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‘WD 2005/ 031864 PCT/ US20041031314 THERVAL | NTERFACE

MATERI AL W TH ALI GNED CARBON NANOTUBES BACKGROUND |
Wilel085/@¥18¢dhe | nventi on [ 00011 This invention ratGI/E$2004/031314
to cooling of mcroelectronic systems, and nore 5
particularly to use of a nanoconposite thernal

| PHE AL, IRTERPCE MATERIAYIRITH AE@@F‘JE}? @AH@BON NANOTUBES
nanot ubes. Background of the Invention [000

M croel ectronics, such as m croprocessors, cr eat e ‘
heat. Thermal interface materials are used to conduct -
heat in mcroelectronics. Figure 1 is a side view of a

10 mi croprocessor and heat BACKGRQEE®nbI y 100 t hat '

i | lustrates how |layers of thermal interface materials

Hidd of @ laventigmed to conduct heat away from the

m croprocessor die 110 to the heat sink 102. The

f0801gpr oThissnvendiod réletet tosiooking SE@IdbletRDNid Hatente andimore
substrate 114 to which a microprocessor die 110 is
?ﬁt@@tﬁ@@ to LB€bLa hﬁto%orfng()siie thétefalRertaek Hiat@ e thaAYRludes aligned

IM") 108 between the m croprocessor die 110 and an
iRl nahsdpdeat sink ("I HS") 15 106, which is al so
connect %gto t he substrate 114 by a sealant |ayer 112.
Is typically a material such as
a bul k thermal conductivity of

. [ 0Q031 There is a second ther

ﬁ‘ﬁ@ It ac ‘trgééf:‘[f?mqﬁ RROI) s TRATOPERCRRSOFS, Fttéteqmst%m%mwrface

heat sink 102. The TINM | ayer 104 typically
@W?"@r‘ﬂ 19 ugedie Gonductdieati in gHcigelsasenicn Higererli lam sid¢atiew of a
has a bul k thermal conductivity of less than 5 WnK
mictogragessor apd keat emktah@mb'l')r MO thatyiBostides licov blyeswidhermal interface
user to attach the heat sink 102 wi thout speci al
soltetials N, 188 ol wad & eindaciiepnanty, freh ticomireoprovasdmatié ¢10 to the
so that the heat sink 102 may be renoved and

heatsirAcited ThEthRrdpascekith afid@héat sk QYRAILEH 1 §H frchfiles 8 substrate 114 to

material of the TIM layer 108 from al'so being used

%léﬁhemﬂrt}{?mbésﬁ&f dlé Q‘f’@ 1sant%Ehédh 4eR it DGirlNBEIRY interface layer

conductivities of
(“TIM17) 108 between the microprocessor die 110 and an integrated heat sink (“IHS")

k ound ¥1 In enl n

106, which is also connected to the substrate 114 by a sealant layer 112. The TIM1 tayer
168 ts typically a material such as indium solder, with et bulk thermal conductivity of
about 80 W/mK. | |

[0003] There 15 a second thermal interface layer (“TIM2™) 71 04 between the THS 106
‘and a heat sink 102. The 't‘IMZ layer 104 typically currently used is a silicon grease
material that has a bulk thermal conductivity of less than 5 W/mK. It is desirable for the

TIM2 layer 104 to allow a user to attach the heat sink 102 without special soldering

‘knowledge or equipment, or to be reworkable so that the heat sink 102 may be removed

~ and reattached. This has typically prevented the solder material of the TIM1 layer 108

from also being used as the TIM2 layer 104, even though the thermal conductivities of the

1




» WD 2005/ 031864 PCT/ US2004/ 031314 solders used in the.

TIM layer 108 are higher than the silicone grease ‘
Warteeyeiissdused in the TIM2 |ayer 104. 100041 IHCT/U52004/031314
operation, the mcroprocessor die 110 generates heat.

The TIM layer 108 conducts this heat away fromthe

MAARPRATH $% TV o} 401 6Park RephkHBan 86 sxﬁéﬁeﬁé\@e h?aye%rals used in.

. 5 104 then conducts'the heat away fromthe

i0

15

20

t i€ TIRB1asdrlg4102, which transfers the heat to the
surround’ g environnent and away fromthe -

W WAL S 5%90%9%?%1‘@&1 lyer 108

power f ul %hey al so &lsnerate nore beat. The_cur '
£ FRAGHESS thin hesrtiuay Trou Bie MAIEOPIRSETFOF ﬁthHQ ty (g IH%&&G T TJMZ layer

Jo and the TIM2 | ayer 104 have thernmal conductivities

-t Hirthemgonduetstibe bedt ey Siont the IS d 66 tothedwasink t0% wdtich transfers
“heat away fromthe mcroprocessor die 110 and to the

hiba heatito khelsd2roundiip @fidir¢NMT &nm@:frﬁllﬁm?bﬂ&c@goﬁ diid heat smk
.DRAWNGS [ 00081 The various enbodi nents of the- -
i ayg@nbliyanoare illustrated by way of exanple 15 and
not by - way of limtation in the figures of the

a[@ﬁ@f'[panWsQﬂo&HrﬁMr%ﬁgchﬁoMa@@béd# fﬁét@{ :ﬁfderﬂ&% owerful they also

indicate simlar elenents and 00091 I gure

ol :
okl DbfEhett T rﬁth ﬁ fiiahatiis I eé.‘b@‘ﬁm layer 108
P O SRR T
Flg re 2is a side yiew of an i nmproved mcroProcess
Wé&f‘o'ég aéé%bh%w the Ha%roprﬁevaaere@e 14 andstagthe heat sink 102.
i roved thermal interface material according to the
@@dnt invention. [00111 Figure 3a is a flow chart

that illustrates how the inproved thermal interface
mat eri al wi t h[@007hne BREFDESCRAPTIOMESTHE DRAVEINGS |

[0008]  The various embodiments of the invention are illustrated by way of example

and not by way.of limitation in the figures of the accompanying drawiﬁgs; in which like

references indicate similar elements and in which:

[00-09] Figure 1 is a side view of a microprocessorrand heat sink-assembly that

‘illqstrates how layers of thermal 'interi-"acc materials are used to conduct .’heatraway from

the microprocessor die to the heat sihk.

[0010] F igurc 2 is a side view of an improved microprocessor and .heat sink asserﬁbly 7

that includes layers of improved therrﬁal interface material according to the present |
~invention.

{0011} Figure 3a is a flow chart that illustrates how the-improved thermal interface

- material with aligned carbon nanotubes is made.
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. WD 2005/ 031864 PCT/ US2004/ 031314 [0012] Figures 3b

and 3c are side views of carbon nanotubes and

veo onsmarss material  both before (Figure 3b) arrd:’{afwfmmsl:su
(Figure 3c) alignment. 100131 Figure 4 is a flow chart

that illustrates how an inproved thermal interface
o) al Jr@s A é 1€ @fd@% %ﬁ%ah&u?&dﬁd ali lg'm'nént. material
accordln 0 an odi nent t e s present inventlon :

AafipgEY ?lgmg?’ﬁﬁaﬂ%sﬁ%%f{ﬁgﬁ%“»‘“fﬁf WE co i nor e

gﬁéf@nbo \fvgéa is ? gé‘f@ggt%:l@sgawg %g&%%ggp%vga,rtﬁén%%l mterface
i 1lustrating how the combined naterials of Fi gure 4
dpaterigh witle sl gnedicarbon @anotpbesde mada dcadirding éalan embodimgst of the
according to one enbodi nent of the Jo present

i prosemt inyrntigrO@hS] cliy gused s asalggninennmateaint. t hat

illustrates how an inproved thermal interface

nB0B4]i al Figurd 53 4 JoecEhad e iRanRt Ub@srd d&tdTRE®y the clay material is
according to an enbodi nent- of the present invention

Wrephrkd %&FHIE%M@|eMb%ﬁiﬂedts used as an alignnent
material. [0017] Figures 8a and 8b are side views that

t
Ao a;Z?S%""%ﬁ“%*‘ﬁd%m W DGR ot Bl i it o Figure 4 ar
R Ry P R b B o Oh b B lor
throughout this speC|f| cation to "one enbodl ment" or

PEESERDINEEHIM: nent " rreans. that a feature, structure,
material, or characteristic described in connection
APOISIt heFigwahis oflow sharhtha Hhigtratas bow ke smproyed thermal interface
enmbodi ment of the invention. Thus, the appearances of
trhasenidd vaitheaighied carben aarbnwbenémln'ad@acc'b'rdin@m anndmishidireant of the -
in various places throughout this specification are-

poéseneinestRn whendlduid @vanr iesig i$ Gselde af allEnmaithedenant
or invention. Furthernpore, the features, structures,

TEN | al Bigulds 83%n8 RBLACHES Vit Gt MSrRE HoAiRk @Sﬁljbfﬂ%d materials of

any suitable manner in one or nore enbodi ments.
Figure 7 are layered on a film and then subjected to a field according to one embodiment

of the present invc‘ntion_.
[0018] |
[0019)]  DETAILED DESCRIPTION

10020] References throughout this specification to “one embodiment” or “an
embodiment” means that a feature, structure, material, or characteristic described in
connection with the invention is includéd in at least one embodiment of the invention.
Thus, the appearances of the phrases “in one embodiment” or “in an embodiment” in
various places throughout this Speciﬁcétion are not necessarily all referring to the same
embodiment or invention. Furthermore, the features, structures, materials, or
characteristics may be combined in any suitable manner in one or more embodiments.
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100211 Figure 2 is a side view of a m croprocessor and
woeaizémss4assenbl y 200 that includes |ayers ZQﬂ:T/Qmomslsu
of inproved thermal interface material according to

one enbodi ment of the present invention. The thermal’

S, 21 SO B A 00
A R e T e

her thermal conductivities than.the thermal;

g@t\ﬂa@@ afdepresans inyeation  Ehe thgaeal intqrijcs spatemal dncludes carbon
of the layers of thermal interface materials 202, 204,
tireaotubes dligned és therdirentiomebheat iratsfera Jhistherynad mlenface materlal is
Figure 2 may better renove heat fromthe

- ntherefyre avass@mpdsite thtfinal ih@HEaed miteaialnf NTIVI'Y aﬁ@ gy have hlgher

heat sink assenbly 200 includés a substrate 114 to to

WhEieal BoRd et OO BRAIRY théiRal Jiﬂt@rfh@e ﬁaﬂeﬁﬂb BebvioURRT @ellS Through the
first thermal interface lLayer " 204 bét ween -

' tJ&e omrferlggér%pﬁl%ﬁﬁa;%@rf;é@m%ﬂa Qot %a%@&@ o?at ke %ghd heat sink
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, which I's connect to the's

| bﬂ‘n%&a‘ﬁﬁéb? BEFIEHEL mpd et bl bras Rt lerePlogPin die 110.

TRRER! v %?}g”?ﬂoﬁ%%csvs“fn%%@%%sw&afs S iR sbstie 114 10

m croprocessor 1s 110 to the IHS 1.06. This heat nay
pehich a puetoprasgssenBist I Atis attached.nThare ish ﬁr@t&hﬁmalentea"ace layer

- z-axis 206 in one enbodinent. To transfer the heat,

t(REIN K1 204 batwesn tiemicrppriocessorie T10Mnd wategra@@nheaayinhé"ms")
aligned to create heat-conducting paths in the

did6ewhichris cdnnietad td tharsaberate W inha sdatant hagerd 112u SltlfeaIIMl layer 204
enbodi ment is the direction of the z-axis 206.

 Afiag Rinb@dinit 681HR PheseNBIAOEIASNEI NI cBA0R nanotubes combined w1th one

heat - conducting paths in the direction of desired heat

tdr e %fhe? haterfAR, OMRST IM‘leIa? O¥tanSoRdtGt alé\ka/{ff %%ﬁfthé Hl?cropmcessor

|l 'ayer of inproved thermal Tnterface mater

61'19'?{3 gl‘feg?fs ﬂiér eﬁ%l% @%& ?r[%g/é)reyéﬁstteﬁg@ gi?#staaggﬂfpg ¥ g rXCZt&{l of a z-axis
4 i fudes ﬁ%ﬁweﬁ? af%? Rk Boalt i cortih ot °§'af3°?181 the TIM1 layer

rior t her ma erface naterials.
IL504 maya‘:)e ahgneé to create eat-conducting paths in the direction of heat transfer whlch

in the illustrated embodiment i is the direction of the z-axis 206. Aligning the carbon.

nanotubes to create heat-conducting paths in the direction of desired heat transfer

improves the thermal conductivity of the layer of improved thermal interface material 204

~ along that direction 206." The thermal conductivity of the layer of improved thermal

interface material 204 may be greater than about 100 W/mK, which provides improved

* heat transfer performance as compared to prior art thermal interface materials,

[0023]  There is a second thermal interface layer ("TIM2") 202 between the IHS 106

and a heat sink 102. In the embodiment illustrated in Figure 2, the TIM2 layer 202 also
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:(0023] There is a second thermal interface |ayer

("TIM") 202 between the H'S 106 25 and a heat sink
WO2005463186He enbodi nent illustrated in Figure 2pargEs2004/031314
TIM |ayer 202 also 4 WD 2005/031864

PCT/ US2004/ 031314 i ncl udes carbon nanot-ubes conbi ned
MclBeQ 08 bBA nmsrebéatcnﬁfbm@atvﬁm GHeSor nll}8 oﬁie alt‘ﬁ}é‘ﬁ{ THORIM2 layer

transfers heat away fromthe IHS 106 t eat sin

%%tr&lﬂ!ﬁl’% h@?laa{%ajgsfr (;I'Fl %Sﬁ‘%gﬁq tﬁ‘euEeaE E éﬁb | ¥ ISrilfB S transfelred

-|reC|ono nonee

tﬁ%lsr{tg %Im éhrﬁéymogl tgq? 1': gg%g%gﬁ grpegé{fnu@ds m\(/ewntt hll‘o trans?er this heat,
theat conducting 5 paths in the direction of heat
t aﬁ%‘?‘é‘rmnﬂﬂ!b%wﬁhlﬂtth%TIM? laster 202 may bp elignaskip creatq brat-conducting
direction of the z-axis 206. As with the TIM | ayer

paths imuthe glitiepigon dfdestiransfernalnio irbtks illustiated embvBimérdyethe direction
202 to create heat-conducting paths in the direction
-of theesixie2Dh eAg with sinsTM 1 gyr 204ypligieg theeatth@rmanbtubes in the TIM2
conductivity of the layer of inproved thernal

lapte202eerémé Rédt2bndR8ng AR th thB AlrestidnSsitdesifediRat tr@ﬁsfer may
W|th the TIM layer 204, the thermal conductivity of

obé’tHGQMfr‘ina@Eo dﬁ@ﬁ gf tﬁgﬁ?gﬁéfs i @Vrc]‘claﬁf&m{n%rfa%e materlal 202

2 wth aligne car n nano be greater

A gqaﬁg&%%@fows@mﬁ{h%wg&fﬁa%e%gvtﬁ A5 %o@ﬁﬁétLvﬁh
BB B BT 0  r BEB R v v

| ayer 204, may transfer the heat generated by the

&ﬁeeﬁ%ﬁxaa @BQ¥J 004V anK.1whigh pravidesiimprayed h@ﬂ@rapﬁf@r perfrmance.

206 to the IHS is 106. The IHS 106 nmay be a heat

10824} verAsshowndp dlaabaye Hisenssionrd iiiguee 2 thaynicnopracesser die 110 may
heat source, the m croprocessor die 110. The heat

behehedt sawet.s Thaifist anfroatd themhal igteifhee matevialdaye? @64 hiayransfer the

. the IHS 106 through the second inproved thermal

heat gérfepated BRtRhiztopr@¥edor 21 M00ubdtakitilystp the RlaxkOR6 to the THS
whi ch transfers the heat to the surroundi ng

RWViT
0 IR Oy RO, 8 I e

slnqg:ezﬁle'}ﬁi)ércﬂa%ce Ee £ 108l SR tﬁ@n ?ﬁ %@tanﬁﬁfy %bﬁg(the Z-axis

rray act "as the receil ver. agni ng

rrat A 5&% hj&g%'ﬁoqgg tﬁ e%elgs {@g{q{rec}t Trial mterr}gice maeienal layer 202 to

the heat sink 102, which transfers the heat to the surrounding environment and away from

. the microprocessor and heat sink assembly 200. With the TIM2 layer 202, the IHS 106

may act as the heat source, and the heat sink 102 may act as the heat receiver. By aligning
the carbon nanotubes in the layers of thermal interface material 202, 204 to create heat-
‘conducting paths in the direction of heat transfer, which in this case is along the z-axis
206, improved thermal conductivity of greater than about 100 W/mK may be achieved.
[0025]  While the microprocessor and heat sink assembly 200 of Figure 2 has been

described with both thermal interface layers 202, 204 as including aligned carbon

5
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conductlng paths in the direction of heat transfer,
which in this case is along the z-axis 206, |nproved
woeorsasissonduct i vity of greater than about 100 p¢fmgs2004/031314
may be achi eved. - (0025] While the m croprocessor and
heat sink assembly 200 of Figure 2 has been 25

i bed, . h.ther er
g@%ﬁ#@?gg}lﬁmlst%t?g% u rc(:znéarn it 1!‘, %flegt%djé? g‘%i\g"@lﬁ with caréon nanotubes _
AR o T e e
car bon nanot ubes aligned in the direction of heat - g
t odmprasie thrthermal copducsivity 10 thas daven| Applicationscsherdhan s -
202, 204 to inprove the thermal conductivity of that -
| m;ceﬂpprommruaudhmmmlmsh@nblwmﬁ reay a’mccmdmlcsc@ﬁa@me@nmore oflayers
heat sink assenbly 200 may al so nake use of a one or -

- nafftherafal iragreacs nat@ialt Bachapplicati@islindedenatbetwerh.a HacSource, such as

applications include in between a heat: source, such as ,
3 8icq 10 1d0d ARGt Rclifat orrh%ﬁﬁl‘e}’rﬁfvep %ué?xea'%ta Heﬁf@??ﬂ? 102,34 or chamber, a

as a heat sink 102, a vapor c arrber heat pi pe,
YRS S0 ARES o s by o

teltefe, e T8 AFER AR D ol Ry bF SifaS eheehﬁ%lﬁanéerface.
fj%;tfsﬁglerfé ﬁ/r&eeéﬁ{ﬁerh it bl 3ups o etk souiecn ardiffrent type

300 that illustrates how the inproved thermal

i oftheptrgediverat erial -with ali gned car bon nanot ubes is -
made i n an enbodi nent. Carbon nanotubes are conbi ned
J0026}i t hFeguradd granfow cleet 200 thht llostraresiow the impoavet itherohal
material. The alignment material aids in aligning the

" ciatebface mareihLWRS aMgriddicarboneanowbes/ie thadb @f amémbesdiment. Carbon

interface material in the direction in which heat will

BRnbfuBESAe toRBined DO2 RARYUNUHIRANRACMatRIAIGH 9&0& 1HBtc8ﬁibﬂ{ed material.
may al so be conbi ned 302 with one or nore ot

ea\rlﬂgf‘ﬂm?nlI lﬁatEﬁz?lléllﬁs 1B %Izgﬁﬁg tﬁé’é@h&lﬂ?ﬁ Fﬁfg?g {vﬁbm e Frﬁﬁroved thermal

mat er1 al trix o eria

Aé%gf%% eﬂ%'nlﬁ s Jé*f%?sgefiﬁ%@’ﬁa | BB rhe pgnotubes and
\é\aﬁggraniewerﬂ@tgnﬁﬁnqyoa I%{;gg&gcfo é %2 wit togg g ho}enotﬁer materials to result in

the combined material. These other materials may be 2 matrix or filler material, or other
material. In one embodiment, the carbon nanotubes comprise greater than about 5 percent
by weight of the combined material, although in some embodiments up to about 25
percent by eright of the carbon nanotubes is used, and still other embodiments larger
amounts of carbon nanotubes are used. In general, a larger amount of carbon nanotubés
results ina hfgher thermal conductivity. In some embodiments, the carbon nanotubes used
have a mean length of greater than about 10 nm. In another embodiment, the carbon
nanotubes used have a mean length of greater than about 100 nm. In general, loﬁger mean

lengths of carbon nanotubes results in better heat-conducting paths once the carbon

6
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.20 percent by weight of the carbon nanotubes is used,

and still other enbodi nents | arger anobunts of carbon
W960B864 are used. I n general, a |arger anmounPCOAIS2004/031314
carbon nanotubes results in a higher thernma

conductivity. In sone enbodi nents, the carbon

t - - |
SEARIAAST: ARF NP4E S TERRALAR, By A0 Pt v

TSP S o o

t.ub It tt - |
ﬁdﬁ@ca&ﬂ@%&gﬁg?@v&t\g%ﬁng %n% cggﬂygﬁ%lghea Cl\?'FI?\% matenal or for other
PCT/ US2004/ 031314 nanotubes are aligned. In various

- BHI¥&FSent s, nanotubes with single or nmultiple walls

are used. In sone enbodi nents, the carbon nanotubes
10027be t Tleataebonmanbtubes fradken atizded 304t This sndyde done by aligning the
wetting and/or dispersion, intothe NTIMnmaterial, or

. blignmiéd edaterily Phe elsgnniont @0Retial Ricaliganble Rtri@iRkU msh@alegnable

then aligned 304. This nmay be done by aligning the

Strb B WithiPHhe fatighment igat @il gfm@hemﬁ@y adke RS arbon nanotubes to
al i gnabl e structlres. As the alignabl € structures

oti]ﬁér‘alyﬂ@d 2L W@ "R Var/BRE @@'g@hm%ﬁﬁ Q{ffeﬁgﬁ gl:gﬁrﬂﬁé n?qq&?ﬁs are used,

e car bon nanotubes to cone arlgne as~we

i fferent, al, material s

YR 12 WP B P g afet H AMER gt anonBeS ifers

rlal o.aljgn the carhon nangtubes differs 1o
g%ﬁgg&ﬁ%& ichligAmaT GRS Higde rinppughisg of an akigpraeny paterial,
use of an alignnment material, alignment of the carbon
Alignonais o5 thegagheaagnotypesdh casefl ovkick allew's envatéen efibermal interface
interface material with aligned carbon nanotubes that
mgteriphivithlaligneshessipernaantibeothet ip tgutallyathedmar andnoroge practical for
applications. [0028] Figures 3b and 3c are side views

- nioreappdiciuidtisnent of the conbined material s

‘incl udi ng the carbon nanotubes and alignnent materi al
foaeB] befmp@el BH antd S A0 kiRAGewA df0h entHoddHER of @ﬂe combined material

alignment. Figures 3b and 3c illustrate how aligning
RS BEOBRRIRS: TR LIRLENBAT AR gy Joyond aer

éﬂl%l.ﬂ‘@ {;)'i%]lggfﬂéﬁ FF%H{ E%b %B% ;g(@gh%%%t,e hpﬂoasr%g%? tﬁm@%ar%oﬁ Banotubes

may improve the thermal conductivity of the combined material. In the example
 illustrated in Figures 3b and 3c, it is desirable to conduct heat along the z-axis 206, from
the bottom of the combined material to the top. Note that in other applications it may be
desirable to conduct heat in different directions, so the carbon nanotubes may be aligned
differently. In general, much of the heat conduction through the combined material occurs
along the carbon nanotubes themselves. Paths created by aligned carbon nanotubes along
which the heat can travel from one side of a material to another may provide increased

thermal conductivity,
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,the bottom of the conbined material to the top. Note

“that in other applications it may be 20 desirable to

wongsosisheat in different directions, so the cacparn04031314
nanot ubes may be aligned differently. In general,
much of the heat conduction through the conbi ned

i al : of e
TR BRSSO Ep i AR HRETOE, with ungligned carbon
al o i.ch.the heat. can tr |, fro n ide of a. .
it @fbes 65 Tk ARG GTIE etk Flsibfaly fidRm Stenations
conductivity. 7 WO 2005/031864 P /U82004{-,t8313%14 :

Moo theppaena 398, Thereare ¥erxdew paths grrateddyntpr Negligned carbon |
‘material 308, with unaligned carbon_ nanotubes 306. - -
Theotubes 30grabangruinick bpatsorldaraval alorg e zaaris 206 fromghebettom of the

orientations wthin the material 308. There are very

- freatenpa tdithe top aTlad, the théremalioaidugtiady afth® onaligned atamdyéad 308 of Figure

306 al ong which heat could travel along the z-axis 206
f3bagrddiReldbtvom of the S material to the top. Thus,
the thermal conductivity of the unaligned material 308

Cp— g u r i'- ; .. V . . . R ) .
" gt ot o R 8 e 1

O B e D5 ORARSHR Ll e S
R B SR RBET 651 B BB B e s

nanot ubes to becone aligned as the aljgnoment material . ‘
ithat gpysg Mascarbor nagptubes e 3hamesk astheal AT eterial is aligned.
materi al, the aligned carbon nanotubes 310 provide )
deften gligment 306 of degoatbined maiedH, e aligecdrarbanesanofubgsd 10 provide
the bottomof the aligned material 312 to the top.

Phaths 8 1481653 BldonB¥hich3bst azm\tragelefadrh yhe gitcmw ef thealigned material
thermal conductivity of the material. is [0031J One

BYP 6o OF teht Thesh phthsBY4,I3d 6f DI3agY Bicady irgiond tiOdhetni® conductivity
material is a straight path 314. In a straight path -

dithe hfi&igar bon nanotubes 310 have been substantially

fully aligned along the z-axis 206, and one or nore

E0) GO RERE o B 5k B, ol T Ay iR Bl Bl s toigh
%laf.hg.ﬂg.d e tst%iigﬁtl paﬁllglli,?hé cba?bcm nanotubes 310 have been substantially fully
aligﬁed along the z-axis 206, and one or more nanotubés make contact so as tcrmake a

‘substantially straight path 314 dii'ectlj from the bottom of the aligned material 312 to the
top of the aligned material 312. This straight path 314 providés a direct, unbroken, short

path for heat to travel, which provides a very high thermal conductivity.

[0032]  Another type of path formed by aligning 304 the material is a crooked path

-316. The carbon nanotubes are not perfectly aligned along the z-axis 206, yet still make

contact with each other so that a compiete crooked path 316 is formed from the bottom of

the aligned material 312 to the top of the aligned material 312. The crooked path 316 is

not as short as the straight path 314, so the thermal conducti.vity may not be as high as

8
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.top of the aligned material 312. This straight path
314 provides a direct, unbroken, short 20 path for

Wﬂéoa”cw@%?ﬁt‘ravel whi ch provides a very high t hePGRIUS2004/031314

conductivity. [00321 Anot her type of path fornmed by
aligning 304 the material is a crooked path 316. The

alag lsum:ghamlts.l Hésweves, lvat flpeinicedddg/thil drgsied [EtloB Y6 1ag be
z-axis 206, yet sti Il make . .contact with each other

co@iucAtbyahs SHRIclBromapkERbRS 10, 33 fhel e %ﬁdﬁ@@ hg fhaterials

bottom of the aligned material 312 to the top of

ﬁih‘sﬂ@ﬁ@roﬂﬁé@?%tﬂéls%ﬁﬁ% ttg(ﬁ rooked path 316 is 25 not

as short as e stra h 314, so the thermal

‘@@?f Usob Shird P b ol 8T s AL 304 e malad fos croalied path with

oW n al ong this crooked, path 316 rm “be - conducted ,
°B‘§/°'i e %&ap@ﬁ & thiuser sanet apekedath 3L hemanenaptimvel all the way

conduct|V|ty of materials wth such crooked paths is

- fiom fhe leperisurfageef the eligsid matetialrid 2ty e upipepsurfack of thechligned

by aligning 304 the material is a crooked path with 5
mgfasiad B 1 rwvhde haipg c8ddictddbisaichiben gapode. Hooded thaghps 320 in such.
318, heat may not travel all the way fromthe | ower
gappetiaceked phihe 328 igalethedmiateriAR13 %tb@ shi¥@lcH®Rf the gaps present in
surface of the aligned materi al whi | e bei ng

ufiflipiled hidebriY 368,68 rt@@ihcﬁﬁﬁl%BH@lﬁ:tlvllig\ﬁ?ﬁﬁbnaishﬁgﬂ Sich. gfd crooked

in such. gappé€d crooked paths 3 In aligne

g’t%g 3 F@ﬁa? gg@ 8 i og@{eﬁ {elﬁ? i H%q“ngﬁgr?]eéi ftgﬁaﬂ% 0'8 Gaﬁ?g?&l slgapgﬂ paths

rmter her ma FVIty of eria

o et af SRR e CRS S she e oo SEkbStppsties reduce the
nm&erncﬁhn@rl&abes eSO TR a0 6588 DioGuREe] Emierial, 0 longer

- nunber of nanotubes needed to reach all the way across

ngnpsubgsingyagdvre tbe pumbersd gaphibriveemeanotublse sndringreaselthedhermal
'the nunber of gaps between nanotubes and increase the :

conductuity oftbadlignadumatgrigdf3l2he al i gned material 312. is
[0034] Figure 4 is a flow chart 400 that illustrates

[0034] an Fipererdeis ai fluvecharc400rehiteillugtatesolvharadheghd dnefa&Omaterial
nanot ubes may be nmade when clay is used as an

- wathiligABNéarB&] firolbes AaG Ve Ghdtid Wikn2hyqF Rl d@ﬁtalxg;l;ﬁﬁnt material

clay is prepared 402 for use in the inproved thernal
according to an embodiment. The clay is prepared 402 for use in the improved thermal

interface material. In sdme embodiments, the clays used may be an agglomeration of
individual platelet particles that aré closély stacked together like cards into domains calledr
tactoids. In one embodiment, the individual platelet particles of the clay have a typical
thickness of less than about 2 nm and a typical diameter in the range of about 10 nm to
about 3000 nm. The clay may be chosen -so that the diameter of the clay platelets is on the
order of the length of the carbon nanotubes. The clays used in some embodiments of the
present invention are swellable free flowing powders having a cation exchange capacity

from about 0.3 to about 3.0 milliequivalents per gram of clay material (imeq/g). Some
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20

interface material. In sone enbodi nents, the clays

used may be an aggl oneration of individual platelet
wanroisaidew4t hat are cl osely stacked together |i kemesaes/031314
into domains called 20 tactoids. In one enbodinent,

the individual platelet particles of the clay have a

t 3iRbdtinents RiCHRRSBatlre bREITabId frbe ABRIH P WHBAIH i a cation exchange

typi cal dianeter in the range of about 10 - nmto ~ about

3%%8?{%?598%&&' q glg% aﬁ&ﬁslefm%g that the dianeter

Y bIS oEthle Pder of thelength
T
830K et S5 SRR e of % PR b5 7 Fagshieved by causing

free fl ow ng powders havjng a cation exchange capam ty -
%Sw%weal@w:d olay tq Fpagiwidh One or WPYe QrgYls Gattais whighare ammonium
gram of clay material (nmeg/g). Sone 9 WO 2005/031864
PCOMpI®RAO MY 08EFMbodentrds)itoremiss pagial of eprepleteaation exchanges Many
swel lable free fl ow ng powders having a cation .

emethadg® accapplisht thisfmaynbeadedt 0. 90 neq/g to about 1.5

neq/ g. [00351 In sone enbodi ments, preparation 402 of

t19936] ay Fidite s 2BbWaNEH sby tieR Uhishates #r MORS 4l Row the clay material
| ayered clay to react with one or nore organic

Clgl_%ﬂi g@ Elg:ﬁ%(‘%ﬂ 902 3L &ordHERY b%rﬁb&ﬁfmﬁw didy ﬁ ersed 502 into hot

to cause partial or conplete “cat n

CHSRPOE e by B B8Est BB Bl fwefgr?e% Cetie. An
e S oo o xaqoﬁgedeﬁ%#é%i Ao e 'a%dé@;o the clay.
is dlspersed 502 into hot Qé er thaterrper ture
ofheapsdfind G@Ycﬁé@ﬂ@éé’lf@é‘?@ﬁ fqr@ neped of Goegufficien for the organic

Celsius. An o0 organic cation salt, alone or

déadions toerkchangaanast obthe anetdlivations presehtim thel galierisg betveeen the layers of
the clay. The salt and clay are then bl ended 506 for

athp elaiyo 'hésf mbkesheselhf moirecdmpatibld With oertem neatrix atateviads, such as

to exchange nost of the netal cations present in the

?ﬁl&ﬁétseﬁutﬁi eii@ehe the WithiRcdndined! MRhé! AdthodIthay bek&sl to increase
e clay nore conpatible with certain matrix

"@Jn%dtlﬁhﬁy 1§Mﬁ&: ScatiBR bXCBhSe. Thd dlayMiithdh &bBtedl 508, Which can be

be conbined.” Gther methods fay -be used to increase is

ARl mﬁﬁﬁfgéﬁﬁﬁ @fﬁyefff%“ﬁ&ql Qi pshats &

Ll%cllla%gstgl vk of meﬂl Ay 1llf‘}e par%gle STZ2 o?’¥h IXy 1s§ﬁ1en regucedrﬁvel() typically to a

" mean size of less than 100 microns by methods such as milling, grmdmg_, pulverizing,
‘hammer milling, jet milling, and other methods or combinations of methods. Optionally,
further treatments may be performed 512 on the clay. These treatments may include
treatments that aid in exfoliation of the NTIM material into which the clay is combined,
“improving the strength of a polyamide clay interface of the NTIM material into which the |
clay is combined, and/or other treatments. One example of such a treatment is

_intercalation with water-soluble or water-insoluble polymers, organic reagents or

10
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.conbi nati ons of nmethods. The particle size of the clay

is then reduced 510, typically to a nean size of |ess

whnasshe@eii crons by methods such as milling, gepCnaisn@i/n31314

pul verizing, hamrer mlling, jet mlling, and other

met hods or conbi nati ons of nethods. Optionall y, 20

f t £
T b s B Ol TR i ARy Tl Brgpriece

_ L of the NTIMmaterial into which the clay

i?ago Oﬁgge“ccf%’?%{?"ﬁg the strength of a pol yanide

clay_jnterface of theNr terial jinto the .
J@é?i s Higfo Figge Arhg e P1 PRRRLHDRE TR e, © e3ahiped 404 with
of such a treatnent- is intercalation wth i .
witearepastdtpe Ore oramere-Gthes anaterials pey plierbs combipedi494 with the clay
reagents or 10 WD 2005/031864 PCT/ US2004/ 031314

membiie carbos inhmtebeso Tho catien namitabes aod oteg aratered @) Wlth fWthh they
and/ or other appropriate materials or their

- Contloninedtesultlil @2 émbRRY Widérit]. (0o @hb&lithent dT@he piebait invention,

10

15

20

25

nanot-ubes may then be conbined 404 with the prepared

ctlﬁxelaﬁa%;msemgseth% st WES{chﬁ'bSr WE¥htedfSRe Qxﬁnﬁﬁé@hﬁ%ﬂxal | In

404 wi'th the clay s and e carbon nanot ubes.

C%&R&ﬂ%@%ﬂgfﬂ&?%h?&g}z 9619 Bifis VRS il dbBht %ﬂaeqw)’y%lém%fthe

are co r esu Conblne mat er |
R nEE hareol apfufy L o 85 ﬁl%ﬁﬂtheb@%crngﬁ% e fign about 2
23%%%4% géﬂ%&ﬁ@ ﬁwgﬁﬂ&wﬁ?n%grgér Olbgrje fbﬁéﬁ% toprovide enough

conbi ned material, and in yet a th| rd errbodl ment, the :
cPlaieletommst iagteist stmstrestia alig thetcarbon napeubeswhen thaslaypaterial is

of the conbined material. Enough clay nmay be used to

paligriede The olay usechindbeinareverrthienaed irsefacetmateiialmeay beoa natural clay, a
align the carbon nanotubes when the clay material is

-atyrgireeid clabh & neddifedysgtodilicdid) @r anghavdsy dihafxmak of clays. Natural clays
interface material nmay be a natural clay, a synthetic

CimRlide 3mieBiste la96 siRiRYek nRimirthbingte, QpordRkOhRRbrite] MicaOvermiculite,
m xture of clays. Natural clays incl ude smectite

Cbéﬁf&u&yﬁ&n@t@%d@&s LbikBhii@ite SARLAE %npa&t 9hd biers. Synthetic

mca, vermec I'S bentonite, nontroni

R I M R R A syktgg«%ahé&ommd others. Modified

Wl@;@]‘ gtesé?agf(s) r11r|1c:tiudca fﬁ%g}lgt%& In{:orlPrl('ait(J:rti1 rnl1ttvaeﬂuglr?ndate%t rmca, Yand others.

- [0038] In some embodiments, one or more of a wide variety of matrix materials may

be combined 404 with the carbon nanotubes an.d the prepared clay to form the combined
material in some embodiments. For example, a matrix material may be.chosen for its
good wetting performance and/or its low interfacial resistance with carbon nanotubes.
These matrix materials may include polymers such as silicones, epoxies, polyesters, and
olefins, solders such as indium, tin, and their alloys, polymer-solder hybrids, or other
matrix materials, Olefinic resins are useful because they have good wetting and low

interfacial resistance with carbon nanotubes. Some examples of olefinic resins that may

11



,phyllosilicate clays include fluorinated

montnorillonite, fluorinated mca, and others.. [00381

wo evms1ssabodi nents, one or nore .of a w de var petryus04/031314
matrix materials may be conbined 404 with the carbon
nanotubes and the prepared clay to formthe conbined

rrat or g“‘ﬁ‘l‘e ér@%@?ﬁ@iﬁb@@ :pfgliteltéﬁn;éé; i 8n%@ﬂ&l ﬁ)]y&hﬁ@ﬁé I X
ghiet opg‘lgg“z%“eﬁéspgpaﬁ*‘a W Rl bl ﬁ?ﬁa?ér%‘&wafsﬁ be used o

poly. i 1icones, epoxies,. polyesters and

d?rg%ggégd‘%?‘gé’@f QEPPEEEES: ndi um tin, and their

aIIo s | ymer - sol der hybrids, or other matrix _
Ji al 5hemwélm oenguatize ppethar Blleranaterialp swy alse hetf@ylbmed 404 with.

have good wetting and | ow 25 interfacial resistance

vih¢ harban bantutes ahd BegrerBoakclax tnfolreshodorahinéd material in some

~resins that may 11 WO 2005/ 031864 PCT/ US2004/ 031314
benbisiadents Shermalipbostiuevd llas nidychely meotve lhB\tlmih'iaDCbnductlwty of

i ncl ude pol yet hyl ene, pol ypropyl ene, pol ystyrene, and

R abhibRelBlignsd M8ferilBly jnproBhe tetleat ﬁ%fe@'aﬁﬁlgb:%rﬂb‘ﬁ%notube -
to provide additional “desired properties. .

a:#i s tlt}évg | ne?hﬁégmﬂfc i hgét ﬁfgl)’ 1%%5@ it 'tlfélnﬁgf%ﬁducc:rwlty of the

e CO on nanotu

s B S Yol Sr R e SHRRBEARE Rl Brabigoch o

i@

15

20

S 25

h roethether condu It e .
CRBiny OXidg, leﬂﬂéﬁwﬁvlal“%“ﬁ‘?ﬁﬁ» 80 ﬂ@efsh@eﬁéﬂa%uch as aluminum,
transfer al ong carbon nanotube paths that have %P
TaeePeositieELand others, iselders Fash anipfippandathemangdether tiller materlals
conductivity of the } gaps 320. Such fillers that are

Uéedl]i n dtee cambinaiiored(ids therddyuiay bedispérsed imubhcembibed materials so
al um num oxi de, boron nitride, alum numnitride, and

* ahitahésst offtHead# sximtdhasindiaidual platelet padiofes) smal favteids, ambsmall

others, solders such as indium and others, and ot her

'fdglgi‘%'éteﬂ’%i‘ BlctordsSwith A mSAdiSs TS itk 4698t Z0dm ih BRe

cl'ay may be dispersed in the conbined materials so

té?fiﬂod §rtt Rhich Qxﬁeaﬁé Abst 'tl?et gﬁﬁémbtg q[E Vlatlial opia@fo?dse&rth less than

parti c smal tact0| aggr egat es of

R I b o

i I I | h |
n sgrtn% c?n ogirr?én%s 1ett1§ dgswag]a%o ga\geshl\é\f'nér numbers ofh nc.!’l~l vidual platelet

~ particles of the clay and fewer tactoids or aggregates of tactoids.

[00411- The combined materials may then be subjected 406 to shear forces. The shea-r
forces align the structures within the clay, such as the platelets, tactoids, and aggregates of
tacfoids. As they becon_ie aligned, the platelets, tactoids, and aggregates of tactoids cause
the carbon nanbtubes to also be aligned so that the NTIM has improved thermal
conductivity. Many methods can be used to subject 406 the combined materials to shear,
including molding the combined materials, extruding the combined materials, and other

methods. In some embodiments, the NTIM material that has been subjected 406 to shear

12
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. about 15 stacked platelets in enbodi nents where the

clay has a thickness of about 2 nm |In sone

vapbediopmei s, it is desirable to have higher nupbewszminzizi4
i ndi vidual platelet particles of the clay and fewer

tactoi ds or aggregates of tactoids. [0041] The

SRR AR o LS ML S T s
i B S M A5y BT . o

pl atel ets, tactoids, and aggregates of tactoids cause
examplerthopads arrythessed epthg lg'll.t?étdéﬁ%?rﬂéﬂ% 85%#‘&6‘ Cfeﬁ%ﬂbed above
NTI M has i nproved thermal conductivity. Many nethods

oith iespegsdFipare QUi pat wish 6ligiesd cadrebinanotubeg wey he ysadms a TIM2
shear, including nolding the conbined material s, , ,
@aster 002 Bepatiftathe BIMVIRd dafotvetheheut sinkhd 0D tdbe renitived and replaced, and
met hods. In sone enbodi nents, the NTIM material that 3

- BAswh 8 eBerSy Rit A REhAR Gink Q03 R fout shec MR AR RIA&b4E Ige or

PCT/ US2004/ 031314 is then divided 408 into pads o ‘
' %gb@ﬁ{eﬁg. ’f“l'msf:tlﬁﬁ ?\ﬁﬁl\/ﬁﬂlgfeﬁwib@ﬁ@abﬁé’ or W2 IPFINIS ‘fa\mcr 202 and has a
application. de

ese pads can then be used In a

S 3 A ) P O s

descri bed. above ~with respect. to Figure 2. A pad with
grqaaﬁg@tee@ﬁwﬁe%ﬁeaeég eerd%d as a TIM 3 Iayer
202 because the NTIM pad allows the heat sink 102 to -
100424 no\iachng eenbediment efithe arrsentipyanienal Ggramstof sidica glay were
the heat sink 102 w thout special soldering know ed%]e
prepasguiOBndihis. clahwas thein eomirinkd Add withd0 grams of singleevdllgd carbon
use as a TIM |ayer 202 and has a thernal
aainstibdsiantd 69 gidiad ofl 48 abptayolefine seshi gheix miarialtbyemnixing the materials
thermal conductivity of silicone grease materials
G5 GERBLE plaeed mikefol ke hautS at 4 Rfpetature @948 Hegide©Qelsius. This
enbodi nent of the present invention, 10 granms of
e ' . . hay. ) _
B i g PP 400 % sho Bk 3mSR 186 combined

t _ 0..ar -0l f ni ' .. .
PRI RS AP P ey ROl Bee P Slrind 5 hep divided 408 in

the materi‘a
| anet ar Lxer far. three hqurs, at te rature of 8
ottt fudkiess Fapart o A Hadichn, ThepEPRRLEE Hia b and found
subj ected 406 to shear_ force by ext ngWg he conbi ned
to have a thermal conductivity. of greater than about 1 /mK.,
[0043]  Figure 6 is a side view illustrating how the combined materials of Figure 4 are

siibjected 406 to shear forces and divided 408 into péds according to one embodiment of

the present invention. The combined, unaligned material 602 is put into an extruder 604.

" The extruder 604 then extrudes a strand of aligned material 606. In other embodiments,

uncombined materials may be put into the extruder 604, which both combines 602 and
extrudes 604 the material. The strand is aligned because the extrusion process applies
shear force to the material. This shear force aligns the alignable structures of the clay,

which are platelets, tactoids, and aggregates of tactoids. Alignment of these alignable

13



.15 material into a strand with a dianeter of about 1

- inch. This strand was then divided 408 in to pads
WOt20054030 ¥ ckness of about 0.25 mllineters. The<a/yRede 031314
were then tested and found to have a thernal
conductivity of greater ‘than about 100 WnK. {00431

ﬁ%ﬁ%ﬁﬁgﬁﬁm'@?’%&ﬁtg?g ﬁgﬁgrog e dJ ecl{éggﬂﬁg%tﬂﬁlfsiﬁggﬂfﬂ%gﬁgure 6, the
e GRAR nEess Syl o & RORE R AATE el ot macria

T%glgned material 602 is put into, an extruder

138 TG disald Jori, His exlimderhitang 1sinpute acffhoapﬂrrgﬁ?@dwhwh cuts the
material 606. In other enbodi nents, unconbi ned ,
netaadiintpelizrad pads HLA of mselectedcheightisuitable Bumse wha desitsdtanplication.
conmbi nes 602 and extrudes 604 the naterial. The '

5 shotarthititle ‘teightitid abmgatis e-akis @06 xdor that the “Ipiglg® &sthis case is rneasured o |

- applies shear force to the material. This shear force

- afrorgneft tdglalin gRAlMEratibh UEF gﬁ% .0ThdsB @add @y, thetbbaideafor example,
are platelets, tactoids, aggregates of tactoids. -

Alsi g8 R BbthIF tﬁéml ﬁﬁd/&”?l‘%ll?la e 208 Mﬁédr%@‘lor in other
PCT/ US2004/ 031314 structures |n turn causeés alignnent

- oz&)h&ﬁ ot rbon nanotubes. As illustrated in Figure 6,
8 |gnment of the aligned material 606 is al ong

e 5 s Dok 0 B SRR RL 8 e e gl nerace

chopper 608, mhlch cuts the strand into aligned pad
10 gugertl withalisned eerbae P@frﬁmtse@mae)/meetnwﬁaca%rém&qtoamc?&qu@aent of the

application. 5 Note that the "height" is along the
Aresentinyogionswhentiguid erystahiskighs usadas ahialigemens majerial. The carbon
- .measured fromleft toright in the illustration of
- Hagowubesare Thimbmep 02 withrthd hiquid lveystad ectin. fInroneeartholdanent of the
~as one or both of the TIM1 and/or TIM | ayers 204,

- 30ésenf invegibngthe ligafd drijstaltrBsih compfbdsGadre @itm aboul DPPdrtent by weight
Figure 7 is a flow chart 700 that illustrates how an

'dfﬁlﬁ@é’cﬁﬁbthé@hﬁﬁhal‘ Bﬁ@(h@%@ﬁlbml:g RS nfly cohbil ﬁ{daﬁﬂﬁqlanotubes and

- car bon nanot ubes fmay be made according to an

15 ﬂtjﬂ freQiB q#StheP%ﬁﬁmcﬁtgvtﬁQil o c%aap rédxrg F&ﬂqﬂses about 15

resin is used as an al

ﬁ:)%%/c%gpﬁ)y @g%ﬂh&bﬁﬁm nq)gﬂ?fgwgt%%?l t'lh:g lfqgede%rgﬁaai resin includes
Itaﬁéﬁ rlacllggtgtgcu%gse plgagghﬂ'fag%ﬁ/ i;gp 4 esst’z!tlr}es%r?snl}ﬂ gg zsisergln mc]udmg rod-like
liguid crystal resins, where the rods are the a_lignablc structures. In some embodiments,
liquid .crystal resins with melting points less than about 200 degrees Celsius and/or are
20 soluble in a solvent or diluent are used. Additionaliy, the liquid crystal resin may be
| functionaliied with polymerizable units, such as epoxy, vinyl, hydroxyl, or other units to
~allow curing of.the combined liquid crystal resin.
[0045}. In some embodiments, one or more matrix materials may be combined 702
with the carbon nanotubes and the liquid crystal resin to result in the combined material.

~ 25 Such other matrix materials may include one or more of polymers such as silicones,
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,of the conbined naterial, and the conbi ned nateri ai

may consi st of carbon nanotubes and 15 |iquid crystal
w@s003/031%a4 ot her enbodi ments, the liquid crystabCraszow4/031314
conpri ses about 15 percent by weight or nore of the
conbi ned material. The liquid crystal resin includes

Eﬁpbﬁﬁﬁq:‘o?ye%fe'féi ﬁﬁ&'ﬁl%ﬁns 'ﬁ@ﬁkﬁrs@héﬁ o iﬁﬂfurﬁ isUAl e slleys, polymer-
resins may be used, including rod-1Iikeé f|qU|d crystal

s%?de?mbme&gothmp{ltﬂqif?a@érﬁlg "Gt {ngp%aeﬁm@ 185be used to

urd crys Fresins w th

I nt s th n, about 200 degrees Cel si us
&Hﬂ)’lngQ&g Sag%fe@kﬂr%p *5a solvent or diluent are
used, Addjtionally, the liquid crystal resin may . be,:- )
f10A4e); ongﬂlﬁa@alymﬂﬂu%w ghethes Blleranaiprials may be {foRbined 702 with the
epoxy, Vi % m%droxyl or other units to allow
carbonapptubesansith liggd crystalresintojresuld inrthgfombined agteriahin some
sone enbodi nents, one or nore matrix materials may be

 coonbaicliveekty, Uﬂhermatljfl cottncties filkers naydielbmspraviitht ieerhiatcomuctivity of

crystal resin to result in the conbined material. 25

- Shée bombined, a l[ﬁ%héd mat&ﬁﬁlew ialpoviny tHe@htnsesralonk oaetion mhotube -
C

pol yners su as silicones, 14 WD 2005/031864
R WRA G094 % 23 The c@ﬁﬁ?&h@@ ﬁll&@lrﬁ{a%fsiﬁl‘f)?&ve #8 thePh&f ddductivity of the

solders such ‘as indium tin, and’their alloys,

' %% . %&%lfﬂfe'i' !BXP:LF 9§‘ed 18 o{ﬂ% I%ﬁ'{t;omén't ngﬁﬁg‘rséﬁh@cs such as

rx nmateri e use rovi

dltlonal sired properties 046 e
ADiihinu Guiod, Boisiar s Eﬁ\“@l"“ﬁh’i“é‘?(? iy ﬂ%ﬁf b@e%t%msa aluminum,
702 vvlth the . 5 carbon nanot ub s an ge
cPyReatilvenand ofhers aalders suh asqadig rﬂé rw rc’iﬁsqr fillgr materials.
some enbodi nents. Thermally conduct ive fillers may
Hather propessssanashalsa beparfirmed oa dee somhiyechmateriple
conbi ned, aligned material by inproving the heat
t{pediHf er The ongbiced bhaterinbisshandeyerpd?Obon hdidmhsaueh agMbdar or another
The conductive fillers may inprove the thermal

dinderatiexdetlined§ Thib €llmgapsor2he cdmisified nhleeiabartdabkartandling and
used i n sone enbodi ments include ceram cs such as to

PRULTHE S dBmbRRA Afbictial EAAS, THIE) EHIR Al idylBs pé’ﬂg'med by

ot hers, "nmetal s such as alum num copper, silver,

?:Iﬁ%lﬁ‘r ?Aélgﬁ[:? nﬁ%‘fila ﬁrg a h‘i}ﬂ Tt g‘ihé)&&ﬁﬁl ed ﬁ%g:rﬁi Bﬁ b film, or

rra S-may al SO

QﬁroLgﬁ nﬁl%f I%réthtogs X seconﬂ“ﬂm or rglcase liner may be then layered on the

combined material so that both sides of the material are covered in film. Combinihg 702 a
solvent or diluent with the material ma& ease layering 704 the material on the film. |
[0048] The combine_d'material is then subjected 706 to a field. The ﬁeld aligns the
liquid crystal resin.. In various emﬁodiments, a magnetic field, an electric field, an electro- |
magnetic field, or other fields may be used to align the liquid crystal resin. The alignable
structures, such as rod-like structures, in the liquid crystal resin in turn cause the carbon
nanotubes to also become aligned to résult in an NTIM with improved thermal

conductivity. The orientation of the field is chosen so that the carbon nanotubes are
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,[ 00471 The conbined material is then I-a'yer'ed 704 on a

film such as Mylar or another -filmor release liner.
WRi2805f6318¢¢ supports the conbined material and MmeKERIS2004/031314
handling and is processing of the conbined materi al

easier. This layering 704 may be perfornmed by casting :
talign&Pimty dE@HedT&'E&fnbﬁ' T88 ﬁemfalédacwlfeehy 69 tﬁé‘&rﬁm%ﬁﬂ)es to help

rraterlal on a Im or roug oth er

Saﬁg{? It:{nﬁ‘g d.{ ﬂ%?\?&%ﬁ)} 1111@1[%[% é’lg!i%e %‘l Pma%}(ﬁ[ ﬁfjthg r]’lqmd crysta!
S ’ﬁlké?l}asr‘ﬁﬁ'feﬁ¥1?{?é Rl ey Do By o Sy éﬁwveﬂo@

nat_er on the film 20100481 The conbl ned mat er

inén?tﬁé o5 thefbif @8 plempowas Wade tojakiga theyqeban nangtubps gmctkyrmf the field -

‘liquid cr¥stal resin. In various enbodi nents, a

vl t the afigement raateradl e Slonibinifg 202a selmerglosdilnent with the materxal may

. nagnetlc field, or other fields may be used to align
. tehe dlignmiedt m‘frtye; taterinb sNote tHa1ehedr ifgroes) bech asithosetapphed by extrusion

such as rod-like structures, in the liquid crystal

1288 idescribed abdveaatiSRspREINRE beBodiRAOKHES 2ldyqs EeSflignment material,
beconme aligned to result in an NTIMw th inproved

RS behRed @H‘ﬂia@tthé’ EoéMibindd ?rla%ria?@/h@‘ee'lﬁ{ﬂld)(tryet.tgﬁreglh% fhe ahgnment

10

15

20

i s chosen so th t he carbon nanot ubes ‘are

it SR

§oacts  di rectly on the carbon

ﬁﬁ@@iﬁf’ﬁ ol b bR TR R i T d some

'rg_i?l ch smaller field strength may be used to
“gansg fing 708 pecusnis plispias dienagkoningantubes, grhile in other
attenpt was nmade to align the carbon nanotubes

- gmbedimeptsptheionyeng 76§ geanrsluring the alignmadnit grovess; while the combined

material. Conbining 702 a solvent or diluent with the .

- meateial &l Suh'ﬁyted g86 ¢o dicirgapmeti¢ fielfl. Cleinpdicanatatial ey Reep the carbon

that shear forces, such as those applied by extrusion

‘amdatd&sengmmlmm@\mewgeh respect to the enbodi ment
where clay is the alignnment naterial, nay also be

fouBd] t O B 19PN I%@at&?a‘f?d fef de&e@Wl@lmt\leﬁHsefolr Lggli Ttilcally, the

crystal resin is the alignnment ¢~ erral 1n ace

Lnéf%?: Sslrrlgllnge%l o tg@tl{ng eg]gadfxls ?éﬁllegljaga[t &é@ﬂlgﬁ&fﬁ Q%éryql such as |
T S

although it may also be removed at a different time. The pads can then be used ina wide

- variety of devices to transfer heat. For example the pads may be used as the TIM1 and

TIM2 layers 202, 204 described above with respect to Figure 2. A pad with aligned.

- carbon nanotubes may bé-uscd as a TIM2 layer 202 because the NTIM pad allows the heat |

sink 102 to be removed and replaced. Thus, the NTIM material is suitable for use as a
TIM2 laycr 202 and has a thermal conductivity that is many times higher than the thermal

conductivity of silicone grease materials currently used as a TIM2 layer 104,

16
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_enbodi nents, the curing 708 occurs during the

al i gnment process, while the conbined  material is
WOokpeasss4706 to the magnetic field. Curing thecT/usS2004/031314
material may keep the carbon nanotubes aligned during

| ater use. is [00501 The NTIM material is then divided

{86511 " OrRALS{RYIHSR of tTl)ég’ d&@ll]tl MW ttlBﬁ d36 %ﬂamﬁ%‘ a}ﬁha—oleﬁmc resin

rem)ved at the time th I'S app

&er %ogf: ﬁ@g?ﬁ?ﬁt quls3 S%g"F?F ?f‘ﬁg@@ﬁ r%?rgs gﬁgme. 1],;% é’ﬁ'fbém nanotubes

' al t hough it yalsobere ved at .a.different
?p g edhiStilbrog (@ n%go egrees{Lglpiug. a '%;:L} 0e$r9mépftoluene

devi ces to transfer. heat. For exanple the pads may be
yeagicombinedh 763 ky gdcbrpgjthgmt ttrpamanem;’lgxez@@ateg txabout 30 degrees
descri bed above with respect to Figure 2. A pad with
&lelsguserabd maized a5 (nipnofou besut vay hine. The dniatirawis Menlpaysed twice
202 because the NTIM pad allows the heat sink 102 to

 Heougnmyedl] afill at S8 degrddylCelsitid) ETHSTdM bR Ehb@tialsSwere then

suitable for use as a TIM layer 202 and has a

tyeraEiod RS0 wbﬂbx tiftehayieh Ao HeRt b0 THE AR, the

t he thernal conductivity of silicone grease materials

o T Y

e T S

of..s wal | ed carbon nanot

yity. tk?j?%‘?lﬁv% gyferghyas theprured gggéﬁﬂ F %‘?Q}’é)loo geggees Celsius,
100 grans of toluene were conbined 702 by addi n t hem
vila Sl Bvhiecied 794 toche mesadl el ADIARIBYagdiyidsdd 18 into pads. The
Cel sius and m xed at 50 rpm for about one hour. The

- filmwas ecmaredt Hefrom $eqdds, wideh wetertberglested 3ad Ghindrd hive a thermal
~at about 80 degrees Celsius. The conbined materials

mchcﬁﬁ@nofdbauﬂwm, onto a 40 micron thick Ml ar
filmthrough casting.' The filmwth the combined

Tmsel | alFiyaes RheRd Sviitke @ﬁk%ﬂ&ﬁaﬂlﬁuﬁm@ﬂé\ﬂﬁ&ccﬂlﬁhéﬁ xﬂﬁtenals of
about 0.3 Tesla for about thirty mnutes to provid

T OGSk T RS gns ome
8 i, A AT L e
PR Tipttd nafar 30k s onfd S film 804 by an extruder 802. The thickness
of the combined material 808 can be selected to be appropriate for the application to
which the aligned material will be put. Tn this example, the z-axis 206, along which the

carbon nanotubes will be aligned, is substantially perpendicular to the plane of the film

804. The combined material 808 on the film 804 is then subjected 706 to a field 810, as

shown in Figure 8b. This field 810 aligns the liquid crystal resin in the combined material

808, which in turn causes the carbon nanotubes to become aligned.
[0053] The foregoing description of the embodiments of the invention has been

presented for the purposes of illustration and description. It is not intended to be
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-of the present invention.

. gg’ltg%&gqﬁ cﬁﬁngg%ﬂgﬁg e tg%qgg(%gﬁlh@%wgggﬁ%ﬂmﬁ%%& S;Zo%éi e in llght of

. filmwas renoved 712 fromthe pads, which were then

tested and found to have a thermal conductivity of .
WhaoesmeH+W nK. [ 0052] Figures 8a and 8b are simE/US2004/031314
views that illustrate how the conbined materials of

is Figure 7 may be layered 704 on a filmand then

HRLREVEEr t606n theAnl iRl t@%‘i;fr?cl[n&gfohﬂs BRBlosEdTDRgidRKilled in the
ustrated by Figure 8a,

e co 0 el ect
HBoRGaF ey efSﬁBS 56T iBF o Sull ecRgh R il erqugvr?éfa't
material w'll put. Inthis exanple, the z-axis 20
SPBRAHANS wowﬁena @nfé sihsyrtions B (yBEeUs Gompasents Showe in e Flgures
is substantially perpendicular to the plane of the
fIt isthergipse inknded thab thesdopmefghe mivedid limbted hof by f@(Mdetalled

. is then subjected 706 to a field 810, as shown in
. Fdegiptiofilbut Tather By thk dlahOappenderbhdréte. | i qui d crystal

resin in the conbined material 808, which in turn

‘causes the carbon nanotubes to becone aligned. [00531

-The foregoing description of the enbodi nents of 'the.

i nventi-on has been 25 presented for the purposes of
illustration and description. It is not intended to be
17 WD 2005/ 031864 PCT/ US2004/ 031314 exhaustive or to
limit the invention to the precise forns disclosed.
Persons skilled in the relevant art can appreciate

t hat. many nodifications and variations -are possible in
light of the above teaching. Persons skilled in the
art will recognize various equi val ent conbi nati ons,
positions, and substitutions for various conponents

-shown in the Figures. 5 1t is therefore intended that

the scope of the invention be linmted not by this
detail ed description, but rather by the clains
‘appended hereto. 18 CLAIMS |- claim {
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1. A nmethod, conprising: conbining at |east carbon
nanot ubes and an alignnent material to result in a
conbi ned material, wherein the alignnent materi al
conprises a clay material; and causing the alignnment
material to align the carbon nanotubes. 2. The nethod
of claim1, wherein causing the alignnent material to
align the carbon nanotubes conprises applying a shear
force to the conbined nadm 3. The nmet hod of

cl zi\i,m 1, wherein causing ignment material to
A19'9A: t he carbon nanotubes conprises applying a field
to the conbined nmaterial. 4. The nmethod of claim 3,
wherein the field conprises at |east one of an

el ectrl.c fifngthel, nagpeting field, or an

el ectro- netic field. 5. The thod of claim

wher o RTTHANE LGP CAGOR SRR b appamert Gl
R 1B olibindd MacRAT GaBiDY e ‘éﬁgr%@nt aRtRRD cHapRded _Q%_Pay
6. The method of claim1, further conprising conbining
anaterialj and naterial with the carbon nanotubes and

i t. npterial t Lt j. h nbi
mt or 1A B hiameb R & el SRR A e o v x
material conprises at |east one of silicone polyner,
CEP eyt B RSB VR e S
GOHREA fleRErboAMRhubE: c%n{ﬂriséseipply]ﬁ% gEhak foM4 1 thoe

carbon nanotubes and al ignment material to result in
tchabinedmpiteréd. material . 9. The method of claims8,
wherein the filler material is a

3. The method of ¢laim 1, wherein causing the alignment material
to align the carbon nanotubes comprises applying a field to the combined

material.

4. The method of claim 3, wherein the field comprises at least one

of an electric field, a magnetic field, or an electro-magnetic ﬁel.d.

5. The method of claim 1, wherein the resulting combined

material contains greater than five percent by weight carbon nanotubes.

6. The method of claim 1, further comprising combining a matrix
material with the carbon nanotubes and alignment material to result in the

combined material.
7. The method of claim 6, wherein the matrix material comprises

- at least one of silicone polymer, epoxy polymer, olefin polymer, indium

solder, or tin solder.
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thermally conductive material conprising at |east one
of al um num oxi de, boron nitride, alum numnitride,
al um num copper, silver, or indiumsolder. 10. The
met hod of claim11, further conprising preparing the
clay material, wherein preparing the clay materi al
conprises: dispersing the clay material in hot water
having a tenperature ranging from about 50 degrees

Cel siu out 8 S | si us; . addi ng, catiogn
salt t the%ﬁ hﬁgé’gé]%%g furthgiotomprisilg conpiupg p et he
Cﬁhtaieﬁﬁl @ﬁhihe%%dh' r?a}iotubésoéxﬁta'hg& Eﬁ%n&tlaﬁ% to PeRMt (EMECT Ng
a clay particle size to a nmean size of |ess than about
1@@nbinédmetesial. 11. The nmet hod of claim 10, further
conpri sing: conbining an al pha-olefinic resin matrix
material with the carbon nanotubes and the prepared
clay t@ resﬂh&nkﬂmﬁhédabnﬁjwhdeﬂﬁheﬁﬂahnabﬁﬂismonbined

n’tglterlg V|n abou thir.t, Eercent rbon
e%"n uCyg Ratqr %‘i‘%”éﬁ g ‘ylei'n?éP@?]P Plé‘ ?f“ "ay,

aRFoRRRMde, %h?fﬁxﬁmﬁ%ﬁﬁ@talﬁﬁm\ﬁﬁi Ahper, A5RBA OIdiunDédider.
resin matrix material; wherein causi ng the prepared

clay alignment materi al to ali gn the carbon nanotubes

conpri §gs exd Mdind of BGink @ "f‘&!rtg Hgﬁ%g{gq%rﬁqagiﬁg theclay

di vi di ng the extruded conbi ne
sahtenaledrhsnenepreparﬁlg tflfhelaymdumhl ocbmpﬂimsm 1, wherein the

cl ay terlal i ses a ble free flowi ng .
e iR e SR e T A e B 4 (e G ogin
Oﬁ-&ntago@%%eg??eeg délsluls't@‘ﬂ%ﬁf%b%@é&e@é&sﬁﬁam of clay
material. 20 . The nmethod of ¢laim1, wherein the

cl ay resding caltlon @ﬂptol theslay dispersedin lpéwvlatea:;l es with a

mean tlﬁen 111gf°hséc81onsa dI?:an about two nanoneters and

isolating the clay; and
reducing a clay particle size to a mean size of less than about 100

microns.

11.  The method of claim 10, further comprising:

combining an alpha-olefinic resin matrix material with the carbon
nanotubes and the prepared clay to result in the combined material, the
combined material having about thirty percent by weight carbon nanotubes,
about 10 percent by weight prepared clay, and about sixty percent by weight
alpha-olefinic resin matrix material;

wherein causing the prepared clay alignment material to align the
cafbon nanotubes comprises extruding the combined material; and

dividing the extruded combined material into pads of a selected size.

| 12. The method of claim 1, wherein the clay material comprises a
swellable free flowing powder having a cation exchange capacity from about

0.3 to about 3.0 milliequivalents per gram of clay material.
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a mean di anmeter from about 10 nanoneters to about 3000
nanoneters. 14. The nmethod of claim1, further conpri

sing: layering the conbined material onto a film and

curing the conbined material after causing the

alignment material to align the carbon nanotubes. 15.

The nmet hod of claim 14, wherein: conbining at | east
carbon nanotubes and an alignnment naterial to result
N a coqrbl .n%ﬂe Hﬁ{h%ﬁlo?lclaﬁﬁ TPLhERHE tﬁ? g@g "Wfoial comprises

al pha-ol'efi nic resin, carbon nanot ubes,

ﬂpma phﬁicilds lyeitieg 1mmdthﬁc¢dgersraﬁ ,Iesﬁ ﬁ&mlcabﬁ‘dﬂ:i twled;fanmhaeﬂsaalnd
avi ng about 15 percent by weight a a-olefinic

r 2E1eAD digwtaT finwn et [H pangrasters o %%gﬁo(}ﬂéﬂ%{fﬁ@é%,

about 20 percent by weight dinethylstilbene, and

about 50 percent by weight toluene; and causing the

al i gnntht  ndbepietiodos claim d nfurther capmssiRgaanot ubes

conpr i . RYANADE |G about 0.3 Tesla

to the&§§§g$@ﬁ¥bggﬁggﬁg%gﬁg?@?ﬁa hgfgi A devi ce,

conpr i suriig; the aothbiatd satetiabsficr chedaig the aBgnreent hateraé &l ve
hﬁat Lronhthe heat source; and a nanoconposite thernal
| PO EUPRRPUHSt o transfer heat fromthe heat
source to the heat receiver, the nanoconposite thermnal
interface material conprising: aligned carbon

nanot ubes; @hamathodlof game 4, wistreini al i ncl udi ng

IS AR R T R
aleh@ MR onBh&] ndleriSIITR P& caniihiY alphi-olefinic resin,
carbon nanotubes, dimethylstilbene, and toluene, the combined material
having about 15 percent by weight alpha-olefinic resin, about percent by
weight carbon nanotubes, about 20 percent by weight dimethyistilbene, and
about 50 percent by weight toluene; and

causing the alignment material to align the carbon nanotubes

comprises applying a magnetic field of about 0.3 Tesla to the layered

- combined material.

16. A device, comprising:
a heat source;
a heat receiver to receive heat from the heat source; and

a nanocomposite thermal interface material to transfer heat from the

- heat source to the heat receiver, the nanocomposite thermal interface material

comprising:

| aligned carbon nanotubes; and

_ an alignment material including alignable structures for
aligning the carbon nanotubes when the structures are aligned, wherein the

alignment material comprises a clay.
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17. The device of claim 16, wherein the alignable
structures conprise platelets, tactoids, and
aggregates of tactoids, and the nanoconposite thernal
interface material further conprises a polynmer matrix
material. 18. The device of claim 16, wherein the heat
source conprises a mcroprocessor die and the heat
receiver conprises an integrated heat sink. 19. The
devi ce) of cral @& ofHELNS! wsoumr 8 aflghabfl S ¥res
remover’ and a second nanotonposi t é &Pl Nt er f ace
nedngprisalpldtelets) @oeidef andeareghtco 6T tab@idReaid thehawcatPdsite
heat sink to the heat renover, the second )

nihaed dpefpecanatpial Farthgr somprisese nedyraes matrix spgseriadi ng:
al i gned carbon nanotubes; and an alignnment materi al
including alignable structures to align the carbon
nanot ubes whehdavige ofichaiiatl@r wherghethe head sewrce ognpriyes a
d1%¥c'r8§r Qgssct):rl 3 d]“[% h\é\gl?rc%kv%r%hrﬁ r@ egta Tk Sea RURIAS €S
an |n9egrated Keat &1 ARCRITG SPRRIRR AP IRy &F e e
heat renover. 21. The device of claim 20, wherein the

heat r Y, C [ . at east one.of a heat sink, a
vapor gﬂgnbetl?‘f D ceé)%ﬁgaéql 18?%" P RE ®evi ce of claim
16, whenek feridi@r;h@dt source conprises a

m croprocessor die and the heat receiver conprises a
heat risfsoet nanpgompprite dasymabingwfage glataribto tigwafeebeptt he

et A EHBY Sl AIRRERSRIAD hd 1885 RNE: Ble Bofigat sink, a

vapor cha or a héat pip evice of claim
lGnowdepaitn thdreahiaifasomareiacampristes an i nt egr at ed
circuit. 25. A thermal interface material, conprising:

22 al i gned HigREbFAANBINRERSS; aafd
an alignment material including alignable structures to align the

carbon nanotubes when the structures are aligned.

20.  The device of claim 16, wherein the heat source compiises an

integrated heat sink and the heat receiver is a heat remover.

21.  The device of claim 20, wherein the heat remover comprises at

least one of a heat sink, a vapor chamber, or a heat pipe.

22, The device of claim 16, wherein the heat source comprises a

microprocessor die and the heat receiver comprises a heat remover.

23.  The device of claim 22, wherein the heat remover comprises at

least one of a heat sink, a vapor chamber, or a heat pipe.

24.  The device of claim 16, wherein the heat source comprises an

integrated circuit.

25. A thermal interface material, comprising:
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an alignnment material including alignable structures
to align the carbon nanotubes when the structures are
al i gned, wherein the alignnment nmaterial conprises a
clay material conprising alignable platelet

structures. 26. The thermal interface material of
claim 25, wherein the nanoconposite thermal interface
mat eri al contai ns greater than five percent by weight

of cargf 8?§Q$5H95§} Ehe thernmal interface

materi a mhereln the nanoc msite

t her masn alfgnﬁfehameteﬁal acludingGlighlasrusurésroalignthe carbon
t went f| ve _percent by wei ght of carbon nanot ubes.
Jeanotehes PR felstToHiEss Piicali BAeelean e digamgntagaterial

gr ea‘tﬁ‘isres%lggxﬁe[)%gd? crilgﬁz?%iﬁr#?lg%a{}%ﬁgatt eer mal 1 E?telpf g]::e

material of claim25, wherein the carbon nanotubes

have &dre alnI'l!l @gﬁxpal ?rttel%c%%a%rlleh %?Qlaﬁ’x? 95”\5%39811%% 30.

The t herm mat e wher ei n

timotdreposit thdnnhkinfeaface mateeinl alntding droger thanrfive p@sed by
matrj x terial. 31. The thermal interface material of
oV eight oferarbpn apaotHbeshe clay material conprises |ess
than twenty-five percent by weight of the thernal

i nterface rmterlal 32. The thermal interface materi al
of cl a#/m 31Thafhemmal intenfzceanaterial phelaim 26, whsnginities | ess

t%ﬂpﬁﬁﬂo‘%ﬁ@ﬁ{ Bfin X@fng{%hagéonﬁa*}?s BRGNS Sive

I nter ace ma erlia
percent by weight of carbon nanotubes.

28. The thermal interface material of claim 25, wherein the carbon

nanotubes have a mean length of greater than about 10 nm.

29, The thermal interface material of claim 25, wherein the carbon

nanotubes have a mean length of greater than about 100 nm.

30. The thermal interface material of claim 23, wherein the thermal

interface material further comprises a matrix material,

31. The thermal interface material of claim 25, wherein the clay
material comprises less than twenty-five percent by weight of the thermal

' in_terface material.

32.  The thermal interface material of claim 31, wherein the clay
material comprises less than five percent by weight of the nanocomposite

thermal interface material.
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