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ABSTRACT

Integration of nanomaterials (in the form of quantum dots, nanotubes, nanowires,
nanocrystalline thin films, and nanocomposite films) with micromachined devices has
the potential to enable the development of microelectromechanical systems (MEMS)
with enhanced functionality and improved performance. However, many difficult
scientific and engineering challenges must be solved before this potential is fully re-
alized in practice. Addressing some of these challenges is the overarching goal of this

thesis.

The first major challenge is to develop versatile methods for synthesizing nanoma-
terials and integrating them with micromachined structures and devices. A careful
survey of the literature revealed a critical lack of techniques for integrating nanoma-
terials directly on fragile micromachined structures. This gap was filled by developing
an approach that combines spray-coating of electron beam resist, direct-write elec-
tron beam lithography, physical vapour deposition of thin films, and lift-off processes.
Polymeric and metallic structures in the form of arrays of holes, arrays of lines, and
concentric circles were patterned directly on various micromachined structures in-
cluding commercial metal-coated silicon microcantilevers used for atomic force mi-
croscopy, and commercial plate-mode SiC/AIN microresonators used for sensing. The
critical lateral dimensions of the nanostructured materials ranged from 135 nm to

500 nm.



Once the practical difficulties of material synthesis and integration have been ad-
dressed, it is necessary to confront the challenges of predicting the behaviour, perfor-
mance, and reliability of the integrated system. As a step towards that goal, this the-
sis established process-structure-property relationships for three different nanomate-
rials. The first study focused on the elastic properties of polymeric films reinforced
with carbon nanotubes. Theoretical predictions, based on classical micromechan-
ics, led to expectations of enormous enhancement of the elastic modulus, but these
expectations have never been realized in practice. To the contrary, measurements
show relatively little improvement after reinforcement. This paradox was explored by
studying the properties of polyimide (PI) nanocomposite films reinforced with single-
walled carbon nanotubes (SWNT), both computationally (via Eshelby-Mori-Tanaka
micromechanics) and experimentally (through nanoindenter-based bending tests of
freestanding nanocomposite films). For dilute composites, the elastic modulus in-
creased with increasing nanotube loading from 2.5 GPa for the neat polymer to 3.5
GPa for a nanocomposite containing 0.5 volume% of SWNT. However, with further
increase in the nanotube content, the elastic modulus remained essentially constant
even for high loadings of 10 volume% of SWNT. Using results from microstructural
examination, a link was found between the elastic properties of the nanocomposite

and the dispersion, alignment and bundle size of the single-walled carbon nanotubes.

The second study focused on energy dissipation by internal friction in nanofabricated
structures. Establishing process-structure-dissipation relationships is crucial for the
integration of nanomaterials with microresonators used for sensing, signal process-

ing, and vibration energy harvesting. A novel method was developed for measuring
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internal friction using a silicon microcantilever platform that is calibrated against
thermoelastic damping. The use of this method was demonstrated by obtaining the
first calibrated measurements of internal friction in aluminium nanowires with thick-
ness ranging from 50 nm to 100 nm and widths ranging from 110 nm to 396 nm.
At room temperature, the internal friction in these nanowires ranged from 0.026 to
0.035 for frequencies between 6.5 kHz and 21 kHz. Combining these measurements
with microstructural examination of the grain size of the nanowires provided useful

insights into the effects of patterning on dissipation.

The third study explored the relationships between processing parameters and elastic
properties for a novel nanocomposite architecture which consists of an interconnected
carbon nanotube network that is conformally coated with a thin layer of titanium
nitride. The effective modulus of the nanotube network, measured by nanoindenta-
tion, was about 4 MPa. This value increased to around 2.5 GPa after coating the
network with titanium nitride for 60 minutes. The implications of these results for
the integration of these nanocomposites with MEMS switches are discussed.

Taken together, the contributions of this thesis - processes for patterning and integra-
tion, techniques for measuring material properties, and results for process-structure-

property relationships - establish a foundation for the rational integration of nano-

materials with MEMS.
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SOMMAIRE

L’intégration des nanomatériaux (dans le forme de points quantum, nanotubes,
nanofils, minces films nanocristallins et films nanocomposites) avec des disposi-
tifs micro-fabriqués a le potentiel de permettre le développement de systemes mi-
croélectromécaniques (SMEM) ayant des fonctionnalités et performances accrues.
Toutefois, plusieurs défis scientifiques et d’ingénierie doivent étre surmontés avant
que ce potentiel puisse étre pleinement exploité en pratique. Cette these a comme

objectif de résoudre certains de ces défis.

Le premier défi majeur est de développer des méthodes versatiles pour synthétiser
des nanomatériaux et les intégrer aux dispositifs et structures micro-fabriquées. Une
revue attentive de la littérature a révélé un manque critique de techniques pour
intégrer les nanomatériaux directement aux structures micro-fabriquées fragiles. Ce
manque a été comblé en développant une approche qui combine le revétement par
atomisation de résine, la lithographie a écriture-directe par faisceau d’électrons, le
dépot de films minces (pulvérisation et évaporation) et des procédés de soulevement.
Des structures polymériques et métalliques de différentes formes (trous, lignes et
cercles concentriques) ont été fabriquées directement sur plusieurs structures micro-
fabriquées incluant des micro-poutres de silicium commercialement disponibles et
utilisées pour la microscopie a force atomique ainsi que des micro-résonateurs com-
merciaux de type “plate-mode SiC/AIN” utilisés a des fins de détection. Les dimen-

sions critiques latérales des matériaux nanostructurés varient de 135 nm a 500 nm.

viii



Une fois que les difficultés pratiques de synthese et d’intégration des matériaux ont
été maitrisées, il a été nécessaire de comprendre et prédire le comportement, la
performance et la fiabilité du systeme intégré. Cette these a établi des relations
fabrication-structure-propriétés pour trois différents nanomatériaux. La premiere
étude s’est concentrée sur les propriétés élastiques de films polymériques renforcés de
nanotubes de carbone. Les prédictions théoriques, basées sur la micromécanique clas-
sique, ont conduit a des prévisions d’améliorations important du module élastique.
Cependant ces attentes n’ont jamais été réalisées en pratique. Au contraire, les
mesures expérimentales ont démontré relativement peu d’amélioration. Ce paradoxe
a été exploré en étudiant les propriétés de films nanocomposites de polyimide (PT)
et renforcés par des nanotubes de carbone a simple paroi (SWNT) par une étude
numérique (via la micromécanique Eshelby-Mori-Tanaka) et expérimentale (par des
tests de flexion de films nanocomposites non-contraints basés sur la nanoindenta-
tion). Pour les composites dilués, le module élastique a augmenté avec la teneur de
nanotubes de 2.5 GPa pour le polymere non-modifié a 3.5 GPa pour le nanocompos-
ite avec 0.5% par volume de nanotubes. Cette augmentation a cependant atteint un
plateau pour de pourcentage volumique de nanotubes supérieurs a 10%. En utilisant
des résultats d’inspections microstructurales, un lien a été établi entre les propriétés
élastiques du nanocomposite et la dispersion, ’alignement et la taille des agglomérats

de nanotubes de carbone.

La seconde étude s’est concentrée sur la dissipation d’énergie par friction interne dans
les structures nano-fabriquées. L’établissement de relations fabrication-structure-

dissipation est cruciale a I'intégration des nanomatériaux aux microrésonateurs utilisés
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pour la détection, le traitement de signaux et la récolte de 1’énergie des vibrations.
Une méthode originale a été développée pour mesurer la friction interne en utilisant
une plateforme pour des micro-poutres de silicium qui est calibrée en fonction de
I’amortissement thermoélastique. L’utilisation de cette méthode a été démontrée
en obtenant les premieres mesures calibrées de friction interne dans des nanofils
d’aluminium ayant des épaisseurs de 50 a 100 nm et des largeurs de 110 nm a 396
nm. A température ambiante, la friction interne de ces nanofils a varié de 0.026 a
0.035 pour des fréquences entre 6.5 kHz et 21 kHz. La combinaison de ces mesures
avec une inspection microstructurale de la taille des grains des nanofils a fourni des

indices des effets produits par la forme des motifs sur la dissipation.

La troisieme étude a exploré les relations entre les parametres de fabrication et les
propriétés élastiques pour une architecture nanocomposite originale consistant d’un
réseau de nanotubes de carbone interconnecté recouvert d’une mince couche de ni-
trure de titane. Un module élastique effectif du réseau de nanotubes de 4 MPa a été
mesuré par nanoindentation. Cette valeur a augmentée jusqu’a approximativement
2.5 GPa apres le revétement du réseau par du nitrure de titane pendant 60 minutes.
Les implications de ces résultats pour l'intégration de ces nanocomposites avec des

commutateurs SMEM sont discutés.

Dans leur ensemble, les contributions de cette these - les procédés de fabrication
de motifs et d’intégration, les techniques pour mesurer les propriétés des matériaux,
et les résultats pour les relations fabrication-structure-propriétés - établissent une

fondation pour 'intégration rationnelle des nanomatériaux avec les SMEM.
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CHAPTER 1
Introduction

Microsystems are miniaturized systems that are manufactured using components
that have critical dimensions ranging from tens of nanometers to several micrometers.
These systems are characterized by their small size (system volume of about one cubic
centimeter), multiple functionalities, high level of integration, and operation in mul-
tiple energy domains. In the early stages of the development of microsystems tech-
nologies, the focus was dominantly on microelectromechanical systems (MEMS). For
this reason, the acronym MEMS is commonly used to refer to all classes of microsys-
tems even if their operation involves thermal, fluidic, optical, magnetic, chemical and
biochemical domains. Thus, one can find references to bio-MEMS, power-MEMS,
radio-frequency MEMS (or, RE-MEMS), and micro-opto-electromechanical systems
(MOEMS) in the literature. In this thesis, MEMS, microsystems, microdevices, and
micromachines are used as synonyms.

Examples of commercial MEMS products include gyroscopes, ink-jet nozzles,
read /write head positioners in hard drives, digital light projectors (DLPs), micro-
phones, portable spectrometers, gas chromatographs, silicon crystal timers and fil-
ters, microfluidics-based lab-on-a-chip applications for blood and body fluid analysis,
chemical and biochemical sensors, and portable power sources like microbatteries [1].

Over the past decade, microsystems have become ubiquitous in our everyday

lives. Micromachined accelerometers, pressure sensors and gyroscopes are used in



cars and aircrafts, thereby making our lives safer and transport simpler. These de-
vices are also used in smart-phones, console-based game controllers, and hand-held
computers to add new dimensions to electronics-based entertainment. Miniaturized
sensors in digital cameras and micromirror digital projection systems have enhanced
our experience of capturing and viewing digital images and movies. Portable spec-
trometers and gas chromatographs are increasingly being used by security agencies
to detect explosive chemicals at public places. Miniaturized biosensors have found
applications in the field of health-monitoring, for example allowing diabetic patients
to monitor their blood-glucose level without a visit to the hospital.

The microsystems industry has seen a steady growth of 10-15% per annum
over the last five years and was valued at $ 9 billion in 2010-2011. In addition
to the sustained demand from automobile, aerospace and healthcare industries, a
strong demand from the consumer electronics sector is expected to generate new
MEMS products in the coming years. The market for microsystems is well estab-
lished, and many more devices are making the transition from research laborato-
ries to commercial manufacturing facilities. Among these devices are MEMS-based
energy harvesters, microspeakers, microdisplays, microbolometers, optical switches,
digital compasses, microfluidic devices for biomedical diagnosis, and drug delivery
systems [2].

As these technologies evolve and mature, there is a growing need for developing
systematic and rational approaches to improve performance, add new functionali-

ties, and enhance reliability. One promising approach for achieving these goals is



by developing advanced materials and processes for microsystems. The first genera-
tion of MEMS used materials and processes which were inherited from the semicon-
ductor microelectronics industry. This choice enabled MEMS engineers to leverage
the massively-parallel batch-microfabrication methods developed for microelectron-
ics. Moreover, this approach was advantageous for microelectromechanical systems
that required a high level of integration of mechanical components with CMOS elec-
tronics. Since then, however, the field of microsystems has expanded to include
many more energy domains, a large design space for shapes and structures, and
a diverse set of applications. Therefore, a need has risen to move away from the
traditional set of materials used in the semiconductor industry, and to develop a
large portfolio of materials and processes for microsystems. Recent developments of
materials processing techniques for silicon carbide thin films [3], silicon nitride thin
films [4], and ultrananocrystalline diamond thin films [5] bear testimony to these
efforts in the MEMS industry. Advanced materials currently used in MEMS include
lead zirconate titanate (PZT), single crystalline lead magnesium niobate - lead ti-
tanate (PMN-PT), gallium nitride (GaN), cadmium sulphide (CdS), zinc sulphide
(ZnS), aluminium nitride (AIN), gallium arsenide (GaAs), aluminium gallium ar-
senide (AlGaAs) thin films, and zinc oxide (ZnO) for piezoelectric MEMS actuators;
multilayered ThFe/FeCo films, nanocrystalline ThDyFe films, TbFe films, crystalline
Fe50Coso thin films, and amorphous (FegyCoyg)78Si12Bg thin films for MEMS devices
based on the giant magnetostrictive effect; FeCoBi thin films for MEMS devices
based on giant magnetoimpedance; and NiTi and NiTiPd thin films for MEMS ac-

tuators based on shape memory effect [6]. In addition, a wide variety of advanced



functional polymers such as polyimide, polyaniline, polypyrrole, polythiophene, and
polysiloxane are also being used in various MEMS applications [6]. In this context,
there is one class of materials -namely, nanomaterials - that has received relatively
little attention for microsystems applications.
1.1 Nanomaterials for microsystems

Nanostructured materials (also known as nanomaterials) are generally defined
as materials that contain structural or microstructural features with dimensions less
than 100 nm. Nanomaterials can be classified as zero-dimensional (for example,
quantum-dots, and nanoparticles), one-dimensional (for example, nanowires, nan-
otubes, and nanofibers), two-dimensional (for example, ultra-thin films, and mem-
branes) and three-dimensional (for example, nanocrystalline metals and ceramics).
Many nanomaterials possess unique physical (mechanical, thermal, electrical, optical
and magnetic) and chemical properties that are not observed in their bulk counter-
parts [7]. Some of these size-dependent changes are beneficial and can be harnessed
to improve the performance and functionality of microsystems. In fact, the advan-
tages of integrating nanomaterials with microsystems have been recognized for more
than a decade [7]. In addition, there is a natural fit between nanomaterials and mi-
crosystems in the sense that the amount of nanomaterial required per device is small.
Therefore, the lack of availability of high-quality nanomaterials in large quantities is
not a barrier for commercial applications. For example, a single carbon nanotube can
make a significant difference to the performance of silicon microcantilevers used in
scanning probe microscopy. However, such examples of integration of nanomaterials

are currently limited to a relatively small set of studies.



1.2 Objectives and organization of the thesis

The integration of nanomaterials (in the form of quantum-dots, nanotubes,
nanowires, nanocrystalline thin films, and nanocomposite films) with micromachined
structures and devices has the potential to enable the development of microsystems
with enhanced functionality and improved performance. However, many difficult sci-
entific and engineering challenges must be solved before this potential can be realized
in practice. The overarching goal of this thesis is to make a useful contribution to
this field by identifying and addressing some of these challenges.

The first major challenge is to synthesize nanomaterials and to integrate them
with micromachined structures and devices. The small size and geometric complexity
of the structural components, and the high level of integration, make it necessary
to develop a large set of microfabrication and nanofabrication techniques to enable
synthesis and integration. As a first step towards addressing this challenge, chapter 2
provides a critical survey of the literature and describes the different methods which
have been developed for integrating nanomaterials with microsystems. The factors
for selecting different methods, and the relative advantages and disadvantages of each
method, are discussed. This exercise led to the identification of some critical gaps
in existing techniques. One such gap is the lack of effective methods for patterning
nanostructured materials directly on fragile micromachined structures. Chapter 3
fills this gap by developing an approach that combines spray-coating of electron
beam resist, electron beam lithography, physical vapour deposition of thin films,
and lift-off processes for patterning nanostructures on micromachined structures and

devices.



Once the practical difficulties of material synthesis and integration have been
solved, it is necessary to confront the challenge of predicting the behaviour, perfor-
mance and reliability of the integrated system. Despite considerable progress over
the past decade, many important properties of nanomaterials are not well known.
Furthermore, many of these properties, and the structure of the nanomaterials, can
be strong functions of the methods used for synthesis and integration. Therefore, it
is necessary to develop robust process-structure-property relationships to guide the
use of nanomaterials for microsystem applications. This is a large and challenging
problem that will take decades of systematic effort because there are a large number
of properties, and an even larger set of nanomaterials, to explore. This thesis takes
a first step towards this goal by studying three different combinations of materials
and process-structure-property relationships.

The first study explores a case where theoretical predictions, based on classical
micromechanics, led to expectations of enormous improvements in the elastic con-
stants of polymer thin films reinforced with single-walled carbon nanotubes (SWNT),
but these expectations have never been realized in practice. To the contrary, mea-
surements typically show relatively little improvement after reinforcement. This
paradox is explored in chapter 4 by studying the elastic properties of polyimide (PI)
nanocomposite films reinforced with SWNT. These nanocomposite films were synthe-
sized by in-situ polymerization with simultaneous ultrasonic mixing and mechanical
stirring, followed by solution-casting. The volume fraction of carbon nanotubes in
the polymer matrix was varied from 0-10%. The elastic moduli of the nanocom-

posite films were characterized using a nanoindenter-based bending test, and were



compared with calculations based on Eshelby-Mori-Tanaka micromechanics. Mi-
crostructural examination provided some insights into the discrepancy between the
theoretical predictions and experimental results.

The second study explores the case where a nanomaterial can add useful func-
tionality to a microdevice, but also degrade its performance. This situation is com-
monly encountered in the design of micromechanical resonators for applications in
sensing, signal processing, and energy harvesting. These miniaturized resonators re-
quire low damping (or, equivalently, a high quality factor, Q) to improve sensitivity
and frequency selectivity. For this reason, ceramic materials (such as single-crystal
silicon and silicon nitride) are used for making the resonators. Subsequently, these
ceramic structures are coated with nanocrystalline metals in the form of thin films
or patterned structures to enhance optical reflectivity, electrical conductivity, and
surface chemistry. Unfortunately, these new functionalities come at the cost of a
disproportionately large increase in damping, which degrades the performance of the
microresonators. Recent measurements provide an indication of the magnitude of
this problem [8]. At some frequencies, the damping in a silicon microcantilever can
increase by one order of magnitude when coated with a thin film of aluminium, even
though the aluminium is a hundred times thinner than the silicon.

At present, very little is known about mechanisms of damping in nanomaterials.
Systematic measurements of the effects of frequency, size, and microstructure on
dissipation are required to formulate process-structure-damping relationships. As the
first step in that direction, chapter 5 introduces a technique for measuring damping

of nanomaterials. The technique to measure damping is based on a microcantilever



platform that is calibrated against the limits of thermoelastic damping. Chapter
5 describes the design, development, and validation of this platform, and provides
the first measurements of internal friction in aluminium nanowires. Finally, internal
friction in the aluminium nanowires is compared with that in continuous thin films
of aluminium to understand the effects of patterning on dissipation.

The third study explores the case where nanomaterials open up new opportuni-
ties for applications by virtue of their novel architectures and properties. However,
it is necessary to explore these structures by developing process-structure-property
relationships so that designers can appreciate the potential of these materials. This
case is explored in chapter 6 by studying the mechanical properties of multi-walled
carbon nanotubes grown on stainless steel by a chemical vapour deposition process.
The carbon nanotube network is then coated by titanium nitride thin film using ca-
thodic arc deposition. Thus, the final structure is a porous network of multi-walled
carbon nanotubes coated with titanium nitride. Standard nanoindentation tests were
performed to explore the relationships between the process parameters (bias voltage
and deposition time), structure (thickness of the titanium nitride coating), and me-
chanical properties (contact stiffness and effective modulus). These results are used
to evaluate the utility of these nanocomposites for applications in MEMS switches.

Table 1-1 presents a summary of the organization of the thesis.

1.3 Contributions of the thesis

This thesis develops new methods for nanofabrication and integration; new tech-

niques for measuring the mechanical properties of nanomaterials; and new knowledge

in the form of process-structure-property relationships that can guide the use of new
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classes of nanomaterials for microsystem applications. The original contributions of
this thesis are listed below.

e A nanofabrication procedure, involving spray-coating of electron beam resist,
electron beam lithography and subsequent metal deposition and lift-off, was de-
veloped to pattern polymeric, nanocomposite and metallic nanostructures on
fragile micromachined devices. The versatility of this approach was illustrated
by patterning polymeric and metallic structures in the form of arrays of holes,
concentric circles, and arrays of lines, with critical dimensions ranging from 135
nm to 500 nm, directly on various micromachined structures including com-
mercial metal-coated silicon microcantilevers used for atomic force microscopy,
and commercial plate-mode SiC/AIN microresonators used for sensing.

e Process-structure-property relationships were established for polyimide (PI)-
matrix nanocomposite films reinforced with single-walled carbon nanotubes
(SWNT); the volume fraction of the nanotubes ranged from 0.05-10%. The
effects of nanotube loading on the elastic properties of these nanocomposite
films were measured using a nanoindenter-based bending test, and evaluated
computationally using Eshelby-Mori-Tanaka micromechanics. In addition, the
same comparison was made for specimens containing the same volume fraction
(0.5 volume%) of SWNT produced by two different processes. Taken together,
these studies provided useful insights into the effects of nanotube dispersion

and alignment on the elastic properties of the nanocomposite.
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e A method for measuring dissipation due to internal friction in nanostructured
materials was developed and used to obtain the first measurements of inter-
nal friction at room temperature in aluminium nanowires. These results are
the first step towards process-structure-dissipation relationships for patterned
nanostructures.

e Process-structure-property relationships were established for a porous network
consisting of multi-walled carbon nanotubes coated with thin films of titanium
nitride. The effects of process parameters on mechanical properties were es-

tablished using nanoindentation.
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CHAPTER 2
Literature survey on processing and integration of nanostructured
materials with MEMS

The integration of nanomaterials with microsystems is an active area of current
research. There is a vast literature on this topic covering many different aspects of
integration. The goals of this chapter are to review this literature by focusing on
methods, procedures, and techniques for integration. This knowledge is evaluated
and organized in an effort to identify the relative strengths and weakness of differ-
ent approaches. This organization can also help to identify critical gaps in current
techniques.

Several attempts have already been made to organize the literature on integrat-
ing materials with microsystems. The textbook by Senturia [9] identified the various
issues that must be considered by process engineers. These issues span the spectrum
from device geometry to packaging and die separation. In 2009, Alaca [10] reviewed
the literature on integrating one-dimensional nanomaterials (nanowires, nanotubes)
with microsystems. The work presented in this chapter builds upon these efforts.
The next section lists the factors that must be considered while integrating nano-
materials with microsystems, Section 2.2 discusses the different techniques that are
available for integration, and Section 2.3 presents a focused discussion of integrating

nanocomposite materials with microsystems.
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2.1 General considerations for integration

The successful integration of nanomaterials with microsystems requires a careful
consideration of numerous factors. The first factor that must be considered is the
type of nanomaterial. As noted earlier, nanomaterials can be characterized as zero-
dimensional (quantum dots, nanoparticles), one-dimensional (nanowires, nanotubes),
and two-dimensional (thin films and membranes). Further, the nanomaterial can

exist as a single component (such as a single carbon nanotube) or be integrated as a
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nanocomposite or in arrays.
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Figure 2-1: Examples of microdevices: (a) A single-component microcantilever
beam, (b) A two-level electrostatically actuated micro-mirror display [9].

The second factor is the detailed architecture and structural design of the mi-
crodevice or microsystem. The complexity of the microdevice can range from a
simple mechanical component (such as a single microcantilever beam, as shown in
figure 2-1(a)) to a large assembly of complicated structures (such as the two-level
electrostatically actuated micro-mirror display developed by Texas Instruments, as

shown in figure 2-1(b)). Some microsystems (such as micro fuel cells and micro
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chemical reactors) do not contain any moving parts, while others are subjected to
significant mechanical and thermal stresses during deployment and operation.

The third factor is the level of control required over the location, dispersion,
and alignment of the nanomaterial. These details are a function of the specific
application under consideration. For some applications, a random distribution of the
nanomaterials on the surface of the microdevice may suffice, and bottom-up methods
based on self-assembly of nanomaterials are ideal. However, other applications may
require a high level of control over the placement, orientation and distribution of
the nanomaterial. For such high-end applications, top-down serial processes like
electron beam lithography play a crucial role. However, many of these techniques
are constrained either by high cost or slow patterning speeds, especially for structures
that have critical feature sizes less than 100 nm. Hybrid techniques that combine
some features of both top-down and bottom-up methods are also being developed
for applications which require an intermediate degree of control over placement,
orientation and distribution of nanomaterials.

The fourth factor is chemical, mechanical, and thermal compatibility between
the processes used for synthesizing and integrating the nanomaterial and those used
for micromachining the other components of the microsystem. This is a challenging
issue because the latter can involve dozens of microfabrication steps using several
different tools and techniques. These various steps can affect each other leading to
unintended and undesirable consequences. Therefore, the issue of compatibility is
intimately related to the specific processing steps that are used, and to the manner

in which these steps are sequenced. Further, considerations of compatibility also
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influence whether the nanomaterial is integrated at the device-level or at the wafer-
level.

Consider, for example, the case where a nanomaterial is integrated at the wafer
scale early in the process sequence. The nanomaterial will then have to withstand
the harsh chemical and thermal conditions that are usually encountered during the
microfabrication of the microsystem. These conditions include exposure to corrosive
chemicals, gases, and plasma, and to high temperatures that can lead to undesirable
coarsening and grain growth in the nanomaterial. If the nanomaterial can indeed be
shielded from these harsh environments, then this material can be first synthesized
at the wafer level (using techniques such as nanoimprint lithography, dip-pen nano-
lithography and electron beam patterning), and the micromachined structures can
then be created [11].

Alternately, the microdevice can be first processed, and the nanomaterial can
be integrated at the device level. In this case, it is not necessary to protect the nano-
material during the harsh steps of microfabrication. However, the microdevice itself
can be mechanically fragile and must be protected from damage during integration.
For example, spin coating of photoresist or electron beam resist can damage a micro-
machined beam or plate. Thus, the processes used for integrating the nanomaterial

must be mechanically compatible with the microsystem.
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2.2 Techniques for integrating nanomaterials with MEMS

The following sub-sections explore the different methods available for integrating
nanomaterials in the form of nanoparticles, nanowires and nanotubes to microsys-
tems. These methods can be categorized based on the manner in which the nano-
material is synthesized and the approach used for localizing the nanomaterial on the
microdevice. The first category consists of methods based on self-assembly. In this
approach, the nanomaterial is usually synthesized separately, purified, and brought
to the surface of the micromachined device. The subsequent location and alignment
of the nanomaterial can be controlled using electric, magnetic, fluidic and chemical
forces. The second category consists of methods based on controlled growth wherein
the nanomaterial is synthesized directly at the desired location on the microdevice.
The third category consists of methods based on nanomanipulation and nanolithog-
raphy. The former refers to techniques for picking individual nanomaterials (such as
a single nanowires or nanoparticle) and placing it at the desired site on the microde-
vice. The latter refers to the use of electron beams and ion beams for controlling the
location, orientation and distribution of nanomaterials on the microdevice. Each of
these categories is discussed in detail in the following sub-sections.
2.2.1 Integration by self-assembly

Self-assembly can be defined as spontaneous formation of patterns or structures
due to physical and/or chemical interaction of nanomaterials, usually without any
human intervention [12,13]. Examples of self-assembly, especially biological self-
assembly, are extremely common and are manifested in complex two-dimensional

and three-dimensional structures we find in nature. Nanostructured materials can
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be assembled on MEMS device components by applying an external electric or mag-
netic field, and by microfluidic assembly. Most of these methods of self-assembly
require the nanostructured material to be fabricated separately, removed from their
fabrication sites, dispersed in a fluid medium and aligned using physical or chemical
interactions. Details of these methods are presented in the following sections.

Electrical field-assisted assembly

Nanomaterials in the form of nanoparticles, nanowires and nanotubes can be
aligned in a fluidic medium by the application of an electric field. This electrokinetic
phenomenon which leads to the motion of anisotropic dielectric nanomaterials under
the action of an inhomogeneous electric field is known as dielectrophoresis. Align-
ment of nanomaterials using dielectrophoresis involves polarization of the nanoma-
terials. Polarization can be achieved by applying an AC field, with or without a
DC bias. When the nanomaterial get polarized, it experiences a force (called the
‘dielectrophoretic force’) due to the interaction of the induced dipole moment in
the nanostructure with the applied non-uniform electric field. This dielectrophoretic
force depends on the geometry of the nanomaterial, on the dipole moment (which
depends on the dielectric constants of both the nanomaterial and the fluidic medium
in which it is dispersed), and on the magnitude of the applied electric field [14].
Alignment of nanomaterials by dielectrophoretic forces requires high electrical field
strengths. Besides, higher dieletrophoretic force can be achieved by noting that di-
electric force is directly proportional to the difference of the dielectric constants. High
dielectric forces can be achieved by using a fluid medium like water (dielectric con-

stant of water is ~80), and ensuring that the gap between the electrodes is small. A
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principle commonly used to attract nanomaterials towards electrodes (contact pads)
is that of positive dielectrophoresis. Positive dielectrophoresis involves motion of a
polarized nanomaterial towards regions of high electric field and happens only when

the nanomaterial is more polarisable than the surrounding medium.

Figure 2-2: Example of electric-field assisted self-assembly: A tin dioxide nanobelt
is integrated to a microhotplate platform using dieletrophoresis [15].

Yu et al. [15] have reported the integration of tin dioxide nanobelts to microfab-
ricated membranes in a MEMS microheater device to detect a nerve agent stimulant.
The nanobelts were assembled to bridge two platinum electrodes, using the principle
of electrophoresis. This method involved spinning a solution containing the nanobelts
on a wafer containing a large number of densely packed membrane structures. The
nanobelts were often adsorbed between the two closely spaced Pt electrodes. In an-
other method, the nanobelts were assembled on the platinum electrodes using the
principle of positive dielectrophoresis. This method involved connecting two plat-
inum electrodes in the microdevice to an AC voltage source and adjusting the voltage

and frequency of the AC electric field when the solution containing the nanobelts was
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dispersed on the wafer surface. The attractive or positive dielectrophoretic force was
used to polarize the nanobelts, and align and trap a nanobelt onto the two platinum
electrodes, as shown in figure 2-2.

In addition, the principle of electrophoresis has also been applied for aligning
nanostructured materials to microdevices. Unlike dielectrophoresis, the net electric
electric charge (and not the dipole moment) governs the motion of the nanostructure
in a uniform or divergent electric electric field in electrophoresis. The nature of the
solvent influences the surface-charge of the nanomaterials and hence plays a crucial
role in electrophoresis.

Benkstein et al. [16] have integrated nanostructured polyaniline film with a
MEMS microhotplate, using the principle of electrophoresis. First a polyaniline
colloid was prepared , and this colloid was deposited electrophoretically on the mi-
crohotplates using a programmable power supply. To selectively deposit the nanos-
tructured polyaniline film on the microhotplates, the bondings and the wirepads were
electrically isolated by an insulating epoxy. Advantages of the electric field assisted
assembly include the ability of using this technique both on wafer-scale as well as on
fabricated fragile device components.

Magnetic field-assisted assembly

In a fashion similar to the use of electric fields, magnetic fields can also be applied
to align nanowires and nanotubes on microdevice components. One advantage of
magnetic field assisted lithography over its electrical counterpart is that no specific
surface chemistry is necessary. Furthermore, the magnetic forces are independent

of the fluidic medium used. However, in order to facilitate assembly by magnetic
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forces, a part or whole of the nanowires must be ferromagnetic or must be partially
coated with a ferromagnetic material. Moreover, the patterned electrodes on which
the nanomaterials are assembled must also be ferromagnetic. Nickel is the most
commonly used ferromagnetic material, however other materials like iron, cobalt
and their alloys can also be used. When placed in an external magnetic field, these
ferromagnetic nanomaterials orient themselves along the direction of the magnetic
field, usually forming end-to-end networks and bundles [17,18]. Figure 2-3 shows an
example of a nickel/bismuth/nickel nanowire aligned on pre-patterned nickel lines.
Another important consideration of magnetic self-assembly is that the concentration
of the nanostructures should be lower than a critical value beyond which van der
Waal’s interactions among the nanostructures become dominant over the magnetic

effects.

Figure 2-3: Example of magnetic field-assisted assembly: A single Ni/Bi/Ni nanowire
is aligned on patterned nickel lines [17].
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Microfluidic assembly and other methods

Microfluidic assembly is another wafer-level assembly method employed for align-
ing nanowires and nanotubes. This method is very similar to non-convetional lithog-
raphy techniques like micromoulding in capillaries [19]. Microfluidic assembly in-
volves feeding suspensions containing nanowires through microchannels. This leads
to alignment of the nanowires along the flow direction or across the channel width,
after the carrying fluid has evaporated. This method has been used to align in-
dium phosphide, gallium phosphite and silicon nanowires along the flow direction in

polydimethylsiloxane (PDMS) micromachannels, as shown in figure 2—4 [20].

: 7 Contact
/ pads
Indium

phosphide
nanowires

Figure 2-4: Example of microfluidic assembly: Indium phosphide nanowires obtained
by a two-step microfluidic assembly process [20]. The scale bar corresponds to 500
nm.

Other methods of using self-assembly to integrate nanomaterials to microde-
vices can also involve Langmuir-Blodgett technique and selective functionalization.

Langmuir-Blodgett technique uses compression of nanomaterials at the liquid-air in-

terface forming an ordered array of nanomaterials, followed by transfer onto the solid
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surface. Thus, Langmuir-Blodgett technique has the potential to be used as a wafer-
level technique during fabrication of MEMS devices. Selective functionalization uses
the knowledge of chemicals which bind specifically to other chemicals. Examples of
such specific bonding is common among biomolecules like proteins, DNA and viruses.
In this technique nanomaterials are functionalized by such biomolecules. An essential
part of this technique is using photolithography or other high-resolution lithography
techniques to pattern the wafer surface with the complementary chemical species.
Once the functionalized nanomaterials are transferred to the patterned wafer sur-
face, the nanomaterials self-assemble by binding with the complementary chemicals.
Reference [10] presents a detailed review of the application of these methods to in-
tegration of nanomaterials to microelectronic devices.

In cases where no alignment is required, nanomaterials can be integrated by
dispersing the nanomaterial in a volatile solvent and applying it to the microdevice
by drop-casting or spin-casting. This leads to a random distribution of nanomaterial
on the surface of the MEMS device. Zribi et al. have integrated carbon nanotube
networks on a microfabricated silicon nitride diaphragm and demonstrated the use
of the carbon nanotube film as a carbon dioxide gas sensor [21]. Solutions of well-
dispersed single-walled carbon nanotube in a volatile non-aqueous solution was first
prepared by ultrasonication. This was followed by drop-casting or spin-casting of
the solutions onto the diaphragm. High volatility of the organic solvents led to
convenient and fast nanotube deposition. A similar method was also used to deposit

zinc oxide nanowires for use as an ethanol sensor [22].
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2.2.2 Controlled growth

Controlled growth is one of the most popular methods of integrating nanowires
to MEMS devices. By using this method, nanowires and nanotubes can be grown at
a desired site of a microdevice component. For growing nanowires a vapour-liquid-
solid (VLS) technique, based on a chemical vapour deposition (CVD) process, is
utilized. This technique uses metal nanoparticles or nanodroplets as catalyst which
absorbs the nanowire or nanotube material supplied in the gas phase forming a su-
persaturated alloy. The growth of nanowire or nanotube takes place by precipitation
of the nanotube or single-crystal nanowire at the interface of the nanodroplet and the
substrate. This technique has been used to grow single-crystal nanowires of silicon,
germanium, gallium nitride and tin oxide [23]. With proper selection of substrate,
the nanowires can be grown in a direction perpendicular to the substrate. Carbon
nanotubes can also be grown in a directional fashion using thermal or plasma-assisted
VLS techniques [24, 25].

Teh et al. have used a plasma-enhanced chemical vapour deposition (PECVD)
method to integrate vertically aligned carbon nanotubes on under-etched ~190 nm
thick titanium micromechanical structures, an example of which is shown in figure
2-5 [26]. The PECVD process was carried out at 650 °C using nickel as the catalyst.
The chemical vapour consisted of 25% acetylene in ammonia.

Most of the routes for integration of nanomaterials to MEMS devices require
global exposure of the device to the processing conditions. This usually makes the
process incompatible with traditional microfabrication process. Methods for selec-

tively synthesizing silicon nanowires and carbon nanotubes on the MEMS device
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Figure 2-5: Integration of vertically aligned carbon nanotubes with a titanium mi-
cromechanical structure [26].

Figure 2-6: Example of integration of silicon nanowires to MEMS structures by
selective and controlled growth. All scale bars represent 5 pm [27].
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components such as on microbidges, cantilevers and tips of an AFM cantilever at
room temperature have been developed [24,27,28]. These methods involve patterning
of the tip of the cantilever with an ultra-thin film of catalyst for nanowire nucleation
and growth. Local heating of parts of the MEMS device eliminates exposing the
entire microdevice to the high temperatures of CNT growth. The microdevices are
then exposed to the precursor gases, which react with the catalyst, leading to local
and selective nucleation and growth of nanowires and carbon nanotubes. Figure 2-6
shows one example of such local integration of nanomaterials.
2.2.3 Nanomanipulation and nanolithography

The third category of techniques for integrating nanomaterials with MEMS
structures are serial processes and comprise of techniques such as nano-manipulation
techniques, electron beam lithography, electron beam deposition, focused ion beam
milling and focused ion beam deposition. These techniques provide perfect control
over the location, orientation and distribution of the nanomaterials at both wafer-
level as well as on prefabricated, micromachined fragile structural components. How-
ever, being serial processes these techniques are extremely time consuming and have
not been used for large-scale manufacturing of microdevices. Till date these tech-
niques have been limited to low-volume and high-end applications as well as for
proof-of-concept devices. The remainder of this section discusses the application of
these techniques to integration of nanomaterials specifically to MEMS devices.

Nanomanipulation techniques

Nanomanipulation refers to techniques for picking and transferring single nano-

material like nanowire, nanotube and nanoparticle from the surface they are grown
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or deposited to the surface of a device. Common nanomaipulators are themselves
MEMS devices and require high degree of precision in terms of their motion con-
trol. Examples of nanomanipulators are atomic force microscope cantilevers, optical
and mechanical tweezers, as well as nanorobotic manipulation systems [10]. Most of
the single or multiple probe nanomanipulators are operated inside an electron mi-
croscope and have been crucial components of experiments to investigate properties
of nanomaterials. For example, a two-probe nanomanipulator was used to evaluate
mechanical property of multi-walled carbon nanotubes [29].

In addition, nanomanipulators are routinely used for fabricating microdevices
with integrated nanowires or nanotubes. For example, Meier et al. have integrated a
single-crystal tin dioxide nanowire to a microfabricated microhotplate and used the
nanowire-integrated microdevice as a gas sensor [30]. The nanowires were synthe-
sized separately. Integration with the microhotplate involved electrostatically pick-
ing up individual nanowires using a dielectric microfiber, followed by transferring the
nanowire to a microhotplate.

One advantage of using a nanomanipulator is that it has the ability to integrate
nanomaterials to non-planar surfaces. The work by Carlson et al. provides an
example of such integration [31]. In this work, a microgripper is used to integrate
a carbon nanofibre to the tip of an atomic force microscope cantilever. Figure 2-7
illustrates the different steps of the integration.

Electron beam lithography

Electron beam lithography is one of the oldest and most characterized tech-

niques employed in nanofabrication. This nanofabrication technique has been used
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Figure 2—-7: Integration of a carbon nanofibre with an atomic force microscope can-
tilever tip [31].

in combination with lift-off technique to define metallic nanostructures. The metallic
nanostructures can be used as masks, and nanomechanical structures can be obtained
by further etching steps. These nanostructures form essential components of nano-
electromechanical systems [10,32]. Examples of such structures include nanobridges
of materials such as single-crystal silicon and silicon carbide [32-34]. Nanostructures
like nanodots or nanowires fabricated by electron beam lithography can be also used
as a template or catalyst to grow nanostructures by a CVD process. For example, Ye
et al. have integrated carbon nanotube on the tip of an AFM cantilever by first defin-
ing nanosized catalyst spots on the entire wafer by electron beam lithography and
lift-off, followed by protecting the catalyst spot and micromachining the cantilever
structure, and finally growing a carbon nanotube on each cantilever by a controlled
growth CVD approach [11].

One major disadvantage of electron beam lithography is lack of an approach to
define metallic nanostructures on micromachined structures. Donthu et al. have de-
veloped a method combining electron beam lithography and sol-gel synthesis method
to obtain polycrystalline ceramic nanostructures on free-standing membranes [35-37].

Figure 2-8 shows some examples of integration of nanomaterial by electron beam
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Figure 2-8: Examples of nanomaterial integration by electron beam lithography:
(a) A silicon nanowire bridge [33], (b) a carbon nanofibre integrated to a silicon
microcantilever [11], and (c) zinc oxide nanowires integrated on a MEMS microhot-
plate [35].
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lithography. However, this method, known as soft-EBL is not universally applicable.
First, this process is limited only to a handful of ceramic oxides, which are available
through a route of sol-gel processing. Second, and most importantly, since it involves
spin-coating steps, it cannot be used on devices with non-planar topography. These
issues are addressed in chapter 3 by developing a versatile method for integrating
nanomaterials directly on micromachined structures by electron beam lithography.

Electron and focused ion beam deposition techniques

Electron beam induced deposition is well-suited to grow nanowires as well as
make three dimensional structures on both planar and non-planar surfaces. One
common application of this technique is to promote adhesion between nanomateri-
als such as nanowires and nanotubes to a microdevice surface. For example, most
MEMS micro/nano-tensile testing stages require electron beam induced deposition
on the region outside the gauge length, in order to attach the nanomaterial firmly
to the grips and prevent any slipping [38]. Figure 2-9 shows an example of electron
beam deposited platinum for improved adhesion of nanomaterial. In addition, elec-
tron beam induced deposition has been used to fabricate metallic three dimensional
nanostructures, for example atomic force microscope tips [39], four-point probes [40],
and octahedral frames [41].

Other techniques like focused ion beam CVD (FIBCVD) with better deposition
rates than electron beam induced deposition are used to deposit three dimensional
nanostructures [42]. The low penetration depth of the ions used in FIBCVD makes
it easier to fabricate complicated three dimensional structures like coils and nanoma-

nipulators, as shown in figure 2-10.
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Pt Deposition

Figure 2-9: A scanning electron microscope image showing electron beam deposited
platinum for improved adhesion of zinc oxide nanowire to a tensile testing stage [38].

Figure 2-10: Examples of nanostructures by FIBCVD technique: (a) Microcoil with
coil diameter of 0.6 pum, coil pitch of 0.7 um, and linewidth of 0.08 pm; (b) Top view
of a three-dimensional eletrostatic nanomanipulator [42].
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Another focused ion beam based technique, namely focused ion beam milling
provides a direct way to machine microstructures to form nanostructures and has
been used to form monolithic nanostructures not only for MEMS devices [43], but
also for fabricating metallic, ceramic and glass samples for nanocompression tests,
for transmission electron microscopy, and for inspection of failure of MEMS devices
[44-46).

2.3 Integration of nanocomposites with MEMS

This section provides a focused review of recent developments in nanocomposite-
based MEMS, emphasizing particularly on materials, fabrication techniques, and
applications. The different techniques applied currently to synthesize nanocomposite
thin films, involving a wide array of metallic, ceramic and polymer matrices, are
described. Finally, several representative examples of integration of nanocomposite
components in MEMS devices are discussed.

2.3.1 Physical mixing

The initial research articles on application of nanocomposites in MEMS dealt
with developing resists for electron beam lithography (EBL). These electron beam
resists with embedded nanoparticles of fullerene and surface-modified silica not only
exhibited higher resolution compared to the pristine resist, but also higher etch re-
sistance [47,48]. In both cases, the nanoparticles were incorporated into the polymer
resist matrix by a physical mixing approach, i.e. the synthesis of nanoparticles was
carried out by wet chemical routes and they were then dispersed into a polymer
solution, which was spin-coated to form a film. However, this approach has inherent

problems of agglomeration of nanomaterials at high concentrations. In some cases

31



involving physical mixing, the nanomaterials need to be treated with a surfactant to
improve dispersion [49,50]. Other methods of improving dispersion of nanomaterial
in a polymer matrix involve in-situ polymerization of a mixture of nanomaterials and
monomers, assisted by ultra-sonic mixing [51,52].

Another important factor controlling the material properties of nanocompos-
ites is the adhesion between matrix and reinforcement phases. While some stud-
ies advocate the use of surface functionalization of nanomaterials to improve mate-
rial properties of the nanocomposite [53,54], other studies have shown that surface
functionalization of nanomaterials leads to an increase in the number of defects at
the interface of nanomaterial and polymer, thus leading to poor mechanical prop-
erties [55,56]. Nanocomposites reinforced with functionalized nanomaterials also
exhibit superior dispersion [54].

Renaud et al. suggested the idea of improving photoresist properties by nanopar-
ticle reinforcement and used them as MEMS structures [57]. Jiguet et al. improved
properties of the resist to photolithography by incorporating silver nanoparticles in
SUS8 photoresist matrix. The nanocomposite exhibited an improved conductivity
when reinforced beyond the percolation threshold [58]. However, this increase in
conductivity is accompanied by difficulties with lithographically patterning the sil-
ver/SU8 composite. As such, transparent substrates and backside exposures were
required to sufficiently crosslink the composite at the wafer surface. Jiguet et al. also
reported the synthesis of silica nanoparticle reinforced SU8 photoresist [59,60]. The

resulting nanocomposite was reported to exhibit higher sensitivity, better adhesion,
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and lower thermal stresses compared to the parent photoresist, without any loss in
resolution.

The nanocomposite photoresists have also been employed to fabricate MEMS
structures like beams, posts and meshes, some examples of which are shown in figures
2-11 and 2-12. One of the primary challenges to fabricate MEMS-based structures
using these polymer nanocomposites lies in patterning. Zhang et al. have overcome
this problem by developing a process, involving holographic lithography based three-
beam interference process to tailor the geometry of microstructures, and reactive ion

etching to create the nanostructured patterns [61].

Figure 2-11: Optical image of a 5 mm diameter wheel made out of SU8 nanocom-
posite [60].

Seena et al. have fabricated cantilevers using a piezoresistive nanocomposite

with carbon black nanoparticles dispersed in a SU8 matrix [63,64]. The dispersion
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Figure 2-12: Scanning electron microscope images of silica/SU8 nanocomposite
MEMS structures (a) 10 pm thick pillars, (b) 10 pum thick cross pattern, (¢) 7 pm
thick line, (d) 2.5 pm thick tip and (e) 5 pm thick tip [62].

of the nanoparticles was improved by sonication and led to formation of nanocompos-
ites with ~8-9 % volume fraction of carbon black. The low elastic modulus combined
with its piezoresistive properties made it a better candidate for sensing static deflec-

tions and has been used as an electronic nose to detect explosive vapour [64]. Figure

2—-13 shows an optical micrograph of the nanocomposite cantilevers.

Figure 2-13: Optical image of a set of four carbon black/SU8 nanocomposite micro-
cantilevers. The nanocomposite appears black in the optical image. Each U-shaped
microcantilever is 250 pm long, 3 pm thick, and the width of each leg is 50 pm [64].
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2.3.2 Vapour deposition

There exist numerous examples of deposition of nanocomposite thin films by
sputter deposition techniques, as described in several excellent review articles [65,66].
However, there are a small number of applications of chemical vapour deposition
(CVD) to synthesize nanocomposite thin films, since the precursor becomes unstable
at the elevated temperatures. Hence, an aerosol assisted chemical vapour deposition
(AACVD) method has been developed to deposit metallic nanoparticles in a ceramic
matrix [67]. Thin hard nanocomposite coatings of titanium nitride nanoparticles in
an amorphous SiN; 3 matrix has also been prepared by employing a low temperature
CVD process [68].

2.3.3 Directional growth of nanowires and introduction of polymer ma-
trix

Fabrication of unidirectional nanowire or nanotube reinforced composite films
is a formidable challenge. One way to achieve this goal is to grow nanotubes or
nanowires on a substrate and then deposit the matrix material. Choice of the crys-
tallographic orientation of the substrate and that of the nanowire determines the
direction of growth of the nanowire. The choice of the matrix material is constrained
by the condition that it should be deposited in such a manner that it fills in a large
fraction of the space between the nanowires. This technique has been utilized to
fabricate nanocomposites with silicon nanowires in a parylene matrix by Abramson
et al. [69]. In this work vapour-liquid-solid (VLS) technique has been used for one-
dimensional (1-D) growth of single-crystalline vertical silicon nanowires on a Si (111)

substrate. The matrix (parylene) was performed by a vapour technique. Deposition
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of other polymers like polyimide and polystyrene by spin-coating technique was un-
successful since their viscosity prevented their penetration in the gaps between the
nanowires.

A recent publication has shown a new method to obtain a polymer nanocom-
posite with horizontally aligned carbon nanotubes. It involves in-situ wetting of a
substrate with vertically aligned carbon nanotubes in SU8-epoxy solution, followed
by pulling the substrate out of the solution in a directional manner so as to obtain
a nanocomposite with horizontally aligned carbon nanotubes [70]. This nanocom-
posite is hot-baked and densified by compaction to obtain carbon nanotube volume
fractions in the range of 40-70%. Aligned polymer nanocomposites can be also be
obtained from vertically aligned carbon nanonotubes (VACNTSs) grown on silicon
wafers by flattening the VACNTSs using a roller, and then spin-coating the flattened
CNTs with a polymer [71].

2.3.4 Electrochemical deposition

Another method to deposit nanocomposites is by electrochemical deposition
from a solution of the metallic salt and nanoparticles. There are two modes of
deposition based on whether an external electric current is applied, namely, the elec-
trolytic deposition (or electroplating) and the electroless deposition method. In both
cases, the wafer is used as the cathode and the metal ions undergo reduction and
form a continuous film on the cathode. In addition to this reaction, nanoparticles
with adsorbed ionic species on their surface are transported to the vicinity of the
wafer by convection, as is elucidated by Celis et al. [72]. On entering the hydrody-

namic boundary layer around the wafer, the velocity of these nanoparticles is rapidly
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retarded and upon close contact with the wafer, some of the adsorbed metallic ions
undergo reduction leading to co-deposition of the nanoparticles in the metallic ma-
trix. This principle has been applied to deposit nickel nanocomposite films with
micro- and nano-scale reinforcements [73, 74].

Teh et al. fabricated MEMS structures using metal matrix composites [75, 76].
Thin films of nickel with cordierite and diamond nanoparticles were deposited using
the electrochemical process, as described earlier. The primary way to get a desired
structure using this approach is to pattern a mould, followed by deposition of the
metal matrix nanocomposite within the mould and finally releasing the structure by
etching away the sacrificial layers. The nanocomposite micro-beam arrays fabricated
using this technique was found to have lower residual stresses compared to pristine

nickel, as is shown in figure 2—14.

Figure 2-14: Micromechanical structures fabricated of nickel nanocomposite: (a) A
partially released, internally stressed electroless nickel microresonator. (b) A fully
released, unannealed, residual stress free, electroless-nickel-cordierite microresonator

[76].
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Tsai et al. fabricated microcantilevers with nickel-diamond nanocomposite using
a low temperature stress-free electrolytic deposition process and demonstrated the
excellent mechanical strength and power-efficient performance of the microfabricated
device [77,78]. Carbon nanotubes (CNTs) were introduced in phosphorus nickel
matrix by Shen et al. by an electroless deposition process and this nanocomposite
(Ni-P-CNT) was used to fabricate arrays of micro-cantilevers, as shown in figure

2-15 [79,80].

Figure 2-15: Scanning electron microscope (SEM) images of as-fabricated Ni-P-CNT
nanocomposite cantilever beam arrays [79]. The thickness of the cantilevers range
from 7 pm to 9 pm.

2.3.5 Plasma polymerization-based deposition

A common method employed to make polymer nanocomposites with embedded
metallic nanoparticles is plasma polymerization. Plasma polymerization was origi-
nally used to deposit thin, continuous, pin-hole free polymer coatings by employing
plasma assisted chemical vapour deposition. As the name implies, this method in-
volves polymerization of an ionized gaseous monomer, due to collisions with accel-

erated electrons in the plasma. Plasma polymerization of organometallic monomers
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has been employed to produce nanocomposites with embedded metal and/or metal-
lic oxide nanoparticles. Another way to embed metal nanoparticles is simultaneous
plasma polymerization and physical vapour deposition (PVD). The incorporation of
metal by PVD mainly involves sputtering or evaporation. Films produced by these
methods lead to a very homogeneous distribution of embedded metal particles in the
polymer matrix [81].
2.3.6 Sol-gel method

Sol-gel is a popular fabrication method to fabricate porous thin films. This
method primarily involves preparation of a colloidal suspension of precursors (sol),
gelation of the sol and finally, evaporation of the solvent to obtain the film [82]. The
precursors are usually metal alkoxides or their derivatives. The sol-gel solution can
easily be cast into complex shape or used to coat substrates. The coating is usu-
ally performed during the gelation phase, employing spinning or dipping techniques.
Hence, the thickness of the film is a function of the spinning or dipping speeds and
the viscosity of the gel-solution. Though predominantly used to make ceramic ma-
trix nanocomposites with metallic [83] or metal oxide [84] nanoparticles, there is an
increasing effort to use this technique to produce polymer matrix composites, as is
described in reference [85].

In-situ approaches of nanocomposite synthesis have been developed, where metal
nanoparticles are generated inside a polymer matrix by solid-state chemical reduc-
tion of a metallic precursor present in the polymer thin film [86]. Abargues et al.

report the synthesis of a nanocomposite electron beam photoresist, in which silver
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nanoparticles are embedded in polyvinyl alcohol (PVA) matrix by electron beam
exposure of a PVA film containing AgNOs [87].
2.3.7 Other methods

Other techniques commonly used to deposit nanocomposite thin films include
molecular assembly techniques. A combination of Langmuir-Blodgett technique,
self-assembly and layer-by-layer deposition techniques can be used to synthesize
nanocomposite thin films [88,89]. Jiang et al. have fabricated free-standing nanocom-
posite membranes reinforced with gold nanoparticles, and suspended over microma-
chined holes by using self-assembled layer-by-layer assembly in conjunction with a
sacrificial layer approach. These nanocomposite membranes were found to be suit-
able for membrane-based acoustic, pressure, chemical, and temperature sensing [89).
2.4 Summary

This chapter presented a review of the literature on integrating nanomaterials
with microsystems. Process design and materials integration are challenging because
a successful outcome requires careful attention to numerous factors. These factors
span the spectrum from local details (for example, whether a specific nanomate-
rial will adhere to its substrate) to global systems-level interactions (for example,
whether the final step of releasing the structure will damage a nanomaterial that
was integrated early in the process sequence).

Electron-beam lithography is a well-established technique for patterning nano-

materials. However, there is a gap in the literature when it comes to the use of
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electron-beam lithography to integrate nanomaterials directly on micromachined de-
vices. Chapter 3 presents an effort to fill this gap by developing an approach for pat-
terning metallic, polymeric, and nanocomposite structures on micromachined beams
and plates. This technique is then used in chapter 5 to measure internal friction in

aluminium nanowires.
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CHAPTER 3
Integration of nanomaterials with micromachined structures

3.1 Introduction

In chapter 2, the lack of an approach using electron beam lithography to define
metallic nanostructures on micromachined MEMS structures was identified. This
chapter! fills this gap by developing an approach wherein the micromachining steps
are completed before integrating the nanomaterial. The advantage of this approach
is that the steps used for micromachining are not constrained by thermal or chemi-
cal compatibility with the nanomaterial. However, this approach must also confront
the difficult challenge of processing the nanomaterial on fragile micromachined struc-
tures. Thus, any microfabrication process that generates contact forces will generally
damage the micromachined components. For example, dispensing photoresist or elec-
tron beam resist by spin coating on freestanding micromachined membranes, plates
or beams can cause fracture. To avoid these problems we have developed an approach
that combines spray-coating of electron beam resist, physical vapour deposition of

thin films, and electron beam lithography. The details of these processes, and the

! Parts of this chapter appear in a peer-reviewed article: K. Das, P. Hubert, and S.
Vengallatore, “Patterning Nanomaterials on Fragile Micromachined Structures using
Electron Beam Lithography”, Materials Research Society Symposium Proceedings,
volume 1299, pp. 61-66, 2011
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fabrication of nanostructures on commercial micromachined plates and beams, are
described in this chapter.

The remainder of this chapter is organized in the following fashion. Section
3.2 introduces the fundamentals of the spray-coating process and the electron beam
lithography process. Section 3.3 considers the integration of polymeric nanostruc-
tures on silicon carbide plate resonators. The polymer used in these experiments is
an electron beam resist, and these structures were formed using a combination of
spray-coating and electron beam lithography. Section 3.4 considers an extension of
this method to define metallic nanostructures by using a lift-off technique. This pro-
cess is illustrated using the example of aluminium nanowires deposited by electron
beam evaporation on single-crystal silicon microcantilevers.
3.2 Fundamentals of spray-coating and electron beam lithography

3.2.1 Spray-coating

Spray
Wafer nozzle

Chuck

Figure 3-1: Schematic illustration of the spray-coating process.
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Spray-coating is a promising technique for coating surfaces having a pre-existing
topography with a liquid chemical. It allows conformal coating of non-planar sur-
faces. The spray-coating device essentially consists of a chuck onto which a wafer is
held by vacuum, and an ultrasonic spray-nozzle, which scans over the wafer dispens-
ing a fine mist of the liquid. The wafer-chuck assembly is also rotated at low angular
velocities while the spray-nozzle scans the wafer. The height of the spray-nozzle
above the wafer can also be programmed to vary as it scans the wafer. A schematic
of the spray-coating process is shown in figure 3—1. The spray-nozzle is fed by liquid
resist solution (coming from a syringe pump), and a compressed air inlet to facilitate
the formation of a fine mist of the resist solution.

The composition and viscosity of the resist solution is one of the most important
parameters which controls the thickness, and uniformity of the resist layer. The
viscosity of the resist solution should be low enough for the spray-coating system.
For example, for the Electronic Visions Group spray-coating system, EVG101, used
in this work, the maximum viscosity of the resist solution must be less than 20 cSt.
No commercially available photoresist or electron beam resist satisfies this criteria,
and hence they must be diluted. Dilution in this context means the addition of an
appropriate solvent to reduce the viscosity. A two part solvent is used to reduce the
solid content and thin the resist, namely a high vapour pressure (HVP) solvent and
a low vapour pressure (LVP) solvent. The HVP solvents are defined as solvents with
vapour pressure greater than 70 mm of mercury at room temperature. Examples of
HVP solvents are methyl ethyl ketone (MEK), acetone, cyclo methanol, and methyl

isobutyl ketone (MIBK). HVP solvent is added to get smaller droplets of the solution
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in the mist, since the HVP solvent is expected to evaporate considerably during
spraying. The LVP solvents are solvents with vapour pressure less than 20 mm of
mercury at room temperature. The LVP solvents are typically the base solvents of
the resists. The LVP solvent is expected to stay in the coated film until it is baked,
and helps to make the spray-coated film uniform, in terms of its thickness.

An important component of a spray-coating recipe is to use a proper ratio of
the HVP solvent to the LVP solvent. Using improper HVP:LVP ratios can lead to
imperfections in the coating. The most common and prominent of these imperfections
are ‘pin-holes’ and ‘pull-back effects’. Pin-holes appear in the coating when the film
is too dry i.e. when the HVP:LVP ratio is higher than that for a good coating. The
remedies are to reduce the HVP solvent and/or to increase the LVP solvent. Pull-
back effects leading to a wrinkled coating appears when the film is too wet i.e. when
the ratio is lower than the ideal value. The remedies in this case are to decrease the
LVP amount and/or to increase the HVP amount.

Other parameters which can be controlled in a spray-coating process are the
rate at which the volume of the resist solution is dispensed, the scanning speed of
the spray-nozzle, the distance of the spray-nozzle from the sample to be coated, the
pressure at which the resist solution is sprayed, and the spinning velocity of the chuck
and wafer assembly:.

Spray-coating of resists is a comparatively new process and can be of great
importance in fabrication of intricate three dimensional structures in MEMS devices

[90,91]. Spray-coating recipes have been developed for photoresists like AZ4823 [92],
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AZ4562 [92], AZ4562-PGMEA [92], AZ4562-MEK [92], and AZ4620 [91]. A recipe
for spray-coating of an electron beam resist PMMA A4 has also been developed [93].
3.2.2 Electron beam lithography

Electron beam lithography (EBL) is the process of making patterns with the help
of an electron beam. The electron beam, due to its much lower wavelength than that
of light, has a much higher resolution. This allows making nanometer-scale patterns,
which would have been impossible via conventional photolithography. In general,
two schemes have been used in EBL, namely electron projection lithography and
direct-write electron beam lithography. Electron projection lithography is analogous
to photolithography, and involves projection of a parallel electron beam through a
mask on a resist-coated substrate. On the other hand, direct-write electron beam
lithography involves using a narrow Gaussian electron beam to write directly on
a resist-coated wafer. Unlike the electron projection lithography, the direct-write
technique does not require any expensive mask assembly, and has been widely used for
patterning masks for photolithography, as well as for making prototype microdevice
components since 1960s [94]. Direct-write EBL primarily involves scanning a finely-
focused electron beam over the surface of a wafer, and blanking the beam on and
off through computer-control. The direct-write EBL system basically consists of
an electron-source, a set of condenser lens to focus the beam, a blanker to turn the
beam on or off, another set of condenser, deflector and objective lenses for moving the
electron beam, and finally a precision-stage for holding and moving the substrate [95].
In direct-write EBL the resist-covered surface of the substrate is exposed one pixel

at a time, as the electron beam scans the surface. Exposure of the resist to the
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electron beam leads to local chain-scission (for positive resists) or polymer cross-
linking (for negative resists) of bonds between the molecules of the resist. Subsequent
development leads to removal of the exposed parts of the positive resists and removal
of unexposed parts for the negative resists. These patterns formed in the resist can
then be used to create nanostructures.

The critical dimension of these nanostructures, namely the linewidth, is related
to the spot-size of the beam and to the interaction of the electron beam with the
resist /substrate system [95]. The resolution of the EBL is determined by the spot-
size of the electron beam. A smaller spot-size is obtained with higher acceleration
voltage. When the electron beam hits the resist it undergoes small-angle forward
scattering, which leads to broadening of the initial diameter of the electron beam.
The forward-scattering can be minimized by using a thin resist. In addition, the
electron beam also undergoes back-scattering when it interacts with the substrate.
These electrons move back to the resist-layer from the substrate and spread over a
much larger volume in the resist, leading to proximity effects, a common patterning
issue in EBL.

The most popular technique to create metallic nanostructures using EBL is the
lift-off technique. It involves the usual steps of coating the surface with an electron
beam sensitive resist, exposure of the resist by rastering a finely-focused electron
beam over the resist-coated surface, and development of the resist. This is followed
by coating with a thin film of metal using a non-conformal deposition process like
electron beam evaporation. Finally the substrate is rinsed with a resist stripper,

which dissolves the resist and lifts off the unwanted metallic coating, leaving only
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metallic nanostructures in places where the metal came in contact with the substrate.

Figure 3-2 shows a schematic of the lift-off process.

(c) (d)
[ Substrate [] Resist
B Metal

Figure 3-2: Schematic illustration of the EBL lift-off process for a positive resist: (a)
Scattering of the focused electron beam in the resist and the substrate, the dashed
line showing the boundary of the electron-affected zone; (b) Development of the re-
sist, leading to the removal of the polymer from the affected zone; (c¢) Deposition of
desired material (usually metal) by a non-conformal process like electron beam evap-
oration; (d) Lift-off of the unwanted materials (polymer and excess metal), leaving
the nanostructure on the substrate.

Donthu et al. have modified the EBL lift-off process to facilitate fabrication of
non-metallic inorganic oxide nanostructures [36]. The modified process involves spin-
coating the liquid metal-organic precursor onto substrates with patterned electron

beam resist, followed by careful dissolution of the excess material and heat-treatment.

This process has been used to make nanostructures of zinc oxide and bismuth ferrite
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on various substrates like silicon oxide/silicon, platinum, single crystalline strontium
titanate and sapphire [36,37]. This ‘soft-EBL’ process has also been used to fabricate
zinc oxide nanowires on fragile substrates like electron-transparent silicon nitride
membranes, as well as on a microhotplate [35].

This concludes the review of the spray-coating and direct-write electron beam
lithography processes. The following sections demonstrate the application of these
processes to fabricate nanoscale patterns on MEMS devices.

3.3 Patterning on silicon carbide plate resonators

MeGill 206 9. 0mm =400 SE[L)) 100um

Figure 3-3: Electron micrograph of two plate-mode silicon carbide/aluminium nitride
microresonators developed by Boston Microsystems, Inc.. Details of the design and
microfabrication of these devices are available in reference [96].

Figure 3-3 shows an electron micrograph of plate-mode microresonators de-
veloped by Boston Microsystems, Inc. [96]. As described in reference [96], these
structures consist of single-crystal silicon carbide coated with aluminium nitride us-
ing molecular-beam epitaxy. Each plate is about 4 pym thick with lateral dimensions

of 150 pmx100 pm. These devices are used as resonant sensors, and patterning
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nanomaterials on the SiC/AIN plates is of interest for increasing the sensitivity and
selectivity of these devices. To this end, the plates were first spray-coated with an
electron beam resist (950k PMMA A2, Microchem, Inc.) using EVG101 spray-coater
(EVGroup). This resist, which consists of 2 wt% polymethyl methacrylate (PMMA)
in anisole, was further diluted with methyl isobutyl ketone (MIBK) so as to reduce
the viscosity of the resist and make it amenable for spray-coating. The diluted resist
solution contained MIBK and anisole in weight ratio of 3:1. The dispense rate, the
nozzle pressure, and the ultrasonic power were maintained at 5 pl/sec, 1000 mbar
and 1.4 W, respectively. The spray-coating parameters were optimized for a 4 inch
wafer, with the spray-coating being performed from edge-to-edge of the wafer. The
number of cycles was varied to achieve the required thickness with minimum surface
roughness. The stage was also rotated at 80 rpm, with the direction of rotation
(clockwise/anticlockwise) changing at the end of every cycle. The microresonators
were then baked at 180 °C for 90 seconds on a hot plate. After 30 cycles of spray-
coating, the thickness of resist was measured to be 450+120 nm.

The spray-coated SiC/AIN microresonators were then patterned using electron
beam lithography. The electron beam plotter used in this work is a modified 30
kV field-emission scanning electron microscope (SU-70, Hitachi) with DEBEN stage
controller and Nanometer Pattern Generating System (www.jcnabity.com) to control
the beam raster as well as to design the pattern. An electron beam operating at 30
kV, with beam current of 357 pA and line doses of 8 nC/cm and 4 nC/cm, were
used to pattern arrays of concentric circles and dots in PMMA, as shown in figures

3-4 and 3-5, respectively. The patterns were developed at room temperature by
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(a) Array of concentric circles (b) Magnified image of the concentric circles

Figure 3-4: Examples of nanostructures patterned using PMMA on the SiC/AIN
plate-mode resonators. The darker regions in this image are PMMA and the brighter
regions are 500 nm wide trenches exposing the underlying AIN. A set of five concentric
circles were patterned with an electron dose of 8 nC/cm. The diameters of the
innermost and outermost circles are 1 ym and 5 pm, respectively. This pattern was
replicated across the surface of the resonator with a center-to-center spacing of 20

.
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(a) Array of dots (b) Magnified image of the dots

Figure 3-5: More examples of nanostructures patterned using PMMA on the
SiC/AIN plate-mode resonators. The darker regions in this image are PMMA and
the brighter regions are the exposed underlying AIN thin film. Arrays of holes with
a diameter of ~500 nm and center-to-center spacing of 5 um are patterned using an
electron dose of 4 nC/cm.
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immersing the structures for two minutes in a solution that contained MIBK and
isopropyl alcohol (IPA) in a ratio of 1:3 by volume. Finally, the specimens were
soaked in TPA for 30 seconds and then permitted to dry in air.
3.4 Patterning on AFM cantilevers

Metallic nanostructures were patterned on commercial bulk-micromachined Si
cantilevers (NSC16/AIBS, Mikromasch) used for scanning probe microscopy. This
integration was achieved by first creating polymeric nanostructures using a process
similar to the one described earlier. Subsequently, the metal was integrated using a
lift-off technique, as described below. The silicon cantilevers (NSC16/AIBS, Mikro-
masch) were 230+5 pm long, 4043 pm wide, and 740.5 pm thick. In order to
facilitate lift-off, the microcantilever was first spray-coated with a copolymer, MMA-
MAA EL11 (Microchem, Inc.). The resist was diluted with MIBK so that the weight
ratio of ethyl lactate (EL) to MIBK was 1:1.7, and 5 cycles of spray-coating led to
deposition of 390137 nm of the resist on the microcantilever. The coated cantilever
was baked at 150 °C for 90 seconds. This was followed by spray-coating 20 cycles of
PMMA A2, which led to deposition of 2034+33 nm of the resist. The coated cantilever
was again baked at 180 °C for 90 seconds. The bilayer-resist-coated microcantilever
was patterned using electron beam lithography with electron doses in the range of 6
nC/cm to 8 nC/cm, and then developed using a solution of MIBK and IPA; as de-
scribed earlier. Thin films of aluminium were then deposited on the microcantilevers
using BJD1800 electron beam evaporator (Temescal) using an operating voltage of

9 kV, emission current of 400 mA, and a background vacuum of 2x107% Torr. The
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deposition rate of Al was 0.2 nm/s. For lift-off, a resist-stripper Remover PG (Mi-
crochem Inc.) was heated at 60 °C and the microcantilever was soaked in the heated
resist-stripper for 30 minutes. Figure 3—6 illustrates examples of patterns made by
this procedure.

A patterned nanocomposite consisting of lines of PMMA completely enveloped
by aluminium was also fabricated. The nanocomposite comprises of 450 nm thick
and 600nm wide PMMA lines, coated entirely by 60 nm thin film of aluminium.
First, patterns consisting of lines with center-to-center distance of 1 ym were made
with high electron line-dose of 8 nC/cm, on an aluminium-coated Si cantilever. This
high dose leads to lateral spreading of the electrons, leading to wider patterns in the
resist. The average width of the trenches in PMMA is around 400 nm. 60 nm of
Al is sputter-coated on the patterned PMMA. The parameters used on the MRC603
DC sputtering system were as follows: Argon pressure of 25 mTorr, power of 1.5
kW, scan-rate of 30 cm/min, pre-sputter time of 1 minute, and background vacuum
of 1x107% Torr. This process leads to diffraction grating like structures, as shown in
figure 3.4.

3.5 Applications

Coating the entire surface of an AFM microcantilever with a metallic film en-
hances optical reflectivity, but is also associated with several detrimental side-effects.
First, coating the entire surface of a microcantilever with a metallic thin film will
lead to a disproportionately large increase in damping [8]. Second, in cases where an

optical beam is used to detect deflection of the microcantilever, the metallic coating
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Figure 3-6: Electron micrographs of patterns produced on commercial silicon mi-
crocantilevers. (a) Selective removal of PMMA from an area measuring 50 pm x50
pm at the tip and base, exposing the underlying silicon. The darker region in the
middle of the cantilever is PMMAcoated. (b) Arrays of nanowires were patterned
in an area measuring 60 pmx40 pm at the base of the microcantilever using an
electron dose of 8 nC/cm. This image shows the structure coated with 11 nm of
aluminium before lift-off. (¢) Images of aluminium nanowires produced after liftoff.
Each nanowire is 11 nm thick and 260+3 nm wide, and aligned along the axis of
the silicon microcantilever. (d) Checkerboard pattern of aluminium nanowires on a
silicon microcantilever produced using an electron dose of 6 nC/cm. Each nanowire
is 50 nm thick and 13542 nm wide, and the centre-to-centre distance between the
nanowires is 1 pm.
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Figure 3-7: Patterned nanocomposite lines on aluminium-coated Si cantilevers: (a)
Schematic cross-sectional image showing PMMA nanowires completely enclosed by
aluminium; (b) Scanning electron microscope image of nanocomposite lines. These
lines are ~600 nm in width, and the centre-to-centre distance between adjacent lines

is 1 pm. The lines have an inner core of 450 nm thick PMMA, enclosed by 60 nm of
aluminium.
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couples fluctuations of the light beam power into cantilever bending caused by ther-
mal stresses, and increases noise in measurement of cantilever deflection [97]. One
strategy to reduce these detrimental side-effects is to pattern metallic nanostruc-
tures on select locations of the cantilever. A recent study has shown that patterning
Fresnel lens on the surface of a microcantilever can lead to significant reduction of
noise [97]. Another study (closely related to this thesis) has shown that selective met-
allization of a microcantilever, on locations away from regions of high strain energy
such as the root of the cantilever, will lead to a significant decrease in damping [98].
The approach developed in this chapter can be used for such applications aimed at
reducing the detrimental side-effects of a full metallic coating.

This approach for integrating nanomaterials with MEMS can also be used for
fundamental studies of material properties. One example of such a study is presented
in chapter 5. A microcantilever plarform is used to measure dissipation by internal
friction in aluminium nanowires.

3.6 Summary

The results presented in this chapter demonstrate the versatility of an approach
that combines spray-coating of electron beam resist, deposition of metallic thin films
by evaporation, and electron beam lithography to integrate polymeric and metal-
lic nanomaterials on micromachined silicon and silicon carbide resonators. All the
micromachining steps are completed before the synthesis and integration of the nano-
material. Therefore, the choice of the steps used for deposition and etching, which can
require harsh chemical or thermal conditions, are not constrained by compatibility

with the nanomaterial. However, some standard processes used for patterning must
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be modified to account for the low strength of the fragile micromachined components.
One example is the use of spray-coating to replace spin coating for dispensing elec-
tron beam resist. In this approach to integrating nanomaterials with MEMS, some
of the steps like electron beam lithography rely upon serial processes. However, the
time required for patterning the micromachined structures is comparable to other
serial processes, such as wire-bonding, that are routinely used to produce microelec-
tronics and MEMS. Thus, depending on the application, the value added by the

nanomaterial can offset the additional time required for the process of integration.
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CHAPTER 4
Characterization of polymer nanocomposites for MEMS applications

4.1 Introduction

Polymer nanocomposites comprise of a class of advanced engineering materials
with nanomaterial fillers (in the form of nanoparticles, nanotubes, and nanowires)
embedded within a polymer matrix. There is a growing interest to integrate poly-
mer nanocomposites, especially those reinforced with carbon nanotubes to MEMS
[70,99,100], and is also reflected in this chapter! . One potential application of poly-
mer nanocomposites reinforced with carbon nanotubes is for microfabricated elec-
trostatic actuators [99]. Low voltage of actuation, as well as high speed of actuation
characterize ideal micro-actuators. The voltage of actuation is directly proportional
to the elastic modulus, F, of the material of which the micro-actuator is fabricated.
The speed of actuation of micro-actuators is measured in terms of longitudinal wave
velocity, which is defined as ¢ = \/%, where p is the density. Therefore, a material

well-suited for functioning as a micro-actuator should possess low elastic modulus

I Parts of this chapter appear in peer-reviewed articles: (i) K.Das, C. Park, R. Le
Faive, P. Hubert, and S. Vengallatore, “Synthesis and Characterization of Nanocom-
posite Thin Films for MEMS Applications”, Materials Research Society Symposium
Proceedings, volume 1222, pp. 99-104, 2010; (ii) B. Ashrafi, K. Das, R. Le Faive,
P. Hubert, and S. Vengallatore, “Measuring the Elastic Properties of Freestanding
Thick Films Using a Nanoindenter-Based Bending Test”, Experimental Mechanics,
volume 52, number 4, 2012
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and high longitudinal wave velocity. Figure 4-1 shows an Ashby-type materials se-
lection chart for micro-actuators, where longitudinal wave velocity is plotted against
elastic modulus for a wide range of materials [99]. This graph shows that polymer
nanocomposites reinforced with uniformly dispersed single-walled carbon nanotubes,
aligned along the axis of the micro-actuator, can attain longitudinal wave velocities
similar to materials commonly used in microfabrication processes, however at con-

siderably lower elastic moduli.
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Figure 4-1: Material selection chart for microactuators. The solid curve represents
the predictions from Eshelby-Mori-Tanaka micromechanics for a nanocomposite con-
sisting of uniformly dispersed and aligned single-walled carbon nanotubes (SWNT's)
in a polymethyl methacrylate (PMMA) matrix [99].

Moreover, using polymer nanocomposites allows tuning of the mechanical prop-
erties through control of the volume fraction of the reinforcement phase. Previously,

Eshelby-Mori-Tanaka-based micromechanics was used to evaluate the elastic modulus
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of polymethyl methacrylate (PMMA) nanocomposites reinforced with single-walled
carbon nanotubes (SWNTs), and with multi-walled carbon nanotubes (MWNTSs),
as a function of the volume fraction, aspect ratio, and orientation of the reinforce-
ments [99]. Similar exercises were also performed for MY0510 epoxy /functionalized
SWNT nanocomposites and copolymerized vinyl ester epoxy/functionalized SWNT
nanocomposites [101]. Subsequently, MY0510 epoxy and vinyl ester epoxy were rein-
forced with functionalized SWNTs up to 4 weight% by simple mixing and thin films of
the nanocomposites were obtained by casting [99,102]. In addition, carbon nanotube
buckypaper films were impregnated with epoxy resin using vacuum impregnation and
hot-press techniques to obatin non-dilute nanocomposite films with ~30-40 volume%
of carbon nanotubes [99]. These dilute and non-dilute nanocomposite thin films were
mechanically tested using a nanoindenter-based bending test, to obtain elastic mod-
ulus of the nanocomposites [102]. In all cases, the experimentally-obtained elastic
modulus was lower than the theoretical predictions. It was suggested that poor
dispersion of SWNTs and poor bonding at the polymer/nanotube interface were re-
sponsible for this discrepany between the theoretical and experimentally-obtained
elastic moduli of the nanocomposites [99]. These observations and results motivated
the study presented in this chapter.

Polymer nanocomposites were prepared by a method involving in-situ polymer-
ization, and ultrasonic mixing. This method is believed to lead to superior bonding
between the nanotube and the polymer, and to uniform distribution of carbon nan-

otubes in the polymer matrix. The materials and the procedure of synthesis of
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nanocomposite films are detailed in section 4.2. Section 4.3 introduces Eshelby-
Mori-Tanaka micromechanics and uses it to obtain a theoretical estimate of upper
and lower bounds of elastic modulus of the nanocomposites. Section 4.4 describes
the nanoindenter-based bending test method that was used to measure the elastic
properties of these nanocomposites. The protocol for calibration of the nanoindenter,
and the method of selection of maximum load are presented in this section, along
with an estimate of the error involved in this technique. The experimentally eval-
uated elastic modulus of the nanocomposite films are presented in section 4.5 and
compared with the predicted elastic modulus. Section 4.6 discusses the results in
relation to the microstructure of the nanocomposite films.
4.2 Materials

Eight samples having 2,6-bis(3-aminophenoxy) benzonitrile/4, 4 - oxydiphthalic
anhydride [(8-CN)APB/ODPA]| polyimide as matrix, with 0, 0.05, 0.1, 0.2, 0.5, 1,
2 and 10 vol% SWNT (produced using High Pressure Carbon Monoxide (HiPCO)
process) were provided by National Institute of Aerospace, USA. The procedure for
synthesizing these nanocomposites has been described in detail by Park et al. [103]
and is summarized here. Purified SWNTs processed using high pressure carbon
monoxide (HiPCO) were purchased from CNI (Houston, TX, USA). The diameter
of SWNT was in the range of 0.85-1.22 nm based on Raman spectroscopy. The
SWNT-polyimide composites were prepared by in-situ polymerization under son-
ication. The diamine and dianhydride, used to synthesize the nitrile polyimide,
were 2,6-bis(3-aminophenoxy) benzonitrile ((8-CN)APB) and 4,4 oxidiphthalic an-
hydride (ODPA), respectively. To prepare the SWNT /polyimide composite, SWNT
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dispersed in anhydrous dimethyl acetamide (DMAc) was used as a solvent for the
poly(amic acid) synthesis. The entire reaction was carried out with stirring, in a
nitrogen-purged flask immersed in a 40 kHZ ultrasonic bath until the solution vis-
cosity increased and stabilized. Sonication was terminated after three hours and
stirring was continued for several hours to form a SWNT-poly(amic acid) solution.
The resulting solution was cast onto a glass plate and dried in a dry air-flowing cham-
ber. Subsequently, the dried tack-free film was thermally cured in a nitrogen oven to
obtain solvent-free freestanding SWNT-polyimide film. A series of SWNT /polyimide
nanocomposite films were prepared with SWNT concentrations ranging from 0.05 to
10.0 volume%.

To study the effect of SWNT synthesis and associated dispersion on the me-
chanical property of nanocomposites, a thin film having the same matrix but with
0.5 vol% laser-ablated (LA) SWNT (Tubes@Rice, Houston, Texas, USA) was syn-
thesized. The procedure of synthesis for this LA-SWNT /polyimide nanocomposite
is identical to that of HIPCO-SWNT /polyimide nanocomposite. The thicknesses of
the nanocomposite thin films range from 20 ym to 70 pm.

4.3 Estimation of elastic modulus using Eshelby-Mori-Tanaka microme-
chanics

The prediction of the elastic modulus of a short fibre composite material is a
fundamental problem of micromechanics and requires numerical analysis of internal
stresses and strains in the composite. The internal stresses arise due to misfit between
the shapes of the constituent phases [104]. The numerical analysis is computationally
intensive for a reinforcement of arbitrary shape, but an elegant solution exists if the

shape of the reinforcement is an ellipsoid, as elucidated by Eshelby’s ‘Equivalent
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Homogeneous Inclusion’ approach [105]. This approach involves representing the
actual inclusion by one made of the matrix material but with an appropriate misfit
strain in order to maintain an equal stress field as that of the original inclusion.
However, this approach is valid for a single reinforcement embedded within an infinite
matrix and hence can only be applied to ‘dilute’ systems.

Mori and Tanaka extended Eshelby’s approach to ‘non-dilute’ systems with
higher reinforcement content by introducing the concept of average inclusion-volume-
fraction-dependent ‘background stress’ and calculated the average internal stress in
the matrix [106]. Benveniste reformulated Mori-Tanaka theory for two-phase com-
posites by suitable approximations of the ‘concentration-factor tensor’ [107]. This
tensor relates the uniform strain in the inclusion embedded in the matrix to the
average uniform strain of the composite. Thus the complete elastic stiffness tensor

for a two-phase composite is given by [56,107,108]* :
Ce=C + Vi{(Cy = Co) A (1 = V)T + Vi{As}] ™ (4.1)

where C., C,, and Cy are the stiffness tensors of the composite, matrix and rein-
forcement respectively. Iis the fourth order identity tensor, V; is the volume fraction
of the reinforcement phase and curly brackets denote average over all possible orien-

tations defined by the transformation from local coordinates to global coordinates.

2 A detailed derivation of this equation is provided in Appendix A
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A is the dilute mechanical strain tensor and is given by:
A, =[I+S4C;—C)] " (4.2)

where S is the fourth-rank Eshelby tensor, components of which are functions of
the geometry of the reinforcement and Poisson’s ratio of the matrix. The compo-
nents of the Eshelby tensor for some standard geometrical shapes have been calcu-
lated and are readily available in literature [109]. Equation 4.1 is used to evaluate
the stiffness tensor for two configurations, namely those of aligned nanocomposites,
where all inclusions are aligned in a particular direction, and random nanocomposites
where reinforcement are distributed in a random fashion with no specific orientation.

Schematic images of these two classes of nanocomposites are shown in figure 4-2.
~ °
/ z
. ‘ \ y
~ \ X

\N 7/

(a) Aligned nanocomposite (b) Random nanocomposite

Figure 4-2: Schematic illustration of the two types of nanocomposites considered: (a)
Aligned nanocomposites, where the nanotubes are aligned in a particular direction
(emphasized by showing the 1-2-3 local cartesian coordinates of the nanotube aligned
to the global x-y-z cartesian coordinates), and (b) Random nanocomposites, where
nanotubes do not have any specific orientation (i.e. the alignment of the local and
global coordinates are not guaranteed).
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In the present work, the PI matrix ([(-CN)APB/ODPA] polyimide) and SWNT
reinforcement have been assumed to be isotropic and transversely isotropic, respec-
tively. The SWNTs are assumed to ellipsoidal, with aspect ratio (s) of 1000. The
interfaces between the SWNTs and the polyimide matrix have been assumed to be
optimized for perfect load transfer. The dispersion of the SWNTs in the polyimide
matrix has also been assumed to be uniform. For the prior estimation of elastic
modulus of the composites, the elastic modulus and Poisson’s ratio of the matrix
have been taken to be 2.7 GPa and 0.4 respectively [51]. Transverse isotropy of the
SWNTs demand the use of 5 independent elastic constants. These constants are cal-
culated using the available mechanical properties, namely E;; (longitudinal elastic
modulus), K3 (transverse bulk modulus), G2 (in-plane shear modulus), Ga3 (trans-
verse shear modulus), and v (major Poisson’s ratio) [99,110,111]. The indices of
these constants relate to the local coordinate system 1-2-3, as depicted in figure 4-2.

The values of these constants are provided in the table 4-1. The longitudinal elastic

Table 4-1: Properties of single walled carbon nanotubes [110].

Property Value
E11 1060 GPa
K23 271 GPa
G 442 GPa
Gas 17 GPa
V192 0.16

modulus of the aligned and random nanocomposites were evaluated using

2CT,

E;;=C —_—
H i Ca222 + Caass
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where Ch111, Cii22, Cog9e and (o33 are components of the C, stiffness tensor. Fig-
ure 4-3 shows the predicted upper and lower bounds of the elastic modulus for the
PI/SWNT composites which are calculated using Eshelby-Mori-Tanaka microme-

chanics.
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Figure 4-3: Variation of predicted values of longitudinal elastic modulus (E7;) of
PI/SWNT nanocomposites as a function of volume fraction of SWNT.

This concludes theoretical estimation of elastic modulus of PI/SWNT nanocom-
posites. The next section presents the method used for experimental evaluation of
elastic modulus of free-standing polyimide nanocomposite films.

4.4 Experimental method: Nanoindenter-based bending test

The essential concept of this test is to apply a force to a clamped plate, and to

extract the elastic modulus of the plate from the measured load-displacement data.

Consider a clamped circular film of radius a and thickness h which is under a force
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P applied at the centre of the clamped film by a spherical indenter of tip-radius
R, as shown in figure 4-4. The material of the film is assumed to be isotropic and

homogeneous with elastic modulus F and Poisson’s ratio v.

Figure 4-4: Schematic illustration of a clamped circular film of radius a and thickness
h loaded centrally with force P, using a spherical tip of radius R. In this work, a
diamond spherical tip of radius R = 100 pm was used. E and v refer to the elastic
modulus and Poisson’s ratio of the film, while E; and v; refer to the elastic modulus
and Poisson’s ratio of the indenter. The radius a is 1.25 mm.

For small deformation, classical plate theory yields an analytical solution, as-

suming zero or negligible pre-strain [112], which is given by:

Pa?

= 4.4
Po16rD’ (44)

where 0, is the deflection at the centre of the clamped circular film. D is the flexural
rigidity given by:
Eh3

D= i (4.5)

However, the load is not a point-load, but is applied by a spherical indenter of radius

R. This results in an additional contact displacement term while measuring the total
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plate deflection (9;) under a spherical indenter. Therefore,
Ot = 0p + O, (4.6)

where 9, is the contact displacement. In the absence of any analytical solution of con-
tact displacement of a clamped circular plate by a spherical tip, Hertz’s formula for
the indentation of an elastic half-space using a special indenter of radius R has been

used as a first approximation to evaluate the contact displacement [113]. Therefore,

[9 P2
-
5. = R (4.7)

The reduced modulus E, is defined as:

— = +—, (4.8)

where FE; is the elastic modulus, and v; is the Poisson’s ratio of the indenter tip.
It is to be noted that this estimate for the contact displacement does not take into
account the finite size and surface roughness of the film [114].

Hence the total plate deflection is given by:

5 — 3P(1—vHa* ,]9 P2
YT 4xER? 16 RE?

(4.9)

Equation 4.9 relates the total plate deflection to the applied load, and can be used to
evaluate the elastic modulus of the film from the load-displacement (P — ¢;) curves.
This requires measuring the geometry of the clamped film (namely a and h), using
an indenter of known geometry and material properties (namely, R, F;, and v;), and

assuming a value for the Poisson’s ratio of the film. The Poisson’s ratio of bulk
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materials can be used if independent measurements on films are not available, since
the Poisson’s ratio of a material is insensitive to processing parameters, size-scale,
and microstructure [115,116].

Equation 4.9 is valid only when the deformation is within the linear plate bend-
ing regime and will not be valid if membrane stretching becomes significant. There-
fore, it becomes essential to select appropriate geometry and loads, so that the de-
formation regime is that of linear plate-bending. Two non-dimensional parameters,
dependent on the applied load and film geometry, have been identified in literature
to determine whether or not stretching can be reasonably neglected [117,118]. These

parameters are defined as follows:

1 _P
o 0g (27rEah) (410)
h
lOg (a 12(1—V2)>
2
3 ( Pa?
A= [12(1 — v?)] (ﬂ> (4.11)

The films are considered to be in pure bending regime for v > 3 and A < 85, provided
that the pre-strain in the film is negligible.
4.4.1 Implementation
This sub-section details the implementation of the bending test using a commer-
cial nanoindenter. Calibration of the nanoindenter is described, and finally results on
aluminium films are presented to estimate the utility and accuracy of this method.
Implementation of the nanoindenter-based bending test requires a careful consid-

eration of the constraints imposed by the instrument to ensure that the film deforms
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in the bending regime, and also to account for the displacement caused by the con-
tact of the indenter with the freestanding clamped circular film. The commercial
nanoindenter used is a Hysitron Tribolndenter (Hysitron, Minneapolis, USA), which
is capable of measuring force with a resolution of micronewtons, and displacements
with a resolution of nanometers. This instrument has a maximum contact-depth dis-
placement of 5 ym, and the maximum load that can be applied is 14 mN. A spherical
diamond indenter, with a radius of 100 um is used. Selection of this indenter is based
on the consideration that a larger tip-radius will lead to a smaller contact indenta-
tion, but make the test more susceptible to surface roughness. In addition, the range
of tip-radii for commercially available indenters also played a role behind this choice
of tip radius.

A custom-designed jig is used to secure the film and create a clamped circular
free-standing film with a span radius of 1.25 mm [102]. Figure 4-5 shows an exploded
schematic of the jig. It consists of two plates that are held together by small recessed
hex screws. The lateral dimensions of the plates are 1.25 cm x 2 cm, and the central
cylindrical holes, which define the radius of the clamped circular plate, have a radius
of 1.25 mm.

The maximum load that can be applied using this instrument is 14 mN; however,
a need to constrain the deformation of the film in bending regime usually necessitates
the application of a load which is lower than the maximum applicable load. In
addition, the maximum contact-depth displacement of the indenter tip is 5 pm.

This puts additional constraints to restrict the load to smaller values.
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Figure 4-5: Schematic illustration (exploded view) of the jig used for clamping the
film (test-specimen). The fixture consists of two plates that are held together by
small recessed hex screws. The film is sandwiched between the two plates to create
a clamped circular free-standing plate.

Calibration of the nanoindenter

Standard protocols were followed to calibrate the nanoindenter. Special care
was taken to ensure that the tip is positioned at the centre of the clamped film and
to correct for drift during testing.

The first step towards ensuring minimal error in positioning the tip at the cen-
tre of the clamped plate was to calibrate the optics and the stage-movement of the
nanoindenter. The stage-optics calibration was performed by allowing the nanoin-
denter to make seven indents in the shape of letter H on an aluminium standard.
Once the indents were done, the centre indent of the H was focused and positioned
at the centre of the field of view. This calibration provided the software with coor-

dinates between the center of the focal plane of the optics and the indenter probe.

This allowed positioning the tip of the indenter with micrometer precision. The edge
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of the hole in the top plate was identified with the optical microscope integrated
with the nanoindenter. The coordinates of two sets of diametrically opposite points
on the boundary of the circular edge was recorded, and the coordinate of the centre
was calculated by taking the average of these four values. Using this procedure, the
maximum error in locating the centre of the clamped circular film was found to be 30
pum, which is less than 3% of the radius of the clamped film. Now, the deflection of
a clamped circular plate of radius a due to a point load P applied at a point located

at a radial distance ao from the centre is given by [112]:

3(1 = )P (a® — ap?)
A7 Eh3 a? ’

5, = (4.12)

This expression reduces to equation 4.4 when ag = 0. It follows from equation 4.12
that the error in deflection due to a misalignment of 3% is less than 0.2%, and hence
not a significant source of error.

In addition, calibration tests were performed to measure the load-frame com-
pliance of the nanoindenter. The compliance of the instrument was measured to be
3 nm/mN. This value was subtracted from the measured load-displacement curves
before analyzing the results.

Testing of a standard material (aluminium thick films)

The first set of tests were performed on a standard material (aluminium films)
with well-known elastic properties in order to assess the accuracy of this method.
40 pm thick aluminium films were obtained from a commercial supplier (Goodfellow
Cambridge Limited, Huntingdon, England) and cut into pieces with lateral dimen-

sions of 3 mm before testing.
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The surfaces of the aluminium films were imaged using scanning electron micro-
scope (Hitachi FEG-SEM S-4700) and tapping-mode atomic force microscope (JEOL
JSPM-5200). Representative micrographs are shown in Figure 4-6. The average sur-

face roughness of these films is around 70 nm.

(a) (b)

Figure 4-6: Images of the aluminium surface obtained by: (a) scanning electron
microscope, and (b) scanning probe microscope.

These films were tested at maximum loads of 2 mN, 6 mN and 10 mN at a
loading/unloading rate of 200 uN/s. All tests in this study were performed in the
load-controlled mode and in open-loop testing regime. The test loads were selected
by following the methodology mentioned in section 4.4, as shown in figure 4-7. In
this figure, the applied load P is plotted as a function of the film thickness. The
region to the right of the curves A\ = 85 and v = 3 represent the applicable loads
such that the deformation of the film remains in the plate-bending regime. From the
figure, the parameter v > 3 is more suitable as a parameter to define the bending
regime, since it incorporates the region defined by A < 85. In addition, the constraint
imposed by the nanoindenter, that the maximum contact-displacement is 5 pm is

also incorporated in this figure. The applicable loads for the 40 pym thick aluminium
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film are given by the dashed red line in the figure, and the red circles represent the

loads at which tests were performed.
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Figure 4-7: Test load determination. The cross-hatched region to the right of v = 3
curve is the test-zone, the dashed red vertical line represent the allowable test loads
for 40 pm thick film; the red circles represent the loads at which tests were performed.

Figure 4-8 shows a representative example of a load-displacement curve for a
specimen tested to a maximum load of 10 mN. Examination of the specimen after
testing revealed evidence of inelastic deformation at the clamping regions and at
point of contact with the indenter. The elastic modulus of the film was extracted
by performing nonlinear regression analysis analysis on the initial portion of the
unloading curve in order to exclude the effects of any localized plasticity. In the
nonlinear regression method employed here, in order to adjust theoretical (regression-

fit) curve both in its shape and position to best match the data curve, a displacement
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Figure 4-8: Load-displacement plot for a 40 pum thick aluminium film tested to a
maximum load of 10 mN. The elastic modulus is extracted by performing nonlinear
regression analysis on the initial 95% of the unloading curve.

offset term 9 is included in equation 4.9, so that,

B 3P(1— 1/2)a2 .9 P?

) —
‘T e\ T6RE2

+ b (4.13)

The regression is performed by assuming the load measurements to be error-free,
and by using the fminsearch function in MATLAB, to find the values of E and &g
which minimize the sum of the squared errors between the displacement data and
the fitted curve. Figure 4-9 summarizes the results of this analysis. Each datum in
this plot corresponds to the average of ten tests. In addition, no significant difference
was found when different portions (85%, 75%, and 65%) of the unloading curve were
used for the regression analysis. In all cases, the mean value of the Young’s modulus

is in good agreement with the polycrystalline average value for bulk aluminium (70
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Figure 4-9: Variation of elastic modulus with maximum load. All results correspond
to a loading/unloading rate of 200 uN /sec.

GPa) [116], as expected for thick films of this material. Tests were also conducted at
three different loading/unloading rates of 10 uN/sec, 200 uN/sec, and 1000 uN/sec
to study the rate-dependence. The variation of elastic modulus as a function of
unloading rate is illustrated in figure 4-10. Each datum in this plot corresponds to
an average of ten tests. The low value of average elastic modulus obtained using
the unloading rate of 10 uN/sec is not yet well-understood. However, for tests with
unloading rates of 200 uN/sec and above, the evaluated elastic modulus of the thick
aluminium films are similar to the elastic modulus of bulk aluminium. Evaluation
of the strain-rates during unloading revealed that the strain-rate was not constant.
However, as shown in figure 4-11, for the unloading rate of 200 uN/sec, the strain

rates remain within the quasi-static regime.
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Figure 4-10: Variation of elastic modulus of 40 pm thick aluminium film with un-
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uN /sec.
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This concludes the description of implementation of the bending test performed
using a commercial nanoindenter. The accuracy of the test was assessed by measuring
the elastic properties of a standard material, namely aluminium, and the effect of
the maximum loads and the applied unloading rates on the elastic modulus of 40 pum
thick aluminium films were studied. Application of the methodology discussed and
implemented in the previous sections requires the deformation of the film in bending
regime. Determination of such loads using equation 4.10 require an estimate of the
range of possible values of the elastic modulus of the composite. In the case of
aluminium film, bulk value of elastic modulus of aluminium was utilized; however,
for novel nanocomposite materials, where bulk values of elastic modulus are not
available one has to resort to micromechanics-based schemes in order to estimate the
properties of the composite from the properties of their components. The procedure
for doing so was described in section 4.3.

4.5 Experimental results for nanocomposite films

Table 4-2 shows the maximum loads that can be applied to the SWNT/PI
nanocomposite films while maintaining the deformation in the bending regime. This
table also lists the film thickness, concentration of SWN'T, predicted value of elastic
modulus of random nanocomposites used for this calculation, as well as the pre-
dicted maximum load evaluated using the parameter v > 3. All load-displacement
tests were carried out using the protocol that was established using the aluminium
films, as discussed previously in subsection 4.4.1. All tests were performed at a load-
ing/unloading rate of 20 uN/sec, and the elastic modulus was extracted from the

top 95% of the unloading part of the load-displacement plots. Figures 4-12, 4-13,
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Table 4-2: Maximum load used in nanoindenter-based bending test for the nanocom-
posite films. The row with (*) refers to the LA-SWNT reinforced nanocomposite.

SWNT concentration Film thickness E, P e%cted p =3 p  used

(volume?%) (pm) (GPa) (uN) (uN)
0 60 2.5 4070 3800
0.05 44 2.60 1220 800
0.10 53 2.69 2670 1800
0.20 50 2.89 2260 1800
0.50* 22 3.46% 102* 50*
0.50 46 3.46 1940 850

1 52 4.42 4060 3800

2 63 6.63 12520 3800

10 26 22.41 1290 400

4-14, 4-15, 4-16, 4-17, 4-18 and 4-19 show typical load-displacement plots for the
HiPCO-SWNT /PI nanocomposites. Figure 4-20 shows a typical load-displacement
plot for the LA-SWNT /PI nanocomposite.

The measured variation of elastic modulus of SWNT/PI nanocomposites as a
function of SWN'T content is shown in figure 4-21. Each datum in figure 4-21 cor-
responds to results from a set of ten experiments. The elastic modulus initially
increased from ~2.5 GPa for pristine polyimide to ~3.5 GPa when reinforced with
0.5 volume% of HIPCO-SWNT. However, with further increase in the content of
this type of SWNT, the elastic modulus remained essentially constant at 3.5 GPa,
even for high nanotube loading of 10 volume%. Intriguingly, the one specimen rein-
forced with 0.5 volume% LA-SWNT shows significantly different results. The average
elastic modulus of this specimen was 4.8 GPa, which is higher than that of any of
the nanocomposites reinforced with HIPCO-SWNT. The dashed line in figure 4-21

shows the expectation based on Eshelby-Mori-Tanaka micromechanics. This line was
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Figure 4-12: Representative load versus displacement plot for pristine PI.
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Figure 4-13: Representative load versus displacement plot for 0.05 volume% HiPCO-
SWNT/PI nanocomposite.
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Figure 4-14: Representative load versus displacement plot for 0.1 volume% HiPCO-
SWNT/PI nanocompite.
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Figure 4-15: Representative load versus displacement plot for 0.2 volume% HiPCO-
SWNT/PI nanocomposite.
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Figure 4-16: Representative load versus displacement plot for 0.5 volume% HiPCO-
SWNT/PI nanocomposite
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Figure 4-17: Representative load versus displacement plot for 1 volume% HiPCO-
SWNT/PI nanocomposite
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Figure 4-18: Representative load versus displacement plot for 2 volume% HiPCO-
SWNT/PI nanocomposite
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Figure 4-19: Representative load versus displacement plot for 10 volume% HiPCO-
SWNT/PI nanocomposite
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Figure 4-20: Representative load versus displacement plot for 0.5 volume% LA-
SWNT /PI nanocomposites.
calculated by assuming polyimide as the matrix, uniformly dispersed SWNT with
an aspect ratio of 1000 as the reinforcement, and a perfect load transfer between
matrix and nanotubes. In addition, the nanotubes were assumed to be randomly
aligned within the matrix. The comparison in figure 4-21 shows that the model is in
good agreement with measurements only for the dilute nanocomposites with SWNT
concentration less than 0.5 volume%.
4.6 Discussions

One of the factors for the relatively low elastic modulus of polyimide films re-
inforced with HIPCO-SWNT is the poor dispersion of the reinforcement within the
matrix. Figure 4-22 shows polymer-transparent scanning electron micrographs at

the same magnification for nanocomposite films containing 1 volume%, 2 volume%

84



;_ﬂ? ] ‘ Eshelby-Mori-Tanaka predictions
I -
9 54 ; (random alignment)
wl 1 /
g 49 ) I
=)
5 | Ma ] J
S 341 ]
o |
=
o 21
1-3 . A HiPCO-SWNT/ Polyimide
O 1 O LA-SWNT/ Polyimide
w
O T T T T T T T T T T T
0 2 4 6 8 10

SWNT content, V., (vol%)

Figure 4-21: Variation of elastic modulus of SWNT /PI nanocomposites as a function
of SWNT content.

and 10 volume% of SWNT. It is evident from these images that the nanotubes
aggregate form narrow bundles, and that some bundles coalesce to form ropes and
ribbon-like structures. These features lead to inefficient load transfer between matrix
and nanotubes, which in turn affects the mechanical properties.

In stark contrast, the nanocomposite films reinforced with LA-SWNT show sig-
nificantly better dispersion, as shown in figure 4-23. The detailed quantitative anal-
ysis of these images has been previously reported [52,119]. In addition, the SWNT-
bundles are much thicker in HIPCO-SWN'T nanocomposites. Thicker SWNT bundles
reduce the interfacial area between the SWNTs and the matrix, leading to reduced
load transfer between the matrix and the reinforcement. These images suggest that
superior dispersion and narrow SWNT bundle-sizes are the main factors for the in-

crease in elastic modulus for the nanocomposite reinforced with LA-SWNT. SWNT's
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Figure 4-22: Scanning electron micrographs of HiIPCO-SWNT/PI nanocomposites

with varying SWNT concentrations: (a) 1 volume%, (b) 2 volume%, and (c) 10
volume%. The scale bars in these micrographs represent 500 nm.

Figure 4-23: Cross-sectional scanning electron microscope images at low accelerating
voltages (< 1 kV): (a) 0.5 volume% LA-SWNT/PI and (b) 0.5 volume% HiPCO-
SWNT/PI. Scale bars in (a) and (b) represent 1 pm. Scanning electron micrographs
at high accelerating voltages (> 5 kV): (¢) 0.5 volume% LA-SWNT/PI and (d) 0.5
volume% HiPCO-SWNT/PI. Scale bars in (c¢) and (d) represent 500 nm. (Images
reproduced from references [119] and [52])
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produced by laser ablation have lower levels of contamination and lower densities of
defects than those produced by other techniques such as HiPCO [120]. In addition,
differences in the techniques used for purification of HIPCO-SWNTs and LA-SWN'T's,
can also cause different surface chemistries, leading to differences in interaction of
the CNTs with each other and with the polymer matrix.

It is to be noted that the processing techniques for the synthesis of nanocom-
posites used in this work primarily aimed to improve distribution of the nanotubes
in the matrix. However, beyond 0.5 volume% of HIPCO-SWNT, the experimentally
evaluated elastic modulus of the nanocomposites is less than the theoretical value
for uniformly dispersed and randomly aligned nanocomposite, signifying that in-situ
polymerization and ultrasonication techniques are ineffective beyond 0.5 volume%.
A surfactant can be used to enhance dispersion [49,50], however the effect of addition
of the surfactant needs to be characterized.

4.7 Summary

In summary, the elastic moduli of polyimide films reinforced with SWNT at
volume fractions ranging from 0 to 10% was measured. For dilute composites, the
elastic modulus increased with increasing nanotube loading from 2.5 GPa for the
neat polymer to 3.5 GPa for a nanocomposite containing 0.5 volume% of SWNT.
However, with further increase in the nanotube content, the elastic modulus remained
essentially constant even for high loadings of 10 volume% of SWNT. In addition,
significantly different elastic moduli were measured for specimens containing the

same volume fraction (0.5 volume%) of SWNT produced by two different processes.
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These results vary considerably from the predictions obtained using Eshelby-Mori-
Tanaka micromechanics, and highlight the need for the developing new techniques to

better control the alignment and dispersion of the nanotubes in the polymer matrix.
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CHAPTER 5
Damping in aluminium nanowires integrated to a microcantilever
platform

5.1 Introduction

Miniaturized mechanical resonators are ubiquitous in microsystem technologies.
Depending on their size, these miniaturized resonators are commonly referred to as
micromechanical resonators or nanomechanical resonators. These devices are capable
of vibration over a wide spectrum (10% Hz to 10° Hz) in a variety of modes (including
bending and torsion of plates and beams). The use of miniaturized resonators as
sensors has led to many impressive achievements. These devices have been able to
detect forces and masses as small as 1072! N and 1072! grams, respectively [121].
Applications for micro- and nanomechanical resonators include sensing, imaging,
signal processing, and vibration energy harvesting. For all these applications, it is
desirable for the resonator to oscillate with low damping to improve sensitivity and
frequency selectivity. Therefore, low-loss ceramic materials such as silicon and silicon
carbide are used to make these microresonators.

In many cases, these miniaturized resonators are coated with metallic nanoma-
terials in the form of nanocrystalline thin films and patterned nanostructures to add
new functionalities such as optical reflectivity, electrical conductivity, and surface
chemistry. Unfortunately, the addition of new functionalities is frequently accom-

panied by a severe degradation in performance because the nanomaterials cause a
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large increase in damping [8]. Even though the volume fraction of the integrated
nanomaterial is small (ranging from 1 to 10%), damping can increase by an order
of magnitude at some frequencies for some materials. Hence, strategies must be de-
veloped to decrease the damping, and optimize the performance and functionality,
of the nanomaterial-coated microresonator. An essential input for these strategies is
the value of damping of nanostructured thin films and nanowires.

The intrinsic material-related damping in nanostructured materials is due to
the irreversible motion of crystallographic defects like vacancies, interstitials, dis-
locations, grain boundaries, phase boundaries, and twin boundaries. These defect-
induced damping mechanisms are collectively referred to as internal friction. At
present, little is known about the magnitude of internal friction in nanostructured
thin films and in other nanostructured materials (such as nanowires and nanotubes).
Therefore, it is necessary to undertake systematic measurements of internal friction
in nanostructured materials as a function of temperature and frequency to estab-
lish process-structure-damping relationships. These relationships can then be used
to guide the design of nanomaterial-integrated microresonators with optimal perfor-
mance and functionality.

Several challenges must be solved in order to measure internal friction in nanos-
tructured materials. Standard methods for actuating the structure and measuring
vibration cannot be used because of the small size of the specimen and the small am-
plitude of vibration (often in the range of a few nanometers). Over the past decade,
many new methods have been developed for dynamic characterization of thin films

and nanowires. For example, electrical field-induced mechanical resonance tests have
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been conducted inside a transmission electron microscope (TEM) to measure the res-
onance frequency and quality factor of individual carbon nanotubes [122], boron ni-
tride nanotubes [123], zinc oxide nanobelts [124], and silicon carbide nanowires [125].
Optical interferometry has been used to characterize resonance characteristics and
quality factors of silicon nanowires [126] and SiCN nanowires [127].

Even when these technical challenges are solved, it is difficult to calibrate mea-
surements of damping made on free-standing monolithic nanomaterials. The essence
of this difficulty lies in the difference between structural damping and material damp-
ing. When the measurement is made on a structure (such as a cantilevered or doubly-
clamped nanowire), the resulting value of structural damping contains contributions
from both extrinsic sources (such as losses from the supports and clamps) and in-
trinsic sources (internal friction). The extrinsic sources are not sufficiently well un-
derstood and their values cannot be predicted with confidence. Therefore, it is not
possible to subtract all extrinsic contributions to structural damping obtained from
free-standing nanomaterials.

An approach for solving this difficulty has recently been developed at McGill
University. This approach combines the use of a composite microcantilever resonator
with the ability to calibrate all measurements against the fundamental limits of
thermoelastic damping. A silicon microcantilever platform has been developed and
used to measure internal friction in thin films of aluminium, silver, and gold [8,98]. In
this thesis, the capabilities of this microcantilever are extended to measure internal

friction in nanostructured materials. The capabilities of the extended technique are
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demonstrated by obtaining the first calibrated measurements of internal friction at
room temperature in aluminium nanowires.

The remaining sections of this chapter are organized in the following fashion.
Section 5.2 provides a discussion of the various extrinsic and intrinsic mechanisms of
damping in microcantilever resonators. This information is useful for understanding
the capabilities and limitations of the microcantilever platform. Subsequently, sec-
tion 5.3 introduces the microcantilever platform. The extension of this platform to
measure internal friction in nanowires requires developments on two fronts: devel-
oping experimental methods for integrating nanowires on the microcantilever, and
formulating a model for the vibrations of the composite microcantilever to extract
internal friction from structural damping. Section 5.4 presents the model and sec-
tion 5.5 contains all experimental details of processing and measurement. Finally,
section 5.6 presents results for internal friction in aluminium nanowires and section
5.7 proposes a mechanism for internal friction in these nanomaterials.

5.2 Mechanisms of damping

Mechanical damping is an estimate of the total energy dissipated per cycle of
vibration, and is quantified in terms of the mechanical quality factor (Q-factor) or
logarithmic decrement (d, in case of free decay). For cases where energy dissipation
is low, Q-factor and § are related to the ratio of energy of vibration (W) and the

energy lost per cycle (AW) by:

T AW
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A high value of Q-factor or a low value of § denotes low damping while a highly
damped structure will have a low Q-factor and high §. Damping in microresonators
arises from several sources: viscous damping, clamping losses, support losses, internal
friction, and thermoelastic damping.

Viscous damping is the damping due to external environment of the microcan-
tilever. A microcantilever operated in air or in any fluid medium is usually charac-
terized by low Q-factors due to air-damping [128], squeezed-film damping [129], and
complex interactions between the fluid and the vibrating structure [130]. For exam-
ple, the Q-factors of microcantilevers operating in air under atmospheric pressure is
limited in the range of 10-100, and to much lower values in a liquid medium [131].
Therefore, the microcantilevers must be operated in a low pressure or vacuum envi-
ronment in order to achieve quality factors in the range of 10*-10%, which are required

by most MEMS applications.
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Figure 5-1: Schematic illustration of a microcantilever.

The geometry-dominated damping consist of two components, namely anchor
losses, and clamping losses. Microcantilevers are usually attached to a much larger

substrate for the convenience of handling, packaging and assembly. Figure 5-1 shows
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a schematic image of a microcantilever. When the microcantilevers resonate, elastic
stress waves are generated at the anchors and are transmitted to the substrate. A
major part of these elastic waves are not reflected back to the resonator, and hence
results in energy dissipation, known as anchor losses or support losses. Various
models have been developed to predict the anchor losses of microcantilevers [132-
134]. Assuming the support to be an infinite half-space, the anchor 10ss (dunchor)
is related only to the geometry of the beam. The anchor loss for a microcantilever
with a rectangular cross-section is directly proportional to the aspect ratios of the
beam, namely w/L and h/L, where w, h, and L are width, thickness, and length of
the beam, respectively, as shown in figure 5-1 [134]. The assumption of the support
to be an infinite half-space is valid for nano-mechanical resonators, while for micro-
mechanical resonators, the assumption of the support to be a semi-infinite plate, is
reasonable. In this case, in addition to the aspect ratios of the beam, the support loss
is also related to the ratio of thicknesses of the beam and the substrate i.e h/hgypport,
where hgyppore is the thickness of the support structure. Therefore, support losses
can be reduced by minimizing the ratios w/L, h/L, and h/hsyppert, Which translates
into making long, narrow and thin beams and making the beams much thinner than
the support structure [134].

Dissipation also occurs by a mechanism known as slip-stick friction. This friction
arises at the clamped end due to the high surface strain field at the root of the
oscillating cantilever. Therefore minimizing clamping loss requires minimizing this
surface strain at the clamped surface. Various configurations of cantilevered beams

have been used to minimize the clamping loss (for example, read references [135-
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138]). The essential feature of these designs is to remove the region of maximum
strain away from the clamped surface. Therefore, clamping loss can be minimized by
incorporating steps at the base of the cantilever. In case of a silicon microcantilever,
this can be easily accomplished by bulk micromachining.

By operating the microcantilever in vacuum and by using a long, narrow and thin
microcantilever with a step at its base, the environment-dominated and structure-
dominated dissipation mechanisms can be made negligible. It is only then that, the
remaining dissipation mechanisms, namely microstructure-dominated damping and
thermoelastic damping become prominent. The dissipation that arises due to the
motion of crystallographic defects and microstructural defects like vacancies, inter-
stitial and substitutional defects, grain boundaries, twin boundaries, and disloca-
tions within the microcantilever is known as internal friction. Experimental studies
to evaluate internal friction as a function of frequency and temperature is known
as mechanical spectroscopy [139,140]. One strategy has come out of these studies
to minimize internal friction in microcantilevers. This is to use a single-crystal of
low-damping material like silicon or quartz as the microresonator.

Once all other mechanisms of damping in the microcantilever have been min-
imized, the one that remains is thermoelastic damping. For a vibrating microcan-
tilever, periodic changes in stresses during vibration lead to a periodic changes in
temperature. For a non-uniform stress-distribution in the vibrating structure like a
microcantilever undergoing flexural vibrations, non-uniform temperature gradients

and in turn heat currents arise, leading to an increase in the entropy of the system and
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hence to energy dissipation [141]. This dissipation is known as the thermoelastic dis-
sipation, and represents the minimum damping in a structure undergoing flexural vi-
brations. Zener has proposed a model which uses no free parameters to calculate ther-
moelastic damping of cantilevered beams [141]. Detailed one-dimensional [142,143]
and two-dimensional [144] models have also been proposed, which closely match the
predictions obtained using Zener’s model.
5.3 Microcantilever platforms for measuring internal friction

Microcantilever platforms have been widely used for measuring internal friction
in deposited thin films. The microcantilever is machined out of a low-loss material
(such as quartz, fused silica and single-crystal silicon). Internal friction is extracted
by using two measurements: damping of the bare microcantilever, and damping after
coating the structure with the thin film of interest. The first instance of the use of this
approach appears in 1963 in a work by Weiss and Smith, where the authors used a
micrometer-thick quartz ribbon in a clamped-free configuration as the measurement
platform [145]. The measurements were performed in vacuum, and the cantilevered
quartz ribbon was set into flexural vibration by a mechanical striker. The decay of
the vibrating structure was measured using light reflected from the cantilever onto
a photocell. This study demonstrated the presence of a Snoek relaxation peak in a
500 nm thin bcc iron film deposited on one side of the ribbon.

In 1975 Berry and Pritchet improved this method to what is currently known
as the ‘vibrating reed technique’, and established a methodology for measuring in-
ternal friction in thin films. Specifically, they used a layer-by-layer partitioning of

the dissipated energy to extract internal friction from the measurements of damping
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of the bare and composite microcantilever [146]. The apparatus used by Berry and
Pritchet consisted of a clamped-free beam made of a low damping material. Electro-
static interactions were used both for actuation and detection. Berry and Pritchet
used this approach to study internal friction in thin films of copper-nickel, niobium,
metallic glasses, and aluminium [147]. In subsequent efforts, this technique was ex-
tended to dielectric films as well as to study internal friction using both flexural
and torsional vibrations [148]. The resolution was improved so that internal friction
could be measured in a single monolayer of polymers [149]. The last two decades has
seen increasing use of the vibrating reed technique to investigate internal friction in
a wide range of thin film materials (see, for example, references [150-153]).

In general, all these versions of microcantilevers suffer from the problem of
calibration. The layer-by-layer approach for partitioning dissipation makes it difficult
to isolate the internal friction in the thin film. In a recent development, a solution has
been found for this problem by calibrating all measurements against thermoelastic
damping. The details of this approach are contained in the doctoral dissertation of
G. Sosale [154], and are summarized below.

The total damping in the cantilever can be expressed as a sum of the dissipations

from individual mechanisms. Therefore, in terms of logarithmic decrement,

55 = 5viscous + 5anchor + 5cla,’rnpi’rzg + 5S,IF + 55,TED7 (52)

where 557 5U2’scousa 6anchora 5clampinga 5S,IF7 and 5S,TED repfesent total dampinga viscous
losses, anchor losses, clamping losses, internal friction, and thermoelastic damping,

respectively in the monolithic microcantilever (also called substrate). For a long,
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narrow and thin single-crystal silicon microcantilever with a step at the base, and

operating it in a low pressure or vacuum environment, it is possible to reduce the

combined contribution of the viscous losses, anchor losses, support losses and internal

friction to less than 107°. Hence, equation 5.2 reduces to

s = dsrep + O (107°). (5.3)

This silicon microcantilever can now be used as a platform to measure internal

friction in thin films. This is achieved by implementing the following steps:

Microfabricate single-crystal silicon cantilevers with low aspect ratios (i.e. low
w/L and h/hsypport ratios).

Operate the microcantilever in vacuum, measure d, and verify if it follows
equation 5.3.

If the monolithic microcantilever follows equation 5.3, apply the nanomaterial
on the microcantilever, ensuring that the adhesion between nanomaterial and
the microcantilever surface is strong.

Operate the composite microcantilever in vacuum, measure the logarithmic
decrement of the composite, 9.

The internal friction in the film is obtained from d, and ¢, as:

(5.4)

o = (0c — 05) [ Loh, ] :

3Ehy
where F refers to elastic modulus and h refers to thickness. The subscripts ‘s’

and ‘f’ refer to the substrate and to the film, respectively.
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This method provides an accurate and highly repeatable measurement of internal
friction in thin films deposited on the silicon microcantilever [8]. More recently, this
technique has also been used to study the effect of selective metallization along the
length of the cantilever. This study established the link between the mode shape,
strain energy, and damping in the thin film. For example, placing the metal on a
small region (say, 20 % of the length of the microcantilever) can lead to dramatically
different structural damping depending on the location of the metallic patch. If this
patch is at the tip of the microcantilever, there is no significant increase in damping.
In contrast, the damping increases considerably when the same patch is located near
the root of the microcantilever. This observation motivated a strategy for extending
the microcantilever platform to measure internal friction in nanowires.

The next section develops a model for analyzing the effect of nanowire geometry
on damping of the composite microcantilever. This model is used to extract the
values of internal friction from the raw data which involves contributions from both
the substrate and the deposited nanostructures.

5.4 A model to extract internal friction of nanowires

Let us consider a thin slender cantilever attached to a large base, as shown in
figure 5-2. The cantilever has a rectangular cross-section with length L, width w, and
thickness h,. This cantilever acts as the substrate on which an array of N nanowires
is patterned along the length of the beam, over an area comprising ~20 % of the
length from the root of the cantilever. Each nanowire has a uniform thickness hy,
width wy, and length 0.2L. The thickness of the nanowire is much less compared to

the thickness and the width of the substrate, and the width of each nanowire is much

99



Figure 5-2: Schematic illustration of a microcantilever of length L, with an array
of nanowires at the root of the cantilever. The inset shows two adjacent nanowires
with centre-to-centre distance of 1 pm.

smaller compared to that of the substrate. The centre-to-centre distance between
two adjacent nanowires is always maintained at 1 pm.

The nanowire assembly can be modelled as a patterned thin film. This bilayer
composite structure is assumed to be an Euler-Bernoulli beam executing flexural
vibration with small amplitude. Similar to the case of a thin film on a thick sub-
strate, since hy < hg, addition of the nanowire assembly does not affect the mode
shapes, natural frequencies, and location of the neutral axis of the substrate can-
tilever [146,155]. The damping in a given mode of flexural vibration can be evaluated

by measuring logarithmic decrement (9) under free-decay, and is given by:

AW

5 - 2Wmaz’

(5.5)

where W4, is the maximum strain energy stored in the composite. The total damp-

ing in the composite cantilever 0. can be expressed in terms of damping in the
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substrate and that in the nanowire assembly. Hence,

AW, AW, + AW,

0 =
2Wc,max 2Wc,ma:}c

(5.6)

In this expression, AW., AWy, and AW} represent the energy dissipated for every
cycle of vibration in the composite, substrate and the nanowire assembly, respec-
tively. We mas 1s the maximum strain energy stored in the composite structure. Since
hy < hg, the contribution of the nanowire assembly to the maximum strain energy

stored in the composite beam is negligible, hence We 00 = Wy 14z - Therefore,

Oc

AW, + AW AW W maa AW W maz
- + AWy +< 1, > f_5s+(f,_

) 5.7
2Ws,maz 2Ws,maz Ws,maz 2Wf,maax ) , ( )

s,max
where 0., 05, and o are logarithmic decrement of the composite, substrate and the
nanowire assembly, respectively. Wy pq, and W 4, are the maximum strain energy
stored in the nanowire assembly and in the substrate, respectively. The term in the
parenthesis is the ratio of the maximum elastic strain energy stored in the nanowire
assembly and the substrate. From equation 5.7, the internal friction in the nanowire

assembly can be calculated using

by = 0.0 (). (53)

fimaz
This requires experimental measurement of o, and d; and numerical evaluation of
Wi maz and Wy 4, We evaluate the maximum elastic strain energy of the substrate
and the film using a standard analysis of the quasi-static deformation of an Fuler-

Bernoulli beam. For an Euler-Bernoulli beam of length L, width ws and thickness
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hs, the maximum strain energy for the substrate can be evaluated by [156]:

1 [t d? n ?
WS,’ITL(II 2 /0 S+S ( dx2 ) dx? (5 9)

where F is the elastic modulus of the substrate, I, is the area moment of inertia of

the substrate, and y; (x) is the mode shape for the first mode of flexural vibration.

h3
Here I, = 5=, and

sin (A L) + sinh (A L)

= sin (\ — sinh (A
Y1 (ﬁ) SZ”( 1:6) sun ( 1:1:‘) T cos (>\1L) + cosh ()\1L)

[cosh (Ax) — cos (Mx)],
(5.10)

with \;L = 1.875104. For a beam with an array of N nanowires along the length of

the beam, patterned over an area comprising ~20 % of the length from the root of

the cantilever, the maximum strain energy in the nanowire assembly is given by:

1 0.2L hs + h 2 d2 2
Wf,maz:§/0 EfN{Jf+wfhf( 5 f) (%y;) dr, (5.11)

where the terms within the square brackets represent the moment of inertia of the

. . . . h3
nanowire assembly about the neutral axis of the cantilever, with Iy = L The

12
number of nanowires N is related to the width of the substrate w, and to the centre-
to-centre spacing between adjacent nanowires (s) by N = ®=. Since hy < h, , we
can neglect hfc and higher order terms of h;.Therefore,

1 EfNwghyh? /Oﬂ Py, \?
Wy, = AU I dr. 12
famaz = 57 o \de2) ™ (5.12)
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Combining equations 5.8, 5.9 and 5.12 we obtain

L (42 2
By w, Jy (5%) do
3E¢hy Nwy f00.2L <@>2dm

5 = (8. — 6.) (5.13)

dx?
In the limit of a thin film spanning the entire width of the cantilever, this equation

reduces to

(5.14)

o5 = (0 — 05) [ Leh, ] :

3Ehy
which is the same expression derived by Berry and Pritchet [146]. This serves as a
useful check on our derivation. Equations 5.13 has been used in this work to extract
internal friction values of the nanostructures from that of the measured composite
logarithmic decrement.
5.5 Experimental procedure
5.5.1 Fabrication

Fabrication of microcantilevers

The silicon microcantilevers were micromachined from double-side polished,
(100)-oriented commercial grade silicon on insulator (SOI) wafers with 7.5-15 pm
device layers, 600 nm buried oxide (BOX) layer, and 520-530 pm handle layer. The
as-received wafers were subjected to solvent cleaning in acetone, isopropanol (IPA),
and deionized water in order to remove any organic residues. The wafers were dried
and 500 nm of silicon oxide was grown on both surfaces of the wafer at 1100 °C using
a wet chemical vapour deposition (CVD) process. This CVD process involved sub-
jecting the heated wafer for ~26 minutes to a mixed gas-flow with hydrogen flow-rate

of 3000 sccm, and oxygen flow-rate of 1750 scem, in an oxidation furnace (Tylan).
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Figure 5-3: Process flow for fabrication of silicon microcantilevers: (a) solvent clean,
(b) growth of 500 nm of oxide, (¢) photolithography of S1813 photoresist on the
device-layer, (d) dry etching of the oxide, (e) photolithography of AZ9245 photoresist,
(f) DRIE of the device-layer Si, (g) growth of 100 nm of oxide, (h) photolithography
of S1813 photoresist on the handle-layer, (i) dry etching of the oxide on the device-
layer, (j) photolithography of AZ9245 photoresist, (k) DRIE of handle-layer Si, (1)
wet etching of remaining handle-layer Si in 27 % TMAH, and (m) oxide strip in 49 %
HF.
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The oxide film on the top surface of the wafer was patterned using a standard
photolithographic process. This photolithographic process consisted of spin-coating
1.4 pm of a positive photoresist S1813 (Microposit), baking the resist-coated wafer
at 115 °C for 60 seconds, and exposing the resist-coated wafer with the top mask
in the soft-contact mode, using an exposure dose of 70 mJ/cm?. The exposure was
performed using EVG620 photomask aligner (EV Group). The exposed wafer was
then developed in MF-319 developer (Microposit), rinsed in deionized water and
blow-dried. The wafer was hard-baked on a hot-plate at 90 °C for 90 seconds. The
patterned photoresist layer acted as a mask for the dry-etching of the exposed oxide,
performed using a gas plasma with CHF3, Ar, CF, flow of 45 scc, 70 scc, and 7 scc
respectively at 100 mTorr pressure for 100 seconds. The remaining resist layer was
removed using oxygen plasma. The flow of oxygen was maintained at 45 scc for 300
seconds at a pressure of 150 mTorr. The dry etching and oxygen plasma clean were
performed in Applied Materials P5000 Reactive Ion Etcher (RIE).

The wafer with patterned oxide layer on the top surface was then coated with
a monolayer of hexamethyldisilzane (HMDS) at 115 °C using YES HMDS oven to
improve photoresist adhesion, a critical factor in the subsequent deep reactive ion
etching (DRIE) step. 10 pum of a positive photoresist AZ9245 (AZ Electronic Mate-
rials) was spin-coated on the top-side of the wafer, followed by soft-bake at 115 °C
for 150 seconds. This was followed by exposing the resist-coated top surface of the
wafer using the same top mask as was used before. Four exposure cycles, with an
exposure dose of 250 mJ/cm? for each cycle were used. The development of the

exposed wafer was performed in a solution containing four parts of deionized water
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and one part of AZ400 developer (AZ Electronic Materials). The wafer was then
blow-dried and post-baked at 115 °C for 150 seconds. The composite pattern con-
sisting of the patterned oxide and the protective photoresist layers, acted as a hard
mask during the subsequent deep reactive ion etching (DRIE) of silicon using Tegal
SDE110 deep reactive ion etcher. The exposed silicon of the device layer was etched
using gases consisting of C,Fg, oxygen, and SFg with pulsed flows of 300 sccm, 200
scem, and 700 scem, respectively. The source-power was maintained at 2700 W, and
the distance of the wafer from the source was maintained at 170 mm. This defined
the geometry of the top-part of the cantilever. The remaining resist was removed
using the oxygen plasma.

The wafer was again oxidized to grow ~100 nm of silicon oxide so as to protect
the side-walls of the etched silicon structures. The microfabrication steps related to
patterning of the oxide using a bottom mask, and to the DRIE steps were repeated for
the back surface of the wafer. The etch rate across the wafer during the DRIE process
was non-uniform. Hence, DRIE was followed by a short tetramethyl ammonium
hydroxide (TMAH) etch to release the beams, and a final hydrofluoric acid (HF) dip
to strip the oxide from all surfaces of the micromachined cantilevers. This resulted
in a series of cantilevers with lengths in the range of 700-1625 pm, widths in the
range of 300-315 pm, and thicknesses being the same as that of the thicknesses of
the device layers. Figure 5-4 shows a scanning electron microscope image of one of
the micromachined silicon cantilevers. The natural frequencies of flexural vibrations

of these beams range from 6.5 kHz to 24.5 kHz in the first mode.
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5.0kV 2.3mm x50 SE(V)

Figure 5-4: : Scanning electron microscope image of a micromachined silicon can-
tilever. This cantilever is 1622 pym long, 300 pm wide, 12.7 pm thick, and has a
natural frequency of 6.5 kHz.

Fabrication of nanostructures on microcantilevers

Integration of metallic patterns and nanostructures was achieved on these fragile
microcantilevers by employing spray-coating of electron beam resists, followed by
electron beam lithography to define polymer structures, and a lift-off process. The
spray-coating of electron beam resists was performed using a commercial spraycoater
(EVG101, EVGroup). The dispense rate, the nozzle pressure, and the ultrasonic
power were maintained at 5 pl/sec, 1000 mbar and 1.4 W, respectively. The spray-
coating parameters were optimized for a 4 inch wafer, with the spray-coating being
performed from edge-to-edge of the wafer. The number of cycles was varied to achieve
the required thickness with minimum surface roughness. The stage was also rotated
at 80 rpm, with the direction of rotation (clockwise/anticlockwise) changing at the
end of every cycle. The microcantilevers were first spray-coated with a copolymer,
MMA-MAA EL11 (Microchem, Inc.). The resist was diluted with MIBK so that the

weight ratio of ethyl lactate (EL) to MIBK was 1:1.7, and 5 cycles of spray-coating led
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to deposition of 390437 nm of the resist on the microcantilever. The coated cantilever
was baked at 150 °C for 90 seconds. This was followed by spray-coating 20 cycles of
PMMA A2, which led to deposition of 203+33 nm of the resist. The coated cantilever
was again baked at 180 °C for 90 seconds. The bilayer-resist-coated microcantilevers
were patterned using electron beam lithography with an electron beam operating at
30 kV, with beam current of 357 pA and electron doses in the range of 6-8 nC/cm.
The patterns were developed at room temperature by immersing the structures for
two minutes in a solution that contained MIBK and isopropyl alcohol (IPA) in a ratio
of 1:3 by volume. Finally, the specimens were soaked in IPA for 30 seconds, rinsed
in deionised (DI) water and then permitted to dry in air. Thin films of aluminium
with thicknesses of 50 nm and 100 nm were then deposited on the microcantilevers
using BJD1800 electron beam evaporator (Temescal) using an operating voltage of
9 kV, emission current of ~300 mA, and a background vacuum of 2x10~% Torr.
The deposition rate of Al was 0.2 nm/s. For lift-off, a resist-stripper Remover PG
(Microchem Inc.) was heated at 60 °C and the microcantilever was soaked in the
heated resist-stripper for 15 minutes. The patterned microcantilevers were rinsed
in acetone, IPA and deionized water, and dried in air. Care was taken so that no
water-marks were left on the microcantilever after drying. The beams were thus
patterned with an array of nanowires parallel to and along the length of the beam.
The nanowires patterned over an area comprising ~20 % of the length from the base.
5.5.2 Microstructural characterization

The linewidth of the nanowires were measured from images obtained using scan-

ning electron microscope (Hitachi FEGSEM S4700). Figure 5-5 shows a scanning
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Figure 5-5: Scanning electron micrograph of 100 nm thick and ~134 nm wide alu-
minium nanowires, with centre-to-centre spacing of 1 pm.
electron microscope image of the patterned aluminium nanonowires. Grain-size of
the aluminium films and patterned nanowires were obtained from images using trans-
mission electron microscope (Phillips CM200) using an operating voltage of 200 kV.
For transmission electron microscopy, 100 nm thick silicon nitride membranes were
coated with aluminium films with thicknesses of 50 nm and 100 nm. Figure 5-6(a)
and figure 5-6(b) show the transmission electron micrographs of the microstructure
of the 50 nm thick and 100 nm thick aluminium thin films, respectively. There ex-
ists a broad distribution in grain-size for the evaporated thin films. For the 50 nm
thick aluminium film, the grain-sizes range from 18 nm to 72 nm, with an average
grain-size of 42+13 nm, while for the 100 nm thick aluminium film the grain-sizes
range from 17 nm to 137 nm, with an average grain-size of 72426 nm.

Aluminium nanowires were also patterned on the silicon nitride membranes us-
ing the procedure described in the previous section. The patterned nanowires also
exhibit microstructures similar to that of the thin films. Figure 5-7 shows a trans-

mission electron microscope image of a 50 nm thick and 380 nm wide aluminium
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(a) (b)

Figure 5-6: Transmission electron microscope images of (a) 50 nm thick aluminium
film with average grain-size of 42 nm, and (b) a 100 nm thick aluminium film with
average grain-size of 72 nm.
nanowire patterned on a 100 nm thick silicon nitride membrane window. The aver-
age grain-size in the nanowire is 41£14 nm. Intrinsic growth-related residual stress
of the aluminium films was measured using wafer curvature tests (Flexus 5200, KLA-
Tencor). The residual stress in the 50 nm thick aluminium film was found to be -19
MPa, while that in the 100 nm thick aluminium film was -42 MPa.
5.5.3 Measurement of damping

The damping in monolithic silicon and aluminium-patterned silicon beams at
room temperature was measured using the free-decay technique. Figure 5-8 shows a
schematic of the damping measurement system. It primarily consisted of a cantilever
securely clamped in a large, precisely machined base made of stainless steel. The

clamp and cantilever assembly was mounted onto a piezoelectric shaker (NanoOP65,
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Figure 5-7: Transmission electron microscope images of 50 nm thick and 380 nm
wide aluminium nanowire patterned on a 100 nm thick silicon nitride membrane.
The average grain-size is 41 nm.
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Figure 5-8: Schematic of components of the complete damping measurement system.
The red dashed arrows indicate the flow of signal information [154].
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Mad City labs Inc, WI, USA) and the whole assembly was put inside a vacuum
chamber. The piezoelectric shaker was driven in open circuit by a function generator
with an applied sinusoidal signal with peak-to-peak amplitude of 20 mV, and the
dynamics of the beam was measured by a laser Doppler vibrometer (LDV) (OFV
5000, Polytec Inc., CA, USA) at pressures less than 107 mbar. The LDV had a
sensitivity of 5 mm/sec/V. The spot-size of the laser beam was 40 um at a dis-
tance of 30 cm. The cantilevers were first excited at a frequency close to but less
than the first resonance frequency. The exciting signal was then terminated, and
the free-decay of the beam was recorded using a data acquisition card. The sam-
pling rate was maintained at values greater than at least ten times the measured
natural frequency for the first mode. Processing of the recorded free-decay signal of
the monolithic silicon cantilevers and the patterned cantilevers in MATLAB led to
evaluation of the logarithmic decrement of the monolithic silicon cantilevers (¢;), and
the logarithmic decrement of the patterned composite cantilevers (d.), respectively.
Details of instrumentation and signal-processing are available in reference [154]. For
each specimen, at least three measurements were performed, and the mean values
are reported, along with their associated standard deviation.
5.6 Results

Table 5-1 lists the measured logarithmic decrement at various frequencies for
silicon cantilevers before and after they are coated with arrays of nanowires of length
0.2L, aligned along the length the cantilever. Also listed in these tables are pre-

dicted values of thermoelastic damping of the uncoated silicon cantilevers. The
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Table 5-1: Comparison of damping in silicon microcantilevers before and after pat-
terning metallic nanowires with centre-to-centre spacing of 1 ym. The patterns were
made over an area covering 20% of the length from the root of the cantilever. The
mean width of the nanowires lies in the range of 110-396 nm. Two different thick-
nesses of the nanowires, 50 nm and 100 nm are considered. f denotes the resonant
frequency of the cantilevers. hy and wy are the thickness and width of the nanowires.
0s 7D is the thermoelastic damping of the monolithic silicon cantilever obtained from
theory [141], while J; is the measured logarithmic decrement of the monolithic silicon
cantilever. o, is the logarithmic decrement of the composite microcantilever. d; here
represents internal friction in the array of nanowires.

f hf U)f 5s,TE‘D X 106 53 X 105 (5c X 105 (Sf
(Hz) (nm) (nm)
10622 100 118+13 3.53 1.024+0.09 4.89+0.11 0.035+0.001
21048 100 134+8 6.99 1.914+0.01 5.47+0.23 0.0260.002
12444 50 396+8 4.13 1.19+£0.15 5.97+£0.05 0.02640.001
6523 50 11045 4.84 0.92+0.02 1.90£0.04 0.029+0.001
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thermoelastic damping (dsrgp) in the silicon beams were calculated using Zener’s
equation [141]:
7TESCM52T() Q Cshs2

L0 = 1
c. 1402 Yk (5.15)

55,TED -

where ay is the coefficient of linear expansion, 7Ty is the equilibrium temperature
of the beam, C; is the specific heat per unit volume, w is the angular frequency (in
radians per second), k; is the thermal conductivity, and (2 is the normalized frequency
such that thermoelastic damping attains its maximum value at 2 = 1. In this work,
thermoelastic damping was evaluated at Ty = 300 K, using well-known values of
material parameters for (100)-oriented single-crystal silicon, viz: E; = 169 GPa,
as=2.6x10° K™ Oy = 2.6 x 10° J/m?/K, and k, = 149 W/m/K. The measured
values of logarithmic decrement of the silicon cantilevers were close to the predicted
thermoelastic damping for these beams. Logarithmic decrement for uncoated silicon
cantilevers measured in this study was less than 1.9 x 107°, and the residual damping
(i.e. the difference between the measured thermoelastic damping and the measured
logarithmic decrement) was less than 1.2 x 107°. For the nanowires of similar width
(in the range of 110-134 nm), the damping in the composite cantilevers with 100
nm thick nanowires was found to be significantly greater than that with 50 nm thick
nanowires. In addition, the internal friction of arrays of aluminium nanowires did
not show significant dependence on frequency in the range of 6.5 kHz to 21 kHz.
Equation 5.13 has been used to extract the value of internal friction in the array
of nanowires. The internal friction of the nanowire assembly lies in the range of 0.026—

0.035 for the given frequency range. The standard deviation associated with the
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values of internal friction was evaluated with the assumption that the uncertainties
in the measurement of d, and d, solely contribute to the uncertainties in 6 according

to the following equation:

L ( d2y; 2
E.hy  w, o (d:cyQ) dx
3thf wa fOO.QL (ﬁi)zdl’ ’

dz?

or =+\o0s+ 0.2

(5.16)

where oy, 05, and o, are the standard deviations associated with d¢, d,, and o,
respectively.

In order to compare the internal friction of the nanowires with those of film of
similar thicknesses, internal friction of aluminium thin films with thicknesses of 50
nm and 100 nm were measured in the frequency range of 7.5-24.5 kHz. Table 5-2
summarizes the results of measurement of logarithmic decrement and the evaluation
of internal friction in thin films. Equation 5.4 was used to evaluate the internal
friction of aluminium films. The standard deviation in the values of d; for the
thin films were also evaluated using an approach similar to one used for evaluating
equation 5.16. The damping of the composite microresonators are found to increase
proportionately with increasing thickness. For example, consider the the values of 4.
at 12234 Hz and 12236 Hz. The thickness of aluminium film for the case at 12234
Hz is twice that at 12236 Hz. The total damping in the composite microresonator
with a natural frequency of 12234 Hz is almost twice the composite microresonator
with a natural frequency of 12236 Hz. In addition, the internal friction of aluminium

thin films did not exhibit significant frequency dependence over the frequency range

of 7.5 kHz to 24.5 kHz.
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Table 5-2: Comparison of damping in silicon microcantilevers before and after coat-
ing with thin film of aluminium. Two different thicknesses of the thin film, 50 nm
and 100 nm are considered. hy and w; are the thickness and width of the nanowires.
ds7ep is the thermoelastic damping of the monolithic silicon cantilever obtained
from theory [141], while J; is the measured logarithmic decrement of the monolithic
silicon cantilever. d. is the logarithmic decrement of the composite microcantilever.
05 here represents internal friction in the array of nanowires.

f hf 5s,TED X 106 55 X 105 (SC X 105 (5f
(Hz) (nm) (nm)
12234 100 4.07 1.15£0.04 54.60+1.57 0.035£0.001
24536 100 8.15 1.76£0.01 43.60£3.19 0.027%0.002
7535 50 8.11 1.04£0.04 15.80+0.24 0.03440.001
12236 50 4.07 1.1440.13  29.50+£2.34 0.03740.003

A comparison of internal friction in aluminium thin films and nanowires does
not reveal any significant size effects on dissipation at room temperature. The trans-
mission electron microscope image, as shown in figure 5-7 confirms that the nanowire
is polycrystalline and that the grain-size and the distribution of grain-sizes in the
nanowire is similar to that of a thin film of the same thickness, and hence supports
the experimental observation of similar internal friction values for both nanowires
and thin films.

5.7 Discussions

There are four broad mechanisms by which aluminium nanowires and thin films

on a microcantilever dissipate energy. The first mechanism of energy dissipation is

the thermoelastic damping. The contribution of thermoelastic damping in aluminium
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thin film on a silicon microcantilever has been calculated, and is found to be negli-
gible compared to the total energy dissipated, and hence can be safely neglected [8].
The second source of dissipation is sliding at the aluminium/silicon interface, while
the third source of dissipation is irreversible motion of surface defects. It has been
noted in this study that the overall damping of a composite microcantilever increases
proportionately as the thickness of aluminium thin film or aluminium nanowires in-
creases. Similar thickness dependence of damping of microcantilevers coated with
metallic thin film has been noted in an earlier study for aluminium, gold and silver
thin films [8]. If interfacial sliding or dissipation due to surface defects were dom-
inant, then damping in composite microcantilevers would not be dependent on the
thickness of the nanostructures. Hence, the second and the third sources of damping
in the aluminium thin film and nanowires can be ruled out. The fourth source of
damping is irreversible motion of crystallographic and microstructural defects within
the aluminium thin film and nanowires. By a process of elimination, it is concluded
that dissipation in aluminium thin films and nanowires is dominated by the motion
of crystallographic defects in the nanomaterials.

Crystallographic defects in polycrystalline thin films and nanowires can be of
several types, such as vacancies, dislocations, grain boundaries and voids. A survey
of literature on internal friction of thin aluminium films suggest that there exists a re-
lationship between grain boundaries and dissipation, especially at low temperatures.
Previous studies measured internal friction of aluminium thin films as a function of
temperature [147,151]. These studies showed that there exists a low temperature

relaxation peak [147]. The origin of this low temperature relaxation peak was found
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to be in grain boundaries [151]. Moreover, a recent study of internal friction of an-
nealed aluminium thin films has demonstrated that the magnitude of internal friction
at room temperature depends on grain size [157]. Thus, it is plausible that grain
boundary sliding is a dominant mechanism in aluminium thin films. As noted be-
fore, from the microstructural characterization, aluminium nanowires exhibit similar
grain-size distribution as that of thin films with same thickness. Therefore, similar-
ity in the values of internal friction of the aluminium nanowire assembly and of the
aluminium thin film is consistent with grain boundary sliding being the dominant
dissipation mechanism in aluminium nanowires at room temperature. However, it is
important to note that the average grain size of the nanowires was significantly less
than the width of the nanowires measured in this study. Expectations based on the
mechanism of grain-boundary sliding suggest that significant size effects will appear
in nanowires with grain sizes comparable to width.
5.8 Summary

This chapter presented the first calibrated measurement of internal friction in
aluminium nanowires. At the heart of this measurement are two methods: (i) the
use of a silicon microcantilever-based measurement technique which can accurately
evaluate internal friction by minimizing support and viscous losses and by calibrating
damping of the substrate with respect to thermoelastic damping limit, and (ii) the
ability to integrate metallic nanowires on fragile micromachined cantilevers using
a recipe which combines spray-coating, electron beam lithography, physical vapour
deposition and lift-off processes. The internal friction of aluminium nanowires with

widths in the range of 110-396 nm, and thicknesses in the range of 50-100 nm, are
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in the range of 0.026-0.035 within the frequency range of 6.5-21 kHz. These values
match very closely the internal friction values obtained for thin films of aluminium
within the frequency range of 7.5-24.5 kHz. These results show that internal friction
in aluminium nanowires exhibit no dramatic size effect. Therefore, measurements
of internal friction of thin aluminium films can be used to predict the damping of
a composite microcantilever with aluminium nanowires of the same thickness, and

aligned along the length of the cantilever.
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CHAPTER 6
Characterization of carbon nanotube/titanium nitride porous
nanocomposite films

6.1 Introduction

The emergence of new classes of nanomaterials coupled with novel routes for
synthesis and microfabrication can lead to materials with new architectures at mi-
crometer and nanometer length scales. Establishing process-structure-property rela-
tionships for this class of nanomaterials is useful because such relationships can help
microsystems designers to evaluate the utility and applications of these materials.
This chapter explores one such material, namely, a porous ceramic nanocomposite.
This ceramic nanocomposite consists of a dense forest of tangled multi-walled carbon
nanotubes (MWNTs) sheathed by a continuous layer of titanium nitride (TiN). A

schematic of the nanocomposite is shown in figure 6-1.

Stainless steel substrate

Figure 6-1: Schematic image of carbon nanotube/titanium nitride nanocomposite.
The nanotubes are represented by the black curves, and TiN coatings are represented
in yellow [158].
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The guiding objective behind having an open structure of carbon nanotubes
(CNTs) is to have a larger surface area in order to enhance electrical, thermal and
electrochemical transport. However, maintaining the mechanical integrity of such
a structure is a major issue since the nanotube structure can be subject to wear
under mechanical stresses, during operation. A protective layer around the CNTs
can improve the integrity of such open structures. The choice of TiN as the protective
material is due to its desirable properties like excellent oxidative stability, corrosion
resistance and good electrical conductivity [159-161]. These properties make TiN
an excellent candidate as electronic conductors in microelectronic devices and as
electrodes in electrochemical devices.

Evaluation of mechanical properties of such nanocomposite structures is crucial
to estimate the reliability of these nanocomposites. To this end, the response of
CNT/TiN nanocomposite to indentation is presented in this chapter. The next
section describes the synthesis of the CNT/TiN nanocomposite. Section 6.3 presents
the concepts of nanoindentation testing. A literature review of mechanical properties
of similar CNT assemblies is presented in section 6.4. Finally, the experimental
procedure and results of the indentation tests are discussed.

6.2 Synthesis

The synthesis of this nanocomposite was performed by Dr. Carole Emilie Bad-
dour of the Department of Chemical Engineering, McGill University. The essential
steps are to grow a uniform layer of multi-walled carbon nanotubes on a 304 stainless
steel substrate. Subsequently, the nanotube network was coated with a thin film of

TiN. The details of this synthesis are briefly summarized below.
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A simple process of fabricating multi-walled carbon nanotubes directly on stain-
less steel substrates was developed by Baddour et al. [158,162]. In this thermal chem-
ical vapour deposition (CVD) process, the 304 stainless steel plates that were used
as substrate to grow carbon nanotubes also acted as a catalyst and provided active
sites for nanotube growth, and hence no external addition of catalyst precursors was
required. The steel plates were 0.796 mm thick, 15 mm long and 15 mm wide. The
stainless steel plates were cleaned with acetone in an ultrasonic bath and etched in
35-38% HCI for 5 minutes. Then, the etched steel plates were heat-treated at 850 °C
for 30 minutes while maintaining a flow of N,. Afterwards, the temperature was
reduced to the synthesis temperature of 700 °C. At this point Cy Hy was introduced
for 5 minutes. A 30 minute growth period in the presence of Ny at the synthesis
temperature was then imposed before the cool down. The flow rate of Ny (the carrier
gas) and CyHy (the carbon source) during the thermal CVD process was 592+5 sccm
and 45 + 5 scem, respectively. A uniform layer of CNT forms on the stainless steel
substrates, as shown in figure 6-2. The CNTs are 20 - 70 nm in diameter and grow
in a randomly oriented manner, creating a ‘felt-like’ structure. The thickness of the
CNT ‘felt’ is estimated to be 1 - 3 pm.

The CNT layer was coated with TiN using cathodic arc deposition. This step
was performed rapidly after the growth of the CNT network, allowing the individual
nanotube to be coated with TiN in a way to provide a full protective layer around
the tubes. The TiN forms an architectural scaffold holding the nanotube ‘felt” me-

chanically. Initially, the vacuum chamber was pumped down to 5.0 x 107° Torr for
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Figure 6-2: Scanning electron microscope image of a CNT ‘felt’ [158].

30 minutes to remove gases, dust particles and any contaminants from the cham-
ber. During this time, the heaters were turned on to heat the chamber walls and
specimens to 100 °C. Titanium was used as the cathode, while the CNT sample
and the deposition chamber formed the anode. The cathode current was set at 60
A. The TiN coating was formed in the presence of nitrogen gas at a flow-rate of
123 scem and a chamber pressure of 1.2 x 1072 Torr. Two sets of nanocomposite
samples were synthesized, one with a substrate bias voltage of -150 V and the other
with a substrate bias voltage of -400 V. For each set, four deposition times (5, 15, 30
and 60 minutes) were used. During the TiN deposition process, the temperature of
the deposition chamber rose to 400-450 °C. Figures 6-3 and 6—4 show the scanning

electron microscope images of the CNT/TiN nanocomposites.
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(c) -150V, 30 minute (d) -150V, 60 minute

Figure 6-3: Scanning electron microscope images of CNTs coated with TiN. TiN
was deposited at -150V bias and deposition times of (a) 5 min, (b) 15 min, (c) 30
min, and (d) 60 min, using cathodic arc deposition [158].
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(c) -400V, 30 minute (d) -400V, 60 minute

Figure 6-4: Scanning electron microscope images of CNTs coated with TiN. TiN
was deposited at -400V bias and deposition times of (a) 5 min, (b) 15 min, (c) 30
min, and (d) 60 min, using cathodic arc deposition [158].
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6.3 Principles of nanoindentation

The technique of nanoindentation has been widely used to measure the me-
chanical properties of thin films. This technique involves the application of a small
load (in the range of a few micronewtons to tens of millinewtons) using an inden-
ter (conospherical or Berkovich) on the surface of the test specimen, such that the
depth of penetration is of the order of nanometers. The load is then withdrawn and
the depth of indentation is continuously recorded for the entire loading-unloading
cycle. Figure 6-5 shows a schematic of a typical load-displacement plot. The model
proposed by Oliver and Pharr is commonly used to extract the elastic modulus and
hardness from the load-displacement plot [163]. The major assumption of this model
is that the loading segment contains contribution from both elastic and plastic defor-
mation, while during unloading only the elastic component of the total displacement
is recovered. The essential features of a load-displacement plot are shown in figure
6-5. To evaluate the contact stiffness (S) of the material under investigation, it is
necessary to evaluate the slope of the unloading part of the load-displacement plot.

The unloading part of the load-displacement plot can be modeled using:
P=a(d—ds)", (6.1)

where P is the load, d is the displacement, and d; is the final displacement of
the indenter on complete unloading. « and m are power-law coefficients which are
obtained through curve-fitting. The contact stiffness S is obtained by taking slope
of this curve at the maximum displacement, d,,... In order to evaluate the elastic

modulus and hardness of the material, it is necessary to know the contact area. The
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max

Figure 6-5: A schematic load(P) vs displacement plot (d) for an indentation experi-
ment. Ppq, and dp,q, are the maximum load and displacement, respectively. dy is the
final displacement on complete unloading, and d. is the depth along which contact is
made along the indenter and the specimen. S is the contact stiffness and is defined
as the slope of the unloading part of the load-displacement plot, represented by the
red line, which is tangent to the unloading curve.

contact area can be estimated by measuring the dimensions of the residual imprint.
Alternately, the contact depth d. and the geometry of the indenter can be used to

calculate the contact area, without the need for imaging the residual imprint. The

contact depth for a conospherical indenter can be obtained, is given by [163,164]:

Pma:p

de = dypaz — 0.75 ,
S

(6.2)

where d,,., is the displacement corresponding to the maximum load P,,,,. The
contact area A can then be defined as A = F(d.), where F(d.) is known as the

area function. Determination of the area function requires careful calibration made
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independently on materials with known elastic modulus. Once the area function
is known, the effective elastic modulus, FE, (also known as reduced modulus and

indentation modulus) can be calculated using the relation:

E——Sﬁ
" 9/A

The effective modulus takes into account the elastic properties of both the indenter

(6.3)

and the indented material, and is given by:

== +—, (6.4)

where E is the elastic modulus of the test-specimen, v is the Poisson’s ratio of the
test specimen, Fj; is the elastic modulus of the indenter tip, and v; is the Poisson’s
ratio of the indenter tip. Though equation 6.3 was derived to model the contact
between a rigid indenter with a homogeneous elastic half-space [165], this equation
was found to be valid for other material configurations such as open cell metallic
foams [166], and hence justifies the use of equation 6.3 in the present context of
measuring mechanical properties of CNT ‘felt’. In the next section, several instances
of using the Oliver-Pharr model for networks of CNTs are documented.
6.4 Literature review on nanoindentation of carbon nanotube networks
Since the discovery of carbon nanotubes by lijima [167] a great deal of research
has been directed towards evaluation of mechanical [168], electrical and thermal [169]
properties of single CNTs. The properties of the CNTs vary depending on whether
they are single-walled carbon nanotubes (SWNTs) or multi-walled carbon nanotubes

(MwNTs), and also on the chirality of the nanotubes. However, the properties of
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an intertwined network of CNTs are expected to be significantly different from the
properties of stand-alone CNT. In literature, these networks are described variously

as ‘CNT felt’, ‘CNT turfs’ or as ‘CNT forests’.

—

2 tm
(a) VACNT forest (b) CNT turf

Figure 6-6: Arrays of carbon nanotubes: (a) Vertically aligned carbon nanotube
(VACNT) ‘forest’, where the MWNTSs are well-separated and are perfectly vertical
[170], and (b) carbon nanotube ‘turf’, where the nanotubes are curved, and are
predominantly vertical, with some of the CNTs being inclined or even horizontal
[171].

Qi et al. performed nanoindentaion tests on arrays of vertically aligned carbon
nanotubes (VACNTSs) and evaluated the effective wall modulus and the effective axial
modulus of a single MWNTs [170]. This structure consisted of thick, widely-spaced,
and perfectly vertical MWNTSs, as is shown in figure 6-6(a), and the indentation
was performed using a steel AFM cantilever with a three-sided pyramidal diamond
tip. The diamond tip had an apex angle of 60° and a tip-radius less than 25 nm.

The geometry and arrangement of the CNTs and the indenter-tip led to successive

bending of adjacent MWNTs as the pyramidal tip penetrated into the structure.
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The load-displacement profile was modeled and effective bending and axial modulus

of single MWNT was obtained. However, this work did not provide any quantitative

data on the collective mechanical properties of the VACNT arrays. Qualitatively,

from the load-displacement plots, it was inferred that VACNT arrays with higher

areal density of nanotubes provided higher resistance to indentation, and that an

array with the same areal density, but smaller (in terms of length) and thicker (in

terms of diameter) nanotubes would also exhibit higher stiffness.
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Figure 6-7: Typical load-displacement plot for a CNT turf, obtained with a Berkovich
diamond indenter with effective tip-radius of 1.8 um [172].

McCarter et al. performed quasi-static and dynamic nanoindentation tests on a

CNT ‘turt’ using a Berkovich diamond tip with an effective tip-radius of 1.8 pm [172].
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The Oliver and Pharr method [163] was used to extract effective elastic modulus from
the load-displacement plots. Figure 6-7 shows a typical load-displacement plot for
the CNT ‘turf’. The salient features of the load-displacement plot are: (i) the de-
formation is completely reversible, (ii) the turf exhibits time-dependent relaxation
when held at a constant load, and (iii) there exists strong adhesion between the tip
and the turf, as shown by the negative load when the tip is being withdrawn from
the turf. Besides, the elastic modulus of the turf was found to vary significantly with
the density of the CNTs as well as with the number of contact-sites between the
CNTs. For low number of contact-sites, the elastic modulus was found to be in the
range of 0.03-0.08 GPa, while for a large number of contact-sites, the elastic modu-
lus varied in the range of 0.1-0.3 GPa. In addition, the tangent modulus, obtained
from the dynamic tests, was found to decrease with increasing strain. Mesarovic
et al. developed a quasi-rheological, linear viscoelastic model to explain the load-
displacement plot of the CNT turf [171]. Zbib et al. performed nanoindentation
tests and compression tests on CNT turfs, patterned in the form of cylinders. Stan-
dard nanoindentation tests led to an effective elastic modulus of 14.9+5.7 MPa, and
hardness of 2.5 MPa [173,174].
6.5 Experimental procedure

Load-controlled nanoindentation tests were conducted to evaluate the contact
stiffness and effective modulus of the CNT/TiN nanocomposites using a Hysitron
Ubi nanoindenter with feedback control testing capability. The feedback control
provided precise control of the nanoindentation probe in both load and displacement-

controlled modes and is ideal for testing soft materials and ultra-thin films. It also
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provides superior force sensitivity for the study of pre-contact tip-sample interaction.
A conospherical indenter with tip-radius of 100 pym was used. Due to the open
structure of the material, loads as low as 5-10 uN led to ~100 nm displacement of the
indenter in the depth direction for films which were 1-3 pm in thickness. Therefore,
to ensure minimum effect from the substrate in the evaluation of elastic properties
of the nanocomposite film, the applicable maximum load was restricted to 5-10 uN,
with loading/unloading time of 5 seconds, and 2 second hold at the maximum load.
All tests for the CNT/TiN nanocomposite films were performed at a maximum load
of 10 uN, and loading/unloading rate of 2 uN/sec, as shown in figure 6-8. The
pre-load for the tests was 1 uN and these load-control tests were feedback controlled.
Standard protocols were followed for calibrating the nanoindenter and the tip-area
function. The drift was measured before each test, so as to make corrections for
thermal drift. The distance between adjacent indentations was chosen to be 10 pm.
The contact stiffness was evaluated from the region between top 20% and 95% of the
unloading part of the load versus displacement plot, using the TriboScan software.
For each sample, at least 10 tests were done, and the mean value of contact stiffness
and standard deviation were reported.
6.6 Results and discussions

Figures 6-9 show typical load-displacement plot obtained for the CNT felt. Fig-
ures 6-10, 6-11, 6-12, and 6-13 show typical load-displacement plots obtained for
CNT/TiN nanocomposite deposited with a bias voltage of -150 V and TiN coating
times of 5 minutes, 15 minutes, 30 minutes and 60 minutes, respectively. Similarly,

figures 6-14, 6-15, 6-16, and 6-17 show typical load-displacement plots obtained for
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Figure 6-8: Load profile used for the load-controlled nanoindentation tests
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Figure 6-9: Typical load-displacement plot for a CNT felt.
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CNT/TiN nanocomposites deposited with a bias voltage of -400V and TiN coating
times of 5 minutes, 15 minutes, 30 minutes, and 60 minutes, respectively. The 1-
D transducer used for the nanoindentation tests has a load resolution of 1 nN, a
load noise floor of 100 nN, a displacement resolution of 0.04 nm and a displacement
noise floor of 0.2 nm. The load versus displacement plots clearly show that the data
collected are well above the load and displacement noise floors.

The CNT ‘felt’ possessed extremely low contact stiffness of 0.04+0.03 uN/nm,
with an effective modulus of 4.4+£2.7 MPa. The low value of effective modulus of the
CNT ‘felt’ is similar to that of the CNT ‘turf’, however unlike the indentation re-
sponse observed for the CNT ‘turf’, the CNT ‘felt’ and the CNT/TiN nanocomposite
do not show any significant time-dependent relaxation when held at the maximum
load. Moreover, no effect of adhesion between the tip and the sample was observed.

The effect of TiN coating time on the contact stiffness and effective modulus of
the nanocomposites are shown in figure 6-19 and figure 6-18, respectively. In these
figures the contact stiffness and effective modulus of CNT/TiN nanocomposite are
plotted against TiN coating time for two sets of samples, as described in section 6.2.
From the scanning electron microscope images in figures 6-3 and 6-4 it is evident
that for both substrate bias voltages, the thickness of TiN coating around the CNT's
increases with increasing TiN coating time. Figure 6-18 shows that increased TiN
deposition times led to higher contact stiffness and effective modulus values for both
bias voltages used. The average contact stiffness increased from 0.4 puN/nm to 2.6
puN/nm, while the effective modulus increased from 172 MPa to 2.5 GPa as the TiN

coating time increases from 5 minutes to 60 minutes, the substrate bias being -150 V.
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Similarly, for the case where the substrate bias is -400 V, the average contact stiffness
increased from 0.18 uN/nm to 1.86 uN/nm, and effective modulus increased from 64
MPa for 5 minutes of TiN deposition to 1.6 GPa for 60 minutes of TiN deposition.
In addition, for a given sample, the standard deviation in the contact stiffness and
effective modulus was as high as 60% of the average value. This variation is consistent
with expectations based on the microstructure and topography from one location to

another.

Load, P (uN)

0 10 20 30 40 50
Displacement, d (nm)

Figure 6-10: Typical load versus displacement plots for CNT/TiN nanocomposites,
where TiN is deposited with a bias voltage of -150 V, and coating time of 5 minutes.

The scanning electron microscope images also indicate that substrate bias volt-
age during TiN deposition has an effect on the microstructure. A bias voltage of
-400 V leads to a deeper penetration of TiN in the CNT network compared to that

obtained with a bias voltage of -150 V, where deposition of TiN mainly occurs on
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Figure 6-11: Typical load versus displacement plots for CNT /TiN nanocomposites,
where TiN is deposited with a bias voltage of -150 V, and coating time of 15 minutes.
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Figure 6-12: Typical load versus displacement plots for CNT /TiN nanocomposites,
where TiN is deposited with a bias voltage of -150 V, and coating time of 30 minutes.
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Figure 6-13: Typical load versus displacement plots for CNT/TiN nanocomposites,
where TiN is deposited with a bias voltage of -150 V, and coating time of 60 minutes.
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Figure 6-14: Typical load versus displacement plots for CNT /TiN nanocomposites,
where TiN is deposited with a bias voltage of -400 V, and coating times of 5 minutes.
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Figure 6-15: Typical load versus displacement plots for CNT/TiN nanocomposites,
where TiN is deposited with a bias voltage of -400 V, and coating times of 15 minutes.
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Figure 6-16: Typical load versus displacement plots for CNT /TiN nanocomposites,
where TiN is deposited with a bias voltage of -400 V, and coating times of 30 minutes.
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Figure 6-17: Typical load versus displacement plots for CNT /TiN nanocomposites,
where TiN is deposited with a bias voltage of -400 V, and coating times of 60 minutes.
the exposed CNTs on the topmost surface. However, figure 6-18 shows that this
difference in microstructure does not translate into significantly different values for
effective modulus. But, on examining the load-displacement plots of the nanocom-
posites deposited at the two different bias voltages, it was observed that the unload-
ing curve follows the loading curve more closely, and that the final displacement (dy)
was lesser for the nanocomposites deposited using -400 V bias voltage, than those
deposited using -150 V bias voltage. This indicates a difference in the deformation
mechanism of the two nanocomposites.
6.7 Potential applications

One potential application of the CNT/TiN nanocomposite is in the field of RF-

MEMS as switches. Figure 6-20 shows a schematic of a typical RE-MEMS switch.
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Figure 6-18: Variation of effective elastic modulus of the CNT/TiN nanocomposites
as a function of TiN coating time. TiN coating was performed using two substrate
bias voltages of -150 V and -400 V.

The CNT/TiN nanocomposite can be used as the upper contact and/or the lower
contact dimple. Historically, metals such as gold (Au) have been used as the material
for electrical contacts in MEMS switches. The poor reliability of the MEMS switches
has been attributed to wear of the metallic coating under service conditions [176].
McBride et al. have suggested the use of CNT/Au composites as a solution to the
above problem, since the CNT /Au nanocomposite possesses the desirable properties
required for a material to act as an electrical contact, namely high conductivity and
high resistance to wear and oxidation [176,177]. However, this CNT/Au composite
is also subject to wear due to localized melting of gold during each contact. One way
to circumvent this problem is to replace Au with TiN, and hence solve problems of

electro-migration and localized melting which are usually associated with metals.
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Figure 6-19: Variation of contact stiffness of the CNT/TiN nanocomposites as a

function of TiN coating time. TiN coating was performed using two substrate bias
voltages of -150 V and -400 V.
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Figure 6-20: Basic structure of a RF-MEMS switch along with the ‘on’ and ‘off’
states [175].

141



6.8 Summary

In this chapter, the effective modulus of CNT ‘felt’ and CNT/TiN nanocom-
posites have been evaluated by nanoindentation using the Oliver-Pharr model. The
effect of TiN coating time as well as the effect of a process parameter, namely the sub-
strate bias voltage during TiN deposition, was evaluated. As expected, for both bias
voltages used, the effective modulus increases with increasing TiN deposition time
from about 4 MPa for bare CNT felt (without TiN) to around 2.5 GPa for CNT felt
coated with TiN for 60 minutes. The CNT felt and the CNT/TiN nanocomposites
did not show any viscoelastic response as was observed in the literature for CN'T ar-
rays. The low elastic modulus, leading to high compressibility, along with negligible
adhesion of the CNT/TiN nanocomposites make them useful materials for MEMS
switches. In this context, the CNT/TiN nanocomposites deposited using substrate
bias of -150 V are more suitable due to the lower residual displacement on unloading

than the CN'T/TiN nanocomposites deposited using substrate bias of -400 V.
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CHAPTER 7
Conclusions and future work

This thesis explored the integration of nanostructured materials with microsys-
tems, and focused on two major challenges for integration. The first challenge is
that of processing, and the second challenge is obtaining process-structure-property
relationships of nanomaterials integrated with MEMS.

Chapters 2 and 3 dealt with the issue of processing. Chapter 2 presented a
literature review of the various routes of integration. Both bottom-up and top-down
methods, including methods for integrating nanocomposites to MEMS, were reviewed
based on their level of control over direction, location, dispersion as well as whether
the method can be applied as a wafer-level process or a device-level process. Bottom-
up methods like self-assembly are parallel processes and are ideal for cases requiring a
uniform distribution of nanomaterials. On the other hand, top-down nanofabrication
processes allow excellent nanometer-level control over position and direction, but are
either extremely costly or are serial processes. Hence top-down methods are restricted
to high-end and low-volume applications. Hybrid processes which combine the ease of
integration and parallel nature of bottom-up processes with nanometer-level control
over location, direction and dispersion of nanomaterials of top-down processes need
to be developed for making the leap from academic laboratories to industry.

In addition, one gap in integration methods, namely, the lack of an approach

to integrate metallic nanostructures as a final step after micromachining MEMS
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structures was identified. Chapter 3 addressed this gap by developing an approach
combining spray-coating of electron beam resists, electron beam lithography, physical
vapour deposition and lift-off processes to obtain polymeric and metallic nanostruc-
tures on micromachined MEMS structures. This approach holds promise since it
enables rapid development of prototype nanomaterial-integrated devices, based on
previously existing MEMS structures.

The remaining chapters of the thesis explored the second issue of establishing
process-structure-property relationships for three different nanomaterials. The first
of these studies dealt with single-walled carbon nanotubes(SWNT)/polyimide(PI)
nanocomposites. Measurement of elastic modulus and microstructural examination
of nanocomposite thin films performed in this study established that the method
of synthesis was inadequate to produce nanocomposite films with uniform disper-
sion of carbon nanotubes beyond 0.5 volume%. Hence, the processing route requires
modification, for example, by the addition of surfactants, to enable higher loading
of nanomaterials, while maintaining a uniform dispersion. In addition, processes for
etching such nanocomposite films need to be developed to fabricate nanocomposite
MEMS devices. One promising approach is the fabrication of polymer nanocompos-
ites with aligned carbon nanotubes [70].

The second study dealt with the measurement of internal friction of aluminium
nanowires. These measurements were made using a microcantilever platform, which
has been previously used for damping studies of metallic thin films [8,98]. The
extension of this platform to nanowires required developments on three fronts: (i)

patterning nanowires on a micromachined microresonator, (ii) developing a protocol
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for measuring damping of these nanostructures using the microcantilever platform,
so that support losses can be segregated from losses intrinsic to the material, and (iii)
formulating a model to extract internal friction of the nanowires from total damping
of a nanowire-integrated composite microresonator. This study showed that the
values of internal friction of aluminium nanowires at room temperature matched
closely with those for aluminium thin films of the same thickness, measured over a
similar frequency range. The average grain size was significantly less than the width
of the nanowires measured in this study. Expectations based on the mechanism of
grain-boundary sliding suggest that significant size effects will appear in nanowires
with grain sizes comparable to width.

The third study explored the mechanical properties of a porous nanocomposite
film consisting of a carbon nanotube network that was conformally coated with
a thin film of titanium nitride (TiN). The architecture of this nanocomposite is
inherently non-uniform, which led to significant variations in mechanical properties
from location to location. The effective modulus was measured using nanoindentation
and was found to increase in proportion to the thickness of the TiN coating.

In summary, the contributions of this thesis - processes for materials integra-
tion, techniques for measuring material properties, and process-structure-property
relationships for three nanomaterials - establish a foundation for rational integration
of nanomaterials with MEMS.

7.1 Suggestions for future research
The foundation established by this thesis can be developed in several different

directions. Some of these are discussed below.
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Extending the nanofabrication approach to new materials and to
lower linewidths

The idea of nanofabrication on micromachined structures presented in chap-
ter 3 can be extended to lower linewidths either by reducing the thickness of the
spray-coated resist, or by using electron beam plotters operated at high accelerat-
ing voltages of the order of hundred kilovolts. More materials like ceramic oxides
available through sol-gel processing route can also be included by optimizing spray-
coating parameters for the ‘sol’. Another extension of this approach is to parallel,
non-contact nanofabrication techniques. The first step in this direction will be to
develop spray-coating procedures for resists used in deep ultra-violet lithography and
extreme ultra-violet lithography.

Establishing process-structure-property relationships of polymer
nanocomposite films

In addition to carbon nanotubes, polymer films reinforced with nanomaterials
in the form of nanoparticles and nanowires can have applications in microsystems,
where they can act as structural and/or functional components. For example, silver
in the form of nanowires and nanoparticles can be added to photoresists like SU8 to
improve structural (mechanical) properties like elastic modulus. Figure 7-1 shows
Eshelby-Mori-Tanaka predictions of elastic modulus of SU8 nanocomposites, as a
function of volume fraction of the reinforcement phase, which can be in the form of
nanowires or nanoparticles. Even when the improvement of mechanical properties
is not significant (as in the case of reinforcement with nanoparticles or randomly-
aligned nanowire, especially at low volume fractions), there can be a significant

improvement in electrical, magnetic and chemical properties. For example, addition
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of low volume fraction of silver nanoparticles can improve electrical conductivity of
the nanocomposite film. The effect of nanomaterial reinforcement on physical and
chemical properties of the nanocomposite films should continue to be studied, and
process-structure-property relationships of nanocomposite films with various com-
binations of matrices and reinforcements need to be established to aid designers of

microsystems in selection of appropriate materials and processes.
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Figure 7-1: Variation of elastic modulus of Ag/SU8 nanocomposite as a function of
volume fraction and geometry of Ag.
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Exploration of size-effects of internal friction of nanomaterials

Systematic studies of the effects of frequency and temperature on internal fric-
tion of nanomaterials are crucial to explore size-effects in internal friction of nano-
materials. The microcantilever platform discussed in chapter 5 provides a tool to
systematically study internal friction of nanomaterials in the form of ultra-thin films
and patterned arrays of nanowires of metals. This platform can be used to explore
size-effects of nanomaterials in the form of nanowires, nanotubes and nanoparticles,
which can be patterned, grown and assembled on the microcantilever. Experiments
need to be designed to evaluate the contribution from the various dissipation sources.
The effects of adhesion between the nanomaterial and the microcantilever in the form
of interfacial sliding is likely to gain prominence for some categories of self-assembled
nanomaterials.

Exploring the applicability of porous nanocomposite films as MEMS
switches

Porous nanocomposite films, consisting of carbon nanotube network coated with
a thin film of titanium nitride, exhibit large compressibility and low adhesion. These
properties make them potential candidates for MEMS switches. A future direction
of work with this material can involve testing the applicability of such composites as
MEMS switches. This can be done by selectively growing vertically aligned carbon
nanotube arrays, coating them with a wear-resistant, conductive layer like titanium
nitride, and then comparing such structures with conventional MEMS switches in

terms of conduction, adhesion to the other electrode, and reliability.
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APPENDIX A
Eshelby-Mori-Tanaka micromechanics

Consider a two-phase composite consisting of a matrix phase with stiffness C,,,
and a reinforcement phase with stiffness tensor C¢. The volume fractions of the
matrix and reinforcement are V,, and V, respectively, such that V,, + V; = 1.
Consider an average stress ¢ applied to a composite, leading to an average strain €.

The applied stress is distributed among the constituent phases, such that
0=Vnom+ Vf{6f}, (Al)

where 0, and o, are average stresses in the matrix and in the reinforcement, re-
spectively, and curly brackets denote average over all possible orientations. Now,
Om = Cp€m, and oy = Cysér, where €,, and €y are average strains in the matrix and
in the reinforcement, respectively. The effective stiffness tensor of the composite is

given by
C.=

o | Ql

(A.2)

Now, we define orientation dependent tensors A,, and Af for the matrix and rein-

forcement respectively, called the ‘concentration factors’ as:

Em = A€ (A.3)

€ = Ajye, (A.4)

149



such that V,,A,,, + V;A; = 1. Using equations A.1 and A.2, we get
C.= Cm+Vf{(Cf—Cm) Af} (A5)

Evaluation of the fourth order stiffness tensor for the composite thus requires evalua-
tion of equation A.5. Since the volume fraction of the reinforcement, stiffness matri-
ces of the constituent matrix and reinforcement phases are already known, knowledge
of the concentration factor of the reinforcement is sufficient to evaluate the stiffness
tensor of the composite. We are interested in calculating the stiffness tensor for a
‘non-dilute’ composite i.e. a composite where interaction between the reinforcements
are significant. To this end we first present the Eshelby approach and calculate the
concentration factor tensor for ‘dilute’ approximation [105]. Next, we extend the
analysis to non-dilute regime using a modified Mori-Tanaka approach [107].
Eshelby approach

Eshelby approach is based on representing the actual inclusion by one which is ellip-
soidal in shape and is made of the matrix material. This inclusion is known as the
‘equivalent homogeneous inclusion’ and an appropriate strain (known as the ‘equiv-
alent transformation strain’) is chosen such that the stress field is identical to that
of the original reinforcement. The ellipsoidal shape of the reinforcement and the
equivalent homogeneous inclusion ensures that stress and strain at all points within
it is uniform. In order to calculate the stress in this equivalent homogeneous inclu-
sion, Eshelby imagined a series of cutting and joining steps. In the first step, an
ellipsoidal volume is cut from the matrix and is allowed to undergo a uniform stress-

T

free transformation, giving rise to a transformation strain, ¢’ in the inclusion. Then
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surface tractions are applied to return it to its original shape, such that strain in
the inclusion is zero. Next, the equivalent homogeneous inclusion is put back in the
hole in the matrix (the region from which the inclusion was removed), the surfaces
are joined and the surface tractions are removed. On reaching equilibrium, the con-
strained shape of the inclusion leads to a constrained strain ¢“ in the homogeneous

inclusion. The constrained strain and the transformation strain are related by:
¢ = Set (A.6)

where S is the Eshelby tensor.This tensor is calculated in terms of the aspect ratio
of the inclusion and the Poissson’s ratio of the matrix material.
Let us consider a composite subject to an average strain €. The total stress in the

equivalent homogeneous inclusion is given by:
ghomogencous _ G, (¢4 0 — T (A7)
Similarly, the stress in the real inclusion is given by:
o = Cy (e+ ec) : (A.8)

Since these two stresses must be equal, therefore from equations A.7 and A.8, and

using equation A.6 we get
e =C, " (C, — Cy) & (A.9)
Again the strain in the real inclusion is given by:
Er =€+ €. (A.10)
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Using equations A.6and equation A.9 in equation A.10 we get the strain in the real

inclusion in terms of the average strain in the composite as:
& =[1+SC,, ' (C,—Cy)] & (A.11)

Comparing equations A.4 and A.11 allows us to evaluate Ay as:

1

A;=[I+8C, ' (C,—-Cy)] . (A.12)

But this represents the case for a single inclusion in an infinite matrix and does not
take into account the interaction between the inclusions. Hence, Eshelby formulation
is valid only for composites with ‘dilute’ or very low concentration of the reinforce-
ment phase.

Mori-Tanaka approach

When multiple inclusions are present in the matrix, the stress fields of the inclu-
sions interact. Mori-Tanaka approach takes into consideration the interaction of the
inclusions in the matrix by modeling these interacting stress fields as an average
background stress. The concept of this background stress is introduced in the Es-
helby approach, as if it is externally applied, and this facilitates the extension of the
Eshelby approach to composites having high volume fraction of reinforcements in the
matrix. Again, we follow the same analysis as the Eshelby approach, and equate the
stresses in the equivalent homogeneous inclusion and the actual inclusion. The only
difference is the presence of the average background strain (¢,) in the matrix due to

the presence of all the inclusions. Therefore,
Co(E+c“+ea—¢")=Cs(e+e+¢°). (A.13)
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It is easy to show from equation A.13, using equation A.6, that
& =[1+5C,, 1 (C,, — C))] 'en (A.14)

Therefore, we find that € = A fdil“tGEm. Now, we assume the average strain distri-
bution in the composite is

€= Vmgm-f-Vf {Ef}. (A15)

Using equations A.14, A4 in the equation A.15, we get the concentration factor

tensor for the in a ‘non-dilute’ composite as:
dilute dilute ]~ 1
Ap =AMV T4 Ve (AL (A.16)

Therefore, stiffness tensor for a ‘non-dilute’ composite can be evaluated using equa-

tion A.5. This gives
C.=Cpu + VH{(Cy = Co) As}[(1 = VI + Vi{AS}] ™ (A.17)

Eshelby-Mori-Tanaka approach has been used to predict the elastic modulus of
composites with nano-scale reinforcements. A wide variety of matrices (polymer,
metallic and ceramic) and reinforcements have been studied using this approach.
The matrices and reinforcements are usually assumed to be isotropic (unless specified
otherwise) and two geometries of reinforcement, namely spherical nanoparticle and
cylindrical nanowire, have been considered by selecting appropriate Eshelby tensors.
The interfaces between the reinforcement phase and the matrix have been assumed
to be optimized for a perfect load transfer. The dispersion of the reinforcement phase

in the matrix has been assumed to be uniform. Figure A-1 show one example of
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such analysis, where the elastic modulus of polymer matrix composites have been
plotted as functions of their reinforcement content. In all cases, the increase in elastic
modulus due to nanowire reinforcement exceeds that due to spherical nanoparticles,
and the alignment of the nanowires in the matrix yields much higher elastic modulus

compared to the randomly aligned nanowires or nanoparticles.
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Figure A-1: Variation of elastic modulus of SiC/PMMA nanocomposite as a function
of volume fraction and geometry of SiC.
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