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(57) ABSTRACT

Multilayered or multitiered structures formed by stacking of
vertically aligned carbon nanotube (CNT) arrays and meth-
ods of making and using thereof are described herein. Such
multilayered or multitiered structures can be used as thermal
interface materials (TIMs).
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CARBON NANOTUBE-BASED THERMAL
INTERFACE MATERIALS AND METHODS
OF MAKING AND USING THEREOF

CROSS REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims priority to and benefit of
U.S. Ser. No. 62/343,458, filed May 31, 2016, which is
hereby incorporated herein by reference in its entity.

FIELD OF THE INVENTION

[0002] This invention is in the field of carbon nanotube
arrays or sheets, particularly arrays or sheets which are
stacked to form multilayered or multitiered structures and
methods of making and using thereof.

BACKGROUND OF THE INVENTION

[0003] Carbon nanotube (CNT) arrays are an attractive
solution for enhancing thermal transport between surfaces.
CNTs can be grown on metal substrates, eliminating con-
cerns associated with pump out or voiding that liquid
thermal interface materials (TIMs) and greases may suffer
from.

[0004] The high in-plane conductivity of individual nano-
tubes (as high as 3,000 W/m-K) means that even at relatively
low CNT densities (typical CNT fill factors are on the order
ot 1%) the cross plane thermal conductance of a CNT-based
TIM can be competitive with that of thermal grease. Fur-
thermore, the favorable deformation mechanics of CNTs
allow them to efficiently conform to the asperities of adjoin-
ing surfaces, resulting in high contact areas at such inter-
faces between surfaces.

[0005] A key challenge, however, in CNT-based TIMs
comes from the difficulty in growing very long CNTs on
metal substrates. Unlike CNTs grown on silicon or other
inert substrates, the catalyst required for CNT growth suffers
from subsurface diffusion when grown on metal substrates,
resulting in early termination of tube growth. Furthermore,
defects tend to accumulate in CNTs as their height increases,
resulting in CNT arrays with conductivities significantly
lower than the 3,000 W/m-K limit otherwise achievable with
pristine tubes.

[0006] Thus, there is a need for overcoming the above
mentioned difficulty in growing long CNT arrays on metal
substrates and methods of making materials which have
good thermal transport properties.

[0007] Therefore, it is an object of the invention to provide
CNT arrays or sheets and structures formed thereof and
methods of making such structures having good thermal
transport properties.

[0008] It is also an object of the invention to provide CNT
arrays or sheets and structures formed thereof which can
provide high levels of compliance at the interface with one
or more surfaces.

SUMMARY OF THE INVENTION

[0009] Multilayered or multitiered structures formed by
stacking of vertically aligned carbon nanotube (CNT) arrays
and methods of making and using thereof are described
herein.

[0010] Two or more CNT arrays are typically stacked to
form multilayered or multitiered structures. Stacking of
multiple CNT arrays, such that the nanostructure elements
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from opposing arrays form into tiers in the stack and become
at least partially interdigitated with one another. Unlike the
stacking of a traditional material, stacked arrays of vertically
aligned nanostructures do no suffer from a linear (or worse)
increase in thermal resistance with increasing thickness.
Accordingly, the resulting multilayered structures can miti-
gate the adverse impact of thickness and boundaries on
energy transport as a result of the interdigitation of the
nanostructure elements (i.e., CNTs) of the two or more
arrays when contacted. In contrast, for a typical material the
resistance to heat transfer is directly proportional to the
material’s thickness, with an additional interfacial resistance
at the interfaces of a multilayered structure.

[0011] For multilayered or multitiered structures formed
by stacking of vertically aligned nanostructure materials of
CNT arrays, wherein the CNTs of the arrays at least partially
interdigitate within or into one another, effectively increas-
ing the density of the CNTs. Typically, the density of CNTs
grown on metal substrates is only about 1% of the total
volume. When two adjacent layers of CNT arrays are
stacked, for example, the density of heat conducting ele-
ments, such as CNTs or structures formed thereof, is effec-
tively doubled. As such the resistance to heat transfer per
unit length is reduced in kind.

[0012] An advantage of the multilayered or multitiered
structures formed by stacking of two or more CNT arrays
over traditional bulk materials comes at the interface of the
arrays. For example, resistance to heat transfer increases not
only due to the increase in thickness of a multilayer stack,
but also due to the interfacial resistances between the tiers.
Accordingly, between any two adjacent tiers, the boundary
between the two tiers is the location of poor heat transfer,
relative to the bulk material due to poor contact between the
tiers, as well as due to scattering of energy carriers (e.g.
electrons or phonons) at the boundary. When interdigitated,
the high aspect ratio of the nanostructures, such as CNTs,
results in a very high contact area between the tiers mini-
mizing the poor contact area contribution to the inter tier
interfacial resistance. Although Kapitza (scattering) resis-
tance cannot be completely eliminated the resistance can be
reduced by applying, infiltrating, or backfilling the array or
sheet with a polymer, wax, or other secondary material that
facilitates thermal/energy transport across the boundary.
This transport facilitation may be through the formation of
a covalent or weak atomic interaction between the CNT and
a secondary material, reduction of acoustic phononic trans-
port mismatch relative to air, or other types of mechanisms.

[0013] In one embodiment, nanostructure elements which
form the array are vertically aligned carbon nanotubes
(CNTs). In some embodiments, the CNT array is grown on
a metal substrate which is formed of aluminum, copper or
steel or comprises aluminum, copper or steel, or alloys
thereof. In another embodiment, the CNT array is formed on
a flexible, electrically and thermally conductive substrate,
such as graphite. In yet another embodiment, the CNT array
is grown on an electrically insulating substrate, such as a
flexible ceramic. In one embodiment, the inert support for
the CNT array is a piece of metal foil, such as aluminum foil.
In some instances only one surface (i.e., side) of the metal
foil contains an array of vertically aligned CNTs anchored to
the surface or the substrate/support. In other cases, both
surfaces (i.e., sides) of the substrate/support, such as a metal
foil, contain a coated array of aligned CNTs anchored to the
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surface. As another example, CNT sheets can be coated on
one or both sides and do not require an inert support.
[0014] Inembodiments described herein two or more CNT
arrays are stacked atop one another and the nanostructure
elements of the individual arrays, such as the CNTs or some
portion thereof, fully or substantially interdigitate within one
another; “substantially,” as used herein, refers to at least
95%, 96%, 97%, 98%, or 99% interdigitation between the
nanostructure elements (i.e., CNTs) of the individual arrays.
In some embodiments, the extent of interdigitation is in the
range of about 0.1% to 99% or at least about 1%, 5%, 10%,
20%, 30%, 40%, 50%, 60%, 70%, 80%, 90%, or 95%. In
certain other embodiments, the two CNT arrays may be
interdigitated only at the tips of the nanostructure elements
(i.e., CNTs) of the individual arrays. By stacking two or
more individual CNT arrays, wherein the nanostructure
elements of the individual arrays interdigitate when stacked
adjacently, it is possible to form multilayered or multitiered
structures.

[0015] In certain embodiments, one or more individual
nanostructure elements, such as CNTs, of the array may
navigate through another when adjacent CNT arrays are
brought in contact during the stacking process.

[0016] Insome embodiments, the individual nanostructure
elements, such as CNTs, of the array may interdigitate and
form into larger structures, such as superstructures, such as,
but not limited to, tube bundles, clumps, or rows. Such
superstructures may be formed through mechanisms such as
capillary clumping or when a polymer coating has been
applied to the CNT arrays prior to, during, or following the
stacking process.

[0017] In certain embodiments, adjacent tiers formed by
stacking of CNT arrays are formed via simple dry contact,
using entanglement, friction or weak attraction forces
between the nanostructures present therein to keep the
resulting interdigitated structure together. In certain other
embodiments the stacked structure resulting therefrom may
optionally be infiltrated or backfilled with a polymer, wax,
liquid metal, or other suitable material that solidifies inside
the stacked structure in order to hold the interdigitated arrays
together.

[0018] In some embodiments the polymer, wax, liquid
metal, or other suitable material can reduce the transport
resistance between the multiple layers or tiers formed,
resulting from improved contact area, a reduction in scat-
tering, or other related mechanisms. In yet other embodi-
ment the tiers formed by stacking of arrays may be bonded
by use of an adhesive or a phase-change material.

[0019] CNT arrays and the multilayered or multitiered
structures formed by stacking of such CNT arrays exhibit
both high thermal conductance and mechanical durability.
The multilayered or multitiered structures formed by stack-
ing of CNT arrays described herein can be used as thermal
interface materials (TIMs). Accordingly, such materials are
well suited for applications where repeated cycling is
required. For example, they can be employed as thermal
interface materials during ‘burn-in’ testing of electrical
components, such as chips. In some embodiments, the inert
support/substrate is a surface of a conventional metal heat
sink or spreader. This functionalized heat sink or spreader
may then be abutted or adhered to a heat source, such as an
integrated circuit package. Such TIM materials can also be
placed or affixed in between a heat source and a heat sink or
heat spreader, such as between an integrated circuit package
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and a finned heat exchanger, to improve the transfer of heat
from the heat source to the heat sink or spreader.

[0020] The CNT arrays and the multilayered or multitiered
structures formed by stacking of such CNT arrays described
herein can be used as thermal interface materials (TIMs) in
personal computers, server computers, memory modules,
graphics chips, radar and radio-frequency (RF) devices, disc
drives, displays, including light-emitting diode (LED) dis-
plays, lighting systems, automotive control units, power-
electronics, solar cells, batteries, communications equip-
ment, such as cellular phones, thermoelectric generators,
and imaging equipment, including MRIs.

[0021] In certain embodiments, the multilayered or mul-
titiered structures formed by stacking of CNT arrays are
useful as TIMs in low contact pressure and/or low ambient
pressure applications, such as in aerospace applications
where such TIMs could be used in satellites or space
vehicles/systems. In certain embodiments, the multilayered
or multitiered structures formed by stacking of CNT arrays
are useful at temperatures below ambient, below freezing, or
at cryogenic temperatures (such as experienced in space).
[0022] The CNT arrays and the multilayered or multitiered
structures formed by stacking of such CNT arrays described
herein can also be used for applications other than heat
transfer. Examples include, but are not limited to, micro-
electronics, through-wafer vertical interconnect assemblies,
and electrodes for batteries and capacitors. Currently, copper
and aluminum foil are used as the backing materials for the
anode and cathode in lithium ion batteries.

[0023] The multilayered or multitiered structures formed
by stacking of such CNT arrays could also be used for
electromagnetic shielding.

BRIEF DESCRIPTION OF THE DRAWINGS

[0024] FIGS. 1A and 1B are non-limiting schematics of a
multilayered/multitiered structure formed by stacking of
carbon nanotube (CNT) arrays. FIG. 1A shows a schematic
of a thermal interface material (TIM) having a single tier,
100, with arrays of carbon nanotubes, 110, on each side of
the substrate and wherein the TIM is placed between an
electronic device, 200, and a heat sink, 300. FIG. 1B shows
a schematic of a thermal interface material (TIM) having
three tiers, 100, where the three-tiered TIM is placed
between an electronic device, 200, and a heat sink, 300.
[0025] FIG. 2 is a graph showing the heat transfer coef-
ficient for dry stacks of three TIMs on aluminum (Al)
substrates over two test cycles.

[0026] FIG. 3 is a graph showing the heat transfer coet-
ficient for wax-bonded stacks of three TIMs on aluminum
(Al) substrates over two test cycles.

[0027] FIG. 4 is a bar graph showing the compressibility
of one-, two-, and four-tiered CNT-based TIMs and of
several commercially available TIMs. Normalized compres-
sion was measured at 100 psi.

[0028] FIG. 5 is a bar graph showing the rebound after
compression of one-, two-, and four-tiered CNT-based TIMs
and of several commercially available TIMs. TIM normal-
ized rebound was measured at 7 psi following compression
to 100 psi.

[0029] FIG. 6 is a graph showing the effective thermal
conductivity of one-tiered and stacked two- and four-tiered
TIMs.
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[0030] FIG. 7 is a graph showing compliance and com-
pression sets for a CNT-based TIM tested at successive
pressures of 30 psi, 50 psi, 60 psi, and 80 psi at a temperature
of 80° C.

[0031] FIG. 8 is a graph showing the effect of increased
contact pressure (x-axis) on thermal resistance (y-axis) on a
CNT-based stacked TIM.

[0032] FIG. 9 is a graph showing the change in thermal
resistance over time (x-axis) of a CNT-based stacked TIM
over greater than 5,000 insertions at a pressure of 80 psi.
[0033] FIG. 10 is a graph showing thermal resistance
hysteresis of a CNT-based stacked TIM, upon initial install
and post re-work, at pressures of 0 to 500 psi.

[0034] FIG. 11 is a graph of the thermal resistance as a
function of junction temperature of a single-tiered CNT-
based TIM, a three-tiered CNT-based TIM, a CNT-based
TIM wherein a gap pad is sandwiched between two tiers of
CNT-based TIM, and an indium benchmarking sample.
[0035] FIG. 12 is a graph showing the normalized thick-
ness of several TIM materials as a function of pressure.

DETAILED DESCRIPTION OF THE
INVENTION

1. Definitions

[0036] “Thermal Interface Material” (TIM), as used
herein, refers to a material or combination of materials that
provide high thermal conductance and mechanical compli-
ance between a heat source and heat sink or spreader to
effectively conduct heat away from a heat source.

[0037] “Compliant” or “Compliance,” as used herein,
refers to the ability of a material to conform when contacted
to one or more surfaces such that efficient conformance to
the asperities of the adjoining surface results in sufficient or
high contact areas at the interfaces between the surfaces and
the material.

[0038] “Interdigitation” or “Interdigitating”, as used
herein, refers to the ability and or degree which one or more
individual nanostructure elements of an array or sheet to
infiltrate or penetrate into the adjacent nanostructure ele-
ments of another array or sheet when the two different arrays
or sheets are contacted or stacked.

[0039] “Carbon Nanotube Array” or “CNT array” or
“CNT forest”, as used herein, refers to a plurality of carbon
nanotubes which are vertically aligned on a surface of a
material. Carbon nanotubes are said to be “vertically
aligned” when they are substantially perpendicular to the
surface on which they are supported or attached. Nanotubes
are said to be substantially perpendicular when they are
oriented on average within 30, 25, 20, 15, 10, or 5 degrees
of the surface normal.

[0040] “Carbon Nanotube Sheet” or “CNT sheet”, as used
herein, refers to a plurality of carbon nanotubes which are
aligned in plane to create a freestanding sheet. Carbon
nanotubes are said to be “aligned in plane” when they are
substantially parallel to the surface of the sheet that they
form. Nanotubes are said to be substantially parallel when
they are oriented on average greater than 40, 50, 60, 70, 80,
or 85 degrees from sheet surface normal.

[0041] “Coating material” as used herein, generally refers
to polymers and/or molecules that can bond to CNTs through
van der Waals bonds, m-m stacking, mechanical wrapping
and/or covalent bonds and bond to metal, metal oxide, or
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semiconductor material surfaces through van der Waals
bonds, w-m stacking, and/or covalent bonds.

[0042] “Elastic recovery” as used herein, refers to the
ability of a material to return to its original shape following
compression, expansion, stretching, or other deformation.
[0043] “Compression set” as used herein, refers to the
permanent deformation of a material which remains when a
force, such as compression, was applied to the material and
the force was subsequently removed.

[0044] Numerical ranges disclosed in the present applica-
tion include, but are not limited to, ranges of temperatures,
ranges of pressures, ranges of molecular weights, ranges of
integers, ranges of conductance and resistance values,
ranges of times, and ranges of thicknesses. The disclosed
ranges of any type, disclose individually each possible
number that such a range could reasonably encompass, as
well as any sub-ranges and combinations of sub-ranges
encompassed therein. For example, disclosure of a pressure
range is intended to disclose individually every possible
temperature value that such a range could encompass, con-
sistent with the disclosure herein.

II. Coated Carbon Nanotube Arrays or Sheets

[0045] A. Carbon Nanotube Arrays

[0046] Carbon nanotube arrays are described herein con-
tain a plurality of carbon nanotubes supported on, or
attached to, the surface of an inert substrate/support, such as
a metallic (e.g., Al or Au) foil, metal alloys (i.e., steel). In
some embodiments, the substrate/support can be a flexible,
electrically, and thermally conductive substrate, such as
graphite or other carbon-based material. In yet other
embodiments, the substrate/support can be an electrically
insulating substrate such as a flexible ceramic. The CNT
arrays can be formed using the methods described below.
The CNTs are vertically aligned on the substrate/support.
CNTs are said to be “vertically aligned” when they are
substantially perpendicular to the surface on which they are
supported or attached. Nanotubes are said to be substantially
perpendicular when they are oriented on average within 30,
25, 20, 15, 10, or 5 degrees of the surface normal.

[0047] Generally, the nanotubes are present at a sufficient
density such that the nanotubes are self-supporting and
adopt a substantially perpendicular orientation to the surface
of the multilayer substrate. Preferably, the nanotubes are
spaced at optimal distances from one another and are of
uniform height to minimize thermal transfer losses, thereby
maximizing their collective thermal diffusivity.

[0048] The CNT arrays contain nanotubes which are con-
tinuous from the top of the array (i.e., the surface formed by
the distal end of the carbon nanotubes when vertically
aligned on the multilayer substrate) to bottom of the array
(i.e., the surface of the multilayer substrate). The array may
be formed from multi-wall carbon nanotubes (MWNTs),
which generally refers to nanotubes having between
approximately 4 and approximately 10 walls. The array may
also be formed from few-wall nanotubes (FWNTs), which
generally refer to nanotubes containing approximately 1-3
walls. FWNTs include single-wall carbon nanotubes
(SWNTs), double-wall carbon nanotubes (DWNTS), and
triple-wall carbon nanotubes (TWNTs). In certain embodi-
ments, the nanotubes are MWNTs. In some embodiments,
the diameter of MWNTs in the arrays ranges from 10 to 40
nm, more preferably 15 to 30 nm, most preferably about 20
nm. The length of CNTs in the arrays can range from 1 to
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5,000 micrometers, preferably 5 to 5000 micrometers, pref-
erably 5 to 2500 micrometers, more preferably 5 to 2000
micrometers, more preferably 5 to 1000 micrometers. In
some embodiments, the length of CNTs in the arrays can
range from 1-500 micrometers, even more preferably 1-100
micrometers.

[0049] The CNTs display strong adhesion to the multilayer
substrate. In certain embodiments, the CNT array or sheet
will remain substantially intact after being immersed in a
solvent, such as ethanol, and sonicated for a period of at least
five minutes. In particular embodiments, at least about 90%,
95%, 96%, 97%, 98%, 99%, or 99.9% of the CNTs remain
on the surface after sonication in ethanol.

[0050] B. Carbon Nanotube Sheets

[0051] Carbon nanotube sheets are also described herein.
The sheets contain a plurality of carbon nanotubes that
support each other through strong van der Waals force
interactions and mechanical entanglement to form a free-
standing material. The CNT sheets can be formed using the
methods described below. The CNTs form a freestanding
sheet and are aligned in plane with the surface of this sheet.
CNTs are said to be “aligned in plane” when they are
substantially parallel to the surface of the sheet that they
form. Nanotubes are said to be substantially parallel when
they are oriented on average greater than 40, 50, 60, 70, 80,
or 85 degrees from sheet surface normal.

[0052] Generally, the nanotubes are present at a sufficient
density such that the nanotubes are self-supporting and
adopt a substantially parallel orientation to the surface of the
sheet. Preferably, the nanotubes are spaced at optimal dis-
tances from one another and are of uniform length to
minimize thermal transfer losses, thereby maximizing their
collective thermal diffusivity.

[0053] The CNT sheets may be formed from multi-wall
carbon nanotubes (MWNTs), which generally refers to
nanotubes having between approximately 4 and approxi-
mately 10 walls. The sheets may also be formed from
few-wall nanotubes (FWNTs), which generally refers to
nanotubes containing approximately 1-3 walls. FWNTs
include single-wall carbon nanotubes (SWNTs), double-wall
carbon nanotubes (DWNTS), and triple-wall carbon nano-
tubes (TWNTs). In certain embodiments, the nanotubes are
MWNTs. In some embodiments, the diameter of MWNTs in
the arrays ranges from 10 to 40 nm, more preferably 15 to
30 nm, most preferably about 20 nm. The length of CNTs in
the sheets can range from 1 to 5,000 micrometers, preferably
100 to 5000 micrometers, preferably 500 to 5000 microm-
eters, more preferably 1000 to 5000 micrometers. In some
embodiments, the length of CNTs in the sheets can range
from 1-500 micrometers, even more preferably 1-100
micrometers.

[0054] C. Coating(s)/Coating Materials

[0055] The CNT array or sheet can include a coating or
coating material (terms can be used interchangeably) which
adheres or is bonded to the CNTs. The coating/coating
material can be applied as described below. In some embodi-
ments, the coating contains one or more oligomeric mate-
rials, polymeric materials, waxes, or combinations thereof.
In other embodiments, the coating contains one or more
non-polymeric materials. In some embodiments, the coating
can contain a mixture of oligomeric, waxes, and/or poly-
meric material and non-polymeric materials.

[0056] In certain embodiments, the coating material(s) act
as a bonding agent(s) which can bonded, such as chemically,
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the carbon nanotubes of the stacked arrays or sheets. With-
out limitation, such coating material(s) which can act as
bonding agents(s) can be selected from adhesives (i.e.,
acrylate adhesives) and a phase change material (i.e., a wax
or waxes).

[0057] In some embodiments, the coating which adheres
or is bonded to the CNTs of an array is applied before two
or more CNT arrays or sheets are stacked while in other
embodiments, the coating which adheres or is bonded to the
CNTs of an array is applied following stacking of two or
more CNT arrays or sheets. In yet other embodiments, the
coating is infiltrated or backfilled into multilayered or mul-
titiered structures formed of stacked CNT arrays or sheets
and adheres or is bonded to the CNTs of the arrays forming
the structure. As used herein, “infiltration” or “infiltrated”
refer to a coating material(s) which are permeated through at
least some of the carbon nanotubes of the arrays or sheets
which were stacked to form the multilayered or multitiered
structures. In some embodiments, the extent of infiltration is
in the range of 0.1-99.9%. In some embodiments, the
infiltrated coating material at least partially fills the inter-
stitial space between carbon nanotubes while in some other
embodiments the infiltrated coating coats at least some of
the surfaces of the carbon nanotubes, or both. In some
embodiments, the infiltrated coating material fills the all or
substantially all (i.e., at least about 95%, 96%, 97%, 98%, or
99%) of the interstitial space between carbon nanotubes
present in the tiers or layers of the structure formed by
stacking of the CNT arrays or sheets.

[0058] A variety of materials can be coated onto the CNT
arrays or sheets, prior to stacking, during stacking, or
following stacking. In particular embodiments, the coatings
can cause a decrease in the thermal resistance of the CNTs
of arrays or sheets of structure having a plurality of layers or
tiers, as defined herein. The coatings can be applied confor-
mally to coat the tips and/or sidewalls of the CNTs. It is also
desirable that the coating be reflowable as the interface is
assembled using, for example, solvent, heat or some other
easy to apply source. Polymers used as coatings must be
thermally stable up to at least 130° C. In some embodiments,
the coating is readily removable, such as by heat or disso-
Iution in a solvent, to allow for “reworking” of the interface.
“Reworking”, as used herein, refers to breaking the interface
(i.e., removing the coating) by applying solvent or heat.

1. Polymeric Coating Materials

[0059] In some embodiments, the coating is, or contains,
one or more polymeric materials. The polymer coating can
contain a conjugated polymer, such as an aromatic, het-
eroaromatic, or non-aromatic polymer, or a non-conjugated
polymer.

[0060] Suitable classes of conjugated polymers include
polyaromatic and polyheteroaromatics including, but not
limited to, polythiophenes (including alkyl-substituted poly-
thiophenes), polystyrenes, polypyrroles, polyacetylenes,
polyanilines, polyfluorenes, polyphenylenes, polypyrenes,
polyazulenes, polynaphthalenes, polycarbazoles, polyin-
doles, polyazepines, poly(3.4-ethylenedioxythiophenes),
poly(p-phenyl sulfides), and poly(p-phenylene vinylene).
Suitable non-aromatic, conjugated polymers include, but are
not limited to, polyacetylenes and polydiacetylenes. The
polymer classes listed above include substituted polymers,
wherein the polymer backbone is substituted with one or
more functional groups, such as alkyl groups. In some
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embodiments, the polymer is polystyrene (PS). In other
embodiments, the polymer is poly(3-hexythiophene)
(P3HT). In other embodiments, the polymer is poly(3,4-
3thylenedioxythiophene) (PEDOT) or poly(3,4-3thylenedi-
oxythiophene) poly(styrenesulfonate) (PEDOT:PSS).
[0061] In other embodiments, the polymer is a non-con-
jugated polymer. Suitable non-conjugated include, but are
not limited to, polyvinyl alcohols (PVA), poly(methyl meth-
acrylates) (PMMA), polydimethylsiloxanes (PDMS), poly-
urethane, silicones, acrylics, and combinations (blends)
thereof.

[0062] In other embodiments, the polymer is a paraffin
wax. In other embodiments, the polymer is a synthetic wax
such as Fischer-Tropsch waxes or polyethylene waxes. In
other embodiments, the polymer is a wax that has a melting
temperature above 80, 90, 100, 110, or 120° C., preferably
above 130° C.

[0063] In other embodiments, the polymer is an adhesive,
such as, but not limited to, a hot glue or hot melt adhesive
that combines wax, tackifiers and a polymer base to provide
improved adhesion properties to one or more surfaces. In
some embodiments, the adhesive is a pressure sensitive
adhesive. In certain other embodiments, the adhesive is a
monomer that polymerizes upon contact with air or water
such as a cyanoacrylate. In yet other embodiments, the
adhesive is a combination of a pressure sensitive adhesive
and a thermally activated (or activatable) adhesive polymers
which enhances ease of adhesion of a multilayered or
multitiered structure described herein which includes such a
combination of coatings to a surface(s), by way of the
pressure sensitive adhesive and additional and more perma-
nent or semi-permanent adhesion by way of the thermal
adhesive.

[0064] D. Other Coating Materials
1. Metallic Nanoparticles
[0065] The CNT arrays or sheets can additionally be

coated with one or more metal nanoparticles. One or more
metal nanoparticles may be adsorbed to the distal ends
and/or sidewalls of the CNTs to bond the distal ends and/or
sidewalls of the CNTs to a surface, reduce thermal resistance
between the CNT array or sheet and a surface, or combina-
tions thereof. Metal nanoparticles can be applied to CNT
arrays or sheets using a variety of methods known in the art.
[0066] Examples of suitable metal nanoparticles include
palladium, gold, silver, titanium, iron, nickel, copper, and
combinations thereof.

2. Flowable or Phase Change Materials

[0067] In certain embodiments, flowable or phase change
materials are applied to the CNT arrays or sheets prior to
stacking, during stacking, or following stacking. Flowable
or phase change materials may be added to the CNT array
or sheet to displace the air between CNTs and improve
contact between the distal ends and/or sidewalls of CNTs
and a surface, and as a result reduce thermal resistance of the
array or sheet and the contact between the array or sheet and
a surface, or combinations thereof. Flowable or phase
change materials can be applied to CNT arrays using a
variety of methods known in the art.

[0068] Examples of suitable flowable or phase change
materials include paraffin waxes, polyethylene waxes,
hydrocarbon-based waxes in general, and blends thereof.
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Other examples of suitable flowable or phase change mate-
rials that are neither wax nor polymeric include liquid
metals, oils, organic-inorganic and inorganic-inorganic
eutectics, and blends thereof. In some embodiments, the
coating material, such as a non-polymeric coating material
and the flowable or phase change material are the same
material or materials.

III. Multilayered or Multitiered Structures

[0069] The CNT arrays or sheets described above can be
stacked according to the methods described below to afford
multilayered or multitiered structures. A non-limiting
example of a three layered/tiered structure is shown in the
schematic of FIG. 2 (right side). A layer or tier is formed by
contacting/stacking the carbon nanotubes of two CNT arrays
or sheets, which interdigitate at least partially, and which
may optionally be coated with a suitable coating material as
described herein.

[0070] In some embodiments the multilayered or multi-
tiered structures can further include a coating, a coating of
metallic nanoparticles, and/or a coating of flowable or phase
change materials on the nanostructure elements, such as
CNTs, of the arrays.

[0071] At least two CNT arrays or sheets can be stacked
to form the multilayered or multitiered structures. For
example, FIG. 2 shows stacking of three CNT arrays (right
side). By using more CNT arrays the thickness of the
multilayered or multitiered structures can be increased as
needed. In some embodiments, up to 5, 10, 15, 20, 25, 30,
or more CNT arrays or sheets can be stacked according to
the method described above. The thickness of the resulting
multilayered or multitiered structures formed by stacking
can be in the range 1-10,000 microns or more. In some
embodiments, the thickness of the resulting multilayered or
multitiered structures formed by stacking can be 1-3,000
micrometers, even more preferably 70-3,000 micrometers.
In some embodiments, the number of layers and/or thickness
is based on the thickness of the CNT forest formed on the
arrays used in the stacking process.

[0072] In a non-limiting embodiment, at least two verti-
cally aligned arrays or sheets formed on supports/substrates
are stacked/contacted such that the nanostructure elements,
such as CNTs, of the arrays at least partially interdigitate on
contact. In one embodiment full interdigitation of nanostruc-
ture elements of the arrays occurs within one another when
stacked. In other embodiments the arrays may interdigitate
only at the tips of the nanostructure elements, such as CNTs.
In yet other embodiments, the individual nanostructures can
navigate through the nanostructures of the adjacent array
during the interdigitating process and the nanostructure
elements of the individual arrays, such as the CNTs or some
portion thereof, fully or substantially interdigitate within one
another; “substantially,” as used herein, refers to at least
95%, 96%, 97%, 98%, or 99% interdigitation between the
nanostructure elements of the individual arrays. In some
embodiments, the extent of interdigitation is in the range of
about 0.1% to 99% or at least about 1%, 5%, 10%, 20%,
30%, 40%, 50%, 60%, 70%, 80%, 90%, or 95%.

[0073] In some embodiments the nanostructures of the
stacked arrays, which interdigitate at least partially, may also
form into larger superstructures, such as, but not limited to,
tube bundles, clumps, or rows. These superstructures may be
formed through mechanisms such as capillary clumping or
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by way of application of a polymer coating prior to, during,
or following the stacking process.

[0074] In some embodiments, a polymer coating and/or
adhesive, or other coating as described above, is applied to
the CNT array(s) which are subsequently stacked. In such
embodiments, the thickness of the coating and/or adhesive,
or other coating as described above, is about 1-1000 nm,
more preferable 1-500 nm, and most preferably 1-100 nm.

[0075] In addition to the above, the favorable deformation
mechanics of CNTs present in the multilayered or multi-
tiered structures allow them to efficiently conform to the
asperities of adjoining surfaces, resulting in high contact
areas at the interfaces.

[0076]

[0077] The CNT arrays or sheets and the multilayered or
multitiered structures formed by stacking of such CNT
arrays described herein exhibit reduced thermal resistance.
The thermal resistance can be measured using a variety of
techniques known in the art, such as the photoacoustic (PA)
method.

[0078] In one embodiment, the thermal resistance of the
CNT arrays or sheets and the multilayered or multitiered
structures formed by stacking of such CNT arrays or sheets
is reduced by at least about 25%, 30%, 35%, 40%, 45%,
50%, 55%, 60%, 65%, 70% or greater compared to single
tiered structures when measured, for example, using the
photoacoustic method. In certain embodiments, the CNT
arrays or sheets and the multilayered or multitiered struc-
tures formed by stacking of such CNT arrays or sheets
exhibit thermal resistances of less than about 1.0, 0.9, 0.8,
0.7,0.6,0.5,0.4,0.3, 0.2, or 0.1 cm? K/W. In such embodi-
ments, the thermal resistance is about 0.4, preferably about
0.3 cm”® K/W. In certain embodiments, the CNT arrays or
sheets and the multilayered or multitiered structures formed
by stacking of such CNT arrays or sheets exhibit thermal
resistances of between about 1 and 0.1 cm® K/W. In such
embodiments, the thermal resistance is about 1, 0.9, 0.8, 0.7,
0.6, 0.5, 0.4, 0.3, 0.2, or 0.1 cm® K/W. In some embodi-
ments, the thermal resistance value of a multilayered or
multitiered structures formed by stacking of CNT arrays or
sheets is the same or substantially unchanged as compared
to the value(s) of the single layer arrays used to form the
stack; “substantially,” as used herein refers to less than a
10%, 5%, 4%, 3%, 2%, or 1% change.

[0079] In some instances, the multilayered or multitiered
structures formed by stacking of CNT arrays or sheets, when
used, for example, as thermal interface materials (TIMs)
exhibit thermal resistance hysteresis and stable operation
over a wide pressure range of 0 to 500 psi, 0 to 400 psi, O
to 300 psi, 0 to 200 psi, or 0 to 100 psi, when increasing and
decreasing the pressure on the TIM in the aforementioned
ranges.

[0080] In one embodiment, the apparent thermal conduc-
tivity of the CNT arrays or sheets and the multilayered or
multitiered structures formed by stacking of such CNT
arrays or sheets is increased by at least about 25%, 30%,
35%, 40%, 45%, 50%, 55%, 60%, 65%, 70% or greater
compared to single tiered structures. In some embodiments,
the CNT arrays or sheets and the multilayered or multitiered
structures formed by stacking of such CNT arrays or sheets
exhibit conductance values in the range of about 1-2500
W/m-K, 1-2000 W/m-K, 1-1500 W/m-K, 1-1000 W/m-K,

A. Reduction in Thermal Resistance
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1-500 W/m-K, 5-500 W/m-K, 5-400 W/m-K, 5-300 W/m-K,
5-200 W/m-K, 5-150 W/m-K, 5-100 W/m-K, or 3-30 W/m-
K.

[0081] A coating may be optionally applied to the CNT
arrays or sheets prior to, during, or following stacking to
form multilayered or multitiered structures formed by stack-
ing of such CNT arrays or sheets. Coating(s) were shown to
be an effective means for increasing the contact area and
reducing the thermal resistance of CNT forest thermal
interfaces. The bonding process added by inclusion of
nanoscale coatings around individual CNT contacts
includes, for example, pulling, through capillary action, of
additional CNTs close to the interface to increase contact
area.

[0082] The multilayered or multitiered structures, demon-
strate good compliance, i.e., the ability to conform when
contacted to one or more surfaces of material(s) (such as a
die or chip). Compliant multilayered or multitiered TIMs
have contact areas at interfaces between surface(s) of mate-
rial(s) and the TIM, such that the compliance of the multi-
layered or multitiered TIMs, expressed as a percentage
value, is between about 1% to 50%, 1% to 40%, 1% to 30%,
1% to 25%, 1% to 20%, or 1% to 10% of the total thickness
of the TIM.

[0083] The multilayered or multitiered structures also
demonstrate excellent elastic recovery properties following
one or more repeated deformations, typically compressions,
at varying pressures up to about 50, 100, 200, 300, 400, 500
psi, or greater (see Example data). Elastic recovery of the
multilayered or multitiered structures, expressed as a per-
centage value, following one or more compressions can be
greater than about 50%, 60%, 70%, 80%, 90%, 91%, 92%,
93%, 94%, 95%, 96%, 97%, 98%, or 99%. In some
instances, the multilayered or multitiered structures
described also demonstrate compression set properties fol-
lowing one or more repeated deformations, typically com-
pressions, at varying pressures up to about 50, 100, 200, 300,
400, 500 psi, or greater. Compression set of the multilayered
or multitiered structures, expressed as a percentage value,
following one or more compressions can be less than about
20%, 15%, 10%, 9%, 8%, 7%, 6%, 5%, 4%, 3%, 2%, 1%,
0.9%, 0.8%, 0.7%, 0.6%, 0.5%, 0.4%, 0.3%, 0.2%, or 0.1%.

IV. Methods for Preparing Multilayered or
Multitiered Structures

[0084] A. Carbon Nanotube Arrays

[0085] Carbon nanotube arrays can be prepared using
techniques well known in the art. In one embodiment, the
arrays are prepared as described in U.S. Publication No.
2014-0015158-A1, incorporated herein by reference. This
method involves the use of multilayer substrates to promote
the growth of dense vertically aligned CNT arrays and
provide excellent adhesion between the CNTs and metal
surfaces.

[0086] The multilayer substrates contain three or more
layers deposited on an inert support, such as a metal surface.
Generally, the multilayer substrate contains an adhesion
layer, an interface layer, and a catalytic layer, deposited on
the surface of an inert support. Generally, the support is
formed at least in part from a metal, such as aluminum,
platinum, gold, nickel, iron, tin, lead, silver, titanium,
indium, copper, or combinations thereof. In certain
instances, the support is a metallic foil, such as aluminum or
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copper foil. The support may also be a surface of a device,
such as a conventional heat sink or heat spreader used in heat
exchange applications.

[0087] The adhesion layer is formed of a material that
improves the adhesion of the interface layer to the support.
In certain embodiments, the adhesion layer is a thin film of
iron. Generally, the adhesion layer must be thick enough to
remain a continuous film at the elevated temperatures used
to form CNTs. The adhesion layer also generally provides
resistance to oxide and carbide formation during CNT
synthesis at elevated temperatures.

[0088] The interface layer is preferably formed from a
metal which is oxidized under conditions of nanotube syn-
thesis or during exposure to air after nanotube synthesis to
form a suitable metal oxide. Examples of suitable materials
include aluminum. Alternatively, the interface layer may be
formed from a metal oxide, such as aluminum oxide or
silicon oxide. Generally, the interface layer is thin enough to
allow the catalytic layer and the adhesion layer to diffuse
across it. In some embodiments wherein the catalytic layer
and the adhesion layer have the same composition, this
reduces migration of the catalyst into the interface layer,
improving the lifetime of the catalyst during nanotube
growth.

[0089] The catalytic layer is typically a thin film formed
from a transition metal that can catalyze the formation of
carbon nanotubes via chemical vapor deposition. Examples
of suitable materials that can be used to form the catalytic
layer include iron, nickel, cobalt, rhodium, palladium, and
combinations thereof. In some embodiments, the catalytic
layer is formed of iron. The catalytic layer is of appropriate
thickness to form catalytic nanoparticles or aggregates under
the annealing conditions used during nanotube formation.
[0090] In other embodiments, the multilayer substrate
serves as catalytic surface for the growth of a CNT array. In
these instances, the process of CNT growth using chemical
vapor deposition alters the morphology of the multilayer
substrate. Specifically, upon heating, the interface layer is
converted to a metal oxide, and forms a layer or partial layer
of metal oxide nanoparticles or aggregates deposited on the
adhesion layer. The catalytic layer similarly forms a series of
catalytic nanoparticles or aggregates deposited on the metal
oxide nanoparticles or aggregates. During CNT growth,
CNTs form from the catalytic nanoparticles or aggregates.
The resulting CNT arrays contain CNTs anchored to an inert
support via an adhesion layer, metal oxide nanoparticles or
aggregates, and/or catalytic nanoparticles or aggregates.
[0091] In particular embodiments, the multilayer substrate
is formed from an iron adhesion layer of about 30 nm in
thickness, an aluminum or alumina interface layer of about
10 nm in thickness, and an iron catalytic layer of about 3 nm
in thickness deposited on a metal surface. In this embodi-
ment, the iron adhesion layer adheres to both the metal
surface and the Al (alumina nanoparticles or aggregates after
growth) or Al,O, interface layer. The iron catalytic layer
forms iron nanoparticles or aggregates from which CNTs
grow. These iron nanoparticles or aggregates are also bound
to the alumina below.

[0092] As a result, well bonded interfaces exist on both
sides of the oxide interface materials. Of metal/metal oxide
interfaces, the iron-alumina interface is known to be one of
the strongest in terms of bonding and chemical interaction.
Further, metals (e.g., the iron adhesion layer and the metal
surface) tend to bond well to each other because of strong
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electronic coupling. As a consequence, the CNTs are
strongly anchored to the metal surface.

[0093] Further, subsurface diffusion of iron from the cata-
Iytic layer during nanotube growth is reduced because the
same metal is on both sides of the oxide support, which
balances the concentration gradients that would normally
drive diffusion. Therefore, catalyst is not depleted during
growth, improving the growth rate, density, and yield of
nanotubes in the array.

[0094] Insome embodiments, the CNT array is formed by
vertically aligning a plurality of CNTs on the multilayer
substrate described above. This can be accomplished, for
example, by transferring an array of CNTs to the distal ends
of CNTs grown on the multilayer substrate. In some embodi-
ments, tall CNT arrays are transferred to the distal ends of
very short CNTs on the multilayer substrate. This technique
improves the bond strength by increasing the surface area
for bonding.

[0095] The inert support for the CNT array or sheet can be
a piece of metal foil, such as aluminum foil. In these cases,
CNTs are anchored to a surface of the metal foil via an
adhesion layer, metal oxide nanoparticles or aggregates, and
catalytic nanoparticles or aggregates. In some instances only
one surface (i.e., side) of the metal foil contains an array or
sheet of aligned CNTs anchored to the surface. In other
cases, both surfaces (i.e., sides) of the metal foil contain an
array or sheet of aligned CNTs anchored to the surface. In
other embodiments, the inert support for the CNT array or
sheet is a surface of a conventional metal heat sink or heat
spreader. In these cases, CNTs are anchored to a surface of
the heat sink or heat spreader via an adhesion layer, metal
oxide nanoparticles or aggregates, and catalytic nanopar-
ticles or aggregates. This functionalized heat sink or heat
spreader may then be abutted or adhered to a heat source,
such as an integrated circuit package.

[0096] B. Carbon Nanotube Sheets

[0097] Carbon nanotube sheets can be prepared using
techniques well known in the art. In one embodiment, the
sheets are prepared as described in U.S. Pat. No. 7,993,620
B2. In this embodiment, CNT agglomerates are collected
into sheets in-situ inside the growth chamber on metal foil
substrates. The sheets can then be densified by removing the
solvent. In another embodiment, the CNT sheets are made
by vacuum filtration of CNT agglomerates that are dispersed
in a solvent.

[0098] C. Coated Nanotube Arrays and Sheets
1. Polymer Coatings
[0099] Polymers to be coated can be dissolved in one or

more solvents and spray or dip coated or chemically or
electrochemically deposited onto the vertical CNT forests or
arrays grown on a substrate, or on a sheet, as described
above. The coating materials can also be spray coated in
powder form onto the top of vertical CNT forests or arrays
grown on a substrate, or on CNT sheets as described above.
The coatings includes polymers or molecules that bond to
CNTs through van der Waals bonds, m-rt stacking, mechani-
cal wrapping and/or covalent bonds and bond to metal, metal
oxide, or semiconductor material surfaces through van der
Waals bonds, n-r stacking, and/or covalent bonds.

[0100] For spray or dip coating, coating solutions can be
prepared by sonicating or stirring the coating materials for a
suitable amount of time in an appropriate solvent. The
solvent is typically an organic solvent or solvent and should
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be a solvent that is easily removed, for example by evapo-
ration at room temperature or elevated temperature. Suitable
solvents include, but are not limited to, chloroform, xylenes,
hexanes, pyridine, tetrahydrofuran, ethyl acetate, and com-
binations thereof. The polymer can also be spray coated in
dry form using powders with micron scale particle sizes, i.e.,
particles with diameters less than about 100, 50, 40, 20, 10
micrometers. In this embodiment, the polymer powder
would need to be soaked with solvent or heated into a liquid
melt to spread the powder particles into a more continuous
coating after they are spray deposited.

[0101] The thickness of the coatings is generally between
1 and 1000 nm, preferably between 1 and 500 nm, more
preferably between 1 and 100 nm, most preferably between
1 and 50 nm. In some embodiments, the coating thickness is
less than 500, 450, 400, 350, 300, 250, 200, 150, 100, 90, 80,
70, 60, 50, 40, 30, 20 or 10 nm.

[0102] Spray coating process restricts the deposition of
coating to the CNT tips and limits clumping due to capillary
forces associated with the drying of the solvent. The amount
of coating visible on the CNT arrays increases with the
number of sprays. Alternative techniques can be used to
spray coat the coating materials onto the CNT arrays includ-
ing techniques more suitable for coating on a commercial
scale.

[0103] Inanother embodiment that demonstrates a coating
process, CNT sheets are dipped into coating solutions or
melted coatings to coat CNTs throughout the thickness of the
sheets, increasing the thermal conductivity of the sheet in the
cross-plane direction by greater than 20, 30, 50, or 70%.
These coated sheets are then placed between a chip and heat
sink or heat spreader with the application of solvent or heat
to reflow the polymer and bond the CNT sheet between the
chip and heat sink or spreader to reduce the thermal resis-
tance between the chip and heat sink or heat spreader.
[0104] In other embodiments, the coating material can be
deposited on the CNT array or sheet using deposition
techniques known in the art, such as chemical deposition
(e.g., chemical vapor deposition (CVD)), aerosol spray
deposition, and electrochemical deposition.

[0105] In one embodiment, a polymer coating can be
applied by electrochemical deposition. In electrochemical
deposition, the monomer of the polymer is dissolved in
electrolyte and the CNT array or sheet is used as the working
electrode, which is opposite the counter electrode. A poten-
tial is applied between the working and counter electrode
with respect to a third reference electrode. The monomer is
electrooxidized on the CNT array tips or sheet sidewalls that
face the electrolyte as a result of the applied potential.
Controlling the total time in which the potential is applied
controls the thickness of the deposited polymer layer.
[0106] In some embodiments, the coating material is, or
contains, one or more oligomeric and/or polymeric materi-
als. In particular embodiments, the polymer can be a con-
jugated polymer, including aromatic and non-aromatic con-
jugated polymers. Suitable classes of conjugated polymers
include polyaromatic and polyheteroaromatics including,
but not limited to, polythiophenes (including alkyl-substi-
tuted polythiophenes), polystyrenes, polypyrroles, poly-
acetylenes, polyanilines, polyfluorenes, polyphenylenes,
polypyrenes, polyazulenes, polynaphthalenes, polycarba-
zoles, polyindoles, polyazepines, poly(3,4-ethylenedioxy-
thiophenes), poly(p-phenyl sulfides), and poly(p-phenylene
vinylene). Suitable non-aromatic polymers include, but are
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not limited to, polyacetylenes and polydiacetylenes. The
polymer classes listed above include substituted polymers,
wherein the polymer backbone is substituted with one or
more functional groups, such as alkyl groups. In some
embodiments, the polymer is polystyrene (PS). In other

embodiments, the polymer is poly(3-hexythiophene)
(P3HT).
[0107] In other embodiments, the polymer is a non-con-

jugated polymer. Suitable non-conjugated include, but are
not limited to, polyvinyl alcohols (PVA), poly(methyl meth-
acrylates) (PMMA), polysiloxanes, polyurethanes, polydim-
ethylsiloxanes (PDMS), and combinations (blends) thereof.
[0108] In other embodiments, the polymer is a paraffin
wax. In other embodiments, the polymer is a synthetic wax
such as Fischer-Tropsch waxes or polyethylene waxes. In
other embodiments, the polymer is a wax that has a melting
temperature above 80, 90, 100, 110, and 120° C., preferably
above 130° C.

[0109] In some other embodiments, the polymer is an
adhesive, such as, but not limited to, a hot glue or hot melt
adhesive that combines wax, tackifiers and a polymer base
to provide improved surface adhesion. In some embodi-
ments, the adhesive is a pressure sensitive adhesive. In
certain other embodiments the adhesive is a monomer that
polymerizes upon contact with air or water such as a
cyanoacrylate. In yet other embodiments, the adhesive is a
combination of a pressure sensitive adhesive polymer and a
thermally activated (or activatable) adhesive polymer which
enhances ease of adhesion of a multilayered or multitiered
structure described herein which includes such a combina-
tion of coatings to a surface(s), by way of the pressure
sensitive adhesive and additional and more permanent or
semi-permanent adhesion by way of the thermal adhesive.

2. Metallic Nanoparticles

[0110] The CNT arrays or sheets can be coated with one
or more metal nanoparticles. One or more metal nanopar-
ticles may be adsorbed to the distal ends and/or sidewalls of
the CNTs to bond the distal ends of the CNTs to a surface,
reduce thermal resistance between the CNT array or sheet
and a surface, or combinations thereof. Metal nanoparticles
can be applied to CNT arrays or sheets using a variety of
methods known in the art. For example, a solution of metal
thiolate such as palladium hexadecanethiolate can be
sprayed or spin coated onto the distal ends and/or sidewalls
of the CNTs, and the organics can be baked off to leave
palladium nanoparticles. In another example, electron-beam
or sputter deposition can be used to coat metal nanoparticles
or connected “film-like” assemblies of nanoparticles onto
the distal ends and/or sidewalls of the CNTs. The metallic
particles can be coated simultaneously with the coating or
before or after coating.

[0111] Examples of suitable metal nanoparticles include
palladium, gold, silver, titanium, iron, nickel, copper, and
combinations thereof.

3. Flowable or Phase Change Materials

[0112] In certain embodiments, flowable or phase change
materials can be applied to the CNT array or sheet. Flowable
or phase change materials may be added to the CNT array
or sheet to displace the air between CNTs and improve
contact between the distal ends of CNTs and a surface, and
as a result reduce thermal resistance of the array or sheet and
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the contact between the array or sheet and a surface, or
combinations thereof. Flowable or phase change materials
can be applied to CNT arrays or sheets using a variety of
methods known in the art. For example, flowable or phase
change materials in their liquid state can be wicked into a
CNT array or sheet by placing the array or sheet in partial
or full contact with the liquid.

[0113] Examples of suitable flowable or phase change
materials include paraffin waxes, polyethylene waxes,
hydrocarbon-based waxes in general, and blends thereof.
Other examples of suitable flowable or phase change mate-
rials that are neither wax nor polymeric include liquid
metals, oils, organic-inorganic and inorganic-inorganic
eutectics, and blends thereof. In some embodiments, the
coating material(s) and the flowable or phase change mate-
rial are the same.

[0114] The coatings, metallic particles, and/or flow or
phase change materials described above can be applied
directly to the CNT arrays or sheets and the coated CNT
arrays or sheets can subsequently be stacked to form mul-
tilayered or multitiered structures. In certain other embodi-
ments, the coatings, metallic particles, and/or flow or phase
change materials described above are applied during the
stacking of two or more CNT arrays or sheets. In still other
embodiments, the coatings, metallic particles, and/or flow or
phase change materials described above are applied follow-
ing the stacking of two or more CNT arrays or sheets. In
non-limiting embodiments, multilayered or multitiered
structure(s) are formed by first stacking two or more CNT
arrays or sheets and then the at least partially interdigitated
tiers of the formed structures are infiltrated with one or more
coatings, metallic particles, and/or flow or phase change
materials, or combinations thereof. The introduction of such
coatings/materials into the at least partially interdigitated
tiers of the multilayered or multitiered structure(s) prior to,
during, or after stacking can be used to modify and/or
enhance the thermal transport or thermal resistance proper-
ties of the multilayered or multitiered structures resulting
from the stacking of the CNT arrays or sheets.

[0115] D. Multilayered or Multitiered Structures

[0116] In the embodiments described herein, the multilay-
ered or multitiered structures formed by stacking of CNT
arrays or sheets are formed by a method including the steps
of:

[0117] (1) providing at least two or more CNT arrays or
sheets; and
[0118] (2) stacking the at least CNT arrays or sheets

wherein the stacking results in at least partial interdigitation
of the nanostructures, CNTs, of the arrays or sheets. In some
embodiments, the method of making the multilayered or
multitiered structures further includes a step of applying or
infiltrating a coating, a coating of metallic nanoparticles,
and/or a coating of flowable or phase change materials,
which are described above. In some embodiments, the step
of applying or infiltrating a coating, a coating of metallic
nanoparticles, and/or a coating of flowable or phase change
materials occurs prior to stacking, alternatively during stack-
ing, or alternatively after stacking. In yet other embodi-
ments, the method includes applying pressure during the
stacking step. The applied pressure may be in the range of
about 1-100 psi, 1-50 psi, 1-30 psi, more preferably about
1-20 psi, and most preferably about 1-15 psi. In some
embodiments, the pressure is about 15 psi. Pressure may be
applied continuously until the adjacent tiers are bonded, if a
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coating material(s) which can act as a bonding agent, such
as an adhesive or phase change material, is used. Pressure
may be applied for any suitable amount of time. In some
embodiments, only a short time is used, such as less than 1
minute, if no bonding agent is used.

[0119] At least two CNT arrays or sheets can be stacked to
form the multilayered or multitiered structures. For example,
FIG. 2 shows stacking of three CNT arrays (right side). By
using more CNT arrays the thickness of the multilayered or
multitiered structures can be increased as needed. In some
embodiments, up to 5, 10, 15, 20, 25, 30, or more CNT
arrays or sheets can be stacked according to the method
described above. The thickness of the resulting multilayered
or multitiered structures formed by stacking can be in the
range 1-10,000 microns or more.

[0120] In certain embodiments, the multilayered or mul-
titiered structures can be formed by stacking multiple tiers of
CNT arrays in a stepped manner, off-set manner, and/or
other non-uniform manner in order to be able to conform to
complex surfaces.

[0121] In a non-limiting embodiment, at least two verti-
cally aligned arrays or sheets formed on supports/substrates
are stacked/contacted such that the nanostructure elements,
such as CNTs, of the arrays at least partially interdigitate on
contact. In one embodiment full interdigitation of nanostruc-
ture elements of the arrays occurs within one another when
stacked. In other embodiments the arrays may interdigitate
only at the tips of the nanostructure elements, such as CNTs.
In yet other embodiments, the individual nanostructures can
navigate through the nanostructures of the adjacent array
during the interdigitating process.

[0122] In some embodiments the nanostructures of the
stacked arrays, which interdigitate at least partially, may also
form into larger superstructures, such as, but not limited to,
tube bundles, clumps, or rows. These superstructures may be
formed through mechanisms such as capillary clumping or
by way of application of a polymer coating prior to, during,
or following the stacking process.

[0123] In some embodiments, a polymer coating and/or
adhesive, or other coating as described above, is applied to
the CNT array(s) which are then stacked. In such embodi-
ments, the thickness of the coating and/or adhesive, or other
coating as described above, is about 1-1000 nm, more
preferable 1-500 nm, and most preferably 1-100 nm.
[0124] In certain embodiments of the above method, fol-
lowing the stacking step the method further includes a step
of applying an adhesive, such as but not limited to a hot glue
or hot melt adhesive that combines wax, tackifiers and a
polymer base to the resulting stack to provide improved
adhesion properties to one or more surfaces of the stacked/
tiered CNT arrays forming the multilayered or multitiered
structure. In some embodiments, the adhesive is a pressure
sensitive adhesive. In yet other embodiments, the adhesive
is a combination of a pressure sensitive adhesive polymer
and a thermally activated (or activatable) adhesive polymer
which enhances ease of adhesion of a multilayered or
multitiered structure described herein which includes such a
combination of coatings to a surface(s), by way of the
pressure sensitive adhesive and additional and more perma-
nent or semi-permanent adhesion by way of the thermal
adhesive.

[0125] In yet other embodiments, one or more tiers of the
stacked arrays described above may be substituted with
other materials to afford a composite stack. Such materials
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include, but are not limited to, solders, greases, adhesives,
phase change materials, gels, heat spreaders, compliant
pads, and/or (elastomeric) gap pads. The substitution of
these materials for one or more CNT array tiers of the
multiered or multilayered stacks described can be used to
further tune the properties of the resulting composite stack.
Such composite stacks may be used for a variety of appli-
cations described below, such as thermal interface materials
(TIMs).

[0126] Yet another option is introduce a dielectric material
or induce the formation of a dielectric material within the
layers/tiers of stacked arrays in order to convert the resulting
composite stack from an electrical conductor into an insu-
lator. Dielectric materials are known in the art, such as
ceramic insulating materials. As one example, one or more
of the substrates of the CNT arrays present in a multitiered
stack, which is formed from aluminum, can oxidized (such
as by anodization) to produce an electrically insulating
stack.

V. Applications

[0127] The multilayered or multitiered structures formed
by stacking of CNT arrays or sheets described herein can be
used as thermal interface materials (TIMs). The multilay-
ered or multitiered structures formed by stacking of CNT
arrays or sheets can be formed and/or deposited, as required
for a particular application.

[0128] Accordingly, such materials are well suited for
applications where repeated cycling is required. For
example, they can be employed as thermal interface mate-
rials (TIMs) during ‘burn-in’ testing of electrical compo-
nents, such as chips or circuits. In some embodiments, the
inert support/substrate is a surface of a conventional metal
heat sink or spreader. This functionalized heat sink or
spreader may then be abutted or adhered to a heat source,
such as an integrated circuit package. Such TIM materials
can also be placed or affixed in between a heat source and
a heat sink or heat spreader, such as between an integrated
circuit package and a finned heat exchanger, to improve the
transfer of heat from the heat source to the heat sink or
spreader.

[0129] The high elastic recovery of the multilayered or
multitiered structures formed by stacking of CNT arrays or
sheets described when further containing an adhesive coat-
ing advantageously allows the TIMs formed thereof to
maintain intimate contact between surfaces as the surfaces
bow or otherwise deform due to thermal expansion. Multi-
layered or multitiered TIM structures having an adhesive
coating can have adhesion strengths of at least about 1000,
750, 500, 450, 400, 350, 300, 250, 200, 150, or 100 psi. The
presence of one or more adhesives forming part of the TIMs
described generally result in no thermal penalty (i.e., no
notable decrease in thermal performance properties) for the
TIM, as compared to a TIM lacking the presence of adhesive
(s).

[0130] The TIM structures formed from the multilayered
or multitiered structures formed by stacking of CNT arrays
or sheets described herein may also be applied to node
multi-chip modules (MCMs). In particular, the TIM struc-
tures may be adjusted to have 2, 3, 4, or more tiers in order
to allow for uniform or essentially uniform contact with
MCMs. In certain instances it can be difficult to predict or
model warpage which may occur in individual chips, cir-
cuits, or MCMs during operation at normal temperatures.
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Warpage can lead to defects and even to failure in certain
instances. Accordingly, TIM structures described are par-
ticularly suitable for such applications because they can be
readily adjusted, if needed, to meet the tolerances required
for such applications. As a microchips heat up, they can
warp leading to a center to-edge warpage greater than 50 pm
whereas in multichip applications, the TIMs described here
can accommodate chip-to-chip offsets of 100 um or more
and/or can also accommodate chip center-to-edge warpages
of greater than 50 um.

[0131] The CNT arrays and the multilayered or multitiered
structures formed by stacking of such CNT arrays described
herein can be used as thermal interface materials (TIMs) in
personal computers, server computers, memory modules,
graphics chips, radar and radio-frequency (RF) devices, disc
drives, displays, including light-emitting diode (LED) dis-
plays, lighting systems, automotive control units, power-
electronics, solar cells, batteries, communications equip-
ment, such as cellular phones, thermoelectric generators,
and imaging equipment, including MRIs. The CNT arrays
and the multilayered or multitiered structures formed by
stacking of such CNT arrays can also be used as efficient
heat spreaders when a sufficient number of tiers (i.e., 2, 3, 4,
5, or more tiers) are present such that the substrate that the
CNTs are grown on provide an in-plane thermal conductiv-
ity which is on par with that of the base material of the
substrate, which is typically a metal.

[0132] In certain embodiments, the multilayered or mul-
titiered structures can be formed by stacking multiple tiers of
CNT arrays in a stepped manner, off-set manner, and/or
other non-uniform manner in order to more readily conform
to complex surfaces, such as those of MCMs, which are
typically non-uniform. In such instances, customized mul-
tilayered or multitiered structures may be designed and
formed by stacking two or more CNT array tiers in a manner
that conforms to the complex surface of a given device.

[0133] In certain embodiments, the multilayered or mul-
titiered structures formed by stacking of CNT arrays are
useful in low contact pressure and/or low pressure applica-
tions. Low pressure may refer to ambient pressure or pres-
sures below 1 atm, such as in the range of about 0.01 to less
than about 1 atm. In some instances, low pressure may refer
to a vacuum such as in aerospace applications where such
TIMs could be used in satellites or space vehicles/systems.

[0134] In certain embodiments, the multilayered or mul-
titiered structures formed by stacking of CNT arrays are
useful at temperatures which are below ambient tempera-
ture, below freezing, or at cryogenic temperatures (such as
experienced in space).

[0135] The CNT arrays and the multilayered or multitiered
structures formed by stacking of such CNT arrays described
herein can also be used for applications other than heat
transfer. Examples include, but are not limited to, micro-
electronics, through-wafer vertical interconnect assemblies,
and electrodes for batteries and capacitors. Currently, copper
and aluminum foil are used as the backing materials for the
anode and cathode in lithium ion batteries.

[0136] The multilayered or multitiered structures formed
by stacking of such CNT arrays could also be used for
electromagnetic shielding.
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EXAMPLES

Example 1. Multilayered/Multitiered CN'T-Based
Thermal Interface Materials (TIMs)

[0137] Methods:
Thermal Measurement System Design
[0138] Heat transfer properties for all test specimens were

evaluated using a test fixture (not shown) designed and built
based on the methods described in ASTM D5470 “Standard
Test Method for Thermal Transmission Properties of Ther-
mally Conductive Electrical Insulation Materials.” It not
only allows for deformation of the test specimens but also
incorporates a vacuum chamber to minimize conductive and
convective heat losses. The vacuum chamber was con-
structed of stainless steel with an acrylic door, and is capable
of maintaining vacuum in the 107> torr range. The vacuum
chamber sits on the reaction plate of a 1000 1b load frame,
with all feedthroughs near the top of the chamber. Thermo-
couples were fed via a pair of Omega 4-pair feedthroughs (8
thermocouples possible). The cooling tubes possess bulk-
head fittings with o-ring seals. The power for the heaters
were controlled via a Watlow SD controller with a thermo-
couple feedback loop. The heating block was surrounded by
an FR 4 fiberglass insulator shell and the cooling block sits
atop a fiberglass insulative plate with machined recessed
sections to maintain centrality with the heating block. Both
1"x1" and 4"x4" heating blocks and cooling blocks were
fabricated to accommodate planned testing for this program.

Heat Transfer Coefficient Evaluation

[0139] Heat transfer evaluations were conducted with a
20° C. differential between the hot and cold meter blocks of
the test fixture. It was found that a temperature differential
as close as possible to 20° C. was required to drive heat
transfer in the system such that accurate results could be
obtained. Test data were imported directly from the data
output file of the test, which was acquired via LabView. The
Thermal Conductivity (A) of the meter bars (5005 series
Aluminum) was calculated for the specific temperature
using the algorithm for aluminum from NIST (E. Marquardt,
J. Le, and R. Radebaugh, “Cryogenic Material Properties
Database Cryogenic Material Properties Database,” 2000).
[0140] Heat flow through each individual meter bar was
then calculated from Equation 1:

O=(\*4/d)(8T) (1

where Q is the heat flow through the bar, A is cross sectional
area, d is the distance between thermocouples and 9T is the
difference in temperature from one thermocouple to the
other in Kelvin. The values for the hot and cold meter blocks
were then averaged to gain Q,z,;. Thermal impedance in
m>K/W was then evaluated through Equation 2:

0=(4/Q 1y)*0T ()]

where dT=T,-T_. is the difference between the specific
temperatures at the interface of the evaluated material and
the meter blocks, A is the cross sectional area of the material,
and Q is the average heat flow through the meter blocks.

[0141] Thermal conductivity was then calculated using
Equation 3:
A0 4y Od/A ST 3)
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where dd is the change in thickness of the specimen, A is
cross sectional area of the specimen and 8T is the tempera-
ture difference across the specimen in Kelvin.

[0142] The heat transfer coefficient of the test specimens
was calculated via Equation 4:

=0 /AT @
[0143] Sample Fabrication:

[0144] CNT arrays were grown on both aluminum (Al)
and copper (Cu) substrates using an iron catalyst to evaluate
their differences in performance. CNT growth was per-
formed using a low-pressure chemical vapor deposition
(LPCVD) process.

[0145] Three different CNT height-foil combinations were
tested:
[0146] Series #1—50 micron Al substrate with 50

micron nanotubes on each side
[0147] Series #2—50 micron Al substrate with 75
micron nanotubes on each side
[0148] Series #3—50 micron copper substrate with 150

micron nanotubes on each side
[0149] In general, the nanotube quality was very good for
all lengths fabricated. However as the tube length increased,
the presence of defects also increased. Furthermore, the
ultimate achievable height of the CNTs was limited by back
diffusion of the catalyst into the substrate and diffusion of
the substrate into the catalyst stack. For applications where
thicker samples with more compliance were required, an
increased height of the TIM was achieved by stacking
double-sided forests/arrays. As shown schematically in
FIGS. 1A and 1B, a thermal interface material (TIM) having
a single tier, 100, with arrays of carbon nanotubes, 110, on
each side of the substrate and wherein the TIM can be placed
between an electronic device, 200, and a heat sink, 300 (FIG.
1A) and a thermal interface material (TIM) having, for
example, three tiers, 100, can be placed between an elec-
tronic device, 200, and a heat sink, 300.
[0150] Two different stack configurations utilizing single
TIMs on aluminum (Al) substrates were evaluated. The first
configuration, denoted “dry” stack, was assembled from
three individual TIMs and then evaluated as prepared. The
second stack configuration involved bonding the individual
TIMs together at the tube-to-tube interfaces using a very thin
sprayed on wax material. These sprayed-on interface mate-
rials have been shown to dramatically decrease thermal
resistance in CNT-based thermal interface materials. The
maximum usable temperature for the synthetic wax is 150°
C., well within the expected operating range of these TIMs
and the very thin layers (~100 nm) employed are not
expected to present any outgassing issues.
[0151] All initial evaluations were conducted at ambient
pressure with an average temperature of 50° C. and a
temperature differential of 20° C. between the heated and
cooled meter blocks in the test fixture. Once the thermal
performance of the first and second configuration TIM
stacks had been verified at ambient pressure, additional
testing was conducted under vacuum. A median temperature
of 50° C. and a temperature differential of 20° C. were used
to enable comparison with ambient pressure data.

[0152] Results and Discussion:
Dry Stacks
[0153] Actual displacements measured with the instru-

ment crosshead ranged from 430 um to 480 um with an
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applied pressure of 10 kPa (1.5 psi) and from 355 pum to 460
um with an applied pressure of 69 kPa (10 psi). This
suggested some combination of CNT buckling and/or inter-
face interdigitation. It is noted that the displacement mea-
surement is not the same as a true thickness in that it can be
difficult to discern exactly the point at which contact to the
TIM stack is made for the displacement measurement. CNT
buckling and interdigitation of adjacent CNT layers must
also be considered. However, exact thickness measurements
are not possible using conventional measuring techniques.

[0154] Results of heat transfer testing for two dry TIM
stacks are shown in FIG. 2. Each specimen was tested
through the entire 10-69 kPa (1.5 to 10 psi) pressure cycle
twice to assess reproducibility of the dry stacks. For both of
the dry stacks tested, there was a substantial improvement in
heat transfer after having experienced one pressure cycle.
This suggested that an assembly pressure was required in
order to ensure good contact between adjacent CNT layers.
This demonstrates the improvement in heat transfer resulting
from interdigitation.

Wax-Assembled Stacks

[0155] In these experiments, three TIM specimens on
aluminum substrates, each with a total thickness of approxi-
mately 200 um, were stacked and bonded with a thin wax
layer (~100 nm) to provide a TIM assembly of roughly 600
um (0.024") in thickness. Actual displacements measured
with the instrument crosshead were somewhat less than the
target thickness.

[0156] Testresults for the wax-bonded stacks are provided
in FIG. 3. In general, the wax stacks are more consistent in
performance than the dry stacks and do not appear to require
a “break-in” pressure cycle before performing well. A per-
formance anomaly was noted for specimen B2 at low
contact pressure in Test 1; this might be due to insufficient
contact between the upper meter block and the specimen in
the fixture. Subsequent tests of this particular specimen
consistently showed excellent performance.

[0157] Stacking TIMs, as described herein, allows grow-
ing long CNTs on metal substrates, especially when a thin
(~nm thick) layer of polymer is used to bond the inter-tier
layers and control the level of interdigitation.

Example 2: Multilayered/Multitiered CN'T-Based
Thermal Interface Materials (TIMs) Containing
Polymer or Adhesive

[0158] CNT arrays were grown to nominally 100 um
thickness and fully infiltrated with a soft polyurethane
polymer. The thermal resistance of each individual pad was
measured using a modified ASTM D570 stepped bar appa-
ratus.

[0159] The individual samples were stacked using various
methods, and the thermal resistance of the resulting stack
was measured in the same manner as the single tiers.
[0160] First, two individual array samples with measured
thermal resistances of 1.37 and 1.5 cm*-K/W respectively
were stacked on top of one another. Solvent known to
dissolve the polymer that was used to infiltrate the array was
placed between the stacks to place the interface in a liquid
state. The resulting stack was allowed to dry under pressure
until the solvent was fully evaporated. The stack was then
measured in the stepped bar system with a resulting resis-
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tance of 1.5 cm?-K/W. In this example, the thickness of the
stacked array was doubled while incurring no penalty in
thermal resistance.

[0161] In a second experiment, two individual array
samples with thermal resistances of 0.45 and 0.66 cm>-K/W
respectively were stacked on top of one another. A thin layer
of acrylate adhesive was placed between the samples. The
sample stack was allowed to dry under pressure until the
solvent was fully evaporated. The resulting stack was then
measured in the stepped bar system with a resulting resis-
tance of 0.66 cm>-K/W. In this second example, the thick-
ness of the stacked array was also doubled while incurring
no penalty in thermal resistance.

Example 3. Multilayered/Multitiered CN'T-Based
Thermal Interface Materials (TIMs)

[0162] Sample Fabrication:

[0163] Vertically aligned carbon nanotube (CNT) arrays
were grown on aluminum foil as the base substrate. Both
sides of 50 pm thick aluminum foil were coated with an iron
catalyst layer and the CNTs were grown via low pressure
chemical vapor deposition with acetylene and hydrogen as
precursor gases and growth being performed at 630° C. in
order to stay below the melting temperature of the Al
substrate. CNTs were grown to 7-10 um on both sides of the
substrate with an 8 minute growth time. One-tier CN'T-based
thermal interface material (non-stacked) and two- and four-
tiered (formed by stacking two or four double-sided CNT
arrays) CNT-based thermal interface materials (TIMs) hav-
ing an area of 1 cmx1 cm were prepared for testing.

[0164] Testing Methods:

[0165] In order to measure the thickness, compression,
and rebound of the one and three-tiered TIMs prepared, a
Precision Thickness Gauge—FT3V by Hanatek® Instru-
ments having a weight platform and a pressure foot (not
shown) was used to measure the thickness at different
applied pressures. Weights can be added to a weight plat-
form of the instrument that corresponds to an instantaneous
change in pressure at the pressure foot of the instrument that
the TIM material being tested is placed under. The pressure
foot comes down at a rate of 3 mm/s. The thickness was
recorded when the TIM material being tested had reached a
steady state, which typically took about 1-10 seconds. For a
given user applied force, the instrument measured the thick-
ness with an accuracy of +/-0.1 micrometer. The instrument
met ASTM-F36-99 standards to test compressibility and
recovery of gasket materials. The minimum pressure the
gauge of the instrument was able to achieve is 7 psi—the
datum pressure. The pressure was then taken up to 100 psi
and the thickness was recorded. Then, all pressure was
released from the TIM material being tested, and then the 7
psi was re-applied to measure the amount of rebound of the
TIM material being tested.

[0166] To benchmark the thermal performance of the
TIMs, as a function of number of tiers (i.e., one-, two-, and
four-tiered CN'T-based TIMs), the samples were measured in
a modified ASTM-D5470 stepped bar apparatus designed to
measure the steady state 1D thermal resistance of thermally
conductive samples. The ASTM-D5470 stepped bar test
apparatus is described in detail in D. R. Thompson, S. R.
Rao, and B. A. Cola, “A stepped-bar apparatus for thermal
resistance measurements,” Journal of Electronic Packaging,
vol. 135, p. 041002, 2013.
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[0167] The performances of the single and three-tiered
CNT-based TIMs were compared to TIMs known in the art.
Accordingly a variety of commercially available TIMs were
also tested under the same conditions. The commercial TIMs
used for benchmarking were: TGARD® 210 (silicone elas-
tomer), TGlobal PC94® (acrylic base), Pyrolytic Graphite
(PGS), Fujipoly® SARCON XR-UM-ALI (a silicone putty
backed with a thin aluminum foil), and Indium Heat Spring
(a soft metal). These materials were chosen to represent
different TIM compositions, and all possessed a specified
thermal conductivity of greater than 4.0 (W/m-K), which is
considered state of the art for currently available TIMs.
[0168] Compressibility of the tested TIMs was determined
according to Formula (5) below:

(thickness, o s /thickness, ;.. ®)

TIM rebound, wherein in “rebound” as used herein refers to
the degree to which a TIM recovers to its original thickness,
was determined according to Formula (6) below:

( thickRess post compression — thicknessioo psi ] (6)

thicknessyyiginat — thicknessyoo psi

[0169] Results:

[0170] FIG. 4 and FIG. 5 show the normalized compres-
sion and rebound, respectively of the one-, two-, and four-
tiered CNT-based TIMs, as well as the benchmarking com-
mercial TIMs. When looking at commercial TIMs, as shown
in FIG. 4, most demonstrated a compressibility of 10% or
less, at 100 psi. Stacked two and four-tiered CNT-based
TIMs showed a slight drop in compressibility, as compared
to a single tiered CN'T-based TIM, which is believed to result
from inter-digitation of the CNT tips during the stacking
process. Indium and the PC94 TIMs had notably higher
compressibility at 100 psi at 33% and 16%, respectively.
However, these materials have comparatively little rebound
after the initial compression. In applications with cyclic
heating and cooling, this could lead to undesirable dewetting
of the interface during expansion and contraction events.
[0171] From a deformation mechanics perspective, the
CNT-based TIMS and pyrolytic graphite (PGS) have a good
combination of compressibility and rebound after compres-
sion. However, a key challenge in the selection of a TIM for
applications requiring compliance is that the warpage of a
chip or die in the application is not always known. As a
means of evaluating the required compliance of an applica-
tion, one may consider stacking CNT-based TIMs in the
interface. Because the CNT-based TIMs do not experience
an inter-tier thermal penalty, the effective thermal conduc-
tance of the stack increases with each successive tier due to
compliance driven increased contact area for applications
with a curved interface. Such an effect was shown for
CNT-based TIMs having one-, two-, and four-tiers which
were successfully compressed on a curved interface (not
shown) and which demonstrated that the resulting contact
area was clearly increased with each additional tier present.
At four tiers, contact appeared to be approximately uniform
across the interface.

[0172] When measured in the stepped bar apparatus, the
relative thermal conductance of the one-, two-, and four-
tiered CN'T-TIMs was found to increase by 95% when going
from one to two tiers, and an additional 36% when going
from two to four tiers (see FIG. 6). Thermal conductivity or
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conductance can be determined using Eqn. (3) whereas
relative thermal conductance is determined according to
formula (7) below:

conductance (7

COAUCIaNCEsingle sier

where conductance refers to the conductance of a multitiered
TIM. As the bulk conductivity of the CNT-based TIMs did
not increase with stacking, this effect was believed to be
driven by the increase in contact area that additional com-
pliance allowed for.

[0173] In summary, bulk conductivity alone was not suf-
ficient to predict how a TIM would perform at an interface.
The compressibility of the TIM was found to be a key factor
in evaluating the degree to which the TIM would be able to
create good contact at an interface with non-flat surfaces due
to warping or warpage, to meet manufacturing tolerances,
2.5D or 3D architectures, or other scenarios found in varying
applications. Furthermore, in applications that may heat and
cool cyclically, or where the interface geometry may other-
wise change on the microscale over time, TIM rebound
required that the interface not de-wet which can result in a
loss in performance during operation.

Example 4. Multilayered/Multitiered CN'T-Based
Thermal Interface Materials (TIMs)

[0174] Sample Fabrication:

[0175] TIMs were prepared as described in Example 3
above.

[0176] Testing Methods:

[0177] Compliance and compression sets of a CNT-based

stacked TIM is shown in FIG. 7, wherein the y-axis shows
the change in thickness upon compression to different pres-
sures and recovery upon rest. Several cycles were measured
using a Precision Thickness Gauge—FT3V by Hanatek®
Instrument, where “at rest” pressure measurements were
taken at 7 psi, which is the minimum pressure achievable by
the instrument. Dwell times were held for one minute at
pressures of 30, 50, 60, or 80 psi. The total time for each test
cycle (i.e., at rest-high pressure dwell time-at rest) was less
than two minutes. Following each test cycle, the CN'T-based
stacked TIM was held at 0 psi (i.e., no contact with testing
instrument anvil) for a period of ten minutes in order to
evaluate the TIM’s slow elastic recovery component. All
testing was performed at 80° C.

[0178] Thermal resistance of the CNT-based stacked TIM
was measured with a modified ASTM D5470 stepped bar
test apparatus (described above). As shown in FIG. 8, the
thermal resistance of the CNT-based stacked TIM decreased
from about 0.8 cm*K/W to about 0.6 cm>K/W upon
increasing the contact pressure up to 200 psi. Durability of
the thermal performance of the CNT-based stacked TIM was
tested by repeated test cycling of the TIM at an interface
pressure of 80 psi over greater than 5,000 cycles. As shown
in FIG. 9, thermal performance of the CNT-based stacked
TIM remained essentially constant over the greater than
5,000 testing cycles showing the durability of the tested
TIM. As shown in FIG. 10, thermal resistance hysteresis was
found believed to be a result of the superior mechanical
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properties of CNT-based stacked TIMs which provide for
stable operation over a wide pressure range, up to at least
500 psi, with easy rework.

[0179] FIG. 11 shows the performance of stacked CNT-
based TIMs including (1) a single-tiered CNT-based TIM,
(2) a three-tiered CNT-based TIM, (3) a CNT-based TIM
wherein a gap pad was sandwiched between two tiers of
CNT-based TIM, and (4) and an indium benchmarking
sample. The thermal resistance when evaluated as a function
of junction temperature and it was shown that the stacked
CNT-based TIM provided the lowest resistance when a
device operates at its highest power due to die warpage, for
example. Under certain conditions, stacked CNT-based
TIMs can provide additional compliance and heat spreading
for hot spots which may be present on a device, such as a
chip, die, or MCM.

[0180] Lastly, FIG. 12 shows the effects of pressure on the
normalized thickness of different TIMs including: (1) an
aluminum backed gap pad (of 230 pum thickness), (2) a
carbon fiber filled gap pad (of 500 um thickness), (3) a
custom stacked CNT-based TIM with an integrated compli-
ant material, and (4) a custom stacked CNT-based TIM with
an integrated heat spreader. Custom stacked CNT-based
TIMs which include additional integrated materials, such as
heat spreaders, graphite, and/or gap pads, allow for further
customization of the resulting TIMs for use in particular
applications having particular and/or unique mechanical
and/or performance requirements.

[0181] Unless defined otherwise, all technical and scien-
tific terms used herein have the same meanings as com-
monly understood by one of skill in the art to which the
disclosed invention belongs. Publications cited herein and
the materials for which they are cited are specifically incor-
porated by reference.

[0182] Those skilled in the art will recognize, or be able to
ascertain using no more than routine experimentation, many
equivalents to the specific embodiments of the invention
described herein. Such equivalents are intended to be
encompassed by the following claims.

We claim:

1. A method of forming a multilayered or multitiered
structure comprising the steps of:

(1) providing at least two or more carbon nanotube arrays

or sheets; and

(2) stacking the at least two or more carbon nanotube

arrays or sheets;

wherein the stacking results in at least partial interdigi-

tation of carbon nanotubes of the at least two or more
arrays or sheets thereby forming two or more layers or
tiers.

2. The method of claim 1, further comprising a step of
applying a coating material or infiltrating a coating material
prior to, during, or after the stacking step.

3. The method of claim 1, further comprising applying
pressure in the range of about 1-15 psi during the stacking
step.

4. The method of claim 1, wherein the carbon nanotube
array is grown on a metal substrate.

5. The method of claim 2, wherein at least some of the
interstitial space between the carbon nanotubes, the surfaces
of the carbon nanotubes, or both, of the two or more layers
or tiers formed are infiltrated with the coating material
which solidifies within the carbon nanotubes of the arrays.
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6. The method of claim 2, wherein the infiltrated coating
material reduces the resistance to energy transport between
the at least partially interdigitated carbon nanotubes of the at
least two or more arrays or sheets.

7. The method of claim 2, wherein the layers or tiers are
chemically bonded by the coating material selected from the
group consisting of an adhesive and a phase change material.

8. The method of claim 7, wherein the two or more layers
or tiers are bonded by reflowing the infiltrated coating
material by applying heat or a solvent, followed by a step of
drying.

9. A multilayered or multitiered structure formed by the
method of claim 1.

10. A multilayered or multitiered structure comprising:

at least a first layer or tier comprising a carbon nanotube

array or sheet, and

at least a second layer or tier comprising a carbon nano-

tube array,

wherein the carbon nanotubes of the array or sheet of the

first layer or tier at least partially interdigitate the
carbon nanotubes of the array or sheet of the second
layer or tier to form the multilayered or multitiered
structure.

11. The multilayered or multitiered structure of claim 10,
further comprising a coating material on at least some of the
interstitial space between the carbon nanotubes, the surfaces
of'the carbon nanotubes, or both of the first and second array
forming the multilayered or multitiered structure.

12. The multilayered or multitiered structure of claim 10,
wherein the carbon nanotube array is grown on a metal
substrate.

13. The multilayered or multitiered structure of claim 11,
wherein at least some of the interstitial space between the
carbon nanotubes, the surfaces of the carbon nanotubes, or
both of the first and second array forming the multilayered
or multitiered structure is infiltrated with the coating mate-
rial which is solidified within the carbon nanotube arrays.

14. The multilayered or multitiered structure of claim 11,
wherein the coating material reduces the resistance to energy
transport between the adjacent nanostructures, carbon nano-
tubes, of the carbon nanotube arrays or sheets present
between the two or more layers or tiers.

15. The multilayered or multitiered structure of claim 10,
wherein the two or more layers or tiers are bonded by a
coating material selected from the group consisting of an
adhesive and a phase change material.

16. The multilayered or multitiered structure of claim 10,
wherein the multilayered or multitiered structure is a thermal
interface material (TIM).

17. The multilayered or multitiered structure of claim 16,
wherein the thermal interface material has three, four, or five
layers or tiers.

18. The multilayered or multitiered structure of claim 16,
wherein the thermal interface material has a thermal resis-
tance of about 0.1 to 1 cm?-K/w.

19. The multilayered or multitiered structure of claim 16,
wherein the thermal interface material has a compliance of
about 5 to 50% of the thickness of the thermal interface
material.

20. The multilayered or multitiered structure of claim 16,
wherein the thermal interface material has an elastic recov-
ery of greater than about 80% and/or a compression set of
less than about 2%.
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21. The multilayered or multitiered structure of claim 16,
wherein the thermal interface material comprises an adhe-
sive.

22. The multilayered or multitiered structure of claim 21,
wherein the adhesive is a pressure sensitive adhesive.

23. The multilayered or multitiered structure of claim 21,
wherein the adhesive comprises a combination of a pressure
sensitive adhesive and a thermally activatable adhesive.

24. The multilayered or multitiered structure of claim 21,
wherein the thermal interface material has an adhesion
strength of up to about 1,000 psi.

25. The multilayered or multitiered structure of claim 16,
wherein the thermal interface material further comprises a
layer or tier formed of a material selected from the group
consisting of a heat spreader, a compliant pad, and a gel
present within the multilayered or multitiered structure.

26. The multilayered or multitiered structure of claim 16,
wherein the thermal interface material further comprises a
dielectric layer present within the multilayered or multi-
tiered structure.

27. The multilayered or multitiered structure of claim 16,
further comprising a layer or tier formed of a material
selected from the group consisting of a heat spreader, a
compliant pad, and a gel present within the multilayered or
multitiered structure.

28. The multilayered or multitiered structure of claim 16,
further comprising a dielectric layer present within the
multilayered or multitiered structure.

29. A multilayered or multitiered structure comprising:

at least a first layer or tier comprising a carbon nanotube

array or sheet, and

at least a second layer or tier comprising a carbon nano-

tube array, wherein the carbon nanotubes of the array or
sheet of the first layer or tier at least partially interdigi-
tate the carbon nanotubes of the array or sheet of the
second layer or tier to form the multilayered or multi-
tiered structure, and wherein multilayered or multi-
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tiered structure comprises a coating material present in
at least some of the interstitial space between the
carbon nanotubes, on the surfaces of the carbon nano-
tubes, or both, of the at least first and second layers or
tiers of the multilayered or multitiered structure.
30. A device comprising a multilayered or multitiered
structure comprising:
at least a first layer or tier comprising a carbon nanotube
array or sheet, and
at least a second layer or tier comprising a carbon nano-
tube array,
wherein the carbon nanotubes of the array or sheet of the
first layer or tier at least partially interdigitate the
carbon nanotubes of the array or sheet of the second
layer or tier to form the multilayered or multitiered
structure.
31. The device of claim 30, wherein the multilayered or
multitiered structure is a thermal interface material (TIM).
32. A device comprising a multilayered or multitiered
structure comprising:
at least a first layer or tier comprising a carbon nanotube
array or sheet, and
at least a second layer or tier comprising a carbon nano-
tube array, wherein the carbon nanotubes of the array or
sheet of the first layer or tier at least partially interdigi-
tate the carbon nanotubes of the array or sheet of the
second layer or tier to form the multilayered or multi-
tiered structure, and wherein multilayered or multi-
tiered structure comprises a coating material present in
at least some of the interstitial space between the
carbon nanotubes, on the surfaces of the carbon nano-
tubes, or both, of the at least first and second layers or
tiers of the multilayered or multitiered structure.
33. The device of claim 32, wherein the multilayered or
multitiered structure is a thermal interface material (TIM).

#* #* #* #* #*
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