeridmigR MeetichBRADS Qheratiolids M) i6h:s) iR dife G [ nt er medi ate

structure is under pressure, yieiding o ial material wll

assur e et Cri 2B haRGHIOs iinclTBtfhod Gt edin bET HRleRANKECT S Wi th the
surfaces of the objects which sandw it, despite tRe présence of

i rregul gkl i Ele@inl f i 6.shows a process
for pr o%?l%g?ghﬁugrm &c%gfélﬁ]%‘éﬁgfe%’!\%gsé?\dﬂ{%ggﬁ?%{ag gﬁgtﬁenm%rba ration 62, a

nangg Ubﬁlb?t'fa{téﬁleieﬁdsco?m?lcgﬁ?@ &g%lﬁes%f’e 4t fie . ggsgotuﬁrl}e tﬂé?mgﬁgtte%m%gej ment, the 20

nanot ube array nmay actua € grown on ace o e 0D) ect rather
than onggcture which engage the object to be cooled and the cooling solution surface 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



separate substrate. In that enbodinent it is necessary that the tenperatures
and other conditions under which the carbon nanotubes are forned by within
the tenperature ranges and exposure times pernmtted by the object upon which
t he nand¥@B¥0HBay is grown. In this enbodi ment the injreamisonsosis h t he
interstitial material in operation 64 and the renoval 5 WO 03/054958

PCTI USOgf 08¢k 8ss nfterfal e EatG@%ht MBHRA tR!sarfté RaGRf b theh Qﬁhods@wih the same
manner of the operations shown in Figure 5 n anc?t er enbodi nent
operatipguf3.is performed after the nanotubes are formed on a separate
substrate and after the interstitial material has been applied in operation:

64 5 and t hg afoth SMboREH:] Phrati GIEME ferfRmOPRYeAIhL RihoffBes drd'foldié embodi ment s
the process shown in Figure 6 discussed above, the operation 68 involves

coupl i Ngn 4 faraicRRYstritd b PuFRr AL itdQitil harid Bastvden LR wo objects. In
one enbodfé%nent orfe of therobjl ectls may rll)e %15 coo@%ﬁ%lgg{,eﬁﬁagrﬁksuch as a heat

si nks anghditheexebd flateridl reRHVed HGH4GEOH 64l €. | n one enmbodi ment, either of the
b

obj ects can receive carbon 10 nanotubes as they are grown in operation 62.

Using that pp %%ﬁ?bodiﬁﬁn@%%ﬁdc% Shovad @%ﬁg%l'_sr?g;s{?@abgéé &ﬂe(bﬂﬁdny _strong

thermal bond to that object is obtaina or egoi ng cription of the

speci figg ﬁ%}p&iceﬁﬂﬁ]? HeUeAlurtald Yt tlﬁgagr‘? ] th&GthétoBthe Blo SHiGtsl BY&GRL T ON

sufficiently that others can, by applying current know edge, readily nodify

and/ or  agaRimdrt oﬁeq{ftae%je&yﬁmﬁe@a E&)ﬁh% mio%&@qyn%gggm Ldange if@m the generic

concept 15 and therefore such adaptations an Ications are intended to

be conpg ehaadeskidid) iih ond difboBRARN She hJ&i&%chLre@é%gc\éﬂ:'o nts of the
|t tood t

di scl osed enbodi nent s. I's to be unders at the phraseol ogy and
tergyno h Andrsti : iRk and not of
e o PG TR LR s Bpdrtich 8%, USHE RSt R galiBaAaBhial] 21 cuch
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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, thé 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



6 20 JUNE 2006 7 CLAIMS | . A thermal interface structure conprising:20%dt/NE 2006
| east one carbon nanotube bundle oriented substantially parallel to a

desired heat transfer axis of the thernal interface; and an interstiti al
material in which the nanotube bundl es are enbedded. 2. The structure of
claiml , wherein the structure has a first surface to contact a surface of

acircuit die and a second surface to fontact a surface of a cool i ng

sol ution, the first and second surfaces being substantially parallel to
each ot her. I%ﬁ $ructure of claim2, wherein the thickness of the
structure fron1t irst surface to the second surface is about 5 to 20
mcrons. 4. The structure of clain1l wherein the interstitial material is a
pol ymeric nat |aIé %F ucture of claim4, mhereln t he pol neric

material is selecte 'mff agh; SHHTUEB KSMBEIFIAG Bf [63%) Qe asamARananotube

pol ypropylugfifte d?Rh¥aCbahntidg! y&mm&bwldeﬁﬁedmt tﬁ%ﬂélf kB dgRy@ermb. A
thermal interface conprising: | east one bu carbon nanotubes, the

bundl es onmtélrﬂacédansiwtljstlfamltldlm%lelrbairllaWh@h th@aeaf@lhe bturhﬂzers asmembesided.heat t r ansf er
flow path of the thermal interface; and an interstitial material between

t he bundl es of nanotubes. 7. The thermal interface of claim®6 wherein the
interstitial rrat er i &he staucaure poHOEIyifer,iveheddi eheisalictu®. had BdirdtRerfanzlto covtet f ace of

cl ai m 6 wherej f_he theagaﬁginterf ce_has first Qd second generally pl anar
surfaces @ F\"ea‘? & QLU Hrerag PYFfase FpeRnict asuragerfiagooling uiemnst er
path. 20 J{dN&s2P@8end surfaces being substantially parallel to each other.

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 | wherein the interstitial material is a polymeric

material.

5. The structure of claim 4, wherein the polymeric material is selected from
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 an interstitial material between the bundles of nanotubes.

7. The thermal interface of claim 6 wherein the interstitial material is a

polymeric material.

8. The thermal interface of claim 6 wherein the thermal interface has first
and second generally planar surfaces which are each substantially perpendicular to the

heat transfer path.



9. A heat transfer structure for use with a sem conductor die conpri SA0AYNEZ006
heat sink having a surface to couple to the die; and a thermally conductive
el enent conprising a first surface coupled to the heat sink and a second
surface coupled to the sem conductor die, the thermally conductive el enent
conprising a plurality of bundles of arbon nanotubes oriented with their
axes substantially perpendicular to the first and second surfaces. 10. The
heat transfer structure of claim9 wherein the thermally conductive el enment

al so conprisesoan i RtRhsthida! suhend fbgug@mh!@ée_nii%rﬁﬁ&@?ﬁ%e&im%ﬂg%Ehe

bundl es of carbon nanotubes. 11. The heat dissipating struct claim 10
wher ei n t heatj sinke hating iaajurfaondd mguplerde dhd die; asd a theimathyr jondnaiverdlemensel ect ed

pol yoxyret AP BHEE A by ouRaf The A 5ol s MR N BE ol €0FEC e o

clai m 9 whenrebmductoe dieh eerhdringll¢ osrlucti vevemelt €0mPtisiR@S pRiIrdly babedaised that is
substantially the sane as the surface area of the die, 13. The heat

di ssi pat i 54P8R mapatipss esfentadayith theinpesseiuhstemially megnandiselap o e firg 98¢ nal | v
conduct i vg.&heEfced S between 10 and 50 microns. 14. An el ectronic assenbly
conprising at least one integrated circuit package conprising: at |east one
integrated circuit die; a heat sink having a surface coupled to the die;
and a thermal |

conductive el enment conprij si first surface cqupled to the
noat - sink and 14 sedBpaed rraBE SRR Eh il Baatelt HenBomell e Enauct | ve
el ement  eRfRhi At eniprRksfirdinkdrititRf bdndid Bsed] i Rarspatedmivigiheburdidsefit ed with
their axes substantially perpendicular to the first and second surfaces.

15. The elca®pp BIotUbsEsenbl y of claim 14 wherein the thermal Iy conductive
el ement al so conprises an interstitial material enbedded anong the bundl es
of carbon nanotubes. 20 JUNE 2006 9

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

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.

14.  An electronic assembly comprising at least one integrated circuit 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 coupled to the die, the thermally conductive element
comprising a plurality of bundles of carbon nanotubes oriented with their axes

substantially perpendicular to the first and second surfaces.

15.  The electronic assembly of claim 14 wherein the thermally conductive
element also comprises an interstitial material embedded among the bundles of carbon

nanotubes.



16. The el ectronic assenmbly of claim 15 wherein the interstitial nated%/&NE2806
a polynmeric material selected fromthe group consisting of polycarbonate,

pol ypropyl ene, pol yacetal, polyoxynethyl ene and pol yf or mal dehyde. 17. A

data processing system conprising: a bus coupling conponents to the data
processi ng system a display coupled tﬁ the bus; external nenory coupled to
the bus; and a processor coupled to tAe bus and conprising an el ectronic
assenbly including at |east one electronic package conprising: at |east one
integrated circuit die; a heat sink having a surface coupled to the die;

and a thermally conductive el enent conprising a first surface coupled to

t he heat sink &6d aTbeelettebrdcinfsamelytaf dampl ewhereinhie diterstifidlanatédgrigal |y

conductive el ement conpr.isi a plurality of bundles of carbon nanot ubes
ori ent ed RPWHwPﬁéW¥m5&é@egﬂggPQdEF&FP?‘ﬁ@?&&%ﬁ{hﬁ%ﬁ“@@a@h@“VWPBﬂeﬁhd second

surfaces. pdBaceldlHAAHGRINERE ahdPol§HPhEREBIeCl @i m 17 wherein the thermally
conductive “elenent” conprises an interstitial material interspersed anong

t he bundl es of carbon nanotubes. 19. The data processing system of claim18

wherein the interstiti.al erial a polynmeric material selected fromthe
group consi sti ﬁlg of Apéoal @Brg)r%%s Wétsg,smpoﬁo{/nﬁg'g'ﬁél %rl?t—'\? cotf%lln§ézggx[p8?e,n > bo tﬂe

pol yoxyneudbyl poessng sypodnyf o dixplagelysied t2the thsireitbodl elembabeoupddd tdgtha t her mal
interface structure conprising: enbedding . an array of bundles of .

subst ant i &0 Pipgfff@aﬁoeswéwn RaPoPRAEd cOmPEHNE AR elegironis assemplyiiaslidingt o form

an inter m%ﬁie@ét%n@@hél:t’?&i@ﬁ%%iﬂ% & )&rw&%@@s& _%% }ﬁft@grétgaﬂﬁﬂc&taaib%%ﬁaﬂk ubes

enbedded therein; and re ess materi a romthe internediate to
provi de ahavihgamatfa¢ent@iptesicte the dicctand @ therwialy candictise eleutest emmpradidg/apl anar

surface for _en in urface of one object and a second substantially
pl anar su?‘f%csgﬁ?%r C(g‘r?geggfong]ea eghflfjgca«ggoaf Sécﬁﬂ%tswz?ceotﬁj P !% 'tohg‘ef 'f: %e and
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al i gned carbon nanotubes. 10 21. The nmethod of claim 20 wherein the array of
bundl es ofrigiipdviiAthean axgs 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 bundles of carbon

nanotubes.

19.  The data processing system of claim |8 wherein the interstitial material is
a polymeric material selected from the group consisting of polycarbonate, polypropylene,

polyacetal, polyoxymethylene and polyformaldehyde.

20. A method of fabricating a thermal interface structure comprising:
embedding an array of bundles of substantially aligned carbon nanotubes in an interstitial
material to form an intermediate having a layer of substantially aligned carbon nanotubes
embedded therein; and removing excess material from the intermediate to provide a
thermal interface structure having a first substantially planar surface for engaging a
surface of one object and a second substantially planar surface for engaging a surface of
another object, the first and second surfaces oriented substantially perpendicular to the

substantially aligned carbon nanotubes.



al i gned carbon nanotubes al so conprises a substrate fromwhich the carbon
nanot ubes project and wherein the renoving of excess material also
conprises renoving at least a portion of the substrate. 22. The net hod of
claim 20 wherein renoving excess material conprises chem cal nechanical
polishing of the internediate. 23. Thegethod of claim 20 wherein renoving
excess material conprises etching the internediate. 24. A nethod of
providing a thermal internedi ate between two objects conprising: providing

an array of bundl esThé nsatastt entiaimh 129 whérgifatle aanb T tiadrt Wissbstapiapl ed to
one of the objects; enbedding the array of bundles of substantially aligned
car bon narbENFHERHon naqoluREL ISR comBlIsegt WPstEAte {remf Whign ghe sgrken ganotubes

substant i ?hdé’é’ct%hél wn%fé_i,pa]reberngYingg%;c&@igg@ggdégﬁgc&nh&gs@mg R a%&g{gng the

array to ot her object. 2 e nmet Im?2 providing the
array coupbg@ntofthersebsitsfeect conprises forming the bundl es of carbon

nanot ubes on the surface of the object. 26. The nethod of claim 24 wherein
providing the array coupled to the object conprises formng the array on a

substrate; enbeddi ngh¢ Meetiaddr 8 claim &V wAt@Stenidvtly eXtREEL Matdrial CoMPNieng t he
substrate; and cou Ian the array to the object. 20 JUNE 2006 WO 03/ 054958
G ossary fberieslireeehanioal pplishingofgheintesmediates” or gani ¢ substrate 15 16 further
substrate 17

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

etching the intermediate.

24. A method of providing a thermal intermediate between two objects
comprising: providing an array of bundles of substantially aligned carbon nanotubes
coupled to one of the objects; embedding the array of bundles 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.

25.  The method of claim 24 wherein providing the array coupled to the object

comprises forming the bundles of carbon nanotubes on the surface of the object.

26.  The method of claim 24 wherein providing the array coupled to the object
comprises forming the array on a substrate; embedding the array in an interstitial

material; removing the substrate; and coupling the array to the object.
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Glossary
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20 heat sink plate
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