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NANOFIBER THERMAL INTERFACE MATERIAL

TECHNICAL BACKGROUND

[0001] The present disclosure relates generally to materials that transmit radiation.
Specifically, the present disclosure relates to a nanofiber layer that interacts with thermal

radiation so as to form a nanofiber thermal interface material.

BACKGROUND
[0002] Removal of excess heat is a technological challenge faced in many different
technological fields, including manufacturing, automotive applications, and microelectronics.
Failure to remove excess heat (or alternatively, failure in maintaining a system temperature
below a threshold) can compromise the operation and/or reliability of a system.
[0003] One challenge in the removal of heat is transmitting the excess heat from a heat
source to a heat sink, the latter of which is configured to be cooled (e.g., with forced air
convection or a liquid coolant) to remove heat from the system. Conduction from a heat source
to a heat sink generally requires intimate contact between surfaces of the heat source and the heat
sink. Adhesives used to attach a heat sink to a heat source, while helpful for maintaining
uniform contact between the heat sink and the heat source, generally do not have thermal

conductivities as high as would be preferred.

SUMMARY

[0004] Example 1 of the present disclosure includes a method comprising providing at least
one layer of nanofibers on a substrate; placing the at least one layer of nanofibers between a heat
sink and a heat source; disposing an adhesive layer between the at least one layer of nanofibers
and at least one of the heat sink and the heat source; and heating the adhesive layer, the heating
reducing a thickness of the adhesive layer from a first thickness to a second thickness less than
the first thickness.

[0005] Example 2 includes the subject matter of Example 1, wherein the heat source is

proximate to open ends of the nanofibers.
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[0006] Example 3 includes the subject matter of either of Examples 1 or 2, wherein the
adhesive layer comprises a first adhesive layer disposed between the layer of nanofibers and the
heat sink and a second adhesive layer disposed between the layer of nanofibers and the heat
source.

[0007] Example 4 includes the subject matter of any of Examples 1 to 3, wherein heating the
adhesive layer comprises heating at a temperature of 300°C.

[0008] Example 5 includes the subject matter of any of Examples 1 to 4, wherein the first
thickness is at least 7 microns and the second thickness is from 0.1 micron to 1 micron.

[0009] Example 6 includes the subject matter of any of Examples 1 to 5, wherein the at least
one layer of nanofibers provided on a substrate further comprises a majority of the nanofibers
oriented at an angle from 80° to 100° relative to a surface of the substrate.

[0010] Example 7 includes the subject matter of any of Examples 1 to 6, wherein reducing
the thickness of the adhesive layer from the first thickness to the second thickness increases a
thermal conductivity of, collectively, the first adhesive layer, the at least one layer of nanofibers,
and the second adhesive layer from a first value to a second value greater than the first value.
[0011] Example 8 includes the subject matter of Example 7, wherein the first value of
thermal conductivity is at least 30% less than the second value of the thermal conductivity.
[0012] Example 9 includes the subject matter of any of Examples 1 to 8, wherein the at least
one layer of nanofibers conforms to a feature size on at least one of the heat source and the heat
sink of 0.5 microns or greater.

[0013] Example 10 includes the subject matter of any of Examples 1 to 9, wherein an
orientation of the nanofibers in the at least one layer placed between the heat source and the heat
sink is from 80° to 100° relative to at least one of a surface of the heat source and a surface of the
heat sink.

[0014] Example 11 of the present disclosure includes a method comprising: providing at
least one layer of nanofibers on a substrate; configuring a layer of the at least one layer of
nanofibers so that open ends of the nanofibers of the layer are disposed at an exposed surface;
and placing the at least one layer of nanofibers between a heat sink and a heat source, at least one
of the heat sink and the heat source proximate to the open ends of the nanofibers.

[0015] Example 12 includes the subject matter of Example 11, wherein a majority of
nanofibers of the at least one layer provided on the substrate are oriented at an angle from 80° to
100° relative to a surface of the substrate.

[0016] Example 13 includes the subject matter of either of Examples of 11 or 12, wherein

configuring the at least one layer of nanofibers so that open ends of the nanofibers of the layer
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are disposed at an exposed surface comprises: applying an adhesive substrate to a top layer of the
at least one layer of nanofibers on the substrate; and applying a tensile force to the substrate and
the adhesive substrate and causing the substrate and the adhesive substrate to separate from one
another.

[0017] Example 14 includes the subject matter of any of Examples 11 to 12, wherein
applying the adhesive substrate comprises: applying an adhesive to the top layer of the at least
one layer of nanofibers; and applying a second substrate to the adhesive.

[0018] Example 15 includes the subject matter of either of Examples 13 to 14, wherein a
ratio of adhesive strength of the adhesive substrate to the substrate is in a range from 4:1 to
400:1.

[0019] Example 16 includes the subject matter of any of Examples 11 to 15, wherein an
angle of the nanofibers relative to a surface of at least one of the heat sink and the heat source is
from 80° to 100° relative to the surface of the surface.

[0020] Example 17 includes the subject matter of any of Examples 11 to 16, further
comprising disposing an adhesive layer between the at least one layer of nanofibers and at least
one of the heat sink and the heat source.

[0021] Example 18 includes the subject matter of Example 17, further comprising heating
the adhesive layer, the heating reducing a thickness of the adhesive layer from a first thickness to
a second thickness less than the first thickness, the reduced thickness increasing a thermal
conductivity of, collectively, the adhesive layer and the at least one layer of nanofiber from a first
value to a second value greater than the first value.

[0022] Example 19 includes the subject matter of Example 18, wherein the first value is at
least 30% less than the second value.

[0023] Example 20 includes the subject matter of any of Examples 11 to 18, wherein the

heat source is proximate to open ends of the nanofibers.

BRIEF DESCRIPTION OF THE DRAWINGS
[0024] FIG. 1A is a perspective view scanning electron microscope (SEM) image of a carbon
nanotube forest (alternatively referred to herein as a “layer”) having a plurality of individual
nanotubes, each of which includes a straight portion and an arcuate portion, in an embodiment.
[0025] FIG. 1A’ 1s a plan view SEM image of a tangled portion of a carbon nanotube forest,
in an embodiment.
[0026] FIG. 1B is a schematic illustration of a nanofiber layer including a substrate and a
plurality of nanofibers of a nanofiber forest that are disposed on the substrate, in an embodiment.

-3-
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[0027] FIG. 1C is an enlarged view schematic illustration of a portion of the nanofiber layer
shown in FIG. 1B, in which the individual nanofibers of the forest have a straight portion and an
arcuate portion, in an embodiment.

[0028] FIG. 1D is a schematic illustration of a nanofiber layer including a substrate and a
plurality of nanofibers of a nanofiber forest disposed on the substrate at an angle between 30°
and 60° with respect to a surface of the substrate, in an embodiment.

[0029] FIG. 1E is an enlarged view schematic illustration of a portion of the nanofiber layer
shown in FIG. 1D, in which the individual nanofibers have a straight portion and an arcuate
portion, in an embodiment.

[0030] FIGS. 2A-2G are cross-sectional views of carbon nanotube forests in which
individual nanotubes comprising the various forests have been angled with respect to a surface of
the substrate using techniques described herein, in embodiments.

[0031] FIG. 2H is an SEM image of an example multi-layered carbon nanotube forest, in an
embodiment.

[0032] FIG. 3 is a method flow diagram for a method of fabricating a nanofiber layer of the
present disclosure, in an embodiment.

[0033] FIGS. 4A to 4H schematically illustrate the nanofiber layer at various stages of
fabrication, in embodiments.

[0034] FIG. 41 schematically illustrates a nanofiber layer configured to have a pattern of
nanofibers within the layer, in an embodiment.

[0035] FIG. 4] schematically illustrates a nanofiber layer on which is disposed a printed
pattern, in an embodiment.

[0036] FIG. 5A is an illustration a first configuration in which a nanofiber forest of the
present disclosure used as a thermal interface layer between a heat source and a heat sink, and a
second configuration in which a nanofiber forest is used as a thermal interface layer and is
attached to a heat source and a heat sink using carbonized adhesive layers, in embodiments.
[0037] FIG. 5B is an example method flow diagram for using a nanofiber forest as a thermal
interface layer, in an embodiment.

[0038] FIG. 6 illustrates a nanofiber forest conforming to a topography of an underlying
substrate that is as small as 0.5 microns, in an embodiment.

[0039] FIG. 7 is a method flow diagram for a method of fabricating a nanofiber layer of the

present disclosure, in an embodiment.
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[0040] The figures depict various embodiments of the present disclosure for purposes of
illustration only. Numerous variations, configurations, and other embodiments will be apparent

from the following detailed discussion.

DETAILED DESCRIPTION

OVERVIEW

[0041] As used herein, the term “nanofiber” means a fiber having a diameter less than 1um.
Both carbon-based materials (e.g., carbon nanotubes) and non-carbon-based materials may be
considered “nanofibers” for the purposes of this disclosure. As used herein, the term “carbon
nanotube” encompasses both single walled carbon nanotubes and/or multi-walled carbon
nanotubes in which carbon atoms are linked together to form a cylindrical structure. In some
embodiments, carbon nanotubes as referenced herein, have between 4 and 10 walls. The
dimensions of carbon nanotubes can vary greatly depending on production methods used. For
example, the diameter of a carbon nanotube may be from 0.4 nm to 100 nm and its length may
range from 10 um to 55.5 cm. Carbon nanotubes are also capable of having very high aspect
ratios (ratio of length to diameter) with some as high as 132,000,000:1 or more. Given the wide
range of dimensional possibilities, the properties of carbon nanotubes are highly adjustable, or
tunable. While many intriguing properties of carbon nanotubes have been identified, harnessing
the properties of carbon nanotubes in practical applications requires scalable and controllable
production methods that allow the features of the carbon nanotubes to be maintained or
enhanced.

[0042] Embodiments described herein include a nanofiber layer that is configured to
facilitate conduction of thermal energy. For example, embodiments disclosed herein have
unexpectedly high thermal conductivity. Furthermore, the thin cross-sectional thickness of
nanofiber layer described herein (e.g., less than 100 microns, less than 50 microns, and less than
25 microns) facilitates conformal adhesion of the layer to adjacent surfaces. Because nanofibers
layers herein have a high thermal conductivity and are highly conforming to adjacent surfaces,
the nanofiber layers can be used as one component in a thermal conductance system or device
(e.g., a heat sink).

[0043] Some of the embodiments described herein are composed of a substrate and a layer of
oriented nanofibers, conveniently referred to as a nanofiber forest. While the embodiments
herein are primarily described as fabricated from carbon nanotubes, it will be appreciated that
other carbon allotropes, whether graphene, micron or nano-scale graphite fibers and/or plates,
and even other compositions of nano-scale fibers such as boron nitride may be used to fabricate
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nanofiber layers using the techniques described below. Nanofiber layers of the present
disclosure can be used as a highly conductive thermal interface material having a thermal
conductivity high enough (or equivalently, a thermal resistance low enough) to improve the
removal of waste heat from a heat source. In particular, embodiments described herein can
improve the conductivity at interfaces between a heat source and a heat sink. Conductivity of
embodiments described herein can be tailored to an application by selecting an angle (or
orientation) of nanofibers with respect to a substrate such as a heat source or heat sink.

[0044] Nanofibers (or other nano-scale materials) used to fabricate embodiments of
nanofiber layers (also referred to as “forests”), as described herein, are disposed on a substrate
and are aligned in a common direction. In one embodiment, this aligning occurs by first
compressing the nanofibers between substrates so that a longitudinal axis of a fiber is more
aligned with a surface of the substrates (whereas, the fibers typically are more perpendicular to
the surface of the substrates in an as-deposited state). In other embodiments, this compressive
force stage is omitted. Regardless, the fibers can be (re-)oriented by applying a tensile force to
the fibers. This tensile force is transmitted to the fibers through adhesive disposed on the
substrates or by a substrate that is inherently adherent (rather than being adhesive through a
separate adhesive layer). The tensile force, in cooperation with the adhesion of the substrate,
pulls the nanofibers to a common direction that is less aligned with the plane of (i.e., more
perpendicular to) an underlying substrate. In some examples, the direction of more than 50, 75
or 90% of the erected straight ends of nanofibers is approximately (+/- from 0° to 10°)
perpendicular to a substrate. In other examples, the direction of more than 50%, 75%, or 90%
of the aligned straight ends of nanofibers is between 30° and 60° with respect to a substrate on
which the nanofibers are disposed.

[0045] As used herein, the angle of a nanofiber with respect to a substrate is the angle
formed between the plane of the substrate at the point of contact and a straight line connecting
the base (proximal end) of the fiber with the distal end of the fiber.

[0046] Embodiments disclosed also include methods to control an angle of orientation of
nanofibers with respect to an underlying substrate surface. This is beneficial for at least the
reason that the angle of nanofiber orientation can be selected to maximize conductance of
thermal energy (including infra-red radiation) from a substrate. In some examples, nanofiber
orientation can be patterned (e.g., have a plurality of regions, each region including nanofibers
aligned in a direction different from nanofibers of another region of the plurality) so as to
selectively conduct thermal energy from an underlying substrate in a corresponding pattern. This
can be helpful for curved or textured surfaces because nanofiber orientation can be patterned so
that the angle of nanofiber orientation is substantially perpendicular (i.e., within +/- 10° relative
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to perpendicular) to a surface of the underlying curved or textured substrate. This ability to
select and/or pattern an orientation of nanofibers of a layer separately from the orientation of an
underlying surface is unusual given that typically fabricated nanofiber layers include nanofibers
that are either perpendicular to a growth substrate or parallel to a growth substrate. Furthermore,
the conformability of the nanofiber layers described herein is also helpful for conducting thermal
energy from an underlying substrate that includes a textured surface because contact can be
established and maintained between the nanofiber layer and the textured surface even for texture
feature sizes as small as 1 micron or 0.5 microns.

[0047] Embodiments disclosed herein also include methods of fabricating the nanofiber
layer. In one example, layers of nanofibers within a multi-layer (e.g., at least two-layer) stack of
nanofibers are separated from one another. This separation exposes the aligned and “open” ends
(e.g., an open end of a nanotube that receives incident radiation and is not otherwise occluded) of
at least one layer of nanofibers. By exposing a surface at which “open” ends of aligned
nanofibers are disposed, a nanofiber layer with an unusually and unexpectedly high conductance
of thermal energy is produced. In some examples, the orientation of individual nanofibers within
a layer of nanofibers is determined, in part, by an adhesive strength of an adhesive used to
separate the adjacent layers of nanofibers. The stronger the adhesive, the greater the force
required to separate the nanofibers from the adhesive, and the closer to perpendicular the
nanofibers are to a plane defined by a surface of a substrate. The weaker the adhesive, the closer
the angle is to 30° relative to the plane defined by the surface of the substrate. In some
examples, selecting the relative adhesive strength of the first substrate compared to the second
substrate is used to determine orientation of the nanofibers on the substrates.

[0048] As mentioned above, this enables the angle of nanofibers to be controlled (and
selected) so as to improve the conductance of thermal energy from an underlying surface,
regardless of the orientation or texture of an underlying surface to which the nanofiber layer is
attached. Different portions of the same layer can be oriented at different angles by, for example,
using a substrate having a pattern of varying adhesiveness along the length and/or width of the
substrate.

[0049] Applications for embodiments described herein are varied. One example application
is that of a thermal interface material that can be used to facilitate conduction from a heat source
to a heat sink. Another example application is that of an adhesive thermal interface material
that, in addition to conforming to one or more surfaces and conducting thermal energy, may also
adhere to one or more surface.

CONFIGURATION OF NANOFIBERS WITHIN A NANOFIBER LAYER
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[0050] Nanofibers that comprise a thermally conductive layer of the present disclosure
(“nanofiber layer” or “nanofiber forest” for brevity) typically have two portions in their as-
deposited form (prior to applying fabrication methods described below that can be manipulated
to increase a thermal conductivity (or equivalently, reduce a thermal resistance) of the nanofiber
layer). With reference to FIGS. 1A and 1A’, one portion is a “straight portion” (that terminates
in an “open end”) that connects to, and is disposed near, a growth substrate. The other portion is
“an arcuate portion” (also sometimes referred to as a “tangled end”) that is disposed at an
exposed surface of the nanofiber layer and that bends away from a longitudinal axis of the
straight portion. These ends are indicated in the scanning electron microscope (SEM) image of
FIG. 1A taken at a magnification of approximately 300X and an accelerating voltage of 10kV.
FIG. 1A’ 1s a top view of a nanofiber layer and shows the tangled nature of the arcuate portions.
[0051] One feature of some embodiments of the present disclosure is that, unlike as-
deposited nanofiber layers, an exposed surface of the nanofiber layer is not tangled but rather
“open.” That is, an exposed surface of a nanofiber layer is comprised of at least one of (1)
straight (and in some cases aligned) portions of the nanofibers and (2) ends of nanotubes that are
at least partially un-occluded (e.g., by arcuate ends, walls or fragments of nanofibers, catalyst
particles). In many cases, the open ends may be positioned in a more planar arrangement with
regard to each other than are the arcuate ends. In one embodiment, disposing open ends of
nanofibers at an exposed surface is accomplished by “flipping” the orientation of nanofibers
from that found in the as-deposited state using adhesive substrates. In another embodiment, this
configuration is accomplished by removing the arcuate portions (e.g., by laser, cutting, or pulling
off arcuate portions using an adhesive substrate). Regardless, this configuration (and methods of
fabrication used to achieve this configuration) improves thermal energy conductance of the
nanofiber layer.

[0052] FIG. 1B schematically illustrates one example of a layer of the present disclosure in
which nanofibers are oriented perpendicularly (i.e., at approximately 90°) to a surface of an
underlying substrate with open ends exposed. As shown, a nanofiber layer 100 includes a
substrate 104 and a plurality of individual nanofibers 108 in a nanofiber layer 110 disposed on
the substrate 104. In the embodiment shown in both FIG. 1B and FIG. 1C, each individual
nanofiber 108 includes a straight portion 112 (corresponding to a “longitudinal axis” of each
fiber), the open end of which is disposed at an open end of a nanofiber (in other words, the
straight portion 112 terminates at an open end of the nanofiber). The open ends of the nanofibers
are disposed proximate to an exposed surface of the layer 110 (i.e., opposite the substrate 104).
Each individual nanofiber 108 also includes an arcuate portion 116 integral with the straight
portion 112 and disposed at a second end of the nanofiber 108. The arcuate portion 116 is
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proximate to the substrate 104 and opposite to the open end of the nanofiber 108. The arcuate
portion 116 is included only for illustration of one embodiment and it will be appreciated that
depending on the method used to fabricate the layer 100, arcuate portions 116 may be removed
or absent.

[0053] As schematically shown in FIGS. 1D and 1E, in embodiments an average angle of
nanofibers with respect to a substrate can be selected from 30° to 90°. FIGS. 2A to 2G are SEM
images (300X magnification at 10kV of accelerating voltage) of nanofiber layers in cross-
section, each of which has an average nanofiber angle from 60° and 90°. Layers with nanofibers
oriented at an angle from 30° to 90° can be beneficial in some applications because the nanofiber
orientation can be selected to maximize thermal conductivity of the nanofiber layer with respect
to one or more adjacent surfaces. Methods for manufacturing a nanofiber layer 110 in these
configurations are described below.

METHODS FOR FABRICATING A NANOFIBER LAYER

[0054] A nanofiber layer, such those shown in FIGS. 1A, and 2A-2G, and schematically
illustrated in FIGS. 1B to 1E, is fabricated by an example method 300, elements of which are
shown in the method flow diagram of FIG. 3. Schematic illustrations of the various stages of the
method 300 appear in FIGS. 4A to 4H to facilitate explanation of the method.

[0055] The method 300 begins by providing 304 a nanofiber forest to a substrate with at
least two distinct layers of nanofibers (also referred to as a “nanofiber stack™). Fabrication of a
single layer carbon nanofiber forest is disclosed in, for example, PCT Patent Application
Publication No. W0O2007/015710, which is incorporated by reference herein in its entirety. This
type of forest is a precursor to embodiments described herein that can be used to produce
nanofiber layers and stacks of layers, as described below in more detail. As used herein, a forest
(or alayer) of nanofibers or carbon nanotubes refers to an array of nanofibers having
approximately equivalent dimensions that are arranged substantially parallel to one another on a
substrate where a longitudinal axis of at least 90% of the nanofibers is substantially
perpendicular to a surface of the substrate on which the nanofibers are disposed.

[0056] In some embodiments, the nanofibers of the forest may each be oriented with respect
to a growth surface of the substrate at a common angle that is greater than or less than 90°. For
example, the nanofibers of the forest may be angled between 45° and 135° in relation to the
surface of the substrate. In particular embodiments, the nanofibers of the forest may be oriented
between 75° and 105° from the surface of the substrate and in select embodiments the nanofibers
may be oriented approximately 90° from the substrate.

[0057] Nanofiber forests as disclosed herein may be relatively dense. Specifically, the
disclosed nanofiber forests may have a density of approximately 10 billion to 30 billion
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nanofibers/cm’. In some specific embodiments, a nanofiber forest as described herein may have
a density of between 15 billion and 25 billion nanofibers /cm”. The forest may include areas of
high density or low density and specific areas may be void of nanofibers. These variations can
be accomplished by selectively patterning a catalyst on the growth substrate (which in some
embodiments is stainless steel) to select the density, height and other physical dimensions, and
electrical, mechanical, and thermal properties of the forest on the substrate. The nanofibers
within a forest may also exhibit inter-fiber connectivity. For example, neighboring nanofibers
within a nanofiber forest may be attracted to one another by van der Waals forces. Various
methods can be used to produce nanofiber forests in accordance with the subject disclosure. For
example, in some embodiments nanofibers may be grown in a high-temperature furnace. In
some embodiments, catalyst may be deposited on a substrate, placed in a reactor and then may be
exposed to a fuel compound that is supplied to the reactor. Substrates can withstand
temperatures of greater than 800°C or even 1000°C and may be inert materials. The substrate
may comprise stainless steel or aluminum disposed on an underlying silicon (Si) wafer, although
other ceramic substrates may be used in place of the Si wafer (e.g., alumina, zirconia, Si0O,, glass
ceramics). In examples where the nanofibers of the forest are carbon nanotubes, carbon-based
compounds, such as acetylene may be used as fuel compounds. After being introduced to the
reactor, carbon atoms from the fuel compound(s) may then begin to accumulate on the catalyst
and may assemble by growing upward from the substrate to form a forest of nanofibers. The
reactor also may include a gas inlet where fuel compound(s) and carrier gasses may be supplied
to the reactor and a gas outlet where expended fuel compounds and carrier gases may be released
from the reactor. Examples of carrier gases include hydrogen, argon, and helium. These gases,
in particular hydrogen, may also be introduced to the reactor to facilitate growth of the nanofiber
forest. Additionally, dopants to be incorporated in the nanofibers may be added to the gas stream.
[0058] The reaction conditions during nanofiber growth can be altered to adjust the
properties of the resulting nanofiber forest. For example, particle size of the catalyst, reaction
temperature, gas flow rate and/or the reaction time can be adjusted as needed to produce a
nanofiber forest having the desired specifications. In some embodiments, the position of catalyst
on the substrate is controlled to form a nanofiber forest having desired patterning. For example,
in some embodiments catalyst is deposited on the substrate in a pattern and the resulting forest
grown from the patterned catalyst is similarly patterned. Example catalysts include iron with a,
buffer layer of silicon oxide (Si0O;) or aluminum oxide (Al,O3). These may be deposited on the
substrate using chemical vapor deposition (CVD), pressure assisted chemical vapor deposition
(PCVD), electron beam (eBeam) deposition, sputtering, atomic layer deposition (ALD), plasma

enhanced chemical vapor deposition (PECVD), among others.
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[0059] In some particular embodiments, multiple nanofiber forests (or “layers”) may be
sequentially grown on the same substrate to form a multilayered nanofiber forest, alternatively
referred to as a “stack.” An example multi-layered nanofiber forest is shown in FIG. 2H, and is
described below in more detail. In this process, one nanofiber forest is formed on the substrate
followed by the growth of a second nanofiber layer in contact with the first nanofiber layer.
Multi-layered nanofiber forests can be formed by numerous suitable methods, such as by
forming a first nanofiber forest on the substrate, depositing catalyst on the first nanofiber forest
and then introducing additional fuel compound to the reactor to encourage growth of a second
nanofiber forest from the catalyst positioned on the first nanofiber forest. Depending on the
growth methodology applied, the type of catalyst, and the location of the catalyst, the second
nanofiber layer may either grow on top of the first nanofiber layer or, after refreshing the
catalyst, for example with hydrogen gas, grow directly on the substrate thus growing under the
first nanofiber layer. Regardless, the second nanofiber forest can be aligned approximately end-
to-end with the nanofibers of the first nanofiber forest although there is a readily detectable
interface between the first and second forest. Multi-layered nanofiber forests may include any
number of forests. For example, a multi-layered forest may include two, three, four, five or more
forests.

[0060] After formation, the nanofiber forest may optionally be modified. For example, in
some embodiments, the nanofiber forest may be exposed to a treatment agent such as an
oxidizing or reducing agent. In some embodiments, the nanofibers of the forest may optionally
be chemically functionalized by a treatment agent. Treatment agent may be introduced to the
nanofiber forest by any suitable method, including but not limited to chemical vapor deposition
(CVD). In some embodiments, the nanofiber forest may be modified to form a patterned forest.
Patterning of the forest may be accomplished, for example, by selectively removing nanofibers
from the forest. Removal can be achieved through chemical or physical means, such as laser
ablation.

[0061] The above described process for providing 304 a forest is repeated at least once (with
an intervening air and/or hydrogen reduction step to reduce the catalyst) to fabricate a nanofiber
stack having at least two layers of nanofibers, in which the nanofibers within each layer are
aligned. An example of a two layered nanofiber forest is, as indicated above, shown in FIG. 2H.
An illustration of an embodiment of a two layer nanofiber forest 400 is shown in FIG. 4A. As
shown in FIG. 4A, a nanofiber layer 404A is disposed on a growth substrate 402 (which is often
fabricated from stainless steel). Nanofiber layer 404B is disposed on a surface of arcuate potions

of nanofibers of the nanofiber layer 404A. As is shown, this surface of arcuate portions of the
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layer 404A is opposite the growth substrate 402. This configuration is consistent with the
preceding explanation of nanofiber layers in their as-deposited state.

[0062] Having thus fabricated the two layer nanofiber forest 400 on the growth substrate
402, FIG. 4B illustrates a first adhesive substrate 408 that is applied 308 to the exposed surface
of the nanofiber layer 404B. The exposed surface of the nanofiber layer 404B is opposite the
surface in contact with nanofiber layer 404A. In examples, the first adhesive substrate 408
includes a polymer film coated with an adhesive (whether a pressure sensitive adhesive or other
type of adhesive). As described elsewhere herein, the adhesive strength of the first adhesive
substrate 408 is greater than that of a second adhesive substrate eventually used to replace the
growth substrate 402, as described below in more detail. It is the relative difference in adhesive
strengths between the first adhesive substrate and the second adhesive substrate that influences
the common direction that the nanofibers are ultimately oriented in relative to the surface of the
substrate.

[0063] In examples, the adhesive strength of the first adhesive substrate 408 is, when
measured using a 180° peel adhesion test (sold by CHEMINSTRUMENTS® of West Chester,
Ohio) in the range of 2 N/25mm to 4 N/25mm when pulled at a rate of 5 mm/second, after
having let the first adhesive substrate 408 remain in contact with the exposed surface of the layer
404B for approximately 30 minutes (to facilitate bonding). In other examples, the range of
adhesive strength is in the range of 2 N/25mm to 3 N/25mm, 3 N/25mm to 4 N/25mm, or 2.5
N/25mm to 3.5 N/25mm.

[0064] As shown in FIG. 4C, a compressive force is applied 312 to one or both of the growth
substrate 402 and the first adhesive substrate 408. While FIG. 4C illustrates a normal force
applied 312 both of the growth substrate 402 and the first adhesive substrate 408, it will be
understood that forces can be applied 312 in a non-normal vector by, for example, a roller (or
rollers), plates, or other mechanisms that squeeze the growth substrate 402 and the first adhesive
substrate 408 together. Furthermore, it will be understood that while a normal force is shown in
FIG. 4C, the applied force can include both normal and shear components so that the individual
nanofibers of each of the layers 404A and 404B (and others in embodiments with three or more
nanofiber forest layers) are moved from an as-grown orientation, in which a longitudinal axis of
the individual fibers is typically substantially perpendicular to a surface of a growth substrate, to
an orientation in which the longitudinal axis of the fibers is at an acute angle to or parallel with
the surface of the growth substrate 402. During such a procedure, the distance between opposing
substrates 402 and 408 can decrease by at least 20%, at least 30%, at least 40%, at least 50%, or
at least 70%.
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[0065] Regardless of the mechanism by which it is applied 312 or the relative magnitudes of
compressive and shear components of the applied 312 force, the compressive force has the effect
of aligning 316 the nanofibers of both layers in a common direction. One example of this is
shown schematically in FIG. 4C’, in which the applied 312 compressive force has aligned some
or all of the individual fibers of both of the nanofiber layers 404A and 404B at an acute angle
with respect to a plane of a surface of the growth substrate 402. The precise value of the acute
angle at which the nanofibers of the layers 404A and 404B are disposed with respect to the
surface of the growth substrate is immaterial except that it should be a lower value (i.e., closer to
0° or in other words, closer to parallel to the surface of the growth substrate 402) than the
ultimately desired orientation of the fibers in the final nanofiber layer.

[0066] As illustrated in FIG. 4D, the growth substrate 402 is then removed 320 and a second
adhesive substrate 420 is applied 312 to the surface of the first nanofiber layer 404A exposed by
removal of the growth substrate 402. The adhesive strength of the second adhesive substrate 420
is selected according to an orientation of the nanofibers desired for the final nanofiber layer. For
example, a second adhesive substrate 420 having an adhesive strength less than that of the first
adhesive substrate 408 but in the range of 0.1 N/25mm to 0.5 N/25mm will adhere to the
nanofibers of the layers 404A and 404B so that the fibers, at the adhesion breaking point, are
pulled approximately perpendicular to the surfaces of the adhesive substrates 408 and 420.
Other ranges of adhesive strengths will also facilitate this orientation, including from 0.1
N/25mm to 0.4 N/25mm, from 0.1 N/25mm to 0.2 N/25mm, from 0.2 N/25mm to 0.3 N/25mm,
from 0.2 n/25mm to 0.4 N/25mm, and from 0.3 n/25mm to 0.5 N/25mm. It will be appreciated
that while an upper limit of 0.5 N/25mm is described, practically adhesives with even higher
adhesive strengths can be used. As will be explained below in more detail, it is the relative
strength between the adhesive of the first adhesive substrate relative to the adhesive of the
second adhesive substrate that determines the orientation of the fibers after separating the two
adhesive substrates.

[0067] In another example, the second adhesive substrate 420 having an adhesive strength
that is an order of magnitude lower than those described above will facilitate orientation of the
fibers at an acute angle greater than the angle achieved after the compressive force is applied (as
shown in FIG. 4C’) but less than the perpendicular configuration described immediately above.
For example, adhesive strengths in the range of 0.01 N/25mm to 0.05 N/25mm will produce this
orientation of nanofibers in the layer. Other ranges of adhesive strengths appropriate for this
orientation include 0.01 N/25mm to 0.02 N/25mm, 0.01 N/25mm to 0.04 N/25mm, and 0.02
N/25mm to 0.03 N/25mm.
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[0068] Because it is the relative strength of the adhesives that determines the orientation of
the nanofibers after separation, the adhesive strength of the first adhesive substrate 408 and the
second adhesive substrate 420 can be selected based on their relative strengths. For example, a
ratio of an adhesive strength of the first adhesive substrate 408 compared to the second adhesive
substrate 420 can be in a range from 4:1 to 400:1. The orientation of the fibers for different
ratios is understood based on the descriptions presented above.

[0069] As shown in FIG. 4E, the first adhesive substrate 408 and the second adhesive
substrate 420 are pulled apart 324, as indicated by the arrows in FIG. 4E. Pulling apart 420 the
first adhesive substrate 408 and the second adhesive substrate 420 exposes the straight portion of
the nanofibers of the second nanofiber layer 404B. As indicated above in the context of FIG.
4D, the adhesive strength of the second adhesive substrate changes the angle with which the
individual nanofibers of the layers are oriented (with respect to a corresponding underlying
substrate) after the two layers are pulled apart 324.

[0070] FIG. 4F illustrates one embodiment in which an adhesive strength of the second
adhesive substrate 408 is in the range of, for example, 0.1 N/25mm to 0.5 N/25mm, as described
above. Asindicated above, a substrate having an adhesive strength in this range separates the
nanofiber layer 404B from the nanofiber layer 404A, while also providing enough adhesive
strength to re-orient the individual nanofibers from a “flattened” orientation (as shown in FIG.
4D) to an orientation in which the nanofibers are approximately perpendicular to a surface of the
first and second adhesive substrates 408 and 420. This has the effect of exposing the straight
ends of the individual nanofibers of the layer 404B at an exposed surface of the layer 404B and
thus producing a layer having unexpected thermal properties, as described above. The surface of
the layer 404A composed of arcuate ends of individual nanofibers is exposed also. In this
embodiment, the adhesive strength of each of the substrates is greater than then adhesive strength
that binds the two nanofiber layers together.

[0071] FIG. 4G illustrates one embodiment in which an adhesive strength of the substrate
408 1s in the range of 0.01 N/25mm to 0.05 N/25mm. As indicated above, an adhesive strength
in this range is sufficient to remove both of the nanofiber layers 404A and 404B from the second
adhesive substrate 420, and partially re-orient the individual nanofibers from a “flattened”
orientation (as shown in FIG. 4D) to an acute angle with the surface of the substrate 408 that is
greater than the angle between the nanofibers and the surface of the substrate 408 in the
“flattened” configuration. However, the adhesive strength of the second adhesive substrate 420
is insufficient to maintain a connection between the first layer of nanofibers 404 A so that the

nanofibers of both layers can be pulled into the configuration shown in FIG. 4G. Similar to the
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scenario shown in FIG. 4F, open ends of the nanofiber layer 404B are at an exposed surface of
the layer 404B.

[0072] FIG. 4H illustrates another embodiment in which the adhesive strength of the second
adhesive substrate 424 varies as a function of location on the surface of the second adhesive
substrate 424. In this example, the adhesive strength of the second substrate 424 has a strongly
adhesive portion 424A and a weakly adhesive portion 424B. Consistent with embodiments
described above, the nanofiber layer 404A is patterned according the adhesive strength of the
different portions 424A and 424B of the second adhesive substrate 424. That is, the nanofibers
previously attached to the strongly adhesive portion 424A are in an orientation that is
approximately perpendicular to the surface of the underlying first adhesive substrate 408. The
nanofibers previously attached to the weakly adhesive portion 424B of the second adhesive
substrate 424 are oriented at an acute angle to the surface of the first adhesive substrate 408. The
example illustrates that the orientation of the nanofibers of a layer, and the corresponding
thermal properties of the layer, can be selected based on a pattern of varying adhesive strengths
of the second adhesive substrate.

[0073] It will be appreciated that the first and second adhesive substrates 408, 420, and 424
may be instantiated in any of a variety of forms. For example, polymer films coated in one or
more adhesives may be used as some embodiments of the substrates 408 and 420, 424. In
various embodiments, adhesive films can be deposited or printed on either a substrate or on the
nanofiber layer itself. The polymer films can be selected according to any of mechanical,
electrical, or thermal properties that are desired, whether tensile strength, optical clarity, fracture
toughness, elasticity, thermal or electrical conductivity, or some other property. In other
embodiments, a rigid polymer, metallic, ceramic, or composite substrate may first be coated with
an adhesive (whether a “100% solids” adhesive or a pre-adhesive component that is reacted in
situ to form an adhesive) and then used to orient the nanofibers of the various nanofiber layers,
as described herein. In other embodiments, the substrate itself is adhesive and a secondary
adhesive layer is not required. Regardless of the instantiation used, the adhesive ranges
described herein still apply.

[0074] FIG. 41 illustrates an embodiment in which a nanofiber layer 432 is disposed on the
substrate 408 in a pattern. Patterning a nanofiber layer 432 enables selective use of the various
properties of the nanofiber layer 432. The embodiment of the pattern shown is one in which the
layer 432 of nanofibers includes areas 436 that lack nanofibers. Embodiments of the methods
described above can be adapted to produce such a pattern by adjusting either: (1) an adhesive
strength of one or both of the substrates; or (2) a ratio of the adhesive strengths relative to one
another. For example, the adhesiveness of one substrate can patterned so that nanofibers initially
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disposed in the layer 436 are removed from the layer 436 at locations corresponding to the areas
436. In still other embodiments, it will be appreciated that the adhesive strength (whether
absolute value or ratios thereof) can be patterned to generate layer of nanofibers that is
continuous, and has areas 436 of nanofibers in different orientations. Alternatively, the pattern
shown in FIG. 41 can be created by patterning a catalyst on a growth substrate to prevent
nanofiber growth in some portions of the substrate. In still further examples, a pattern can
include areas 436 of nanofibers in different orientations as well as areas 436 in which nanofibers
are absent. This latter example is shown in FIG. 4J.

[0075] FIG. 4K illustrates an embodiment in which a top layer 444 is printed on a patterned
layer 440 of nanofibers. This top layer 444 is another method by which a pattern can be imposed
on a nanofiber layer, thereby selecting extent to which the unusual properties of the nanofiber
layer 440 are exhibited. Any printing technology can be used to deposit the top layer 444 on the
layer 440 of nanofibers. These technologies include, for instance, ink jet printing, transfer
printing and screen printing. Applications for printing the top layer 444 include depositing a
reflective material (e.g., a metal) as the layer 444, thereby generating a pattern that can have
multiple different thermal conductivities. Another example application includes depositing a
material as the top layer 444 that has a low infra-red radiation emissivity, thereby creating a
pattern that is alternately highly emissive in the IR band (corresponding to the areas of the
nanofiber layer 440) and negligibly emissive in the IR band (corresponding to the low emissivity
material in the top layer 444).

[0076] In still further embodiments, depending on the substrate selected, the oriented layers
may be wound or rolled for convenience of fabrication, shipment, or use in subsequent
manufacturing processes. In still other embodiments, the first adhesive substrate can include a
double-sided adhesive tape.

ADHESIVE CARBONIZATION

[0077] An optional process can be performed that can improve the thermal conductivity of
an adhesive layer. For example, the process can reduce the thickness of the adhesive layer on
any of the various substrates described above, thus improving its thermal conductivity. This
“carbonizing” process removes some of the adhesive material disposed on the substrate (e.g.,
substrate 408 and/or substrate 420) by heating. By heating (e.g., the substrate or the adhesive
directly) and thus removing some of the adhesive material, the thickness of the adhesive layer
decreases. This decrease improves the overall thermal conductivity of the oriented nanofiber
forest on the substrate (and any intervening adhesive layers) by reducing the thermal resistance

of the various interfaces, thus improving the thermal interface material performance and the
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thermal conductance from the heat source to the heat sink via the layer of nanofibers.
Carbonizing can be completed with little or no reduction in adhesiveness.
[0078] A schematic illustration of this process is illustrated in FIG. SA. Concurrent
reference to a method flow diagram FIG. 5B that illustrates an example method 500 for
preparing some embodiment of the present disclosure that include at least one carbonized
adhesive layer will facilitate explanation.
[0079] The example method 500 begins by providing 530 at least one layer of nanofibers on
a substrate, a majority of the nanofibers oriented at an angle that is substantially perpendicular to
a surface of the substrate and then by configuring 534 a layer of the at least one layer of
nanofibers. In some embodiments, the nanofibers are optionally configured 534 so that open
ends of the nanofibers of the layer are disposed at an exposed surface. The providing 530 and
configuring 534 have been described above (e.g., in the context of FIGS. 3, 4A-4F) and need no
further explanation.
[0080] The method 500 continues by placing 538 the at least one layer of nanofibers between
a heat sink and a heat source, the layer increasing a thermal conductivity (or equivalently
reducing a thermal resistance) of the interface so as to improve thermal conduction (in relation to
an alternative adhesive system) from the heat source to the heat sink. In some examples, an
orientation of the nanofibers within the at least one layer is substantially perpendicular (i.e., from
80° to 100°) to an interface with the heat sink and/or heat source. In different embodiments, the
open end of the fibers may be proximal to either the heat source or the heat sink. An adhesive
layer is then disposed 542 between the at least one layer of nanofibers and one of a heat sink and
a heat source. This is illustrated in configuration 502 of FIG. SA. In this configuration 502, a
nanofiber forest 508 is disposed between adhesive layers S12A, 512B. The adhesive layer 5S12A
is disposed between the nanofiber forest 508 and a heat source 504. The adhesive layer 512B is
disposed between the nanofiber forest 508 and a heat sink 516. While two adhesive layers are
shown in the example configuration 502, it will be appreciated that in other configurations only
one of the adhesive layers 512A, 512B is present. As also described above, the adhesive layers
512A, 512B in the configuration 502 are “uncarbonized.” That is, the adhesive layers 512A,
512B have not been heated to partially combust (or “carbonize”) some of the carbon atoms
and/or volatile components of the adhesive so as to reduce a thickness of the adhesive layers.
[0081] The method 500 continues by heating 546 the configuration 502, and more
specifically the adhesive layers 512A, 512B. The heating 546 reduces the thickness of the
adhesive layers from a first thickness T1 to a second thickness T2 less than the first thickness T1.
This change is illustrated in configuration 518 of FIG. 5A, in which the heat applied to the
configuration 502 has transformed the “uncarbonized” adhesive layers 512A, 512B to
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“carbonized” adhesive layers 520A, 520B. In some examples, the heating 546 includes heating
the adhesive layers 512A, 512B to a temperature of 300°C (+/- within 10% according to normal
process variability and measurement precision). This reduction in thickness can, in some
examples, increase a thermal conductivity (or equivalently reduce a thermal resistance) from the
heat source 504 to the heat sink 516 through the carbonized adhesive layers 520A, 520B and the
nanofiber forest 508.

EXPERIMENTAL EXAMPLE

[0082] In one example, one forest layer from an initial double-layer forest was transferred to
a copper film with adhesive layer on the surface. This transfer was accomplished using the
methods already described above. A height (a dimension from a surface of the forest in contact
with the copper film and an exposed major surface of the forest) of the single transferred forest
was measured, and found to be approximately 68 microns. The initial adhesive thickness was 7
microns. Samples were placed in a furnace at 300° C in ambient atmosphere. Scanning electron
microscope (SEM) images were taken of a cross section of the samples after various heating

times to measure adhesive thickness. Results follow in Table 1.

Adhesive Thickness Time
7 um 0 min
1 um 15 min
0.6 um 20 min
0.1 um 30 min
Table 1

[0083] As indicated above, the thinner the adhesive thickness, the more thermally conductive
the thermal interface material is.

[0084] Furthermore, it will be appreciated that in some cases the ability of a nanofiber forest
to conform to underlying topography of a substrate (e.g., as little as 0.5 microns, as indicated
above) is improved upon reducing a thickness of an adhesive layer. This ability of the nanofiber
layer to conform to even very small surface topography in an underlying substrate increases the
area of contact between the nanofiber forest and the substrate, and thereby increases the thermal
conductivity (or reduce the thermal resistance) through the adhesive layer and nanofiber forest
from a heat source to a heat sink.

[0085] This is schematically illustrated in FIG. 6. As shown, a substrate 600 includes a
negative topographic feature 604 that is 0.5 um deep (i.e., below a surface of the substrate 600

used as a measurement reference) and a positive topographic feature 608 that is 0.5 um tall (i.e.,
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above the surface of the substrate 600 used as a measurement reference). A nanofiber layer 612
is conformally disposed on the surface of the substrate 600 including on the topographic features
604, 608. This conformal disposition of the nanofiber layer 612 can accommodate negative
topographic features (e.g., feature 604) and positive topographic features (e.g., feature 608) while
maintaining planarity at an opposite, exposed surface. This ability to conform to a surface
improves surface area contact with the substrate 600, which increases thermal conductivity (or
reduces thermal resistance) through the layer 612. It will be appreciated that the conformal
nanofiber layer 612 can also accommodate positive and negative topographic features on a
structure placed on the surface shown as exposed in FIG. 6, thus further improving heat transfer
from one side of the conformal nanofiber layer 612 to the opposite side, and for example from a
heat source (e.g., the substrate 600) to a heat sink on an opposite side of the layer 612 from the
substrate 600.

[0086] Also, as schematically shown, the orientation of the nanofibers of the conformal
nanofiber layer 612 are generally substantially perpendicular (i.e., from 80° to 100°) relative to
the surface of the substrate 600 on which the layer 612 is disposed. It will be appreciated that
some variation in nanofiber orientation relative to the surface of the substrate, relative from one
nanofiber to another, and/or within an individual nanofiber may be present. These variations
may be present but are not shown for convenience of illustration. There may also be some
variability as the conformal nanofiber layer 612 transitions between substrate 600 surfaces that
are orthogonal to one another. It will be appreciated that, while not shown, the embodiment
illustrated in FIG. 6 can include an intervening adhesive layer that, in some cases, can be
carbonized, as described above. This layer is omitted from FIG. 6 for clarity of depiction. It will
also be appreciated that in the embodiment of FIG. 6, open ends of the nanofibers are at an
exposed surface of the conformal nanofiber layer 612, as described above. This may be reversed
in alternative embodiments.

METHOD

[0087] FIG. 7 is a flow diagram illustrating an example method 700 for fabricating some
embodiments of the present disclosure. It will be appreciated that some or all of the
embodiments described above can be encompassed by the method 700.

[0088] The method 700 begins by providing 704 at least one layer of nanofibers, such as a
forest, to a substrate. The at least one layer can include one, two, three, or more layers of
nanofibers. Examples of substrates include growth substrates and adhesive substrates, as
described above.

[0089] The method 700 continues by configuring 708 a layer of the at least one layer of
nanofibers provided to the substrate so that open ends of the nanofibers of the layer are disposed
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at an exposed surface of the layer. This can be accomplished using any of the techniques
described above. For example, an adhesive substrate can be placed on top of the at least one
layer and then be separated from the substrate on which the at least one layer was provided.
Depending on the relative adhesive strengths of the adhesive substrate and the substrate on
which the at least one layer was provided, arcuate ends can be removed from straight portions of
the nanofibers, thus exposing open ends of the nanofibers, rendering nanofibers with open ends
at both proximal and distal portions. Or, for a multi-layer stack, nanofibers can be separated
from one another, exposing open ends of a nanofiber layer on the adhesive substrate.

FURTHER CONSIDERATIONS

[0090] The foregoing description of the embodiments of the disclosure has been presented
for the purpose of illustration; it is not intended to be exhaustive or to limit the claims to the
precise forms disclosed. Persons skilled in the relevant art can appreciate that many
modifications and variations are possible in light of the above disclosure.

[0091] The language used in the specification has been principally selected for readability
and instructional purposes, and it may not have been selected to delineate or circumscribe the
inventive subject matter. It is therefore intended that the scope of the disclosure be limited not
by this detailed description, but rather by any claims that issue on an application based hereon.
Accordingly, the disclosure of the embodiments is intended to be illustrative, but not limiting, of

the scope of the invention, which is set forth in the following claims.
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What is claimed is:

1. A method comprising:
providing at least one layer of nanofibers on a substrate;
placing the at least one layer of nanofibers between a heat sink and a heat source;
disposing an adhesive layer between the at least one layer of nanofibers and at least
one of the heat sink and the heat source; and
heating the adhesive layer, the heating reducing a thickness of the adhesive layer from

a first thickness to a second thickness less than the first thickness.

2. The method of claim 1, wherein the heat source is proximate to open ends of the
nanofibers.
3. The method of claim 1, wherein the adhesive layer comprises a first adhesive

layer disposed between the layer of nanofibers and the heat sink and a second adhesive layer

disposed between the layer of nanofibers and the heat source.

4. The method of claim 1, wherein heating the adhesive layer comprises heating at a

temperature of 300°C.

5. The method of claim 1, wherein the first thickness is at least 7 microns and the

second thickness is from 0.1 micron to 1 micron.

6. The method of claim 1, wherein the at least one layer of nanofibers provided on a
substrate further comprises a majority of the nanofibers oriented at an angle from 80° to 100°

relative to a surface of the substrate.

7. The method of any of claims 1 to 6, wherein reducing the thickness of the
adhesive layer from the first thickness to the second thickness increases a thermal conductivity
of, collectively, the first adhesive layer, the at least one layer of nanofibers, and the second

adhesive layer from a first value to a second value greater than the first value.
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8. The method of claim 7, wherein the first value of thermal conductivity is at least

30% less than the second value of the thermal conductivity.

9. The method of claim 1, wherein the at least one layer of nanofibers conforms to a

feature size on at least one of the heat source and the heat sink of 0.5 microns or greater.

10. The method of claim 1, wherein an orientation of the nanofibers in the at least one
layer placed between the heat source and the heat sink is from 80° to 100° relative to at least one

of a surface of the heat source and a surface of the heat sink.

11. A method comprising:
providing at least one layer of nanofibers on a substrate;
configuring a layer of the at least one layer of nanofibers so that open ends of the
nanofibers of the layer are disposed at an exposed surface; and
placing the at least one layer of nanofibers between a heat sink and a heat source, at
least one of the heat sink and the heat source proximate to the open ends of

the nanofibers.

12. The method of claim 11, wherein a majority of nanofibers of the at least one layer
provided on the substrate are oriented at an angle from 80° to 100° relative to a surface of the

substrate.

13. The method of claim 11, wherein configuring the at least one layer of nanofibers
so that open ends of the nanofibers of the layer are disposed at an exposed surface comprises:
applying an adhesive substrate to a top layer of the at least one layer of nanofibers on
the substrate; and
applying a tensile force to the substrate and the adhesive substrate and causing the

substrate and the adhesive substrate to separate from one another.

14. The method of claim 13, wherein applying the adhesive substrate comprises:
applying an adhesive to the top layer of the at least one layer of nanofibers; and

applying a second substrate to the adhesive.
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15. The method of claim 13, wherein a ratio of adhesive strength of the adhesive

substrate to the substrate is in a range from 4:1 to 400:1.

16. The method of claim 11, wherein an angle of the nanofibers relative to a surface
of at least one of the heat sink and the heat source is from 80° to 100° relative to the surface of

the surface.

17. The method of any of claims 11 to 16, further comprising disposing an adhesive
layer between the at least one layer of nanofibers and at least one of the heat sink and the heat

source.

18. The method of claim 17, further comprising heating the adhesive layer, the
heating reducing a thickness of the adhesive layer from a first thickness to a second thickness
less than the first thickness, the reduced thickness increasing a thermal conductivity of,
collectively, the adhesive layer and the at least one layer of nanofibers from a first value to a

second value greater than the first value.

19. The method of claim 18, wherein the first value is at least 30% less than the

second value.

20. The method of claim 11, wherein the heat source is proximate to the open ends of

the nanofibers.
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