Chapter 2
Nanotechnology

2.1 Introduction to Nanotechnologies
and Nanopackaging

Nanotechnology is the creation of functional materials, devices, and sys-
tems through control of matter on the nanometer length scale (<100 nm)
and exploitation of novel phenomena and properties (physical, chemical,
biological, mechanical, electrical, etc.) at that length scale.

Nanoelectronics refer to the use of nanotechnology on electronic com-
ponents. Nanoelectronics hold the promise of making computer processors
more powerful than is possible with conventional semiconductor fabrica-
tion techniques. A number of approaches are currently being researched,
including new forms of nanolithography, as well as the use of nano-
materials such as nanowires or small molecules in place of traditional
CMOS components. Field-effect transistors have been made using both
semiconducting carbon nanotubes [1] and heterostructured semiconductor
nanowires [2].

Single-molecule devices are another possibility. These schemes would
make heavy use of molecular self-assembly, designing the device compo-
nents to construct a larger structure or even a complete system on their
own. This can be very useful for reconfigurable computing.

Molecular electronics [3] is a new technology which is still in its in-
fancy, but also brings hope for truly atomic scale electronic systems in the
future. One of the more promising applications of molecular electronics
was proposed by the IBM researcher Ari Aviram and the theoretical chem-
ist Mark Ratner of North Western University in their 1974 and 1988 pa-
pers Molecules for Memory, Logic and Amplification, respectively [4, 5].
This is one of many possible ways in which a molecular-level di-
ode/transistor might be synthesized by organic chemistry. A model system
was proposed with a spiro carbon structure giving a molecular diode
about half a nanometer across which could be connected by polythiophene
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molecular wires. Theoretical calculations showed the design to be sound in
principle and there is still hope that such a system can be made to work.

Nanopackaging, i.e., the application of nanotechnologies to electronics
packaging, is being explored to enhance performance and reliability elec-
tronics packages. Nanotechnology drivers are the varied ways in which
materials properties change at small dimensions, and these properties can
be put to work to solve past packaging problems and to develop new ap-
proaches to future nanoelectronics packaging issues. Electron transport
mechanisms at small dimensions include ballistic transport where the
transport of electronic signal without generating any measurable heat, se-
vere mean mean-free path restrictions in very small nanoparticles, various
forms of electron tunneling, electron hopping mechanisms, and more.

In addition, candidate next-generation nanoelectronics technologies
(e.g., single-electron transistors, quantum automata, molecular electronics)
are generally hyper-sensitive to dimensional change, if based on quantum
mechanical electron tunneling, and appropriate packaging will be essential
to the success or failure of these technologies. Packaging strategies must
therefore be developed in parallel with the basic nanoelectronics device
technologies in order to make informed decisions as to their commercial
viabilities [6].

2.2 Nanoparticles

2.2.1 Introduction

The transition from micro-particles to nanoparticles can lead to a number
of changes in physical properties. Two of the major factors are the increase
in surface area to volume ratio and the size of particles moving into the
realm where quantum effects predominate.

The increase of surface-area-to-volume ratio, which is a gradual pro-
gression with particles getting smaller, leads to an increasing dominance of
the behavior of the atoms on the surface of the particles over that of those
in the interior of the particle. This affects both the properties of a particle
in isolation and its interaction with other materials. The large surface area
results in lots of interactions between intermixed materials in nanocompo-
sites, leading to special properties.

Once particles become small enough they start to exhibit quantum me-
chanical behavior. The property of quantum dots is a case in point,
whereas these are sometimes called artificial atoms because free electrons
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in them start to behave in a way similar to electrons bound by atoms in that
they can only occupy certain permitted energy states.

Additionally, the fact that nanoparticles have dimensions below the
critical wavelength of light make them transparent, a property that makes
them very attractive for applications in packaging, cosmetics, and coatings.

2.2.2 Nanoparticle Fabrication

The nanoparticle fabrication technique to be selected depends primarily on
the intended functions. Usually, chemical reduction [7-12] and physical
method [13] have been developed to synthesize bimetallic nanoparticles.
The chemical reduction method for the preparation of bimetallic nanopar-
ticles can be divided into two groups: one is the co-reduction of two differ-
ent kinds of metal salts. For instance, Ag/Au alloy, El-Sayed and Murphy
used simultaneous reduction of silver and gold salts to form Ag/Au alloy
nanoparticles with size of 18 nm and less than 10 nm, respectively. Chen et
al. [14] and Zhang et al. [15] used laser irradiation of silver—gold colloidal
mixture to synthesize Ag/Au alloy nanoparticles. The other method is the
successive reduction of two-metal salts, which is usually carried out to
prepare a core—shell structure of bimetallic nanoparticles. Mandal et al.
[16] used seed-mediated techniques to synthesize core-shell type Ag/Au
bimetallic nanoparticles. For the physical method, nanoparticles can be
made directly from the bulk materials. Compared to the chemical reduction
method, the physical method renders higher yield. Particles produced by
this method are usually quite large and have a wide distribution of particle
size.

Noble metal nanoparticles, for example, have been fabricated by an eco-
friendly ultrasonic processing technique. Beveridge and co-workers [17,
18] have demonstrated that gold particles of nanoscale dimensions may be
readily precipitated within bacterial cells by incubation of the cells with
Au™ ions. Klaus et al. [19-21] have shown that the bacteria Pseudomonas
stutzeri AG259 isolated from a silver mine, when placed in a concentrated
aqueous solution of AgNO,, resulted in the reduction of the Ag" ions and
formation of silver nanoparticles of well-defined size and distinct mor-
phology within the periplasmic space of the bacteria. Taking this approach
a step further, they showed that biocomposites of nanocrystalline silver
and the bacteria may be thermally treated to yield a carbonaceous (cermet)
nano-material with interesting optical properties for potential application
in functional thin-film coatings [21]. The exact reaction mechanism lead-
ing to the formation of silver nanoparticles by this species of silver-
resistant bacteria was not clear. In an interesting recent study, Nair and
Pradeep [22] have demonstrated that bacteria not normally exposed to
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large concentrations of metal ions may also be used to grow nanoparticles.

Nair and Pradeep have shown that Lactobacillus strains present in butter-

milk, when challenged with silver and gold ions, resulted in the large-scale

production of metal nanoparticles within the bacterial cells. They
also showed that exposure of lactic acid bacteria present in the whey of
buttermilk to mixtures of gold and silver ions could be used to grow
nanoparticles of alloys of gold and silver [22]. Recently, Jose-Yacaman and
co-workers [23, 24] have shown that gold and silver nanoparticles may be
synthesized in live alfalfa plants by gold and silver uptake from solid media.

A precursor may be used, e.g., AgNO, for Ag nanoparticles, and there
are techniques to control the particle shapes, e.g., spherical, cubic, or wires
[6, 25]. Nanoparticles tend to agglomerate, and so the crucial step is often
the use of a dispersant to counter this tendency [26, 27]. The thermal or
sputter evaporation of metals and condensation on an insulating substrate
will also yield a surface distribution of nanoparticles [28-31].

The enhanced chemical activities of nanoparticles, which make them ef-
fective as catalysts, are due to the high surface area-to-volume ratio, and
hence to the high proportion of unsatisfied chemical bonds. In addition,
other physical property changes include the following:

e Melting point depression: The melting points of small metal nanoparti-
cles drop significantly with decreasing size at dimensions under 5 nm
[26].

e Sintering: The thermally activated surface self-diffusion process drives
net diffusion away from convex surfaces of high curvature, and into
concave surfaces, yielding low-temperature bonding between nanoparti-
cles in contact.

e Coulomb block, or blockade: An external field or thermal source of
electrostatic energy is required to charge an individual nanoparticle; this
effect is the basis of single-electron transistor operation [32].

e Single grain structures, such as nanoparticles, may achieve theoretical
maximum mechanical strengths [33].

¢ Nanoparticles one to two orders smaller than the wavelength of visible
light provide unique optical scattering properties [34] and absorption
peaks which “color” thin films or suspensions of such nanoparticles.

2.2.3 Nanoparticle Applications

Embedded passive components are seen to be the solution to the problem
of high proportions of PWB (printed wiring board) surface space being oc-
cupied by discrete passives. The “cermet” (ceramic—metal) resistors used
in specialized on-chip applications are adaptable to the embedded
PWB role. The structure consists of metallic nanoparticles embedded in a
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dielectric (or polymer) with electron tunneling as the transport mechanism
between particles. At low fields, the coulomb block array is randomly
charged by thermal energy, giving a high negative temperature coefficient
of resistance (TCR), offset by the inclusion of positive TCR metallic paths.
Examples of structure-related properties are provided for the Cr (SiO)
and (CrSi, ), N systems.

High dielectric constant, k, and minimal thickness are required for em-
bedded capacitors. The former requirement is met by the inclusion of high
dielectric constant particulates, and the latter requirement suggests
nanoparticles, e.g., barium titanate, or metals. Nanoparticle surface ener-
gies must be reduced to avoid aggregation [27]. The target k is 50-200; k ~
150 has been achieved with metal nanoparticles at the expense of high
leakage (dielectric loss), since this is a similar structure to the cermet resis-
tor, albeit at lower metallic load. An ultra-high k& epoxy/carbon black
polymeric composite with k in excess of 13,000 has been reported by Xu
and Wong [38], but the loss is quite high in 0.1. However, when the epoxy
matrix resin with a loss of 0.02 was replaced with a BCB (benzocyclobu-
tene) with a loss of 0.008, a much lower loss composite was achieved at
~0.06. An alternative approach to leakage is to use aluminum particles, to
take advantage of the native oxide coating [35], with k ~ 160 achieved
[36]. Ag/Al mixtures have also been studied [37].

Note that thermally conductive materials have very similar structural re-
quirements to the passive components, with metallic or SiC nanoparticles
as fillers [38].

Inductive components are also required, especially for RF applications.
Classical magnetism theory turns out to be inapplicable for nanograin di-
mensions less than the ferromagnetic exchange length (tens of nanometers)
which can sustain high permeability and low coercivity.

The simple addition of nanoparticles to traditional isotropic electrically
conductive adhesives (ICAs) filled with micron-sized Ag fillers in an ep-
oxy matrix might be expected to lower resistivity by providing bridges be-
tween particles, but does not in fact improve conductance, due to mean
free path restrictions and added interface resistances. The same principles
limit the performance of alumina-loaded thermal composites [39]. The ad-
dition of silver nanoparticles does achieve dramatic reductions, however,
by sintering wide-area contacts between flakes [40], a principle also appli-
cable to micro-via fill in PWBs [41], which can also profitably use ICA
materials. Nanoparticle filler sintering is the key step in any effective use
of nanoparticles in these technologies and can also improve anisotropic
conductive adhesive performance [42], aided by contact conductance en-
hancement by the addition of self-assembly molecular surface treatments
[43, 44].

I-x
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PWB surface electrical interconnect is achievable by screen or “ink-jet”
printing of nanoscale metal colloids in suspension [45-48]. As above, elec-
trical continuity is established by sintering Ag nanoparticles [49-52],
which can also be used for die attach.

Fused silica fillers are added to flip chip underfills to reduce the coeffi-
cient of thermal expansion, and nanoparticles resist settling better [53] and
scatter light less than larger fillers, permitting UV optical curing [54] and
other advantages of optical transparency [55]. The higher viscosity of the
nano-filled material can be reduced by silane surface treatments. Physical
properties have been successfully modeled in terms of structural parame-
ters. Nanoparticles with functionalized surfaces may be employed to in-
crease the modulus, glass transition temperature (T,), and dielectric prop-
erty such as voltage endurance of polymer composites due to the strong
interaction between the nanoparticles and the polymeric matrix and larger
interaction zone [56, 57].

The addition of Pt, Ni, or Co nanoparticles to lead-free SnAg-based sol-
der [58, 59] eliminates Kirkendall voids, reduces intermetallic compound
(IMC) growth, and reduces IMC (intermetallic compound) grain sizes, sig-
nificantly improving drop-test performance [60], promoting finer grain
growth, increased creep resistance, and better contact wetting [61].
Nanoparticles in solder grain boundaries also inhibit grain-boundary slid-
ing and thermo-mechanical fatigue.

2.3 Nano Solder Particles

Compared to micron-sized solder alloy particles, the nano solder particles
potentially have the following advantages:
¢ Depression in melting temperature
e Reduce processing temperature
e Reduce thermal stresses on components and substrate during proc-
essing
¢ Increased strength of solder alloys
¢ Finer microstructure
e [ess prone to grain coarsening
e Restriction of dislocation movement and grain-boundary sliding
¢ Interconnection miniaturization
e Very fine pitch applications
¢ Increase fine pitch interconnection reliability
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Environmental regulations require that solder alloys for electronic
components and printed wiring board interconnections be lead free. Lead-
free solder alloys such as Sn/Ag/Cu have become common. However, they
generally have liquidus points of 220°C or higher, compared to the 183°C
melting point of eutectic tin lead solder. The high melting point alloys re-
quire higher processing temperatures, with reflow process temperatures
typically above 240-260°C.

These higher reflow temperatures may create greater residual stresses
in board assemblies, which potentially reduce reliability. Components may
be limited to those passing high-temperature qualifications. Higher tem-
peratures sometimes require major changes in both manufacturing equip-
ment and processes.

Many materials, including pure metals, exhibit a change in properties
as their particle sizes approach nanoscale dimensions. The increase in the
surface area-to-volume ratio, which occurs naturally as particle sizes
shrink, necessarily increases the relative proportion of higher energy sur-
face atoms. The effect may include a change in reactivity, such as in sin-
terability, the agglomeration of metal particles by heating. It may also ap-
pear as a change in electromagnetic properties, altering electronic or
optical properties.

The particle size where these changes occur — the “tipping point” —
depends on both the individual element or compound and its environment.
Property changes normally require particle diameters to be somewhere be-
low 100 nm. The tipping point shows as an abrupt shift in the slope of the
measured curve. Figure 2.1 illustrates a tipping point in sinterability tem-
perature as a function of the particle size.

Discontinuous
change in properties
due to size effects

Sintering Temperature

Particle Size

Fig. 2.1. Tipping point example
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Solder materials containing nano-sized metals exploit the high surface
area and high surface energy of nano-sized particles to lower the apparent
melting point below the conventional melting point. Pure metals, such as
Sn, Pb, and Cu, are known to show significant melting temperature depres-
sion, with the amount of temperature depression increasing as the particle
size decreases. Thus the melting points of tin, silver and copper, the ingre-
dients of lead-free solder, can all be depressed below 200°C, well below
the eutectic melting point of 217°C.

Major challenges remain in developing lower temperature lead-free
solders. The sub-20 nm particles must be uniform in size, well dispersed,
and oxide free. However, researchers continue to show progress toward
low melting point nanoparticle solder paste.

Tin (Sn) and its alloys are easily oxidized due to their low chemical po-
tential. For nano-sized tin and its alloys, oxidation happens more easily
due to the higher surface area-to-volume ratio of nanoparticles. The pres-
ence of oxides of the nanoparticles causes poor wetting and interconnec-
tion formation. Therefore, capping each nanoparticle to prevent oxidation
is critical. The capping agents can cover the particle surfaces to serve as an
effective barrier against the penetration of oxygen.

Jiang et al. [62] from Georgia Tech synthesized different sized
96.5Sn3.0Ag0.5Cu alloy nanoparticles by chemically reducing the precur-
sors such as Tin (II) 2-ethylhexanoate, silver nitrate, copper nitrate. Effec-
tive capping capability can reduce or eliminate agglomeration of nanopar-
ticles as well as protecting them from oxidation. It was found that some
strong coordination agent could be an effective capping agent in forming
crystalline SnAg alloy nanoparticles as shown in Fig. 2.2a, b, and c. When
the SnAg alloy nanoparticles were formed, they were instantly coordinated
through the pair of chelating nitrogen donor sites adjoining the two hetero-
cyclic aromatic rings. The HRTEM characterizations (Fig. 2.2 ¢) showed
that the particles were covered by capping agents which could provide an
effective barrier against the penetration of atmospheric oxygen to the
nanoparticles. At the same time, when using NaBH, as a reducing agent,
hydrogen generated during a reduction reaction was found to be helpful in
the creation of inert environments.
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Fig. 2.2. TEM (a), XRD (b), and HRTEM (c) images of synthesized SnAg alloy
nanoparticles
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Then the author studied the melting hehavior of the synthesized SnAg
alloy nanoparticles by differential scanning calorimeter (DSC). Both the
particle size-dependent melting point depression and the latent heat of fu-
sion have been observed (Fig. 2.3). As can be seen from Fig. 2.3, as much
as 25°C decreasing of melting point as the SnAg particle size was reduced
to about 5 nm. It has already been found that surface melting of small par-
ticles occurs in a continuous manner over a broad temperature range,
whereas the homogeneous melting of the solid core occurs abruptly at the
critical temperature 7' [63, 64]. For smaller size metal nanoparticles, the
surface melting is strongly enhanced by curvature effects. Therefore, both
the melting point and the latent heat of fusion will decrease with the parti-
cle size.
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Fig. 2.3. Size-dependent melting of SnAg alloy nanoparticles by DSC

Although the nano alloys melt at a lower temperature, their wettability
would be poorer than that of eutectic SnPb solders due to their intrinsically
higher surface tension. Besides the intrinsic behavior of the nano alloys,
the melting or sintering behavior of the nano alloy particles surrounded by
liquids such as flux vehicles has not been investigated. Since all the theo-
retical approaches for the melting behavior of fine particles assume that the
particles are placed in a free space, its behavior surrounded by the flux ve-
hicle will be very interesting from a practical point of view.

To improve the wetting properties on the cleaned copper surface, the
authors [62] formulated a nano solder paste by dispersing the SnAg alloy
nanoparticles into a low viscosity acidic type flux. The synthesized parti-
cles were surface coated by capping agents to prevent oxidation. During
the reflow process, the capping agents need to be debonded from the parti-
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cle surfaces. Otherwise, they will hinder the wetting of particles on sub-
strates. The desorption of these capping agents depends upon their affinity
to the nanoparticle surfaces and their intrinsic thermal stability. Then the
nano solder pastes were placed on top of the cleaned copper foil surface
and then reflowed at 230°C in an oven with an air atmosphere for 5 min. A
cross-sectional image of the sample after the reflow process was shown in
Fig. 2.4. It was observed that the SnAg alloy nanoparticles with an average
particle size of 64 nm completely melted and wetted on the cleaned copper
foil surface. The energy dispersive spectroscopy (EDS) results revealed the
formation of the intermetallic compounds (IMC) (CusSns), which showed
scallop-like morphologies in Fig. 2.4. The thickness of the IMC was ap-
proximately 4.0 pm.

Solder

Cug

S|

Fig. 2.4. A cross-sectional SEM image of a solder interface formed using the
SnAg alloy nanoparticles (with an average particle size of 64 nm) on a cleaned
copper foil surface after the reflow process

Guan et al. [65] successfully synthesized nanoparticles of Sn—4.0Ag—
0.5Cu and Sn—0.4Co-0.7Cu (wt% composition) lead-free solder alloys us-
ing a top-down approach — spark erosion, also known as Consumable elec-
trode Direct Current Arc (CDCA) or arc-discharge which has some advan-
tages such as room temperature process, suitable for high volume
production, and versatile. The manufacturing set-up, schematically shown
in Fig. 2.5, shows the cathode (1), the anode (2) which are connected to a
high current and low voltage power source, the bulk alloy electrodes (3
and 4), the arc discharge taking place between the electrodes (5), and
the dielectric coolant (6). The nanoparticles are fabricated when the
two electrodes come close enough to each other, so that a stable arc is
formed. Different dielectric coolants such as liquid paraffin, glycerine, and
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triethanolamine were used. Both glycerine and triethanolamine offered bet-
ter oxidation protection compared to the liquid paraffin. However, due to
the high viscosity of these two coolants, it became very difficult to extract
the synthesized nanoparticles from the coolant. The synthesized nanoparti-
cles were spherical in shape and with a size between 20 and 80 nm. High-
resolution transmission electron microscopy (HRTEM) showed that the
oxide layer thickness on the nanoparticles was about 2.5 nm. The melting
point difference obtained by DSC (differential scanning calorimetry)
for Sn—4.0Ag—0.5Cu and Sn-0.4Co-0.7Cu lead-free solders is between
1.1-7.8°C and 0.24-2.4°C, respectively, depending on the definition of the
melting point determination by DSC.

Zhang et al. have showed that it is possible to control the particle size
by changing the ultrasonic power. They have fabricated nanoparticles of
Sn, Bi, and Sn-Bi by using ultrasonic vibration with a power of 900
W/em’ [66-68].

Fig. 2.5. A schematic drawing of an arc-discharge set-up for manufacturing nano
solder particles

Recently there has been great research efforts to understand the effects
of incorporating nanoparticles and nanotubes into the solders to the various
properties of the bulk solder and also the intermetallic formation between
the solder and the substrate pad finish.

Kumar et al. [69] studied the influence of nanopowders such as Ni, Cu,
and Mo on the phase formation, microstructural characteristics, and me-
chanical behavior of conventional solder alloys (63Sn/37Pb and
Sn/3.8Ag/0.7Cu). The composite solders were prepared by mechanical
mixing of nickel (Ni), copper (Cu), and molybdenum (Mo) nano powders
with solder alloys followed by cold compaction and sintering. It was ob-
served that the intermetallics are uniformly distributed for the composite
solders. The grain refinement of the composite solder occurs with addition
of the nano sized metallic powders. The hardness of SnPb and SnAgCu
composite solder increases with the increase in weight percentage of
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nanopowders (Cu, Ni, and Mo). The addition of Mo to the SnPb and
SnAgCu resulted in higher hardness values compared to that of adding Ni
and Cu to the solders. The grain refinement and grain-boundary strength-
ening due to the nanopowders reinforcements are responsible for the im-
proved deformation behavior of the composite solders.

Kumar et al. [70] investigated Sn/Ag/Cu (SAC) solders reinforced with
SWCNTs, nano-nickel, and nano-Mo of varying weight percentages using
a powder metallurgy method. The nanotubes were found to be homogene-
ously distributed at the edges of the grain boundaries of the Ag Sn inter-
metallic that are distributed evenly in the B-Sn solder matrix. Microstruc-
ture analysis revealed that the nano Ni and nano Mo particles were
transformed to Ni,Sn, and Mo-Sn intermetallic compounds during proc-
essing and distributed uniformly throughout the -Sn solder matrix. When
compared to the SAC solder without any reinforcement, composite solders
exhibit enhanced hardness, enhanced yield strength, and enhanced ultimate
tensile strength. However, the elongation to failure of the composite
specimens considerably decreased. The increase in the strength of the
nanocomposite solder specimens with respect to the wt% of SWCNT addi-
tion can be attributed to the critical reduction in the grain size. The en-
hanced mechanical properties also can be attributed to the effective load-
transfer between the solder matrix and the nanotubes. The effect of brittle
reinforcement content on the overall strength and ductility of the compos-
ite solder can be explained by the strengthening mechanisms such as stress
gathering capability of the reinforcing particles, thermally induced matrix
work hardening, a increase in dislocation density, and reduction of sub-
grain size.

Qi et al. [71] investigated the effects of Ni nanoparticles addition on
shear property and microstructure of Sn—3.5Ag lead-free solder joint. The
nickel nanocomposite Sn—3.5Ag solder was prepared by adding dispersant
to the dry nanoparticles and mechanically stirred Ni nanoparticles into the
Sn-3.5Ag lead-free solder paste. The shear force of the Sn—3.5Ag solder,
0.5 and 1.0wt% nickel nanocomposite solder, was tested, respectively, at
reflow 120 and 240s. The result showed that adding nickel nanoparticles
could improve the shear performance of the soldered joint; the shear force
of the soldered joint was highest when adding 0.5wt% Ni nanoparticles at
reflow 240s. The SEM observations showed that the hexagonal CuSn,
IMC (intermetallic compound) in the inside solder is disappears gradually
and the morphsa of the IMC that on the interface of the solder joint be-
comes planar after adding Ni nanoparticles into solder.

To study the effect of nanoparticles on the growth of intermetallic com-
pounds during reflow processes and thermal aging and on the drop-test
performance, Amagai Masazumi [72] evaluated Co, Ni, Pt, Al, P, Cu, Zn,
Ge, Ag, In, Sb, or Au inclusions in Sn—Ag-based lead-free solders. Also,
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these nanoparticles were studied if they can reduce the frequency of occur-
rence of intermetallic compound fractures in high-impact pull tests. It was
found that Co, Ni, and Pt were much more effective for depressing the
growth of intermetallic compounds and enhancing drop-test performance
than Cu, Ag, Au, Zn, Al, In, P, Ge, and Sb.

2.4 Carbon Nanotubes (CNTs)

Since the discovery in 1991, carbon nanotubes (CNTs) have developed
into a distinct branch of nano-technology, nano-material, and nano-
mechanical engineering with numerous unique applications. Carbon nano-
tubes (CNTs) are well-ordered, all-carbon hollow graphitic nano-materials
with a high aspect ratio, lengths from several hundred nanometers to sev-
eral micrometers with a diameter of 0.4-2 nm for single-walled (SWNT)
and 2-100 nm for coaxial multiple-walled (MWNT) carbon nanotubes.

There are mainly two types of CNT, including single-walled CNTs
(SWCNT) which consist of just one layer of graphite, and multi-wall
CNTs (MWCNTs) which consist of two or more concentric shells of car-
bon and a hollow inner capillary. The separation between the adjacent
shells in MWCNTs is about 0.34 nm.

In general, CNTs can be grown by arc-discharge, laser ablation, and
chemical vapor deposition (CVD) methods (Table 2.1). However, for de-
vice applications, growth of CNTs by CVD methods is particularly attrac-
tive, due to features such as selective spatial growth, large area deposition
capabilities, and aligned CNT growth.

Extensive experimental and theoretical studies have shown that CNT
possess extraordinary electrical, mechanical, thermal, and chemical prop-
erties with a wide range of potential applications.

Table 2.1. Summary of CNT laboratory synthesis technique

Arc discharge Laser ablation CVD
Carbon source Graphite Graphite Hydrocarbon, CO
Energy source Electricity Laser Plasma, furnace
Growth temp 2,500-3000°C 1,200°C 600-1100°C
Yield 30wt% Up to 70wt% 20-100wt%
Scalability Non-scalable Non-scalable Scalable
Advantages -Few or no struc- -Diameter control -Relatively low temp

tural defects -Few defects -Long length

Diameter control

Limitations -High temp -Costly -High defects

-Short tubes -High power -Low crystallinity

-Expensive laser




2.4 Carbon Nanotubes (CNTs) 39

As originally proposed, Moore’s law states that the number of transis-
tors in semiconductor devices or integrated circuits (ICs) doubles ap-
proximately every 18 months [73]. One of the historical consequences of
increasing the number of devices on a chip and thus microprocessor per-
formance is an associated increase in power consumption. Heat dissipation
challenges create opportunities for fundamental research in materials and
thermal management strategies. Specifically, it has been suggested that fu-
ture cooling approaches may be based on micro- and nanotechnologies.
For thermal management applications, the distinctive properties of one-
dimensional structures and materials have gained much attention. Among
such materials, carbon nanotubes (CNTs), due to their unique thermal
properties, give rise to new opportunities in thermal management of mi-
croelectronic devices and ICs. Also, the extraordinary electrical and me-
chanical properties of CNTs make them a promising candidate for electri-
cal interconnects [74, 75].

2.4.1 Carbon Nanotubes for Electrical Interconnect
Applications

2.4.1.1 Electrical Properties of Carbon Nanotubes

Previous studies have demonstrated that a carbon nanotube behaves like a
quantum wire due to geometrical confinement of the tube circumference
[76]. The conductance of a multi-walled nanotube (MWNT) or a single-
walled nanotube (SWNT) is determined by two factors: the conducting
channels per shell and the number of shells. A SWNT consists of one shell.
A SWNT rope or MWNT can be viewed as a parallel assembly of single
SWNTs. Due to the structural imperfection of grown CNTs, the conduc-
tance for a SWNT, a SWNT rope, or MWNT can be written as

G =G,M =(2¢* | YMT 2.1)
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where M is an apparent number of conducting channels and 7 is the trans-
mission probability for an electron through the contacts and the tube. Ide-
ally, T'is unity and M = 2 for a perfect ballistic SWNT less than 1 um long.
In actual operation, T may be significantly lower than 1 due to electron—
electron coupling, intertube coupling effects, scattering from defects and
impurities, structural distortions, and coupling with substrates or contact
pads. Therefore, the experimentally measured conductance is much lower
than the quantized value. Therefore, the high electrical resistance of a sin-
gle nanotube necessitates the use of nanotube bundles aligned in parallel.

2.4.1.2 Carbon Nanotubes as Interconnects

There are two types of interconnects employed in microelectronic devices:
horizontal and vertical. Horizontal interconnects link transistors in differ-
ent locations on an integrated circuit; many layers of these horizontal in-
terconnects (up to 12) can exist on a state-of-the-art circuit [77]. Each layer
is then separated by an interlayer dielectric, generally porous SiO, or SiO,
doped with C or F to lower its dielectric constant [78]. These materials are
rather weak mechanically and are thermally unstable above ~450°C. As
dimensions decrease for on-chip interconnects, the current density carried
by each interconnect increases. The International Technology Roadmap for
Semiconductors (ITRS) predicts that in 2010 the current density will reach
5 x 10° A/em’, a value which can only be supported by CNTs, since they
are capable of a current density of ~10” A/cm’ [79].

Vertical interconnects pass through holes (vias) in the dielectrics to con-
nect horizontal interconnects to the source, drain, or gate metallization of
transistors. In existing microelectronic technology, the vias are fabricated
from copper. Via regions are the most common source of failures in inter-
connect structures due to the high current densities and heterogeneous cur-
rent distributions that cause electron-induced material transport (elec-
tromigration) [80]. Carbon nanotubes are expected to offer a substantially
higher resistance to electromigration than do copper lines. Thus, CNT con-
nections between metallization layers may solve the problems of elec-
tromigration and heat removal. Researchers from Fujitsu and Infineon
have investigated this area extensively [8§1-83]. In one approach, a hole is
etched in the interlayer dielectric, and catalyst is deposited into the bottom
of the hole; excess catalyst is removed from the top of the hole. Alterna-
tively, a catalyst layer is deposited under the interlayer dielectric and is ex-
posed by etching a hole in the dielectric. In both approaches, CNTs are
then grown within the hole by CVD or by plasma-enhanced CVD
(PECVD).



2.4 Carbon Nanotubes (CNTs) 41

When interconnects and vias are further reduced in size to meet re-
quirements for future ICs, CNT vias will offer still more advantages. Vias
consisting of only one MWNT are conceivable, since multi-walled nano-
tubes can be produced with diameters from 5 to 100 nm; indeed, Infineon
has demonstrated such a process [81].

To take full advantage of CNT ballistic conductivity, one must open the
CNT ends after growth [84] to permit better wetting and contact by Sn/Pb,
etc. CNT flip chip electrical interconnection is also under study [85-88],
with micrometer m-scale CNT clusters successfully developed as flip chip
“nano-bumps” [89]. Au and Ag incorporation into CNTs has also been
studied for electrical contacts with minimal galvanic corrosion [90]. Metal
and carbon loaded polymers have long been used for high-frequency con-
ductors in electromagnetic shielding, and both carbon fibers and multi-
walled CNTs have been studied in polymer matrices for the purpose [91,
92]. CNT replacement of ICA metal filler, however, does not even match
the electrical conductivity of standard materials.

2.4.1.3 Carbon Nanotubes for Thermal Management

Several investigations have indicated that CNTs have unusually high ther-
mal conductivity in the axial direction. For example, molecular dynamics
simulations of a SWNT by Berber et al. indicated that the thermal conduc-
tivity of a SWCNT can be as high as 6,600 W/mK at room temperature
[93]. Dai et al. presented a method for extracting the thermal conductivity
of an individual SWNT from high bias electrical measurements in the tem-
perature range from 300 to 800K by reverse fitting the data to an existing
electrothermal transport model [94]. The thermal conductivity measured
was nearly 3,500 W/mK at room temperature for a SWNT of length 2.6
pm and diameter 1.7 nm. Kim et al. developed a microfabricated sus-
pended device hybridized with MWNTs (~1 pm) to allow the study of
thermal transport where no substrate contact was involved [95]. The ther-
mal conductivity and thermoelectric power of a single carbon nanotube
were measured, and the observed thermal conductivity is >3,000 W/mK at
room temperature.

Hone et al. measured the thermal conductivity of aligned and unaligned
SWNTs from 10 to 400K [96]. Thermal conductivity increased smoothly
with increasing temperatures for both aligned and unaligned SWNTs. At
room temperature, the thermal conductivity of aligned SWNTs was greater
than 200 W/mK, compared to ~30 W/mK of unaligned ones; above 300K,
the thermal conductivity increased and then leveled off near 400K. Yi et
al. measured the thermal conductivity of millimeter-long aligned MWNTs
[97]. The thermal conductivity was low, only ~25 W/mK, at room tem-
perature, due to a large number of CNT defects. However, thermal conduc-



42 2 Nanotechnology

tivity could reach ~2,000 W/mK if the aligned MWNTSs were annealed at
3,000°C to remove the defects. Yang et al. investigated the thermal con-
ductivity of MWNT films prepared by microwave CVD using a pulsed
photothermal reflectance technique [98]. The average thermal conductivity
of carbon nanotube films, with the film thickness from 10 to 50 um, was
~15 W/mK at room temperature and independent of tube length. However,
by taking into account a small volume filling fraction of CNTs, the effec-
tive nanotube thermal conductivity can reach 200 W/mK.

Aligned CNTs have been grown directly on silicon surfaces for thermal
management. Xu et al. grew aligned CNTs on silicon wafers using plasma-
enhanced CVD [99]. The thermal testing performed was based on a one-
dimensional reference bar method in high vacuum with radiation shielding,
and temperature measurements were carried out with an infrared camera.
Dry CNT arrays have a minimum thermal interface resistance of 19.8
mm’K/W, while CNT arrays with a phase change material (PCM) pro-
duced a minimum resistance of 5.2 mm’K/W. Xu et al. used a photother-
mal metrology to evaluate the thermal conductivity of aligned CNT arrays
grown on silicon substrates by plasma-enhanced CVD [100]. The effective
thermal resistance was 12 — 16 mm’K/W, which is comparable to the resis-
tance of commercially available thermal grease. K. Zhang et al. [101] fab-
ricated aligned carbon nanotube (CNT) arrays from a multilayer catalyst
configuration by microwave plasma-enhanced chemical vapor deposition
(PECVD). One of the potential applications of CNT is thermal interface
materials (TIMs). TIM is used to fill the gaps between thermal transfer sur-
faces, such as between microprocessors and heatsinks, in order to increase
thermal transfer efficiency. These gaps are normally filled with air which
is a very poor conductor. Figure 2.6 shows two typical packaging architec-
tures used in electronics cooling [102]. For example, TIM1 between the
chip and the heat spreader and TIM2 between the heat spreader and the
heat sink have been introduced to fill the gap between the asperities to
minimize the contact thermal resistance. The effects of the thickness and
annealing of the aluminum layer on the CNT synthesis and thermal per-
formance were investigated. It was demonstrated that the CNT—thermal in-
terface material (CNT-TIM) reduced the thermal interfacial resistance sig-
nificantly compared with state-of-the-art commercial TIM. The total
thermal resistance of the CNT-TIM was only 7 mm’ KW' and was about
10% of that of commercial silver epoxy TIM. The light performance of
high-brightness light-emitting diode (HB-LED) packages using the aligned
CNT-TIM was tested. The results indicated that the light output power
was greatly improved with the use of the CNT-TIM. The usage of the
CNT-TIM can be also extended to other microelectronics thermal man-
agement applications.
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Fig. 2.6. Schematic illustration of the two thermal architectures. (a) Architecture I,
typically used in laptop applications. (b) Architecture II, typically used in desktop
and server applications. I, — heat sink; II, — TIM2; III, — IHS; IV, — TIM1; V, —
die; VI, — underfill; VII, — package substrate [102]

The high CNT thermal conductivity is used directly for conductive cool-
ing of chips and indirectly in convective cooling [103]. For conductive
systems, CNT alignment is the problem, since the thermal conductivities
of random arrays show no advantages over conventional materials. Com-
posites filled with CNTs have also been studied for thermal interface mate-
rials, e.g., CN'T/carbon black mixtures in epoxy resin. The use of a liquid
crystal resin matrix can impose structural order on the CNT alignment to
yield a seven-fold improvement in thermal conductivity [104]. Recently,
electrospun polymer fibers filled with CNTs, or with SiC or metallic
nanoparticles, have shown advances in both mechanical and thermal prop-
erties [105].

Micron-scale clusters of vertically grown nanotubes [106, 107] define
microchannels for convective cooling coolant flow, similarly to the metal
or silicon structures they aim to replace, with similar thermal perform-
ances. The problem is that the flowing coolant is only in contact with the
outermost CNTs of the clusters, and the internal CNTs are not even in
good contact with each other. The system has been modeled, and the solu-
tion is clearly to spread the CNTs apart by an optimal separation to permit
coolant contact with each one. The problem then is whether individual
CNTs can withstand the coolant flow pressure without detaching from the
substrate.
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2.4.1.4 Integration of Carbon Nanotubes into Microsystems

For electronic device applications, chemical vapor deposition (CVD)
methods are particularly attractive. However, the CVD technique suffers
from several drawbacks. One of the main challenges for applying CNTs to
circuitry is the high growth temperature (>600°C). Such temperatures are
incompatible with microelectronic processes, which are typically per-
formed below 400-500°C in backend-of-line sequences. Another issue is
the poor adhesion between CNTs and the substrates, which will result in
long-term reliability issues and high contact resistance. At the device level,
CNTs must be integrated and interconnected with metal electrodes to al-
low signal input and output. Typical approaches for CNT growth on such
substrates involve the deposition of catalysts such as Fe or Ni on metal
layers such Ti or Ti/Au. Unfortunately, results indicate that electrical con-
tact is not necessarily improved, suggesting that attachment of CNTs onto
the electrodes produces poor mechanical and electrical properties yielding
high contact resistance. On the other hand, to meet manufacturing re-
quirements and throughput for IC applications, a large number of CNTs
must be positioned simultaneously rather than aligning CNTs one by one.

To overcome the above disadvantages, Zhu et al. at Georgia Tech pro-
posed a methodology termed “CNT transfer technology,” which is enabled
by open-ended CNT structures [84]. This technique is similar to flip chip
technology as illustrated schematically in Fig. 2.7.

Si
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Substrate %
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Reflow & Remove Si chip
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Fig. 2.7. Schematic diagram of “CNT transfer technology” [84]
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The eutectic tin—lead paste is stencil printed on a copper substrate. After
reflow, the tin—lead solder is polished to 30 um thick. The silicon sub-
strates with CNTs are then flipped and aligned to the corresponding copper
substrates and reflowed in a reflow oven to simultaneously form electrical
and mechanical connections. This process is straightforward to implement
and offers a strategy for both assembling CNT devices and scaling up a va-
riety of devices fabricated using nanotubes (e.g., flat panel displays). This
process offers an approach to overcome the serious obstacles of integration
of CNTs into integrated circuits and microelectronic device packages by
offering low processing temperatures and improved adhesion of CNTs to
substrates. Figure 2.8 shows the demarcation between the broken CNTs
and the intact and connected ones. When pulled from the substrate, the
CNTs break along the axis rather than at the CNT—solder interface. The
excellent mechanical bonding strength of CNTs on the substrate anchors
the CNTs and thereby improves the CNT/substrate interfacial properties.

Fig. 2.8. SEM of the copper substrates on which the CNTs were assembled after
some CNTs were pulled from the surface by tweezers; this figure demonstrates the
excellent mechanical bond strength of CNTs transferred to the copper substrate by
the solder reflow process [84]

Recently, Lin et al. from Georgia Tech proposed another new transfer
technology for aligned CNT, named “chemical transfer” (Fig. 2.9). Chemi-
cal transfer is a two-step assembly process, (1) well-aligned CNTs are in
situ functionalized (f-ACNTs) during the CVD growth; (2) f-ACNTs are
then anchored onto the gold-coated substrate by forming covalent bonding
between the f~ACNTs and the self-assembled monolayer of conjugated
thiol molecules on the gold surface. The in situ functionalization process
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allows for precise length control of ACNT assembly without randomly
damaging the CNT structures and, equally importantly, renders the ACNT
surface, especially the opened ends, chemically reactive to certain func-
tional groups [108]. In their publication, a chemically transferred ACNT
film on the gold surface with self-assembled monolayer of conjugated thiol
molecules was successfully demonstrated (Fig. 2.10).

f-CNT film

SAM-substrate

Fig. 2.10. Chemically transferred f~-ACNT film on the gold surface: (a) photo-
graph; (b) the side view SEM image (by 0.5 N/cm’ of compressive force during
transfer); (c¢) further enlargement of the CNT alignment after chemical transfer;
and (d) the anchored f-ACNT/gold interface after part of the transferred ACNTs
was removed [108]
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The chemically transferred f-ACNT showed a liner current—voltage (I-
V) curve which suggested an Ohmic contact (Fig. 2.11). The resistivity of
the individual ACNT was demonstrated to be in the order of 10 Q-cm.
The authors attributed the Ohmic contact and low resistance to two factors,
conjugated SAM-assisted bonding and relatively low defect density. This
process offers the opportunity of using ACNT in broader applications such
as electrical interconnect, thermal transport, electrodes for sensors.
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Fig. 2.11. The room temperature /-V curve of the f~ACNT/gold interconnect via
the chemical transfer [108]

2.4.1.5 Summary and Future Needs

Scaling of microelectronic devices has led to an interest in utilizing carbon
nanotubes for electrical interconnects and thermal management ap-
proaches. Carbon nanotubes are also promising for vertical interconnects
(for on-chip or packaging levels) and heat removal for microelectronics
packaging. CNTs may be able to meet some of the ITRS projections for
device interconnects and thermal requirements. However, a number of ma-
terials and CNT process integration issues need to be addressed before a
CNT technology platform can be developed, including growth of structur-
ally perfect carbon nanotubes, chirality control of carbon nanotubes, and
positioning of carbon nanotubes in predefined locations simultaneously.
The barriers to CNT implementation in the packaging of microelectronic
devices and ICs offer numerous opportunities for new developments and
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approaches. Clearly, more effort is required in order to take CNT tech-
nologies from the research laboratory to high-volume production.

2.5 Nanocomposites

2.5.1 Recent Advances in Nanocomposites

Nanocomposites are materials that are created by introducing nanoparticu-
lates (often referred to as filler) into a macroscopic sample material (often
referred to as the matrix). This is part of the growing field of nanotechnol-
ogy. After adding nanoparticulates to the matrix material, the resulting
nanocomposite may exhibit drastically enhanced properties. For example,
adding carbon nanotubes tends to drastically improve the electrical and
thermal conductivity. Other kinds of nanoparticulates may result in en-
hanced optical properties, dielectric properties, or mechanical properties
such as stiffness and strength. In general, the nanosubstance is dispersed
into the matrix during processing. The percentage by weight (called mass
fraction) of the nanoparticulates introduced can remain very low (on the
order of 0.5-5%) due to the incredibly low filler percolation threshold, es-
pecially for the most commonly used non-spherical, high aspect ratio fill-
ers (e.g., nanometer thin platelets, such as clays, or nanometer diameter
cylinders, such as carbon nanotubes).

The internal surfaces are critical in determining the properties of nano-
filled materials. Nanoparticles have high surface area-to-volume ratio; par-
ticularly when the size decreases below 100 nm. This high surface area-to-
volume ratio means that for the same particle loading, nanocomposites will
have a much greater interfacial area than microcomposites. This interfacial
area leads to a significant volume fraction of polymer surrounding the par-
ticle that is affected by the particle surface and has properties different
from the bulk polymer (interaction zone) [109]. Since this interaction zone
is much more extensive for nanocomposites than for microcomposites, it
can have significant impact on properties (shown in Fig. 2.12) [110, 111].
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Fig. 2.12. A schematic comparison of particle and matrix interaction in nanocom-
posites and microcomposites

For example, depending upon the strength of the interaction between
polymer and particle, this region can have a higher or lower mobility than
the bulk material and result in an increase or decrease in glass transition
temperature [112]. It has also been suggested that free volume in such in-
teraction zones is altered by the introduction of nano-fillers. Since these in-
teraction zones are likely to overlap at relatively low-volume fractions in
nanocomposites, a small amount of nano-filler has been found to impact
the electrical behavior [113, 114]. Some authors have emphasized that the
interaction zone around the particles is a “quasi-conductive” region which
partially overlaps in the nanocomposites [114]. These overlapped interface
regions thus may allow charge dissipation, which, in turn, could improve
the dielectric breakdown strength and voltage endurance characteristics.
Introduction of a second phase can also influence the breakdown strength
of the dielectrics via a scattering mechanism (i.e., an increase in path
length of the carriers responsible for the breakdown processes) or, by
changing the space-charge distribution [115]. It has been shown by some
authors that when the size of the filler approaches the chain conformation
length, they act “cooperatively” with the host structure either eliminating
or suppressing Maxwell-Wagner polarization, which is well known in the
case of conventionally filled materials [116]. Some recent results also sug-
gest that it is the size of the filler that plays the most crucial role in terms
of global properties (electrical, mechanical, and thermal), rather than the
chemistry of the particles [117]. Finally, changes in morphology due to in-
corporating nanoparticles can influence the dielectric behavior of nano-
composites [118]. The large surface area can also lead to changes in the
morphology of semicrystalline polymers as observed by several groups
[118]. The breakdown strength of the intraspherulitic regions is higher than
that of the interspherulitic regions and a change in the disorder within the
spherulites or of the interspherulitic region can affect the breakdown
strength. In addition, it is important to recognize that nanoparticu-
late/fibrous loading confers significant property improvements with very
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low loading levels, traditional microparticle additives requiring much
higher loading levels to achieve similar performance. This in turn can re-
sult in significant weight reductions, which is important for various mili-
tary and aerospace applications, for similar performance, greater strength
for similar structural dimensions and, for barrier applications, increased
barrier performance for similar material thickness.

Roy et al. [56] studied the effect of interactions between the nanoparti-
cle surface and the matrix to the electrical properties of the nanocomposite.
It was found that covalent bonding between the nanoparticles and the ma-
trix (vinylsilane treated nanoparticles) increases the temperature at which
the breakdown strength decreases. The increase in interfacial region in
nanocomposites creates a zone of altered polymer properties which re-
duces the dielectric permittivity of nanocomposites. The highest voltage
endurance occurs for composites with strong covalent bonding between the
matrix and the filler.

Ramanathan et al. [119] described the use of SWNTs to create low-
volume fraction polymer composites with dramatically improved mechani-
cal, thermal, and electrical properties when compared with those of the
neat polymer. Composites were created with unmodified and amide-
functionalized the SWNTs (a-SWNT). The formation of amide groups on
the surface of SWNTs provides free amine groups to interact with PMMA,
and IR spectra indicated covalent bonding between a-SWNT and PMMA.
For both SWNT/PMMA and a-SWNT/PMMA composites, thermal, me-
chanical, and electrical data showed significantly improved properties
when compared with those of the neat polymer. The experimental results
also demonstrated that the a-SWNT/PMMA composite properties are con-
sistently improved when compared with those of the SWNT/PMMA com-
posite. The increase in thermal degradation temperature, glass transition
temperature (Tg), storage modulus, and electrical conductivity confirms
better interaction between the functionalized SWNTs and the polymer.
Functionalized SWNT resulted in a composite where relaxation mecha-
nisms (tan o) are shifted by 30°C from that of the matrix material, indicat-
ing extensive interphase regions and absence of PMMA with bulk proper-
ties. In contrast, the composite with unmodified nanotubes retained the
dominant relaxation characteristics of the bulk PMMA with a broadening
of the loss peak, indicating existence of discrete interphase regions near
the nanotubes. The mechanical property data were compared with model-
ing predictions based on ideal dispersions of randomly oriented straight
SWNTs in PMMA. The modulus properties for both composites signifi-
cantly exceed the predicted upper bound. These results reinforce the exis-
tence of an extensive polymer interphase in both composites with altered
properties. These results further demonstrate that the altered polymer near
the nanotubes has increased modulus, consistent with the loss modulus
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data indicating decreased mobility of the polymer in the interphase region.
The consistent improvement in the properties of the a-SWNT composite
when compared with those of the SWNT composite can be attributed to
the increased extent of the interphase with altered properties and finer dis-
persion of nanotubes due to the functionalization.

The results here indicate promising potential for polymer nanocompo-
sites with enhanced thermal, mechanical, and electrical properties. The
demonstrated importance of the interphase region underscores the need for
more detailed modeling and characterization to understand the changes in
local polymer dynamics near nanoparticles and the percolation of these ef-
fects in distributed systems. The success of the functionalization to provide
consistently improved properties in this work indicates the possibility to
create designer nanocomposites with controlled interface chemistry and in-
terphase zones and thus controlled load transfer and properties.

2.5.2 Areas of Application of Nanocomposites

The mechanical property improvements of nanocomposites have resulted
in major interest in nanocomposite materials in numerous automotive and
general/industrial applications. These include potential for utilization as
mirror housings on various vehicle types, door handles, engine covers, and
intake manifolds and timing belt covers. More general applications cur-
rently being considered include usage as impellers and blades for vacuum
cleaners, power tool housings, mower hoods, and covers for portable elec-
tronic equipment such as mobile phones, pagers, etc.

The substantial gaseous barrier property improvement that can result
from incorporation of relatively small quantities of nano-filler has resulted
in considerable interest in nanoclay composites in food packaging applica-
tions, both flexible and rigid. The use of nanocomposite formulations
would be expected to enhance considerably the shelf life of many types of
food.

The ability of nanoclay incorporation to reduce solvent transmission
through polymers such as polyamides has resulted in considerable interest
in using these materials as both fuel tank and fuel line components
for cars. Of further interest for this type of application, the reduced fuel
transmission characteristics are accompanied by significant material cost
reductions.
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The presence of nano-filler incorporation has also been shown to have
significant effects on the transparency and haze characteristics of films. In
comparison to conventionally filled polymers, nanocomposite has shown
to significantly enhance transparency and reduce haze. When employed to
coat polymeric transparency materials, the nanocomposites can enhance
both toughness and hardness of these materials without interfering with
light transmission characteristics.

Kim et al. [120] investigated the moisture diffusion and barrier charac-
teristics of epoxy-based nanocomposites containing organoclay. It was
found that moisture diffusivity of nanocomposites decreased with increas-
ing clay content. The moisture permeability showed a systematic decrease
with increasing clay content. It was also observed that high aspect ratio
nanoparticle showed the lowest moisture permeability because of the in-
creased effective penetration path caused by the aspect ratio nanoparticles.
Similar effects have been observed by van Es of DSM with polyamide
based nanocomposites. In addition, van Es noted a significant effect of
nanoclay aspect ratio on water diffusion characteristics in a polyimide
nanocomposite. Specifically, increasing aspect ratio was found to diminish
substantially the amount of water absorbed, thus indicating the beneficial
effects likely from nanoparticle incorporation in comparison to conven-
tional microparticle loading. Hydrophobic enhancement would clearly
both improve nanocomposite properties and diminish the extent to which
water would be transmitted through an underlying substrate. Thus applica-
tions in which contact with water or moist environments is likely could
clearly benefit from materials incorporating nanoclay particles.

The ability of nanoclay incorporation to reduce the flammability of
polymeric materials was a major theme of the paper presented by Gilman
[121]. In his work Gilman demonstrated the extent to which flammability
behavior could be restricted in polymers such as polypropylene with as lit-
tle as 2% nanoclay loading. Although conventional microparticle filler in-
corporation, together with the use of flame retardant and intumescent
agents would also minimize flammability behavior, this is usually accom-
panied by reductions in various other important properties. With the nano-
clay approach, this is usually achieved while maintaining or enhancing
other properties and characteristics.
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2.6 Nano Interconnect

2.6.1 Carbon Nanotube Transistors

Semiconducting CNTs have been used to fabricate field-effect transistors
(CNTFETs), which show promise due to their superior electrical character-
istics over silicon-based MOSFETs. Since the electron mean-free path in
SWCNTs can exceed 1 um, long channel CNTFETSs exhibit near-ballistic
transport characteristics, resulting in high-speed devices. In fact, CNT de-
vices are projected to be operational in the frequency range of hundreds of
GHz. Recent works detailing the advantages and disadvantages of various
forms of CNTFETSs have also shown that the tunneling-based CNTFET of-
fers better characteristics compared to other CNTFET structures. This de-
vice has been found to be superior in terms of subthreshold slope — a very
important property for low-power applications.

Carbon nanotube field-effect transistors (CNTFETSs) were fabricated
with metal material (gold) and semiconductor material (bismuth telluride,
Bi,Te,) as the source and drain materials [122]. Highly purified single-
walled carbon nanotubes (CNTs) were used for the fabrication of
CNTFETs. The single-walled carbon nanotubes were ultrasonically dis-
persed in toluene and dimethylformamide (DMF) with trifluoroacetic acid
(TFA), as co-solvent. Dielectrophoresis (DEP) method was used to de-
posit, align, and assemble carbon nanotubes (CNTs) to bridge the gap be-
tween the source and the drain of CNTFETs to form the channel. The
structure of CNTFET is similar to a conventional field-effect transistor
with substrate acting as a back-side gate. Electron-beam evaporation was
used to deposit gold and bismuth telluride thin films. Microfabrication
techniques such as photolithography, e-beam lithography, and lift-off
process were used to define and fabricate the source, drain, and gate of
CNTFETs. The gap between the source and the drain varied from 800 nm
to 3 um. It was found that in the case of gold (Au) electrodes, the I-V
curves of CNTFETs clearly show behavior of the CNT (metallic or semi-
conducting) aligned across the source and drain of CNTFETs, while in the
case of bismuth telluride electrodes, the I-V curves are less dependent on
the type of CNTs (metallic or semiconducting). The developed carbon
nanotube field-effect transistors (CNTFETs) can be a good candidate for
the application of nanoelectronics and integrated circuits with a high mo-
bility and fast switching.

Srivastava et al. [123] evaluated CNT bundle interconnects against Cu
interconnects from performance, power dissipation, and thermal manage-
ment/reliability perspectives. The equivalent circuit parameters for a CNT



54 2 Nanotechnology

bundle interconnect were explicitly calculated and it was found that CNT
bundles can significantly improve the performance of long global inter-
connects by as much as 80% with minimal additional power dissipation
(for maximum metallic CNT density). Moreover, power-optimal repeater
insertion methodology can be applied to CNT bundle interconnects (just as
with Cu) to save power with a small delay penalty. Most importantly, it
was shown that CNT bundle vias can greatly reduce interconnect tempera-
ture rise and thus, when integrated with Cu interconnects, tremendously
improve Cu interconnect performance (about 30%) and lifetime (by at
least two orders of magnitude) due to lower temperatures. The advantage
of CNT bundle vias in controlling the back-end temperature, as shown in
this work, will also have significant implications for emerging technolo-
gies such as three-dimensional ICs where thermal management is a big
concern. Similarly, researchers at Rensselaer Polytechnic Institute, based
on their latest results from advanced quantum mechanical computer mod-
eling to run vast simulations on a high-powered supercomputer, concluded
that the carbon nanotube bundles boasted a much smaller electrical resis-
tance than the copper nanowires (http://www.sciencedaily.com). This
lower resistance suggests carbon nanotube bundles would therefore be bet-
ter suited for interconnect applications.

2.6.2 CNT Via

Some very interesting results have been achieved by Kawabata et al. [124]
recently on integrating CNT in the via at a CNT growth temperature as low
as 400°C. The fabrication processes are compatible with conventional LSI
processes. Briefly, a substrate with a Cu interconnect covered by a dielec-
tric layer was first prepared. The dielectric layer was SiOC with k = 3.0 or
k = 2.6 (ultra-low K dielectric). Via holes with a diameter of 160 nm
were made using conventional photolithography followed by dry etching.
A TaN/Ta barrier layer and a TiN contact layer were deposited by physical
vapor deposition (PVD). Size-controlled Co particles with a mean diame-
ter of about 4 nm were then deposited using a nanoparticles deposition sys-
tem. MWNTs were grown by thermal CVD with C,H, diluted by argon as
the source gas. The substrate temperature ranged from 365°C to 450°C.
The substrate with MWNTSs was then coated with spin-on glass (SOG) and
planarized by chemical mechanical polishing (CMP). The CMP condition
was similar to the one used for polishing a silicon dioxide layer. Finally, a
Ti top contact layer, a Ta barrier layer and a Cu wire were connected to the
CNT vias by PVD. Figure 2.13a shows a schematic of via stack structure
and Fig. 2.13b shows a SEM image of a via with grown CNTs. The fabri-
cated CNT via interconnect with a diameter of 160 nm was evaluated for
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its robustness over a high density current. CNTs used for fabricating vias
were grown at temperatures at 400°C. At such low temperatures, the ultra-
low k dielectric layer (k = 2.6) used in the via structure was not damaged.
Electrical measurement showed that the CNT via was able to sustain a cur-
rent density as high as 5.0 x 10°A/cm” at 105°C for 100 h without proper-
ties degradation. And we plan to measure the robustness more than higher
current density. The authors are working on fabricating CNT vias at tem-
perature lower than 400°C which will be helpful in realizing reliable CNT
vias for future LSIs.

SiC Cu Ta
\
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or ULK
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(b)
Fig. 2.13. (a) A schematic of via stack structure with CNTs and (b) SEM image of
a via with CNTs which were grown at 450°C (left) and 400°C (right) [142]

2.6.3 CNT as Flip Chip Interconnect

Soga et al. [125] reported on CNT bumps for the flip chip interconnect in-
stead of solder bumps. The CNT bumps were formed on the electrodes on
a chip by the CNT pattern transfer process. To measure the resistance of
CNT bumps, CNT bump contact chains were fabricated. It was found that
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coating the CNT bumps with gold greatly improved the contact resistance
of the bumps with the chip and the host substrate, resulting in a lower
bump resistance of 2.3 Q which is still too high for any practical applica-
tions. It was also demonstrated that the CNT bumps were able to absorb a
displacement between the chip and the substrate up to 10 — 20% of the
CNT bump height. The resilience and flexibility of CNT bumps makes
them very attractive for realizing thermal stress-free flip chip structure.

Iwai et al. [126] from Fujitsu also demonstrated the use of CNT bumps
to provide both electrical and thermal conductions between a high power
amplifier flip chip die and a AIN substrate. The CNT bundles were grown
directly on the pre-defined areas on the AIN substrate. By using the CNT
bumps, heat was more effectively removed from the die and the grounding
impedance was reduced significantly and, as a result, high gain was
achieved.

2.6.4 Nanoparticle Interlayer for Copper to Copper Bonding

Metallic nanoparticles of copper and gold are explored and evaluated for
the nanostructured bonding layers between the copper surfaces [127]. High
surface energy of the nanoparticle lowers the melting temperature of the
material, and hence, enhances inter-diffusion kinetics that helps in faster
bonding rate. In addition, high surface energy and high grain boundary-to-
volume ratio endow the particles with elaborate mobility making the diffu-
sion kinetic even faster. It was demonstrated that the nanoparticles formed
on the copper surface could reduce the bonding temperatures.

2.6.5 Interconnection Using Inkjet Printing of Nano-ink

The use of nanoparticles of metals with high electric conductivity provides
new prospects for direct printing of conductive patterns. The microfabrica-
tion of conductive tracks by photolithographic and electroless techniques
are time consuming, expensive processes, and there is an industrial need
for direct digital printing to simplify the processes and to reduce manufac-
turing costs [128, 129]. Furthermore, it is desirable to fabricate onto poly-
meric or similar temperature sensitive substrates by solution-based printing
process. Metallic conducting tracks of low resistance must be achieved at
temperatures sufficiently lower so as to be compatible with organic elec-
tronics on plastic substrates.

Direct metal printing needs to be processed with ink materials that can
convert to a low-resistance conductor after solvent removal and heat
treatment. Two approaches have been pursued to attain these goals. The
first is to use solutions of metallorganic precursors where the molecular
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nature of the compound allows low-temperature reduction to the metal
[130-132]. A second route is the use of suspensions of metal particles of
nano-size diameters whose small size endows a reduction in melting tem-
perature that is significantly lower than that of the bulk material [128, 133, 134].
As an example, Fuller et al. [133] reported a method to additively build
three-dimensional (3-D) microelectromechanical systems (MEMS) and
electrical circuitry by ink-jet printing nanoparticle gold and silver colloids.
Fabricating metallic structures from nanoparticles avoids the extreme
processing conditions required for standard lithographic fabrication and
molten metal droplet deposition. Nanoparticles typically measure 1-100
nm in diameter and can be sintered at plastic-compatible temperatures as
low as 300°C to form material nearly indistinguishable from the bulk mate-
rial. Multiple drops were deposited to leave a conductive line or surface
(see Fig. 2.14). Multiple ink-jet print heads mounted to a computer-
controlled 3-axis gantry deposit the 10% by weight metal colloid ink layer
by layer onto a heated substrate to make two-dimensional (2-D) and three-
dimensional structures. The author reported a high-Q resonant inductive
coil, linear and rotary electrostatic-drive motors, and in-plane and vertical
electrothermal actuators. The results suggested a route to fabricate a large-
area MEMS system characterized by many layers, low cost, and data-
driven fabrication for rapid turn-around time.

Fig. 2.14. Optical micrograph of an arrangement of sintered ink-jet printed-
nanoparticle gold droplets on plastic polyimide film. Electrically conductive lines
and three-dimensional structure are fabricated by printing multiple layers of drop-
lets
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Various types of printing wiring circuits are expected to become one of
the key technologies for the advanced electronics packaging. The combi-
nation with metallic nanoparticles pastes can provide new tools for fine
pitch and three-dimensional electronics circuits. Especially, with the com-
bination of Ag nanoparticles pastes and ink-jet printing, one can obtain a
lot of benefits as

e on-demand fabrication;
environmental consciousness/economy;
three-dimensional stacking;
fine pitch lines and spaces;
easy scale up of products;
wide material selections and;
small quantity but variety of products.

Kim et al. [135] demonstrated a direct metal printing of the Ag nanopar-
ticles on plastic substrates. The granular Ag films become highly conduc-
tive, roughly 3.2 €2 cm, when heat treated even at 200°C. The Ag parti-
cles of smaller size (21 nm) are more reactive than the larger sized
particles (47 nm).

The relatively high curing temperature limits the application of nanopar-
ticle inks only to the applications of heat-resistant substrates. K. Suganuma
et al. [136] have recently developed a new type of ink for wiring metallic
Ag lines. The inks are Ag carboxylate compounds designed to be decom-
posed at temperatures between 110 and 170°C. Figure 2.15 shows the ap-
pearance change of a Ag carboxylate droplet during heating. Ag carboxy-
lates are expected to be one of the metallic inks or of the sintering aids for
other metallic particles. The percentages of Ag in the compounds are in the
range of 30-50wt%. Excellent electric resistance (e.g., 10° Qcm), lower
than that of commercial Ag nanopaste, was achieved at a curing tempera-
ture of 160°C.
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Initial 80 °C

Fig. 2.15. Appearance change of an Ag carboxylate droplet during heating

Room temperature wiring is one of the last goals for printed electronics.
room temperature fabrication enables to use the wide variety of functional
materials into one circuit board without thermal stress or damage as well
as environmental consciousness. Metallic nanoparticles can be sintered to
form dense microstructure if both the surface of nanoparticles and the en-
vironment are clean without any oxidation or contamination. Ag nanopar-
ticles are, however, usually protected by an organic layer. It is desirable to
remove this organic layer by certain chemical processes with or without
light heating or other kinds of energy processes, which do not have any se-
rious damage on organic devices and substrates weak against heating.

Recently, the authors developed a new process, by which the paste of
Ag nanoparticles protected with them can be successfully sintered at room
temperature in air atmosphere. One of the typical organic layer is dode-
cylamine. In order to remove the dodecylamine layer, it was found that al-
cohol treatment is quite effective. For instance, Ag nanoparticles ink was
printed into lines on a glass substrate and it was dipped into methanol for
10-7,200 s. As a result, sintering was immediately started and resultant Ag
wires exhibited excellent low resistivity, 7.3 x 10~ Qcm after 7,200 s dip-
ping. Microstructural observation on this room temperature sintering re-
vealed that, as dipping time gets longer, Ag nanoparticles agglomerate
coarsened and connection among particles becomes clearer even in a few
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minutes. Thus, a novel room temperature wiring method for Ag nanoparti-
cles has been successfully developed in air atmosphere.

2.7 Nanowires and Nanobelts

2.7.1 Introduction

A nanowire is a wire of diameter of the order of a nanometer (10" m). Al-
ternatively, nanowires can be defined as structures that have a lateral size
constrained to tens of nanometers or less and an unconstrained longitudinal
size. At these scales, quantum mechanical effects are important, and hence
such wires are also known as “quantum wires.” Many different types of
nanowires exist, including metallic (e.g., Ni, Pt, Au) [137], semiconduct-
ing (e.g., Si, InP, GaN, ZnO) [138], and insulating (e.g., SiO,, TiO,) [139].
Molecular nanowires are composed of repeating molecular units either or-
ganic (e.g., DNA) or inorganic (e.g., Mo, S, 1) [140].

A common technique for creating a nanowire is the vapor—liquid—solid
(VLS) synthesis method [141-143]. This technique uses as source material
either laser ablated particles or a feed gas. The source is then exposed to a
catalyst. For nanowires, the best catalysts are liquid metal (such as gold)
nanoclusters, which can either be purchased in colloidal form or by elec-
tron-beam deposition and deposited on a substrate or self-assembled from
a thin film by dewetting. This process can often produce crystalline
nanowires in the case of semiconductor materials. The source enters these
nanoclusters and begins to saturate it. Once supersaturation is reached, the
source solidifies and grows outward from the nanocluster. The final length
of the nanowires can be adjusted by simply turning off the source. Com-
pound nanowires with super-lattices of alternating materials can be created
by switching sources while still in the growth phase.

Nanowires (NWs) and nanobelts (NBs) have been demonstrated as
building blocks for fabricating nanodevices, such as FET [144], gas sensor
[145], diodes [146], LED [147], biosensors [148—150].

2.7.2 Applications of Nanowires

Perhaps the most obvious use for nanowires is in electronics. Some
nanowires are very good conductors or semiconductors, and their minis-
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cule size means that manufacturers could fit millions more transistors on a
single microprocessor. As a result, computer speed would increase dra-
matically.

Nanowires may play an important role in the field of quantum com-
puters. Doh et al. in the Netherlands created nanowires out of indium ar-
senide and attached them to aluminum electrodes [151]. At temperatures
near absolute zero, aluminum becomes a superconductor, meaning it can
conduct electricity without any resistance. The nanowires also became su-
perconductors due to the proximity effect. The researchers could control
the superconductivity of the nanowires by running various voltages
through the substrate under the wires.

Nanowires may also play an important role in nano-size devices like
nanorobots. Doctors could use the nanorobots to treat diseases like cancer.
Some nanorobot designs have onboard power systems, which would re-
quire structures like nanowires to generate and conduct power.

Using piezoelectric material, nanoscientists could create nanowires that
generate electricity from kinetic energy. The piezoelectric effect is a phe-
nomenon certain materials exhibit — when you apply physical force to a
piezoelectric material, it emits an electric charge. If you apply an electric
charge to this same material, it vibrates. Piezoelectric nanowires might
provide power to nano-size systems in the future, though at present there
are no practical applications.

There are hundreds of other potential nanowire applications in electron-
ics. Researchers in Japan are working on atomic switches that might some
day replace semiconductor switches in electronic devices [152]. Scientists
with the National Renewable Energy Laboratory hope that coaxial
nanowires will improve the energy efficiency of solar cells [153].

2.7.2.1 Application of Nanowire in Sensor Technology

Pd as the active sensing material has unique property of interaction with
hydrogen gas. Partial pressure change of hydrogen gas determines Pd’s
physical properties (mass, volume, electrical resistance) by forming Pd-H
hydride. The difference of electrical resistance by the partial pressure
change of hydrogen gas is used as the signal of hydrogen sensor. However,
pure palladium has issues in sensor application such as slow response time
and high detecting limit [154]. Nano-sized material has large surface-to-
volume ratio for hydrogen sensing and advantages for improvement of
sensor performance. Palladium nanowire has been the subject of intense
interest as sensor materials and structures [155].

Yun et al. [156] demonstrated the fabrication technique involves elec-
trodeposition to directly grow nanowires between patterned thin-film con-
tact electrodes (Fig. 2.16). To demonstrate nanowire sensors, the author
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electrochemically grown metal (Pd, Au, Pt), metal oxide (Sb,0,), and con-
ducting polymer (polyaniline)-bundled nanowires. Using Pt-bundled
nanowires surface modified with glucose oxidase, the author demonstrated
glucose detection as a demonstration of a biomolecular sensor.

Fig. 2.16. An optical image of electrodeposited Pd wires grown between elec-
trodes for biomedical sensor application [156]

Lee et al. [157] investigated the application of Pd—Ag nanowires as hy-
drogen sensor. The wire or dendrite-shaped Ag nanowire was grown by
electrochemical migration method in a few minutes. The diameter of this
nanowire is 50 ~ 200 nm. Pd—Ag nanowire was fabricated using Pd thin
film evaporated on the Ag nanowire with 20 — 500 nm thickness. This
structure can provide large surface area for sensor. The large surface area
gives the reaction sites between Pd—Ag nanowire and hydrogen gas to re-
duce response time and increase sensitivity. The response time of Pd—Ag
nanowire (with 20 nm thickness of the Pd film) is about 5 s at room tem-
perature. The response time and sensitivity are increased according to the
thickness of the Pd film on Ag nanowire. Pd—Ag nanowire is saturated and
responds easily at lower concentration of hydrogen gas. The Pd film on Ag
nanowire did not show the peel-off phenomenon, while pure Pd film is
separated from substrate after sensing test. The mechanical stress brings
this phenomenon is released by evaporating Pd film on the Ag nanowire
mesh.

2.7.2.2 Nanogenerator from ZnO Nanowires

Developing novel technologies for wireless nanodevices and nanosystems
is of critical importance for in situ, real-time, and implantable biosensing,
remote and wireless sensing, defense technology, and commercial applica-
tions. The power sources required by such devices are highly desired to be
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lifetime self-charging and in comparable small sizes. Harvesting energy
from environment, including solar, thermal, and mechanical energies, pro-
vides a perfect solution for these applications. There are huge emergent
needs for nanoscale sensing devices for biological sensing and defense ap-
plications. Among those possible energy sources, mechanical wave and vi-
bration energies more ubiquitously exist under various circumstances
around us [158]. Relying on the piezoelectric effect of a ceramic beam
when driven to vibrate by a small mass via gravitation, mechanical energy
can be converted into electricity. Many types of MEMS microgenerator
have been developed using piezoelectric thin-film cantilevers [159]. How-
ever, their relatively large size, bio-incompatible nature, and low sensitiv-
ity to small vibrations seriously restrict the application in nanotechnologies
and the advantages provided by nano-materials.

Nanowires (NWs) and nanobelts (NBs) of inorganic materials are the
forefront in today’s nanotechnology research [160]. Among the known
one-dimensional nano-materials, zinc oxide (ZnO) has three key advan-
tages [161]. First, it exhibits both semiconducting and piezoelectric proper-
ties, providing a unique material for building electro-mechanical coupled
sensors and transducers [162, 163]. Second, ZnO is relatively biosafe and
biocompatible, and it can be used for biomedical applications with little
toxicity. Finally, ZnO exhibits the most diverse and abundant configura-
tions of nanostructures, such as nanowires, nanobelts, nanosprings, nanor-
ings, nanobows, and nanohelices [164]. Recently, Wang et al. at Georgia
Tech developed a novel approach of converting mechanical energy into
electric power using aligned ZnO nanowires. This discovery sets the foun-
dation for nanoscale power conversion, which will potentially lead to a
new adaptable, mobile, and cost-effective energy harvesting technology
[165-168].

The piezoelectric nanogenerators are built on vertically aligned ZnO
NWs. The operation principle relies on the piezoelectric potential gener-
ated on a bent ZnO NW. The rectifying effect of the Schottky junction be-
tween the metal electrode and the ZnO crystal can selectively accumulate
and release charging, resulting in a continuous mechanical-to-electric en-
ergy conversion. The nanogenerator can convert small mechanical vibra-
tion energy and hydraulic energy into electricity under various circum-
stances, such as under ground, in water, or even inside human body. Wang
et al. have developed an innovative approach by using ultrasonic waves to
drive the motion of the NWs, leading to the production of a continuous
current (Fig. 2.17) [169]. The nanogenerator worked continuously for an
extended period of time of beyond 1 h. The authors were able to increase
the output current to 800 nA and voltage to 10 mV.
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Fig. 2.17. Nanogenerators driven by an ultrasonic wave. (a) Schematic diagram
showing the design and structure of the nanogenerator. (b) Low-density aligned
ZnO NWs grown on a GaN substrate. (c) Zigzag trenched electrode coated with
Pt. (d) Cross-sectional SEM image of the nanogenerator. Inset: A typical NW that
is forced by the electrode to bend [169]

The application and the energy conversion efficiency largely depend on
the fabrication and packaging techniques. In general, majority of the NWs
(ideally 100%) need to be involved in power generation and all the NWs
have to be well isolated from the corrosive surroundings but still have free
movement. This requires a high dimensional uniformity of the NWs as
well as a perfect positioning and alignment of the top electrode on the NW
arrays. Upon addressing these crucial challenges, the nanogenerators can
potentially become a new self-powered technology for lifetime unattended
sensor systems, battery-free electronics, and even in situ, real-time, and
implantable biological devices.
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