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STRUCTURES INCLUDING CARBON
NANOTUBES, METHODS OF MAKING
STRUCTURES, AND METHODS OF USING
STRUCTURES

CROSS-REFERENCE TO RELATED
APPLICATION

This application claims priority to U.S. provisional appli-
cation entitled, “Low Temperature Anchoring, of Carbon
Nanotube Structures via Chemical Anchoring,” having Ser.
No. 61/181,029, filed on May 26, 2009, which is entirely
incorporated herein by reference.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH OR DEVELOPMENT

This invention was made with Government support under
Agreement No. DMI-0422553, awarded by the National Sci-
ence Foundation and Agreement No. RD-83148901-0
awarded by the Environmental Protection Agency. The Gov-
ernment has certain rights in this invention.

BACKGROUND

Revolutionary increases in speed and reliability of micro-
processors has been successfully achieved in the past 60
years. The faster and higher performance of microprocessors
is based on increased transistor density. As originally pro-
posed, Moore’s law stated that the number of transistors in
semiconductor devices or integrated circuits (ICs) would
double approximately every two years. This prediction has
been realized, largely due to device scaling, characteristic of
fine pitch interconnects. Copper interconnects are now rou-
tinely used with the minimum feature size down to 65 nm;
45-nm node can be found in some commercial devices. How-
ever, the electrical resistivity of copper interconnects
increases with a decrease in dimensions due to grain-bound-
ary and electron surface scattering. As current density further
increases, the electromigration issue for metal interconnects
becomes more severe.

In view of these problems, carbon nanotubes (CNTs) have
been proposed as a future interconnecting material due to
their ultra-high current carrying capacity (10° A/cm?), ther-
mal stability and high resistance to electromigration. Today,
the main challenges of CNT interconnects (circuits) are: 1)
purification of metallic or semiconducting CNTs; 2) selective
positioning of CNTs; and 3) effective and reliable contacts at
CNT junctions. Although the purification issue has almost
been addressed by recent development of various CNT sepa-
ration methods, CNT positioning and contact reliability
issues are still unaddressed.

In spite of electrical performances, increasing micropro-
cessor performance is associated with an increased cooling
demand; in other words, more efficient heat dissipation is
required. It has been reported that a reduction in the device
operation temperature corresponds to an exponential increase
in reliability and life expectancy of a device. To control device
temperature within operation limits is critical. Thermal
Design Power (TDP, the maximum sustained power dissi-
pated by the microprocessor) has in the past increased
steadily with increasing microprocessor performance.
Although multicore microprocessors should alleviate the
growth in TDP with increased performance, thermal non-
uniformity, usually referred to as the “hot spot” issue, where
the local power density could be >300 W/cm?, must be paid
more attention to in circuit design and operation. Hot spot
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issue makes the heat dissipation near the chip more difficult.
Effective heat dissipation has become a key issue for further
development of high performance semi-conductor devices.
Development of novel thermal interface materials (TIMs) is
crucial to meet thermal performance requirements for future
generations of high-performance IC chips. For thermal man-
agement applications, the distinctive thermal properties of
carbon nanotubes (CNTs) attract much attention and give rise
to new opportunities in thermal management of microelec-
tronic devices and packaging systems. However, CN'T/sub-
strate contact resistance at the interface is typically high.

BRIEF DESCRIPTION OF THE DRAWINGS

Many aspects of this disclosure can be better understood
with reference to the following drawings. The components in
the drawings are not necessarily to scale, emphasis instead
being placed upon clearly illustrating the principles of the
present disclosure. Moreover, in the drawings, like reference
numerals designate corresponding parts throughout the sev-
eral views.

The patent or application file contains at least one drawing
executed in color. Copies of this patent or patent application
publication with color drawing(s) will be provided by the
Office upon request and payment of the necessary fee.

FIG. 1.1A illustrates an embodiment of the present disclo-
sure.

FIG. 1.1B illustrates an embodiment of the present disclo-
sure.

FIGS. 1.2A to 1.2D illustrates an embodiment for making
either of the embodiments shown in FIG. 1.1A and 1.1B.

FIG. 2.1 illustrates a schematic shown an embodiment of
the chemical anchoring technology.

FIG. 2.2 is a digital image of a photograph of the four-
probe station for electrical property testing of the anchored
CNT structure.

FIG. 2.3 is a side view of a typical f-CNT array.

FIGS. 2.4A and 2.4B illustrate XPS spectra of p-CNT (a)
and f-CNT (b). Inserted are corresponding Cl1s spectra.

FIG. 2.5 illustrates FTIR spectra of {~CNT and s-CNT,
vertically stacked for comparison.

FIGS. 2.6A-2.6D illustrate SEM images of gold surfaces
before and after SAM treatment.

FIGS. 2.7A-2.7B illustrate (a) Successful chemical
anchoring of f-CNT onto silicon substrate coated with gold
layer; and (b) Anchoring failure of p-CNT.

FIGS. 2.8A and 2.8B illustrate SEM images of chemically
anchored CNTs (a) and the interface after the anchored CNTs
were wiped off (b)

FIG. 2.9 illustrates I-V curve of the chemically transferred
CNT structure measured at room temperature.

FIG. 3.1 is a schematic illustration of the Si/VACNT TIM/
Cu assembling process.

FIGS. 3.2A to 3.2C illustrate: (A): FI-IR transmittance
spectra of a pure TMS coating (spectrum a), a coating of
solution A before fuming in ammonium (spectrum b), a coat-
ing of solution A (spectrum c¢), and a VFM-treated coating of
solution A (spectrum d). (B) and (C): enlargement of selected
regions in panel (A). Spectra are shifted vertically for clarity.

FIG. 3.3 illustrates an FT-IR transmittance spectrum of
TMS-CNT adducts.

FIGS. 3.4A-34C illustrates SEM images of MPC-an-
chored VACNTs at a silicon surface (FIGS. 3.4A-C) and
surface status of the silicon mating substrate of a MPC contact
assembly after a die shear test (3.4D).

FIG. 3.5 illustrates a comparison of the thermal diffusivi-
ties (Ctzy,,) and the equivalent thermal conductivities (Kz,)
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among the loose contact, the pressure contact and the MPC
contact VACNT TIM assemblies.

FIG. 4.1 illustrates an embodiment of the present disclo-
sure.

SUMMARY

Embodiments of the present disclosure include methods of
forming a structure, structures, and the like, are disclosed.
One exemplary method of forming a structure, among others,
includes: positioning a first structure adjacent a second struc-
ture, wherein the first structure includes a top side and a
bottom side, wherein the top side includes a layer of carbon
nanotubes, the second structure includes a top side and a
bottom side, wherein the top side includes a bonding layer,
wherein the top side of each of the first structure and the
second structure are adjacent to one another so that the layer
of carbon nanotubes contacts the bonding layer; heating the
first structure and the second structure in a device; and form-
ing a third structure from the first structure and the second
structure wherein a plurality of the carbon nanotubes are
covalently bonded to the bonding layer.

One exemplary structure, among others, includes: a growth
substrate, a layer of carbon nanotubes, a bonding layer, and a
mating substrate, wherein the growth substrate is adjacent the
layer of nanotubes, wherein the layer of nanotubes are adja-
cent the bonding layer on the side opposite the growth sub-
strate, wherein the bonding layer is adjacent the mating sub-
strate on the side opposite the layer of nanotubes, wherein a
plurality of the nanotubes are covalently bonded to the bond-
ing layer.

One exemplary structure, among others, includes: a layer
of carbon nanotubes, a bonding layer, and a mating substrate,
wherein the layer of nanotubes are adjacent the bonding layer,
wherein the bonding layer is between the mating substrate
and the layer of nanotubes, wherein a plurality of the nano-
tubes are covalently bonded to the bonding layer.

DETAILED DESCRIPTION

Before the present disclosure is described in greater detail,
it is to be understood that this disclosure is not limited to
particular embodiments described, as such may, of course,
vary. It is also to be understood that the terminology used
herein is for the purpose of describing particular embodi-
ments only, and is not intended to be limiting.

Where a range of values is provided, it is understood that
each intervening value, to the tenth of the unit of the lower
limit (unless the context clearly dictates otherwise), between
the upper and lower limit of that range, and any other stated or
intervening value in that stated range, is encompassed within
the disclosure. The upper and lower limits of these smaller
ranges may independently be included in the smaller ranges
and are also encompassed within the disclosure, subject to
any specifically excluded limit in the stated range. Where the
stated range includes one or both of the limits, ranges exclud-
ing either or both of those included limits are also included in
the disclosure.

Unless defined otherwise, all technical and scientific terms
used herein have the same meaning as commonly understood
by one of ordinary skill in the art to which this disclosure
belongs. Although any methods and materials similar or
equivalent to those described herein can also be used in the
practice or testing of the present disclosure, the preferred
methods and materials are now described.

All publications and patents cited in this specification are
herein incorporated by reference as if each individual publi-
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cation or patent were specifically and individually indicated
to be incorporated by reference and are incorporated herein
by reference to disclose and describe the methods and/or
materials in connection with which the publications are cited.
The citation of any publication is for its disclosure prior to the
filing date and should not be construed as an admission that
the present disclosure is not entitled to antedate such publi-
cation by virtue of prior disclosure. Further, the dates of
publication provided could be different from the actual pub-
lication dates that may need to be independently confirmed.
Also, definitions in the publications and patents that are dif-
ferent than those of the present disclosure or are inconsistent
with the teaching of the present disclosure are not intended to
alter any definitions or meanings of terms or phrases as pro-
vided herein or alter any definitions or meanings of terms or
phrases that are not consistent with the teachings provided
herein.

As will be apparent to those of skill in the art upon reading
this disclosure, each of the individual embodiments described
and illustrated herein has discrete components and features
which may be readily separated from or combined with the
features of any of the other several embodiments without
departing from the scope or spirit of the present disclosure.
Any recited method can be carried out in the order of events
recited or in any other order that is logically possible.

Embodiments of the present disclosure will employ, unless
otherwise indicated, techniques of chemistry, material sci-
ence, physics, and the like, which are within the skill of the
art. Such techniques are explained fully in the literature.

The following examples are put forth so as to provide those
of ordinary skill in the art with a complete disclosure and
description of how to perform the methods and use the com-
positions and compounds disclosed and claimed herein.
Efforts have been made to ensure accuracy with respect to
numbers (e.g., amounts, temperature, etc.), but some errors
and deviations should be accounted for. Unless indicated
otherwise, parts are parts by weight, temperature is in ° C.,
and pressure is in atmosphere. Standard temperature and
pressure are defined as 25° C. and 1 atmosphere.

Before the embodiments of the present disclosure are
described in detail, it is to be understood that, unless other-
wise indicated, the present disclosure is not limited to par-
ticular materials, reagents, reaction materials, manufacturing
processes, or the like, as such can vary. It is also to be under-
stood that the terminology used herein is for purposes of
describing particular embodiments only, and is not intended
to be limiting. It is also possible in the present disclosure that
steps can be executed in different sequence where this is
logically possible.

As used herein, the term “adjacent” refers to the relative
position of one or more features or structures, where such
relative position can refer to being near or adjoining. Adjacent
structures can be spaced apart from one another or can be in
actual contact with one another. In some instances, adjacent
structures can be coupled to one another or can be formed
integrally with one another.

It must be noted that, as used in the specification and the
appended claims, the singular forms “a,” “an,” and “the”
include plural referents unless the context clearly dictates
otherwise. Thus, for example, reference to “a support”
includes a plurality of supports. In this specification and in the
claims that follow, reference will be made to a number of
terms that shall be defined to have the following meanings
unless a contrary intention is apparent.

Discussion

Embodiments of the present disclosure include structures

including a layer of carbon nanotubes, methods of making
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structures including a layer of carbon nanotubes, and the like.
An embodiment of the present disclosure addresses at least
some interface issues between carbon nanotubes and mating
substrates. An embodiment provides various low-tempera-
ture approaches to bond carbon nanotubes covalently to vari-
ous materials to achieve low interfacial electrical and thermal
resistances. The approach and material selection can be
implemented immediately in areas such as thermal interface
materials, electrical interconnects, lithium battery anodes,
electrochemical catalysts, high frequency circuits, field emis-
sion devices, and the like.

In an embodiment of the present disclosure shown in FIG.
1.1A, the structure 10q includes a growth substrate 14, a layer
of carbon nanotubes 12, a bonding layer 18, and a mating
substrate 16. The growth substrate 14 is adjacent the layer of
nanotubes 12. The layer of nanotubes 12 is adjacent the bond-
ing layer 18 on the side opposite the growth substrate 14. The
bonding layer 18 is adjacent the mating substrate 16 on the
side opposite the layer of nanotubes 12. A plurality of the
nanotubes in the layer of nanotubes is covalently bonded to
the bonding layer 18.

In another embodiment of the present disclosure shown in
FIG. 1.1B, the structure 105 includes the layer of carbon
nanotubes 12, the bonding layer 18, and the mating substrate
16. The layer of nanotubes 12 is adjacent the bonding layer 18
on the side opposite the growth substrate 14 (as in FIG. 1.1A).
The bonding layer 18 is adjacent the mating substrate 16 on
the side opposite the layer of nanotubes 12. A plurality of the
nanotubes of the layer of nanotubes 12 is covalently bonded
to the bonding layer 18. The difference between the embodi-
ments shown in FIG. 1.1A and FIG. 1.1B is that the growth
substrate 14 has been removed.

The bonding of the plurality of the nanotubes to the bond-
ing layer 18 creates a nanotube interface that can function to
provide an electrical contact (e.g., ohmic contact) and to
assist phonon transport across the structure. Embodiments of
the present disclosure can be designed for a particular appli-
cation (e.g., thermal interface materials, electrical intercon-
nects, lithium battery anodes, electrochemical catalysts, high
frequency, circuits, field emission devices, and the like) by
selecting appropriate materials for one or more of the growth
substrate 14, the bonding layer 18, and the mating substrate
16.

Carbon nanotubes are cylindrical nanostructures made of
carbon. Carbon nanotubes can have an open tubular structure
or can be capped at one or both ends of the nanotube. Carbon
nanotubes can be single-walled or double-walled. In an
embodiment, the layer of carbon nanotubes 12 can have an
area packing density of carbon nanotubes of about 2% to
40%. The height of the nanotube can be about 20 to 2.0x10>
microns. The diameter between the outer edges of the nano-
tube can be about 5 to 30 nm. The diameter between the inner
edges (tube portion) of the nanotube can be about 2 to 5 nm.
The aspect ratio of the carbon nanotubes can be about 2.0x
10%:3 to 4.0x10°:1.

In an embodiment, a portion of the nanotube (e.g., tip on
the side opposite the growth substrate 14) can be coated with
a material that enhances the bonding of the bonding layer to
the nanotubes. The selection of the coating material can
depend on the bonding layer material. In an embodiment, the
coating material can be a metal such as copper, lead, nickel,
gold, tungsten, silver, indium, tin, germanium, gallium, pal-
ladium, oxides of any of these, and the like. In an embodi-
ment, the coating material is a material that can bond with a
solder that is used as the bonding layer 18.

In an embodiment, the bonding layer 18 is disposed
between the layer of nanotubes 12 and the mating substrate
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16. The bonding layer 18 can be about a few (about 2 or more)
nanometers to hundreds of micrometers thick. As noted
above, the bonding layer 18 interacts and covalently bonds
with a plurality of the nanotubes of the layer of nanotubes 12.
In an embodiment, the bonding layer 18 can be made of
materials such as organic molecules, oligomers, polymers,
inorganic molecules, or metallic materials (e.g., a solder
material). The type of material used as the bonding layer 18
depends upon the type of mating substrate 16 used and the use
of the structures 104 or 105.

In an embodiment the organic molecules function to bond
to the nanotubes and the mating substrate 16 using one or
more types of functional groups on the organic molecules.
The organic molecules should include the appropriate func-
tional group to bond to the nanotubes and the appropriate
functional group to bond to the mating substrate 16. In an
embodiment, carboxyl acid groups, hydroxyl groups, silanol
groups, amine groups, carbene, and nitrene, can each bond
with the nanotubes. In an embodiment, —SH groups can be
the functional group to bond with gold of mating substrate 14,
—SH or —CN groups can be the functional group to bond
with silver of mating substrate 14, and carboxyl, carbonyl,
and immidazole groups can be the functional group to bond
with copper of mating substrate 14. In an embodiment, the
organic molecule can include 4-mercaptobenzoic acid,
4-aminothiophenol, oxycarbonyl nitrene, azidothymidine,
and a combination thereof. In an embodiment, the bonding
layer 18 can be formed from the combination of two or more
organic compounds. In an embodiment, the bonding layer 18
can be formed from a mixture of two or more organic com-
pounds so that the bonding layer 18 has functional groups that
can bond to both the nanotubes and the mating substrate 16. In
an embodiment, the bonding layer 18 can be formed from the
sequential addition of organic compounds to the mating sub-
strate 16 to form a bonding layer 18 that has functional groups
that can bond to both the nanotubes and the mating substrate
16.

In an embodiment the oligomer and polymer can include
functional groups as noted above for the organic groups to
serve the same or similar functions. In an embodiment, the
oligomer and polymer can include thiol-terminated poly-
acrylic acid, hydroxyl acid-terminated polyacrylonitrile,
thiol-terminated polyaniline, poly(propionylethylenimine-
co-ethylenimine), and a combination thereof. In an embodi-
ment, the bonding layer 18 can be formed from the combina-
tion of two or more compounds that form the polymer. In an
embodiment, the bonding layer 18 can be formed from a
mixture of two or more compounds so that the bonding layer
18 has a polymer that has functional groups that can bond to
both the nanotubes and the mating substrate 16. In an embodi-
ment, the bonding layer 18 can be formed from the sequential
addition of compounds to the mating substrate 16 to form a
bonding layer 18 that has a polymer that has functional groups
that can bond to both the nanotubes and the mating substrate
16.

In an embodiment the inorganic molecules can include one
ormore types of functional groups that independently bond to
the nanotubes and the mating substrate 16. In an embodiment,
—3SiH and —SiOH can bond with carbon nanotubes. In an
embodiment, the inorganic molecules can include tri-
methoxylsilane, triethoxylsilane, silicon tetrachloride
gamma-aminopropyltrimethoxysilane, and a combination
thereof. In an embodiment, the mating substrate 16 can be
hydroxyl-terminated silicon, quartz, silicon nitride, and sili-
con carbide. In an embodiment, the bonding layer 18 can be
formed from the combination of two or more inorganic mol-
ecules. Inan embodiment, the bonding layer 18 can be formed
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from a mixture of two or more inorganic molecules so that the
bonding layer 18 has functional groups that can bond to both
the nanotubes and the mating substrate 16. In an embodiment,
the bonding layer 18 can be formed from the sequential addi-
tion of inorganic molecules to the mating substrate 16 to form
a bonding layer 18 that has functional groups that can bond to
both the nanotubes and the mating substrate 16.

In an embodiment the metallic bonding layer 18 can
include solder materials such as Sn—Bi, Sn—Bi—Ag,
Sn—Pb, Sn—Au, Sn—Ag—Cu, Ga, Bi—In—Sn, Sn—In,
Al—Si, and the like. In an embodiment a coating material can
be used to improve bonding between the carbon nanotubes 12
with the bonding layer 18. The coating material can include
titanium, nickel, tungsten, gold, chromium, copper, silver, tin,
and a combination thereof.

The mating substrate 16 can be selected to impart a par-
ticular function to the structure 10a or 105. In an embodiment,
the mating substrate 16 can be made of materials such as
mica, quartz, silicon, copper, silver foil, gold foil, stainless
steel, glass, and ceramics. The mating substrate 16 can have a
thickness of about a few micrometers to a few millimeters. In
an embodiment, the mating substrate 16 has a smooth surface
(average surface roughness of 1 nm) for the bonding layer 18
to be disposed on. In an embodiment, the mating substrate 16
can have a rough surface.

The growth substrate 14 can be selected to impart a par-
ticular function to the structure 10q. In an embodiment, the
growth substrate 14 can be made of materials such as silicon,
metal (e.g., copper, stainless steel, high temperature alloys),
ceramics (e.g. aluminum oxide), and quartz.

Embodiments of the present disclosure include methods of
making structures 10a and 1056. FIGS. 1.2A to 1.2C illustrate
a method of forming structure 10a and FIGS. 1.2A to 1.2D
illustrate a method of forming structure 104.

FIG. 1.2A illustrates a first structure 204 and second struc-
ture 205. The first structure 20a includes a growth substrate
14 and a layer of nanotubes 12. The nanotubes can be grown
on the growth substrate 14 by a chemical vapor deposition
process (e.g., thermal CVD and plasma enhanced CVD). The
layer of nanotubes 12 and the growth substrate 14 can include
those described herein. The second structure 205 includes a
mating substrate 16 and a bonding layer 18. The bonding
layer 18 can be formed on the mating substrate 16 using one
or more methods such as self-assembly, spin coating, dip
coating, bar coating, screen printing and vapor deposition
techniques. The mating substrate 16 and the bonding 18 layer
can include those described herein.

As shown in FIG. 1.2B, the first structure 20a and the
second structure 205 are placed next to one another so that the
layer of nanotubes 12 and the bonding layer 18 are opposing
one another. FIG. 1.2C illustrates placing the first structure
20a and the second structure 205 adjacent one another so that
the layer of nanotubes 14 and the bonding layer 18 are in
contact with one another. Subsequently, the first structure 20a
and the second structure 204 are heated in a device to a
temperature of about 25 to 160° C., about 25 to 200° C., or
about 100 to 500° C., depending on the materials used to in
the first structure 20a and the second structure 205.

For example, if the layer of nanotubes 12, growth substrate
14, the bonding layer 18, and mating substrate 16 are verti-
cally aligned carbon nanotubes by a thermal CVD process,
surface oxidized silicon, 4-mercaptobenzoic acid, and gold/
coated silicon, respectively, the temperature of the device is
about 70° C. to 120° C. In another example, if the layer of
nanotubes 12, growth substrate 14, the bonding layer 18, and
mating substrate 16 are (specific materials) are vertically
aligned carbon nanotubes by a thermal CVD process, surface
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oxidized silicon, trimethoxylsilane/silicon tetrachloride, and
—OH terminated silicon substrate, respectively, the tempera-
ture of the device is about 25 to 200° C. In another embodi-
ment, if the layer of nanotubes 12, the growth substrate 14, the
bonding layer 18, and mating substrate 16 are (specific mate-
rials) are vertically aligned carbon nanotubes by a thermal
CVD process, surface oxidized silicon, Sn—Pb solder, and
copper, respectively, the temperature of the device is about
220° C.

The result of heating of the first structure 20a and the
second structure 205 is the formation of structure 10a, where
the bonding layer 18 is covalently bonded to a plurality of the
nanotubes. Structure 106 can be formed by removing the
growth substrate 12. The growth substrate 12 can be removed
easily with tweezers, tape, and the like.

EXAMPLES
Example 1

Brief Introduction

As IC performance increases, many technical challenges
appear in the areas of current-carrying capacities, thermal
management, /O density, and thermal-mechanical reliability.
To address these problems, the use of aligned carbon nano-
tubes (CNTs) has been proposed in IC packaging for electri-
cal interconnect, and thermal interface materials (TIMs). The
theoretical superior electrical, thermal, and mechanical prop-
erties of CNTs promise to bring revolutionary improvement
by reducing the interconnect pitch size, increasing thermal
conductivity, and enhancing system reliability. However, the
problems with the CVD growth process such as high growth
temperature and poor adhesion of CNTs to substrates, chal-
lenge in selectively patterning CNT structures, high contact
resistance of CN'T/electrodes and damage of CNT wall struc-
ture by wet chemical functionalization, become barriers for
CNT applications. In order to overcome these disadvantages,
we proposed the “chemical anchoring” process to directly
attach aligned CNTs onto gold-coated substrates. This meth-
odology has the following features: 1) in-situ functionaliza-
tion of CNTs with reactive functional groups during CVD
process, which preserves the perfect CNT wall structure and
good alignment of CNTs as well as controllably tunes the
length of functionalized CNTs; 2) covalently bonded inter-
face by employing a self-assembled monolayer (SAM) as the
bridging ligand at the CNT-gold substrate interface; 3) low
temperature and simple process. Scanning electron micros-
copy (SEM) was used to characterize the CNT structures. The
effectiveness of the in-situ functionalization was character-
ized by XPS (X-ray photoelectron spectroscopy) and FTIR
(Fourier transform infrared spectroscopy). Four-point probe
testing system was employed to test the electrical perfor-
mance of the chemically anchored CNT structure. Results
showed an Ohmic contact, low electrical resistivity of the
CNT-gold interface structure and improved CNT-substrate
adhesion.
Introduction

Carbon nanotubes (CNTs) have attracted much interest
due to their extraordinary structural, electrical and mechani-
cal properties, and their wide range of potential applications
[1]. For applications in microelectronics or even nanoelec-
tronics, the most interesting features of CNTs are the ballistic
transport of electrons and extremely high thermal conductiv-
ity along the tube axis [2]. Metallic SWNTs show ballistic
conductivity at room temperature [3], enabling CNTs to carry
very high currents [4]. Phonons also propagate easily along
the nanotubes due to the perfect structure of the CNT [4, 5].
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Therefore, CNTs have been proposed as a promising candi-
date for electrical interconnect material [6, 7].

Generally, the current in a metallic single-walled carbon
nanotube (SWCNT) saturates at 20~25 pA [8]; close-ended
MWNTs has similar phenomenon because only the outer
wall/shell contributes to the current transport [9]. However,
multichannel quasiballistic conducting behavior with large
current-carrying capacity was found in MWNTs [10]. This
implies that CN'T conductance and current-carrying capacity
will be dramatically improved by integrating open-ended
MWNT bundles or arrays which have multichannels in metal-
lic contact with the electrodes.

Closed-ended CNTs prepared by chemical vapor deposi-
tion (CVD) traditional have poor adhesion to the substrate.
Poor adhesion leads to long term reliability issues and high
contact resistance. Moreover, high growth temperature is also
incompatible with microelectronic processes. In our previous
work, an in-situ open-ended MWCNT growth was achieved
by introducing a trace amount of water during CVD growth
process [11, 12]. To circumvent the problem of high growth
temperature and poor CNT-substrate adhesion, we have
developed a CNT transfer process via solder reflow process.
Here, we extend our previous approach to a more flexible and
rapid process—called a chemical anchoring of CNT to selec-
tive substrate. The methodology is featured with the in-situ
functionalization of CNT films and large-scale controlled
assembly of functionalized CNT films onto chemically modi-
fied metal surfaces or pads.

Functionalization of CNTs is used in the chemically
anchoring of CNTs onto gold or silicon surfaces [13-20].
However, at present, the CNT functionalization by wet
chemical oxidation process not only damages the CNT walls
and the array structure, which would undoubtedly affect the
electrical and thermal properties of the CNT structure, but
also uncontrollably truncate the length of CNTs. Moreover,
CNT self-assembly in solution is actually time-consuming
and also a random process in terms of the CNT height, posi-
tion and density. Functionalization of CNT with sidewall
protection [21] was reported to retain the ordered structure of
CNT film during chemical functionalization of CNT tips.
Given the relatively complex process, it may be difficult to be
implemented into practical application in microelectronics.
In comparison, the in-situ functionalization used here not
only functionalized CNT tips with hydroxyl groups during
CNT growth but also maintained the alignment and uniform
thickness of the CNT film. Furthermore, thiol-treated gold
surface/substrate has been widely reported [22, 23]. Conju-
gated thiol ligand was found to be able to enhance electrical
conduction of gold-molecule contact [24]. This inspired us in
using thiol as the bridging ligand to form covalently bonded
interface between the CNTs and the gold substrate surface.
By such interface design, Ohmic contact and multichannel
conducting CNTs can be expected. Therefore, this process
offers a new paradigm to integrating CNTs onto integrated
circuits (ICs) interconnect fabrication or as TIM material for
thermal management applications [25]:

Experimental
Synthesis of in-situ Functionalized CNT Films

Water-assisted synthesis of well-aligned open-ended CNT
films has been reported in our previous work [12]. Recently,
aqueous H,O, solution (30 wt. %) was employed as an oxi-
dant instead of H,O to better in-situ functionalize CNTs
during the CVD growth [26]. Here only a brief description of
the process is presented. The substrates used were (001) sili-
con wafers coated with SiO, (500 nm) formed by thermal
oxidation. The support and catalyst layers were Al,O; and
thin layer Fe, respectively, sequentially deposited onto the

10

15

20

25

30

35

40

45

50

55

60

65

10

substrates by an e-beam evaporation. The CVD growth of
CNTs was carried out at 770° C. with ethylene as the carbon
source, and hydrogen and argon the carrier gases. Water vapor
and oxygen concentrations in the CVD chamber were well
controlled by bubbling a small amount of argon gas through
an aqueous H,O,. CNT film thickness was tuned by varying
with the growth time. The as-synthesized CNTs were desig-
nated as f-CNTs; CNTs grown by the similar method while
without in-situ functionalization as p-CNTs (pristine-CNTs).
SAM-Treated Gold Surface

Gold surfaces (150 nm) on silicon wafers were prepared by
an e-beam evaporation, using Ti (15 nm) as adhesion layers.
The surfaces were rinsed with ethanol, dried, treated with a
UV ozone at 0.75 L/min flow rate of the oxygen for 3 minutes
and then left in 1 mM ethanol solution of 4-mercaptobenzoic
acid (MBA) for 24 hours, under a controlled nitrogen envi-
ronment. After such treatment, the gold surfaces were rinsed
with ethanol to remove non-coordianted MBA molecules and
dried with an Argon flow. The MBA reactive functional ligand
was then used to treat the MBA-gold surface to introduce
carbonyl chloride groups into the SAM structure (MBC-
gold).

Chemical Anchoring Process

The chemical anchoring technique is similar to flip-chip
technique as illustrated schematically in FIG. 2.1. The as-
grown f-CNT film was directly flipped onto the correspond-
ing SAM-treated gold surface and then kept at 110° C. in
nitrogen for 4 hours.

Characterization

Morphology observations of the {-CNT firms and chemi-
cally anchored CNT films were carried out by scanning elec-
tron microscopy (SEM, JEOL 1530) with an operating volt-
age at 10 kV. Observations of SAM-treated gold surface were
performed at 3 kV. Elemental mapping on the SAM-treated
gold surface was carried out by a spatially resolved (~1 pum)
energy-dispersive spectroscopy (EDS), with a counting time
of 5 min.

X-ray photoelectron spectroscopy (XPS) was performed
on Model 1600 XPS system equipped with a monochromator
Al Ka source was used. High resolution spectra were col-
lected with operating energy of 46.95 eV. The step size and
time were 0.025 eV and 100 ms, respectively.

Fourier-transform infrared spectroscopy (FTIR, Nicolet,
Magna IR 560) was used to study the in-situ functionalized
CNTs (f-CNTs) and their reactions with the functional ligand
(designated as s-CNT after the reaction). The samples were
properly dried, mixed with KBr and pressed to form the
semi-transparent pellets. Spectra were collected in nitrogen at
an ambient temperature, by 1000 scans in the wavelength
range from 500 to 4000 cm™', at a resolution of ~4 cm™.

Electrical performance testing of the chemically anchored
CNT films on the gold surfaces, i.e. the current-voltage (I-V)
response of the CNT interconnects, was conducted on A
Keithley 2000 multimeter equipped with a four-point probe
station. The upper gold electrodes (150 nm, diameter: ~2.1
mm) were deposited on top of the CNT films by an e-beam
evaporation. Indeed, SEM examinations of the top gold elec-
trodes confirm that gold only penetrates into the CNT films
~100 nm; therefore, the two electrodes are separated by the
CNTs. FIG. 2.2 illustrates a photograph of the four-probe
station for electrical property testing of the anchored CNT
structure.

Results and Discussion
In-situ Functionalized CNT Films

FIG. 2.3 shows typical side-view SEM images of the as-
synthesized f-CNT films, showing well aligned structure and
uniform thickness.
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XPS scans were carried out on the top ofthe aligned p-CNT
and f-CNT films. FIG. 2.4a is the spectrum of p-CNT, where
no oxygen peaks were detected. The symmetric Cls peak of
the p-CNTs is centered at 284.5x0.1 eV, assigned to the sp>
hybridized carbons in the graphite structure. In comparison,
FIG. 2.4b clearly indicates the existence of oxygen in
f-CNTs. The binding energy of the O1s peak is around 529.6
eV, which means that the oxygen does not come from the
dissociated (or adsorbed) H,O, since the binding energy of
Ols of H,O is about 533 eV [27]. The asymmetric Cls peak
in f-CNT was deconvoluted after background subtraction by
the Shirley’s method. Both the peaks at 286.3x0.2 and
287.3+0.2 correspond to carbon atoms in C—O [28]. The
peaks centered at 285.2x0.2 and 290.0x0.2 eV are due to sp>
carbon atoms and carboxylic acid groups on the aromatic
ring, respectively [29], as the background signal was sub-
tracted by the Shirley’s method. The XPS results show that
the as-synthesized f-CNT walls were in-situ modified with
oxygen functional groups.

FIG. 2.5 (trace a) shows the FTIR spectrum of the {~-CNTs.
The peak at~1572 cm-1 is attributed to the C—C asymmetric
stretching in graphite-like CNT structure. Consistent with
XPS results, oxygen related functional groups were found in
f-CNTs. Peaks at 3445, 1229, 1179 and 1060 cm-1 are attrib-
uted to O—H, C—0, C—0O—C and 1° C—OH stretching,
respectively. The weak and wide absorption band at ~1730
cm™ is supposed to consist of different carbonyl groups from,
for example, carboxylic acid groups and ester groups. The
sharp peak at 1647 cm™ is assigned to quinone type units
along the side walls of the nanotubes [30]. These oxygen
involved functional groups, particularly the hydroxyl groups
and the carboxylic acid groups, make f-CNTs reactive with
other functional groups. To prove the reactivity, we use the
functional ligand material to modify f-CNT. Trace b in FIG.
2.5 shows the FTIR spectrum of the reacted product, s-CNT.
Many characteristic peaks in the f-CNTs also appear in the
s-CNTs, except the disappearance of the hydroxyl groups at
3445 and 1060 cm™'. We postulate that the hydroxyl groups
on CNT reacted with the sulfur-containing ligand material to
give —C—O—S or even (—C—0—),5—0. Correspond-
ingly, two new peaks at 1338 and 1070 cm™, both coming
from the S—O stretching, appear in s-CNTs. Another feature
in the spectrum of s-CNT is the distinct carbonyl groups at
1797 cm™, characteristic of carbonyl chloride groups from
the reaction between —COOH and the reactive ligand mate-
rial. From high resolution transmission electron microscope
[31], we believe that more defect structures and thus high
reactivity exist at the ends of the f-CNT than along the CNT
walls. The electrical property also demonstrates the low
defect density of the CNT walls which are consistent with our
assumption (see below).

SAM on Gold Surface

The morphology of pristine gold surface is clearly
observed bothat 10kV and 3 kV accelerating voltages (FIGS.
2.6a and ¢). In comparison, only vague image of SAM-gold
surface is obtained at 10 kV (FIG. 2.65) due to instability and
relatively low electrical conductivity of'the SAMs on surface.
However, at 3 kV, which is a typical accelerating voltage for
observation of organic molecules, the SMA-gold surface
shows a better morphology. Uniform distribution of carbon,
sulfur, oxygen and chloride elements were observed by the
EDS elemental mapping.

In order to further evaluation of the SAM treatment, water
contact angle was tested on the MBA-gold surfaces. For com-
parison, the water contact angle on the untreated gold sur-
faces, which were immersed for identical time in the same
alcohol solution without addition of MBA, were tested as
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well. The water contact angle testing was performed on a
goniometer (Rame-Hart, Inc.). The diameter of the droplet
was about 2 mm. The untreated gold surface gave a water
contactangle of 65-70° on average, in comparison with that of
29-33° on the MBA-gold surface. This shows the large-scale
adsorption of MBA molecules on the gold surface.
Effectiveness of Chemical Transfer

FIG. 2.7 indicates that the entire f-CNT film was anchored
on the substrate with MBA-gold surface, in contrast to the
same process wherein the p-CNT film was used. This is
because the functionalized f-CNTs reacted with the MBC
molecules on the gold surface while there were no reactive
functional groups at the tips of p-CNTs. The side view of the
anchored CNT structure is observed using an SEM, as shown
in FIG. 2.8(a). It can be seen that the aligned structure is well
maintained after chemical anchoring. The bended top layer is
due to the pressure upon the CNT film during the anchoring
process. The as-achieved adhesion between CNT and gold
surface is better than that between p-CNT and silicon surface;
quantitative characterization of such improvement is being
investigated by our group. After removing the anchored
CNTs off the gold surface using tweezers, we observe that
some anchored CNTs remain at the interface (FIG. 2.85).
This indicates the chemically bonded interface; otherwise,
the interface would have shown to be clean without any
remaining CNTs.
Electrical Properties of the Chemically Anchored CNTs

FIG. 2.9 shows a typical I-V curve of the chemically
anchored CNT structure measured at room temperature. The
curve is linear, suggesting that the electrical transport and the
contacts are Ohmic. From the I-V curve, the resistance of a
compact CNT bundle with a diameter of 2 mm is 0.020€2. The
total resistance can be written as R=R1+R2+R3, where R1 is
the top gold electrode/CNT junction resistance, R2 the intrin-
sic resistance of the CNTs, and R3 the CNT/SAM-gold sur-
face junction resistance. Due to lack of data of R1 and R3, we
conservatively estimate the CNT resistivity by neglecting R1
and R3. From the length (~730 pm) and area density (300/
pm?) of the CNTs, and the average diameter of CNT (~10 nm,
observed and calculated under transmission electron micro-
scope), the resistivity of the individual CNT is estimated to
~2.0£10~* Q-cm. This value is consistent with literature val-
ues [31]. However, considering the dependence of CNT resis-
tivity on the CNT length [32], this value is very small com-
pared to the resistivity of short SWNTs (<10 pm). The
measured low resistance of the f-CNT can be attributed to two
factors: 1) the ordered structure of the open-ended CNTs and
consequently the multichannel electrical transport; 2) rela-
tively low defect density along CNT walls compared with the
functionalized CNT by wet chemical method.
Conclusion

An efficient and effective method for in-situ functionaliz-
ing CNTs and anchoring CNT films on gold substrate surface
was demonstrated. The self-assembly monolayer (MBC) was
successfully introduced into the CNT/gold interface as the
bridging material. The end opening of CNTs and simulta-
neously the attaching of functional groups, e.g., hydroxyl
groups, is the key to the anchoring of CNTs on substrates by
reaction of CNT with a reactive MBC. Ohmic contact and
improved adhesion between CNT structure and substrates
was achieved. This process is compatible with current micro-
electronics fabrication sequences and technology by success-
fully separating the high-temperature CVD growth and low-
temperature assembly. Overall, this chemical anchoring
technology shows promising applications for positioning
CNTs as electrical interconnects or thermal management
structures on temperature-sensitive substrates. Characteriza-
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tions of adhesion strength and thermal conductivity of the

anchored structure are in process.
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Example 2

Brief Introduction

A novel assembling process of incorporating carbon nano-
tubes as thermal interface materials for heat dissipation has
been developed by synthesizing vertically aligned carbon
nanotubes on a copper substrate and chemically bonding the
carbon nanotubes to a silicon surface. The assembling pro-
cess and the copper/carbon nanotubes/silicon structure are
compatible with current flip-chip technique. The carbon
nanotubes are covalently bonded to the silicon surface via a
thin but effective bridging layer as a “molecular phonon cou-
pler” at the CNT-silicon interface to mitigate phonon scatter-
ing. Experimental results indicate that such an interface
modification improves the effective thermal diffusivity of the
carbon nanotube-mediated thermal interface by an order of
magnitude and conductivity by almost two orders of magni-
tude. The interfacial adhesion is dramatically enhanced as
well, which is significant for reliability improvement of the
thermal interface materials.

Introduction

Electronic and photonic devices have been pushed toward
faster and higher performance, with increasing demand for
heat dissipation [1]. In typical flip-chip assemblies of micro-
processors, heat spreaders and heat sinks of high thermal
conductivities have been employed to dissipate the heat gen-
erated from the die [2]. However, surface asperities greatly
limit the actual contact between the solid surfaces (e.g. die/
heat spreader and heat spreader/heat sink), undermining the
effective thermal conduction. Thermal interface materials
(TIMs) have been introduced to fill the gap between the
asperities to minimize the thermal contact resistance [3].
TIMs play a key role in developing thermal solutions and
have been extensively investigated in the past decades. State-
of-the-art commercial TIMs are thermal grease, phase change
materials, solders and polymers filled with high thermally
conducting fillers, etc. However, none of them meets the heat
dissipation requirements of next generation high power
devices, which necessitate high performance TIMs with
increased thermal conductivity, improved adhesion and
higher elastic modulus, identified according to the Interna-
tional Technology Roadmap for Semiconductors [4]. Carbon
nanotubes, due to their extremely high intrinsic thermal con-
ductivity and flexibility, have attracted much attention as a
promising candidate for next generation TIMs [4-13]. In par-
ticular, vertically aligned CNTs (VACNTSs) utilize the supe-
rior longitudinal thermal conductivity of individual nano-
tubes and exhibit the overall thermal conductivities of ~80 W
m~" K~ or higher [4, 7, 9-13]. Fabrications and characteriza-
tions of VACNT TIMs have been a recent research focus. Hu
et al. [14] used a 3w method to test the thermal contact
resistance between a 13-um thick VACNT array and the sur-
face of a free mating substrate.

The results showed that the contact resistances were 17 and
15mm?* K W™, respectively, under the pressures of 0.040 and
0.100 MPa. Xu and Fisher [10] synthesized a 10-um thick
VACNT array on silicon and assembled a copper/VACNT/
silicon TIM structure. They reported an overall resistance of
19.8 mm? K W~ at 0.45 MPa measured by a reference bar
method. Zhu et al. [13] used a photothermal technique to
measure the contact resistance of a CN'T/solder interface. The
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resistance was large, 43 mm?> K W', mainly due to the rela-
tively weak coupling between VACNTs and the solder layer.
Colaetal. [4] reported an overall resistance of 16 mm* K W~*
at 0.241 MPa for a silicon/15-um VACNT/silver TIM mea-
sured by a photoacoustic technique. Resistance reduction was
shown when they referred to a two-side TIM structure, in
which VACNTs were synthesized on both the copper plate
and the silicon substrate before the free CNT tips were mated
under compression. Tong et al. [15] grew a 7-um thick
VACNT array on silicon and dry-attached the VACNT/Si to a
glass plate. They used a transient phase sensitive photother-
mal technique to measure the VACNT/glass interfacial resis-
tance to be 11 mm* K W',

In all the work above, there were at least two main issues in
common that inhibited real-life applications of these VACNT
“TIMs™: 1) the thermal contact resistance at the CN'T/mating
substrate interface was large and dictated the overall thermal
resistance of the VACNT TIM [16], even when a relatively
high pressure was imposed; 2) the interfacial adhesion was
extremely weak. One reason for the large contactresistance is
mainly that, according to the very recent report by Panzer, the
fraction of CNT-substrate contacts is low [9]. More impor-
tantly, in the molecular scale or the atomic scale, the CNTs are
not in “contact” with the mating substrate surfaces because
there is no chemical bonding or special association, which is
also the reason for the weak interfacial adhesion. Thus, a
challenge arises as: how can we modify the CNT/mating
substrate interface to effectively reduce the thermal contact
resistance and simultaneously improve the interfacial adhe-
sion?

In our recent publication, a novel fabrication technique,
named “chemical anchoring™ has been introduced to signifi-
cantly reduce the interfacial electrical resistance for VACNT
interconnects. [17] However, the molecular coupler that
bridged CNTs to the gold surface in ref. 17 could not be
transplanted to VACNT TIM assembling here due to its ther-
mal instability (<150° C.) issue and weak interactions with a
silicon surface—the mating substrate in the TIM structure of
most of the current electronic packaging systems. Here we
have adapted the concept of “chemical anchoring” to VACNT
TIM assembling by referring to an inorganic cross-linked
molecular phonon coupler (MPC) at the interface to facilitate
phonon transport across the CNT/silicon interface. The devel-
oped VACNT TIM assembling process not only improves the
equivalent thermal conductivity of the VACNT TIM by
almost two orders of magnitude but also dramatically
enhances the interfacial adhesion.

Experimental
VACNT Synthesis

In-situ functionalized VACNT arrays of ~100 pm thick
were synthesized on copper plates. Copper plates (1x1 cm?),
purchased from Speedy Metals Inc., were polished (average
roughness: 0.35-0.42 um, measured on a Tencor KL A pro-
filometer), cleaned with acetone and isopropanol sequen-
tially, and dried in nitrogen (Airgas) at room temperature. An
Al,O; layer of 15 nm thick was deposited onto the copper
surface by atomic layer deposition, with AI(CH,); (TMA,
Sigma-Aldrich) and DI water as the precursors in nitrogen
carrier flow. Exposure time in the TMA and the water vapors
was 10 s each. The chamber pressure and temperature were
kept at ~1.0 Torr and 250° C., respectively. Seated on top of
the Al,O; layer was a 3-nm thick iron layer deposited by
e-beam evaporation. The CVD growth was carried out at 710°
C., with the gas flow rate ratio as: Ar/H,/C,H,=400/160/130
standard cubic centimeter per minute (sccm). A small amount
of Ar was bubbled through 20 wt. % hydrogen peroxide into
the furnace chamber during the CVD growth. The as-synthe-
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sized CNTs are surface functionalized with oxygen-involved
functional groups and have an average diameter of ~20 nm.
TIM Assembling Process

Our TIM assembling process is schematically shown in
FIG. 3.1. Trimethoxysilane (TMS, 0.4 ml) was added into
anhydrous ethanol (2 ml) followed by sequentially adding
aqueous solution of hydrogen chloride (0.08 ml, 1 mol/L.) and
DI water (0.07 ml). The as-prepared solution was incubated at
45°C. for 24 hours and then fumed with ammonium vapor (15
wt. % ammonium hydroxide from VWR) for 5 minutes. The
fumed solution was designated as solution A. Solution B was
prepared by adding silicon tetrachloride (0.08 ml) and plati-
num (0)-1,3-divinyl-1,1,3,3-tetramethydisiloxane complex/
xylene solution (0.08 ml, 2 wt. %) into anhydrous xylene (2
ml). Mating substrates (silicon, 1x1 cm?) were surface-
treated using a UV& ozone Dry Stripper (SAMCO, model:
UV-1) under a 0.75 L min~" flow rate of oxygen for 20
minutes). Solution A and B were sequentially spin-coated
onto the silicon substrates at an angular speed of 1000 rad
min~' for 5 seconds and 800 rad min~" for 5 seconds, respec-
tively. Then VACNT/copper was immediately flipped onto
the mating substrate at a certain pressure (0.5-1.0 MPa). The
obtained assembly was treated in a variable frequency micro-
wave chamber (VFM, central frequency: 6.4250 GHz) at
100° C. for 60 min plus at 160° C. for 30 min. Chemicals
above were all purchased from Sigma-Aldrich, unless other-
wise mentioned.
Hydrosilylation of CNTs

To prove the feasibility of the hydrosilylation of the CNTs
(see section Hydrosilylation of CNTs), the solution B (with-
out silicon tetrachloride) was spin-coated onto a single-sided
polished silicon substrate. A 100-pum-thick VACNT carpet
was pressed onto the as-coated silicon surface and then kept at
100° C. for 60 min plus at 160° C. for 30 min in the VFM
chamber with a dried nitrogen protection. After the hydrosi-
lylation reaction, the CNTs were scratched off the silicon
surface, dispersed in anhydrous xylene, washed thoroughly
with anhydrous xylene and dried in vacuum (~5 kPa, in a
nitrogen atmosphere). The obtained products were TMS-
CNT adducts.
Characterizations

FT-IR characterizations were performed at ambient tem-
perature with a spectrometer (Nicolet, Magna IR 560) at a
resolution of 2 cm ™. Solution samples were spin-coated onto
double-sided polished silicon substrates and dried in nitrogen
at room temperature to evaporate the solvents (drying of the
coatings was avoided during the aforementioned TIM assem-
bling process). 64 scans of each specimen were collected. The
TMS-CNT adducts (section 2.3) were mixed with dried KBr
power and pressed into pellets. 256 scans were collected.
Scanning electron microscopy (SEM) was carried out on a
JEOL 1530 equipped with a thermally assisted field emission
gun operating at 15 kV. The thermal diffusivities of the TIM
assemblies (trilayer structures) were measured with a
Netzsch laser flash apparatus (LFA447), with no pressure
imposed during measurements.
Results and Discussion
The Roles of Solution A and B

A thin layer of MPC was formed on a silicon surface by
sequential spin-coating of solution A and B. Solution A
undergoes reactions analogous to those involved in a typical
silica sol-gel process. The coating of pure trimethoxysilane
(TMS) is rather stable, its FT-IR spectrum being shown in
FIG. 3.2 (spectrum a). The C—H stretching modes show up at
~2956 and 2846 cm™' and display nearly no changes at
elevated temperatures (not shown here). The vibration mode
at ~2235 cm™! is attributed to Si—H groups in TMS. Spec-
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trum b in FIG. 3.2 is the spectrum of a coating of acid-treated
TMS/ethanol solution, i.e. solution A before fuming in
ammonium vapor. The reduction in the vibration intensity
ratio of the C—H groups to the Si—H groups in spectrum b,
compared with spectrum a, provides evidence of consump-
tion of the methoxy groups. The distinct shift of the main
Si—H maximum from 2235 cm™! in spectrum a to 2249 cm™!
in spectrum b indicates the loss of neighboring methoxy
groups at the silicon atoms and the growth of silane mol-
ecules, in other words, sol formation [18]. In the coating of
solution A (spectrum c), the shift of the main Si—H maxi-
mum to 2254 cm™!, the elimination of the C—H stretching,
the appearance of a very broad band (3530-3300 cm™) due to
silanol groups and a distinct split in the 1200-1000 cm™ range
due to Si—O stretching modes, indicate the start of formation
of a cross-linked network. The vibration modes at 3057 cm™*
and 3157 cm™" are likely due to nitrogen related intermediates
[19]. After heat treatment in VFM, disappearance of the nitro-
gen related intermediates, reduction in the silanol stretching
intensity (3530-3300 cm™) and a further split in the 1200-
1000 cm™ range are observed in spectrum d and are consid-
ered proofs of the network growth. The main purpose of
spin-coating of solution B right after the solution A is to bond
the Si—H groups in the MPC layer to the CNT surfaces by
hydrosilylation reactions, in the presence of the Pt catalyst
[20]. Silicon tetrachloride (SiCl,) in solution B plays three
significant roles in the TIM assembling. First, SiCl, is
extremely sensitive to moisture; its presence protects the
hydrosilylation reactions from being affected by moisture.
Second, SiCl,, assists the chemical bonding of the MPC to the
CNT surfaces via chemical reactions of silanol groups with
the surface carboxylic acid groups and hydroxyl groups on
the in-situ functionalized CNTs [21, 22]. Third, the small
SiCl, molecules easily densify the MPC layer after the
weakly cross-linked network was formed in the coating of the
solution A, by reactions of the highly-reactive Si—Cl groups
with the remaining silanol groups.
Hydrosilylation of CNTs

Si—H addition to single-walled carbon nanotubes
(SWNTs) has been investigated theoretically and experimen-
tally [20, 23, 24]. In ref. 20, hydrosilylation of pristine
SWNTs was studied and it was found that the hydrosilylation
was not spatially limited to the CNT ends or its defect sites. It
was hypothesized that relief of the torsion strain in the small-
diameter SWNTs facilitated the hydrosilylation reaction. It
was also thought that larger-diameter tubes would be less
reactive due to a smaller degree of m-orbital misalignment and
pyramidalization [20, 25]. Hence, the feasibility of hydrosi-
lylation of large-diameter multi-walled carbon nanotubes
(MWNTs) seemed questionable. In this study, this feasibility
has been proved; the hydrosilylation reaction is the right
foundation of the proposed MPC-assisted TIM assembly.
FT-1IR spectrum of the TMS-CNT adducts in FIG. 3.3 shows
the presence of strong C—H stretching at 2962 and 2877
cm™" due to the existence of methyl groups. This indicates the
addition of TMS to the CNT surface via, for example, a
hydrosilylation reaction. An evidence for the hydrosilylation
of CNTs with TMS is the distinct Si—C stretch signal at
~1261 cm™*.[20] The hydrosilylation is also evidenced by the
presence of C—H stretching from methyne groups at ~2905
cm™. The strong and wide band at 970-1240 cm™" probably
consists of C—O stretching, C—O—C stretching and Si—O
in-plane vibration [17, 26].
Interface Characterization

Upon spin-coated, the silicon substrate was flipped imme-
diately onto the VACNT grown on a copper plate accompa-
nied by a proper compression force. Chemical reactions at the
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interfaces proceed in the VFM chamber. Microwave-assisted
heating was employed because microwave selectively heats
up the silicon substrate, the CNTs and the chemicals at the
interfaces [27-29]. In fact, microwave irradiation has
attracted much interest in synthetic organic chemistry due to
its special role in dramatically increasing reaction rates and
the capability of inducing chemical reactions which cannot
proceed by thermal heating alone [30-32]. It is postulated that
during the VFM treatment, chemical bonding formed
between the CNTs and the mating substrate, with the MPC as
the bridging agents in between.

In order to have a better observation of the status at the
chemically bonded interface, we bonded a VACNT carpet to
a MPC-modified silicon substrate without any compression
force during the assembling, removed the growth substrate
and then peeled part of the bonded VACNTs off the mating
substrate. SEM images of the as-prepared interface are shown
in FIG. 3.4a-c. The roots of the VACNTs anchored by the
MPC at the silicon surface are clearly exposed after the upper
parts of the VACNTs are removed. The interfacial strength of
the assembly was tested on a die shear tester (Dage series
4000, 10 kg load cell) to be 0.23-0.36 MPa, much stronger
than the van der Waals force dominated adhesion (<0.05
MPa) for the pressure contact assemblies (see below). SEM
images of the silicon surface after the die shear test are shown
in FIG. 3.44.

Thermal Measurement of the Novel VACNT TIM

The as-described VACNT TIM assembly is referred as the
“MPC contact” assembly in the discussions on TIM proper-
ties below. We also measured the properties of “loose contact”
assemblies and “pressure contact” assemblies. For the “loose
contact” assembly, a silicon substrate was placed on top of
VACNT/Cu without pressure during assembling or thermal
measurements. The “pressure contact” assembly was
obtained by compressing a silicon substrate (~0.4 MPa) to
VACNT/Cu as in a MPC contact assembly, however, without
MPC modifications at the contact interface. The pressure
contact assembly was considered almost the same as those
that have been reported in the aforementioned literature
papers so far [4, 10, 15]. A trilayer model was chosen to
numerically fit (with energy loss) the data collected on laser
flash equipment. The fitting, with a uncertainty of ~5%, gives
an equivalent thermal diffusivity (at,4,,) of the TIM layer, in
which the CNT/Si interface, the CNT/Cu interface and the
intrinsic volumetric VACNT array are grouped. FIG. 3.5
shows the measured o, values of the loose contact, the
pressure contact and the MPC contact assemblies. o, ,0f the
loose contact assembly is small, ~0.461x0.112 mm* s~*, due
to the strong phonon scattering at the sharp and weak CNT/Si
interface. The interface modification by MPC improves ot
by an order of magnitude to ~5.292+0.953 mm? s~'. In com-
parison, c;,, of the pressure contact assembly shows only
limited improvement. Purely imposing pressures during the
VACNT TIM assembly or thermal measurement (as per-
formed in refs. 10, 11 and 16 for Example 3) increases the
fraction of CNTs in “contact” with the mating substrate.
However, these “contacts” are not permanent contacts or
bonding in the molecular scale; the separated distance
between the CNTs and the substrate surface is in the nanos-
cale, i.e. the regime where van der Waals forces (attractive
forces) dominate [33]. Although it is not recommended that a
comparison be made directly among the results measured by
different approaches, it is reasonable to believe that the pres-
sure contact assembly in our study is equivalent to those in the
aforementioned references because the intrinsic thermal con-
ductivity of the VACNT array and the interface at CNT/
substrate upon pressures are more or less the same. In this

25

40

45

20

sense, the MPC contact assembly proposed effectively
addresses the issue of reducing the interfacial thermal resis-
tance.

From refs. 4, 10 and 13-15 of Example 3, we note that the
equivalent thermal conductivities of the VACNT TIM (X4,
calculated as: K7;,~1/R 77,,, where L. and R, , are the bond
line thickness and the thermal resistance of the TIM, respec-
tively) are smaller than 1 W m™' K~*. It does no harm to
calculate X ;4,, values for our TIM assemblies according to the
equation: Kz, 0.y, X XC,, where p and c, are the measured
mass density and the heat capacity, respectively, of the TIM
layer in the assembly. The measured densities of the loose
contact VACNT TIM, the pressure contact TIM and the MPC
contact TIM are 0.073+0.009, 0.435+0.065 and 0.461+0.106
g cm™>, respectively. These values are consistent with the
theoretical estimations based on the CNT diameter and the
surface coverage on the growth substrate [34, 35]. Heat
capacity of0.66 J g~ K~* is used [36]. The calculation results
in FIG. 3.5 show dramatic improvement in the equivalent
thermal conductivity of the VACNT TIM by MPC contact
assembling (1.61x0.47 W m~! K1), compared with the poor
conductivity of the loose contact (0.022+0.006 W m~! K™')
and the pressure contact (0.306x0.084 W m™ K™') assem-
blies. The overall equivalent thermal resistance of the MPC
contact VACNT TIM is, hence, around 10 mm?* K W™!. The
uncertainty of k4, ,has been estimated using a standard error
estimation approach:

Sk _ [(&YTIM )2 N (5_p)2]0.5 [¢8]
KT T P
Conclusions
In conclusion, chemical modifications at the VACNT/mat-

ing substrate interface by MPC improves the grouped thermal
diffusivity of the TIM by one order of magnitude and the
equivalent TIM conductivity by almost two orders of magni-
tude with regard to the bare loose contact at the VACNT/
mating substrate interface. It is reasonable to expect a further
reduction in the overall thermal resistance when a well-con-
trolled pressure-involved measurement is employed. This
remarkable breakthrough undoubtedly provides a real-life

VACNT application for thermal management in microelec-

tronic and photonic packaging, and opens up a new field in the

design of CN'T/substrate interfaces.
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Example 3

A VACNT film (30~3000 micon) can be synthesized on a
Si growth substrate by a thermal CVD process (See FIG. 4.1).
The VACNT film can be a continuous film or a patterned film.
Patterning of the VACNT film can be achieved by patterning
of the catalyst via a lift-off process or an interference laser
ablation process, or by interference laser ablation of CNTs
after the continuous film is synthesized. The synthesized
VACNT film surface is metalized with Ti (50-100 nm)\Ni
(100-300 nm)\Au (150-300 nm). The as-metallized VACNTs
are bonded to a copper surface or a metalized silicon surface
with Bi—Sn solder materials at proper reflow temperatures.
The as-assembled structure can have an overall thermal resis-
tance as low as 10 mm? K/W.

It should be noted that ratios, concentrations, amounts, and
other numerical data may be expressed herein in a range
format. It is to be understood that such a range format is used
for convenience and brevity, and thus, should be interpreted in
a flexible manner to include not only the numerical values
explicitly recited as the limits of the range, but also to include
all the individual numerical values or sub-ranges encom-
passed within that range as if each numerical value and sub-
range is explicitly recited. To illustrate, a concentration range
of “about 0.1% to about 5% should be interpreted to include
not only the explicitly recited concentration of about 0.1 wt %
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to about 5 wt %, but also include individual concentrations
(e.g., 1%, 2%, 3%, and 4%) and the sub-ranges (e.g., 0.5%,
1.1%, 2.2%, 3.3%, and 4.4%) within the indicated range. In
an embodiment, the term “about” can include traditional
rounding according to significant figures of the numerical
value. In addition, the phrase “about ‘X’ to ‘y” includes
“about ‘X’ to about ‘y’”.

Many variations and modifications may be made to the
above-described embodiments. All such modifications and
variations are intended to be included herein within the scope

of this disclosure and protected by the following claims.

Therefore, the following is claimed:
1. A method of forming a structure, comprising:
positioning a first structure adjacent a second structure,
wherein
the first structure includes a top side and a bottom side,
wherein the top side includes a layer of carbon nano-
tubes,
the second structure includes a top side and a bottom
side, wherein the top side includes a bonding layer,
wherein the top side of each of the first structure and the
second structure are adjacent to one another so that
the layer of carbon nanotubes contacts the bonding
layer;
heating the first structure and the second structure in a
device; and
forming a third structure from the first structure and the
second structure wherein a plurality of the carbon nano-
tubes are covalently bonded to the bonding layer.
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2. The method of claim 1, wherein the bonding layer is an
organic molecule.

3. The method of claim 1, wherein the first structure
includes a growth substrate adjacent the layer of carbon nano-
tubes.

4. The method of claim 3, wherein the growth substrate is
made of a material chosen from silicon, a metal, a ceramic,
and quartz.

5. The method of claim 3, further comprising removing the
growth substrate from the third structure.

6. The method of claim 1, wherein the second structure
includes a mating substrate adjacent the bonding layer.

7. The method of claim 6, wherein the mating substrate
includes a metal layer having the bonding layer disposed on
the metal layer.

8. The method of claim 6, wherein the mating substrate is
made of a material chosen from mica, quartz, silicon, copper,
silver, gold, stainless steel, glass, and ceramic.

9. The method of claim 1, wherein heating includes heating
the first structure and the second structure to a temperature in
the device of about 25 to 160° C.

10. The method of claim 1, wherein heating includes heat-
ing the first structure and the second structure to a temperature
in the device of about 25 to 200° C.

11. The method of claim 1, wherein heating includes heat-
ing the first structure and the second structure to a temperature
in the device of about 100 to 500° C.

12. The method of claim 1, wherein the aspect ratio of each
carbon nanotube is about 2.0x10%:3 to 4.0x10%:1.

#* #* #* #* #*
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