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METHODS FOR ATTACHING CARBON
NANOTUBES TO A CARBON SUBSTRATE

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application is a continuation-in-part of U.S. patent
application Ser. No. 11/873,952, filed Oct. 17, 2007, entitled
ELECTROTHERMAL INTERFACE MATERIAL
ENHANCER and claims the benefit of priority to U.S. Pro-
visional Patent Application Ser. No. 61/144.915, filed Jan. 15,
2009, entitled METHODS FOR ATTACHED CARBON
NANOTUBES TO A CARBON SUBSTRATE, both of
which are incorporated herein by reference.

FIELD OF THE INVENTION

This invention pertains to flexible structures having nano-

structures attached to a surface, and in particular to a thermal ,

interface including a carbon substrate.

BACKGROUND OF THE INVENTION

Electrical and thermal contacts are elements in many engi- -

neering systems and applications at the macro, micro, and
nano scales. Reliability and functionality of these contacts
can often be a limiting design factor. A major portion of
electrical contact resistance comes {rom the lack of ideal
mating between surfaces. Primary causes of this problem
involve the mechanical properties of the surfaces and surface
roughness. When two surfaces are brought together, the
actual contact area may be much smaller than the apparent
contact area. The contact between two surfaces can actually
be thought of as the contact of several discrete points in
parallel, referred to as solid spots or a-spots. Thus, the
a-spots act as conductive areas and can be a small percentage
of the total area.

Since their discovery, carbon nanotubes (CNTs) have been
studied intensively throughout many communities in science
and engineering. Several researchers have reported on the
mechanical, electrical. and thermal properties of individual
single-wall carbon nanotubes (SWCNTs). The electrical
properties of SWCNTs are affected by the chirality of the
SWCNTs to the degree that the SWCNTs can exhibit metallic
or semiconducting electrical conductivity. The electrical
transport properties of a single SWCNT are a well studied
subject. It has been shown that for ballistic transport and
perfect contacts. a SWCNT has a theoretical resistance of
6.45 KQ. which is half of the quantum resistance h/2e?. In
MWCNTs, each layer within the MWCNT can have either a
metallic or semi-conducting band structure depending on its
diameter and chirality. Due to this variation among layers. the
net electrical behavior of a MWCNT is typically metallic and
a wide range of resistance values, e.g.. from 4782 to 29 K€,
have been reported.

The use of an individual MWCNT or SWCN'T may not be
sufficient to reduce contact resistance at an interface signifi-
cantly. However, by using an array of SWCNTs or MWCNTs
as an interfacial layer, it is expected that numerous individual
contact spots and contact area enlargement can create current
flow paths through each contact, thus reducing overall resis-
tance. An additional advantage to using CNTs is that they can
tolerate high current densities. Therefore a SWCNT or
MWCOCNT laver can be a potential solution to the reliability
and functionality issues faced at electrical interfaces.

o

-
o

45

60

2

Various embodiments of the present invention present
novel and nonobvious apparatus and methods for improved
structural, electrical, and thermal interfaces.

SUMMARY OF THE INVENTION

One embodiment of the present invention is an apparatus
used to reduce the thermal (or electrical) interface resistance
between two connecting devices such as an electronic com-
ponent and a heat sink, or between one electrical component
and another electrical component.

The invention in one embodiment includes synthesizing
CNT arrays on one or both sides of thin and highly compliant
‘foil” substrates comprised of interwoven or dry adhered
CNTs and/or graphite and/or other carbon-based materials.
These free-standing, carbon-based substrates can be pur-
chased commercially or fabricated through processes that are
defined in the open literature. Carbon materials such as CNTs
and graphite are compliant and have high axial and in-plane
thermal conductivities. Because of such properties, carbon-
based foil substrates combined with CNT arrays grown on
one or both sides creates an apparatus that is effective in
spreading heat and providing low interface resistance. The
carbon-carbon interface between a CNT and the carbon-
based substrate promotes efficient heat transfer and adhesion
due to a gradient chemical and morphological structure.

Yet other embodiments of the present invention pertain to
nanoassemblies that function as thermal interface materials
(TIMs) that includes a phase change material that is wicked
onto the assembly.

It will be appreciated that the various apparatus and meth-
ods described in this summary section, as well as elsewhere in
this application, can be expressed as a large number of dif-
ferent combinations and subcombinations. All such useful,
novel. and inventive combinations and subcombinations are
contemplated herein, it being recognized that the explicit
expression of each of these combinations is excessive and
unnecessary.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1A is a schematic diagram of a photoacoustic (PA)
test apparatus.

FIG. 1B is a schematic representation of a nanoparticle
assembly according to one embodiment of the present inven-
ton.

FIG. 1C is a schematic representation of a nanoparticle
assembly according to another embodiment of the present
invention.

FIG. 2 is a comparison of contact resistance between a bare
Cu—Cu Interface and a Cu-MWCNT-Cu Interface.

FIG. 3 depicts a classification of the Contact Surface.

FIG. 4a is a typical contact configuration of a bare Cu—Cu
contact.

F1G. 4b shows a contact resistance reduction by parallel
contacts created by MWCNTSs according to one embodiment
of the present invention.

FIG. 5 shows SEM images according to one embodiment
of the present invention of'a CNT array synthesized on a Si
substrate on a silicon substrate. (a) A 30°-tilted plane, top
view of the vertically oriented and dense CNT array. The
array height is estimated to be 15 um. The CNT array has a
part across the top of the image that helps illustrate the uni-
formity of growth. (b) An image with higher magnification
showing individual CNTs. CNT diameters range from 15-60
1111
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FIG. 6 shows SEM images according to one embodiment
of the present invention of a CNT array synthesized on a Cu
sheet according to one embodiment of the present invention.
(a) Cross-section view of the vertically oriented and dense
CNT array. The array height is estimated to be approximately
20 um: the inset shows the CNT array grown ona 1 cmtall Cu
bar. (b) An image with higher magnification showing indi-
vidual CNTs. The CNT diameters range from 15-60 nm.

FIG. 7 is a schematic representation of a system for pre-
paring apparatus according to one embodiment of the present
invention.

FI1G. 8 is a schematic representation of different analytical
models of the inventive sample assemblies during PA mea-
surement. (a) The CNT array is not considered a layer in the
PA model, but rather as a contributor to the interface resis-
tance between the Si wafer and the Ag foil, R, .. (b) The
CNT array is considered a layer in the PA model; therefore,
the component resistances, Ry, cyp-and Ry ., and the ther-

mal diffusivity of the CNT array can be estimated. (¢) The »

CNT arrays are not considered as layers in the PA model, but
rather as contributors to the interface resistance between the
Si wafer and the Cu sheet, Rg; . (d) The CNT arrays are
considered as layers in the PA model; therefore, the compo-
nent resistances, Rg, v Revrenys and Ry, and the
thermal diffusivity of each CNT array can be estimated.

FIG. 9 show phase shift as a function of modulation fre-
quency for CNT interfaces under 0.241 MPa of pressure. (a)
Lumped one-sided interface fitting results. The mean-square
deviation is 0.5° in phase shift. (b) Resolved one-sided inter-
face fitting results. The mean-square deviationis 0.5° in phase
shift. (¢) Lumped two-sided interface fitting results. The
mean-square deviation is 0.9° in phase shift. (d) Resolved
two-sided interface fitting results. The mean-square deviation
is 0.3 in phase shift. The two-sided fitting data is typical of
measurements at each pressure.

FIG. 10 shows thermal resistance as a function of pressure
for a two-sided CNT interface (R cnrenrcs) Measured
with the PA method and the 1-D reference bar method accord-
ing to one embodiment of the present invention.

FIG. 11 is a schematic representation of an apparatus
according to one embodiment of the present invention.

FIG. 12 is a schematic representation of an apparatus
according to another embodiment of the present invention.

FIG. 13 is a schematic representation of an apparatus and
method according to another embodiment of the present
invention.

FIG. 14 is a schematic representation of an apparatus and
method according to another embodiment of the present
invention.

FIG. 15 is a schematic representation of an apparatus and
method according to another embodiment of the present
invention.

FIG. 16 shows CNT arrays synthesized on both sides of a
10 um thick CU foil according to another embodiment of the
present invention. The density is ~10° CNTs/mm?. BothCNT
arrays are approximately 50 pm in height and the average
CNT diameter is approximately 20 nm.

FIG. 17 Thermal resistances of bare foil interfaces, R,
and CNT/foil interfaces. Ry, as a function of contact
pressure.

FIG. 18 Thermal circuit for the CNT/foil interface. The
local resistances sum to give R gz,

FIG. 19 Thermal resistance between the two free surfaces
of the samples. For the bare foil, the resistance is the same as
R, For the CN'T/Foil the resistance is the sum of the two
free CNT tip interface resistances.
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FIG. 20 CNT arrays synthesized on both sides of aluminum
foil according to another embodiment of the present inven-
tion. The insert is a higher magnification SEM image that
illustrates the CNT diameters in the array.

FI1G. 21 Resistive network for the aluminum foil/CNT
interface.

FIG. 22 is an exploded schematic representation of an
apparatus according to another embodiment of the present
invention.

F1G. 23 shows thin flexible substrates made rom com-
pressed graphite flakes or woven CNTs, which can enhance
thermal performance by adding additional compliance to the
interface, and by establishing gradient morphology between
the carbon atoms of the CNTs and the substrate material,
which can reduce thermal resistance.

F1G. 24— Scanning electron micrograph of CNTs grown
on compressed graphite foil.

FIG. 25 shows graphical depiction of CNT arrays (both
one-sided and two-sided) grown from various carbon sub-
strates according to another embodiment of the present inven-
tion.

FIG. 26 is a graphical depiction of CNT arrays grown from
an encapsulated carbon film according to another embodi-
ment of the present invention.

F1G. 27 is a graphical representation of thermal resistance
as a function of pressure according to various embodiments of
the present invention.

FIG. 28 is a graphical representation of thermal resistance
as a function of pressure according to various embodiments of
the present invention.

DESCRIPTION OF THE PREFERRED
EMBODIMENT

For the purposes of promoting an understanding of the
principles of the invention, reference will now be made to the
embodiments illustrated in the drawings and specific lan-
guage will be used to describe the same. It will nevertheless
be understood that no limitation of the scope of the invention
is thereby intended. such alterations and further modifica-
tions in the illustrated device, and such further applications of
the principles of the invention as illustrated therein being
contemplated as would normally occur to one skilled in the art
to which the invention relates. At least one embodiment of the
present invention will be described and shown. and this appli-
cation may show and/or describe other embodiments of the
present invention. It is understood that any reference to “the
invention” is a reference to an embodiment of a family of
inventions, with no single embodiment including an appara-
tus, process. or composition that must be included in all
embodiments. unless otherwise stated.

The use of an N-series prefix for an element number
(NXX.XX) refers to an element that is the same as the non-
prefixed element (XX.XX), except as shown and described
thereafter. As an example, an element 1020.1 would be the
same as element 20.1, except for those different features of
element 1020.1 shown and described. Further, common ele-
ments and common features of related elements are drawn in
the same manner in different figures, and/or use the same
symbology in different figures. As such. it is not necessary to
describe the features of 1020.1 and 20.1 that are the same,
since these common features are apparent to a person of
ordinary skill in the related field of technology. Although
various specific quantities (spatial dimensions, temperatures,
pressures, times, force, resistance, current, voltage, concen-
trations, wavelengths, frequencies, heat transfer coefficients,
dimensionless parameters, etc.) may be stated herein, such
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specific quantities are presented as examples only. Further,
with discussion pertaining to a specific composition of mat-
ter, that description is by example only, and does not limit the
applicability of other species of that composition. nor does it
limit the applicability of other compositions unrelated to the
cited composition.

Some embodiments of the present invention pertains to
nanoparticles that are deposited on at least one side of a
flexible, easily deformable substrate. The substrate with
attached nanoparticles can then be placed in contact with the
interface of a device. The easily deformable substrate permits
the substrate and nanoparticles to closely conform to irregu-
larities on the surface of the object. By virtue of this intimate
contact of the nanoparticles with the object, an interface is
formed with improved properties due to the presence of the
nanoparticles and an apparatus prepared according to various
embodiments of the present invention include improvements
in one, some, or all of the following properties: increased

thermal conductance, reduced electrical resistance, absorp- >

tion of electromagnetic radiation, increased efficiency in con-
verting electromagnetic radiation to heat, and mechanical
support. This list of properties provided by the nanoparticles
is by way of example only. and is not an exhaustive list.

In one embodiment of the present invention, a plurality of
thermally conductive nanoparticles are grown or otherwise
adhered to a thin, readily deformable substrate, such as a
flexible sheet of any solid material, including a foil of metal.
and further including foil of noble metal, and further includ-
ing carbon substrates (such as those produced from com-
pressed graphite or graphene, exfoliated graphite, and bucky
paper). The side of the substrate or foil with nanoparticles is
placed in contact with a heat source, such as a package con-
taining an integrated circuit. Because of their small size and
the easy deformation of the foil, the nanoparticles readily
occupy many surface irregularities of the package. Thus, the
heat transmitted through the wall of the package is more
effectively spread into the foil. The heat transfer to the foil can
be removed by convection or by phase change if a phase
change material is placed in contact with the nanoparticles. or
if another object is placed in contact with the foil, through
conduction.

One embodiment of the present invention includes a CNT
thermal interface material (TIM) with CNT arrays directly
synthesized on both sides of carbon-based ‘foils’ such as
woven CNT films or compressed exfoliated graphite to form
ananoassembly or thermal interface assembly. Such an appa-
ratus eliminates the need for exposing temperature sensitive
materials and devices to normal CNT growth conditions
(~900° C.) and provides greater conformability to rough
interfaces due to the carbon foils ability to match to the
interface geometry. The carbon foils also spread heat and
effectively integrate a heat spreader into the assembled ther-
mal interface material.

In another embodiment of the present invention, nanopar-
ticles are placed on both sides of a substrate that is plastically
deformable with small amounts of pressure. In one embodi-
ment, this member is placed inbetween a source of heat and a
sink for heat, such as between an integrated circuit package
and a finned heat exchanger. Since the member plastically
deforms under light pressure, it readily adapts to irregularities
on the adjacent surfaces of the integrated circuit package and
finned heat exchanger. Further. the nanoparticles will fill in
some surface voids and small irregularities and any adjacent
surface. Therefore, heat is more effectively transferred out of
the heat source and more effectively transferred into the heat
sink.
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In some embodiments, the nanoparticles are multiwalled
carbon nanotubes (MWCNTs) or single walled carbon nano-
tubes (SWCNTSs). Although an individual MWCNT has an
electrical resistance measured in thousands of ohms. by
arranging a high density of MWCNTSs on surface of the mem-
ber, the overall resistance is reduced, since the MWCNT's act
as resistances in parallel.

In yet other embodiments of the present invention, the
MWCNTs are exposed to an electromagnetic field that pref-
erentially aligns the MWCNT's during deposition and forma-
tion. In one embodiment, the MWCNTSs are arranged such
that the central axes of the tubes are substantially perpendicu-
lar to the surface to which they are attached. However, the
present invention is not so limited and contemplates other
directions of alignment.

In yet another embodiment, a plurality of nanoparticles is
deposited on a thin, metallic, easily deformable substrate and
used as a shield from electromagnetic interference (EMI).
This member can be placed at the mating interface between
electrical components or housings. As one example, an elec-
trically conductive metallic foil having a plurality of verti-
cally aligned MWCNTs on opposing sides is placed between
a lid of an electronics housing and the base of the electronics
housing. This foil easily conlorms to irregularities in the
adjoining surfaces, and both: (1) enhances the housing’s
blockage of external and internal EMI; and (2) reduces the
electrical resistance between the lid and the base.

In yet another embodiment, the ability of MWCNTs to
convert electromagnetic energy to heat is utilized to provide
localized heating of'a component subjected to an electromag-
netic field. As one example, a member populated with
MWCNTs can be placed at an interface where two thermo-
setting plastic materials come into contact. When the assem-
bly of the plastic materials and nanopopulated member is
subjected to a microwave field, the MWCNTs cause the ther-
moset joint to heat and fuse into a structural joint.

In one embodiment of the invention there is a product to be
used to reduce the thermal (electrical) interface resistance
between two connecting devices such as an electronic com-
ponent and a heat sink (another electrical component). The
embodiment includes a metal foil with dense carbon nano-
tube (CN'T) arrays directly synthesized on the surface of both
sides. Under moderate applied pressure, the metal foil
deforms to the shape of the interface and the CNTs act to
produce a plurality of thermally (electrically) conductive sur-
face to surface contact spots which in effect increases the real
contact area in the interface and reduces the resistance of the
interface to heat conduction and electrical flow. The embodi-
ment can also be used with existing commercial, wax-based
phase change materials (PCM) to enhance the stability of the
PCM in the interface and to produce increased thermal con-
duction through the PCM.

Various embodiments of the present invention pertain to an
apparatus that can be inserted, with or with out the addition of

5 a phase change material, between a processor chip or an

integrated circuit (IC) device and a heat sink to allow the chips
or IC devices to operate at lower temperatures.

Various embodiments of the present invention pertain to an
apparatus that can be inserted between an electrical device
and a connecting electrical device to allow electricity to pass
between the devices with lowered resistance.

Various embodiments of the present invention produce a
thermal and or electrical interface resistance lower than other
removable interface materials. The embodiment does not
require CNT synthesis on the devices to be interfaced, which
allows for scalable production and implementation with
existing thermal (electrical) systems. When used without the
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PCM the embodiment of the invention is dry so it will be
stable in the interface over continued use. When used with the
PCM the embodiment of the invention acts to hold the PCM
in the interface, increasing the stability of the PCM in the
interface while enhancing thermal conduction through the
PCM.

In some embodiments, dense CNT arrays are directly syn-
thesized on both sides of metal foil to form a material that is
dry. highly conductive, and conformal to an interface. In yet
other embodiments. wax based phase change material 1s com-
bined with the CNT arrays on the foil which enhances the
thermal conductivity of the wax and discourages the wax
from running out of the interface in its liquid phase. The
enhancement of CNT arrays can be added to any existing
interface without the need to synthesize CN'Ts on the inter-
faced devices (which can be destroyed by the temperatures
required for CNT growth and limits scalability).

Referring to FIG. 1B. a nanoparticle assembly 20 is shown
according to one embodiment of the present invention and

fabricated with three metal lavers 50, 52, and 54, including Ti, 2

Al, and Ni, respectively, (thickness: 30 nm, 10 nm. and 6 nm
respectively) deposited on the one side of a copper substrate
30 using electron-beam evaporation. Preferably, assembly 20
is adapted and configured to be easily separable as an assem-
bly. such that it can be handled as a separate component. The
Ti layer 50 promotes adhesion of MWCNT 40 to the copper
substrate 30. The Al layer 52 acts as a “buffer” layer to
enhance the CNT growth with the Ni catalyst 54 that provides
seed sites for CN'T growth.

Although various materials are described herein, the
present invention also contemplates usage of other materials.
For example, some embodiments of the present invention
utilize a central substrate comprising at least in part alumi-
num, platinum, gold, nickel, iron, tin, lead, silver, titanium,
indium. or copper. Further, yet other embodiments of the
present invention comprise the use of an adhesive layer com-
prising at least in part titanium or chromium. Yet other
embodiments of the present invention include a buffer mate-
rial comprising at least in part aluminum, indium. lead, or tin.
Yet other embodiments of the present invention utilize a cata-
lyst layer 54 comprising cobalt, iron, nickel, or palladium.

The CN'Ts were grown on this substrate surface by a micro-
wave plasma enhanced chemical vapor deposition (PECVD)
process. The feed gases were H, and CH,. The flow rates of
H, and CH, were 72 and 8 sccm respectively. The H, plasma
was maintained under a microwave power of 150 W. The
process temperature was 800° C.. and the growth time was 20
min.

Referring to FIG. 1C, a nanoparticle assembly 20" is shown
according to another embodiment of the present invention.
Assembly 20" includes the nanoparticle assembly 20 previ-
ously described, and includes a mirror image structure on the
opposite side of central substrate 30". Central substrate 30’
further includes an adhesive layer 50' to promote adhesion of
the CNTs to substrate 30'. A buffer layer 52' of aluminum is
deposited on adhesive layer 50. A catalyst layer 54' is depos-
ited on buffer layer 52'. A plurality 40" of carbon nanotubes
are grown from catalytic layer 54'.

A schematic of a resistance measurement test setup is
shown in FIG. 1A. While subjecting the MWCNT-enhanced
Cu substrate 30 to compressive loading using a Cu probe,
electrical resistance change was monitored by a multimeter
(Hewlett Packard 3478A). To precisely measure small resis-
tance changes, a four wire (point) measurement scheme was
adopted. This method eliminates wire connection resistance
and thereby permits contact resistance measurement at the
interface. The probe material was also chosen to be Cu in
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order to match the properties of the Cu substrate. The probe
tip area is much smaller in dimension than the substrate so
that multiple measurements can be made with each specimen
by changing the probing location. To make the probe, the end
of a copper nail was polished flat using a polisher (Buheler
ECOMET V) and AlLO, powder (size: 9 1o 1 um). The pol-
ished copper probe tip was observed by optical microscope
(Olympus BX60), and the image was digitized using software
(Golden Software Diger 2.01) to measure the apparent sur-
face area of the probe tip to be 0.31 mm”,

A small-scale mechanical testing machine (Bose Endura
ELF 3200) was used to control the probe displacement and to
measure the interaction force between the probe and
MWCNT-enhanced Cu substrate surface. The position of the
probe tip was adjusted toward the sample surface while moni-
toring the position of the probe tip through a CCD camera.
Starting from this non-contacting position (infinite electrical
resistance) the probe was displaced downward slowly in 1.0
pm increments until first measurable electrical resistance was
observed. This location was set to be the initial position (Z=0
pum) of the probe, and the probe tip was subsequently moved
downward by 1.0 pm increments. At each step of displace-
ment, contact resistance and force data were recorded. When
the resistance displayed a trend close to a constant value, the
probe descent was stopped. The probe was then moved
upward (reverse direction) in 1.0 pm increments while mea-
suring the contact resistance and force until electrical contact
was lost (infinite resistance).

The measurements were conducted at two different loca-
tions on the same specimen surface, referred to as Test 1 and
Test 2. The resistance ranged from a maximum value of 10°Q
to a minimum value of 4Q. As the probe was lowered, resis-
tance decreased.

In Test 1, the position corresponding to the first finite
resistance value is identified as initial electrical contact posi-
tion (Z=0 pum). The resistance did not change significantly
until the probe moved downward past 7Z=7 pm. At Z=11 pm,
the first measurable reaction {orce was observed. The electri-
cal resistance then reduced significantly to a steady value of
4Q with increased probe movement. Note that between the
initial position (Z=0 wm) and Z=11 pm, there was no measur-
able force but electrical contact was maintained (finite resis-
tance was measured).

InTest 2, the distance between the initial position (Z=0 pm)
and the first measurable force position (Z=18 um) is longer
than that of Test 1. This can be attributed to the resolution
limits of the load cell and contact characteristics between the
probe and MWCNT layer. In the beginning of contact, a
relatively smaller number of MWCNT touch the probe tip and
thus the force is in the range below the 0.001 N resolution of
the load cell.

Resistance measured while the probe moved upward (re-
verse process) for the first several steps (from Z=20 pm to

5 Z=14 pm for Test 1 and from Z=28 pm to Z=24 yum for Test 2)

showed similar or slightly higher values at corresponding
positions of the downward measurement. However, the resis-
tance did not increase to an infinite value when the probe
passed the position from where contact force between two
surfaces dropped to zero (Z=13 pm for Test 1 and Z=23 pum for
Test 2). Electrical contact is maintained even past the initial
position (Z=0 um), up to Z==7 pm for Test 1 and to Z=-1 pm
for Test 2. This trend is opposite to that observed for the bare
Cu—Cu contact. Also, step-like features of resistance change
are evident during both downward and upward movements of
the probe. These features are thought to be the result of van
der Waals forces.
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The overall trend of force change is more linear than the
control case. The average stiffness during downward move-
ment (0.173x10° N/m for Test 1 and 0.123x10° N/m for Test
2) is approximately two times higher than the initial stiffness
of the bare Cu—Cu contact (0.067x10° N/m).

The differences in the measured resistance and force
between Test 1 and Test 2 are attributed to the global-scale
variations of the MWCNT layer. The density and morphology
of the MWCNT layer generally varies at different probing
locations. Also the sensitivity of the electrical resistance mea-
surements affects how one defines the initial electrical contact
position. However, afier the probe registers a measurable
force, the trends of contact resistance versus force for both
tests are found to closely overlap each other, as shown in FIG.
2.

From the previous results, it is clear that the MWCNT layer
played a role reducing electrical resistance and increasing
stiffness. A comparison of the bare Cu—Cu contact and the

Cu-MWCNT-Cu contact 1s shown in FIG. 2. For the same »

apparent contact area the Cu-MWCNT-Cu interface showed a
minimum resistance of 4€ while the Cuv—Cu interface
showed a minimum resistance of 20€2. An 80% reduction in
resistance was observed under small compressive loading
when MWCNTSs are used as an interfacial material between
Cu surfaces. The average stiffhess of the Cu-MWCNT-Cu
contact is approximately two times larger than that of the bare
Cu—Cu contact.

The mechanism of contact resistance reduction due to the
presence of the MWCNT layer 40 can be explained by two
phenomena: (i) enlargement of real contact area through
numerous parallel contacts, (ii) electrical junctions between
CNTs combined with compressive loading. Although CNTs
can carry large current densities, it is known that by simply
placing a single CNT on a metal electrode, the contact resis-
tance was observed to be in the 10°Q to 10°Q range. Also the
minimum resistance between a single CNT and a metal con-
tact can be on the order of 10°Q. However macroscopic
contact resistance can be reduced by using a MWCNT layer
containing numerous individual MWCNTs that create paral-
lel paths. Note that a portion of the apparent contact surface
which is indicated as A_ (a-spots) in FIG. 3 participates in
electrical conduction. In the case of the Cu-MWCNT-Cu
contact, CNTs increase the size of A, (a-spots). While this
contact situation is complicated, it can be simplified concep-
tually. As depicted in FIG. 4, the gap between two contacting
members (see FIG. 4a) is filled with MWCNTSs thereby
increasing the contact area (see FI1G. 4b) via numerous par-
allel electrical contact paths.

Resistance reduction is also possible though electrical
junctions made between CNTs. The MWCNTSs on the sub-
strate’s surface exhibit a random configuration with no prel-
erential direction. These create electrical junctions among
adjacent CNTs to reduce the contact resistance. Other
researchers suggest that contact resistance vary widely
depending upon the relative orientation of two CNT surfaces
and the level of compressive loading on the junction. When
two contacting CN'Ts are in the A-A configuration it is called
“in registry” which exhibits lower contact resistance than the
A-B configuration (“out of registry™). For example, in the
case ofan “in registry™ junction, the resistance is 2.05 M€ for
rigid tubes. If compressive force is applied on this junction.
the resistance is reduced to 121 K€. In real cases, the junction
resistance likely falls between the lower and the higher resis-
tances. Therefore it is believed that the ensemble of the
numerous contacts and junctions created during the probe
movement dictate the macroscopic contact resistance.
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For the Cu-MWCNT-Cu interface, the force increased
almost linearly when the Cu probe moved downward. How-
ever for the bare Cu—Cu contact, the force did not increase in
asteady manner and was less than that of the Cu-MWCNT-Cu
contact. Note that if the load bearing area is increased, then
the force will increase accordingly. Thus it can be concluded
that MWCNT layer is also effective in enlarging the load
bearing area.

In yet another embodiment of the present invention, CNT
array samples were grown on Si (R,=0.01 pm and R_=0.09
pm, calculated by ASME B46.1-2002) and Cu (R_=0.05 pm
and R_=0.5 um, calculated by ASME B46.1-2002) surfaces
with a tri-layer (Ti/Al/Ni) catalyst configuration by direct
synthesis with microwave plasma-enhanced chemical vapor
deposition (PECVD) employing H, and CH, feed gasses. Si
and Cu were chosen as growth substrates in order to assemble
an interface that is representative of’ a common heat sink-
processor chip interface. Similar to the work of Xu and Fisher,
the thicknesses of Ti, Al. and Ni metal layers were 30 nm, 10
nm, and 6 nm respectively. The working pressure of the
PECVD chamber was 10 torr, the sample stage temperature
was 800° C., and the microwave plasma power was 150 W.
The volumetric flow rates of H, and CH, were 72 sccm and 8
scem respectively, and the growth period was approximately
20 minutes.

FIG. 5a shows a 30°-tilted plane. top view ofthe CNT array
synthesized on Si. The array height is approximately 15 um.
CNT diameters for the array on the Si wafer range from 15-60
nm (F1G. 55). F1G. 6 shows that, with identical catalyst prepa-
ration, the CNT array synthesized on a Cu sheet is similar to
the array on the Si wafer. The array height is approximately 20
pm (FIG. 6a), and the CNT diameters also range from 15-60
nm (FIG. 6b).

A CNT array was grown on a Cu block, which protruded
into the plasma and had sharp edges. in a prior study (inset of
FIG. 6a). The block acted like an antenna to concentrate the
plasma energy around its corners and edges. This plasma
concentration had a strong etching effect on the CNT growth
surface. By comparison, the height and density of the array on
the Cu sheet is improved because the plasma did not concen-
trate on the sheet during CNT growth.

The CNT density. determined by counting CNTs in a rep-
resentative area of a scanning electron microscope (SEM)
image, was approximately 6x10° CN'T/mm®. Assuming an

5 average CNT diameter of approximately 30 nm, an approxi-

mate CNT volume fraction of 42% can be calculated by
assuming the CNTs are circular tubes of uniform height that
are packed in vertical alignment. Some embodiments of the
present invention contemplate volume fractions of about 30
percent to 50 percent. Considering the lower porosities in
comparison with fullerenes, multi-walled CNTs should pos-
sess a mass density between that of fullerenes. 1900 kg/m’
and graphite, 2210 kg/m®. Thus, by assuming a multi-walled
CNT mass density of approximately 2060 kg/m?®, the effec-
tive mass density of all the CNT arrays (including effects of
void space) in this work is estimated to be approximately 865
kg/m?®.

For some of the test specimens prepared according to one
embodiment of the present invention, a photoacoustic tech-
nique was used to measure resistance. In photoacoustic (PA)
measurements a heating source, normally a laser beam, is
periodically irradiated on a sample surface. The acoustic
response of the gas above the sample is measured and related
to the thermal properties of the sample. The PA phenomenon

5 was first explained by Rosencwaig and Gersho, and an ana-

Iytic solution of the PA response of a single layer on a sub-
strate was developed. A more general analytic solution



US 8,919,428 B2

11

derived by Hu et al. that explains the PA effect in multilayered
materials is used in this study. A review of the PA technique
was given by Tam, and the technique has been used success-
fully to obtain the thermal conductivity of thin films. The PA
technique has also been used to measure the resistance of
atomically bonded interfaces. for which resistances were
orders of magnitude less than the resistances measured in this
study. The use of the PA technique for the measurement of
thermal resistance of separable (non-bonded) interfaces has
not been found in the literature. Also, the use of the PA
technique with a pressurized acoustic chamber and sample
has not been found in the literature.

A schematic of the experimental setup is shown in FIG. 7.
A fiber laser operating at a wavelength of 1.1 pmis used as the
heating source. Laser power is sinusoidally modulated by an
acoustic-optical modulator driven by a function generator.
For this study, the modulation frequency ranges from 300-
750 Hz. The output power of the laser is approximately 350
mW in the modulation mode. Afier being reflected and

focused, the laser beam is directed onto the sample mounted 2

at the bottom of the PA cell. The PA cell is pressurized by
flowing compressed He as shown in FI1G. 7, thus providing a
uniform average pressure on the sample surface. The PA cell
pressure is adjusted using a flow controller and is measured
by a gauge attached to the flow line. The test pressures are
chosen to span a range of pressures commonly applied to
promote contact between a heat sink and a processor chip. A
microphone. which is built into the PA cell. senses the acous-
tic signal and transfers it to a lock-in amplifier, where the
amplitude and phase of the acoustic signal are measured. A
personal computer, which is connected to the GPIB interface
of the lock-in amplifier and function generator, is used for
data acquisition and control of the experiment.

For the one-sided CNT interface prepared according to one
embodiment of the present invention, Ag foil (R, =0.06 um
and R_=0.4 um, calculated by ASME B46.1-2002) forms the
top of the sample, while for the two-sided CNT interface
according to another embodiment of the present invention the
side of the Cu sheet not coated by the CNT array is the
effective top of the sample. The sample structures according
to various embodiments of the present invention are shown
schematically in FIG. 8. To prepare the samples for PA mea-
surements, an 80 nm top layer of Ti was deposited by electron
beam deposition, thus allowing for the Ti film to absorb the
same amount of laser energy as the Ti film on the reference
sample during measurements. The Ag foil (hard, Premion®
99.998% (metals basis): Alfa Aesar. Inc.) was 25 um thick.
and the Cu sheet (Puratronic® 99.9999% (metals basis); Alfa
Aesar, Inc.) was 50 um thick to allow for high sensitivity to
the total interface resistance of the one-sided and two-sided
CNT interfaces, respectively. The Si wafers (double-side pol-
ished and <1 0 0> orientation; Universitywaler.com) were
565 pm thick to ensure that the layer is thermally thick.
Although particular thicknesses of silver and copper foil for
the substrate have been shown and described, the present
invention is not so limited. and contemplates the use of foil as
thick as about 0.1 millimeters. Further, although various puri-
ties of silver and copper have been described, the present
invention is not so constrained and contemplates the use of
foils with more impurities that are cheaper and more com-
mercially available.

The one-sided CNT interface sample has an upper and
lower measurement limit of ~100 mm*K/W and ~0.1
mm?*K/W. respectively. The two-sided CNT interface sample
has an upper and lower measurement limit of ~35 mm*K/W
and ~0.4 mm*K/W respectively. The use of the hard, 25
pum-thick pg foil in the one-sided CN'T sample instead of the
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50 wm-thick Cu sheet allows for greater measurement sensi-
tivity to the expected interface resistance values. Cu sheets
less than 50 pm thick can improve measurement sensitivity as
well; however, reduction in interface resistance resulting
from the sheet’s surface conformability (deformation
between asperities) are to be carefully considered in such a
case.

In general, the range of measurable resistances expands as
the ratio of the thermal penetration depth to thickness
increases for the top substrate (Ag and Cu in this work). The
upper measurement limit results when the sample’s effective
thermal penetration depth is insufficient for allowing heat to
pass through the interface and into the Si substrate: in this
limit the interface is thermally thick. The lower measurement
limit results when the sample’s effective thermal penetration
depth is much larger than the ‘resistive thickness” of the
interface; in this limit the interface is thermally thin. For the
frequency range and sample configurations of this study a 1-D
heat diffusion analysis is applicable because the largest in-
plane thermal diffusion length in the layered one-sided CNT
sample, 1/a, =043 mm, and two-sided CNT sample,
1/a,,,~0.35 mm, are much less than the laser beam size (ap-
proximately 1 mmx2 mm).?’

A reference or calibration sample is used for PA measure-
ments in order to characterize signal delay due to the time
needed for the acoustic wave to travel from the sample surface
to the microphone and acoustic resonance in the cell (reso-
nance was not experienced for the cell in the frequency range
ofthis study). A 565 pm-thick Si wafer witha top 80 nm layer
of Ti, deposited by electron beam deposition, was used as the
reference sample (for uniformity, Ti was deposited on the
reference and test samples at the same time).

The reference was tested with the PA cell pressurized at
different levels, including the pressure levels at which the
samples were tested. According to PA theory, phase shift is
independent of cell pressure, while amplitude is proportional
to cell pressure. However, the signal delay may be pressure-
dependent for both phase shift and amplitude. The composi-
tion of the cell gas can change the nature of the cell signal
delay as well. Air, N,. and He were observed to cause differ-
ent signal delay responses. Of these gases, He produced the
highest signal to noise ratio, which is expected because the
thermal conductivity of He is approximately an order of mag-
nitude higher than that of air or N,. He was therefore used as
the cell gas for this work. The thermal diffusion length in the
He filled PA cell, 1/a,,~0.46 mm (at atmospheric pressure), is
much less than the PA cell radius (4 mm) which supports the
assumptions of the PA model.

Using the PA technique, the thermal resistance of a one-
sided CNT interface (Si-CNT-Ag) has been measured at
0.241 MPa. and the thermal resistance of a two-sided CNT
interface (Si-CNT-CN'T-Cu) has been measured as a function
of pressure. The PA technique has also been used to measure
the component resistances of the CNT interfaces and the

5 thermal diffusivities of the CNT arrays. All CNT interface

measurements were performed at room temperature. After
testing, the interfaces were separated. and the CNT coverage
on the Cu and Si substrates was observed visually to match
the pre-test condition. This resiliency is the result of the
strong anchoring of the arrays to their substrates enabled by
the tri-layer catalyst.

F1G. 9 illustrates the fitted phase shifi results at 0.241 MPa
for the CNT interface samples. FIGS. 9a, 95, 9¢, and 94,
correspond to FIGS. 8a. 8b, 8¢, and 84, respectively. To
establish a benchmark for the accuracy of the PA technique, a
commercial PCM (Shin-Etsu 25x25 mm thermal pad: Shin-
Etsu Chemical Co., Lid.) interface (Si-PCM-Cu) was tested.
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The PCM changes phase at 48° C. and has a reported resis-
tance of 22 mm*-K/W for a 50 um-thick layer. A resistance of
20 mm*K/W was measured with the PA technique for an
approximate interface temperature of 55° C. and pressure of
0.138 MPa, which is in good agreement with the manufac-
turer’s published value.

One-sided CNT interface results are shown in Table 1, and
two-sided CNT interface results are illustrated in F1G. 10 and
displayed in detail in Table 2. The resistances at CNT-sub-
strate interfaces (and CN'T-CNT interface for the two-sided
interface) and the intrinsic conductive resistance of the CNT
arrays are grouped into the measured total interface resis-
tances, Ry, . and Ry, . This lumping approach has no
effect on the measured results because during each measure-
ment the laser energy penetrates deep enough to pass through
Ry 4o and R, ., and into the Si substrate.

TABLE 1

One-sided CNT interface results.

Fitted parameters Measured values at 241 kPa

Ry oy (mm? K/W) 2304
R4 (mm? K/W) 13402
R vt (R __,ng(|1|[112 K/w) 15.8 0.2
AN T 5-onst (MZ/5) 1.7+03x%x10™

TABLE 2

Two-sided CNT interface results.

Measured values at  Measured values at

Fitted parameters 172 kPa 241 kPa
Ry ey (mm? K/W) 0.8+05 0.8 =0.5
R eyr-covr (mm® K/W) 2.1+04 21204
R vy (MM? K/w) 1.0+ 0.5 0905
2R forat (Rsi_g) (mm’ K/W) 41204 4004
Aewr 5-on-st (M78) 3.2+04x 107 23x04x 107

BeNT Seon-Cu (MP/S) 21+04x% 10 43x05x% 10~

**(btained from data fit where CNT arrays are not considered as a layer in the PA model.

At a pressure of 0.24]1 MPa the one-sided CNT interface
produces a thermal resistance of approximately 16 mm*-K/
W. This photoacoustically measured resistance compares
well with one-sided CNT interface results obtained using a
steady state, 1-D reference bar measurement technique. The
resistances at the CNT-subsirate interfaces, R, .., and
R nz. 4 are approximately 2 mm*K/W and 13 mm*K/W
respectively, and it is clear that the CNT array free tips to
substrate (Repy ) interface dominates the thermal resis-
tance of the one-sided CNT interface. A similar characteristic
forone-sided CNT interfaces was reported ina previous siudy
aswell. A thermal diffusivity ofapproximately 1.7x107* m*/s
is measured for the CNT array on the Si wafer in the one-sided
CNT interface sample.

At moderate pressures, 0.172-0.379 MPa, the two-sided
CNT interface produces stable and low resistances near 4
mm*K/W. For comparison, resistance values of a two-sided
CNT interface measured with a reference bar method are also
included in FIG. 10. FIG. 10 demonstrates that the PA results
are similar to the reference bar results and fall well within the
latter results’ uncertainty range. The pressure dependent,
two-sided CNT interface results validate a prior postulate that
data scatter in the resistance-pressure characteristics of the
reference bar measurements is due to the large uncertainty
associated with the method. The resolved resistances of the
two-sided CNT interface, Rg_ v Renren and Reng e
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are approximately I mm*K/W, 2 mm*K/W, and 1 mm*-K/W
respectively, and the CNT-CNT interface dominates the ther-
mal resistance of the interface. The CNT arrays in the two-
sided interface have measured thermal diffusivities ranging
from approximately 2.1-4.3x10~* m%/s.

With the thermal diffusivities measured in this study rang-
ing from approximately 1.7-4.3x10~* m*/s and assuming the
CNT arrays’ room temperature effective specific heat to be
approximately 600 J/kg-K, the effective thermal conductivi-
ties (including effects of void space) of the CN'T arrays in this
study are calculated to range from approximately 88-223
W/m-K. This estimated thermal conductivity range is higher
than the thermal conductivity range. 74-83 W/m-K, reported
for CNT arrays measured using the 30) method. Yang et al.
reported CNT array thermal conductivities averaging 15
W/m-K.

The thermal performance revealed by the PA measurement
of the one-sided CNT interface can be attributed to the
increase in real contact area enabled by the high density of
CNT to surface contact spots. The thermal performance
revealed by the PA measurements of the two-sided CNT
interface can be attributed to an even larger increase in real
contact area. The contact area between the two arrays is
maximized during the initial loading procedure, so that fur-
ther increases in pressure do not cause a significant increase in
array-to-array CNT penetration. Compared to the resistances
of a bare Si—Cu interface and a one-sided CNT interface
(Si-CNT-Cu), which range from 105-196 mm*K/W and
20-31 mm*K/W respectively, a two-sided CNT interface
produces much lower thermal contact resistance.

An interface with a CNT array directly synthesized on one
side of the interface has been measured to have a resistance
less than 25 mm2K/W, which is equal to the resistance of the
state of the art commercial thermal interface materials. An
interface created with a directly synthesized CNT array on
one side of the interface and a wax-based phase change mate-
rial (PCM) added to it has been measured to have resistances
below 5 mm*K/W. An interface with a CNT array directly
synthesized on both sides of the interface has been measured
to have a resistance of 4 mm”KIW, which is similar to the
resistance of a soldered joint. However, in applications where
the materials that form the interface can not be exposed to the
temperatures normally used for CN'T growth, direct synthesis
of CNT array interfaces is difficult to implement.

In addition, when interface surfaces are relatively rough
(e.g. unpolished Cu—Cu interface as opposed to Si-glass
interface) it can be difficult to directly synthesize CN'T arrays
dense and long enough to adequately fill the interface voids.
Some embodiments of the present invention include a new
CNT thermal interface material (TIM) with CNT arrays
directly synthesized on both sides of'a metal foil. The embodi-
ment eliminates the need for exposing temperature sensitive
materials and devices to normal CNT growth conditions
(=900° C.) and provides greater conformability to rough

5 interfaces due to the metal foils ability to match to the inter-

face geometry.

Some embodiments of the present invention can be
inserted into several different interface configurations; how-
ever, it differs from other TIMs in that it is dry, removable, and
has an intrinsically high thermal conductivity. The thermal
interface resistance of the embodiment (without PCM) is
measured using a photoacoustic technique. A resistance of 7
mm*K/W was measured for a Cu-invention-Cu interface
under moderate pressure.

Many parameters affect the performance of metal foils as
thermal interface materials. Qualitatively, the thermal resis-
tance of a metal foil interface depends on the thermal and
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physical properties of the contacting members, foil, and gas
gap, the contact geometry, the contact pressure, and the inter-
face temperature. While the foregoing functional dependen-
cies are difficult to resolve analytically, empirical correlations
have been developed that match experimental results reason-
ably well. Experimental observations have revealed the exist-
ence of a range of preferred thicknesses, for which thermal
resistance is a minimum independent of contact pressure. for
metal foils used in a given interface. Additionally, the param-
eterk, . /H, where k., and H,,, are the thermal conductivity
and the hardness of the metal foil, respectively, has been
suggested as a good measure to predict the performance of a
metal foil in a given application. Higher kg, /H.,; ratios
reduce thermal resistance at the interface.

For metal foils with CNT-enhanced surfaces. heat flow
paths and resulting thermal models become substantially
more complicated. In addition to the properties of the metal
foil, the effective thermal and physical properties of CNT/
foils depend on. among other factors, CNT density. CNT

diameters in the array, and the bonding of the CNTs to the foil. 2

Previous studies have shown not only that CNT arrays con-
form well in an interface but also that they have relatively high
effective thermal conductivities (=80 W/m K) and can be
bonded well to their growth substrate. These CN'T array prop-
erties can be exploited. through optimization, to create a
CNT/foil material whose effective thermal to effective hard-
ness ratio K gy, /H ey 18 increased as compared to a bare
metal foil. Both Ky, . and H o, oo are affected by the CNT
array properties: however, reducing H .y, ;15 expected to be
the primary means to increase Ko z/Hengn Also, CNT/
foil characteristics such as the thicknesses of the CNT arrays
and the metal foil can be controlled such that the contact
geometry allows interfacial void spaces to be filled com-
pletely, thus overcoming the resistance to heat flow caused by
the roughness of a given interface.

Plasma-enhanced chemical vapor deposition (PECVD)
was used to synthesize the CNT arrays 540 according to some
embodiments of the present invention. Referring to FIGS. 16
and 17, a trilayer catalyst configuration 550, 552. 554 (30 nmn
Ti/10 nm Al/3 nm Fe, respectively) was deposited on both
sides of 10 um thick Cu foil substrate 530, according to
another embodiment of the present invention. The PECVD
process gases were H, [50 SCCM (SCCM denotes cubic
centimeter per minute at STP)] and CH,, (10 SCCM), and the
growth pressure and temperature were 10 Torr and 900° C..
respectively. A 200 W plasma was formed in the growth
chamber, and CN'T synthesis was carried out for 10 min. FIG.
16 contains a scanning electron microscope (SEM) image
that shows a side view of the two CNT arrays synthesized on
the Cu foil. As determined from microscopy (SEM and tran-
sition electron microscope) and Raman spectroscopy, the
structural characteristics (e.g., prevalence of CNT defects and
amorphous C) of the CNT arrays are similar to CNT arrays
grown on Si in previous work. Each array 540 is fairly uni-
form in height (approximately 50 pm) and the average CNT
diameter is approximately 20 nm. The density of each array is
preferably greater than greater than ~10” CN'T/mm? and pref-
erably is ~10® CNTs/mm?®.

The room-temperature thermal interface resistance of a
CNT/foil TIM and bare 10 pm thick Cu foil was measured as
a function of pressure using a photoacoustic (PA) technique.
The pressure range was chosen to identify the effects of CNT
enhancement in a range applicable to the thermal manage-
ment of electronic components. Two different interfaces, in
which the CNT/foil and bare foil were inserted, were
assembled to identify the effects of surface roughness on the
performance of the CN'T/foil TIM. To enable the PA measure-
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ments, both interfaces use Ag for the top substrate in the
interface. The Ag is relatively smooth, having an average
surface roughness R, of 0.06 um and an average peak-to-
valley surface height R_ 0f0.4 um. A polished Si base, having
R, =0.01 pm and R_=0.09 pm, was used as the opposing
substrate in the first interface (Si—Ag). A Cu base, having
R,=2.8 ym and R_=9.3 pm, was used as the opposing sub-
strate in the second interface (Cu—Ag). The total thermal
resistances of the CNT/oil, Ry, and of the bare foil,
Ry, for the two different interface configurations are pre-
sented in FIG. 17.

For both configurations, the CNT/foil was examined
before and after testing to assess any permanent physical
changes to the material. For the Si—Ag interface. the assem-
bly 520 of CN'T/foil had an appearance that closely resembled
the pretest condition upon removal. For the rough Cu—Ag
interface, deformation of the CNT/foil assembly 520 was
apparent such that its shape matched the interface geometry.
In each case, upon separation of the interface, the CNT arrays
540 remained fully intact on the surfaces of the foil. To
illustrate its robustness, after removal. the CNT/foil was
retested in each interface, and the measured thermal resis-
tances were consistent with the initial tests.

The bare Cu foil and the CNT/foil TIMs produce low
thermal resistances in both interface configurations. This
result is expected because of the relatively smooth contacting
member surfaces. The plots of FIG. 17 illustrate that the CNT
arrays provide greater enhancement to the thermal conduc-
tance of the Cu foil in the rougher Cu—Ag interface. A
reduction in resistance of approximately 30% is achieved at a
contact pressure of 275 kPa. For the smooth Si—Ag interface,
enhancement results when sufficient contact pressure is
applied. and an approximately 15% reduction in resistance is
achieved at a contact pressure of 275 kPa. Various embodi-

5 ments of the present invention contemplate the use of contact

pressures greater than about 50 kPa.

The CNT/foil assembly 520 increases conduction in the
interface by two mechanisms, both of which cause an
increase in the number density of contact points between free
CNT tips and their opposing substrate. The first mechanism is
the deformation of the CNT arrays 540 and the second is the
deformation of the foil substrate 530. It is possible that the
CNT array deformation is elastic (i.e., there was no evidence
oftube buckling), although van der Waals interactions among

5 the tubes can cause them to bundle together after experienc-

ing interfacial compression (mimicking the geometry of the
surface asperities), and that the Cu foil deformation is both
elastic and plastic as in the case of bare foil. For each interface
configuration, the CNT arrays and foil deform concurrently
with increased pressure. For the Si—Ag interface, the CNT/
foil deforms with increased pressure until a condition exists at
which it no longer deforms. and its improved thermal perfor-
mance over that of the bare foil becomes constant. Even for
this smooth interface, the slight deformation of the foil
around the surface asperities (primarily on the Ag surface) is
apparently suflicient to increase the number density of con-
tact points between free CNT tips and their opposing sub-
strate.

For the relatively rough Cu—Ag interface. the effect of the
Cu foil’s deformation is more significant due to the larger
surface asperities that may prevent CNT's from initially bridg-
ing the interface gap. For this interface. the CNT/foil 520
exhibits better thermal performance than the bare foil because
its foil component deforms under high local stress to match
the asperities of the interface while the CNTs presumably
deform along with it to create substantially more contact
points. For this interface. a maximum deformation extent did
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not oceur in the tested pressure range, and it is expected that
under higher pressures, the CNT/foil would continue to con-
form to the interface, further improving its performance as
compared to that of the bare foil.

The two deformation mechanisms of the CN'T/foil aid in
increasing the number density of contact points between free
CNT tips and their opposing substrate. To better illustrate the
enhancements that occur at both of the free CNT tip inter-
faces, the PA method has been used to measure local compo-
nent resistances within the interface structure. A resistive
network for the CN'T/foil interface is illustrated in FIG. 18.
The interface resistance between a CNT array and its Cu
growth substrate (R oz ¢,). approximately 1 mm? K/W., and
the effective thermal conductivity of CNT arrays synthesized
under conditions similar to the ones of this study, approxi-
mately 80 W/m K (which corresponds to an intrinsic resis-
tance R .,-of approximately 1 mm? K/W for each CNT array
in this study), have been measured in previous work. For the
CNT/foil material, the combined resistance of both CNT

arrays, both CN'T-foil interfaces, and the Cu foil (<0.3 mm* 2

K/W) sums to approximately 4 mm® K/W. The remaining
resistance in the CNT/foil interface is therefore produced by
the resistance between the CNT arrays” free tips and the two
contacting members (R, oy +R ez 4, for the Si—Ag inter-
face and R, cny+R cg 4 fOr the Cu—Ag interface).

The resistances at the free surfaces of the bare foil (same as
R,,;;) and the free surfaces (i.e., free CNT tips) of the CNT/
foil are illustrated in F1G. 19 for both interface configurations.
Clearly, the thermal resistance at the contacting member
interfaces is greatly reduced by the presence of the CNT
arrays. A reduction in resistance greater than 50% is observed
for both interface configurations at moderate pressure. These
results suggest that the CNT/foil configuration is highly
effective in increasing the number density of contact points
between free CNT tips and their opposing substrate and thus
provides an effective means of increasing the real contact area
in a thermal interface

In yet another embodiment of the present invention. and
referring to FIGS. 20 and 21, plasma-enhanced chemical
vapor deposition (PECVD) was used to synthesize the CNT
arrays 640. A tri-layer catalyst configuration 650,652,654 (30
nm-Ti/10 nm-A'2 nm-Fe, respectively) was deposited on
both sides of 2 um-thick aluminum foil 630. The active Fe
catalyst layer 654 was about 2 nm to facilitate the growth of
small diameter multiwalled CNTs. Due to the relatively low
melting temperature of aluminum (~660° C.) and to allow the
process gases o reach both of its surfaces. the foil assembly
620 was elevated by ceramic spacers, 1.2 mm in height, on a
growth stage set at 650° C.

The PECVD process gases were H, (40 scem) and CH,, (10
scem), to promote dense low-temperature growth, and the
pressure was 10 Torr. A 100 W plasma was formed in the
growth chamber and concentrated on a molybdenum shield
placed above the aluminum foil. and synthesis was carried out
for 10 min. Shielding was used during growth to prevent
excess heating and foil damage (hardening) due to direct
plasma exposure. The temperature on the top of the molyb-
denum shield was measured with a pyrometer to be 655° C.
When the plasma shield was not used and/or when the growth
temperature was higher, visible foil damage was noticed and
the aluminum foil/CNT material became stiff and brittle
(most likely due to exacerbated hydrogen embrittlement of
the aluminum). A scanning electron microscope (SEM) is
used to image the CNT arrays on the aluminum foil as illus-
trated in FIG. 20. Each array is approximately 10 pm tall, and
the average CN'T diameter is approximately 10 nm. The CNT
density of each array is ~10° CNTs/mm?.
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A resistive network for the aluminum {oil/CNT assembly
620 interface is illustrated in FIG. 21. The room-temperature
thermal resistance of the complete interface, R, was mea-
sured for smooth and flat mating solids (silver foil and pol-
ished silicon) using a photoacoustic (PA) technique. The PA
technique involves periodically heating the sample surface,
which is surrounded by a sealed acoustic chamber. The tem-
perature-induced pressure response in the acoustic chamber
is measured and used to determine thermal properties. The
transient nature of the PA technique allows for precise mea-
surement of the thermal resistance of the aluminum foil/CN'T
interface (error ~1 mm® K/W). and a resistance value of
approximately 10 mm* K/W was achieved at an interface
pressure of 345 kPa.

The aluminum foil/CNT assembly 620 was also tested ina
less ideal interface (i.e., rougher, wavier, and less flat) and
overa largerarea (1x1 cm) using a one-dimensional reference
bar technique, and a resistance value of approximately 90
mm® K/W was measured at 345 kPa. It may be possible to
attribute the relatively poor performance in the less ideal,
rougher interface to three characteristics of the aluminum
foil/CN'T material fabricated in this study that may have pre-
vented a significant increase in real contact area; small CN'T
array heights, a large density of small diameter CNTs in the
arrays, and possible stiffening of the aluminum foil during
CNT growth. The small heights may hamper the ability of the
CNT arrays to fill the interfacial voids, especially in highly
rough and/or warped areas of contact. For closely packed,
small diameter CNTs, tube-to-tube van der Waals interactions
are strong such the CNTs aid each other in reaming ridged,
which causes the CNT array to be relatively stiff and to
perform like a macro material. Stiffening of the aluminum
foil during CNT growth could further impede the aluminum
foil/CNT materials ability to conform in the interface. These
effects are less significant in the smooth interface because
only modest (in comparison) aluminum foil/CNT material
deformation is necessary to enhance real contact area. After
both tests, the interfaces were separated, and the CN'T arrays
remained firmly attached to the aluminum foil, indicating the
good adhesion provided by the reported growth technique.

F1G. 11 shows one embodiment of the invention in appli-
cation (not to scale) with a phase change material (PCM). A
thin layer of wax based PCM is applied to the surfaces of the
two devices that are at the interface. Then. the apparatus is
inserted in between the two wax covered surfaces and a pres-
sure is applied. The wax is heated until it changes from a solid
phase to a liquid phase. In the liquid phase the PCM wets the
CNT array. filling the voids in the array and interface com-
pletely. The CNTs. now embedded in the PCM. act as a highly
conductive thermal path in the newly formed composite inter-
face material. The wetting of the PCM to the CNTs also
discourages the PCM from running out of the interface in its
liquid phase.

FIG. 11 shows a nanoparticles assembly 20 located
between a heat source 22 (such as a CPU) and a heat sink 26
(such as a finned array). Preferably. both surface 23 of CPU
22 and surface 27 of heat sink 26 include a layer of a phase
change material 28. However, in other embodiments the use
of a PCM can be limited to only one of the surfaces.

Nanoparticle assembly 20 includes a thin, substantially flat
substrate 30 that plastically deforms under light pressure,
such as the aluminum, copper. and silver foils previously
discussed herein. Further, although certain materials have
been shown and described, the present invention contem-
plates the use of other materials having roughly similar con-
ductivity, electrical conductivity, and ductility.
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Substrate 30 includes the opposing planar surfaces 32 and
34. In one embodiment, each opposing surface has deposited
thereon an array of nanoparticles, including nanofibers, nano-
rods, nanowires, nanotubes, or buckyballs. In some embodi-
ments, the nanoparticles are multiwalled carbon nanotubes
(MWCNTs). Further, in some embodiments, the nanopar-
ticles are deposited on a single surface of substrate 30. In yet
other embodiments the MWCNTs are aligned by an electro-
magnetic field to be substantially perpendicular to the surface
of the substrate.

FIG. 11 shows the assembly of the heat sink to the CPU.
The nanoparticles 40 combine with a heat sensitive material
28 such as a phase change material (PCM) to form a compos-
ite material 28" which has increased resistance to flow as
compared to phase change material 28.

FIG. 12 shows one embodiment of the present invention in
an application (not to scale). The conformable metal foil is
preferably covered with dense CNT arrays on both of its
surfaces. When placed in the interface, under a moderate

applied pressure, the embodiment conforms to the interface 2

due to the ductile nature of the substrate or foil. This con-
formability allows the CNTs to better span the interface gap
and penetrate into the surface cavities, in effect increasing the
real contact area in the interface. This increase in contact area
leads to a reduction in resistance to heat flow (Q) or electrical
current (1) flow through the interface. The reduction in resis-
tance to heat flow allows a device to operate at lower tem-
peratures and the reduction in resistance to current flow
allows a device to pass current more efficiently. The present
embodiment also contemplates the use of metallic foil or
metallic or nonmetallic deformable membranes with CNT
arrays on only a single surface.

The metal foil used in the embodiment can be any conduc-
tive (thermal and/or electrical) foil (e.g. copper, aluminum,
etc.) that is thin and ductile enough to mechanically conform
to the roughness of an interface created by mating devices.
The CNT arrays can be synthesized on one or both the foil
surfaces using any CN'T synthesis technique that allows for
dense, vertically oriented CN'T arrays to be directly grown on
both sides of metal substrates while having strong mechanical
adhesion between the CNTs and the surfaces (as one
example, plasma-enhance chemical vapor deposition
(PECVD) and a Ti underlayer on the substrates surfaces to
promote adhesion). The present invention also contemplates
those embodiments in which the CNT arrays are attached to
thin, readily deformable members that are not metallic.

FIG. 12 shows two devices 24 with a nanoparticle assem-
bly 20 inbetween. Each device 24 can be a heat source, a heat
sink, a heat spreader, or any other type of device in which it is
desired to improve the thermal interface. The respective ther-
mal interfaces 23 and 27 include various surface irregulari-
ties, including out of flatness conditions, roughness pitting.
machining marks, and other microscopic irregularities. These
irregularities are shown in increased amplitude to the right
side of FIG. 12.

Nanoparticle assembly 20 is placed between the devices
24, and light pressure is applied to cause substrate 30 to
conform to at least some of the surface irregularities. Further.
the nanoparticle arrays 40 fill in various pits and voids.

FIG. 13 shows apparatus and method for joining two struc-
tures according to one embodiment of the present invention.
In another embodiment of the present invention two members
60 and 62 joined with a nanoparticle assembly 120. As shown
in FIG. 13, two polymer members 60 and 62 are to be joined
at a structural interface, such that these two members 60 and
62 can transfer mechanical load through the interface.
Although flat, planar structural interfaces are shown, it is
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understood that the present invention contemplates the join-
ing of members in which the structural interfaces are comple-
mentary in shape, including but not limited to tongue in
groove joints, dovetail joints, lap joints. miter joints, and
mortise and tenon joints.

A nanoparticle assembly 120 is placed within the structural
interface. Assembly 120 is substantially the same as assembly
20, except that the nanoparticle type. nanoparticle material,
and substrate material may be altered for improved compat-
ibility in this application. As one example, in some embodi-
ments the substrate material 130 includes a heat sensitive
material such as a thermosetting adhesive.

The assembly of members 60. 62 and 120 are placed in
contact. Nanoparticle assembly 120 closely follows both the
macro and micro shape of the structural interfaces, including
filling in various voids, pits, and irregularities. In some
embodiments, pressure can be applied to maintain the assem-
bly in contact. The structural interface is then exposed to
appropriate electromagnetic radiation which the nanopar-
ticles convert into heat. The hot nanoparticles in turn heat into
the adhesive and also the structural interfaces. For those
embodiments where substrate 130 is a thermosetting adhe-
sive, the heat is sufficient to increase the temperature of the
adhesive to its activation point. In yet other applications, the
temperature is sufficient to fuse the structural interfaces
together by melting or diffusional processes.

FIG. 14 is a cross sectional view of a fluid conduit 68
according to another embodiment of the present invention.
Conduit 68 includes on its inner cylindrical surface a layer
220 of a nanoparticle assembly. In some embodiments nano-
particle assembly 220 further includes a matrix layer 228
which bonds adjacent nanoparticles 240 together. Preferably,
assembly 220 includes nanoparticles 240 on a single side of
substrate 230, such that the opposite side of substrate 230 (the
side without nanoparticles) is in contact with fluid being
transported within conduit 68. The nanoparticle array 240
provides a highly conductive and efficient thermal path from
the walls of the conduit 68 to the fluid within the lumen of the
conduit. As one example, this additional layer could be a PVC
matrix material 68 which helps prevent any fouling from the
fluid flow within the conduit to the nanoparticles, and further
prevents inadvertent removal of the nanoparticles by erosion
from the fluid flow.

F1G. 15 shows another embodiment of the present inven-
tion as apparatus and method for thermally insulating an
object while providing low electrical resistance. In one
embodiment, a plurality ol nanoparticle assemblies 320 is
placed as an interfacing layer between an energy converting
device 70 and a current path 71. In one embodiment the
nanoparticle arrays are embedded within a low thermal con-
ductivity polymer 328, which lowers the overall thermal con-
ductivity of the system, while still permitting the nanopar-
ticles to conduct electrical current with relatively low
resistive losses.

FIG. 22 is an exploded view of an electronics assembly
according to one embodiment of the present invention. There
is an electrical housing 80 which includes one or more elec-
tronic components 84. Components 86 include any kind of
electrical device which generates electrical noise, or is sus-
ceptible to electrical noise, including CPUs, memory chips.
sensors, communication chips. and the like. Housing 80
includes an opening 81 through which the various compo-
nents 86 are assembled into housing 80. A lid 82 is releasably
attached to cover the opening of housing 80 by one or more
fasteners (not shown).

A flexible and deformable nanoparticle assembly 420 is
adapted to have the shape of the interface between the open-
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ing 81 and the lid 82. Preferably, nanoparticle assembly 420
is held tightly between lid 82 and housing 81 when the fas-
teners (not shown) are tightened. In one embodiment, nano-
particle assembly 420 includes a flexible metallic foil sub-
strate that is populated on at least one side by a plurality of
electrically conductive nanoparticles. Preferably. the nano-
particle array 240 comprises multiwalled carbon nanotubes
grown from one side of substrate 430 and aligned substan-
tially perpendicularly to the attachment surface. Nanoparticle
assembly 420 uses the multiplicity of highly electrically con-
ductive MWCNTs to establish a barrier to electromagnetic
interference (EMI), and thus act as an EMI gasket.

Yet other embodiments of the present invention are
depicted in and discussed with regards to FIGS. 23-28. FIG.
23 shows CNT arrays 740 that are directly synthesized on one
or both sides of a carbon-based substrate 730 such as woven
CNTs or compressed exfoliated graphite to form a material
that is dry, highly conductive, and conformal to an interface.
The carbon foils 730 can be processed thin to achieve a

compliant CNT-foil material. By synthesizing the CNT 2

arrays on the carbon-based foil and subsequently adding the
assembly of CNTs and foil to an existing device, the enhance-
ment of CNT arrays can be added to the existing interface
without the need to synthesize directly CNTs on the existing
devices (which device can be destroyed by the temperatures
used for CNT growth, and which process limits scalability).
Nanoassembly 720 is preferably fabricated separately from
the device (such as heat source 22, heat sink 26, device 70.
housing 80, and the like), removed from the processing cham-
ber, and separately placed on the device to which heat is to be
conducted. FIG. 23 shows a conductive nanoassembly 720
with the substrate 730 being in thermal contact with heat sink
26, and the carbon nanotubes 740 being in thermal contact
with the heat source 22.

The insertion of the CNT-carbon foil assembly between a
processor chip or an integrated circuit (1C) device and a heat
sink allows the chips or IC devices to operate at lower tem-
peratures. The insertion of the CNT-carbon foil assembly
between an electrical device and a connecting electrical
device allows electricity to pass between the devices with
minimal resistance.

Carbon-based substrates such as woven CNT films or com-
pressed graphite flakes can be processed to thin sizes (~10
nm) while maintaining good structural integrity, especially in
comparison to metal foils. Such thin films add additional
compliance and allows them to achieve increased contact area
and conductance in an interface application. Various embodi-
ments of the prevent invention include the use of carbon-
based substrates up to thicknesses of at least one hundred
microns. Furthermore, the gradient morphology established
at the CN'T-carbon substrate interface can promote more effi-
cient heat transfer. Some embodiments of the present inven-
tion include the formation of carbon-carbon bonds when the
CNTs are grown on carbon substrates. These bonds can
improve adhesion between the CNT and the substrate as well
as improve thermal transport between the CNT and the sub-
strate.

An interface with a CNT array directly synthesized on one
side of the interface has been measured to have a resistance
less than 8 mm*K/W. which is better the resistance of the state
of the art commercial thermal interface materials. An inter-
face with a CN'T array directly synthesized on both sides of
the interface has been measured to have a resistance of 4
mm>K/W, which is similar to the resistance of a soldered
joint. However, in applications where the materials that form
the interface can not be exposed to the temperatures normally
used for CNT growth, direct synthesis of CNT array inter-
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faces is difficult to implement. In addition. when interface
surfaces are relatively rough (e.g. unpolished Cu—Cu inter-
face as opposed to Si-glass interface) it can be difficult to
directly synthesize CNT arrays dense and long enough to
adequately fill the interface voids.

Various embodiments of the present invention contemplate
the use of carbon nanotube arrays (both single-walled and
multiwalled) directly synthesized on one or both sides of a
thin. carbon-based substrate sometimes referred to as a “foil.”
Examples of these carbon-based substrates include CNT
buckypaper. woven CN'T sheets, CN'T sheets held together by
van der Waals forces, graphite sheets, Nanocomp Technolo-
gies Inc. CNT sheets. compressed graphene sheets. graphene
sheets held together by van der Waals forces. sheets made
from compressed exfoliated graphite. and sheets made from
any carbon nanoparticle assembly held together by van der
Walls forces or by mechanical entanglement.

Various embodiments of the present invention differs from
some existing TIMs in that it is dry, removable, and has an
intrinsically high thermal conductivity. The thermal interface
resistance according to one embodiment of the present inven-
tion was measured using a photoacoustic technique. A resis-
tance of 20 mm>K/W was measured at 10 psi of pressure for
astructure that consisted of' a CNT array grown on one side of
100 micron-thick compressed exfoliated graphite foil. The
use of thinner graphite foils and thin (~10 nm) woven CNT
foils provides improved performance because of the
increased compliance of thinner structures. Also. growing
CNTs on both sides of the foil (thermal interface assemblies
720" and 820" shown in FIG. 25 and thermal interface assem-
bly 920' shown in FIG. 26) further reduces resistance as was
demonstrated for metallic foil samples with CNT arrays
grown on both sides.

In one embodiment. an e-beam evaporator was used (o

5 deposit a tri-layer catalyst configuration including 30 nm Ti,

10nm Al and 2 nm Fe. Arrays of CNTs were then synthesized
ina SEKTAX5200S microwave plasma chemical vapor depo-
sition (MPCVD) system. The growth chamber was evacuated
to 1 Torr and purged with N, for 5 min. The samples were
heated in N, (30 scem) to a growth temperature of 900° C.
Then the N, valve was closed and 50 scem of H, was intro-
duced to maintain a pressure of 10 Torr in the growth cham-
ber. After I min, a 200 W plasma was ignited and 10 sccm of
CIH, was introduced to commence 10 min of CNT synthesis.

The array densities were about 10*-107 CNTs/mm? (the
single-sided foil/CNT samples had the lowest densities which
were nearer to 10* CNTs/mm?). The average CNT diameter
for each array was approximately 20 nm, and the array
heights were approximately 40-50 pm.

A technique that exploits the wicking ability of CNTs was
developed to apply relatively consistent amounts of paraffin
wax to the CNT arrays on Cu foil. The foil/CNT samples and
adish of paraffin wax were heated to approximately 60° C. on
a hot plate. The foil/CNT samples were positioned perpen-

5 dicularly above the dish, and approximately 2 mm of the edge

of'each sample was submerged in the liquid wax, initiating the
wicking process. The samples remained heated and sub-
merged until the liquid wax wetted the entire sample.

FIG. 23 shows schematic representations of one embodi-
ment of the present invention in an application (not to scale).
FIG. 24 shows a scanning electron micrograph of a thermal
interface material assembly 720 that includes a CNT array
740 grown on graphite foil 730. The CNT array is directly
grown on one side of graphite foil. When placed in the inter-
face. under a moderate applied pressure, the apparatus con-
forms to the interface due to the sofiness of the exfoliated
graphite and compliance of the CNT arrays. This extra con-
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formablity allows the CNTs to better span the interface gap
and penetrate into the surface cavities, in effect increasing the
real contact area in the interface.

In some embodiments of the present invention, the inherent
roughness of the carbon foil (as compared to metal foils
discussed herein) can lead to CNT growth that is overall less
vertical than for CNTs grown on metal foil. This can result in
a spaghetti-like forest of CNTs, although it is believed that
such a forest structure may be more compliant and therefore
provide improved heat transfer. Referring to FIG. 24, the
CNTs of the array 740 in one embodiment of the present
invention are aligned substantially vertically to the surface of
the carbon foil 730 to which they are attached (and from
which they were synthesized). It was observed that the CNTs
nucleate near the surface of the carbon foil when the catalyst
layer is deposited with e-beam lithography because the metal
films stick to the surface. Yet other embodiments of the
present invention include the use of a solution-based catalyst.
which can lead to nucleation sites throughout the carbon foil.

However, CNT sheets and foils tend to have small spacing (a 2

few nanometers) between individual CNTs in the substrate
730. Because of this small spacing (wherein the diameters of
the individual CNTs grown in layer 740 are larger than the
CNT-to-CNT spacing within foil 730). It is expected that the
lateral growth of individual CNTs within the foil will be
relatively minimal. For the examples in which the layers 740
were grown from bucky paper or Nanocomp Technologies
Ine. samples, no lateral growth of the CNTs of layer 740 was
observed within substrate 730.

The carbon-based foils used in the invention can be any
combination of fullerenes, graphite. or carbon that can be
processed into thin free-standing sheets or foil and are com-
pliant enough to mechanically conform to the roughness of an
interface created by mating devices. FI1G. 25 shows different
embodiments of the present invention.

The carbon sheets can also be a composite of carbon sheets
coated with metal or polymer material 936 to improve the
mechanical integrity of thermal interface assembly 920 (see
FIG. 26). In one embodiment, the carbon foil is coated with a
material using any physical vapour deposition process, elec-
tron beam deposition, sputter deposition, electrochemical
deposition, thermal evaporation deposition, and atomic layer
deposition. Various embodiments of the present invention
include the materials such as copper, gold, titanium, oxides
such as silica, and polymers including wax. In some embodi-
ments, the encapsulated material is applied before the CNT
array 740 is grown, although in other embodiments the coat-
ing is applied afier the arrays are grown, in which embodi-
ments the entire structure 920 is coated. In those embodi-
ments where layer 936 is applied prior to growing layer 940,
the catalyst stack of materials is applied after the encapsulat-
ing layer. Preferably, the encapsulation layer 936 is thin (on
the order of one to ten nanometers).

The CNT arrays 940 and 940' can be synthesized on the
surface of the carbon-based substrate 930 using any CNT
synthesis technique that allows for dense, vertically oriented
CNT arrays to be directly grown on both sides or one side of
substrates while having mechanical adhesion between the
CNTs and the surfaces (e.g. microwave plasma chemical
vapour deposition (MPCVD) and a Ti underlayer on the sub-
strates surfaces to promote adhesion).

FIG. 27 shows resistance measurements made with multi-
walled CNT bucky paper substrates in various configurations
with vertical CNT arrays grown on substrate surfaces, and
without, as thermal interface materials.

FIG. 28 shows resistance measurements made with com-
mercially purchased multiwalled CNT bucky paper sub-
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strates in various configurations with vertical CNT arrays
grown on a substrate surfaces, and without, as thermal inter-
face materials. The reference on FIG. 28 to thinner foil refers
to a thicker foil that was modified to reduce its thickness. It is
estimated that the thinner foil was probably around one hun-
dred nanometers thick. The other two CNT arrays of FI1G. 28
were prepared on foils that were about one hundred microns
thick.

‘While the inventions have been illustrated and described in
detail in the drawings and foregoing description. the same is
to be considered as illustrative and not restrictive in character,
it being understood that only certain embodiments have been
shown and described and that all changes and modifications
that come within the spirit of the invention are desired to be
protected.

What is claimed is:

1. An apparatus comprising:

a compliant, readily-deformable carbon foil having first

and second opposing sides: and
a plurality of nanotubes having one end attached to the first
side of said foil and a free end, said nanotubes being
substantially aligned vertically to said first side;

wherein the thermal resistance {rom the free end to the
second side of said foil is less than about 50 mm~ K/W:
and

wherein said carbon foil has a substantially planar shape

and a thickness less than about one hundred nanometers.

2. The apparatus of claim 1.

wherein said carbon foil is made from a carbon nanopar-

ticle assembly substantially held together by van der
Waals forces or substantially held together by mechani-
cal entanglement.

3. The apparatus of claim 2 wherein said carbon foil is one
of CNT buckypaper, woven CNT sheet, graphite sheet.
graphene sheet, or exfoliated graphite sheet.

4. The apparatus of claim 2 which further comprises a
second plurality of nanoparticles attached to said second side
and substantially aligned vertically to said second side.

5. The apparatus of claim 1 wherein said foil includes a
layer of catalytic material on said first side, and said nano-
tubes are grown from said catalytic material at a density
greater than about 107 nanotubes per square millimeter.

6. The apparatus of claim 5 wherein said nanotubes are
grown from said catalytic material at a density less than about
107 nanotubes per square millimeter.

7. The apparatus of claim 5 wherein said carbon foil
includes a first layer on at least one side of said foil. an
external layer of a catalyst on the one said side of the foil, and
a layer of buffer material between said layer of catalyst and
said first layer.

8. The apparatus of claim 7 wherein the buffer material
comprises at least one of Al, In, Pb, or Sn.

9. The apparatus of claim 7 wherein the catalyst comprises

5 at least one of Fe, Co. Ni. and Pd.

10. The apparatus of claim 2 further comprising a first
hotter object having a first surface and a second cooler object
having a second surface, wherein the carbon foil is positioned
between the first surface and second surface and conducts
heat from the first object. through the carbon foil, and into the
second object.

11. An apparatus comprising:

a compliant, readily-deformable carbon foil having first

and second opposing sides: and

a plurality of nanotubes having one end attached to the first

side of said foil and a free end, said nanotubes being
substantially aligned vertically to said first side:
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wherein the thermal resistance from the free end to the
second side of said foil is less than about 50 mm?® K/W;

wherein said carbon foil includes a layer of catalytic mate-
rial on said first side, and said nanotubes are grown from
said catalytic material at a density greater than about 107
nanotubes per square millimeter;

wherein said carbon foil includes a first layer on at least one
side of said foil. an external layer of a catalyst on the one
said side of the foil. and a layer of buller material
between said layer of catalyst and said first layer; and

wherein the buffer material comprises at least one of In, Pb,
or Sn.

12. The apparatus of claim 11,

wherein said carbon foil is made from a carbon nanopar-
ticle assembly substantially held together by van der
Waals forces or substantially held together by mechani-
cal entanglement.

13. The apparatus of claim 11 wherein said carbon foil is

one of CNT buckypaper. woven CNT sheet, graphite sheet.
graphene sheet, or exfoliated graphite sheet.

14. The apparatus of claim 11 which further comprises a ~

second plurality of nanoparticles attached to said second side
and substantially aligned vertically to said second side.

26

15. The apparatus of claim 13 wherein said carbon foil is
CNT buckypaper.

16. The apparatus of claim 13 wherein said carbon foil is
woven CNT sheet.

17. The apparatus of claim 13 wherein said carbon foil is
graphene sheet.

18. The apparatus of claim 13 wherein said carbon foil is
extoliated graphite sheet.

19. The apparatus of claim 11 wherein said carbon foil
includes a layer of catalytic material on said first side, and said
nanotubes are grown from said catalytic material.

20. The apparatus of claim 11 which further comprises a
second plurality of nanoparticles attached to said second side
and substantially aligned vertically to said second side.

21. The apparatus of claim 12 wherein said carbon foil is
one of CNT buckypaper, woven CNT sheet. graphite sheet,
graphene sheet, or exfoliated graphite sheet.

22. The apparatus of claim 12 which further comprises a
second plurality of nanoparticles attached to said second side
and substantially aligned vertically to said second side.
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