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SUMMARY

As the integration scale of transistors/devices in a chip/system keeps increasing,
effective cooling has become more and more important in microelectronics. To address
the thermal dissipation issue, one important solution is to develop thermal interface
materials with higher performance. Carbon nanotubes, given their high intrinsic thermal
and mechanical properties, and their high thermal and chemical stabilities, have received
extensive attention from both academia and industry as a candidate for high-performance
thermal interface materials.

The thesis is devoted to addressing some challenges related to the potential
application of carbon nanotubes as thermal interface materials in microelectronics. These
challenges include: 1) controlled synthesis of vertically aligned carbon nanotubes on
various bulk substrates via chemical vapor deposition and the fundamental understanding
involved; 2) development of a scalable annealing process to improve the intrinsic
properties of synthesized carbon nanotubes; 3) development of a state-of-art assembling
process to effectively implement high-quality vertically aligned carbon nanotubes into a
flip-chip assembly; 4) a reliable thermal measurement of intrinsic thermal transport
property of vertically aligned carbon nanotube films; 5) improvement of interfacial
thermal transport between carbon nanotubes and other materials.

The major achievements are summarized.

1. Based on the fundamental understanding of catalytic chemical vapor deposition
processes and the growth mechanism of carbon nanotube, fast synthesis of high-quality

vertically aligned carbon nanotubes on various bulk substrates (e.g., copper, quartz,
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silicon, aluminum oxide, etc.) has been successfully achieved. The synthesis of vertically
aligned carbon nanotubes on the bulk copper substrate by the thermal chemical vapor
deposition process has set a world record. In order to functionalize the synthesized carbon
nanotubes while maintaining their good vertical alignment, an in situ functionalization
process has for the first time been demonstrated. The in situ functionalization renders the
vertically aligned carbon nanotubes a proper chemical reactivity for forming chemical
bonding with other substrate materials such as gold and silicon.

2. An ultrafast microwave annealing process has been developed to reduce the
defect density in vertically aligned carbon nanotubes. Raman and thermogravimetric
analyses have shown a distinct defect reduction in the CNTs annealed in microwave for 3
min. Fibers spun from the as-annealed CNTSs, in comparison with those from the pristine
CNTs, show increases of ~35% and ~65%, respectively, in tensile strength (~0.8 GPa)
and modulus (~90 GPa) during tensile testing; an ~20% improvement in electrical
conductivity (~80000 S m™) was also reported. The mechanism of the microwave
response of CNTs was discussed. Such a microwave annealing process has been extended
to the preparation of reduced graphene oxide.

3. Based on the fundamental understanding of interfacial thermal transport and
surface chemistry of metals and carbon nanotubes, two major transfer/assembling
processes have been developed: molecular bonding and metal bonding. Effective
improvement of the interfacial thermal transport has been achieved by the interfacial
bonding.

4. The thermal diffusivity of vertically aligned carbon nanotube (VACNT, multi-

walled) films was measured by a laser flash technique, and shown to be ~30 mm? s*
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along the tube-alignment direction. The calculated thermal conductivities of the VACNT
film and the individual CNTs are ~27 and ~540 W m™ K, respectively. The technique
was verified to be reliable although a proper sampling procedure is critical. A systematic
parametric study of the effects of defects, buckling, tip-to-tip contacts, packing density,
and tube-tube interaction on the thermal diffusivity was carried out. Defects and buckling
decreased the thermal diffusivity dramatically. An increased packing density was
beneficial in increasing the collective thermal conductivity of the VACNT film; however,
the increased tube-tube interaction in dense VACNT films decreased the thermal
conductivity of the individual CNTs. The tip-to-tip contact resistance was shown to be
~1x10" m? K W™. The study will shed light on the potential application of VACNTS as
thermal interface materials in microelectronic packaging.

5. A combined process of in situ functionalization and microwave curing has been
developed to effective enhance the interface between carbon nanotubes and the epoxy
matrix. Effective medium theory has been used to analyze the interfacial thermal
resistance between carbon nanotubes and polymer matrix, and that between graphite

nanoplatlets and polymer matrix.
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CHAPTER 1

INTRODUCTION

At the beginning of the chapter, | present the justification for the potential
applications of carbon nanotubes (CNTs) in “electronic packaging”, namely as electrical
interconnects and thermal interface materials (TIMs). Then | give a brief review of CNT
structure, electrical and thermal properties, and syntheses. At the end of the chapter,
challenges and research objects are discussed, as a transition to the next chapters. Before
I start, I would like to clarify the levels of “electronic packaging” that CNTs may
potentially fit: such a definition—unfortunately not found in literature—is aimed at
bridging the knowledge gap between packaging engineers and CNT researchers. Today,
“electronic packaging” has developed far beyond the traditional ‘“surface mount
technology (SMT)”; it is now a system-like integration of hierarchical structures
consisting of different levels after front-end-of-line (FEOL), including back-end-of-line
(BEOL, level 0), chip bonding/attachment (level 1), and other package levels
(carrier/interposer level, board level...). There are three levels that CNTs might fit as
advanced materials: 1) as the building block for fine-pitch transistors in the FEOL
level;[1,2] 2) as the fine-pitch horizontal/vertical interconnects in the BEOL level;[3-5] 3)
in the package level, e.g., as TIMs.[6-8]

In the past 60 years, we have been experiencing constant scaling-down
(miniaturization) of electronic devices with better performance, lower cost, and higher
reliability. Such a success is mainly attributed to the increased transistor density in a
semiconductor chip. As originally proposed, Moore’s law stated that the number of
transistors in semiconductor devices or integrated circuits (ICs) would double in every 18
months.[9] Moore’s law has been realized based on several key technologies, including

the shrinkage of transistor node size in the FEOL level (23-nm foundry is being built by



Intel; 14-nm node size is being intensively studied by leading semiconductor companies),
and copper/high-K (introduced in 1998) technology in the BEOL level. Further scaling
down the transistors is becoming very challenging or theoretically unfavorable partially
because of the intrinsic limitations of the properties of the integration materials. For
example, the electrical resistivity of pure copper (Cu) interconnects increases with the
decreased dimension because of grain-boundary and surface scattering.[10] In the mean
time, hot spot and electromigration issues for metal interconnects will become more
severe. In these regards, CNTs have been proposed as a potential candidate for future
ultra-fine pitch interconnects based on their ultra-high current carrying capacity (10° A
cm®), excellent thermal stability, and high resistance to electromigration.[3-5,11-16]

In spite of electrical performance, increasing microprocessor performance is
associated with an increased cooling demand; in other words, more effective heat
dissipation is required. Effective heat dissipation has become a key issue for the
development of high performance semiconductor devices. Efforts on improving thermal
management have led to intensive researches in the following two directions: 1) new
cooling technology developments, including turbulator-enhanced air cooling, hybrid air-
water cooling, water cooling, direct liquid cooling, and thermal ground plane, etc.[17]; 2)
high-performance TIMs. Figure 1.1 shows the thermal ground plane technology as an
example, which can potentially enhance the thermal performance of the device by
introducing nano-vapor chamber spreader. Whereas, in many cases of the advanced
cooling technologies, the thermal resistance/contact at the solid/solid interfaces still needs
to be addressed by using TIM. TIM is a layer of material between two solid blocks to
reduce the interfacial thermal resistance due to the surface waviness and roughness, and
provide certain adhesion strength. In a simple flip-chip package (Figure 1.2), TIM1 is the
thermal interface material between the backside of the chip and the heat spreader/cap, and
TIM2 between the heat spreader and the heat sink. The topic of the thesis focuses on

TIM1 only as most researchers do.
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Figure 1.1 (a) Schematic illustration of combined technologies for thermal dissipation;
(b) 2-D structure of a thermal ground plane supporting multi-chip modules.[18]
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Figure 1.2 Schematic illustration of TIM architecture in flip-chip technology.

TIMs have been extensively used in microelectronic industry for decades.
However, the conventional TIMs and related technologies have more or less reached their
limits. Development of high-performance TIMs for next-generation electronic packaging
is highly desired. High-performance TIMs are expected to possess at least the following
properties: 1) high thermal conductivity; 2) low contact thermal resistance with the
mating substrate (such as copper and silicon); 3) small coefficient of thermal expansion;

4) proper modulus; 5) chemically and thermally stable; 6) processing-wise, compatible



with the thermal budget from FEOL and BEOL. CNTSs, given their high axial thermal
conductivity, high thermal stability, high chemical stability, and combined elasticity and

flexibility, have been proposed as a promising candidate for the future TIM application.

1.1 Carbon Nanotube Structure

CNTs are carbon allotropes, with cylindrical hollow structures and extremely high
length-to-diameter aspect ratio. Generically, CNTs can be divided into two distinct
types—single-walled CNT (SWNT) and multi-walled CNT (MWNT), depending on the
number of their walls. A SWNT has only one shell with a small diameter (typically <2
nm). MWNT diameters are typically in the range of 2-40 nm.

A SWNT is conveniently illustrated by rolling a two-dimensional (2D) graphene
sheet of honeycomb structure along a chiral vector, C;..[19,20] The circumference of any
SWNT can be described as:

Cp =M +Na, (1.2)
where a; and a, are unit vectors; m and n are numbers of steps along the corresponding
unit vectors. The chiral angle, 8, determined relative to the direction defined by ay
uniquely defines a SWNT structure. Chiral nanotubes have general (n, m) values and a
chiral angle between 0° and 30°. Zigzag nanotubes correspond to (m, 0) or (0, n) and
have a chiral angle of 0°, armchair nanotubes have (n, n) and a chiral angle of 30°. Both
zigzag and armchair SWNTSs have a mirror plane and thus are considered as achiral. The

diameter of the a SWNT is given by

:M: J3a, Vm? +mn+n?

T T

d (1.2)

where ac.. is the carbon—carbon bond length (1.42 A). Figure 1.3 shows the vector Cj
constructed for (m, n) = (3, 1). The most effective characterization technique for
identifying SWNT structure is Raman spectroscopy mainly on the basis that one

characteristic radial breathing modes represents one specific SWNT structure.[21]
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Figure 1.3 Formation of a CNT from a 2D graphene sheet along the vector that specifies
a chiral nanotube.

MWNT structures can be extremely complicated. Most people believe that a
MWNT is basically similar to a SWNT in the individual wall structure and consists of
two or more concentric cylindrical shells of rolled graphene sheets coaxially arranged
around a central hollow with a constant separation (~3.4 A) between the layers.[22]
However, the real structure of MWNT has still been open to question to date; techniques
to identify the wall structure of each layer in a MWNT are, as far as | know, still lacking
except for certain cases of double-walled CNTSs. In fact, a scroll tubule structure (Figure
4), rather than a concentric tubule structure, has been proposed based on the relatively
large radial thermal expansion observed from X-ray diffraction studies of MWNTSs.[23-
26] It is worth pointing out that in literature, researchers tend to use “CNT” to extensively
represent any one-dimensional (1D) carbon nano structure, including bamboo-structured
carbon fibers synthesized by plasma-enhanced chemical vapor deposition,[27] and carbon

filaments prepared using anodic aluminum oxide as a template.[28]
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Figure 1.4 Cross sections of concentric (Russian doll) MWNT, scroll (jellyroll) MWNT
and mixed MWNT of Russian doll and jellyroll structures.[25]

1.2 Electronic Structure and Electrical Properties

A simple approximation based on a tight-binding calculation for the electronic

structure of a 2D graphene sheet is expressed as:[29]

\/§an \/§kya

2 2

1
2
Eap (Ky. ky) = i}/o{1+ 4cos( )+4cos2(kL;)} (1.3)

where Ky, k, and yo are wave vectors and the nearest-neighbor overlap integral,
respectively; a=0.246 nm is the in-plane lattice constant. Based on this calculation, the
valence and conductance bands touch and are degenerated at the six K (kg) points at the
2D Brillouin zone corner where the Fermi level in reciprocal space is located. Therefore,
graphene is a zero-gap semiconductor (when no other effects interfere). When graphene
is rolled over to form a CNT, the periodic boundary condition “Cy - k=2zg” is
imposed.[19] From tight-binding approximations, all CNTs are conductive, but have
different band gap width (Eg). As such, SWNTSs can be classified into metallic (m-SWNT,
with E4 as small as a few meV) and semiconducting (s-SWNT). E4 of a 1-nm s-SWNT,
for example, is between 0.7 and 0.9 eV.[30,31] The natural abundance of m-SWNT
relative to s-SWNT is 1:2. MWNTSs, if purely concentrical, can also be metallic or
semiconducting, analogous to SWNTs. Smaller MWNTSs show lower carrier density and
greater average carrier localization due to the increasing curvature. Therefore, MWNTS,

which usually have large diameters, are metallically conductive.



Owing to the strong C—C bond and the rolled graphitic structure, CNTs with even
extremely small diameters as 1 nm do not show the Peierls instability—a metal-to-
insulator transition for most 1D materials when they are sized to nano scale.[32] It is such
a peerless advantage that makes SWNTs a potential building block for ultra-fine
interconnects. Besides, when the length of a CNT is smaller than the mean free path of
electron in it, the electron transport is ballistic. This has become an important property for
CNTs. For a perfect metallic SWNT with 100% transparent contacts, low-bias transport
(e.9., Vb<0.1 V) is ballistic over length scales that can reach micrometers, due to
extremely weak acoustic phonon scattering along the axis. For ballistic transport,
neglecting electron spin and sublattice degeneracy, the quantum resistance for a single
channel is a constant, Ro=h/e?, where h is the Plank constant, and e the electron charge.
Taking into account electron spin and sublattice degeneracy, the corresponding
conductance is Go=2e?/h, which is frequently referred in literature. At high bias, however,
strong excitation of optical phonons by electrons leads to energy dissipation in the tube
and current saturation.

A single metallic SWNT can carry up to 25 pA of current, which corresponds to a
current density of 10° A cm™.[33,34] MWNTSs have similar conductance and current
density when only the outer wall/shell contributes to the current transport.[35-37]
However, multichannel quasiballistic conduction with extremely high conductance of 460
Go and large current-carrying capacity was found in an open-ended MWNT.[38] This
implies that CNT conductance and current-carrying capacity will be dramatically
improved by integrating open-ended MWNTs which have multichannels in metallic
contact with the electrodes.

A SWNT rope or MWNT can be viewed as a parallel assembly of individual
SWNTs. Naeemi et al. derived physical models for the conductivity of MWNT
interconnects.[39] The results indicate that for long interconnects (hundreds of

micrometers) MWNTSs may have conductivities several times larger than that of Cu or



even SWNT bundles. However, a real CNT (by synthesis) is not perfect in structure.
When a few local defects are present, electron scattering can be increased.[40-44] In
reality, electrical conductance may be even lower due to intershell/interwall coupling,[45,
46], tube-tube contact resistance,[47] and contact resistance at the hetero-junctions
between CNTs and other materials.[48,49] Therefore, it is considered necessary to use
nanotube bundles/arrays aligned in parallel for interconnects.

Today, the main challenges for CNT interconnects (circuits) are: 1)
purification/separation of m-SWNTs from s-SWNTs if SWNTSs are used; 2) CNT defect
reduction; 3) selective positioning of CNTSs; 4) effective and reliable contacts at tube-tube
junctions and hetero-junctions between CNTs and other materials.[50,51] Although the
SWNT purification/separation issue has almost been addressed by recent development of
various CNT separation methods,[52-69] CNT defect reduction/control, selective
positioning and contact reliability issues are still unaddressed. Similar issues also exist
for CNT transistors, with the difference being that separation of s-SWNT from m-SWNT,
or position-selective chirality-controllable synthesis of s-SWNTSs is desired. Therefore, it
is predicted that applications of CNTs in the FEOL and BEOL won’t be possible within
the next 25 years.[70]

1.3 Thermal Transport
High thermal conductivity (x) is one of the most attractive intrinsic properties of
CNTs.[71] There are many theoretical and experimental studies on the thermal transport
property of CNTs.[72-98]
For CNTSs, x is given by the sum of contributions from electrons and phonons:
K= K+ s (1.4)
where xpn and x. are the contributions from phonons and electrons, respectively.

Simple Kinetic theory gives:



1
Ke = Epecv,eVFAe (15)

1
Kph =§pCvVaAph (16)

where pe is the mass of electrons per unit volume, C, . the specific heat of electrons, ve
the Fermi velocity of the material (~10° m s%), 4. the mean free path of electrons, p the
mass density, C, the specific heat, v, the acoustic velocity of sound in the material (~10*
ms™), and Apn the mean free path of phonons.[83]

For s-SWNTSs, due to the large band gap, the heat carried by free electrons is
negligible compared with that by phonons at moderate temperatures. For m-SWNTSs, both
electrons and phonons carry heat, and contribute to x. However, the mean free pathes
(scattering rates) of electorns and phonons have different susceptibilities to different
structural defects at different temperatures.[84] Therefore, the percentage of contribution
to x from electrons/phonons depends on the structure of CNTs, and temperature.

By molecular dynamics simulations, Berber et al.[79] determined « of an isolated
defect-free (10, 10) s-SWNT at room temperature to be ~ 6600 W m™ K™ based on
molecular dynamics simulations. Such a high x is mainly attributed to the large 4y, in a
CNT, i.e., on the order of micron at low temperatures.[74,76,78] Experiments showed a
linear increment of thermal conductivity of m-SWNTSs with increased temperature at low
temperatures, in line with the Wiedemann-Franz law;[74,94,95] however, at high
temperatures, e.g., from 300 to 800 K, the thermal conductivity decays with temperature
due to strong scattering. Experimental x values of individual CNTs fall in the range of
42-3000 W m? K'[72,73,78,81,86,91,92] depending on tube diameter,[79,87]
length,[76,82] chirality,[85] defect,[89,90,92] and temperature,[74,75,77] etc.

For MWNTSs, heat transport is very complex. The strong intershell interaction
and, therefore, phonon coupling between the MWNT shells, is supposed to cause a
behavior similar to that of graphite. A thermal relaxation technique has been used to

measure the specific heat of MWNTs from 0.6 to 210 K; the results indicate that an



individual MWNT has a similar specific heat to that of SWNT ropes and graphite.[96] In
a SWNT rope, phonons propagate along individual tube axes as well as between parallel
tubes, leading to phonon dispersion in both the longitudinal and transverse directions.
The net effect of dispersion is a significant reduction of the specific heat at low
temperatures compared to an isolated nanotube.[98] Yang et al. investigated the thermal
conductivity of MWNT films using a pulsed photothermal reflectance technique.[97] The
average thermal conductivity of CNT films, with the film thickness from 10 to 50 um,
was ~15 W m™ K at room temperature and independent of tube length. However, in
contrast, Kim et al. fabricated a device with suspended MWNTSs (~1 pum) to allow the
study of thermal transport where no substrate contact was involved,[86] and found the
observed thermal conductivity of individual MWNTs was >3,000 W m™ K™ at room
temperature. Choi et al. obtained the thermal conductivity of individual MWNTSs (outer
diameter of ~45 nm) by employing a 3w method.[91,97] The thermal conductivity was
reported to be 650-830 W m™ K™ at room temperature, lower than that of individual
SWNTSs. The results by Kim et al. and Choi et al. are obviously against prediction and
the result by Yang et al. In fact, we should be very cautious about the reported values in
literature, because the measurement techniques and the CNTs (in terms of structure and
defect, etc.) are completely different. We should note that besides the intershell coupling
and tube-tube interaction, the influence of structural defects on the heat transport in the
1D structure of CNTs could be anomalously high, much larger than in bulk materials. Yi
et al. measured the thermal conductivity of millimeter-long aligned MWNTSs.[99] At
room temperature, the thermal conductivity of these samples was only ~25 W m™* K™ |
due to a large number of CNT defects. The thermal conductivity recovered to a high
value after the aligned MWNTSs were annealed at 3,000 °C.

For practical applications such as TIMs, collective thermal transport properties of
CNT arrays (carpet, mat, yarn...) are of more interest than the intrinsic k of individual

CNTs and collective thermal transport properties of 2D and three-dimensional (3D)
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random CNT networks.[100] A brief literature review on the thermal transport property
of vertically aligned CNTs will be given in Chapter 4. Given that MWNTSs are more
easily synthesized and assembled and possess higher rigidity, MWNTSs have been
considered more promising than SWNTSs, to be applied as TIMs in electronic packaging.

The thesis focuses on MWNTSs as TIML1.

1.4 CNT Syntheses

Reliable synthesis techniques capable of yielding high-purity high-quality CNTs
of desirable quantities at selective positions on synthesis substrates are critical to
realizing CNT’s applications in electronic packaging. Till now, various synthesis
techniques have been developed to produce CNTs for specific research uses or
applications, mainly including arc-discharge, laser ablation, and various chemical vapor
deposition (CVD) processes, each of them having its own advantages and disadvantages.
Since there are thousands of publications dealing with various CNT syntheses, | would
like to give only a broad picture of the most commonly used techniques for CNT

synthesis.

1.4.1 Arc-Discharge and Laser Ablation Methods

In 1992, Ebbesen and Ajayan adapted the standard arc-discharge technique used
for fullerene synthesis to a gram-level synthesis of MWNTs under a helium
atmosphere.[101] In this process, carbon atoms are evaporated with inert gas plasma
characterized by high electric currents passing between opposing carbon electrodes
(cathode and anode). Usually the carbon anode contains a small percentage of metal
catalyst such as cobalt (Co), nickel (Ni) or iron (Fe). The results show that the purity and
yield depend sensitively on the gas pressure in the reaction vessel. The length of the
synthesized MWNTSs is several micrometers with diameters ranging from 2 to 20 nm.

However, such synthesized CNTs are inevitably accompanied by the formation of a large

11



amount of carbon particles that are attached to the nanotube walls. In 1993, Bethune and
coworkers reported a large-scale synthesis of SWNTSs by an arc-discharge method using a
carbon electrode that contained ~2 atom% Co.[102] At high temperatures, carbon and
metal catalysts are co-vaporized into the arc, leading to the formation of CNTs with very
uniform diameter (~1.2 nm). However, fullerenes (by-products of the arc-discharge
process) also form readily in this process. In order to obtain high-purity SWNTs, a
purification process is therefore necessary. In 1996, the Smalley group reported the
synthesis of high-quality SWNTSs with yields >70% using a laser ablation method.[103]
This method utilized double pulse lasers to evaporate graphite rods doped with 1.2
atomic% of a 50:50 mixture of Co and Ni powder, which was placed in a tube-furnace
heated to 1200 °C in flowing argon (Ar) at 500 Torr; this process was followed by heat
treatment in vacuum at 1000 °C to sublime Cg and other small fullerenes. The resulting
SWNTSs were quite uniform, had a diameter of ~1.38 nm, and formed ropes consisting of
tens of individual SWNTSs closely-packed into hexagonal crystal structures that were
stabilized through van der Waals forces.

The success in producing large quantities of CNTs offers wide availability of
CNTs for fundamental studies and exploration of potential applications. However, there
are several concerns associated with these two synthesis methods: first, energy
consumption is large; second, only powder-like samples with bundled/tangled CNT
bundles are produced; third, by-products are usually unavoidable, including fullerenes,
graphitic polyhedrons, and amorphous carbon in the form of particles or over-coats on
nanotubes; fourth, patterned synthesis of CNTs is a great challenge.[104] These make

purification, manipulation, positioning and assembly of the CNTs extremely difficult.

1.4.2 Chemical Vapor Deposition (CVD)

CVD is the only route toward the synthesis of vertically aligned CNTs (VACNTS).

Both vertically-aligned MWNTs and SWNTSs have been synthesized successfully using
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CVD processes. CVD processes have the great advantages in controllable tuning of CNT
length, packing density, diameter, morphology, alignment, doping, position and adhesion
on substrates. This is why CVD is the most attractive synthesis route toward various CNT
applications. There are many critical parameters in the CVD syntheses of CNTs,
including carbon precursor (e.g., methane, acetylene, ethylene, benzene, xylene...),
carrier gas (e.g., hydrogen, argon, helium, nitrogen...), reduction gas (e.g., ammonium,
hydrogen), catalyst recipe (e.g., Fe/Al, Fe/Al,O3;, Ni/Al, Fe-Mo/Al,O3;, Co-Mo...),
catalyst preparation (e.g., sputtering, atomic layer deposition, e-beam evaporation, sol-
gel...), catalyst pretreatment (e.g., fast heating/cracking, oxidative annealing...), reactor
design, synthesis temperature and pressure, to name a few. The effects of the parameters
on the CNT syntheses have been investigated extensively in literature.

Various CVD processes have been developed, including common thermal CVD
(TCVD),[105,106] plasma enhanced CVD (PECVD),[107,108] floating catalyst CVD
(FCCVD),[109,110] and hot filament CVD (HFCVD),[111] etc.

Generally, PECVD has the particular advantage in obtaining a good alignment of
a CNT array.[112] PECVD can also lower the synthesis temperature, compared to TCVD,
because plasma dissociates hydrocarbon molecules more efficiently and promotes surface
diffusion of carbon on the catalyst droplet, thereby allowing CNT synthesis to occur at
lower temperatures than are possible with TCVD.[108,113] Interestingly, a TCVD
process for CNT synthesis at as low as 450 °C was recently reported.[114] However, the
quality of the as-synthesized CNTs may be poor. The advantage of FCCVD over TCVD
and PECVD is to grow VACNT arrays with a higher packing density.[110,115,116]
FCCVD doesn’t need a catalyst layer on the substrate; instead, the catalyst is generated in
situ in the reaction chamber by the decomposition of a metal catalyst precursor such as
ferrocene dissolved in xylene, which is delivered/floated to the synthesis zone. The

average metal content in the CNTs arrays synthesized by FCCVD is typically 10-15
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wit%.[116,117] Recently, helical CNT arrays were synthesized by FCCVD, indicating
more flexibility of FCCVD in controlling CNT morphology.[118]

1.5 Challenges and Research Objectives

My Ph. D thesis will be focusing on TCVD-synthesized vertically-aligned
MWNTSs for TIM application. There are two important reaons why | focus on TCVD
instead of PECVD or FCCVD. First, the quality of the VACNTSs by TCVD is known to
be better than that by PECVD or FCCVD. Second, transfer of the synthesized VACNTSs
by TCVD, in general, is easier than that by PECVD and FCCVD. The importance of a
high quality of synthesized VACNTSs has been mentioned in Section 1.3, and will be
discussed in details in Chapters 3 and 4. The importance of a good transferability of a
synthesized VACNT film/arry on a growth substrate is justrified as follows.

Taking a look at Figure 1.2, we can think of only four basic scenarios to
incorporate a VACNT film as the TIM1 to a typical package: 1) synthesizing the VACNT
film on the backside of the silicon (Si) chip; 2) synthesizing the VACNT film on the heat
spreader/cap (or on the heat sink if no heat spreader is used as in the package structure); 3)
transferring the synthesized VACNT film from its sacrificial growth substrate (such as Si
or quartz) to the backside of the Si chip or the heat spreader (or heat sink) via a transfer
technique; 4) synthesizing a free-standing VACNT (with or without a carrier sheet such
as aluminum or copper).

| would like to say that the first scenario, i.e., direct synthesis of VACNTSs on the
Si chip, is not wise. There are three possible subscenarios to incorporate the VACNT-on-
chip to a flip-chip package: VACNT-first (i.e., TIM-first), VACNT-middle (i.e., TIM-
middle), and VACNT-last (i.e., TIM-last). The definitions are analogous to those for
through-silicon-via in terms of the fabrication sequence. VACNT-first refers to the
process where the VACNT TIM layer is synthesized on the back side of the Si chip
before FEOL; VACNT-middle means the VACNT TIM synthesis is between FEOL and
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BEOL; VACNT-last incorporates the VACNT TIM synthesis in the last step before the
next level of packaging, i.e., after FEOL and BEOL. Although VACNT synthesis on Si
has been widely investigated, VACNT-middle and VACNT-last are not compatible with
the current FEOL or BEOL processes—TCVD synthesis temperature is typically >650 °C,
which is too high for any modern semiconductor logic device to survive. Although
PECVD dramatically reduces the synthesis temperature and makes VACNT-middle
possible, the relatively low CNT quality (except for SWNTs, PECVD typically gives
bamboo-structure) and the contamination issue (catalyst residue, and carbon overcoat) are
of great concern, and haven’t been addressed yet. Contamination is undoubtedly a more
severe issue for FCCVD. VACNT-first and VACNT-middle both encounter the extreme
difficulty in sample handling. For example, due to the porous structure, VACNTSs will
collapse/crush upon compression in the presence of the liquid etchant during the chemical
mechanical polishing process. Moreover, a high thermal stress is expected from the
Scenario 1.

In comparison, a transfer process can avoid the issue of contamination and high
thermal stress, as well as the limitations on the synthesis temperature by thermal budgets
from FEOL and BEOL. In conjuction with the advantages of TCVD, Scenario 3 is
promising. Scenarios 2 (discussed in Chapter 2 when | talk about the TCVD synthesis of
VACNTSs on bulk Cu) and 4 (Prof. Samuel Graham’s research on VACNT TIMs has

been focused on the Scenario 4) are both feasible, too.

1.5.1 Synthesis, Annealing and Characterizations of VACNTSs

In most cases, defects in synthesized CNTs tend to degrade the intrinsically
excellent properties of CNTs. One solution to this issue is to improve CNT quality by
optimizing the catalyst-support recipe and the CVD process for the VACNT synthesis. In
chapter 2, based on the fundamental understanding of CNT synthesis, we achieve high

quality of the VACNTSs by TCVD. The high quality of the synthesized VACNTSs can be
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seen in the high intrinsic thermal transport property measured in Chapter 4. Other than
the synthesis control, an alternative/complimentary solution is post-synthesis annealing of
CNTs. Conventionally a high-temperature annealing is needed for CNT defect reduction
but has some inhibiting limitations that make it not feasible for practical VACNT
applications. In chapter 3, an efficient microwave treatment process is described for CNT
annealing. The microwave annealing process can also be extended to fast synthesis of
reduced graphene oxide. For TIM applications, an alternative scenario (the
aforementioned scenario 2) is to synthesize high-quality VACNTS on various substrates
such as bulk Cu, aluminum nitride, silicon nitride and silicon carbide, with a relatively
high accommodation of surface roughness. In chapter 2, | present the synthesis of high-

quality VACNTSs on bulk Cu by TCVD.

1.5.2 VACNT TIM Assembling

Contact resistance in terms of electron and phonon transport is a very important
issue for any electronic packaging or nanoscale device. The high contact resistance
between VACNTSs and a substrate surface has been recognized as a major limitation to
the immediate implementation of VACNTS for interconnects or TIMs. Contact resistance
is determined by the intrinsic properties of the materials in junction/contact, and the
assembling processes, which determines the interfacial status. Therefore, development of
an effective VACNT assembling (also named as “transfer” or “anchoring” from here after)
process with reduced interfacial contact resistance is significant. In chapter 5, I
summarize various VACNT assembling processes that may be implemented into the TIM

application.

1.5.3 CNT/Polymer Composite

Till today, the most promising application of CNTs in industry has still been

CNT/polymer composite. Thousands of publications are relevant to preparations,
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characterizations, properties, and various application prototypes of CNT/polymer
composite. The topic of interest in my thesis is the thermal properties of CNT/polymer
composite. Thermal transport in CNT/polymer composite has been studied extensively.
Unfortunately, it is disappointing that CNT/polymer composites do not show as high a
thermal conductivity as expected. What has been proposed to explain such a phenomenon
is a large interfacial thermal resistance between CNTs and the surrounding polymer
matrix. Chapter 6 discusses an effective approach to enhance the interface between
VACNTSs and epoxy (EP), based on which thermal and mechanical properties of the
VACNT/EP composite are improved. The interface enhancement also results in very
interesting phenomena of the thermal expansion of the composite. The interfacial thermal
resistance between graphite nanosheets and EP turns out to be better compared with the

CNT/EP composite.
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CHAPTER 2

SYNTHESIS OF VERTICALLY ALIGNED CARBON NANOTUBES

In this chapter, | present a critical review of the mechanism for CNT synthesis
(Section 2.1), and summarize VACNT synthesis by TCVD (Section 2.2)—in particular,
with the assistance of water vapor (Section 2.3). Based on the fundamental understanding
of thermodynamics and kinetics of TCVD synthesis of CNTs, in Section 2.4, | discuss an
in-situ functionalization process of VACNTs during TCVD, which laid an important
foundation of much of the research work in the following chapters. In Section 2.5, a

record synthesis of VACNTSs on bulk Cu is introduced.

2.1 Mechanism for CNT Synthesis

I would like to put certain efforts on a review of the mechanism for CNT
synthesis. Pursuing the fundamental understanding of CNT growth is, from my point of
view, one of the most important reasons (others are potential applications in transistors,
interconnects, and high-performance composites) why CNT has become the hottest
research topic in the past 2 decades. Fundamental understanding of CNT synthesis is the
basis for the realization of CNT-related applications. There are bunches of Ph. D theses
about CNT-related applications; however, few of them give a proper discussion on the
mechanism for CNT synthesis. There are thousands of research papers relevant to CNT
synthesis; however, very few of them ever touch the synthesis mechanism from a
scientific view. There are several review papers and book chapters that cover certain
aspects of the mechanistic study; however, recent literature update is not covered, and a
critical review/interpretation of the synthesis mechanism can not be found.

In general, CNT synthesis can be classified into non-catalytic processes and
catalytic processes, based on the synthesis mechanism of CNTs. For non-catalytic

processes, i.e., the original arc-discharge and carbon pyrolysis, it was proposed that the
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synthesis of a CNT is due to the extension of a fullerene by adding small carbon
unit/cluster from the carbon vapor into the carbon network at the formed cap area,
especially at the asymmetric pentagon sites.[119] This is a typical closed-cap synthesis
mechanism, consistent with the observations by Ulmer et al.[120] and McElvany et
al.[121], that fullerenes could grow by ingestion of carbon fragments into their
completely closed networks. Alternatively, lijima proposed an open-ended synthesis
mechanism.[122] It was thought that a CNT end is open during tube synthesis and it was
the open end that was the active site for the upcoming carbon atoms to add in. Synthesis
termination was due to polyhedral capping or conical capping, both of which were rapid
capping processes. Both synthesis schemes are also consistent with lijima's observation
that, in general, the tubes appear to have their hexagons helically disposed in the tube
walls.[123] Both schemes proposed that the multi-shells in a MWNT were not formed
simultaneously but rather layer-by-layer with the existed inner shell as a synthesis
template. The recent work of in-situ transmission electron microscopy (TEM)
observation of CNT cap evolution seems to provide futher proof of the closed-cap
mechanism.[124] However, the typical low yield and high impurity level by the non-
catalytic processes makes the generalization of such mechanisms difficult.

Catalytic CVD processes seem more complicated and are still open to question.
Generally, a catalytic CVD process for CNT synthesis involves decomposition of carbon
sources, e.g., gaseous precursors or volatile compounds of carbon, catalyzed by metal
nanoparticles (NPs) at high temperatures. The basic mechanism for CNT synthesis has
been generally assumed to be a dissociation-diffusion-precipitation process during which
elemental carbon is formed on the surface of a catalyst metal particle followed by
diffusion and precipitation in the form of cylindrical graphite.[26,125] If we want to
know a bit more details about the dissociation-diffusion-precipitation process, we will
naturally expect answers to the following questions:

Why and how is a carbon source dissociated by the catalyst particles?
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Why and how do the dissociated carbon atoms/clusters diffuse?

Why and how does the diffused carbon precipitate to become cylindrical
graphite?

Adsorption and reaction (hydrogenation, oxidation, polymerization, dissociation,
reconstruction, and coordination, etc.) of molecules on catalyst surface has been the most
challenging fundamental question in heterocatalysis. The answer to the first question here
involves the interpretation of the chemisorption and dissociation of hydrocarbon on nano-
sized metal catalyst surfaces, especially on nano-sized d-block metal (I don’t use the
term: “transition metal”) surfaces. In general, the electronic structure of a catalyst particle
determines the whole process.[126] Chemisorption is the first step, and takes place by
coordination or charge-transfer between the molecular orbitals of the hydrocarbon
molecule and the electronic orbitals of the metal surface atoms. “Electronic orbitals of the
metal surface” is not the term that is often used. In most cases, we talk about ‘“band
structure of metals” when dealing with bulk metals, “electronic orbitals of metal atoms”
when dealing with single atoms, or “molecular orbitals” when dealing with transition
metal complexes with ligands; however, none of these is close enough to describe the
surface coordination chemistry of metal NPs. In general, two processes take place
simultaneously regarding the chemisorption: 1) symmetry-allowed coordination or charge
transfer from a filled orbital of the adsorbate to an unoccupied orbital of the surface metal
atom; 2) the back-donation from a filled d-orbital (of z-symmetry with respect to the
metal-ligand axis) of the metal atom to the non-filled z*-orbital of the adsorbate.[127]
The dissociation of the hydrocarbon molecule can be explained by the “bond order”
theory. The bond order of the hydrocarbon molecule is reduced when the anti-bonding
orbital is filled (or partially filled) during the back-donation process; therefore, the
overall bond energy within the hydrocarbon molecule is reduced due to the interaction
between the molecule and the metal atom. Based on such understanding and the previous

experiment results on catalytic CVD synthesis of CNTs, Dupuis stated in his review
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paper: “the transition metals have non-filled d shells and are for that reason able to
interact with hydrocarbons and show catalytic activity.” It was also stated: “Cu, a non-
transition metal with its 3d shell completely filled, was observed to yield only amorphous
carbon.”[127] Such statements have been taken as the principles by many researchers;
however, | would like to point out that the statements are not accurate.

First, the IUPAC definition of a transition element is that it is an element that has
an incomplete d subshell in either the neutral atom or its ions. As such, the Group 12
elements (Zn, Cd, Hg) are members of the d block but are not transition elements; the
Group 11 elements (Cu, Ag, Au) are transition elements even though their d orbitals are
completely filled. Dupuis’ statement about “non-filled d shells” of transition metals and
Cu not belonging to transition metals is not correct.

Second, Dupuis’ statements seem to explain the fact that the most efficient (in
terms of synthesis temperature, catalyst loading, and most importantly, CNT yield and
quality) catalysts are limited to be based on three mid-transition metals: Fe, Co, and Ni.
In fact, the discussion above about the interaction energy is all about thermodynamics;
while efficiency is about Kinetics rather than thermodynamics. For example, early-
transion metals such as Ti has more emply d orbitals to accommodate the electron
donation from the adsorbed hydrocarbon molecules; however, Ti by itself has very weak
catalytic ability.[128]

Third, Dupuis’ statements can’t explain the recent experiment results on CVD
synthesis of CNTs using Au,[129,130], Pd,[131], Pt,[132] Ti,[133] Cu,[134] or Zn[135]
as the catalyst, or co-catalyst.[128,136] In particular, Zhou et al. reported very high
catalytic activity of Cu NPs for the growth of both random SWNT networks and
horizontally aligned SWNT arrays.[134] Such results are undoubtedly against Dupuis’
statements but should not be against the discussion above about the chemisorption-
dissociation mechanism. Now a question arises: how does the metal, say Cu, with full d

orbitals accommodate/accept the electrons from the hydrocarbon molecule during the
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catalytic CVD process? The key is that we shall think about “d band” instead of “d
orbital” of the surface metal atoms of the catalyst particles. Let us do a simple
calculation. Take Fe-catalytic synthesis of SWNT as an example. The nominal diameter
of Fe in its face center cubic crystal structure is 0.3 nm at room temperature. Two
nanocubes of Fe are considered: 3x3x3 nm?® (large cube), and 0.9x0.9x0.9 nm® (small
cube). Neglecting the thermal expansion and the surface instability of the Fe nanocubes,
the two cubes accommodate 10% and 27 Fe atoms, respectively. The energy spread of a
band is typically on the order of 1 eV. The energy-level separation between the adjacent
levels in a nominal band is approximatvely 1 eV divided by the number of atoms in the
particle, which are ~1 and ~37 meV for the large cube and the small cube, respectively.
Boltzmann’s constant (kg) in eV units is 8.625x10™ eV K. Simply taking E=kgT, and the
CVD temperature as 1000 K, the thermal energy is ~86 meV, which makes the energy-
level separation indiscernible. For metals, their intrinsic conduction band and valence
band are overlapped (or just touch each other). Therefore, it is the d band that
accommodates the electrons from the hydrocarbon molecule. Given that the
chemisorption takes place only at the top surface atoms, the electronic structure of the
surface metal atoms should change upon coordination. The simple model proposed by
Norskov’s research group singles out three surface properties contributing to the ability
of the surface to make and break adsorbate (the adsorbed hydrocarbon molecule in our
case) bonds: 1) the center of the d-bands; 2) the degree of filling of the d-bands; 3) the
coupling matrix element between the adsorbate states and the metal d-states.[126] For
pure metal elements, the first and the second properties are intrinsic, and determined by
the nature of the elements and temperature. According to molecular orbital theory, the
third property, the coupling, is determined by the energy difference and the symmetry of
the orbitals involved. Calculation results show the shift in the d-band center when the
metal is alloyed into the surface of the other or is deposited as a pseudomorphic

overlayer.[137] The last thing that calls for our attention is that the surface of the metal
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NPs may be intrinsically oxidized; this will be discussed from the view of
thermodynamics in Chapter 5 when CNT-solder wettablity is discussed.

To answer the second question, vapor-liquid-solid (VLS) model was proposed
and is widely appreciated.[138] VLS model was first used to explain the synthesis of
silicon nanowiskers[139] and then to describe the synthesis of carbon nano
fibers/filaments.[140] According to the VLS model, dissociated carbon dissolves into the
liquid catalyst particle and when the catalyst is supersaturated by the dissolved carbon,
carbon precipitates on the particle surface and nucleates the synthesis of CNTs; CNT
synthesis is due to a continuous diffusion of carbon from the exposed catalyst surface
through the particle.[141] Liquid catalyst particles form at the synthesis temperature due
to the melting point depression effect originated from the small particle size. It is
generally accepted that the diffusion of carbon through the catalyst particle is the rate-
limiting step. However, the nature of the driving force for the carbon diffusion is a
subject of debate.

In 1972, Baker et al. proposed that a temperature gradient across the catalyst
particle was the driving force for the carbon diffusion.[140] It was believed that carbon
diffused from the hotter leading surface on which the exothermic pyrolysis of
hydrocarbons occurs to the cooler surfaces on which carbon is precipitated
endothermically. There is some experimental evidence for the temperature-driven carbon
diffusion mechanism;[142,143] nevertheless, the model could not provide a rational
explanation for the endothermic pyrolysis of some hydrocarbons such as methane.[143]
A recent molecular dynamics simulations showed that such a temperature gradient was
not required for SWNT synthesis from small catalyst particles.[144]

As an alternative to the temperature-driven diffusion model, a concentration-
driven diffusion model was proposed.[145] This model involves a concentration gradient

across the catalyst particle in contact with the hydrocarbon on one side and with a
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graphitic precipitation on the other side. However, experimental evidence for this model
is lacking.

Are there any other explanations for the carbon diffusion? What if it is not due to
bulk diffusion but, rather, due to a surface diffusion (or quasi-surface diffusion) process
that drives the dissociated carbon species around the catalytic particle to form graphitic
carbon deposit? Actually, against any bulk diffusion model, a surface diffusion model
was proposed by Baird in 1974, which was found to be more satisfactory and consistent
for both platelet and filamentary graphitic carbon deposit on catalyst surface.[146] This
model involves a surface diffusion of “metal-metal hydrocarbon species” (after taking
into account the metal diffusion into the carbon precipitate) across the edge of the carbon
layer planes. At the beginning stage, a clean “liquid-like” (can be liquid, or at least the
surface can be like liquid in properties) catalyst particle formed on the surface of the
supporting material as a result of reduction of catalyst oxide by hydrogen (H,) at elevated
temperatures. An association of metal and hydrocarbon species then nucleated on the
fresh surface of the liquid catalyst particle and diffuses on the surface and dissociates at
the contact angle between the droplet and the wall of the supporting material.[147] The
subsequent further precipitation of carbon gives rise to the graphitic shell. In comparison
with bulk diffusion of carbon into the catalyst particle, which seems unlikely due to high
activation energy, a surface diffusion process seems more feasible.[148,149] Synthesis
termination occurs when the catalyst particles are capped.[147,150,151]

Moreover, base-synthesis mode and tip-synthesis mode can also be explained
based on the surface diffusion model. Interaction between the metal catalyst particle and
the support material is a key factor that influences the CNT synthesis mode. Figure 2.1 is
a schematic representation of the two typical CNT synthesis modes, i.e., base-synthesis
mode and tip-synthesis mode. If the particle adheres to the surface of support materials
strongly, carbon precipitates from the front of the particle and CNT synthesis continues

with the particle attached on the substrates. In contrast, when interaction between the
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metal catalyst and the support material is weak, carbon precipitates at the opposite

surface of the particles and the growing CNT lifts the particles as it grows.

(a) (@ (b) CnHm~7.‘~\-CnHm

H, H,
H, H,

C,]Hlks\@i//‘CnHm

SupportMaterial Support Material

Figure 2.1 Two typical CNT synthesis modes in CVD: (a) base-synthesis mode, and (b)
tip-synthesis mode.

Now let us come to the third question: why and how does the carbon deposit
precipitate to form a tubular graphitic shell? Some researchers claimed that the active site
of the catalyst particle for CNT synthesis could be metal carbide, which decomposes on
the surface of the metal, producing graphite layers.[140,152-155] If metal carbide
determines CNT precipitation, there must be some relation between the orientation of
graphitic shells and the plane index of the carbide at the catalyst particle surface.
However, some researchers showed that the carbon shells resulting from carbide
decomposition always presented a constant thickness and orientation whatever the Miller
indices of the carbide crystal face.[147] Actually, some lattice-resolved images show
neither carbide formation,[155] nor extended liquid surface layers.[148] Dynamic
reshaping of catalyst particles during CNT synthesis was recently observed,[156]
indicating a weak relation between the catalytic synthesis of CNTs and metal carbide
formation. In contrast to the theory of carbide-directed formation of graphitic structure,

some researchers postulate that the metal carbide formation during a CVD process is the
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deactivation mechanism for the metal catalyst. Then how can we explain the hollow
graphitic rolls with a constant interlayer distance? | would say it is “spontaneous” when
we think about the following three facts: 1) graphite is thermodynamically more stable
than any other carbon isotopes at the synthesis temperature; 2) (0002) crystal plane of
graphite has the lowest surface energy; 3) interaction with the metal catalyst surface.
Recently, the graphitization ability of several transition metals used as catalysts for CNT
growth via CVD was investigated via classical molecular dynamics simulation on planar
crystalline metal surfaces and metal nanoclusters.[157] Close-packed facets are shown to
be a good template for reconstructing graphene structure since they exhibit some degree
of epitaxy with hexagonal carbon network. Moreover, the interaction energy between a
Fe cluster and graphene sheet was found to be higher than for clusters comprising cobalt
or nickel, since the high energy of graphene due to induced defects is stabilized by
interaction with surface of Fe cluster. The hollow structure is probably because if an
inner shell with an extremely small diameter forms, its strain due to the large curvature
will be too high. As a matter of fact, in many cases, a CNT is not hollow but seemingly
has some amorphous carbon-like matter partially filled inside. For the carbon
precipitation process, a “screw-dislocation-like” (SDL) mechanism has recently been
proposed by Ding et al. by extending the conventional synthesis model for 1D
crystals.[158] SDL mechanism has been experimentally proved by the observation by
Marchand et al. that SWNT turns during catalytic synthesis.[159] | believe more
theoretical and experimental studies will come out to analyze the SDL mechanism.
Finally, let me challenge the VSL mechanism a bit by thinking about the
following phenomena observed during our MWNT synthesis. Melting point depression is
based on the high surface energy of nano-sized particles. It is known that, as is also
observed in my research, the catalyst particles usually grow bigger (>20 nm) during the
CVD synthesis probably due to the Oswald ripening process. The corrected melting point

for the big catalyst particles is way above the CVD temperature for our MWNT
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synthesis. Moreover, when | suspend the MWNT synthesis in purpose—rather than self-
termination—and do TEM imaging of the MWNTSs, | observe that the big catalyst
particles are wrapped by multi layers of graphitic carbon (Figure 2.2). The surface energy
of the wrapped catalyst particle is totally different from a pure nano-sized catalyst
particle. Therefore, a “liquid-like” catalyst particle is unlikely in our CVD conditions and
is not necessary for CNT synthesis. Shall the surface diffusion model be used to modify
the VLS model, there is still a shortcoming—is a “liquid-like” catalyst surface required
for carbon diffusion? The answer, in my view, is “no”. In fact, low-temperature CNT
synthesis has been reported,[108,160-162] where the synthesis temperatures were well
below the (size-corrected) metal-carbon eutectic temperature.[163] In situ TEM studies
showed that the nickel catalyst stayed crystalline throughout the thermal synthesis of
CNTs at 540 °C.[164] All these imply that the catalyst can be completely “solid”, in
contrast to the VLS model. In addition, it is noteworthy that these wrapped MWNTS can
resume growth; it seems that catalyst capping is not the termination mechanism for CNT
synthesis. This is consistent with the recent simulation result by Charlier et al.[165]
Earliest results on open-ended VACNT sysnthesis by Pan et al.[166] also challenge such
a termination mechanism. About the termination of CNT synthesis, various mechanisms

have been proposed but all have, obviously, some shortcomings.[167-173]

Figure 2.2. A caped CNT with the metal catalyst (Fe) particle enclosed.
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2.2 Fast Synthesis of VACNTs by TCVD

Given that PECVD covers a completely different mechanism for VACNT
growth,[112] and it typically doesn’t promise high quality of VACNTS, this section
focuses on TCVD only. Up to date, many researchers have reported successful synsthesis
of VACNTSs by various TCVD processes. For TCVD processes, in most cases, VACNT
growth assumes the base-growth mechanism,[182] which was confirmed by Fan et al. via
an isotoping process.[150] Mass transport and alignment formation during the VACNT

growth were also studied by Fan et al. (Figure 2.3).

Figure 2.3 Evolution of CNTs into arrays by a weaving model. (a) Porous Si substrate
with catalytic particles. (b) The nanotubes begin to grow in random directions and cross
each other, weaving a net form. (c) As the nanotubes continue to grow, the entangled
layer is lifted upwards and anchors the nanotubes into an aligned array.[150]

In 2009, Bedewy et al. reported a mechanistic study of VACNT growth with

much more details (Figure 2.4).[174] They proposed that VACNT forest growth
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consisted of four stages: 1) self-organization; 2) steady growth with a constant CNT
number density; 3) decay with a decreasing number density; 4) abrupt self-termination,

which is coincident with a loss of alignment at the base of the forest.

Stage | =———) Stage |l =——=) Stage Il =—=) StagelV

Self-organization Steady growth Density decay Termination

Figure 2.4 The four steps of VACNT growth proposed in Ref. 174.

In general, there are three requirements for successful synthesis of VACNTSs: 1) a
high number density of active catalyst NPs at the growth temperature;[175] 2) fast
initiation and high growth rate;[176] 3) sustainable/competitive growth over the whole
growth substrate.[177] To these ends, the control over the catalyst layer (in terms of
composition,[178] morphology,[179] thickness,[180] and treatment[181]...) turned out to
be the most important, in conjunction with the control over the CVD procedure (in terms
of temperature, heating rate, atmosphere, and pressure...). The base-growth mechanism
by TCVD necessitates an effective barrier layer against the diffusion of the catalyst to the
growth substrate. It was found that synthesis of CNTs on a bare Si surface was not
possible; a silicon oxide (SiO;) barrier layer of a certain thickness was

necessary.[154,183-186] Hence, SiO, could be used for patterned/selective synthesis of
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VACNTSs.[187] Actually, before 2004, TCVD processes of VACNT synthesis were
limited to quartz substrate, silica-coated (mesoporous or nano-sized) surface, or surface
oxidized silicon substrate, however, with relatively unsatisfactory growth rate, thickness
uniformity, packing density, and/or quality.[117,166,175,188,189] In 2004, a
breakthrough was achieved by Hata et al. They synthesized vertically-aligned SWNTSs on
a Si substrate using a water-vapor-assisted TCVD process, with aluminum oxide (or
aluminum) and silicon oxide as the support layer and barrier layer, respectively.[105]
Detailed discussion about the roles of the support layer and the barrier layer will be
covered in Sections 2.3.3 and 2.5 in the chapter. Following the work by Hata et al., Zhu
et al. reported fast synthesis of high-qualtiy vertically aligned MWNTSs, and multi-
layered vertically aligned MWNTS via a water-vapor-assisted TCVD process.[106] It was
found that VACNT growth was kinetics-controlled when the temperature was below 740

°C, but diffusion-controlled above 750 °C.[190]

2.3 Water-Vapor-Assisted TCVD for VACNT Synthesis

In this section, | present a study of the water-vapor-assisted TCVD process with

more details.

2.3.1 Experimental

A Si (single-sided polished) wafer was surface oxidized by a stardard wet
oxidation process to form a 200-nm-thick surface oxide. A support layer (Al,O3 or Al, or
combined) and a layer of Fe catalyst were deposited sequentially onto the substrate. E-
beam evaporation of Al,O3; and Al was conducted under a vacuum of 7.8x107-1.1x10°®
Torr, with a deposition rate of 0.4-0.5 A s™. Atomic layer deposition (ALD) of Al,O; was
carried out using trimethyl aluminum (TMA, Sigma-Aldrich) and distilled water
alternatively entrained in nitrogen (N2, Airgas) carrier flow. Exposure time in the TMA

and the water vapors was 10 s each. The chamber pressure and the chamber temperature
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were kept at ~1.0 Torr and 250 °C, respectively. For bimetallic catalyst recipes, the
second metal was deposited by e-beam evaporation under a vacuum of ~3x107 Torr, with
a deposition rate of 0.4-0.5 A s™ before the deposition of the top layer of Fe. For VACNT
synthesis, the prepared substrate (with catalyst) was heated to 750 °C (unless otherwise
mentioned) with a heating rate of 25 °C min™ in a mixed gas of Ar and H,. The flow rates
of Ar and H, were 350 and 180 standard cubic cm per min (sccm), respectively. At 750
°C, ethylene (C,H4, 150 sccm) was turned on; a small flow of Ar bubbling through DI
water at room temperature was turned on simultaneously. After preset growth duration at
750 °C, the ethylene flow and the small flow of Ar were turned off. The furnace was
cooled to room temperature. The height of the VACNTs was measured under optical
microscope. To study the nucleation of the Fe catalyst on the support layer and the
surface roughness of the support layer, the substrates with Fe and without Fe,
respectively, were heated to 750 °C with a heating rate of 30 °C min™ in a mixed gas of
Ar (350 sccm) and Hj (180 sccm); then the substrat was naturally cooled to 200 °C in Ar
only. For the catalyst annealing in oxygen (O,), the substrate (with catalyst) was heated in
a quartz tube from room temperature to 450 °C within 15 min, and then a 350-sccm Ar
flow and a 150-sccm O, flow were turned on. After 1-hour annealing at 450 °C, the the

substrat was naturally cooled to 200 °C in Ar only.

2.3.2 Status of Furnace Tube

Al,O3 tubes have been used in our lab for VACNT syntheses for years; however,
little attention has been paid to the variation of the tube status. In the presence of the large
H, flow (180 sccm), Hy-H,O ratio determines the partial pressure of oxygen in the
furnace tube. It will be seen in the Ellingham diagram (discussed in details in Section 2.4)
that when the flow rates of the H, and the Ar bubbled into the DI water are 180 and 10
sccm, respectively, the partial pressure of O, in the furnace tube is ~10 at 750 °C. The

number is so small that it means the control of the water-assisted VACNT synthesis is
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extremely sensitive to the furnace status (sealing and inner-wall contamination). In fact,
Al,O3 itself decomposes the carbon source at high temperatures, and the carbon deposite
accumulates on the inner-wall of the furnace tube. Thus, tube cleaning is needed once
every several weeks by purging O, at high temperatures. This introduces an issue to the
reproducibility of the TCVD process: variation of the status of the furnace tube. In Figure
2.5, we show that the oxygen-rich furnace environment (right after the tube cleaning) and
the carbon-rich environment (after 100 batches of TCVD synthesis) give rise to very
different growth rates and growth termination points than the normal status (namely
between 5 to 100 batches after tube cleaning). To ensure a high reproducibility, from here

after, the synthsis is carried out at the normal furnace tube status.
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Figure 2.5 VACNT height as a function of growth time at different furnace status. “O-
rich” refers to the VACNTS from the first 5 batches of synthesis after tube cleaning (it
took one year to collect the O-rich data in the graph); “C-rich” refers to the VACNTSs
from after the first 100 batches of synthesis; “normal” refers to the VACNTSs synthesized
between 5 and 100 batches after tube cleaning. Synthesis conditions: 350-sccm Ar, 150-
sccm CyHa, 180-sccm H,, 6-sccm Ar bubbled into water, and at 770 °C. 15-nm Al,O3 by
e-beam evaporation is used as the support layer, with a 2.5-nm Fe on top.
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2.3.3 The Support Layer

An Al,O3 support layer of 10- to 15-nm thick has been used by many researchers
for VACNT synthesis.[105,106,190-192] Indeed, Al,O3 has for long been used as the
most efficient support material for Fe catalyst in hydrocarbon decomposition due to the
following advantages: 1) accelerates decomposition of hydrocarbons;[193-197] 2) stable
at high temperatures; 3) strong interaction with the Fe catalyst to restrict the surface
mobility of Fe;[198,199] 4) Fe diffusion is very slow in Al,03,[200] especially under a
reduction atmosphere (i.e., low partial pressure of O,).[201]. Besides, wetting between
Al,O3 and SiO; is good, even at high temperatures.[202,203]

In our study, we found that different preparation processes of the Al,O3 layer gave
rise to very different growth rates (determined by the activity of the catalyst) and
termination points (determined by the life time of the catalyst) of VACNTSs under the
same TCVD process, as shown in Figure 2.6. The life time and the growth rate increase
in the order: ALD < EB < ALD-O < Al-ALD-O. One possible reason for the difference is
the influence of the support layer on the aggregation of the Fe NPs. However, no distinct
difference is observed between EB (Figure 2.7¢) and ALD-O (Figure 2.7d) in terms of
the Fe aggregation, probably because the aggregation is too fast to be discernible.[204] It
is very interesting that the average surface roughness (measured by AFM) of the substrate
(without Fe) increases in the order: ALD (0.21 nm) < EB (0.23 nm) = ALD-O (0.23 nm)
< AI-ALD-O (0.43 nm), roughly in line with the trend on the life time and the growth
rate. Recently, Amama et al. reported that the activity and lifetime of the catalyst was
closely related to Oswald ripening (coarsening) of the catalyst during the TCVD
process.[167] They also linked the Oswald ripening of the Fe catalyt to the surface

roughness of the support layer,[179] consistent with our experimental results.
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Figure 2.6 Influence of the support layer on water-vapor-assisted VACNT growth. “EB”
referes to the catalyst (1.6-nm Fe) with a support layer of 10-nm Al,O3 by e-beam
evaporation; “ADL”: 10-nm Al,O3 by ALD; “ALD-O”: 10-nm Al,O3 by ALD, and the
whole substrate (with the deposited Fe catalyst) is annealed in oxygen before the TCVD
process; “Al-ALD-O” 8-nm Al by e-beam evaporation plus 1.2-nm Al,O3 on top by ALD,
and the whole substrate (with Fe) is annealed in oxygen.

2.3.4 The Roles of Water Vapor

The roles of water vapor in the TCVD process may include: 1) improving the
synthesis rate of CNTSs;[105] 2) etching amorphous carbon at the CVD temperature to
generate clean CNT surface;[106] 3) keeping the bottom part of the tubes (where catalyst
particle and the tube are in contact) opened to retard the synthesis termination (catalyst
deactivation).[191,205,206] Recently, Amama et al. studied the Oswald ripening process
of Fe catalyst particles during TCVD synthesis, and proposed that water vapor retarded
the Ostwald ripening of the Fe catalyst particles due to the ability of oxygen and hydroxyl
species to reduce diffusion rates of Fe.[167] In Figure 2.8, we show that the size of the Fe

particles on the growth substate (with an EB-AIl,O3; support layer) exhibits a more
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uniform distribution when treated in the presence of water vapor than in the absence of

water vapor.

Figure 2.7 Top-view SEM images of the growth substrate with 2.2-nm Fe and a 10-nm
Al;Os. (A) EB-AI,03 before thermal treatment; (B) ALD-O before thermal treatment; (C)
EB-AI,Oj3 after thermal treatment; (D) ALD-O after thermal treatment.
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Figure 2.8 Top-view SEM images of the Fe catalyst particles:(a) without water vapor; (b)
with water vapor. The treatment was carried out in the absence of C,H,, as for Figure 2.7.

2.3.5 Water-Vapor-Assisted TCVD Synthesis of Vertically Aligned Double-Walled
CNTs

One general requirement for SWNT or doubled-walled CNT (DWNT) synthesis is
to have small enough catalyst NPs on the substrate surface during the initiation process.
The key is to retard the aggregation of the catalyst. The following procedures (not
necessarily all) are widely used in literature to prohibit/retard the agglomeration of the
catalyst to form large NPs upon reduction: 1) a thin catalyst layer (typically <1
nm);[105,107,111,207,208] 2) fast heating of the substrate to the growth
temperature;[107,111] 3) addition of a second element in the catalyst recipe such as
Mo;[207] 4) low vacuum;[107,207] 5) PECVD.[107,208] Here we demonstrate that at
certain conditions vertically aligned DWNTs with relatively large diameters can be
synthesized via the water-vapor-assisted TCVD process. There were four major
modifications on the aforementioned water-vapor-assisted TCVD process: 1) a thinner Fe
layer (0.8 nm) was deposited on the aforementioned Al-ALD-O support layer; 2) after
annealed in oxygen, reduced in H2 (at 550 °C for 5 min), a 1.3-nm-thick Al,Os layer was
immediately deposted on top of the catalyst by ALD, followed by the deposition of a

second 0.8-nm-thick Fe layer; 3) the H, flow was turned on after the furnace reached 700
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°C; 4) the flow rate of C,H; was 130 sccm. HRTEM images of the DWNTS are shown in

Figure 2.9.

9 im
ST

Figure 2.9 HRTEM image of synthesized double-walled CNTs.

As has been shown in Section 2.3.3, oxygen annealing is beneficial for achieving
a long life time of catalyst NPs and a high growth rate of CNTs. This is consistent with
the result reported by Shanov’s group.[181] To single out the influence of the top ALD-
Al,O3, we studied the aggregation of a 3.5-nm-thick Fe catalyst layer on a regular growth
substrate (with 10-nm EB-AI,O3) with and without the top 1.3-nm ALD-AI,Os. In Figure
2.10, we see that the top ALD-AI,O3 layer effectively retards the aggregation of Fe at the

growth temperature.
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Figure 2.10 Top-view SEM images of the aggregated Fe NPs on a regular growth
substrate (with 10-nm EB-AI,O3) without (a and b) and with (c and d) the 1.3-nm ALD-
Al,Os.

2.3.6 Bimetallic Catalyst

In some cases, a good adhesion between the growth substrate and the VACNT
film is desired. Titanium (Ti) and chrominum (Cr) are widely used as the adhesion layer
in electronics, and have been said to be able to enhance the interface between CNTs and
the growth substate by some researchers. In Figures 2.11 and 2.12, we show the
preliminary results of VANCT synthesis based on Fe-Cr bimetallic catalyst. We see that
the presence of Cr greatly interrupts the VACNT synthsis, resulting in a poor alignment
and uniformity, and a high impurity. Even worse results can be seen in the case of Fe-Ti
(Figure 2.13). In Figure 2.14, we see that the presence of Ti accelerates the agglomeration

of the catalyst particles. Moreover, we didn’t find distinct improvement of the interfacial
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adhesion between the growth substrate and the VACNT film by introducing Cr or Ti in

the catalyst recipe.

¥ .&Mb -A' ‘-viinm ‘%‘MVM‘ :aﬁdnt-d‘l.v-s
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Flgure 2 11 Slde ~view SEM images of the CNT film synthesized using Fe-Cr bimetallic
catalyst: (a) 5-nm Fe on 3-nm Cr; (b) 3-nm Fe on 5-nm Cr.

Figure 2.12 A tilt- V|ew SEM image of the synthesized CNTs usmg Fe-Cr bimetallic
catalyst (5-nm Fe on 3-nm Cr).
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Figure 2.13 SEM imagés of the synthesized CNTs by Fe-Ti bimetallic catalyst (3-nm Fe
on 2-nm Ti): (a) a side view; (b) and (c) top views.
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Figure 2.14 Top-view SEM images of catalyst (3-nm Fe on 2-nm Ti) on the growth
substrate.

2.4 In Situ Functionalization of VACNTS

Synthesized VACNTSs are typically inert. Wet functionalization processes have
been developed to introduce functional groups to the CNT surface.[209-211] The wet
functionalization processes usually truncate the CNTs randomly and introduce high
defect density to the lateral walls of the CNTs, which greatly degrades the intrinsic
electrical and thermal properties of the 1D structure of the CNTs. Furthermore, big
challenges exist in maintaining the vertical alignment, selective patterning, length control
and quality control of functionalized VACNTSs. In this section, we explore a novel
functionalization process: in situ functionalization, namely, functionalization of VACNTSs

during the TCVD process.

2.4.1 Experimental

10-nm-thick Al,O3 and a 2.2-nm-thick Fe were deposited sequentially on the
substrate by e-beam evaporation. The substrate was heated to 750 °C with a heating rate
of 25 °C min™ in a mixed gas of Ar and H,. The flow rates of Ar and H, were 350 and
180 sccm, respectively. At 750 °C, ethylene (150 sccm) was turned on; a small flow (1-3
sccm) of Ar was turned on simultaneously to bubble through a 10 wt.% aqueous solution
of hydrogen peroxide (H,0,). After preset growth duration at 750 °C, the ethylene flow

and the small flow of Ar were turned off. The furnace tube was cooled to 300 °C. At 300
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°C, Ar was turned up to 500 sccm, and 1-sccm Ar flow that was bubbled through the
H>0,/H,0 solution was turned back on. After 5 min, H, and the small Ar flows were
turned off. The furnace tube was fastly cooled to room temperature from 220 °C.

X-ray photoelectron spectroscopy (XPS) was performed on Model 1600 XPS
system equipped with a monochromator Al K, source. High resolution spectra were
collected with a passing energy of 46.95 eV. The step size and time were 0.025 eV and
100 ms, respectively. Fourier-transform infrared spectroscopy (FT-IR, Nicolet, Magna IR
560) was used to study the functional groups on the in situ functionalized CNTs (f-CNTs)
and their reactions with thionyl chloride (SOCI,). The reaction product of f-CNTs with
SOCI; was designated as s-CNT. The samples were properly dried, mixed with KBr and
pressed to form the semi-transparent pellets. Spectra were collected in N, at an ambient
temperature, by 1000 scans in the wavelength range from 500 to 4000 cm™, at a

resolution of ~4 cm™.

2.4.2 Results and Discussion

Figure 2.15 shows the side-view SEM images of the as-synthesized f-CNT films,

showing a well aligned structure and uniform thickness.
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XPS scans were carried out on the top of the pristine (non-functionalized)
VACNTSs (p-CNTs) and the f-CNTs. Figure 2.16a is the spectrum of p-CNTSs, where no
oxygen peaks were detected. The C1s peak of the p-CNTSs is centered at 284.5+0.1 eV,
assigned to the sp® hybridized carbons in the graphitic structure. In comparison, Figure
2.16Db clearly shows 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—the binding energy of O1s in H,O is ~533 eV.[212] The
asymmetric C1s peak in f-CNT was deconvoluted after background subtraction by the
Shirley’s method. The peaks at 286.3£0.2 and 287.3+0.2 both correspond to carbon
atoms in C-0.[213] The peaks centered at 285.2+0.2 and 290.0+0.2 eV are attributed to
the sp® carbon atoms and the carboxylic acid groups on the aromatic ring,
respectively.[214] The XPS results indicate that the as-synthesized f-CNT walls were in

situ modified with some oxygen-containing functional groups.
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Figure 2.16 XPS spectra of p-CNT (a) and f-CNT (b). Inserted are the corresponding
high-resolution C1s spectra.
Figure 2.17 (trace a) shows the FT-IR spectrum of the f-CNTSs. The peak at ~1572
cm™ is attributed to the C=C asymmetric stretching in graphite-like CNT structure.
Consistent with XPS results, oxygen related functional groups were found in the f-CNTSs.

The peaks at 3445, 1229, 1179 and 1060 cm™ are attributed to O-H, C-O, C-O-C and
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primary C-OH stretchings, 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 CNTs.[215] These oxygen involved functional groups,
particularly the hydroxyl groups and the carboxylic acid groups, may render the f-CNTs
chemically reactive. To prove the reactivity, we use SOCI, to react with the f-CNTs.
Trace b in Figure 2.17 shows the FT-IR spectrum of s-CNTs. Many characteristic peaks
in the f-CNTs remain in the s-CNTSs, except that the peaks of hydroxyl groups at 3445
and 1060 cm™ disappear. We postulate that the hydroxyl groups on the f-CNTs reacted
with SOCI, to give —C—O-S or even (—-C—0-)2S=0 groups. Correspondingly, two new
peaks at 1338 and 1070 cm™, both coming from the S=O stretching, appear in the 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

SOCl;.
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Figure 2.17 FT-IR spectra of f-CNTs (a) and s-CNTs (b)
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2.4.3 Thermodynamics and Kinetics Considerations of the In Situ Functionalization

Let us think about the simplest single reaction: functionalizaiton of double bonds

in CNTs by O, to form epoxide groups, as illustrated in Figure 2.18.

0
> I —c—c— I -
Figure 2.18 Illustration of the functionalization of the double bonds in CNTs by oxygen
to form epoxide groups.

Since the experimental conditions ensure a constant temperature and pressure, if
the change of Gibbs free energy of the reaction, 4G, is negative at a particular
temperature and total pressure, the reaction can occur. Assuming a small percentage
(0.1% by atom) of epoxide functional groups uniformly distributed among the double

bonds on an f-CNT, Gibbs free energy can be written as:

AG = AG? +RT InQ (2.1)
a2
Q= —Lammuse (2.2)
CNT .aoz

where a is the activity, and af-CNT,epoxidezlo'?’.
Let us choose pure, stoichiometric CNT and f-CNT, and pure O,(g), all at 1 atm

pressure, as our reference states.

2 2

af CNT id af CNT id
Q — — .epoxide ~ — ,epoxide (2.3)

o, Po,

where pog is the partial pressure of O, in the gas phase.

AG? =—RT InK = RT In[po, Lq (2.4)

Hence,

2
[poz ]eq a f—CNT epoxide

Po,

AG=RTIn (2.5)
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which means that the oxidative functionalization of CNTs to form the epoxide
groups will proceed if:

2
[poz ]eq a'f—CNT .epoxide

<1 2.6
o (2.6)

ie.,

Po, > [Po, Lq a?  _ =10°[p, Lq (2.7)

AG can be written as:

AGY = AHY —TAS? (2.8)

Given that the CNT and the f-CNT are essentially identical in structure, and that
the functionalization degree is very low, the difference in entropy between the CNT and
the f-CNT is zero. The contribution to entropy change is from oxygen; this is exactly the
reason why in the Ellingham diagram (Figure 2.19) we can see that most of the curves
exhibit almost the same slope.

Take T=800 K as an example, the absolute entropy value of oxygen at 800 K and
1 atm is 235.8 J mol™ K™.[216]

TAS? =-0.8x235.8 = -188.6 kJ mol™ (2.9)

Given that enthalpy is a weak function of temperature, the enthalpy change of
reaction is approximated by bond enthalpy difference. Enthalpy of the second C-C bond
in an aromatic molecule is -170 kJ mol™; bond enthalpy (the double bond) of O, is -479
kJ mol™; C-O bond enthalpy is -360 kJ mol™.

A HEo = (-360)x4—[- 479+ (~170)x 2] = —603 kJ mol™ (2.10)

Additional contribution from absolute enthalpy change of oxygen is:

AH 5SS = ~(A ¢ Hogc o, +Haook 0, ~ Hasec.0,) = ~15.8kJ mol™ (2.11)

We can see the effect of temperature on the enthalpy change is <10% that on the

entropy change.
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Figure 2.19 Ellingham diagram for the study of in situ functionalization of CNTSs.

AH oo = A Hioae +AH 500 S =—618.8 kJ mol™ (2.12)

Hence, at 800K, at equilibrium,

[po, L, goo =8x10% (2.14)
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Po, >8x107% is the criterion for the reaction to proceed at 800K (point A in

Figure 2.19) to achieve 0.1% functionalization degree of epoxide groups on the CNTSs.

Note that point A is below point D, which states that because the equilibrium
partial pressure of O, for oxidation reaction of pure graphite to carbon dioxide at 800K
(point D) is 5x10%, it is thermodynamically allowed to have the 0.1% functionalization
degree, or even 100% such functionalization (point E) without burning the CNTSs.

Let us think about O, control by controlling the ratio of the partial pressure of H,
to the partial pressure of H,O vapor. The solubility of water in a gas at 1 atm can be
calculated from the vapor pressure of the liquid. Raoult's law yields an expression for the

mole fraction, y;:

y, = =X2)P (2.15)

p
where x; is the mole fraction of the gaseous component dissolved in the liquid, p° is the
saturated vapor pressure of the pure liquid, and p' is the total pressure. x, is extremely
small for argon in water at 1 atom at room temperature. At room temperature, saturation
vapor pressure of water above pure water is 17 Torr.[217]

Hence, vy, ~ % =0.022 (2.16)

Taking the flow rates of Ar, H,, and the Ar bubbled through the water (seated at
room temperature) as 350, 180, and 10 sccm, respectively, and assuming ideal gas
properties of all these gases, the ratio of the partial pressure of H; to the partial pressure
of H,0 vapor is 2x10°. The corresponding control point, C, falls between A and E, and is
effective to give us a 1% functionalization degree; therefore, the single functionalization
is feasible by H,-H,O control at 800 K using such flow rates.

Similarly, at 300 °C, points A and E shift to B and F, respectively. If we
functionalize the CNTs at 527 °C (800 K), and keep the Hy/H.0 ratio (i.e., keep the flow

rates) during cooling to 300 °C, the H,-H,O control point will shift to G. We will neither
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lose the functionalization nor burn out the CNTs. Of course, other functionalization
reactions and kinetics factors should all be considered. What will happen if we cool the f-
CNTs from 527 °C to 300 °C in only Ar and H; without introducing the H,O vapor?
Assuming that the H,O vapor concentration in this case is 1 ppm (as impurity in the ultra-
high purity Ar and H,), the control point at 527 °C is K, which falls below A. This means
we will loose the functional groups. Although it seems that at low temperatures (i.e.,
(<440 °C, the temperature at the cross point of HK line and BA line) the functionalization
may resume even at 1-ppm-H,O concentration, kinetics do not allow the reaction to
occur—we never observe low-temperature functionalization of CNTs in the ultra-high
purity Ar and H,.

The important conclusions from the discussion above are:

1) To achieve 0.1% epoxide functional groups on f-CNTs (without considering
kinetics or any other possible reactions), the H,-H,O control is feasible over a wide range
of temperature;

2) In order to keep the functionalization, f-CNTs should not be cooled in only Ar
and H, in the absence of H,0.

Now there is an important issue to worry about. CNT is not the stable form of
graphite, it introduces extra energy (e.g., due to the curvature), the AGo-T line of the
oxidation reaction of a CNT to carbon dioxide should be below that of the oxidation
reaction of pure graphite to carbon dioxide in the Ellingham diagram, e.g., the WV line in
Figure 2.19. As such, there is a risk that the WV line may fall below the H,-H,0O control
line (HC line). This simply means the CNTs get burned. In reality, introducing H,O
vapor during the cooling burns the CNTs. Therefore, the functionalization by H,-H,O
control at relatively high temperatures is not favorable. Although funtionalization at a
properly low temperatur by such a H,-H,O control may be thermodynamically
overpowerful (e.g., point G), the operation has not been successful. The reason can be

very complicated.
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As an alternative to the H,-H,O control, we can directly introduce a bit more O,
using a H,0,/ H,0 solution. At room temperature, the mole fraction of H,0; in the H,O-
H,O, vapor for a 10 wt% aqueous solution of H,O; is <0.1%.[217] The total H,O-H,0,
vapor pressure is ~17 Torr. Taking the flow rates of Ar, Hy, and the Ar bubbled through
the 10 wt% aqueous solution of H,O, (seated at room temperature) as 500, 180, and 1
sccm, respectively, and assuming ideal gas properties of all these gases and complete
decomposition of H,O; in the preheating zone of the tube, the partial pressure of O, in the
synthesis zone of the tube is instantaneously 2.5x10°®. Thermodynamically, the existence
of H, will push the partial pressure of O, toward 10 before any oxidation reactions of
carbon occur at 300 °C; however, kinetically, various oxidation reactions of carbon can

occur in parallel to the oxidation reaction of H..

2.5 Synthesis of VACNTSs on Bulk Copper

As discussed in Section 1.5, Scenario 2—direct synthesis of VACNTS on the heat
spreader—is feasible for incorporation of VACNT TIMs in electronic packaging. Bulk
Cu is the most widely used heat spreader in industry. This section presents the synthesis
of high-quality VACNT films on bulk Cu substrates.

A few papers have reported VACNT syntheses on various metal substrates;
however, the direct VACNT synthesis on a bulk Cu substrate is still a great
challenge.[135,218-223] Wang et al. developed a process to grow VACNTS on a copper
foil surface by water-vapor-assisted TCVD.[224] However, the quality and the structure
of the “VACNTS” on copper were not described clearly. Recently, Yin et al. reported
growing MWNTs on an oxygen-free copper substrate, however, with a poor CNT
alignment.[225] Implementation of VACNTSs grown on copper for thermal management
was reported by Fisher’s research group.[8,226] A trilayered catalyst structure (6-nm
Ni/10-nm Al/30-nm Ti) deposited on a copper substrate/foil was used to grow VACNTS

by PECVD. Nevertheless, the VACNTSs in the two references exhibited different average
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diameters, diameter distributions and CNT coverage on the synthesis substrates, even
though the same synthetic conditions were used. Moreover, no TEM images were given
to show if the “CNTs” synthesized by the PECVD process exhibited a bamboo structure
or multi-walled hollow tube structure—this is important in determining the intrinsic
thermal conductivity of the “CNTs”. It turned out that high reproducibility of VACNT
synthesis on bulk Cu substrates by TCVD was even more challenging. Besides,
fundamental understanding of the roles of the support layers underneath the catalyst layer
during the VACNT synthesis on Cu is still not clear. The goals of this section are: 1)
demonstration of a reproducible TCVD process to synthesize high-quality VACNTSs on
bulk Cu substrates; 2) providing some fundamental understanding of the TCVD synthesis

on Cu.
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Figure 2.20 A conceptual illustration of the VACNTSs grown on a Cu lid surface as TIM
for microelectronic packaging.

2.5.1 Experimental

A pure Cu plate (1x1x0.1 cm®, purchased from Speedy Metals) was abraded with
SiC paper (grit 1200 and 2000 sequentially), and polished with an Al,O3 (100 nm) slurry.
The polished Cu plate was cleaned with acetone and isopropanol sequentially at room
temperature with sonication, and dried immediately with nitrogen flow. The polished Cu
had an average roughness R,=0.35-0.42 um and a peak-to-valley height R,=3.5-3.9 pum.

Ra and R; for the as-received Cu plate (designated as non-polished Cu) were 0.9-1.2 and
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7.3-8.9 um, respectively. The R, and R; values were measured on a profilometer (Tencor
KLA, P15). A thin layer of Al,O3 was used as the support layer on the Cu substrate for
VACNT synthesis. In order to study the influence of the quality of the Al,O3 layer on the
VACNT synthesis on Cu, two different approaches of Al,O3 deposition were studied and
compared: e-beam evaporation and ALD (refer to Section 2.3.2 for experimental details).
Fe catalyst (3-3.5 nm) was deposited on top of the Al,O3 support layer e-beam
evaporation. For comparison, VACNTSs were also synthesized on Si and surface oxidized
Si substrates with an Al,O3 support layer and the Fe catalyst layer. TCVD synthesis of
VACNTSs was carried out at 750 °C as described before. A trace amount of H,O was
introduced into the chamber as usual. Atomic force microscopy was performed in a

Dimension 3100 from Veeco Instruments operating in a taping mode in air.

2.5.2 Results and Discussion

Experimental results are listed in Table 2.1. We have observed and summarized
three important phenomena: 1) a thin Al,O3 support layer (5-20 nm) deposited by e-beam
evaporation fails to grow VACNTS on either polished or non-polished Cu substrates; 2)
ALD, compared with e-beam evaporation, is a much better approach of making an
efficient Al,O3 support layer on the Cu substrates for VACNT synthesis; 3) an ultra-thin
Al,O3 layer (5 nm) deposited by ALD is sufficient for VACNT synthesis on a surface-
oxidized Si substrate but it is ineffective on a bare Si substrate. The quality of the Al,O3
support layer and its actual thickness account for the different results and they all depend

on the Al,O3 deposition method and the surface roughness of the synthesis substrate.

2.5.2.1 The Discontinuity of the Al,O3 Support Layer by E-beam Evaporation

Generally, literature describes the conditions (thickness, deposition, and vacuum)
for the deposition of an Al,O3 support layer on a growth substrate by e-beam evaporation;

however, the continuity of the deposit has rarely been mentioned. During the e-beam
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evaporation process, a continuous deposit layer forms on a substrate surface through
nucleation and synthesis steps. At an early stage of deposition, heterogeneous nucleation
may become rate controlling. This nucleation mechanism leads to isolated aggregates of
condensate on the substrate when the deposit layer is thin.[227] This discontinuity was
briefly discussed by de los Arcos et al.[228] In fact, the discontinuity of the deposit is the
right reason why a thin layer of gold (Au) deposit on a bare Si surface by e-beam

evaporation was recently employed to selectively etch Si wafers.[229]

Table 2.1 A summary of the experimental results of VACNT synthesis on various
substrates with varied Al,O3 deposition methods and thickness.

Substrates Al,O3 preparation Al,O; thickness ~ VACNT
(nm) thicknesss (um)®

non-polished Cu e-beam 5-30 -P
ALD 5,10 --
15, 20 <50
25, 30 >100
polished Cu e-beam 5-20 --
25, 30 <50
ALD 5 --
10 <50
15, 20, 25 >100
Si e-beam 5,10 --
15, 20 <500
Si ALD 5 --
10 >100
15 >800
20, 25 >1200
SiO,/Si ALD 5,10, 20 >1800

a. The average VACNT array thickness after 20-min synthesis on a 1-cm? substrate under
the same TCVD conditions.
b. “--“ means that a uniform VACNT film could not be grown.
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In our study, under the e-beam evaporation conditions of Al,O; (room
temperature, 7.8x107-1.1x10° Torr), there is no oxygen-enabled interfacial reaction
between the Al,O3 and Cu to realize the wetting.[230-232] The poor wetting together
with the surface roughness and impurity of the Cu substrate assists the heterogeneous
nucleation and makes a thin Al,O3 deposit discontinuous. A continuous deposit forms
only when the growing layer thickens enough for the aggregate to impinge on each
other.[227] Therefore, when the Al,O5; deposit layer is too thin to become continuous,
isolated nanoaggregates are formed.[228,233] In this case, the bottom Cu surface is
partially exposed to the top Fe catalyst and/or the carbon source at the inter-grain voids of
the Al,O3 layer during the TCVD process, as illustrated in Figure 2.21a, and the VACNT
synthesis fails. Figures 2.22a and b show the surface status of a non-polished Cu substrate

after the TCVD process of CNT synthesis.

C,H, H, H0 (a)
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_._ J —A1203
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Figure 2.21 Illustrations of an ineffective support layer on a Cu (a) or Si (b) surface
during a TCVD process.
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Figure 2.22 (a) and (b): Top-view SEM images of the surface of a non-polished Cu
substrate (with 30 nm Al,O3 and 3.5 nm Fe by sequential e-beam evaporation) after a
TCVD process of CNT synthesis; (c) and (d): side-view SEM images of the VACNTSs

synthesized on a non-polished Cu substrate (with 20 nm Al,O3 by ALD and 3 nm Fe by
e-beam evaporation sequentially); (e) and (f): TEM images of the CNTs in (c) and (d).

- ‘ S ‘.( :
M 7 5 nm
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There are at least two important reasons for the synthesis failure in this case. First,
Cu deactivates the CNT synthesis, because bulk Cu does not catalyze decomposition of
hydrocarbons,[234] and the solubility of carbon in solid Cu is extremely low—this is
exactly the reason why Cu is used for single-layer graphene synthesis.[235,236] Thus,
when the bottom Cu surface is exposed to the top Fe particles during the TCVD process,
the local Cu-rich catalyst composition is capable of decomposing hydrocarbons, however,
without giving rise to the CNT structure.[234,237] In Figure 2.23, we see that when 50-
nm-Cu and 5-nm-Fe are used as the catalyst, a large amount of carbon particles are
formed, with some random and sparse CNTs on the substrate surface. Second, Fe
diffusion into Cu depletes or intoxicates the catalyst.[227] Fe is known to tend to diffuse
into a bare Si substrate (diffusion coefficient D ~10” c¢m? s at 1000 K) and to form
chemical compound with Si. Such diffusion makes the VACNT synthesis directly on a
bare Si substrate almost impossible in the absence of a surface oxidation layer as the
barrier layer due to depletion or intoxication of the Fe catalyst.[183-186] Cao et al.[186]
found that there was no detectable CNT synthesis on the Si substrate when the surface
oxidation layer was thinner than 6 nm because the thin porous oxidation layer was not
effective in hindering Fe diffusion into and reaction with the bottom Si substrate. In our
study, a thin Al,O3 deposit by e-beam evaporation is discontinuous and analogous to the
thin porous silicon oxide in Cao’s study, as illustrated in Figure 2.21b. It is seen in Table
2.1 that a 5-nm-thick Al,O3 deposited by e-beam evaporation is not an effective support
layer on a bare Si substrate. In the case of Cu substrate, Fe can easily diffuse into the Cu
substrate not only through the thin Al,O3 layer but also via the inter-grain voids in the
Al,O; layer. The diffusion coefficient of Fe in single-crystalline Cu is higher than 10™*?
cm?/s at 1000 K, at least three orders of magnitude higher than that in silicon dioxide (<
10™*° cm? s).[238, 239] It is expected that the polycrystalline Cu that has been used in

this study will experience rapid Fe diffusion into the Cu due to enhanced grain boundary
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diffusion rates.[240] Very recently, Fe catalyst was proved to be able to diffuse into the

Al,O3 support layer prepared by e-beam evaporation due to its porous structure.[179]

L oot - ot - : Z’;‘\‘.}’ > V' = - t‘ v ; L ,’ K—h ‘ ‘\A,
Figure 2.23 Top-view SEM images of the surface of a surface-oxidized Si substrate with
5-nm Fe and 50-nm Cu as the catalyst after the TCVD process of CNT synthesis.

A question arises as “how do we know whether a deposit layer is too thin to be
continuous?” A 30-nm-thick Al,O3; deposited by e-beam evaporation is expected to be
thick enough to be an effective support layer on the Cu substrates; however, it fails on the
non-polished Cu substrates. Since the thickness during e-beam evaporation is monitored
by quartz crystal microbalance and calculated automatically with reference to an atomic
smooth surface, the surface roughness of the Cu substrates plays a key role in
determining the actual thickness of the deposit layer. As such, an increased surface
roughness increases the surface area and, consequently, reduces the actual deposit
thickness. In this sense, a 30-nm-thick Al,O3 layer on a non-polished Cu substrate may
still be too “thin”; while a smoother Cu surface should make a difference. In Table 2.1,
we see that a 30-nm-thick Al,O3 layer is able to grow VACNTSs on the polished Cu,
although the synthesis rate is small. We believe that the surface roughness partially
accounts for the aforementioned poor reproducibility of the VACNT syntheses on Cu

substrates reported in the literature. Recently, Li et al. reported the instability of un-
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covered Cu (i.e., without surface coating by Ti/Al) surface at high temperatures, which

may also account for the synthesis failure in literature.[241]

2.5.2.2 A Dense Conformal Al,O3 Support Layer deposited by ALD

Based on the discussion above, we postulate that a dense conformal Al,O3 support
layer on the bulk Cu substrate would be able to realize a reproducible TCVD synthesis of
VACNTs on Cu substrates. To demonstrate this, we used ALD to prepare a well-
controlled Al,O3 layer on a Cu substrate. In comparison with e-beam evaporation, ALD,
also known as atomic layer epitaxy, is a special modification of TCVD with the
capability of producing films with excellent conformality and precisely controlled
thicknesses.[242,243] In this study, ALD was carried out at 250 °C, with AI(CHa)s and
deionized water as the precursors. This process generates a uniform continuous support
layer (amorphous),[243,244] resulting in highly efficient VACNT synthesis on a Cu
substrate, as illustrated in Figure 2.24a. Very recently, Amama et al. confirmed the dense
structure of Al,O3; by ALD (in contrast to the porous structure of Al,O3 by e-beam
evaporation).[179] Furthermore, unlike the thickness monitoring during the e-beam
evaporation, the thickness of the Al,O3 layer deposited by ALD is more accurate and
insensitive to the surface roughness of the Cu substrates; as such, it guarantees a
reproducible VACNT synthesis. It is shown in Table 2.1 that a relatively thin support
layer on the Cu surface, i.e., 10-nm- and 15-nm-thick Al,O3 on the polished and the non-
polished Cu substrates, respectively, are able to support the VACNT synthesis. A thinner
Al O3 layer, i.e., 5 nm, is not effective while a thicker Al,O3 layer, i.e., 20 nm, results in a
much higher VACNT synthesis rate. Figures 2.22c and d show a VACNT layer (>100
um) grown on a non-polished Cu substrate with a 20-nm-thick Al,O3 layer deposited by
ALD and a 3-nm-thick Fe layer deposited by e-beam evaporation. A high density and a

good alignment of CNTSs are observed.
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Figure 2.24 lllustrations of an effective support layer on Cu (a) or silicon dioxide (b)
during a TCVD process.

In Table 2.1, we also notice that even when the support layer deposited by ALD is
continuous, there is a lower limit on its effective thickness; a thicker support layer is
more effective. This Al,O3 thickness-dependent synthesis of VACNTSs on the Cu and the
Si substrates is consistent with the results reported by Cao et al.,[186] where it was
reported a monotonic increase of CNT synthesis rate with increasing surface oxide
thickness on a Si substrate. A probable reason is the cracking of a relatively thin Al,O3
layer at high temperatures resulting in inter-grain voids within the ALD deposit. In
comparison, for VACNT synthesis on the surface-oxidized Si wafers, an ultrathin (2.5-5
nm) support layer deposited by ALD is efficient. In this case, the surface SiO, layer (350-
nm thick) serves as the major barrier layer, as illustrated in Figure 2.24b. Raman spectra
(collected in LabRAM ARAMIS, Horiba Jobin Yvon, with a 532-nm-wavelength laser)

of the VACNTSs grown on the surface-oxidized Si wafers and those on the Cu substrates
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are shown in Figure 2.25, indicating comparable VACNT qualities on the two substrates,

consistent with the TEM results in Figures 2.22e and f.

T T T T T T T 1
1000 1500 2000 2500 3000

Raman Shift (cm-1)
Figure 2.25 Raman spectra of the VACNTSs synthesized on SiO,/Si (a) and on Cu (b).

2.5.2.3 AFM Characterizations

The surface of a 5-nm-thick Al O3 layer on a bare Si wafer surface prepared by e-
beam evaporation is smooth, with a root-mean-square roughness of 0.196 nm, as shown
in Figure 2.26a. Based on the nucleation-growth mechanism discussed above, the surface
is expected to show lots of island-like features. However, the features are much smaller
than the probe tip used and result in the large number of repeating patterns (artifacts) in
the image. After a surface heat treatment for 1 hour at 750 °C in Ar and H,, the size of the
surface features grow, as is clearly observed in Figure 2.26b. In comparison, the surface
of an equally thick Al,O3 layer formed by ALD is even smoother and continuous (Figure
2.26¢). Its root-mean-square roughness is only 0.155 nm, which is much smaller than that
formed by e-beam evaporation. With the same heat treatment as above, the surface of the
ALD-prepared Al,O3 layer retains its smoothness, showing features much smaller than
the size of the probe tip (the artifacts in Figure 2.26d). Although there might be some
difference between “discontinuity” and “surface roughness”, we believe that for a 5-nm-

thcik coating, a higher surface roughness reflects discontinuity.
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Figure 2.26 AFM images of (a) a pristine 5-nm-thick Al,O3 layer on a bare Si wafer
surface by e-beam evaporation; (b) a 5-nm-thick Al,Os3 layer on a bare Si wafer surface
by e-beam evaporation after heat treatment for 1 hour at 750 °C in Ar and H,; (c) a
pristine 5-nm-thick Al,O3 layer on a bare Si wafer surface by ALD; (d) a 5-nm-thick
Al,O3 layer on a bare Si wafer surface by ALD after heat treatment for 1 hour at 750 °C

in Ar and Ha.
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CHAPTER 3
POST-SYNTHESIS ANNEALING FOR DEFECT REDUCITON OF

CARBON NANOTUBES

CNTs exhibit impressive potentials in many applications such as electrical
interconnects,[4,5,191,245,246] TIMs,[8,226,247-253] high-performance fibers,[254-
262] and so on. Although the theoretical intrinsic electrical, thermal and mechanical
properties of an individual CNT are extraordinary, synthesized CNTSs in reality are far
from being defect-free. Presence of structural defects in a CNT has been found to shadow
its promise in real-life applications.[89,99,263-269] Defect reduction is the key to
realizing the true potential of individual CNTs. Conventionally a high-temperature
thermal annealing process is needed for CNT defect reduction. For example, annealing of
SWNTSs is usually carried out above 1200 °C in vacuum.[270] Although such annealing is
effective in reducing the defects of SWNT, coalescence/reconstruction of SWNTSs during
high-temperature annealing has been found from time to time.[271] For MWNTSs, a
higher annealing temperature (typically above 1900 °C) is needed.[99,272-274] However,
for on-substrate applications of vertically aligned MWNTS in electronic packaging, the
high-temperature thermal annealing process is not feasible because the commonly used
synthesis substrates such as Si and Cu cannot sustain such high temperatures. In some
cases, degradation in mechanical properties was found for high-temperature annealed
MWNTSs.[274] Moreover, thermal annealing is too time-consuming and costly.
Therefore, finding an alternative way to fast-anneal VACNTSs has become significant.

Recently, CNTs have been found to display strong microwave absorption
accompanied by a rapid temperature increase to above 1550 °C.[275-277] The strong
microwave absorption by CNTs has recently attracted considerable interest for both

theoretical research and potential applications,[276-287] especially for CNT
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functionalizations,[287] the mechanism being still open to question though. In this
chapter, we report the application of microwave radiation for fast annealing of VACNTS;
the annealed CNTs show great improvements in mechanical and electrical properties.
What happens to CNT structure in microwave radiation and the mechanism of CNT

response to microwave are discussed.

3.1 Experimental

VACNT films of ~1-mm thick were synthesized by the TCVD process with the
assistance of a trace amount of hydrogen peroxide (Section 2.4.1). Microwave treatment
of the synthesized VACNTSs was carried out in a variable-frequency microwave (VFM)
chamber (MicroCure2100, Lambda Technologies) with the following parameters: 6.425
GHz (central frequency), 1.150 GHz (bandwidth) and 0.1 s (sweep time). The microwave
system could be programmed to operate at different power levels and duration. Inside the
microwave chamber was a self-setup argon-filled glass chamber, in which the VACNT
samples were placed. Upon microwave radiation, intensive light emitting, fast heating
and outgassing were observed from the VACNT samples. VFM techniques have the
advantage of being capable of overcoming the non-uniformities in temperature and arcing
associated with traditional microwave processing. In our study, 500 W microwave output
was able to heat the VACNT samples (the microwave-responsive CNTs) above 400 °C
within a few seconds and above 800 °C within 3~5 minutes. It has been found that such
highly microwave-responsive CNTs could be fast-heated to “super” high temperatures
(e.g., ~3000 K).[278] However, monitoring the actual temperature of the CNTSs in the
VFM chamber during microwave radiation is extremely challenging since infrared
emissivity of CNTs at high temperatures is unknown.

In our study, thermogravimetric analysis (TGA) measurements were carried out in
air, using a heating rate of 10 °C min™, up to 900 °C. In order to evaluate the mechanical

properties of the CNTs, we prepared CNT fibers (10 um in diameter) by a twisting and
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densification spinning process and measured the tensile properties of the CNT fibers
(Figure 3.1).[288] Briefly, the CNT fibers were produced from the MWNT forests by
using tweezers to contact the sidewall and then hand-drawn at a speed of ~50 cm min™.
The as-drawn fibers were physically twisted using a motorized drive at 500 rpm. The
twisted fibers were passed through ethanol to provide permanent twisting. Figure 3.2

shows the SEM images of the MWNT fibers.

300 pm

Figure 3.1 Spinning continuous MWNT fibers from the forest (a) photograph of the fiber
in the process of being drawn from the 1 x 1 cm? forest; (b) optical image showing the
nanotubes being pulled from the forest wall into a fiber.

3.2 Effect of Microwave on the Structure of CNTs

The effect of microwave radiation on the VACNTSs was studied by investigating
the Raman spectra of the VACNT samples treated under various microwave power
outputs and duration. Raman scattering is a well-accepted characterization method for
evaluating the degree of structural order of MWNTS, by using the ratio of the integrated
intensity of D band (Ip) at ~1334 cm™ to that of G band (Ig) at ~1570 cm™.[21] Also
investigated is the ratio of the integrated intensity of D’ band (I, by least-square fitting
Lorentzian line shapes to the asymmetric G band in the spectra) at ~1610 cm™ to

16.[289,290] Figure 3.3 shows the typical Raman spectra (in a selective regime of Raman
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shift) of the control VACNT sample and the VACNT samples treated by VFM; the

corresponding Ip/lg and I/l are shown in Figure 3.4.

5 um e N "\()()p?n_,"

7

Figure 3.2 SEM images of neat MWNT fibers: (a) As-drawn aerogel fiber; (b) nanotube
arrangements in the as-drawn fiber; (c) densified fiber (after passed through ethanol), and
(d) nanotube arrangement in the densified fiber.

It is evident that within short duration (i.e., <180 s) by 500 W microwave
radiation, Ip/lg and Ip/lg decrease with increased duration, indicating an improvement in
the structural order of the microwave-annealed CNTs. We postulate that what happens
during the microwave annealing process is that the defective sites on the synthesized
CNTs reconstruct to form graphitic structure, leading to the reduced Ip/lg and Ip/lg. With

extended microwave radiation duration, Ip/lg and Ip/lg rise probably due to CNT
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degradation in microwave, or due to CNT oxidation given that a highly effective argon
protection is difficult to achieve in the VFM chamber.[275] Such a trend was not

observed distinctly for the samples treated under low-power microwave radiation

(Figures 3.5 and 3.6).

—— control
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—— 500W300s
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Figure 3.3 A selected regime of the typical Raman spectra of the control VACNT sample
and the VACNT samples treated by VFM with 500 W of power at varied duration.
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Figure 3.4 Ip/lg (a) and Ip/Ig (b) of the control VACNT sample and the VACNT samples
treated by VFM with 500 W of power at varied duration.
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Figure 3.5 Ip/l of the VACNT samples treated by VFM with 100 W of power at varied
duration.
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Figure 3.6 Ip/lg of the VACNT samples treated by VFM with 300 W of power at varied
duration.

Our postulation can be verified by the TGA results of the VACNTSs (Figure 3.7).
TGA has been used widely to study the oxidative stability of CNTs so as to evaluate CNT
quality, i.e., defect density and purity.[272,273,291,292] For the control VACNTS, the
peak temperature of the derivative weight loss is ~675 °C, consistent with the reported
values for defective (raw, un-annealed) CNTs.[273,291,293] 1- and 3-min VFM (500 W)
treatments shift the peak temperature up to ~730°C and ~740 °C, respectively, indicating

an effective improvement in oxidative stability, comparable to high-temperature annealed
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CNTs.[273] In comparison, a 5-min treatment causes a dramatic structural instability.
The TGA results show no detectable amorphous carbon or catalyst residue, indicating
high purity of our synthesized VACNTS; therefore, the oxidative stability is a reflection
of the crystalline defect density of the CNT structure. Increased defect density leads to
increased local reactivity to oxygen and, consequently, a lower oxidative stability.
Therefore, relatively short microwave radiation duration is effective in reducing the
defect density of the VACNTS, while extended duration degrades the VACNTs by

introducing more defects.
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Figure 3.7 TGA results of the control VACNTSs and VFM treated VACNTS; inset is the
derivative weight loss plot against temperature.

A further proof comes from the XPS (SSX-100, Al K, source) results. Figure 3.8
shows the change in the oxygen signal of the VACNTS. Increased oxygen content on the
CNT surface due to extended microwave duration is evident. However, it is not observed
any distinct difference in oxygen content between the control sample and the shortly
treated sample probably due to the limited sensitivity of XPS; the same for the high-
resolution spectra of binding energy of C1s. High-resolution transmission electron

microscope images (HRTEM) are shown in Figure 3.9. No essential structural change is
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observed between the control VACNTs (Figure 3.39b) and the annealed VACNTSs
(Figure 3.39d), while the degraded VACNTs show damaged walls (Figure 3.39e).
Reconstruction of CNTs is also observed in the overtreated sample (Figure 3.39f): in
contrast to the wall-to-wall distance of ~3.4 A in the CNTSs, the reconstructured allotrope
shows a much smaller interlayer distance, ~2.3 A, well matching the characteristic
interlayer distance of hexagonal diamond or diamond-like carbon.[294-297] This
indicates very high temperature and local pressure that the CNTs may experience in the
microwave radiation. Large-scale reconstruction of the CNTs is not observed in our
study, probably because the ultra-fast heating process dose not allow the large-scale
reconstruction to take place kinetically.[275]

The high treatment temperature, ultra-fast heating and strong interaction between
the CNTs and the microwave field result in the reduced defect density of the CNTSs. First,
CNTs are known to “store” hydrogen;[298,299] the C—H sites in the CNT structure can
be healed up in the local presence of hydrogen under microwave radiation.[275,276]
Second, the oxidized sites formed in the as-synthesized CNTs may also have been
partially reduced within short treatment duration. Recently, oxygen-containing functional
groups introduced to CNTs at high temperatures during CNT synthesis have been found
to be unstable.[300] During the microwave treatment, the structural and the adsorbed
hydrogen in the argon environment probably causes the local reduction/reconstruction of
the oxygen-containing functional sites. This is the possible reason why water vapor was
detected during CNT outgassing in microwave field.[275,276] With extended microwave
treatment duration, the “stored” hydrogen may have been depleted, rendering the CNTs
subjective to oxidation. Although the temperature that the CNTSs reach in the VFM may
not be as high as that used for the conventional high-temperature thermal annealing for
MWNTSs, CNT annealing is still possible when we take into account the special role of
microwave in dramatically increasing reaction rates and the capability of inducing

chemical reactions which cannot proceed by thermal heating alone.[301,302] In addition,
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we note that a relatively low annealing temperature (700 °C) has been proved to be
effective for CNT annealing by healing up the defective sites in CNT structures caused

by acid treatment during CNT purification.[303]
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Figure 3.8 XPS surveys of the control VACNTSs and the VFM treated VACNTS; insets
are the corresponding high-resolution C1s spectra.

70



s

Figure 3.9 TEM images of the control VACNTS (a and b), th VACNTS treated by VFM
with 500-W power for 180 s (c and d), and the VACNTS treated by VFM with 500-W
power for 300 s (e and f).
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Experimental data of the mechanical tests of the CNT fibers are listed in Table
3.1. The fracture strength and the modulus of the CNT fibers made of the control
VACNTSs (CF1 in Table 3.1) are 0.58+0.12 and 54.7+£3.8 GPa, respectively, comparable
to the values for CNT fibers reported by other researchers.[254,257,258,261,262,304,
305] It is evident that 3-min VFM (500 W) treatment of the VACNTSs dramatically
improved the fracture strength and the modulus of the as-spun CNT fibers (CF2 in Table
3.1) up to 0.79+£0.08 and 89.3+22.1 GPa, respectively. The high strength is almost
comparable to the record strength of 1 GPa reported by Windle’s group (with 20-mm
gauge length of the tested specimens),[256,258] but higher than Windle’s high-
performance fibers (0.44 GPa) from dog-bone CNTs.[258] The tensile strength is even
comparable with the strength of super-strong CNT/polymer composite fibers (0.85
GPa).[259,261] In comparison, extended duration of microwave treatment degrades the
CNTs (CF3in Table 3.1). The mechanical property results are consistent with the Raman,
TGA, XPS and TEM results except that the fibers from the degraded VACNTS possess
higher strength and elastic modulus than those from the control VACNTSs. A possible
explanation is the enhancement in tube-tube anchoring force due to the increased number
of polar groups on the CNT walls by the extended microwave treatment duration. Given
the high packing density of CNTs in the spun fibers, we believe that interfacial stress
transfer becomes a significant factor that determines the apparent collective Young’s
modulus.[306,307] For comparison, we list, in Table 3.1, the mechanical properties of
CNT fibers (CF4, 10 um in diameter) spun from VACNTSs that are grown with the
assistance of a trace amount of water;[288] the as-synthesized VACNTSs show nearly no
surface functional groups.[308] The fracture strength and modulus of CF1 are ~16% and
~580%, respectively, higher than those of CF4. Therefore, surface polar groups do
account for the elastic modulus of the CNT fibers.

Besides the mechanical properties, we also measured the electrical conductivities

of the CNT fibers (Figure 3.10). The electrical conductivity of CF1 and CF2 are
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6.9+0.7x10* and 8.3+1.3x10* S m™, respectively, also indicating an effective CNT
quality improvement after the microwave treatment. The high electrical conductivity is
comparable to the highest-known value measured for a CNT assembly to date.[309] In

comparison, the electrical conductivity of CF3 is much lower, ~2x10* S m™.

Table 3.1 Data of the mechanical properties for the CNT fibers.

Samples® CF1 CF2 CF3 CF4
Fracture strength (Gpa) (8':?28)b 0.79 (0.08) 0.63 (0.14) 0.50 (0.10)
Elastic modulus (Gpa) (53487) (gg:% (77335) (%8)

a. CF1, CF2 and CF3 represent the fibers spun from the control VACNTS, the VACNTS
after 3 min of VFM (500 W) treatment and those after 5-min VFM (500 W) treatment,
respectively; CF4 represents the fibers spun from VACNTSs grown with the assistance of
a trace amount of water rather than hydrogen peroxide.[308]

b. The number in the brackets is the standard deviation.

3.3 Response of CNTs to Microwave Radiation

So far the mechanism of the microwave response of CNTSs is still not clear.
Wadhawan et al.[276] compared the microwave responses of raw and purified SWNTs
and attributed the strong microwave absorption of the raw SWNTs to the high
concentration of catalyst residue. In contrast, Imholt et al.[275] reported nearly no
difference in the microwave response between raw and purified SWNTs. Recently, Naab
et al.[277] found a fairly weak correlation between catalyst residue and microwave
response of CNTSs; instead, structural properties of CNTs seemed to play the key role. In
our study, the VACNTSs are pretty clean, with almost no or very little Fe residue after
they are peeled off the synthesis substrate.[310] The high purity of the VACNTS, as
mentioned before, can also be seen from the TGA and HRTEM results. The free-standing
VACNTS, however, show no distinct difference in microwave response compared to the

on-substrate VACNTSs. Thus, the response of CNTs in microwave is not determined by
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metal particle residue. We also notice that the VACNTS, before and after microwave
annealing at varied duration (shorted than 3 min), show almost the same fast microwave
response, which indicates a weak influence of structural defects on microwave response
of VACNTSs in the low-defect-density regime. So what determines the CNT response in a

microwave field?

Pltape 15+ UBM1
l CNT fiber attach

1 1 1

1 tape cover

Pl tape 2

1 metallization

1 1
ffffffffffffff UBM2
2 2

1 reflow

Figure 3.10 Illustration of the electrical conductivity measurement technique for an
effective reduction of contact resistance. Pl tape represents a double-sided polyimide
tape; “UBM” represents under-bump metallurgy layer, which is AU\NI\Ti in this study.

Generally, microwave energy absorption by materials occurs for four main
mechanisms: dielectric loss, magnetic loss, Maxwell-Wagner effect, and conduction loss.

A. Dielectric loss
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Dielectric loss in a microwave field (in the frequency range of MHz to GHz) is
the result of orientation polarization of a material (or phase, collection, regime) by the
electric component of the microwave field. Carbon materials are intrinsically non-polar
and dielectric loss can be ruled out as a mechanism for microwave heating of CNTSs.

B. Conduction loss

Conduction loss is the result of free charge redistribution in a microwave field. It
is the main mechanism for microwave energy dissipation by materials with high D.C.
conductivity. MWNTSs with relatively large diameters are fully metallic. In a microwave
field, oriented distribution of free charge carriers (¢”) in the CNTSs is equivalent to a large
dipole; the dipole reversal is a sluggish relaxation process, leading to microwave heating.
Conduction loss is probably the dominating mechanism for microwave heating in the
VACNTSs under study.

C. Magnetic loss

Conduction loss accounts for microwave heating of carbon black (up to ~500
°C).[276] However, it may not explain why VACNTs can be heated to higher
temperatures (650-2000 °C) than carbon black. Other mechanisms may need to be taken
in account. Magnetic NPs have been found to exhibit a strong response to microwave
radiation.[311] The presence of magnetic catalyst residue in CNTs may affect their
microwave response. However, the role of magnetic catalyst residue in microwave
heating of CNT is still controversial,[272,276,277,312] because quantitative analysis of
the correlation between the content of the catalyst residue in CNTs and the their
microwave heating was absent in the literature.

D. Interfacial effect

Two interesting phenomena call for our attention. Imholt et al. reported that
microwave heating of CNTs was more prominent when radiated under vacuum than in
air. Given that the contrast in dielectric property between CNTs and air is smaller than

that between CNTs and vacuum, this interesting phenomenon may suggest Maxwell-
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Wagner effect play a role. Maxwell-Wagner effect is about energy dissipation by
scattering of the radiation at interfacial boundaries between two phases with contrast in
dielectric property. This mechanism applies to heterogeneous materials, and therefore,
may apply to VACNTS.

The second phenomenon is that the microwave heating is dramatically suppressed
(<100 °C) when VACNTSs are imbedded in a polymer matrix such as polyethylene and
EP. We observed the heating suppression when we used microwave to assist processing
of VACNT/polymer composites.[249] We note that the interfacial thermal resistance
between the CNTs and the polymer matrix is high; ineffective heat dissipation by the
polymer matrix off the microwave heated VACNTs—if they heated intensively by
microwave—may not account for such a weak response. Moreover, the polymer
materials are microwave transparent (slight absorption). Given the comparable size
between the diameter of the CNTs and the radius of gyration of the polymer chains,[307]
we postulate that the interfacial interaction between the CNTs and the polymer matrix
suppresses the charge redistribution in CNTs under microwave radiation.

Other than the four mechanisms, it was proposed that structural properties of
CNTs play the key role in microwave response.[277] For example, we synthesized
vertically aligned DWNTSs (Section 2.3.5). The DWNTSs didn’t show strong microwave
response, and couldn’t be heated to above 500 °C. More detailed studies of the

mechanism for the microwave response of CNTSs are suggested in the future.

3.4 Preparation of Graphene by Reduction of Graphene Oxide[313]

There are mainly two approaches to reducing graphene oxide (GO): thermal
reduction and chemical reduction. Efficient thermal reduction usually requires
temperatures of 1050 °C or above in reducing environments, because reduction at lower
temperatures will still have a lot of defects remaining, leading to inferior electrical and

thermal conductivities.[314-316] However, high temperature annealing suffers from
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several drawbacks such as low yield (due to severe thermal decomposition),[317] and
high energy consumption. GO reduction can also be achieved by chemical reduction
using different reducing agents, such as hydrazine,[318,319], dimethylhydrazine,[320]
hydroquinone,[321] and sodium borohydride.[322] Chemical reduction of GO can realize
high throughput production, but the efficiency is lower than that of the high temperature
annealing. Moreover, hydrazine and dimethylhydrazine are highly toxic and potentially
carcinogenic. As an extension of the microwave treatment of CNTs, we also tried fast
reduction of graphene oxide by microwave.[323] With shorter than 5 seconds of
treatment, the bulk conductivity increased from 0.07 to 1x10* S m™, which is preferably
comparable with that of the high-temperature exfoliated graphene (10° S m™).[324,325]
In addition, the G band red-shifts to 1565 cm™, indicating the recovery of hexagonal
network of carbon atoms. The Ip/lg ratio decreases from ~1 to ~0.3, which, to the best of
our knowledge, is the lowest Ip/lg ratio of reduced GO reported up to now. Since the
Io/lg ratio is inversely proportional to the average size of the sp? domains in the reduced
GO structure, the microwave reduction is believed to dramatically increase the average

size of the crystalline graphene domains.
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CHAPTER 4
PARAMETRIC STUDY OF THE INTRINSIC THERMAL
TRANSPORT PROPERTY IN VERTICALLY ALIGNED MULTI-

WALLED CARBON NANOTUBES

For practical applications, collective thermal transport property of CNT
aggregates (carpet, mat, yarn...) is of more interest than the intrinsic x of individual
CNTs and collective thermal transport property of 2D and 3D random CNT
networks.[100] Hone et al. reported x of ~250 W m™ K™ for a magnetically aligned
SWNT film.[326] Yang et al. found that x of a VACNT array by a PECVD process was
only 12-17 W m™ K™.[97] They attributed the low « to the small volume filling fraction
(“packing density” from here after) of CNTs in the array. Yi et al. measured x of
millimeter-long VACNTS.[99] At room temperature, x was only ~25 W m™* K™. The
relatively low value was attributed hypothetically to a substantial amount of CNT defects.
Wang et al. used a photothermal technique to measure the thermal conductivity of carbon
nanofiber arrays and revealed a relatively low « of ~27 W m™ K™*.[327] x of 74-83 W m™
K™ for a VACNT array (13 pm, MWNTs with a bamboo-like structure by microwave
PECVD) in the temperature range of 295-323 K was reported by Goodson et al. using a
3w measurement technique.[328] However, very recently, Goodson et al. reported a
much lower x (<3 W m™ K™?) of a VACNT film along the tube-alignment (through-
thickness) direction,[329] which is contradictory to their previous result. Unfortunately,
no discussion was given regarding the discrepancy. In 2010, Shanov et al. reported an
extremely low value of x (~1 W m™ K™) for their synthesized ultra-high VACNT
arrays.[330] If we think about the ASTM-based steady-state thermal measurement,

assuming 1 cm? as the area, 100 W cm™ as the heat flux, 100 pm as the bond-line-
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thickness of the VACNT TIM, we will get at least 100 degrees of temperature difference
across the TIM—a huge temperature drop! However, in our study, we have never seen
such a huge temperature drop.

The reported values of x of VACNT arrays/films scatter over a sarcastically wide
range due to the following two reasons. First, the VACNTS in literature are from different
sources, and therefore, are expected to be intrinsically different in quality (defect
density), structure (diameter and its distribution, wall number, and chirality of each wall),
substructure (Swiss roll, Russian roll, or Bamboo), alignment, tip entanglement, packing
density, adhesion to synthesis substrate, catalyst residual, etc. Second, different thermal
measurement techniques (including laser flash technique, steady-state TIM testers based
on ASTM 5470, thermoreflectance technique, photoacoustic technique, photothemal
technique, 3w technique), sampling processes, assumptions, and calculations were
utilized by researchers. Although a direct comparison between such measurement results
of different VACNT samples by different techniques can be seen very often in literature,
it actually makes no sense at all! On the other hand, | would like to state that a reliable
measurement technique should render us the feasibility of quantitative or, at least, semi-
quantitative analyses of how the factors such as CNT quality, buckling, inter-tube
contacts, packing density, and tube-tube interaction influence the collective thermal
transport property of VACNTSs. Unfortunately, no such systematic parametric study has
ever been carried out with any specific measurement technique. Therefore, the reliability
of the measurement results of the intrinsic x of VACNT arrays/films in literature is open
to question. Here we perform the systematic parametric study using a laser flash
technique, and show that the laser flash technique is reliable in measuring the intrinsic «
of VACNT films. The parametric study may be highly important in providing researchers
with necessary insights into the intrinsic thermal transport property of VACNTS, as well
as into their potential application for thermal management. Currently, VACNT

application for thermal management is being extensively studied in industry. In our
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private communications with thermal engineers in Intel and Samsung, we all find the
values in literature regarding intrinsic thermal transport property of VACNTs and

resistance of VACNT TIMs are so puzzling and conflicting.

4.1 On the Basis of Laser Flash Analysis

Laser flash analysis (LFA) is a sensitive non-contact transient thermal
measurement technique. It is widely used for measuring thermal diffusivity of
homogeneous materials,[331-336] and in some cases, heterogeneous materials.[337] In a
typical LFA setup, a laser flash lamp, a sample and an infrared detector are vertically
arranged. During testing, the front face of the sample is illuminated by a pulsed laser
produced by the flash lamp. Both the released energy (controlled by the filter) of flash
lamp and the width of the heating pulse (100, 400, and 1000 ps for LFA 447, Netzsch
Inc., the equipment used in this study) can be adjusted. The temperature on the rear
surface of the sample is monitored by the infrared detector. Thermal diffusivity () of the
sample is obtained by parametric fitting of the recorded temperature-vs-time history of
the rear face of the sample after the laser is shone on the front face. The allowable range
of a is 0.01-1000 mm? s for LFA 447, with a reproducibility of approximately +3%. « of
the sample can be calculated based on the definition: x=apcp, where p and c, are mass
density and specific heat, respectively. LFA technique has recently been considered a tool
to measure o of VACNTSs and effective o of VACNT TIMs.[251,338-342] However, the
feasibility is still controversial in view of the porous structure of VACNTS, and usually
large interfacial thermal resistance between CNTSs and substrates. It is important to have a
brief review and discussion of the basis of the LFA technique.

LFA technique was described for the first time by Parker et al. in 1961,[331]

where a simplest relation was given

" _1.371°
08~ o (4.1)
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where tos is the time for the rear face of the sample to reach half-maximum in its
temperature rise, aos the calculated thermal diffusivity using tos, and | the sample
thickness. The derivation of Eqgn. (4.1) rests on the following approximations:

A. heat flow is 1D;

B. the pulse width of the incident laser (z) is negligible compared with the
characteristic transit duration (t;) of the heat flux through the test sample so that the laser

incidence and energy absorption is instantaneous, where t; is defined as

T (42)

C. the penetration depth of the incident laser is very small;

D. material properties (especially a and c,) are temperature independent, or at
least, not strongly temperature dependent;

E. heat losses from the sample surfaces are negligible.

To meet approximation A, sample thickness and anisotropy in a should both be
taken into account. A thin Au coating is beneficial to ensure rapid planar heat distribution
upon the laser incidence. When a laser beam is shone directly on the surface of a porous
VACNT film, heat distribution on the front plane is not uniform. For approximation B,
the preset pulse width and sample thickness are important factors. Actually, pulses are
often comparable in duration with the transit time; in those cases, corrections are
needed.[333,343-345] A small penetration depth (approximation C) requires the front
face of the sample be opaqgue to the incident light. This is an issue for measuring samples
with incident light in the infrared regime. For example, Si is transparent to the infrared
laser incorporated in LFA 447; in this case, an Au coating is used to make the Si surface
opaque, and a thin black graphite coating is applied to the Au surface to reduce light
reflectance and increase the surface emissivity. When measuring a porous sample such as
a VACNT film, the laser beam can penetrate into the sample. As such, the as-measured a

is, as Akoshima et al. pointed out, an overestimation.[346] The penetration depth, and
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therefore, the accuracy of the measurement, depends upon the wavelength of the incident
laser, its pulse width, and the packing density of the VACNTSs. Approximation D requires
the range of temperatures in a single measurement be kept as small as possible. This is
one of the important reasons why materials with low thermal diffusivities are sized to be
relatively thin, and also one of the reasons why in some cases o is obtained by
extrapolating to zero incident laser pulse energy on the plot of apparent o values as a
function of incident laser pulse energy.[341] Approximation E is not applicable to high-
temperature measurement or samples with relatively high emissivity and large thickness;
proper corrections are recommended.[332-334] A VACNT array has a high emissivity
(>0.98) due to its sparseness and imperfect alignment of the tubes in the array.[342,347]
Thus, for a thick VACNT array, e.g., 1 mm,[346] heat loss by radiation is an issue and
needs to be corrected.[348] In the present study, we try to provide an answer to whether

and how we can use the LFA technique to measure o of VACNTS.

4.2 Experimental

4.2.1 VACNT Synthesis by a TCVD Process

VACNTSs were synthesized by a water-vapor assisted TCVD process as described
before. The thickness of the synthesized VACNT films can be tuned in the range from 20
to 2800 pwm by tuning the growth duration. The overall packing density of the synthesized
VACNT film is ~5%. Packing density (f) is defined as the volumetric percentage of the
CNTs in the VACNT film, which is equal to the ratio of the mass density of the VACNT

film (weighed) to the mass density of individual CNTs (calculated later).

4.2.2 Microwave Treatment

Microwave treatment of VACNT samples was carried out in a VFM chamber
filled with air at normal pressure to create an extra amount of defects in the CNTs. The

microwave system was programmed to operate at different power levels and duration.
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4.2.3 Mechanical Bending of VACNTS

A surface-metallized VACNT film (870-um thick) on its synthesis substrate was
carefully centered on top of the bottom plane compression platen in an Instron 5548
Micro Tester. A counter Si substrate was tape-fixed to the bottom of the top platen and
then moved downward slowly (50 pm min™) against the top of the VACNT sample. The
top platen stopped when the preset compression ratio (1-//lp, where |y is the thickness of
the VACNT sample before compression, and [’ is the thickness after compression) was
reached, and held for 5 min before release of the force. The compression process was
repeated once on the same VACNT sample. The final /” was determined under an optical
microscope. Due to the elasticity of the CNTs, samples with compression ratio smaller

than 40% could not be prepared reproducibly.
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Figure 4.1 A typical stress-strain curve during compression of a VACNT film. SEM
images of the VACNTSs before (upper left) and after (lower right; sample tilted by 10° in
the SEM chamber) buckled are shown.

83



4.2.4 Mechanical Densification of VACNTS

Similar to the bending process, an on-substrate VACNT sample was tape-fixed on
the bottom compression platen. A counter substrate was moved downward against the top
of the VACNT sample, but stopped to hold when a ~5% (completely elastic regime)

compression ratio was reached. Then the VACNT sample was bilaterally densified by 4

@
-~
o

A VACNT film is placed between two substrates;
5 % compression ratio was held in the Z direction;
Bilateral densification {along X and Y at the same time).

V

or 9 times.

y 4

Figure 4.2 Schematic illustration of the mechanical densification process.

4.2 .5 Laser Flash Measurement

Laser flash measurements of VACNT samples were carried out in a Netzsch laser
flash apparatus (LFA447), with no pressure imposed during measurements. Four types of

samples (1x1 cm? in size) were analyzed.

4.2.5.1 Type I: Free-Standing VACNT Films
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A sharp and strong spike signal is evidenced in the experimental curve (Figure

4.3) due to the high porosity (packing density of CNTs ~5%) and anisotropy of a.

4.2.5.2 Type II: Surface-Metallized VACNT Films

As a modification of the type | structure, 30-nm Ti and 150-nm Au were
deposited sequentially onto a free-standing VACNT film (by e-beam evaporation) to
block, absorb, and distribute the energy of the incident laser beam. The metallized surface

was the front surface during LFA measurement. An experimental curve with good fitting

by various models is shown in Figure 4.4.
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Figure 4.3 The experimental curve and fitting results for a type | sample. “Radiation +
pulse”, “Cape-Lehman + pulse”, and “Cowan + pulse” refer to different models with
correction methods of LFA, the corrections are incorporated in the commercial software
on the basis of theoretical models in the literature. Inset is simplified illustration of the
measurement layout.
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Figure 4.4 The experimental curve and fitting results for a type Il sample.

4.2.5.3 Type I11: BiSn-VACNT bilayer structure

The sampling process is illustrated in Figure 4.5. The VACNT array (on
substrate) was surface-metallized with 30-nm Ti, 100-nm Cu, and 100-nm Au (Au\Cu\Ti
as under-bump metallization layer for the solder bonding to BiSn) by sequential e-beam
evaporation. The as-metallized VACNT array was pressed mildly (5 kPa) against eutectic
BiSn (Bi58Sn42) (Indalloy #281, T,=138 °C, Indium, Inc.) on a Si substrate reflowed at
170 °C. After cooling down to room temperature, the bottom Si substrate was easily
removed because BiSn doesn’t wet Si surface. The thickness of the bottom metallization
layer (BiSn) was measured under an optical microscope. Such a bilayer sample can be
treated as a single layer based on the following considerations. First, the thickness (~20
um) and o (12.5 mm? s measured by LFA, consistent with the documented data of 13.2
mm? s from Indium, Inc.) of the bottom BiSn ensures an extremely short heat transport

duration (t;, BiSn=0.71/a <6 ps) through the BiSn layer. This duration, in comparison
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with the pulse duration (for example, =100 or 400 us), is negligible. Second, the
VACNT thickness can be tuned to ensure that tc,vacnt>7 (finite-pulse effect), and/or
rkvacntlelvaent>4.2 W cm™ K (radiation loss effect). A typical experimental data curve is

shown in Figure 4.6.
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Figure 4.5 Schematic illustration of the sampling process for type 111 samples.
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Figure 4.6 The experimental curve and fitting results for a type 111 sample.

4.2.5.4 Type IV: Cu-VACNT-Si Trilayer Structure

VACNTSs were synthesized on a bulk Cu substrate (1-mm thick, surface finished)
or a thin Cu foil (25-um thick, surface finished) and then bonded to a Si (265-pm thick)

mating substrate (the chemical bonding process will be discussed in details in Chapter 5).

4.3 Results and Discussion

4.3.1 The Importance of the Metallization Layer for Type Il Samples

The experimental results of type | and Il samples with various thicknesses (CNT
lengths) are shown in Figure 4.7. For type | samples, the porous structure results in an
overestimation of a. As predicted, a of type | samples varies greatly with the sample
thickness, which should not be true. In sharp comparison, a thin metallization layer on the

VACNT surface (type Il) is effective in blocking the incident laser and distributing the
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absorbed energy. In view of the small tube size and the inter-tube distance, the VACNT
sample can be treated as a quasi-homogeneous material with respect to the incident laser.
As a result, the experimental curve can be fitted very well with conventional models for
homogeneous bulk materials. o is not thickness-dependent, which is in agreement with
the experimental result by Yang et al.[97] and the theoretical prediction in the diffusive-
transport-dominated regime.[349] The measured value of a is 29.45+0.52 mm? s?,
corresponding to xyacnt Of 0.27+0.01x10° W m™ K™ (calculated later). Taking into
account the 5% packing density, « of individual CNTs is calculated to be 5.4+0.3x10? W
m™ K™ from the LFA results. It is noted that our preliminary measurement result on the
same VACNTs by a photothermal technique was mvacnt=81 W m? K [350]
corresponding to >1600 W m™ K™ for the individual CNTSs, which is not a reasonable
value given the intrinsic defects, large diameter, and tube-tube interaction of the CNTSs.
Such an overestimation is probably attributed to the inaccuracy of the measurement
technique used before.

It is noted that the as-measured « (Cape-Lehman+pulse correction) is a
convolution of the intrinsic thermal transport property of the VACNT array, the Au\Ti
coating, and the interface. In such a case, a correction on a is used based on the analysis

by Maillet et al.:[351]

2
Ioverall2 — IVACNT2 |:1+ CAu\Ti (1_’_ 3RAu\Ti +3 Ri j:| (42)

X eon Qypent VACNT 2R pent Ruacnt

where loveran and lyacnt are the overall thickness of the sample and the VACNT thickness,
respectively, acon and ayacnt the convoluted thermal diffusivity (after Cape-
Lehman+pulse correction, corresponding to the red-triangle data points in Figure 4.7) and
the true value of the thermal diffusivity of the VACNT film, respectively, Cauti and
Cvacnt the thermal capacitances per area of the Au\Ti coating and the VACNT film,
respectively, and Rawri, Rvacnt, and R; the thermal resistances of the Au\Ti layer, the

VACNT layer, and the VACNT/metallization interface, respectively.
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Figure 4.7 Experimental data for type | and Il samples. All the data were corrected
against the finite-pulse effect and heat loss (Cape-Lehman model).

C is calculated as

C=pc,l (4.3)
where | is the thickness of the material in study.

Taking 1a,=150 nm, 11;=30 nm, x,=318 W m™* K, x1;=21.9 W m™* K*, pa,=19.3

g cm?, pri=4.51 g cm™, ¢, 4,=0.129 J g K, ¢,71=0.52 J g K}, and using a mixing rule

. | i I I . .
and a series model ( ATl =24 T for the Au\Ti coating, we get
A pti PantiCpanti Kaw K

lauTi=180 nm, pani=16.8 g cm, ¢y anmi=0.146 J g K™, aari=39.64 mm? s,

d2.; —d?
pCNT = pgraphiteM :13i 001 g Cm'3 (44)

2
dO,CNT

where pgraphie=2.21 g cm™>, cpenr=0.7 J g™ K™,[352] the average outer diameter of CNT

do cnt=14%£1.2 nm, and the average inner diameter d; cnt=8.9+0.7 nm.
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_ Naent _ VACNT
Ruacnr = = (4.5)
vacNT  Ovacnt PentCpent

avacnt 1S the solution of the equation set composed of Eqns. (4.2) and (4.5). In
view of the sharp contrast in thermal diffusivity and mass density between the CNTs and
the surrounding air in the porous structure, the CNTSs are considered the only paths that
conduct heat during the measurement. Therefore, in Eqn. (4.5), we use the mass density
and the specific heat of an individual CNT instead of the effective mass density and the
specific heat of a porous VACNT film.[340,353]

Now the effects of the Au\Ti coating and the CNT\coating interface can be
investigated. A wide range of theoretically assumed values of a of the Au\Ti coating is
covered, from 15 mm? s (in the case of a porous metal film) to its theoretical value of
39.64 mm? s™%; so is the CNT\coating interfacial resistance, from 0 to 30 mm? K W, In
Figure 4.8, we see that the effects of the Au\Ti coating and the CNT\coating interface on
the measurement results can be neglected: the predicted deviation from the measured « is
<0.3%. The deviation is smaller than the reproducibility of LFA (~3%), not to mention
the propagation of errors. This theoretical analysis was tested by measuring a of the
VACNT films coated with an oxidized Au\Ti layer. Oxidation of the Ti deposit in the
Au\Ti coating on the VACNTS was realized by a 5-min 100-W microwave treatment, as
confirmed by XPS (Figure 4.9). The average value of « is 28.41 mm? s (Figure 4.7),
3.5% lower than the average a (29.45 mm? s™) of the Au\Ti coated VACNT samples. It is
more or less within the error margin of the measurement. The high reproducibility of the
VACNT synthesis and sampling, and the high accuracy of the data extraction ensure a
high accuracy and precision of « by the LFA technique. In comparison, a (40-280 mm? s’
!y may not be determined with a compariable accuracy by other measurement techniques

such as the photoacoustic technique.[226]
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Figure 4.8 Thermal diffusivity corrections against the thermal resistance of the Au\Ti
coating and the CNT\coating interfacial resistance.
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Figure 4.9 Hi-resolution X-ray photoelectron spectrum of the TI\VACNT surface after a
5-min 100-W microwave treatment.

4.3.2 Influences of CNT Quality, Buckling, and Packing Density on the Thermal
Diffusivity of VACNTSs

As stated above, a reliable measurement technique should enable us to perform
the systematic parametric study. Reversely, the parametric study is a good test of the

reliability of the LFA technique.

4.3.2.1 Quality of CNTs

Quality of CNTs has been found to be highly important in determining the
thermal properties of CNTs.[80,90,91,354,355] Most of the studies on defect-dependent
thermal conductivity of CNTs have so far been focused on simulations of individual
SWNTs only. Recently, Pettes and Shi presented experimental data on the defect-
dependent thermal conductivity of individual CNTs,[92] where intrinsic thermal
conductivities of 42-48, 179-336, and 269-343 W m™ K™ at room-temperature for three

MWNT samples were found to be correlated well with observed defects spaced
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approximately 13, 20, and 29 nm apart, respectively. Defect-dependency of the collective
thermal property of VACNTS is actually of more interest but remains unexplored.

In our study, the defect density of CNTs is qualitatively evaluated by the ratio of
the integrated intensity of D band (Ip) at ~1334 cm™ to that of G band (Ig) at ~1570 cm™
in Raman spectra. In general, the more defective the CNTSs are, the higher the Ip/lg ratio
is. As can be seen in Figure 4.10, a of VACNTS decreases, as is predicted, with increased
Io/l ratio for categories B, C, and D. Comparing the results of categories A, B, E, and F,
we find that in the regime where Ip/lg is very close to 1, « is much more sensitive to the
microwave treatment than Ip/lg. For example, VACNTs after a 500-W microwave
treatment (in air) for 1 min show an Ip/lg value (1.05+£0.02) that is very close to the value
of the control samples (1.01+0.01); however, its « decreases by ~25%. This phenomenon
is probably attributed to the higher sensitivity of « than Ip/lg to CNT defect density in the
low-defect-density regime. The microwave treatment, when performed in air, introduces
oxygen-functionalized sites (or chemisorption of oxygen) on the CNTs. According to
simulation results, when a small amount of point defects (such as vacancies, isotopic
atoms, rehybridizations due to functionalizaiton, and absorption) are introduced to a
single CNT, its x drops drastically.[89,90,355,356] Due to the intrinsically large D-band
ina MWNT caused by the turbostratic stacking (stacking fault) of the walls,[22,99,357] it
is reasonable to believe that Ip/lg in the Raman spectra is not sensitive to defect density
in the low-defect-density regime. The low defect density of the synthesized VACNTS is
reflected by the high « value of the individual CNTs (=540 W m™ K™), which is
comparable with the result by Aliev et al. (~600 W m™ K™),[342] and higher than the
results by Pettes and Shi (<350 W m™ K™),[92] Yang et al. (~200 W m™ K™),[97] and
Choi (<350 W m™ K™ et al.[81]

A high-temperature annealing process (980 °C, 2 hours, Ar 350 sccm, H, 200
sccm) reduces Ip/lg by ~7%. Accordingly, o increases to ~34 mm? s, corresponding to a

17% increase in « for individual CNTs (to ~620 W m™ K™). In comparison with the
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annealing effect of a high-temperature (3000 °C) treatment on carbon fibers, where
improvements by two orders of magnitude were observed (from ~40 to ~1100 W m™ K™*
and from ~10 to ~100W m™ K™ for TCVD-synthesized fibers and PAN-based fibers,
respectively),[357] the annealing effect presented here is not distinct. One possible reason
is that the annealing temperature is not high enough to allow for a complete
reconstruction of defective lattice sites. Temperatures above 1900 °C are typically used in

thermal annealing of MWNTSs.[273, 274]
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Figure 4.10 Thermal diffusivity and Ip/lg ratio of VACNT samples (type Il). Categories
A, B, C, D, E, and F represent control VACNT sample, VACNTSs treated by 500-W
microwave for 1 min, VACNTS treated by 500-W microwave for 2 min, VACNTS treated
by 500-W microwave for 5 min, VACNTSs treated by 200-W microwave for 10 min, and
high-temperature annealed VACNTSs (980 °C, 2 hours, Ar 350 sccm, H, 200 sccm).

95



4.3.2.2 Buckling of VACNTSs

Buckling effect on « was studied by measuring the mechanically bent samples. A

typical experimental curve from the LFA measurement for the bent samples is shown in

Figure 4.11.
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Figure 4.11 The experimental curve and fitting results for a mechanically bent sample
(type 11, compression ratio ~57%).

We observe a large drop of a upon compression (Figure 4.12). For example, a
compression ratio of 50% results in 70% reduction in a (to ~9 mm? s™); a compression
ratio of ~ 80% reduces a from ~30 to ~1.5 mm? s™*. At least two reasons account for the
phenomenon. First, above a critical compression ratio (named “critical strain” in
literature) of ~40%, buckling associated with permanent deformation (nonreversible
compression) of the film was observed. Note that a critical strain (e in Figure 4.1,

defined as the compression ratio above which buckling of VACNTSs occurs according to
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the definition in literature) of ~57% was previously reported by Cao et al.[358], which is
higher than in our case probably because the packing density of their VACNTSs (~13%)
was higher than ours, and a different compression rate was used. The buckling suggests a
structural breakdown of the CNTs;[358] the damaged CNT wall structure results in
phonon scattering. Bending robustness of thermal conductance of short individual CNTs
was observed experimentally by Chang et al.[359], and has recently been justified in
theory by Nishimura et al.[360] However, it was found that when the outer shell of a
MWNT broke down (disconnected), x dropped more than 70%. Second, the bending
process increases tube-tube contacts, which enhances tube-tube interaction. Tube-tube

interaction has been proposed to be a negative effect on thermal transport.[100,348,361]
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Figure 4.12 Buckling effect on the collective thermal diffusivity of VACNTS.

When measuring VACNT TIM samples, people tend to apply a certain pressure to

reduce the bond-line thickness and improve the CNT/substrate contact. However, the
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high compression force used in literature (e.g., 0.45 MPa in Ref. 8) is very likely to
permanently damage the VACNTSs and result in a great reduction of thermal conductance

through the VACNTS.

4.3.2.3 Packing Density of VACNTs

VACNTS with high packing densities are desired for most applications.[362,363]
Figure 4.13 shows the side-view SEM images of the control VACNT film and the 9-

times densified VACNT film.

."P A
| h \ Y‘

Figure 4.13 Side-vew\ mages of syntheizd VACs (),and the ACs
densified by 9 times (b).

In Figure 4.14, we show that o of VACNTS increases to 48.89-55.61 and 90.00-
103.11 W m™ K™ when densified by 4 and 9 times, respectively. A higher packing
density renders more channels/paths per unit area to conduct heat. When normalized to «
of individual CNTs, however, the value decreases with increased packing density,
indicating a stronger tube-tube interaction upon densification. Interpretation of the
negative influence of tube-tube interaction on the thermal transport is straightforward.
Fundamentally, phonons are nothing more than vibrations. When vibrations of individual
tubes are interfered by, for example, forces from adjacent tubes or polymer molecules on

the tube surfaces, phonon scattering occurs. Tube-tube interaction (or “inter-tube
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coupling”) is generally dominated by van der Waals force between CNTs in a CNT

bundle and a VACNT film. A decrease in thermal conductivity of CNTs due to tube-tube

interaction upon bundling has also been discussed by Aliev et al.[348]
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Figure 4.14 Effect of packing density on the thermal diffusivity of VACNTSs.

4.3.3 Evaluation of Tip-to-Tip Contact Resistance in Layered VACNT Structures

Multi-layered VACNT films with well-defined thickness of each layer were
synthesized by a TCVD process reported before.[190] Figure 4.15 shows the side-view
SEM image of a synthesized multi-layered VACNT film. Array-to-array tip-to-tip
thermal resistance is evaluated by extracting the VACNT-VACNT interfacial resistance

from the measurement results of multi-layer VACNT samples (Table 4.1). A common

99



. I I : : , :
series model (—22 = @l 3R, where R; is the interfacial thermal resistance

Kequivalent KVACNT

between two adjacent VACNT layers) is used, i.e., the equivalent thermal resistance is
equal to the sum of interfacial resistances between layers, and the total intrinsic resistance
due to the VACNTSs. The VACNT-VACNT interfacial resistance in the trilayer sample is
~2 mm? K W (averaged value of the last column in Table 4.1), similar to the result (~2.1
mm? K W) measured by a photoacoustic technique by Cola et al.[226] Normalization
with respect to the actual contact area (5% in our case) leads to a tip-to-tip contact
resistance of ~1x10” m? K W™ between individual CNTs, which is on the same order of
magnitude with the result (~8.4x107 m® K W™, after normalized to ~40% packing
density) by Cola et al. but seems higher than side-to-side (1.2x10® m* K W) and side-
to-tip (1.2x10° m?> K W™) contact resistances measured between two individual
CNTs.[364] What is interesting is that the average interfacial thermal resistance shows a
nonlinear increase with the number of VACNT layers (the last two columns in Table 4.1).
This can probably be explained by a gradual decrease in the packing density of the

VACNTS layers with growth duration.[365]

Figure 4.15 A side-view SEM image of a synthesized multi-layered VACNT film.
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4.3.4 Interpretation of the Experimental Data for Type 11l and 1V Samples

For type 11l samples, the as-measured o (after Cape-Lehman+pulse correction) is
a convolution of the intrinsic thermal transport property of the VACNT array, the BiSn
layer, and the interface. A modification method similar to that for type Il is used:

2
Ioverall2 — IVACNT2 |:1+ CBiSn (1_'_ 3RBiSn +3 Ri j:| (46)

X eon Qypent VACNT 2R pent Ruacnt

The interfacial thermal resistance between the BiSn layer and the VACNTS is
extracted from Eqn. (4.6) and listed in Table 4.2 (11-34 mm? K W™). The metallization
layer is important in improving the bonding between the CNTs with BiSn. Without the
metallization layer, the interfacial adhesion is very weak because there is essentially no
bonding between CNTS and BiSn; therefore, the interfacial resistance is high (98-116
mm? K W1.

It is important to point out that an “effective thermal resistance/diffusivity”
method based on a simple mixing rule and a series model turned out to be invalid for the
type-111 bilayer structure. We calculated the BiSn/VACNT interfacial thermal resistance
based on a simple mixing rule and a series model (Table 4.3) but got unreasonable
results. The reason is that the mass density of the VACNT film is so low that its
contribution to the thermal transport, according to the calculation, becomes negligible
compared with the other layer. Interpretation of experimental data for type IV samples
becomes even more challenging, in which case whether or not we can fit the
experimental data from the substrate-VACNT-substrate trilayer sample is greatly
dependent on the substrate material in use. In Figure 4.16, we show that when a thick Cu
substrate is used as the bottom layer, the experimental curve cannot be fitted properly.
The large thickness of the top and/or bottom substrates in a trilayer TIM sample
sabotages the accuracy of the measurement.[343] In comparison, a thin Cu foil as the

bottom layer gives a satisfactory fitting curve; in this case, a conventional trilayer model
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can be used to extract the equivalent thermal diffusivity of the VACNT TIM. We notice
that, in the work by Shaikh et al.[338,339], the effective thermal resistance/diffusivity
method was adopted to estimate the thermal conductivity of the VACNT array in a glass-
VACNT-glass assembly. In view of the large thickness (1.6 mm) and low thermal
diffusivity (0.905 mm? s™) of the glass slides in use, and the usually large CNT/glass
interfacial thermal resistance, a series model using the equivalent mass density and the
equivalent thermal diffusivity is not valid. Moreover, the main contribution to the
characteristic transit duration is due to the glass layers; therefore, significant uncertainty
is expected. It calls our attention that no original experimental curves and fitting curnves

were given in Refs. 338 and 339.
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Figure 4.16 Experimental curves and fitting results for a type IV sample with a thick Cu
substrate (a) or a thin Cu foil (b) as the bottom layer.
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CHAPTER 5

VACNT TIMS

TIMs play an important role in developing thermal solutions and have been
extensively researched in the past decades.[7,8,366-383] Commonly used TIMs include
polymer TIMs filled with fillers of high thermal conductivity, solder TIMs and filled
phase change materials (PCMs). Although polymer based TIMs such as boron nitride
(BN)/polyethyelen glycol (PEG) and BN/silicone, have their advantages in good
adhesion, high compliance, easy processing and low cost, their thermal conductivities at
low filler loadings are relatively low. Increasing filler loading improves the thermal
conductivity of TIM itself but brings down its compliance and increases bond line
thickness (BLT) in application, which consequently increases contact thermal resistance.
Additionally, reliability is also an issue for polymer based TIMs because compliance of
polymers degrades with operation time. In comparison, solder TIMs such as In, AuSn,
InPb and InSnBi have high thermal conductivities and are now actively being pursued as
TIMs. Currently, thermal resistance of a solder TIM layer (Rrm, including the resistance
at the two contact interfaces) is typically 5-20 mm? K W™. However, they have the
drawbacks such as a high CTE (coefficient of thermal expansion), relatively low
compliance, high cost, relatively low fatigue strength, voiding issue and sometimes
complexity in processing. PCMs have high fluidity during processing making use of the
latent heat of phase change during heating up, which dissipates much more heat
generated by the die. However, PCMs, compared with solder TIMs, are not so popular
due to a reliability issue because very often PCMs leak (flow out) from the interfaeces
during operation. In general, none of the above TIMs meet the following requirements for
next generation TIMs:

A. low intrinsic thermal resistance;
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B. low interfacial thermal resistance with a mating substrate;

C. low CTE;

D. proper modulus to lower the thermal stress but withstand the warpage stress;

E. proper bond-line thickness to accommodate the warpage of the assembly;

F. thermal stability and chemical stability to avoid degradation with operation

time.

5.1 Introduction of VACNT TIMs

The initial thrust for CNT TIMs originates from the high intrinsic thermal
conductivity of individual CNTs, as well as their low CTE, flexibility, high thermal and
chemical stabilities. However, researchers find that CNT/polymer composites exhibited
unexpected low thermal conductivity (discussed in the next chapter and its references).
Moreover, the difficulty in CNT dispersion and alignment in the polymer matrix bring
more serious questions on the potential of CNT/polymer composites for thermal
applications. Very soon, researchers switch to pure VACNTs as TIMs, which is still
thought to be a promising research direction. VACNT TIMs have become more and more
popular in not only academia but also industry, mainly attributed to the recent success on
large-scale synthesis of VACNTs by various TCVD processes.[7, 8,14,226,247-
249,280,328,340,350,384-387] Hu et al. used a 3w method to measure the thermal
contact resistance between a 13-um thick VACNT array and the surface of a free mating
substrate. The results showed that the contact resistances were 17 and 15 mm? K W™,
respectively, under the pressure of 0.040 and 0.100 MPa.[328] Ngo et al. used
electrodeposited Cu as a gap filler to enhance the stability and thermal transport of carbon
nanofibers.[385] They reported the interfacial thermal resistance of 25 mm? K W™ under
a pressure of 0.414 MPa using a 1D reference bar method. Using a similar
characterization method, Xu and Fisher reported an interfacial thermal resistance of 19.8

mm? K W for a VACNT array at 0.45 MPa.[8] By using a PCM with the VACNTS, they
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obtained a minimum resistance of 5.2 mm? K W™. Xu et al. used a photothermal method
to evaluate the effective thermal resistance of VACNT arrays grown on Si substrates by
PECVD.[280] The resistance was 12-16 mm? K W™, comparable to the resistance of
commercially available thermal grease. Zhu et al. used a photothermal technique to
measure the contact resistance of a VACNT/solder interface and estimate the thermal
conductivity of the VACNT array.[350] The « was 81 W m™ K. However, the
VACNT/solder contact resistance was large (43 mm? K W™). Tong et al. grew a 7-um
thick VACNT array on Si and dry-attached the VACNT/Si to a glass plate. They used a
transient phase sensitive photothermal technique to measure the VACNT/glass interfacial
resistance to be 11 mm? K W™.[7] Cola et al. reported an overall resistance of 16 mm? K
W™ at 0.241 MPa for a Si/15-um-VACNT/silver TIM measured by a photoacoustic
technique.[226] They fabricated an interface material comprised of a metal foil with
CNTs synthesized on both sides of the foil. This fabrication lowered the overall
interfacial resistance to less than 10 mm? K W™.[248] Furthermore, they grew VACNTS
on Si and Cu substrates and fabricated them to make a two-sided VACNT TIM layer. By
this assembly, they reported a minimum resistance of 4 mm? K W™. Hu et al. used an IR
microscopy technique to measure the thermal resistance of a VACNT-based interface
with opposing VACNT arrays,[386] which is essentially the same structure with the two-
sided VACNT TIM layer in Cola’s work.[248] However, they found a very large thermal
resistance across the array-to-array contact interface, ~140 mm? K W™. Panzer et al. used
a thermoreflectance technique to measure the thermal resistance of a 28-pum-thick
surface-metalized VACNT array synthesized on a Si substrate.[384] The overall
resistance was 12 mm? K W™, dominated by the contact resistance due to the small
fraction of CNTSs in the array that is in contact with the mating substrate. Recenlty, Cross
et al. reported a bonding process between a metallized VACNT film and a metallized
substrate; photoacoustic measurement showed a thermal resistance as low as 1.7 mm? K

W for bonded VACNT films of 25-30 um.[388]
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For many of the representative work cited above, there are at least two main
issues in common that inhibited real-life applications of the VACNT “TIMs”: 1) the
thermal contact resistance at the CNT/mating substrate interface is large and dictates the
overall thermal resistance of the VACNT TIM,[389] even when a relatively high pressure
was imposed; 2) the interfacial adhesion is weak. One possible reason for the large
interfacial resistance is that, according to the very recent report by Panzer, the fraction of
the CNTs that are physically in contact with the mating substrate is low.[384] More
importantly, when heat transfers at the interface between a nanotube and a substrate, the
constriction resistance is developed due to the nanometer-scale contact area and enhanced
phonon-boundary scattering at the nano-contacts.[245] In the molecular scale or the
atomic scale, the CNTs are not in real “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 adhesion? Intuitively, we may want to “bond” the
VACNTS to the mating substrates.

Various VACNT bonding/transfer processes have been developed. Zhu et al.
proposed a solder transfer methodology for VACNTSs (Figure 5.1).[191] The substrates
for this process can be Cu or FR-4 boards metallized with Cu. A thin layer of solder
paste, e.g., SnPb and SnAgCau, is printed on the substrate surface. After reflow at a proper
temperature, the solidified solder layer is polished to ~30-um thick. The VACNTSs on the
synthesis substrate are then flipped to the solder coated substrate and reflowed with the
assistance of flux to form electrical and mechanical connections (as illustrated in Figure
5.1). This process is straightforward to implement and overcomes the serious obstacles of
integrating VACNTS into electronic packaging by offering low process temperatures and
improved adhesion of VACNTS to substrates. Kordas et al. demonstrated a simple and

scalable assembly process similar to the above solder transfer technique to fabricate
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VACNT microfins onto the chip for an air cooling system with AuSn.[390] For a 1 mm?
test chip to reach the same temperature, the applied power can be ~1 W larger when the
VACNT sink is implemented than that of the situation with a bare chip. Testing indicated
that the CNT fin structure allowed heat dissipation of ~30 and ~100 W cm™ more power
at 100 °C from a hot chip for the cases of natural and forced convections, respectively.
The cooling performance of the nanotube fin structures combined with their low weight,
mechanical robustness, and ease of fabrication make them possible candidates for on-chip
thermal management applications. Kim et al. used a low temperature ceramic cement to
anchor VACNTSs on Si substrates with a mild curing temperature.[391] By filling the
cement with Au particles, electrical conductance was enhanced, although it was not
clearly determined whether the contact between the VACNTSs and the Au-filled cement
was Ohmic. They also demonstrated the transfer of VACNTS onto Si surface coated with
a thin Au layer. The high baking temperature, e.g., 800 °C, however, was not favored by
electronic packaging. Sunden et al. reported a microwave assisted transfer of VACNTSs
onto thermoplastic polymer substrates.[392] Jiang et al. proposed a low-temperature
transfer process using conductive polymer composites.[393] An ohmic contact was
formed between a CNT film and a highly conductive polymer composite while a
semiconductor joint was formed between a CNT film and a high resistivity polymer
composite. Recently, Gan et al. reported a large-scale bonding of VACNTSs to metal
substrates with the assistance of high frequency induction heating. This technique
provides a potential approach to reproducible large-scale fabrication of VACNTs for
various applications.[394]

However, most of the bonding/transfer processes form “physical contact” at the
interface, which means that there is no chemical bonding at the interface. Therefore,
thermal conductance across the interface should be low. For example, the interfacial

thermal resistance between the VACNT film and the solder layer by the solder bonding
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process proposed by Zhu et al. is as high as 40 mm2 K W™.[350] Therefore, we introduce

an improved solder bonding process, and a chemical bonding process.

N

Substrate H Sn/Pb solder
FHE Substrate

Reflow & Remove Si chip

Substrate

Figure 5.1 Illustration of the solder transfer methodology of VACNTS.[191]

5.2 Bonding Metallized VACNTSs to Solder

Before | proceed with this section, | would like to discuss the wetting behavior
between molten metals (metal melts) and graphitic carbon materials. In a prior
publication, it was stated that “we believe that the open channels of nanotubes assist the
adhesion between the nanotubes and the solders because of strong capillary forces that
draw the solder inside the CNTs.”[191] It was stated that: 1) the top end of the CNT was
opended; 2) the opened channel drew the solder inside with the intimate assumption that
the open end could be wetted by solder (eutectic SnPb). Since the work was published in
2005, many people have asked us about the wetting between CNTs and solders: can an
open-ended CNT be wetted by solders? Let me answer the question from the following
four aspects.

First, the CNTSs tips might have been opended during the post-synthesis water-

vapor etching because we observed the decrease in the VACNT film thickness from both
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the top and the bottom sides. A couple of HRTEM images were provided to show the
opened ends.[106] However, it should be noted that the growth rate of VACNTS by the
water-vapor-assisted TCVD process is very high (discussed in Chapter 2); it is almost
impossible to get CNTs shorter than 20 um. As such, the long CNTs can’t be dispersed
well without using specific solvents and surfactants. Therefore, there is an extremely low
chance to check both ends of a CNT under HRTEM.[395] Gas absorption test may be the
best way to verify the opened structure, which, unfortunately, has not been carried out in
our group.

Second, even if the top end was opened, it didn’t necessarily contact the solder
directly—we don’t know where the top ends are located. The very top layer of the
synthesized VACNTS is very poor in alignment (Figure 5.2c), and the CNTSs are highly
interwone; in other words, the CNT tips can be facing any direction randomly. In
comparison, the bottom ends are very well aligned (Figure 5.2d). In order to further
demonstrate the difference in the tip alignment between the bottom and the top sides of
the VACNT film, we used e-beam evaporation to deposite an Au\Ni\Ti metallization
layer (nominal thickness of 200, 300, and 30 nm for Au, Ni, and Ti, respectively) to the
bottom and the top sides of the VACNT film. As shown in Figures 5.2a and b, due to the
much better tip alignment of the bottom side of the VACNT film, the actual thickness of
the metallization layer on the bottom side is much smaller than that on the top side,
although their nominal thicknesses (the amount of the metal deposit) are the same. The
difference in the actual thickness of the metallization layer results in completely different
wetting behaviors of the CNT surfaces toward water. A thick metallization layer changes
the top side of the VACNT film from being superhydrophobic to superhydrophilic due to
the dramatically increased surface energy of Au compared to graphitic carbon. In a sharp
contrast, the metalized bottom side of the VACNT film retains hydrophobic.

Third, even if the top end was opened, it didn’t necessarily possess polar

functional groups (namely oxygen-containing functional groups) to increase the surface
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energy. In 2008, Kundu et al. reported that heating in hydrogen (above 400 °C) was
effective in removing the oxygen-containing functional groups on CNTs.[300] This can
be easily understood from our previous discussion on the functionalization process
(Section 2.4.3). We compared the FT-IR, Raman, XPS, and contact angle (of water
drops) results of the “open-ended” (i.e., with water vapor during TCVD plus 5-min post-
growth etching at 750 °C) VACNT surface and the “close-ended” (i.e., without the post-

growth etching) VACNT surface; no difference was found.

(a) (b)

bottom

] bottom
top side e

top side

g R } . : B 7. et d £ -

Flgure 52 Photographs of the metallzed bottom and top sides of the synthesized VACNT

film (a), and their wetting behavior toward water (b); SEM images of the top (c) and the
bottom (d) side of the VACNT film.

., Y
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Fourth, even if the top end was opened, well-aligned, and properly functionalized,
solder do not wet such CNTSs. Let us look at the following experiment design (Figure
5.3). The top side of the VACNT film (assuming open-ended) was treated in O, plasma
(RF power: 50 W; O,: 60 sccm; CHF3: 10 sccm; duration: 5 min; pressure: 150 torr). By
such a treatment, the Ip/lg in the Raman spectrum increases from 1.00-1.02 for the
control sample surface to 1.51-1.79 for the treated surface. The control sample surface is
superhydrophobic (contact angle ~140°); while the plasma-treated surface is
superhydrophilic—during contact angle measurement, the water drop wicked into the
plasma-treated VACNT film instantaneously. After the plasma treatement, the top surface
was patterned with 20-nm Ti by e-beam evaporation (~8.6x10" Torr), and then
sequentially deposited with multilayered Sn (~1.2x10® Torr) and Au (~1.5x107 Torr).
The metallized film was reflowed at 300 °C in vacuum for 10 min, and then cooled down
naturally to room temperature. In Figure 5.4, we see that the AuSn dewetted from the
surface without the Ti adhesion layer, and merged to the pattern area with the Ti adhesion
layer. Apparently, the AuSn doesn’t wet the CNTs directly; neither does SnPb in the prior
study.

To understand the wetting behavior between solders and CNTSs, we have to revisit
the references with great cautions in mind. On the basis of surface tension, unless
bonding is formed (reaction wetting) or, in some cases, oxygen is involved at the
interface, there is no wetting between typical metal melts and graphitic carbon
materials,[396-402] because the surface tension of most molten metals are too high
relative to a graphitic surface. Dujardin et al. found that materials with surface tension
larger than 100-200 mN m™ didn’t wet CNT surface;[396] in such cases, according to
Young-Laplace equation (Eqgn. (5.1)), opened CNT channels didn’t act as “straws” to
suck metal melts into the channels because the contact angle is larger than 90 °C. Zhang
et al. studied the wetting of metal NPs on the CNT surface during e-beam evaporation,

and found that Ti, Ni and Pd coatings on the CNTs were continuous or quasi-continuous
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(indicating relatively good wetting), but Au, Al, and Fe coatings only formed isolated
discrete particles on the CNTs.[402] Given that Ti, Ni, Pd have strong interaction with
graphitic carbon structure,[397,398] their better wettability on the CNT surface is
attributed to the low interfacial energy (ys in Eqgn. (5.2)) resulted from the quasi-bonding

between carbon and Ti, Ni, and Pd.

Ap =w (5.1)

where Ap is the pressure difference, r the radius of the tube, y, the interfacial energy
between the liquid and the vapor (in most cases, air), and ¢ the contact angle between the

wall and the liquid, which is determined by Young’s equation:

open-ended VACNTSs

O, plasma treatment

open-ended and functionalized

patterned deposition of Ti
(nominal thickness: 20 nm)

sequential deposition of Sn (8
nm), Au (12 nm), Sn (8 nm),
and Au (12 nm)

annealing at 300 °C in vacuum
for 10 min

dewetted on the surface
without Ti

Figure 5.3 Illustration of the experiment design to study the wetting of SnAu solder on
the surface of a functionalized VACNT film.
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cosg = L7t (5.2)
Vv

where ys, is the interfacial energy between the solid and vapor, y between the liquid and

the solid, y;, between the liquid and the vapor.

2 ym

withogt Ti

\

B

with Ti

Figure 5.4 Top-view SEM images of the wettability study of SnAu solder on a
functionalized VACNT surface.

Although the study by Ajayan and lijima showing that Pb was able to wick into
the open channel of CNTs seems to provide a proof of the aforementioned
statement,[403] it actually is on the opposite side. In Ref. 403, it was written: “Lead
particles were also often deposited on the closed caps of the tubes. The grid containing
the sample was then annealed in an oven in air for about 30 min, keeping the temperature
at approximately 400 °C, which is above the melting point of lead.” This at least gives us
two pieces of important information.

1) The Pb melt was exposed to air at 400 °C for 30 min; such conditions mean
that the Pb surface was oxidized. According to the calculation by Li et al., when the
partial pressure of oxygen is above 102* atm,[404] Pb is oxidized. This conclusion is

further supported in the widely used Ellingham diagram (Figure 5.5): the red dot refers to
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the critical point of the oxidation condition of Pb at 400 °C; by connecting the red dot and
the “O” dot at the upper left corner, and then extrapolating the line to cross the line of po,
on the right-hand side, we get the blue dot, the value of which is the critical partial
pressure of oxygen to oxidize Pb at 400 °C. Since the oxide has much lower energy than
their parent metal, Dujardin et al. believed that it was the oxide or interfacial reaction that
realized the wetting between the Pb and the CNT in Ref. 403. Recently, Lim et al. studied
the wettability of CNTs with In and Sn.[405] They characterized the thin oxide layer
between molten tin (and indium) and CNTSs, and drew the conclusion that oxides formed
during soldering process have played the key role in improving the wetting.

2) In Ref. 403, as described by the author, the closed end of the tube was opended
by oxidation in air during the annealing. It should be noted that the CNTs were
synthesized by a low-pressure process.[101] The moment when the closed end of the tube
was opended, there was instantaneously a very large negative pressure between the inside
and the outside of the tube, which undoubtedly assisted the wicking of the Pb melt into
the CNT.[396]

Back to the previous work,[191] we recall that flux was used at the interface
between SnPb and VACNTS during the reflow process. Flux is basically organic acids,
with low surface energy. The flux spreads over the metal surface (solder and pad), and
reacts with the surface oxide to form volatile species; as such the fresh metal surface is
exposed for joining. Ideally, flux doesn’t leave much residue after reflow if the reflow
process has been optimized. However, when the feature size shrinks (below 50 um), flux
residue can be easily trapped due to the strong capillary force and the high viscosity of
the flux residue. The flux residue has become a well-known critical issue in 3D packaing,
which is why fluxless soldering has become unprecedentedly important and intensively
studied in industry today.[406,407] | believe it was the flux residue that assisted the

bonding of the CNTSs to the solder in the prior work (Figure 5.6).
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Figure 5.5 Ellingham diagram for the study of oxidation of Pb in Ref. 403.
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showing the VACNTSs anchored by the flux residue on a solder
surface after a reflow process.

Figure 5.6 A SEM image

e

From the discussion above (the four aspects provided), | draw the following
important conclusions:

1) Common pure metal metals don’t wet CNTs, no matter the ends are opened or
closed;

2) Although a thin metal oxide layer or flux residue at the interface may improve
the bonding between CNTs and solder, the interfacial thermal resistance is high (40 mm?
KW,

3) An interfacial bonding/adhesion layer is highly important for reliable bonding

between solder and CNTSs, especially for better thermal transport across the interface.
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5.2.1 Bonding VACNTS to BiSn Solder

The sampling process is illustrated in Figure 5.7. A bilayered VACNT film was
synthesized, and bonded/transfered to a transfer substrate with a high-termperature
adhesive tape. There are two reasons why a bilayered VACNT film was used. First, a
single layer of short VACNTSs with high quality and good CNT alignment is very difficult
to synthesize by the water-vapor-assisted TCVD process. With the help of the first
sacrificial layer (the top layer), the second layer can be short and high-quality. Second,
the tip alignment on the top side of the first layer, as discussed above, is very poor; while
the bottom side acts as the template to guide the tip alignment of the second layer. After
the temporary transfer, the bottom of the second layer was exposed, and metallized
sequentially with 30-nm Ti, 300-nm Ni, and 200-nm Au (Au\Ni\Ti as under-bump
metallization layer for the solder bonding to BiSn) by e-beam evaporation. The same
metallization was applied to the bonding substrate unless otherwise mentioned. The as-
metallized VACNTs was pressed mildly (5 kPa) against a metallized Si substrate with
eutectic BiSn (Bi58Sn42) powder (Indalloy #281, Tn=138 °C, Indium, Inc.) in between.
No flux was needed for the bonding process. The whole structure was reflowed at 170 °C
in air for 2 min. After cooling down to room temperature, the two layers were physically
separated. The exposed top surface of the second layer was metallized and bonded to a
second metallized Si substrate with the same bonding process. The thermal resistance of
the TIM structure of 20-um-BiSn/30-um-VACNT/20-um-BiSn (Figure 5.8) is 9-11 mm?
K W™ (measured by IR imaging technique). Note that the interfacial resistance between
the VACNT and the solder in Ref. 350 is 40 mm? K/W. Therefore, a dramatic
improvement has been achieved by introducing the Au\NI\Ti metallization layer at the

interface.
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bilayered VACNTs

a transfer substrate

M temperarily bonded (with
high-temperature tape) to

l metallization of the VACNTs
and bonding to a metallized Si

l separation of the two layers

l metallization of the VACNTs
and bonding to a metallized Si

Figure 5.7 Illustration of the modified solder transfer/bonding process of VACNTSs.
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Figure 5.8 A side-view optical microscope image showing the 20-um-BiSn/30-pm-

VACNT/20-um-BiSn interface.
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5.2.2 VACNT/Solder Composite

VACNT/solder composite were prepared following the process illustrated in

Figure 5.9. The thermal resistance is <3 mm* K W,

spin coating of NR9-15002

(S S, o v_,;J

l exposure

1311111111
N N .

|
|

| W

metallzation

|

|. solder to Cu

111

l catalyst deposit

|' top metallization sokler to chip

|
.

Figure 5.9 Illustration of the preparation of VACNT-BiSn composite. The bottom SEM
images are the synthesized VACNT bundles, a metallized VACNT bundle, and the side-
view of the prepared VACNT-BiSn composite.

5.3 Bonding VACNTSs to an Gold Surface

Chemical bonding of short CNTs to a Si surface has been reported using a
solution method, where CNTs were functionalized in acids and then bonded to
functionalized Si surface by chemical reactions in a solution.[209,408,409] The process
demonstrated the feasibility of forming chemical bonding between functionalized CNTs

and a functionalized substrate. However, it has the following disadvantages: 1) The
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functionalization process usually truncates the CNTs randomly and introduces high
defect density to the lateral walls of the CNTs, which greatly degrades the CNTSs; 2) as-
assembled CNTs were not well aligned. Here we develop a novel transfer/anchoring
/assembling technology to form chemical bonding between VACNTSs and Au surface.
The chemical assembling is a two-step process: 1) well-aligned CNTs are in situ
functionalized (f-~ACNTSs) during the TCVD growth (discussed in Section 2.4.3); 2) f-
ACNTSs are then bonded to an Au surface with a self-assembled monolayer as the

bridging layer at the interface.

5.3.1 Experimental

The bonding process is illustrated in Figure 5.10. Ti (5-10 nm) and Au (60-100
nm) were sequentially deposited onto a Si wafer by e-beam evaporation. The surfaces
were rinsed with ethanol, dried, treated with a UV & ozone Dry Stripper (SAMCO,
model: UV-1) at 0.75 L min® flow rate of the oxygen for 3 minutes, and then
immediately put in a 1 mM ethanol solution of 4-mercaptobenzoic acid (MBA) for 24
hours, under a controlled nitrogen environment. After such a treatment, the Au surfaces
were rinsed with ethanol to remove the redundant MBA molecules and dried with an
Argon flow. The XPS survey shows the existence of the MBA molecules on the Au
surface (Figure 5.11). The morphology of pristine Au surface is clearly observed both at
10 kV and 3 kV accelerating voltages (Figures 5.12a and c). In comparison, only a vague
image of SAM-Au surface is obtained at 10 kV (Figure 5.12b) due to instability and
relatively low electrical conductivity of the SAMs on surface. A dilute solution of SOCI;
(5~10 ppm) in acetonitrile with a trace amount of pyridine (pyridine: SOCI,=1:2 in mole)
was used to treat the SAM-modified Au surface, to introduce reactive groups (carbonyl
chloride) to the SAM structure on the Au surface. Before the surface was dried, the f-

ACNT film was flipped and held onto the as-treated Au surface under a pressure of 10
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kPa, and kept at 110 °C in nitrogen for 4 hours. Then the Si growth substrate was

separated from the bonded f-ACNTSs, leaving all the f-ACNTSs attached to the Au surface.

flip—over

;:6':J ::f R l’—_}) j_
o AR SAM on gold

Figure 5.10 Schematic illustration of the chemical transfer process.
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Figure 5.11 XPS spectrum of the SAM/Au surface.
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200 nm

(d)

200 nm

Figure 5.12 SEM images of Au surfaces before and after the SAM treatment. (a) and (c)
are the Au surface at 10 and 3 kV EHT (electron high tension), respectively; (b) and (d)
are the SAM-treated Au surface at 10 and 3 kV EHT, respectively.

5.3.2 Results and Discussion

The postulated major reaction during the transfer is presented in Figure 5.13.
Figure 5.14a shows the chemically transferred VACNT film on the SAM-Au surface. The
side-view SEM images of the anchored CNT structure are shown in Figure 5.14b. It can
be seen that the aligned structure is well maintained after chemical anchoring (Figures
5.14 b and c). The bent top layer (Figure 5.14b) is due to the pressure upon the CNT film

during the anchoring process. After removing the anchored CNTs off the Au surface
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using tweezers, we observe that some anchored CNTs remain at the interface (Figure

5.14d). This indicates the chemically bonded interface.

SOClI,+pyridine
——
@ = COOH acetonitrile @ o cocl
A | vo— (D
(a)——~O)—coo— D

Figure 5.13 Esterification process at the interface between the f-ACNTSs and the modified Au

surface.

Figure 5 14 A chemlcally transferred VACNT f|Im on the Au surface (a) photograph (b)
the side-view SEM image (by 5 kPa of compressive force during transfer); (c) further
enlargement of the CNT alignment after chemical transfer; (d) the anchored VACNT/Au
interface after part of the transferred VACNTS were removed.
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Interfacial strength was tested in Die Shear Equipment (Dage series 4000, 10 kg
load cell). For the chemically transferred f-ACNT (~200 um thick)/Au interface, the
shear strength is 3.1-3.8 N cm™, ~2 times stronger than that of the pristine VACNT/Si
interface (1.5-2.1 N cm™) with VACNT film of the same thickness. When a compressive
force (in Instron 5548 Microtester) was applied during the transfer process, the shear
strength could reach 30-110 N cm™, depending on the thickness of the VACNT film and
the external compression force. We postulate that the compression force ensures more
contact between the VACNTSs and the Au surface so that more covalent bonds can be
form between the CNTs and the Au surface, as well as stronger van der Waals
forces.[107,410] Electrical performance testing of the chemically anchored VACNT
films on the Au surfaces, i.e., the current-voltage (I-V) response of the VACNT
interconnects, was conducted on A Keithley 2000 multimeter equipped with a four-point
probe station (Figure 5.15). The upper Au electrodes (150 nm, diameter: ~2.1 mm) were
deposited on top of the VACNT film by e-beam evaporation. The bent top layer ensures
the deposited Au doesn’t penetrate into the array. The top and the bottom electrodes are
connected by the chemically bonded VACNTSs. Figure 5.16 shows a typical |-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 1-V
curve, the resistance of a compact CNT bundle with a diameter of 2 mm is 0.020 Q. The
total resistance can be written as R=R;+R,+R3, where R; is the top Au electrode/CNT
junction resistance, R, the intrinsic resistance of the CNTs, and R3 the CNT/SAM-Au
surface junction resistance. Due to lack of data of R; and R3, we conservatively estimate
the CNT resistivity by neglecting R; and R3. From the length (~730 um) and area density
(300 um®) of the CNTs, and the average diameter of CNT (~10 nm, observed and
calculated under transmission electron microscope), the resistivity of the individual CNT
is estimated to ~2.0x10" Q cm. The value is consistent with those reported in

literature.[411]
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Figure 5.15 A picture of the four-probe station for electrical property testing of the

anchored CNT structure.

0.1 0.2 032 0.4 0.3
current {(A)

Figure 5.16 1-V curve of the chemically transferred CNT structure measured at room

temperature.

5.4 Bonding VACNTSs to a Silicon Surface

The aforementioned transfer technology has numerous benefits in that it

covalently bonds the CNTs to the substrate, minimizes the damage to the CNTs during
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the in situ functionalization, can be tailored to attach CNTs to a wide variety of
substrates, is carried out at low temperatures and can be easily reworked. Unfortunately,
the molecules that bridged CNTSs to the Au surface could not survive temperatures higher
than 150 °C, and it cannot be applied to Si or Cu surfaces. Besides, the operation window
of the bonding process is fairly narrov—Au can be easily dissolved in the mixture of
SOCI;, and pyridine (discussed in Chapter 8) if the concentration is not controlled
well.[308] Here we extend the concept of “chemical anchoring” to VACNT TIM
assembling by using an inorganic cross-linked molecular phonon coupler (MPC) at the

interface to facilitate phonon transport across the CNT/Si interface.

5.4.1 Experimental

In situ functionalized VACNT arrays of ~100-um thick were synthesized on Cu
sheets as discussed in Section 2.5. The TIM assembling process is schematically shown
in Figure 5.17. 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-1) 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) for 5
minutes. The fumed solution was designated as solution A. Solution B was prepared by
adding silicon tetrachloride (0.08 mL) and Pt(0)-1,3-divinyl-1,1,3,3-tetramethydisiloxane
complex/xylene solution (0.08 mL, 2 wt%) into anhydrous Xxylene (2 mL). Mating
substrates (Si, 1x1 cm?) were surface-treated using UV & ozone under a 0.75 L min™
flow rate of O, for 20 minutes). Solutions A and B were sequentially spin-coated onto the
Si substrates at an angular speed of 1000 rad min™ for 5 seconds and 800 rad min™ for 5
seconds, respectively. Then VACNT/Cu was immediately flipped onto the mating
substrate under a certain pressure (0.5-1.0 MPa). The obtained assembly was treated in
the VFM chamber at 100 °C for 60 min plus at 160 °C for 30 min. The chemicals were all

purchased from Sigma-Aldrich, unless otherwise mentioned.
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Figure 5.17 Schematic illustration of the Si/VACNT TIM/Cu assembling process.

To prove the feasibility of the hydrosilylation of the CNTs, TMS was added into
the solution B (without silicon tetrachloride) and then spin-coated onto a single-sided
polished Si substrate. A 100-um-thick VACNT carpet was pressed onto the as-coated Si
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 hydrosilylation reaction, the CNTs were
scratched off the Si 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.

FT-IR characterizations were performed at ambient temperature at a resolution of
2 cm™. Solution samples were spin-coated onto double-sided polished Si substrates and
dried in nitrogen at room temperature to evaporate the solvents (drying of the coatings
was avoided during the aforementioned TIM assembling process). 64 scans of each

specimen were collected. The TMS-CNT adducts were mixed with dried KBr power and

131



pressed into pellets. 256 scans were collected. The thermal diffusivities of the TIM
assemblies (trilayer structure, Type IV sample in Chapter 4) were measured with LFA,

with no pressure imposed during measurement.

5.4.2. Results and Discussion

A thin layer of MPC was formed on a Si 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 Figure 5.18 (spectrum a). The C-H stretching modes
show up at ~2956 and 2846 cm™ and display nearly no changes at elevated temperatures.
The vibration mode at ~2235 cm™ is attributed to Si-H groups in TMS. Spectrum b in
Figure 5.18 is the spectrum of a coating of acid-treated TMS/ethanol solution, i.e.,
solution A before fumed 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 consumption 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 Si atoms and the synthesis of silane molecules,
in other words, sol formation.[412] In the coating of solution A (spectrum c), the shift of
the main Si-H maximum 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.[413] After heat treatment in VFM,
disappearance of the nitrogen 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 considered proofs of the network formation.
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Figure 5.18 (A): FT-IR transmittance spectra of a pure TMS coating (spectrum a), a
coating of solution A before fuming in ammonium (spectrum b), a coating of solution A
(spectrum c), and a VFM-treated coating of solution A (spectrum d). (B), (C):
enlargement of selected regions in panel (A). Spectra are shifted vertically for clarity.
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The main purpose of spin-coating of solution B right after the solution A is to
bond the Si-H groups to the f-ACNT surfaces by hydrosilylation reactions, in the
presence of the Pt catalyst.[414] Silicon tetrachloride (SiCly) in solution B plays three
significant roles in the TIM assembling. First, SiCly 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.[415,416] 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.

Si-H addition to SWNTs has been investigated theoretically and
experimentally.[414,417,418] It was found that the hydrosilylation was not spatially
limited to the CNT ends or its defective sites. It was hypothesized that relief of the
torsion strain in the small-diameter SWNTSs 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.[414,419] Hence, the feasibility of
hydrosilylation of large-diameter 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-IR spectrum of the TMS-CNT adducts in
Figure 5.19 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 a
hydrosilylation reaction. A further evidence for the hydrosilylation of CNTs with TMS is
the distinct Si-C stretch signal at ~ 1261 cm™.[414] The hydrosilylation is also evidenced
by the presence of C-H stretching from methyne groups (RCH=R)) 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.[308,420]
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Figure 5.19 FT-IR transmittance spectrum of TMS-CNT adducts.
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Upon spin-coated, the Si substrate was flipped immediately onto the VACNT
synthesized on Cu accompanied by a proper compression force. Chemical reactions at the
interfaces proceed in the VFM chamber. Microwave-assisted heating was employed
because microwave selectively heats up the Si substrate, the CNTs and the chemicals at
the interfaces. In fact, microwave radiation 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.
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 Si substrate without any
compression force during the assembling, removed the synthesis substrate and then
peeled part of the bonded VACNTSs off the mating substrate. SEM images of the as-
prepared interface are shown in Figures 5.20a-c. The roots of the VACNTSs anchored by
the MPC at the Si surface are clearly exposed after the upper parts of the VACNTSs are
removed. The interfacial strength of the assembly (tested on a die shear tester) was 0.23-

0.36 MPa, much stronger than the van der Waals force dominated adhesion (<0.05 MPa)
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for the pressure contact assemblies (defined below). The Si surface after the die shear test

is shown in Figure 5.20d.

] o e Nz >
Figure 5.20 SEM images of MPC-anchored VACNTS at a Si surface (a-c) and surface
status of the Si mating substrate of a MPC contact assembly after a die shear test (d).

ol

The as-described VACNT TIM assembly is referred as the “MPC contact”
assembly in the discussions on TIM properties below. We also measured the properties of
“loose contact” assemblies and “pressure contact” assemblies. For the “loose contact”
assembly, a Si substrate was placed on top of VACNT/Cu without pressure during
assembling or thermal measurements. The “pressure contact” assembly was obtained by

compressing a Si substrate (~0.4 MPa) to VACNT/Cu as in a MPC contact assembly,
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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.[7,226] A trilayer model was chosen to
numerically fit (with energy loss) the data collected on laser flash equipment. The fitting,
with an uncertainty of ~5%, gives an equivalent thermal diffusivity (arm) of the TIM
layer, in which the CNT/Si interface, the CNT/Cu interface and the intrinsic volumetric
VACNT array are grouped. Figure 5.21 shows the measured arwm values of the loose
contact, the pressure contact and the MPC contact assemblies. amv of the loose contact
assembly is small, ~0.461+0.112 mm? s, due to the strong phonon scattering at the sharp
and weak CNT/Si interface. The interface modification by MPC improves arm by an
order of magnitude to ~5.292+0.953 mm? s*. In comparison, o of the pressure contact
assembly shows only limited improvement. Purely imposing pressures during the
VACNT TIM assembly or thermal measurement increases the fraction of CNTSs 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 nanoscale—the regime where van der Waals forces
(attractive forces) dominate. 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 pressure contact assembly in our study is equivalent to many of the
aforementioned references because the intrinsic thermal conductivity of the VACNT
array and the interface at CNT/substrate upon pressures are more or less the same. In this
sense, the MPC contact assembly is effective in reducing the interfacial thermal

resistance.
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Figure 5.21 A comparison of the equivalent thermal diffusivities (arv) and the equivalent
thermal conductivities (k1) among the loose contact, the pressure contact and the MPC
contact VACNT TIM assemblies.

In literature,[7,8,226,350] we note that the equivalent thermal conductivities of
the VACNT TIM (xrm, calculated as: xrim=l/Rtm, Where | and Ry are the bond line
thickness and the thermal resistance of the TIM, respectively) are smaller than 1 W m™
K. It does no harm to calculate xmy values for our TIM assemblies according to the
equation: xrim=amimxpxCp, 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 synthesis substrate. ¢, of 0.66 J gt K is used.[98] The calculation
results in Figure 5.21 show a dramatic improvement in the equivalent thermal
conductivity of the VACNT TIM by MPC contact assembling (1.61+0.47 W m™ K™),
compared with the poor conductivity of the loose contact (0.02+0.006 W m™ K™) and the

pressure contact (0.306+0.084 W m™ K™) assemblies. The overall equivalent thermal
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resistance of the MPC contact VACNT TIM is, hence, ~10 mm? K W™. The uncertainty

of xrim has been estimated using a standard error estimation approach:

2 2 0.5
5KTIM _ |:{ 5aTIM ] + (5_PJ ] (53)
KTim aTm P
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CHAPTER 6

CARBON NANOTUBE/POLYMER COMPOSITES

One of the most important applications proposed for CNT/polymer composites is
as TIMs with enhanced thermal conductivity and, equally importantly, reduced
coefficient of thermal expansion (CTE). CNT is expected to be able to dramatically
enhance the thermal conductivity of polymer composites, however, with only
unsatisfactory improvement.[253,421-428] Researchers have been trying to understand
such a phenomenon.[426,429-436] One important factor is structural defects in CNTs
that act as scattering centers for phonons. The structural defects can come from the
synthesis process, functionalization process, and dispersion process. A second factor is
CNT-CNT coupling in the composite because it is impossible to have a good dispersion
of CNTs without bundling them when the CNT loading is relatively high in the polymer
matrix. Another widely accepted explanation is the large interfacial thermal resistance
across the CNT-polymer interface. In this chapter, we focus on the interfacial effect. In
Section 6.1, we study the thermal transport propery of VACNT/EP composite. By using a
combined process of in situ functionalization and microwave treatment, we improve the
interfacial bonding between the CNTs and the EP matrix. As such, the interfacial thermal
transport between the CNTs and the EP matrix has been effectively improved.
Mechanical properties of the composite have also been enhanced. We report a strong
anisotropy in CTE of VACNT/EP composites and achieve an ultra-small CTE in the
CNT-aligned direction by enhancing the VACNT/EP interface. In Section 6.2, the
interfacial resistance between nanographite and EP is studied; from the modeling results
based on effective medium theory, it is found that the interfacial thermal resistance
between nanographite and EP is about one order of magnitude lower than that between

CNTs and EP.
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6.1 Microwave Treatment to Enhance CNT-Polymer Interface in VACNT/EP
Composite

Thermal resistance at an interface—Kapitza resistance, Rk, represents a barrier to
heat flow associated with the differences in phonon spectra of two phases in contact. For
high structural mismatch and weak contact at an interface, R is large.

In thermal transport, Rk is defined by:

A 1
Re == (6.2)
Jo =AAT (6.2)

where Jo, 4, Rk, K, ak and AT are heat flux, interfacial thermal conductance, interfacial
thermal resistance, thermal conductivity of the matrix, Kapitza radius and temperature
drop across the interface, respectively.

In a CNT/polymer composite system, the Rk plays a much more important role
than in common composites with micro-sized fillers, not only because the interface phase
accounts for as high as 15 vol% but also because the ax is around 5-20 nm, comparable to
or even larger than the tube diameter.[437,438] Experimental measurements show that
the R in a CNT suspension is around 8x10® m? K W™;[438] this value is of the same
order of magnitude as those in other composite materials.[437] Such a large Rk arises
from the weak coupling between the rigid tube structure and the soft polymer
matrix.[431] For a CNT, there are four acoustic modes: a longitudinal mode,
corresponding to motion of atoms along the tube axis; a twist mode, corresponding to
torsion around the tube axis; two degenerate transverse modes—bending and squeezing
modes, corresponding to atomic displacements perpendicular to the nanotube axis. The
longitudinal and twisting modes involve only the movement of carbon atoms tangential to
the tube surface and thus are expected to couple very weakly to the soft material around
the tube, while the bending and squeezing modes involve out-of-plane motion and thus

are more strongly coupled with the soft material around. Due to the weak coupling, sharp
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contrast in the phonon spectra at the interface between the CNTs and an amorphous
polymer matrix leads to strong backscattering of thermal energy waves at the interface.
Based on this theory, an effective approach to reducing R is to provide a stronger
coupling between CNTs and a polymer matrix by covalent bonding. Therefore, proper
surface functionalization of CNTs should help improve the interaction between the CNT
fillers and the polymer matrix and consequently result in a significant increase in the
interfacial thermal conductance,[432] as shown in Figure 6.1a. Atomistic-based modeling
was conducted to calculate the Rk and found that grafting organic chains or polymer
chains to the surface of CNTs with covalent chemical bonds increases the conductance
across the interface.[433] Rk was found to be a function of several parameters, e.g.,
grafting density and length of the linear chain covalently bonded to the CNT surface.
Increasing chain length and grafting density lower the interfacial thermal resistance, as
shown in Figure 6.1b. Some modeling and experiment have been performed to examine
the conclusions.[426,434] However, conventionally, length and diameter of
functionalized CNTs are not experimentally controllable. The difficulty in evaluation of
dispersion and distribution is an extra issue. These problems become barriers for
understanding the thermal transport in CNT/polymer systems, especially the R.
Evaluation of the effects of surface functionalization on the Rk and, consequently on the
overall effective thermal conductivity of the composite, should exclude the influence
brought about by the uncontrollable length and diameter of CNTs. Therefore, in our
study, we focus on VACNT/polymer composite by an infiltration process, to ensure
controllable tube diameter, density, length, and dispersion/distribution in the polymer
matrix. As such, the interfacial effect can be singled out. A challenge arises though: how
can we functionalize the CNT surface in a VACNT film. Conventionally, people use a
wet chemical method to functionalize CNT surface to increase interfacial bonding
between the CNTs and the polymer matrix.[439] However, the CNT alignment gets

destroyed and the surface of the CNT gets damaged. A novel approach is necessary to
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enhance the VACNT-polymer interface. Appropriately, the combined process of VACNT
in situ functionalization and microwave curing helps to improve VACNT-EP interfaces

while maintain the well-aligned structure.
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Figure 6.1 Effects of surface functionalization (a) and grafting density of organic chains
(b) on the interfacial thermal resistance of CNT/polymer matrix.[433]

6.1.1 Experimental

VACNT arrays of 2-3-mm thick were synthesized as described before. The
VACNT arrays were flipped onto polyimide double-sided tapes and then infiltrated with
EP to prepare a VACNT/EP composite, followed by degassing under a vacuum for 40
minutes. Samples were cured thermally in a common convection oven at 155 °C for 40
minutes, or in the VFM chamber at the same set temperature. The thermal cured
composite is designated as TCOM from here after, and the composite by the VFM-
assisted curing as MCOM. After furnace cooling, the VACNT/EP samples were peeled
off the double-sided tapes and polished to be double-sided parallel, flat and smooth and
cut into pieces for specific measurements. The samples maintain vertical alignment of
CNTs in the EP matrix (Figure 6.2). The EP used is bisphenol-F (EPON862), with 4-
methylhexahydrophthalic anhydride and 1-cyanoethyl-2-ethyl-4-methylimidazole as the

curing agent and catalyst, respectively.
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CTE was measured on a thermal mechanical analyzer (TMA, TA Instruments
Model 2940), at a heating rate of 5 °C min™. When measuring the through-thickness CTE
(along the CNT-aligned direction), we used the bulk mode fixture and specimens of ~1-
mm thick. The quartz probe was seated normal to the specimen top surface. Two different
modes were used for measuring the in-plane CTE. The film mode fixture was used for
thin specimens. The bulk mode fixture was used for thick specimens, where the quartz
probe was seated normal to the side of the specimen, i.e., normal to the CNT orientation.
Storage modulus and tand were measured on a dynamical mechanical analyzer (DMA,
TA Instruments Model 2940), at a heating rate of 5 °C min™. The single-cantilever mode
was used, with the CNTs in the specimen oriented vertically, i.e., along the vibration
direction. A constant frequency of 10 Hz and amplitude of 10 pm was adopted. At least 5
measurements were recorded to obtain the average values in Table 6.1 and Table 6.2.
Effective thermal conductivities were obtained by measuring thermal diffusivities with a
LFA447, mass densities and specific heat on a differential scanning calorimeter (DSC,

TA Instruments Model 2940).
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6.1.2 Results and Discussion

6.1.2.1 Interface Enhancement

DMA measurement results for TCOM, MCOM, thermally cured EP (TEP) and
microwave-assisted-cured EP (MEP) are shown in Figure 6.3 and Table 6.1. No apparent
difference in glass transition temperature (T4) and storage modulus (G’) was observed
between TEP and MEP, which excludes unexpected influences by the microwave
radiation on the pure EP itself. The distinct differences in Tg and G’ between the TCOM
and the MCOM give us a hint on the enhanced CNT-EP interface in the MCOM. We note
the 6 °C increase in Ty and the great enhancement in G’ by the VFM treatment, compared
to the pure EP and TCOM. It seems that microwave treatment plays a key role in
obtaining such an ultra-low ay of the MCOM above the Tg4. During curing, microwave
selectively heats up the CNTs and the polymer at the interfaces.[440] Equally important
is the fast coupling between the VACNTSs, functionalized sites on the VACNT surface
and the reactive functional groups in the EP matrix, with the oscillating electromagnetic
field.[301] It is postulated that during the curing process in the microwave field,
interfacial bonding between the VACNTSs and the EP matrix was dramatically improved.
Consistent with the DMA results, the MCOM displays much higher thermal conductivity
than the TCOM (Figure 6.4), which further verifies our postulation.

6.1.2.2 CTE

In the past twenty years, substances with low or negative thermal expansivities
have attracted much interest due to their significance in electronic packaging, precision
equipments, and intelligent materials, etc.[441-447] In electronic packaging systems,
mismatch in CTE between various materials has become a critical issue for developing
reliable packaging solutions. CTE values of polymer portion are much higher than those

of Si, ceramic and Cu metallization. These large CTE mismatches lead to thermal stress
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accumulation at contact interfaces during both packaging and device performance, which
triggers component failure by, for example, warpage and rupture.[448] So far, the
effective approach to reducing CTE of the polymer portion has been adding fillers of low
CTE or negative CTE into polymer matrices.[445,446,448] Compared with the thermal
transport properties of CNTSs, there are very limited studies on CTE of CNTs and

CNT/polymer composites.
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Figure 6.3 DMA results of TCOM and MCOM. Only cooling curves are included.

Table 6.1 DMA results.

Samples T (°C) Tgb (°C) G'[MPa] (100 °C)  G'[MPa] (50 °C)
TEP 120.72 129.9 1336 1464
MEP 120.62 128.9 1339 1489
TCOM 120.86 131.15 1732 2198
MCOM 126.9 136.19 2332 2662

a. extracted from storage modulus curves in the quasi-equilibrium cooling process;
b. extracted from tand peaks in the quasi-equilibrium cooling process.
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Figure 6.4 Thermal conductivities of TCOM, MCOM and EP.

Table 6.2 shows the CTE measurement results for TCOM, MCOM, TEP, and
MEP. Both the TEP and the MEP samples display the typical CTE-temperature relation
for amorphous polymers with CTE being much higher above Ty than below Ty No
apparent difference in CTE was observed between TEP and MEP, in consistence with
their similar T4 and G’ shown in Table 6.1. Both the TCOM and the MCOM samples
show strong anisotropy in thermal expansion. Before their glass transitions, a more than
63% reduction in the through-thickness CTE (designated as ay) with regard to the CTE of
the EP is observed, while their in-plane CTE values (ap) are similar to that of the EP.
Unexpectedly, an of the MCOM above its Ty is extremely small and close to the CTE of
Cu, even smaller than that below Ty, i.e., a 90% reduction of the CTE of the EP above its
Tg. In comparison, the TCOM, as usual, shows a large CTE increase at T4 as the turning
point. One point that | would like to emphasize here is the special importance of CTE
minimization of TIM composites at temperatures above their Tg4, which seems to have
been neglected or considered non-feasible in the past. As is known, it is the basic

phenomena that polymers, upon heated, tend to have a higher positive CTE at T,.[449]
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Similar phenomena have also been observed in polymer based composites, including
CNT/polymer composites. For example, Want et al. and Xu et al. observed that the CTE
values of the CNT/polymer composites at temperatures above their Ty were at least 70
times of that for single crystal Si and 13 times of that for a pure Cu.[441, 447] Although
semiconductor devices are expected to operate below 150 °C, the thermal non-uniformity
usually referred to as hot spots, where power density could be >300 W cm™, is one factor
that eventually determines the device reliability.[367,450] The hot spot issue will cause
local temperature to be higher than the T, of the TIM composite; in this case, the
intensively heated part expands much more than the nearby components. How can people
reduce the CTE of polymer composites above Ty to, i.e., the value close to the CTE of Cu

(~16 ppm K™) or Si (~ 3 ppm K™)? In other words, how can we realize the principle of

“1+1>277
Table 6.2 CTE?® at Temperatures below and above T
an below Ty an above Ty ap below Ty ap above Ty
Samples
[ppm K] [ppm K] [ppm K7 [ppm K]
TEP 81 191 80 186
MEP 80 188 82 191
TCOM 30 68 81 310
MCOM 23 18 80 240

a. all values in the table were extracted from the slopes in quasi-equilibrium cooling
curves.

To the best of the authors’ knowledge, this is the first report so far on the ultra-
low CTE above T, for CNT/polymer composites. Obviously, the interface
enhancement/bonding plays an important role. Why does the better interface lead to the

ultra-low ay above the T4? The first possibility is the frozen, or at least partially frozen

148



orientation of polymer segments along the thickness direction—the CNT alignment
direction. Bonded interface is the right force to freeze the polymer segments close to the
interface, even above Ty At temperatures below Ty, sideward expansion of polymer
molecules contributes more to the ap while lengthwise expansion of the molecules
dominates the an.[449] If it is the case, the ay of the MCOM should be smaller than that
of the TCOM, while with a larger ap. Although it looks like that ay of the MCOM is
slightly smaller than that of the TCOM, their ap values are close. Probably radial
contraction of the VACNTSs in the MCOM obliterates this difference based on the better
interface. At temperatures above Ty, the over-all volume expansion of the TCOM should
roughly equal to that of the MCOM. Even if the polymer chains do not lose their
orientations, not a big difference is expected between ay of the MCOM and that of the
TCOM. However, at temperatures above the Tg, the an of the MCOM is only 1/3 of the
TCOM. This indicates the existence of a second mechanism that contributes to such an
ultra-low ay, as discussed below.

Molecular dynamics simulations suggest longitudinal contraction of a
SWNT.[451,452] A negative radial CTE of -1.5 ppm K™ in SWNTs was estimated
experimentally.[453] Although it is not clear yet whether MWNTSs contract longitudinally
or not, it is reasonable to expect that MWNTs have much lower CTE than EP. Upon
heating, there is an in-plane stretching coupled with a normal compression imposed on
the polymer network due to the VACNT anchoring effects at interfaces, where the in-
plane stretching comes from the radial contraction of the VACNTSs while the normal
compression is due to a large CTE mismatch between the VACNTSs and the polymer
matrix. Given that poisson’s ratio of a rubbery polymer network (a crosslinked network
above its Ty) is close to 0.5—indicating nearly no volume change, the in-plane stretching
and the normal compression have overlapping effects in reducing ayn. Figure 6.5
illustrates such a mechanism. Below Ty, since segmental movements of polymer

molecules are frozen, such stretching/compression forces cannot exert much influence on
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the EP network; while above the Ty, they do. Although this overall influence may not be
as strong as the interfacial anchoring effect acting on a thin polymer film by a specific
substrate, where even an ultra-negative CTE was observed,[454,455] it is possible to
reduce oy t01/10 of the CTE for pure EP, or lower. This also explains why the MCOM
shows a much larger ap than its ayn, where op is even larger than the CTE of the EP. The
even larger op of the TCOM is probably due to an increase in excluded volume,[440]
where the weak CNT-polymer interfaces cannot exert the additional influences as in the

MCOM.
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Figure 6.5 An illustration of the mechanism for the ultra-small through-thickness CTE of
MCOM above its Ty. The red spots on CNT surface represent the functionalized sites on
the f-ACNTSs.

6.2 GNS/Polymer Interface

Graphene sheets are drawing increasing attention due to its excellent electrical,
thermal and mechanical properties.[456] One potential application of graphene sheets is
to incorporate them into polymer matrices to prepare high-performance composites.[320,
456] However, manufacturing graphene-based composites has been very challenging due
to the difficulties in large-scale production of graphene sheets and their incorporation into

polymer matrices.[320] In comparison, exfoliated graphite—especially graphite
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nanosheets (GNS)—stacks of a few graphene sheets with high aspect ratio—are
advantageous in terms of preparation and dispersion.[370,457-459] Recently, Sun’s
group reported their preparation of GNS with a high aspect ratio and incorporation of the
GNS into an EP matrix.[460] The as-prepared GNS/EP composite displayed an extremely
high in-plane thermal conductivity (~ 80 W m™ K™ at 33 vol% GNS loading). Compared
with CNT/EP composites, there is no doubt that the GNS are considered more effective
fillers for improving thermal conductivity. This great enhancement, hypothetically,
resulted from the reduced GNS/polymer interfacial thermal resistance. However, the
hypothesis is somewhat on the contrary to the results by Hung et al.[459] Here | give a

theoretical analysis of the thermal transport behavior of GNS/polymer composites.

6.2.1 Theory and Model

Effective medium theory (EMT) is used to analyze the thermal conductivity of the
GNS/EP composite in Ref. 460. EMT is commonly used to describe microstructure-
property relationships in microstructurally heterogeneous materials, in particular, to
calculate and/or predict the effective physical properties of a heterogeneous system.
Following Nan,[437] let us consider a composite material with well-dispersed filler
embedded in a polymer matrix. Assuming a homogeneous and isotropic “effective
medium” with property Ko and a perturbation in property, K’(r), due to the presence of
the filler, the property of the heterogeneous medium at a point denoted by the position “r”
is thus expressed as: K(r) = Ko + K’(r). By using the Green function G for the
homogeneous medium and the transition matrix T for the entire composite medium, the
resultant effective property of the composite is expressed as: Ke=Ko + <T> (I + <GT>)?,
where | is the unit tensor and “< >” denotes spatial averaging. By neglecting the
interaction between filler units at relatively low filler loading, the matrix T is simplified

to be:

151



T ;ZTn =ZK;,(|—GK'n)—1 (6.3)

Taking the polymer matrix phase as the homogeneous reference medium and
assuming perfect GNS/EP interfaces (the interfacial thermal resistance will be modeled
later), we obtain the effective thermal conductivity of the composite in the Maxwell-

Garnett (MG) form:

2+ F[ Sy (1— Ly )(A+ < €082 0 >) + a5 (1— Lgg)(1- < cos? 6 >)]

2 2 (6-4)
2— f[B11L 1A+ < €0s“ @ >) + Pa3la;(1— < cos® 6 >)]

Ket1 = Keoo =Ky

Ko =K 1+ f[An (- L)< cos® 6 >) + B33 —Lg) < cos” 0 >] (6.5)
e 1- f[Bulys (- < 05”0 >) + By5las < c0s” 0 >]
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L11=122= '22 L s p (6.7)
2(p*-1) 20-p°)

Lgs =1-2Ly, (6.8)

where Ke11 (=Ke22) and Kezz are the in-plane and the through-thickness effective thermal
conductivities of the composite sample, respectively; f is the volumetric filler loading of
the GNS; K, is the isotropic thermal conductivity of the EP matrix; K1 (=Kf22) and Kgzs
are the in-plane and the through-thickness thermal conductivities of the GNS unit,
respectively; p reflects the aspect ratio of the GNS (the thickness over the in-plane
diameter of a GNS unit) and takes, on average, 5/2000;[460,461] <cos?6> reflects the
statistical orientation of the GNS in the EP and lies between 1/3 and 1, where
<cos’¢>=1/3 for a random orientation while <cos’¢>=1 for a fully parallel orientation of
the GNS plane relative to the surface plane of the film sample.

In Ref. 460, effective thermal diffusivity (o) of the composites was directly
obtained in the experimental measurement. Effective thermal conductivity (K¢) was then

calculated using the equation

Keii = @i PC (6.9)
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A simple mixing rule was used to calculate the mass density (p) and the specific

heat (c,) of the composites:
p=fpi +1-f)pp (6.10)
Cp=XCp ¢ +A=X)Cpp (6.11)

where pn (0.93 g cm™) (Appendix A) and ps (2.1 g cm™) are the mass densities of the EP
(EPONOL resin 53-BH-35) and the graphite, respectively. c,¢ (specific heat of graphite)
of 0.70 J g™ K iis taken.[462] x is the mass fraction of the GNS in the composite sample.

It is presented in Ref. 460 that at f=0.33, ae1; and Key; are 35 mm? st and 80 W m"
1 K, respectively. Based on these data and Eqns. (6.9)-(6.11), we calculate Cpm (specific
heat of the EP) to be 2.91 J g K and thus, K;=0.32 W m™ K. This K, of pure EP
looks unexpectedly high according to previous research experience of the author’s group;
however, in order to be consistent with the data in Ref. 460, let us just take this value for
the effective medium analysis in this study. Based on the data of a1 in Ref. 460, Kep; oOf
the GNS/EP composites at various filler loading are calculated. In our modeling, Ks; is
taken as 1500 W m™ K™ on the basis of the following considerations. The in-plane
thermal conductivity of a single graphene sheet was estimated to be as high as ~5000 W
m™ K™.[463,464] Given the fact that a MWNT, which is treated as a concentrically
wrapped-up GNS, possesses a similar longitudinal thermal conductivity (>3000 W m™ K’
1 to a SWNT (~3500 W m™ K™), we believe that a GNS possesses a high K in the
same order of magnitude with Ks; of a single graphene sheet. Previous experimental data
on CNTs also showed that the longitudinal thermal conductivities of MWNT arrays were
~30 W m™ K. Since the packing densities of these MWNT arrays are ~5% and tube-
tube interactions degrade the effective thermal conductivities, we estimate the equivalent
longitudinal thermal conductivity of an individual MWNT to be at least 600 W m™ K™.
Therefore, the GNS, an unrolled form of a MWNT, should possess a K of at least 600

W m™* K™. Further information for the estimation comes from the in-plane thermal
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conductivity of the commercial pyrolytic graphite sheets (PGS) provided by Panasonic,
Inc. (Appendix B) As the PGS density approaches the theoretical mass density of
graphite, the in-plane thermal conductivity of the PGS becomes 1500-1700 W m™ K. To
be conservative, we take 1500 W m™ K™ in our modeling. Accordingly, Kiss is taken as

15W mt K

6.2.2 Results and Discussion

Figure 6.6 shows a comparison between Eqn. (6.4) and the experimental data in
Ref. 460. A strong influence of the GNS orientation in the EP matrix on K3 is evident.
<c0s’0>=0.91 is the value with which the calculated Keas/ Keis at 33 vol% loading is
between 1/9 and 1/10, close to the actual average orientation of the GNS in the EP matrix
in Ref. 460. The model predicts higher thermal conductivity enhancement than the
experimental results. Moreover, a GNS/polymer composite exhibits a very low
percolation threshold (f.<0.64%),[465] above which a continuous GNS network forms in
the composite. The filler loadings under investigation are much higher than fc; in this
sense, the model used here has already underestimated Ke:.[435] The mixing rule,
percolation model and Bruggeman models will predict even higher K¢; than the MG
model at such high filler loadings.[367] Therefore, the experimental data are still much
below predictions. The deviation observed between the theoretical prediction and the
experimental results probably indicates the influence of the GNS/EP interfacial
resistance, consistent with the conclusion by Hung et al.[459] Therefore, GNS/polymer
interface modification is expected to further improve K, in analogy to CNT/polymer

composites.
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Figure 6.6 A comparison between the effective medium model (with various GNS
orientations) and the experimental results (solid dots) in Ref. 460.

Meanwhile, our modeling results show distinct difference between CNT/polymer
interface and GNS/polymer interface. Figure 6.7 shows schematic illustration of a
modified GNS unit after the interfacial resistance, Rk, at the GNS edge is taken into
account, in analogy to the methodology by Nan et al.[430] Nevertheless, the interfacial
resistance along the through-thickness direction is neglected based on the following
considerations: 1) the large aspect ratio and the flat surface of GNS enhances GNS-
polymer interaction,[466] leading to a relatively negligible interfacial thermal resistance
compared with that at the GNS edge; 2) since phonon acoustic mismatch is considered
the main fundamental cause of the interfacial thermal resistance between GNS (or CNT)
and polymer,[367] the soft-mode vibrations of GNS along its through-thickness direction,
compared with the rigid-mode vibrations in its in-plane direction, can be much better
coupled to the vibrations of the polymer matrix, it is reasonable to consider only the
interfacial thermal resistance at the GNS edge in such a highly oriented GNS/polymer
composite. As such, the effective in-plane thermal conductivity of the GNS can be

expressed as:
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B

(6.12)
2Ry +B/Kq;

Ki11=Kig =

where B is the average lateral size (2 um) of a GNS unit. By replacing the K1 and K
with K111 and K s, respectively, in Egns. (6.4) and (6.6), we get the modeling results in
Figure 6.8. Rk falls in the range of 1-6x10° m” K W™, one order of magnitude smaller
than the Rk of 8x10® m? K W™ measured across CNT/polymer interfaces.[438] It is not
difficult to understand the relatively small Rx of GNS/polymer interfaces. In polymer
composites with SWNTs, due to the small tube diameter (usually <10 nm), the
probability of an attachment of the ends of the CNTs to the polymer matrix (the ends
have to be somehow attached to the polymer chain for effective thermal transport across
the interface) is extremely low.[307] In comparison, in GNS/polymer composites, the
large lateral length (usually on the order of micron) of the GNS results in a dramatically

increased probability of an attachment of the GNS edge to the polymer matrix.

interface barrier layer

GNS

A

B >

Figure 6.7 Schematic illustration of a modified GNS unit after the interfacial resistance,
Rk, at the GNS edge is taken into account. A simple series model is used. B represents the
lateral size of the GNS.
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Figure 6.8 The influence of the GNS/polymer interfacial thermal resistance on the overall
effective thermal conductivity of the composites (<cos?9>=0.91).

Figure 6.9 shows a strong influence of the aspect ratio on Kej;: the higher the
aspect ratio of GNS, the higher Kej;. Therefore, further exfoliation of the GNS to
produce higher-aspect-ratio fillers would be expected to further enhance the thermal

conductivity of GNS/polymer composites. In this case, however, the interfacial thermal

resistance will probably become more influential.

15000 ——p=1/2000
------ P=2/2000
PR RS p=5/2000 f
% 1000 ¢
=
2
~ 500
km
0.

00 02 04 06 08 10
f

Figure 6.9 The influence of the aspect ratio of the GNS on the overall effective thermal
conductivity of the composites (<cos?9>=0.91).
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CHAPTER 7

FUTURE WORK

7.1 Synthesis of High-Quality VACNTSs with a Higher Packing Density

One drawback of current TCVD synthesis of VACNTS is the relatively low CNT
packing density on the growth substrate. This density limitation mainly comes from the
low number density of catalyst NPs on the growth substrate. Usually, a thin layer of
catalyst is deposited on a growth substrate, e.g., by e-beam evaporation. The thickness of
the catalyst layer after deposition is typically 0.6-3 nm for TCVD. The thin catalyst layer
cracks to form NPs at high temperatures in a reducing atmosphere. A proper thickness of
the catalyst layer is one prerequisite for formation and separation of catalyst particles
with small distribution in diameter. For a TCVD process, density of NPs on a growth
substrate typically lies between 300-1000 pm™, depending on the original thickness of
the catalyst deposit, the catalyst support layer (Al,O3), the pressure of the chamber for
TCVD, [467] and Oswald ripening during CNT growth that decreases the number density
of the catalyst NPs. Therefore, in real VACNT samples by TCVD, the packing density of
CNTs on the substrate is ~5% in volume or lower. Although such a surface coverage is
sufficient to, in theory, provide excellent electrical or thermal conductance, defects and
misalignment are unavoidable in the synthesized CNTSs, which greatly degrade intrinsic
properties of VACNTSs. Therefore, for electrical or thermal applications, a properly
higher packing density of VACNTS on substrates is desired.

In general, the CVD process and the catalyst recipe both affect the packing
density of the VACNTS. In the future, systematic studies in the following two directions

are worth pusuing.
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First, based on the current TCVD system, fast temperature ramping can be
introduced, as well as controlled chamber pressure during the TCVD.

Second, binary catalyst recipes on the packing density is worthy of being looked
into, in particular, Mo-Fe, Mo-Co and Ni-Fe systems. Mo has been widely used for
SWNT synthesis.[178,468,469] Yoon et al. reported that the addition of Mo in the Co
catalyst improved the distribution of catalyst NP size on the growth substrate, and in
come cases, provided an effective nucleation site for SWNTSs.[178] The relatively high
stability of molebdenum oxide is considered beneficial for retarding the catalyst NPs
from coarsening.[468] Co-deposition of Mo and Fe is worth trying. Previous results show
that the present of a small amount of Ni in the catalyst recipe can effectively retard the
coarsening of the catalyst NPs, however, giving low catalysis activitiy toward ethylene.
Therefore, a modified source composition together with the TCVD temperature is

necessary to explore the Ni-Fe recipe.

7.2 More on Large-diameter Double-walled VACNT Array

Our prior publications showed our capabilities of synthesizing high-quality
vertically aligned open-ended CNTs. An important improvement over the prior published
work, according to the discussion in Section 2.3.5, is the synthesis of open-ended high-
quality VACNTSs yet with large inner diameter and thin walls. Large inner diameter (~5
nm) can facilitate ion transport in the tube to make the inner wall area of the open-ended
tubes accessible for ion sorption. A thin wall structure undoubtedly increases the specific
area of the VACNTS, as the inter-layer surface area may not be accessible to ions. As
such, the large-diameter DWNT array may find an important application as electrode
materials in electrochemical energy storage. So far, we have demonstrated successful
synthesis of VACNTs with large inner diameters and thin walls (Figure 2.9); the

synthesis will be systematically studied and optimized in the future.
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7.3 Mechanism for Fast Microwave Heating of CNTs

As discussed in Chapter 3, conduction loss is probably the dominating mechanism
for microwave response of the VACNTSs under study. By microwave response, | refer
specifically to heating rate of CNTs under microwave radiation, which can be measured
in situ in the microwave apparatus. According to the widely used Drude model, the
complex electrical conductivity, o(w), of a conductive material in an AC electrical field
is:

. 00T

2+| 2.2

1+ ot (7.1)

Oo

o(w) =
1+ o’r

where g9, w and 7 are the DC conductivity of CNTSs, frequency of the AC field, and mean
free time of the free charge carriers in the CNTSs.

oy 1S defined as:

ne’r

m* (7.2)

Goz

where n, and m* are the density of free electrons (e) in CNTs, and the effective mass of
e.

Therefore, both microwave frequency and the electron density affect the
conduction loss. The following experiments are proposed to determine if conduction loss
is the primary mechanism for microwave heating in CNTs.

1) w can be easily tuned on the microwave apparatus so that the dependence of
microwave heating on the frequency of the microwave field can be established.

2) Doping by nitrogen is an effective way of tuning the electrical conductivity of
CNTs because the N-dopants increases the density of e- (n) in the CNTs without affecting
the mean free time of e (z,).[470-472] In the present proposed research, synthesis of N-
doped VACNTSs will be carried out by the CVD process but with a slight modification. A
small amount of Ar will be bubbled through a solution of water/acetonitrile at various

tempertures. Acetonitrile has been used widely as an effective source of nitrogen to
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synthesize N-doped multi-walled CNTs.[474,475] The dopant level can be characterized
accurately by elemental analysis, electron energy loss spectroscopy, and semi-
quantitatively by X-ray photoelectron spectroscopy. DC conductivity oo can be easily
measured with a four-point probe system. As such, doping level—conductivity—
microwave response correlation will be established.

3) High-temperature annealing of the synthesized VACNTSs will be carried out to
improve their electrical conductivity. Microwave response of the annealed CNTs will be
compared with the pristine CNTSs.

Conduction loss accounts for microwave heating of carbon black (up to ~500 °C).
However, it may not explain why VACNTS can be heated to higher temperatures (650-
2000 °C) than carbon black. Other than the conduction loss, as mentioned in Chapter 3,
effect of magnetic loss on the microwave heating of catalyst-containing CNTSs is still not
clear,[272,276,277,312] because even quanlitative analysis of the correlation between the
content of the catalyst residue in CNTs and the their microwave heating is absent in
literature. Here | propose the following strategy to study the magnetic loss effect. As
shown in Figure 7.1, three types of VACNTs will be studied: pure VACNTSs with no
catalyst residue (Figure 7.1a)—synthesized by our current TCVD process; VACNTS
coated with a controllable amount of Fe (or Ni) NPs on surface (Figure 7.1b)—prepared
by deposition of the magnetic NPs; VACNTSs with a controllable amount of Fe (or Ni)
NPs trapped inside the tube (Figure 7.1c)—synthesized by a FCCVD process. The
amount of catalyst residue can be measured accurately by ICP. Catalyst residue—

microwave response correlation will be established.
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(A) (B) © (D) (E)

Figure 7.1 The three types (A, B, and C) of VACNTSs to be studied regarding the effect of
magnetic catalyst residue on microwave heating. (D) and (E) are HRTEM images of pure
CNTs (A) and CNTSs with Fe trapped inside the tube (in between the walls) synthesized
by a FCCVD process (C), respectively.
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CHAPTER 8
AN EXTRA CHAPTER ON DISCOVERY, FUNDAMENTALS AND

APPLICATIONS OF ORGANIC AQUA REGIA

Recently, we reported our discovery of a series of organic mixtures that dissolve
various noble metals such as Au, Ag, and Pd efficiently at room temperature.[476] By
varying the composition, and reaction conditions, we were able to achieve selective
dissolution of the noble metals. | named these mixtures organicus liquor regius as the
male counterpart of aqua regia (female) in Latin. For the peer researchers and readers to
catch the term more easily, | will use the term organic aqua regia (OAR) from here after.
The discovery of OAR and their potential applications in many fields have attracted
extensive attention.[477-479] The chapter provides a brief description of our work on,
and understanding of, OAR from three aspects: discovery, fundamental chemistry, and
some of the potential applications that we have already preliminarily demonstrated.

The chapter is composed of two sections. Section 8.1 describes how | discovered
OAR when | was studying chemical bonding of functionalized carbon nanotubes to an
Au surface, and introduces some known properties (dissolution selectivity towards
metals, and dissolution kinetics) of OAR, with a touch on some of the recipes of OAR
that | have already developed so far. A summary of the chemistry, strength, and issues of
aqua regia—the most powerful solution to dissolve noble metals in history, and a
tabulated comparison between OAR and aqua regia will be presented. A significant
portion of the chapter is then devoted in Section 8.2 to some fundamental chemistry of
OAR, with the focus on the Au-thionyl chloride-pyridine system. Thionyl chloride
(SOCIy) and its mixture with pyridine (py) have been widely used in organic chemistry
for decades. We shall note that the chemistry of SOCI,-py is more complex than chemists

may have ever perceived. Our rigorous study on SOCI,-py has provided some new

163



fundamental understanding of the mixture. Also discussed will be the possible
mechanism for the Au dissolution by SOCI,-py. A surface reaction mechanism is

proposed.

8.1 Discovery of OAR

As many discoveries were, the discovery of OAR was accidental. In 2007, | was
involved in developing a chemical bonding process to anchor in situ functionalized
vertically aligned carbon nanotubes to a modified Au surface. The basic chemistry was to
assemble a thin layer of 4-mercaptobenzoic acid molecules on the Au surface, and then
form the bonding between the functional groups (e.g., hydroxyl groups) on the VACNTSs
and the acid groups of the 4-mercaptobenzoic acid molecules via esterification (Figure
5.10). However, there were some fundamental challenges to such a bonding process.
First, solid-solid reaction at the interface was very unlikely to occur given the low
functionalization degree of the carbon nanotubes and the irregular surface of the carbon
nanotubes (very few people talked about the irregular surface of the macroscopically
well-aligned carbon nanotubes). Second, a wet chemical reaction at the interface was
preferred, e.g., the esterification reaction catalyzed by acid in an aqueous solution.
However, the wet chemical process—if not controlled well—would damage the vertical
alignment of the carbon nanotubes (at that time nearly nobody revealed the truth that a
vertically aligned carbon nanotubes array/bundle could easily collapse in wettable
liquids). Third, direct esterificaiton of benzoic acid with alcohol had been known to be
very inefficient,[480,481] and therefore, kinetically unlikely at the interface. To address
these issues, the benzoic acid group was first transformed to the benzoic acid chloride
group by the reaction with SOCI, in the presence of a certain concentration of py as the
catalyst. A dilute solution of SOCI, (5~10 ppm) in acetonitrile with a trace amount of py

(py:SOCI,=1:2 in mole) was used (illustrated in Figure 5.13).
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When | was studying the functionalization (esterification) reaction, something
unexpected but interesting happened one day: in the presence of py, a relatively high
concentration of SOCI; resulted in efficient dissolution of Au in the organic solution at
room temperature. Soon after I confirmed that Au was not soluble at all in either SOCI,
or py, with and without oxygen (O), | realized the similarity between the organic
mixtures and aqua regia. Aqua regia (“royal water”) has been used for centuries as a
powerful etchant to dissolve noble metals. The beauty of aqua regia is that the simple 1:3
mixture of concentrated nitric and hydrochloric acids can dissolve various noble metals
while the noble metals are not soluble in either of the acids. The organic mixtures have
exactly the same beauty with aqua regia: simple mixtures; therefore, | name the mixtures
organic aqua regia (OAR). My curiosity pushed me to try other materials in the SOCI,-
py mixture (with and without acetonitrile); the qualitative results are listed in Table 8.1.

The discovery promises more than just the beauty and simplicity. The distinct
difference between OAR and aqua regia is that OAR are non-aqueous, which is
important. Compared with inorganic chemistry, organic chemistry provides a precise
control over chemical reactivity. The ability to engineer organic reactions would probably
enable selective dissolution of noble metals. With that in mind, Prof. Wong, Rongwei
Zhang and | started to work on the formulation of OAR for selective dissolution of noble
metals. Some preliminary results are presented here. Figure 8.1 shows the kinetic results
of the dissolution of noble metals in the mixture of SOCI, and py with a volumetric ratio
of 3:1. The mixture dissolves Au at a rate of 0.3 mol m? h™ at room temperature, which
is faster than Au dissolution in conventional cyanide leaching agents (<0.004 mol m? h™)
and iodide etchants (<0.16 mol m™? h).[482,483] Ag and Pd, can also be dissolved at
high dissolution rates (0.8 mol m-2 h-1 and 0.5 mol m? h™, respectively); Pt is
completely inert. In a comparison, Figure 8.2 shows that a SOCl,-DMF mixture dissolves

Au at a rate of 0.3 mol m™? h™*; neither Pd nor Pt is apparently dissolved.
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Table 8.1 Qualitative results of dissolution of various materials in SOCI,-py mixtures.

material dissolution (Y/N)

silver Y
gold
platinum
palladium
copper
iron
nickel
titanium
tungsten
tantalum
chromium
tin
indium
stainless steel
Teflon

silicon

Zz2 2 Z2 X X X Z2 zZz2 zZ2 Z2 <X KX X < Zz

silicon oxide

Such dissolution selectivity may find many important applications such as
recovery of noble metals, especially recovery of Pt. The conventional Pt recovery
technologies are complicated, mainly relying on the dissolution of Pt in strong inorganic
acids (aqua regia) and subsequent precipitation of the dissolved Pt from the
solution.[484-486] However, aqua regia dissolves all the metals at the same time and

cannot separate them out. It ends up with low-purity Pt which doesn’t go back to the
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product stream directly; it has to be refined, but refinery is costly. Moreover, auga regia is
notoriously dangerous to work with; it is not recyclable; it is environmentally hazardous.
In comparison, OAR may provide a route to improve the recycling quality and efficiency
of Pt by a selective dissolution process. The selective dissolution process removes the
impurity noble metals (Ag, Au, and Pd, etc.) before the final dissolution of Pt. Besides,
OAR is recyclable (simply by distillation), and dilute OAR are relatively safe and easy to
handle. A thorough comparison between aqua regia and OAR is listed in Table 8.2. A
few non-aqueous solutions for dissolving noble metals have been preliminarily
investigated by other research groups,[482,487-490] however, with relatively
unsatisfactory solubility,[482,488-490] selectivity,[482,488-490] efficiency,[487,489,
490] stability [490], and simplicity.[487-489]
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Figure 8.1 Kinetic studies of the dissolution of Au, Pd, Ag, and Pt in a 3:1 SOClI,-py
mixture. We deposit 250-nm-thick Au, Pd, Ag, and Pt, respectively, onto a 9-cm? Si
substrate each, with 20-nm-thick chromium as the adhesion layer (chromium is not
soluble in any organicus liquor regius we tried) to avoid the error that might be
introduced due to peel-off of the noble metal metallization layer. The metalized
substrates are immersed in 20 mL of SOCl,-py at room temperature with mild shaking for
a preset duration, taken out, rinsed thoroughly, dried, and weighed.
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Figure 8.2 Kinetic studies of the dissolution of Au, Pd, and Pt, respectively, ina 1:20
SOCI,-DMF mixture.

Table 8.2 A comparison between aqua regia and OAR.

Aqua regia OAR
- nitric acid + hydrochloric .
composition . innumerous
acid

concentration concentrated customized

safety explosive and corrosive corrosive

recyclable N Y
dissolution of noble metals indiscriminate selective

So far, the chemicals that have been found to work as the effective basic
components to compose OAR with SOCI, for dissolving Au include, but are by no means
limited to, the following chemicals and their derivatives: pyrrole, pyrrolidine,

pyrrolidone, isoxazole, isothiazole, pyrazole, imidazole, thiazole, oxazole, pyrazolone,
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bipyrazole, pyridine, pyridazine, pyrimidine, pyrazine, triazine, indole, quinoline, purine,
pteridine, phthalocyanine, N,N’-dicyclohexylcarbodiimide, N,N’-dimethylformamide
(DMF), N,N’-dimethylbenzylamine, dodecyltrimethylammonium bromide, tri-p-tolyl-
phosphine, etc. Effective dissolution of Au in a mixture of SOCIl, with any of the
following chemicals has not been observed: maleimide, azobisisobutyronitrile, aniline,
polyaniline,  phenanthroline,  methylbenzyl cyanide, 2-acetyl-1-methylpyrrole,

benzyltriethylammonium tetrafluoroborate.

8.2 Fundamental Chemistry of the SOCI,-py Mixture and the Au-SOCI,-py System

One key feature that all the aforementioned organic candidates have in common is
that they more or less have charge-transfer interactions with SOCI,,[491, 492] where the
sulfur in SOCI; is an electron acceptor, and the nitrogen (or phosphor) an electron donor.

Let me focus on the Au-SOCI,-py system in this chapter.

8.2.1 SOCl,-py Mixtures

Py has been known for long to be able to catalyze the synthesis of acyl chlorides
(RCOCI) by the reaction between organic acids and SOCI,.[493-496] So has DMF. From
a bromination reaction of py in the presence of SOCI,, Garcia et al. proposed a reaction
between py and SOCI;, involving the probable equilibrium among 1-(chlorosulfinyl)-
pyridinium chloride (structure b in Figure 8.3), 1-(chlorosulfinyl)-4-chloro-4-
hydropyridine (structure ¢ in Figure 8.3), and further reaction products.[497] Such a
proposed reaction equilibrium was used by Higashi et al. as the mechanism for
esterification reactions between carboxylic acids and SOCI, using py as the catalyst.[495]
However, no systematic spectroscopic study on the SOCI,-py mixtures has been reported
so far.

Indeed, there is a strong interaction between py and SOCI,, which can be seen by

the “white fog” formed when either of them is added to the other at room temperature. Immediate

yellowing of the solution is observed when py and SOCI, are mixed fast at room temperature.
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Such a strong interaction is due to the formation of a charge-transfer complex (Figure
8.4) between py and SOCI, (partial transfer of the electron density on the nitrogen to the
sulphur). The charge transfer, in general, weakens the bonds within the acceptor
molecule,[498] which accounts for the observed redshifts of both the asymmetric (from
446 to 427~426 cm™) and the symmetric (from 497 to 494~474 cm™ depending on the
ratio of SOCI; to py) CI-S-ClI stretching in the Raman spectra of the SOCI,-py mixtures
(Figure 8.5). SOCI,. py is observed directly in the mass spectrum of the SOCI,-py

mixture.[476] Nuclear magnetic resonance (NMR) data are summarizes in Table 8.3. We
see the deshielding (low-field chemical shifts) of **N (ca, 5 ppm), **C (ca, 1.35 and 2.42
ppm for C-3 and C-4, respectively), and *H (ca, 0.35, 0.49 and 0.50 ppm for H-2, H-3 and
H-4, respectively), and shielding (high-field chemical shift) of C-2 (ca, -1.77 ppm)
relative to pure py. These chemical shifts are attributed to the charge-transfer
interaction.[499] We also observe shifts and intensity changes of py-related vibration
peaks in the FT-IR of the SOCI,-py mixture relative to pure py and SOCI, (Figure 8.6).

Such shifts are in agreement with simulation results.[476]
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Figure 8.3 Structures of py (a), 1-(chlorosulfinyl)-pyridinium chloride (b), and 1-
(chlorosulfinyl)-4-chloro-4-hydropyridine (c). The numbering of atoms is applied to the
NMR analysis.
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Figure 8.4 The molecular structure of the SOCI,-py charge-transfer complex.
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Figure 8.5 532-nm-laser-wavelength Raman spectra of py, SOCI,, and their mixtures with
varied ratios.
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Table 8.3 Summary of solution NMR data.

8 (*H) of 3:1 SOCl,-py 8 (°C) of 3:1 SOCl,-py
mixture mixture

9.68 (d, J=6.0) 148.17 (2.9)
9.50 (d, J=5.8) 138.32 (2.3)
9.28 (s) 125.15 (2.0)
9.21 (d, J=4.6)
9.17 (d, J=4.1)
8.94 (d, J=4.5)
8.75 (d, J=4.2)
8.12 (t, J=7.8)
7.72 (t, J=6.6)
7.52 (t, J=6.1)
1.56 (s)

1.18 ()
Left column: “s”, “d” and “t” in the brackets represent “singlet”, “doublet” and “triplet”.
The values in bold are the major chemical shifts. Right column: the values in the brackets
are the half-height line-width (vy,).

In the Raman and the FT-IR spectra of the SOCI,-py mixtures, almost all the
vibration modes of pure py and pure SOCI, remain. This indicates that the parent
molecules, although perturbed by the charge-transfer interaction, maintain their basic
structural integrity, and that the dominating product is a molecular adduct rather than a
rearrangement, elimination or dissociated product. Neither 1-(chlorosulfinyl)-pyridinium
chloride nor 1-(chlorosulfinyl)-4-chloro-4-hydropyridine is identified in the NMR spectra
or FT-IR spectra.[493,495-497] However, the experimental data of electrical conductivity
measurement of the mixtures suggest the presence of mobile ions due to the dissociation.

Therefore, 1-(chlorosulfinyl)-pyridinium chloride, though being a weak electrolyte in
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SOCI, (Figure 8.7), exists as the dissociated form of the SOCI,. py adduct in the
solutions. Geometry optimization results show that: SOCI,-py adduct (non-dissociated) is
energetically more favorable than 1-(chlorosulfinyl)-pyridinium chloride, the dissociated
form of the adduct, the latter being 16.8 kcal mol™ higher in energy than the former. The
energy difference will be lowered when put into a condense phase, depending on the
dielectric constant of the solvent. This helps explain why the adduct is a weak electrolyte

in SOCl,.

R
Q pure py
= —— 3:1 SOCI_-py mixture
-‘é pure SOCI,
/2]
C
[
|_
h
L) ] L) I T l L) I T I T
3500 3000 2500 2000 1500 1000

-1
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Figure 8.6 FT-IR spectra of py, SOCl,, and their mixture.
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Figure 8.7 Conductivity measurement results (111): A-c®® plot, where c is the
concentration of SOCl,. py adduct in the solution, and A the molar conductivity of the
electrolyte. It is clear that SOCI,. py is a weak electrolyte in SOCI, matrix; its
dissociation degree increases in acetonitirle. This is in line with our prediction because
SOCI; has a lower dielectric constant (9.3) and higher viscosity (0.6 cP) than acetonitrile
(36.2 and 0.3442 cP, respectively).[500,501]

8.2.2 Au Dissolution in SOCl,-py Mixtures

It has been confirmed that the valence state of Au after the dissolution is Au(lll),
in the form of [AuCl,]". The Raman spectrum showing the [AuCl,]" structure is shown in
Figure 8.8. From the view of thermodynamics, dissolution of noble metals usually
requires a strong oxidant, and simultaneously ligands that coordinate with the noble metal
ion to reduce the redox potential of the metal in the solution. Obviously, CI is the ligand
in this case. Although even chemists may not be aware of the strong oxidizing ability of
SOCly, it should be noted that Au(I)—Au(IL) oxidation by SOCI, has been demonstrated

under certain conditions.[502,503] SOCI, oxidizes Cu and Ag readily at room
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temperature. Thus, SOCI, is a strong oxidant, and it can be the oxidant in our case.
However, Au cannot be oxidized by SOCI, alone. No weight loss was detected of an Au
film after it was immersed in SOCI, at room temperature or even at 70 °C (refluxing) for
1 week. Purging oxygen into the SOCI, bath doesn’t oxidize Au, either. Py, undoubtedly,
plays a very important role in the oxidative dissolution process. We believe that the

charge-transfer interaction activates SOCI, to oxidize Au.

Raman Intensity —»

y T y T T T y
100 200 300 400 500
Raman Shift 4v/cm” ——»

Figure 8.8 Raman spectrum of a vapor-etched Au/Si surface. Vibrations attributed to
[AuCl,] structure are observed at 170, 324, and 348 cm™.

One drawback of thermodynamics is that it doesn't tell the reaction kinetics (in
most cases, thermodynamics doesn’t relate to kinetics). For example, the coordinative
oxidation mechanism may not be able to explain why the dissolution rate of Au is
strongly dependent on the recipe of the OAR, especially the organic component such as
py, DMF, pyrrolidine, pyrrolidone, isoxazole, isothiazole, pyrazole, imidazole, etc. The
reaction rate in different OAR can be orders of magnitude different! Moreover, Pd and Pt

are less noble than Au, but are not oxidatively dissolved in many recipes of OAR. The
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fundamental view of the dissolution reaction, therefore, points toward an interfacial

reaction mechanism as shown in Figure 8.9.

fs g

/ q
Figure 8.9 A proposed oxidative dissolution mechanism for Au in OAR.

The proposed mechanism involves two important roles by the organic component,
say py, in the two major steps. First, py coordinates to the Au surface by putting the non-
bonding electrons in py (according to molecular orbital theory) to the accessible and
symmetry allowed atomic orbital of the metal element. As such, the work function of the
noble metal is effectively reduced (this has been known for quite a while), and therefore,
the surface noble metal atoms are more liable to oxidation by the oxidant, i.e., activated
SOCl,. Second, py forms the charge-transfer complex with SOCI, to activate the oxidant;
upon capture of the electrons from Au, CI-S-CI dissociated to generate the CI" as ligand.
We propose that the surface coordination between Au and py, and later on, the desorption

of py after electron transfer from Au to sulfur, determine the reaction rate. As such, the
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electron structure and physical properties of the organic component determine its
interactions with SOCI, and the Au surface, and consequently, determine the dissolution
kinetics. As for Pt and Pd in OAR, | believe their solubilities are related to surface
passivation. It is well known in the research field of “corrosion science” that pure Pt and
Pd are thermodynamically less noble than Au but, in reality, more noble than Au. The
reason is that Pt and Pd surfaces passivate against oxidants over a wide range of pH
values in aqueous solutions, while Au surface doesn't. This also explains why none of Ti,
Ta, Cr, and W can be dissolved in OAR. The passivation prevents the ligand and the
oxidant from accessing the metal atoms. To get clearer about the mechanism for the

dissolution selectivity, electrochemical characterizations and simulations are needed.
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APPENDIX A

ABOUT EPONOL RESIN 53-BH-35

http://www.resins.com/Products/TechnicalDataSheet.aspx?id=4061

Sales Specification

Property Units Value Test Method/Standard
Viscosity at 25°C cP u-z2 ASTM D1544
Color Gardner 6 ASTM D1544
Solids %m/m 34-37.5 ASTM D1259
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APPENDIX B

ABOUT PYROLYTIC GRAPHITE SHEETS

http://industrial.panasonic.com/www-ctlg/ctlg/gAY AO000_WW.html

ltems PGS 100pm | PGS T0um | PGS 25um
Thermal XY direction | 800 to 800 | 750 to 950 |1500 to 1700
conductivity
(Winn-K) Z direction 15 15 (15]
Thermal diffusivity (cm?/s) S0 10 9to 10 Sto 10
Density (glem?) 0.85 1.10 210
Specific Heat (at 50 degrees C)lgk) 0.85 0.85 0.85
Heat resistance (in Airj{degrees C) 400 400 400
Pull strength XY direction 19.6 220 30.0
(MPa) Z direction 0.4 0.4 0.1
Bending test (imes) RS 180 degrees | Ower 30000 | Ower 30000 | Ower 30000
Electric conductivity (Sfcm) 10000 10000 {20000)
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