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Background of the Invention:

Ori

State-of-the-art integrated circuits (ICs) for microprocessors routinely
dissipate power densities on the order of 50 Watts/cm®. This large power is due
to the localized heating of ICs operating af high frequencies, and must be
maﬁaged for future high-frequency microelectronic applications. As the size of
components and devices for ICs and other appliances becomes smaller, it
becomes more difficult to provide heat dissipation and transport for such
components and devices. A thermal conductor for a macro size thermal
conductor is generally inadequate for use with a micro size component or

device, in part due to scaling problems.

One consequence of increased component density in, and compactness of,
ICs manifests itself in the form of locally high power consumption. An
alarming rise in power density with respect to each advancing technology
generation has been observed in mainstream microprocessor technologies. The
need for addressing this problem is imperative for next-generation IC packaging
technology. One potential solution is to find new packaging materials that

exhibit high thermal conductivity and that can transfer heat from a local hot spot
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transfer rate that is comparable to rates for macro size components and devices.
Preferably, the thermal conductor should be reusable and should work with any

surface, rough or smooth.

Summary of the Invention:

These needs are met by the invention, which uses an embedded carbon
nanotube array to provide one or more high performance thermal conductors for
applications that require large heat dissipation. This approach also improves the
mechanical strength of carbon nénotubes (CNTs) so that the CNT array can
remain stable and can make good contact to the surface of objects that generate
large amount of heat, through use of reversible buckling and bending of exposed
portions of the CNTs. The extremely high thermal conductivity along a carbon
nanotube axis is employed to transfer heat away from hot spots in a component
or device. Copper and other high thermal conductivity materials are deposited

to fill interstitial regions or gaps in a first part of a CNT array. This composite
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arahymyith £feferied bemgth of dssmt heo SOtmidrens ardiggown on a solid
fabrication involves four steps: (1) substantially
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p(glifhgﬂ%lg gMPE“dTﬁﬂn%ﬁl nR¥hadital poliisiilg (ORIPY,R98T ERmical etching,
electrochemical etching, or dry plasma etching so that the top portion of the
CNT array is exposed, with the bottom part remaining embedded in the filler
materials; and (4) the embedded CNT array is applied against an object that is to
be cooled. CNTs can reversibly buckle or bend one by one under low loading
pressure so that a CNT can make maximum contact with the object to be cooled,
even an object with a very rough surface.

Heat can be effectively transferred from the contacting spots along the
tube axis to the filler materials as well as the substrates. The filler materials
plays two critical roles: (a) improving the mechanical stability, and (b)
maximizing the thermal conductivity. Choosing highly thermal conductive

materials as the filler matrix maximizes the heat transfer from the contact spots

to the substrate (i.e. the heat sink or cooling reservoir). An embedded CNT
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demonstrate their possible application as a heat-sink device, conducting large

amounts of heat away from a localized area, such as in critical “hot spots” in
ICs.

This innovation is an outgrowth of an earlier NASA patent application
which uses a CNT array as an electrical interconnect material embedded in an
SiO, matrix. Here, a highly thermal conductive material, such as Cu, Ag,
and/or Si, replaces SiO,, used to control electrical conduction in the earlier
innovation.

Brief Description of th Drawings:

Figure 1 illustrates a CNT array thermal conduction system constructed
according to the invention.

Figure 2 schematically illustrates use of the invention.

Figures 3A and 3B illustrate apparatus used for thermal resistance

measurements.
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(SEM cross sectional and top-down m crophot ographs,
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conposite film Figures 6A and 6B are graphical views .

before padmrdicraeanprespide thersad resistance measurements, respectively.

Description of Best Modes of the Invention:

Figure 1 illustrates a procedure for practicing an embodiment of the
invention. In step 11, an array of sybstantially vertically oriented CNTs is
grown on a selected surface of a substrate that has good thermal conductivity.
The substrate may be a metal-doped silicide, a diamond film, or a metallic
substance having a maximum electrical or thermal conductivity. Whether the
arréy is patterned or not, it is preferable to provide a thin CNT catalyst layer
(e.g., Ni, Fe, Co, Pd or Al or a combination thereof) having a layer thickness of
2-50 nanometers (nm), or more if desired. When the CNT is grown in an
electrical field oriented substantially perpendicular to the selected substrate
surface, the CNTs can be grown in greater lengths (1-50 pm or more) in a
direction substantially parallel to the electrical field direction.

In step 12, interstitial spaces between adjacent CNTs are partly or fully
filled with a selected filler material that is preferably a good thermal conductor
(e.g., Cu, Ag, Au or metal-doped silicon), in order to augment the transport of
heat, using chemical vapor deposition (CVD), physical vapor deposition (PVD),
plasma deposition, ion sputtering, electrochemical deposition, or casting from

liquid phase. Depending upon the density of CNTs in the array and the filler
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sUgoqRePt TRpEsraf 26 pelif A RR el Sy 0Myer 22, A lpver of filler
mafI¥MCIA idvinBfa depth that allows exposure of an upper portion of each
CNT 23+, is provided, for mechanical strengthening of the CNTs and for
improved diffusion of heat that initially travels only along the CNTs (from the
object 25). The CNTs 23-i are pressed against a surface of an object 25, from
which heat is to be removed, so that many or all of the CNTs make contact with
the (rough) object surface and either bend (23-1, 23-3 and 23-7) or buckle (23-4,
23-6 and 24-8) in order to improve heat transport from the object.

A measurement apparatus, illustrated in Figure 3A, including two copper
blocks, 31 and 32, four resistive cartridge heaters (not shown) embedded in the
upper block, and a cooling bath 33, is used to measure the thermal resistance of
a given material. The upper copper block 31 is preferably surrounded by
insulation (not shown) to minimize heat loss to the ambient, with the exception
of the one square inch section designed to contact the material 34 to be

measured. The clamping pressure on the sample is controlled by pneumatically
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filler material is renpbved by nechanical polishing
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cooling bath 33, is used to neasure the thermal )
thesmiat registange R. This coefficient Cp, represents the heat power lost (in

Watts) per degree Kelvin to the ambient environment.

_ AT 1 ) (1 )
o- CL (TB - Tamb)

The dominant thermal resistance mechanism in this measurement
configuration is that of the contact interfaces between the sample 34 and the
copper blocks, 31 and 32. To minimize this contact resistance, two steps were
taken: (1) polishing both copper blocks, 31 and 32, to reduce the effect of
surface roughness and (2) making use of a high thermally conductive,
conformal material, Microfaze A6 (available from AOS Thermal Compounds,
LLC, New Jersey), to reduce contact resistance on the backside of a silicon
wafer, the substrate on which the investigated films were fabricated.

Sample Preparation

Carbon nanotubes were synthesized using the procedure and reactor

conditions reported by B.A. Cruden et al, op cit. The resulting as-grown tubes

are shown in cross section and top views in Figures 4A and 4B, respectively.



10

15

20

25

a given material. The upper copper block 3 1 is
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MSWENY samaple. Bott the Carsudtsyrats ang phe SAWOMY sserTii 5 electrodes
anal ysis yields a constant heat transfer coefficient
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final determ nation of the nmeasured thernmal  resistance
R THasiovsetilittvemarecppliopaldy edded toshe, é@lutm@ aclieve optimum
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the mal res nce ch
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o SRS PIENE SR SRRl 87 bl GaF Bcesses, as reported
by %€ ROAES &t aI,Vi%u%F EPecﬁQ?afnealyucal Chem., vol. 559(2003) 137. We

begin with a stock solution comprised of copper sulfate (CuSO4:5H,0), sulfuric
acid (H,SO,), and sodium chloride (NaCl). Polyethylene glycol (PEG) is added
to inhibit copper deposition at the tips of the nanotubes when in the presence of
CI ions. Janus Green B (JGB) is also added for its deposition inhibiting
properties. Bis(3-sulfopropyl) disulfide (SPS) is included to increase local
current density at the bottom of the nanotube trenches, thus enhancing the
superfilling of high-aspect ratio trenches. The final solution, including
concentrations used in the bath, is shown in Table I. Typically, the Cu was
deposited at —0.20 to —0.30 V (vs. SCE) at a deposition rate of about 430
nm/min. The resulting CNT-Cu composite material is shown in Figures SA and
5B.

Figure 3C illustrates typical packaging architecture, as discussed by R.
Viswanath et al, Intel Tech. Jour Q3 (2000), including a heat sink (fins and heat

spreader) 41 contiguous to a thin interface (phase change film, grease, etc.) 42,
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the CNT-Cu composite can be obtained by de-embedding the thermal resistance

contribution of the copper block (Rcy-biock), Silicon wafer (Rg;), and the
Microfaze material (Ryp..). The thermal resistance of the copper block, Re,-
blocks MUSt be taken into account due to the placement of the thermocouple

15 (approximately one inch from the copper block surface). From bulk
calculations, Rcy.piock fOr this configuration can be estimated as 0.95 cm’K/Watt.

To summarize, one can determine the resistance of the CN'T/Cu composite film

by Eq. (2).
Rentcn = Riotat — Rewblock = Rsi = Rypaze - (2)
20 RyiFaze is determined using two control measurements. The first

measurement involves measuring the thermal resistance of a piece of silicon
with Microfaze on the backside of the wafer, resulting in R oueo1 = Reyblock +
Rylock-si + Rypaze, Whete Ryjocsi is the interface resistance between the copper

block and silicon wafer. The second resistance measurement involves a piece of
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at —IQ 20_t -0.30 g)l%) d osition rate of (3)
én“Plésu

about* 480 nﬁ‘i“ﬁ‘i’lﬁ conposi te
Tﬁ?# e indlc élﬁc%ﬁoc%ht uﬁo%“gl? Mh%%eﬁ%al Féﬁé‘traﬁcé%l Egs. (2) and

rates typica g architecture

SRS BAEH R JOEOREN ok A gch s 8 sy, e

1n€n&s16 %ﬂ&é&yﬂ;@; A Rsiskidtd QhEhE RERUINRASR @@@ﬂgﬁn?KVWau which

ease which 1's contiguous to a thin silicon
is 't@f)beérd%%s of\di@%nmﬁi&é 1868 tHaR E@FinAl PnceRited valddieof the CNT-Cu

l'icon arra ack surface 43 through a conductive gel

saﬁﬁ plepaid 1§ﬂhusTﬁeghgﬂﬂé e0needag o ths afalgsiedses regards to the
phase change filnms, thermally conductive gels and/or

themraal adsistpose of Mmiotf@ze:{wnﬂlﬂespetpﬂ textheahbant of power applied to
El ectrochem cal bath conposition for copper deposition

thRepper blackl Dhecthesinab rdsistanoewfithe firkecantraksample decreases
used, Fmgure 3B illustrates the equival ent thernal

appeeksnatety expaventially twidh dnregsingoppwer t eorsespsinslingite different
resi stance of the CNT-Cu conposite can_ be obtained by

tempesaivae @radicnts hiridandre cerretediadhedingl malyss asrwill be
déﬂ&n&?&@ﬁr 'lbflle? (c:iouf)ﬁc—s&ie ! ocﬁshc lsilfc%?l é“éa&lgf éhRgv(V)s n%ngower
dependence and exhibits a substantially constant resistance of R = 11.10

m’K/Watt, resulting in 5.55 cm”K/Watt per silicon interface. Subtracting the
silicon resistance, which is constant with respect to applied power, one can also
determine Ryrs. at different powers. The power dependence of the Microfaze is
illustrated in Figure 6A.

Now that the power dependence of the Microfaze material is quantified,
one proceeds with the analysis of the CNT/Si/Microfaze and CNT-
Cu/Si/Microfaze stacks. From the previous discussion, one expects these
samples to exhibit the same power dependence, which indeed is the case and is
clearly seen in Figure 6B. Combining the power dependence with the
measurements in Figure 6B, we summarize the values of measured thermal
resistance in Table II. All measurements were performed at similar clamp
pressures, 6.8 psi. Errors contributing to the standard deviation in the
measurements can be attributed primarily to two factors: (1) variations in

contact area due to varying CNT length distribution (see Figure 4A); and (2)
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M crof aze material (RnfFaze) - The thermal resistance

of the copper block, Rcuiock, nust b e taken into
waecwosd7elue to the placenment of the ther mocoupdBUS2005/012574

(approxi mately one inch fromthe copper bl ock

surface). From bul k cal cul ati orts, Rcu-biock for this

configuration can be estinated as 0.95 cnK/ Vatt. To

V@S uﬁmm%é égmg‘@ogﬁfegﬁgpd £ Ea'];ggwtpg;e Arl'esI %n%{tg%]%%rature loss.

bl ock R S|, R nFaz aze | ed u
HORE o eYol b ahBeibpids RS feps mﬁﬂwﬁgﬂ@ﬂms values
asurin t hey nal Sj_st
fos g G R T R eFish S B TRk S ERwE rPRBASERR values that
| +
e bERY o B hBpTaP BhiBrisTor & it o elnpg ki
oRpgy. block and silicon wafer. The second
nﬁ@éﬁﬁﬁance ngasurenent i nvol ves a pi ece of doubl e-si ded
polished silicon, resulting in RCOntroi,2 =
2Rbi 0Ck-si + Rsi- Assum ng that both Si-Cu interfaces
in the second control neasurenent are simlar, one can
divide this value in half and use the sinple relation
in Eq. (3). R nFaze = Rcontrol.l -(Rcontrol,2 "Rsi)/2
- Rcu-block (3) The intrinsic silicon contribution
(RSi) to the thermal resistance in Eqs. (2) and (3)
can be neglected. For the 500 mmthick silicon wafer
used in this study, the intrinsic silicon thernal
resi stance can be calculated as 0.034 cm K/ Watt, which
is two orders of magnitude |ess than the fina
nmeasur ed val ues of the CNT-Cu sanple, and is thus
negligible. One caveat to this analysis is in regards
to the thernmal resistance of Mcrofaze with respect to
t he amount of power applied to the upper block. The
thermal resistance of the first control sanple

decreases approxi mately exponentially with increasing
power, corresponding to different
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tenperature gradients, but can b e corrected in the
final analysis as will be denonstrated. The

waelowbloe3934 ded, polished silicon sanple shows nBCPUSENNS/012574
dependence and exhibits a substantially constant
resistance of R = 11.10 cm K/ Watt, resulting in 5.55
cm K/ Watt per silicon interface. Subtracting the
silicon resistance, which is constant with respect to
appl i ed power, one can al so determ ne RnfFaze t

Table B DhePRTH RionGe BERpe R RS (Fat 1 e

~_power dependence of the Mcrofaze material is

Miitapidlf i ed, one proceedsThgfmal Resitanes (Enf KW +
CNT/ Si / M crof aze and CN'gilb / M crofaze stacks. "From

tthe nrevious discussion vngr\fe these cnnrnI es—to
AL T A2 | A=A a4 AT oo UTTO

CMhfibx t he same power @e@@dd@r%e whi ch indeed is thd

CN@@R%%' Sﬁb%hllY#FFE . 8«@ ‘PFO% e 6B. Conbining the
MUt ”Elll ) | 1 l_l T OD
C élFﬁﬂ Q#gk (1 jS % ed t her mal ?gglstanr

Bame deuble-dided Allicoreasurdriieh®s- Q@e per f or med at

simlar clanp pressureg, 6.8 psi. Errors contributing

to—the—standard—deviattron—tnthe neasurenents—can—be
attrlbuted primarily to two factors: (1) variations in

T e
fﬂl&ﬁ\/\g{}%&gﬁe%negtfo fﬁg oun ﬁf&? t7tq'1% (II:reasur%NTS and ~30%
V(%lﬁ?r FFHI% ﬁSﬁﬁ%&ﬁ:ﬂg@n Yﬁéﬂé%esf e ﬁl@@h%aﬁréﬁgﬁfuesﬁ%‘[ the sample

case scenarl o repres

ca"ﬁ; éeﬁ‘@d éij:g OHB&HIS%E%UIQH% dfiﬁ’ér&tvcﬁ n\ig

rC| processor systens. Table I1.

pr@@ﬁh%ﬁ ang %dM@@éﬂr&ﬁ@ BonSgiFRion prevides @pﬁ@és é@ thatrthé R@mposite
MACNT array used in this study was not a solid

fﬂl{;ﬂ,\fﬁ?ﬁiﬁédd?ﬂ%%}?d ﬁooﬂiﬂke&nﬁﬁimwbcdntbﬁt withhthe/1080 @rf@ml Howeyver,
studies conducted on the buckling force of discrete MWCNTs, by H Dai et al,
Nature, vol. 384 (1996) 147, by H. Dai et al, Appl. Phys. Lett. Vol. 73 (1998)
1508, and by J. Li et al, Surf. And Interf. Analysis, vol. 28 (1999) &,
demonstrate the tremendous amount of force per unit cross sectional area that
these structures can withstand. Based on this analysis, we speculate that most
nanotubes do not buckle under the force applied in this preliminary study, which
is roughly two orders of magnitude less than the calculated CNT buckling force.
SEM characterization before and after the thermal resistance measurement
(Figures 7A and 7B, respectively) shows no effect on the CNT-Cu composite
-after compressive stress. This approach assumes that most CNTs are bent or
buckled to give maximum contact under low pressure (no more than 20 psi in

IC packaging), which pressure can be achieved by suitable choice of length and

diameter of exposed portions of the CNTs
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voids. This configuration increases the nechanical
strength so that the sanple can be repeatedly and

w0 eeoeiecd bl y neasured under different clanpi nBCT/US2005/012574
pressures. In addition, this %Snfiguration provi des
spaces so that the conposite ¥l mcan be deforned to
make maxi mal contact with the hot surface. However,

st udjes .conduct ed on the.buckli.ng force of .di screte
mﬁh@? t sistancy at fgpferfacs,ran %@Iﬁﬂ‘@%ﬁ’&'&%ﬂ by
é H. Dai et al, Appl. Phys. Lett. Vol. 73 (1998)

0 ‘Mgng by J . Li et al, Surf. And Interf. Analysis,

thf Spyefil hicrtcd mlEHBRH Rt ding GHERAREY  URHE bafticulaty,
thgHFAA G20 SR To W foBHAN BresBRE eR0 Ul 20309 ¥ Be ircasca by
o BHEApEREL Efehlof Moo AT PhiMca g 1ber buckding
arfPhEndikefdrEd PHE khéAfal eoiductREY e @pfillediindhtastitial

before and after the thermal resistance nmeasurenent

spatk @ahetse ARoAndredBed tAshAGEdWALthe SheapgityofahbaCl meaterial.
the CNT-Cu conposite after conpressive stress. This

Waglpswele bptissizatontingilenested;\he theembhErdsistanoe ékéxpedted to be
gi ve maxi mum cont act under | ow pressure (no nore than
redced below!(C1 panki&OWVatf) whidli isheyerebetterthzaneutectic binding used
achi eved by suitable choice of length and dianeter of
todappard cportie efficiently nsedXive taat dissipasionr evirst G0 J¥atis/cm
the interface can be further reduced by optim zing the
fordusmed chipss f ace materials and packagi ng technol ogy.

or ocbhess pruBInaRiest rmopsHalo e yndiloen gy uSefulness of
CREsand ORI GReoTBRale s ag QBRI copfibciats. Our analysis
TSP TS e el Tob B SRAL g gtctve
hedlt ol ucqioﬁatg}? {ﬂc?‘le:asing contact area. In addition, the CNTs provide the

added benefits of high mechanical stability and reusability.



Wth such optim zation inplenented, the thernal

resistance is expected to be reduced below 0.1
w@eeRkO¥v¥#rs which is even better than eutectic PCTUB2V95/012574

used today, and can be effici??tly used for heat

di ssi pation over 100 Watts/cmfor future IC chips.

These prelimnary results denonstrate the fundanenta

usef ul.ness. of , CNTs and CNT-Cu conposite filnms as

em%iléré%%ql%onductors. Qur anal ysis confirnms that

t hese novel thermal conductivity |ayers can acconplish

ef fective heat conduction by increasing contact area.

|n addyt %oﬁetﬁm g@%ﬁﬁ?&’{%g@ frhfs e e tﬁ@:@ﬁﬂt &?%1%5: from an

hi gh nechani ca reusabi I'ity. Wha

fhgiﬁ:ﬂthie%eﬂmﬂ g@ﬁﬁﬁfgiﬁgr providing for transport of

energy froman oBject, the nmethod conprising:

provi dppgyigth@ahaYrdyf of BaftRh AARtuBBS Srefégbartbdfré as
herein as " s," on a selected surface of a selected

SUEONTHY onhavelretdd gtirfhde bffal setevted suibytrate haviapehigh thermal

| east first and second CNTs in the array are oriented
sobsdwdtiviay,| whpes aeledist filrstraridsddonds€NeEd arltlsuafray ere
filling at least a portion of an interstitial space
betiented substamtially perpetidicelar taitiie selectéd sarfaeg; wi th a
selected filler material that has high thernal

conducfillig nt deast laaportion of an ertersiitiali spacadietween it deast two
with the selected substrate syrface _at a first

cadiicont CRETaEn K gErap i Db Atlceea JHITIME AL has high
N I e
RISt s St ot At BT KB u R Rhe st apa
Wéet:crz)n%l éN’I’S‘? GRa Y sonAPLRE S E8%h 8P YS! at least first and second
CNTs is exposed and is not fully covered by the filler material; and
causing the exposed second end of at least one of the first and
second CNTs to make contact with a surface of an object for which

transport of thermal energy is to be provided.

2. The method of claim 1, further comprising causing said exposed
second ends of said at least first and second CNTs to make contact with a
surface of said object so that at least one of said exposed second ends of

said CNTs bends or buckles.

3. The method of claim 1, further comprising selecting said filler
material to include at least one of Cu, Ag, Au, Pt, Pd and a metal-doped

silicide.



transport of thermal energy is to be provided. 2. The

met hod of claim 1, further conprising causing said
wepoded7second ends of said at |east first anPCHESmNS012574

CNTs to make contact with a surface of said object so

that at |east one of said expiéed second ends of said

CNTs bends or buckles. 3. The nethod of claim1,

il uo. TR RaediooE i afgiponptiSiag Biriidfle A dayer of
Copred G Rh R Rty Gt R, BerC. b apfAD Tor
oPEnW it 87 sl RY bR ENTYy o faid et 3l ol ffid

S § of said catalyst. 5. The nethod of claim1,
fgét{a]g}gs? conprising filling said portion of said
interstitial space with said filler material by a

process conprising at | east one of chem cal vapor

deposi §i The rREMDIICEE claaROl, ﬂ@ﬂ@?'do‘rﬂ;ﬁsisi@ﬂgaﬁﬂﬁlg said portion of
deposition, ion sputtering, electrochem Ccal deposition
ageiddasdrstital spaneawilthogdid fillasmatdial Biea probest @dmprising at
claim1, further conprising providing said exposed
skagthdnendsheinisal dapor depsditibng physicdl sapondepdsisiony plasma
a process conprising at |east one of nechani cal

pdépaditiong, iahsputtetingeeleatiochenpeali dapasitiomandotastingafirom a
et ching, electrochem cal etching and dry plasm

ehqmdqghasre.. Apparatus for providing for transport of
thermal energy from an object, the apparatus

conpri si ng:

6. The method of claim 1, further comprising providing said
exposed second ends of said at least first and second CNTs by a process
comprising at least one of mechanical polishing, chemical-mechanical
polishing, wet chemical etching, electrochemical etching and dry plasma

etching.

7. Apparatus for providing for transport of thermal energy from an
“object, the apparatus comprising:

an array of carbon nanotubes, referred to herein as “CNTs,” on a
selected surface of a selected substrate having high thermal conductivity,
where at least first and second CNTs in the array are oriented
substantially perpendicular to the selected surface;

a high thermal conductivity material that fills at least a portion of
an interstitial space between at least two adjacent CNTs in the array so
that the filler material makes contact with the selected substrate surface at
a first end of each of the at least first and second CNT's and a second end
of each of the at least first and second CNTs is exposed and is not fully

covered by the filler material; and



an array of carbon nanotubes, referred to herein as

"CNTs," on a selected surface of a selected substrate
whawiefogeom gh t hermal conductivity, where at | eBST/UB2005012574

and second CNTs in the array re oriented

substantial |y perpendicul ar t 6t he sel ect ed surface; a

hi gh thermal conductivity material that fills at | east

Fu. ad P Ein e ““a'ﬂacgrf’cﬁ‘ef%ﬁ%a“fﬁﬁe% thEHist ana
o @?‘f‘ﬁal%g%‘é okt HitCacHFraR el ﬁbeféﬁih f firfey
" AuS O, eRel B B0, BRABRAZE 0a < ot

fully covered by the filler material; andwherein the
exposed second end of at |east one of the first and

second gChffs dﬁﬁgaﬁ%rﬂf?&hﬁi"’ﬁ RyRer@ih fsﬁﬁfeﬁ%os%@l SRicet ends of

for which tr ort of therral energy Is

PE&Ad! @tqeas@fusﬂaﬁdamehat@pmfnﬁk@Ic@nfactwﬁhea Surgacsl of said
exposed second ends of said at |east first and second

fedﬁ%b&hﬁ@ﬂt Rakt vhé bf saidekposediecoridlendy 6£5aidladCNTs
at | east one of said exposed second ends of said

ChEadvendbachieshuckl es. 9. The apparatus of claim7,
wherein said filler material includes at | east one of

Cu, Ag, Au, Pt, Pd and a netal -doped silicide. 10. The
appar at us of claim?7, further conpris;j a layer of a

sel ect QdT&lataqmasat;usmfcﬂ adnng vahene@asaldoaﬂebmauenakmcludes at
Co, Pt and Al, deposHed on said selected substrate

slﬁﬂ’sé@éeforC@fA\gt b Pts Bdiang a apetel-doped sthiile. on sai d

sel ected substrate. 11. The apparatus of claim?7,
wherein said portion of said

10. The apparatus of claim 7, further comprising a layer of a
selected catalyst, including at least one of Ni, Fe, Co, Pt and Al, deposited
on said selected substrate surface for growth of said array of said CNTs,

on said selected substrate.

11. The apparatus of claim 7, wherein said portion of said
interstitial space is filled with said filler material by a process comprising
at least one of chemical vapor deposition, physical vapor deposition,
plasma deposition, ion sputtering, electrochemical deposition and casting

from a liquid phase.

12. The apparatus of claim 7, wherein said exposed second ends of
said at least first and second CNTs are provided by a process comprising
at least one of mechanical polishing, chemical-mechanical polishing, wet

chemical etching, electrochemical etching and dry plasma etching.



interstitial space is filled wth said filler materi al
by a process conprising at | east one of chem cal vapor

wale@oesidron, physical vapor deposition, plasmaPCT/US2005/012574

deposition, ion sputtering, elgectrochenm cal deposition
and casting froma liquid phas1 . 12. The apparatus of
claim?7, wherein said exposed second ends of said at

e e N
RSP ak RN RSP O B O LE N R Sy xposea
TESEA R SR dsph it Ior RS MG VIS ot
a%b%%é’é% 22 gst%ﬁi BIRP$hgkekal S&hkﬁﬂi&eﬁ@se@‘ﬁfgfﬂeﬁg@ %Iild the

secon respectively, at are not cover

s@kBobéd ESéoﬁwlﬁ{gtﬁlare%Bs@nﬁfaﬂmﬁm?d first length

and t he exposed second length a bstantially equal .
14. The nmethod of claim1, further conprising
provi di ng said exposed ends of said first and second

CNTs i 114s &t awetlayd of chaian1 ghpolsadcémpsising paovidimg said
exposed second | ength, respectively, that are not
cexposed bnds af daid firstrambsendra CNibeiresaidearexy owéd an exposed
first length is greater than the exposed second

| irgt length andren exposed sefconddiengths, respectiveslyc thagrare g
causi ng_sai d_exposed second end of said first CNT to
rrﬁlwemﬂwbﬁ@ﬁld/\flﬁh’«r anafgriphowhere the exposedchirst dengiliis greater
sai d exposed second end of said first CNT bends or
b@]@%lgé@e&(?seﬂi%e g claim 14, further

conpri sing causi ng said exposed second ends of said

first and second CNTs to nmake contact with

15. The method of claim 14, further comprising causing said
exposed second end of said first CNT to make contact with a surface of
said object so that said exposed second end of said first CN'T bends or

buckles.

16. The method of claim 14, further comprising causing said
exposed second ends of said first and second CNTs to make contact with
a surface of said object so that each of said exposed second ends of said

first and second CNTs bends or buckles.

17. The method of claim 1, further comprising:

causing heat to be removed directly from said object for which
transport of thermal energy is to be provided through said at least first
and second CNTé; ahd

distributing a portion of the heat removed directly through said at

least first and second CNTs to said filler material.



a surface of said object so that each of said exposed

second ends of said first and second CNTs bends or
whowkloe®74 17. The nmethod of claim 1, further PCT/US2005/012574

conpri sing: causing heat to be;yenoved directly from

sai d object for which transpor{ of thermal energy is

to be provided through said at least first and second

1S 18 o SR 58 TR or s
t Otr?ﬁﬁégﬁ)rf bfls&ld HrRd] Fnetdy frUf?ﬂ sARd BBfe@fwith @nMskociated
f U TR T QDS T NG BT OVCdrng for said transport. of

saihd iR e TR ta8Re 'Phd itiFe $RAS aBblie 8l -y WiaLt.

associ ated thermal resistance of no nore than about 8
cm-KWatt. 19. The nethod of claim1, further
conprising providing for said transport of said

t her mal 1 ®@riEhgmdthot sfadldir ), fatther chngprisiaggmroaidiag for said
thermal resistance of no nore than about 0.1 cm

- MirMdgport 20 saiththeappd reatngy tfomisaidroBjeottveithian assbdiated
exposed ends of said first and second CNTs in said
arthaymahvesistanes pf seninfare shan ahguh OanaminKéWsads ed
second |l ength, respectively, that are not covered by
said filler material, where the exposed first |length
and t he_exposed second |ength are substagntially equal. .
21. The2@pbhe apparasps of &1 Eﬁmrg Whereinsaj ieé(Pé);SEé s of said
ends of said fii and second CNTs in said,arr have
oriiess Godeopni G NI sid g 1eYe 80 S bosed JSf Lt ind an
respecti,vel that ,are not. covered by said filler ...
TSt SegbpdeREtt af oty ey Rt afl pPRePyOig Y spid filler
t hﬁﬁtetr? , Wik e %%Sggd h‘?@ﬂ%ﬂgth and the exposed second length

are substantially equal.

21. The apparatus of claim 7, wherein said exposed ends of said
first and second CNTs in said array have an exposed first length and an
exposed second length, respectively, that are not covered by said filler
material, where the exposed first length is greater than the exposed

second length.

22. The apparatus of claim 21, wherein said exposed second end of
said first CNT makes contact with a surface of said object so that said

exposed second end of said first CNT bends or buckles.

23. The apparatus of claim 21, wherein said exposed second ends
of said first and second CNTs make contact with a surface of said object
so that each of said exposed second ends of said first and second CNTs

bends or buckles.



22. The apparatus of claim 21, wherein said exposed

second end of said first CNT nakes contact with a
wabae7of sai d object so that said exposed seCDOS20e51012574

of said first CNT bends or bucikdes. 23. The apparatus

of claim 21, wherein said exposed second ends of said

first and second CNTs nmake contact with a surface of

sai d _022 @hégghgf%tgggggl%ga% Xppsed second ends

of sai |rst S be s or buckl es. 24. The
appar atlysatqs réhivad dirdétsy fiotn sARPbb 1eit FSFWHEEh fransport of

directly from said object” for which transport o

t hberimial energyis ® b phevided ] It baidusteasy ﬁmtanﬁes%‘ébnd
first and second CI\ITs and a portion of the heat

r 0DV adidr ect | y through said at least first and
second CNTs is distributed to said filler materi al .

25. Thea pprtaombiisheheat emoved diveceynthsaingh sarhatpleast first and
of said thermal energy from said object occurs with an
asweondiel Tisnisrdistrilged $0 anikfitler moateniab. t han about 8

cn2-K/ Watt. 26. The apparatus of claim7, wherein said
transport of said thermal energy from said object

occurs th an associ g& f@t hermal resi stance of ng

more t ‘B apparatus: Y+ wherein said transport of said thermal
energy from said object occurs with an associated thermal resistance of

no more than about 8 cm?-K/Watt.

26. The apparatus of claim 7, wherein said transport of said thermal
energy from said object occurs with an associated thermal resistance of

no more than about 0.1 cm?>-K/Watt.



