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ABSTRACT

Metamaterials use ordered internal structure, typically at the micro- and nanoscales, to
exhibit properties uncommon or nonexistent in natural materials. To design a
metamaterial with target performance, hierarchical specification of geometry and
properties of the constituent elements is essential. Vertically aligned growth of carbon
nanotubes (CNTSs) is a potentially attractive means to achieve such control because it is
a scalable fabrication technique that can produce bulk thick films and patterned
microstructures over a large area. CNTSs also possess attractive properties such as high
stiffness, strength, and electrical and thermal conductivities at low mass density.
Therefore, the motivation of this dissertation is to create new methods to manipulate
CNT growth and modification at the nano- and microscales, toward the realization of

scalable CNT mechanical metamaterials.

First, it is shown that CNT microstructures having complex three-dimensional (3-D)
shapes can be manufactured by controlling the CNT growth rate locally within each
microstructure using a growth retardant layer patterned underneath the CNT growth
catalyst film. Microstructures with trajectories in-plane and out-of-plane are achieved
by understanding the mechanical coupling among CNTSs and designing the catalyst and
offset patterns accordingly. The geometry of the strain-engineered microstructures is

predicted using both an analytical model and the finite element method.

Next, it is shown that the mechanics of CNT microstructures can be tuned by conformal
coating at the nanoscale, via atomic layer deposition (ALD) of Al,Os. Using vertical
cylindrical CNT micropillars, a stiffness tuning from 7 MPa to 50 GPa (almost 4 orders
of magnitude) is demonstrated. The coating thickness also changes the dominant
deformation behavior of the CNT microstructures, from buckling to brittle fracture. In
the buckling regime, the coated CNT forests can withstand and fully recover

compressive strain of up to 75%.

Xiv



Last, fabrication methods are developed toward application of the 3-D CNT
microarchitectures. ALD coating, polymer infiltration, and lamination are used to
fabricate a CNT microtruss nanocomposite laminate having simultaneously high
stiffness and damping. Then, microstructure arrays with geometry mimicking the scales
of a butterfly wing are fabricated and determined to exhibit superhydrophobic and
directional wetting behaviors. Further work on 3-D CNT microarchitectures with
engineered geometry, mechanics, and surface functionality may realize multifunctional
materials with targeted combinations of mechanical, electrical, thermal, and/or optical

properties.
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CHAPTER 1

INTRODUCTION

1.1 Motivation

Controlling structures at the microscale is gaining increasing importance, not only for
efficient placement of constituent materials to achieve a greater degree of property
tuning [1], but also due to unique and unconventional properties arising from such
ordered micro- and nanostructures [2]. The microscale structural manipulation has a
long history; blacksmiths were introducing anisotropic nanostructures to forged steels
as early as the 3" century to improve their toughness, resilience and sharpness, namely
the Damascus steel [3].

Materials with deliberately controlled microscale structures have been fabricated out of
many materials, such as silicon [4, 5], metals [6] and polymers [7] using a multitude of
fabrication techniques. These fabrication techniques include stacking of two-
dimensional (2-D) layers [8], angled exposure [9], interference lithography [10], direct
write lithography [11] and self-assembly [12]. These techniques either suffer from lack
of spatial structural variability (angled exposure, interference lithography), dimensional
control of defects (self-assembly), or low throughput (stacking of 2-D layers, direct
write lithography), as well as limitations in tuning the properties of the final structures

as the processes are only suited to certain classes of materials.

Bottom-up fabrication approaches have a potential to create a spatially varied three-
dimensional (3-D) microstructure arrays in a single step if the growth, assembly, or
deposition rates of the structures can be controlled locally, both within individual
structures, and between different structures. Carbon nanotubes (CNTSs) are an attractive
system for this concept as CNTs have many unique properties, such as high stiffness,

electrical and thermal conductivities at low mass densities. CNTs can be grown to create



arrays of high aspect ratio vertically aligned CNT (VACNT) structures using only a
single lithography step that patterns the catalyst layer [13, 14]. However, the resulting
array is a simple extrusion of the catalyst patterns, with straight trajectories. Post
processing techniques using capillary forces have been developed to create variations
in the third dimension in the arrays of CNT microstructures [15], however, the resultant
shapes are limited by catalyst pattern design, capillary bridges between structures, or
between structure and substrate, and the array is limited in the volume fraction as the

structures shrink during forming.

1.2 Thesis scope

This dissertation presents a novel method to produce 3-D microarchitectures by
modifying vertically aligned growth of CNT microstructures, with tuning of the
mechanics via conformal coating to produce multifunctional mechanical
metamaterials. To achieve this goal, a novel catalyst stack to control the growth rates
of CNTs is developed and the CNT growth is characterized and modeled on this catalyst
stack. The tuning of mechanics is achieved using a conformal coating via atomic layer
deposition (ALD) of Al>Os. Then integration of the novel 3-D CNT microarchitectures
into multifunctional composite materials is demonstrated. Finally the outlook and

possibility of scaling down to nanoscale architectures is discussed.

The advances presented in this thesis can be categorized into three axes of pursuits
(Figure 1.1):

1. Architecture — The microarchitectures enabled by rate modulated growth of
CNT microstructures is demonstrated. A portfolio of characterizations of the
resulting CNT forests is presented. Then an analytical model and a 3-D finite
element methods (FEM) model are developed to predict the effect of process
parameters on the resulting microstructure geometry. Lastly, a possibility of

scaling down to nanoarchitecture regime is considered.

2. Mechanics — While preserving the architecture, the stiffness and deformation
behavior of CNT microstructures are tuned via a conformal coating of Al>O3

by ALD. Stiffness and deformation behavior characterizations are performed

2



on CNT microstructures reinforced with Al>Os and the mechanics tuning

achieved is related to the observed coated CNT morphology.

3. Multifunctionality — The 3-D CNT microarchitectures whose structures and

properties are demonstrated to be tunable are incorporated in multifunctional
materials. Two applications are presented; a simultaneously high stiffness and
damping composite materials for blast load dissipation, and a simultaneously
superhydrophobic and directionally wetting surface mimicking butterfly scales

for directed droplet rolling.

Multifunctionality

A Superhydrophobicity and
Directional Wetting

rowth

RERRERREE

Microarchitecture

Deformation Behavior

Architecture Mechanics

Figure 1.1 Three axes of pursuits presented in this dissertation: 1. Architecture, 2.
Mechanics, and 3. Multifunctionality.



1.3 Thesis outline

This dissertation is presented in the following organization:

Chapter 2 presents a background on material manipulation at the microscale. The state-
of-the-art techniques for fabricating microarchitectures are overviewed and classified
according to their principles. It presents a comparison of identified classes of
microfabrication methods and notes the currently available design space for
microarchitectures and emphasizes the need for a scalable complex 3-D

microarchitecture manufacturing technique.

Chapter 3 presents the strain-engineered 3-D CNT microarchitectures. A novel catalyst
stack is introduced to control the growth rate locally within microstructures and
globally across microstructures. A comprehensive characterization of the resulting CNT
forests on catalyst stacks and a library of complex microstructures fabricated are

presented.

Chapter 4 presents simulations of the strain-engineered growth of CNT
microarchitectures. A 2-D analytical model as well as a 3-D finite element method
(FEM) model are developed to understand the mechanical coupling of segments that
grow at different rates, and simulate the effects of process parameters on the resulting

microstructure geometry.

Chapter 5 presents a method for tuning the mechanics of CNT microstructures via
conformal coating method while preserving the shape of the microstructures. A large
range of stiffness tuning is achieved and the deformation behavior change from

buckling to brittle fracture is related to the thickness of the conformal coating.

Chapter 6 presents a demonstration of 3-D CNT microarchitecture application in
simultaneously high stiffness and damping composite material. A process for
integration of 3-D CNT microarchitectures into polymer embedded hard/soft phase
composite material is developed. The composite material is tested for stiffness and
damping capacity and compared to state-of-the-art materials on the stiffness-damping

map.



Chapter 7 presents a demonstration of 3-D CNT microarchitecture application in
simultaneously superhydrophobic and directionally wetting surface. The structural
similarity to actual butterfly scales is noted and the superhydrophobicity and directional
wetting is demonstrated by measuring the contact angle hysteresis.

Chapter 8 presents a summary of the contributions of this dissertation and outlook
toward future advances, hoping that impactful technological transition would occur that

harness the properties of the micro- and nanoarchitectured materials.



CHAPTER 2

ARCHITECTURE AT THE MICROSCALE

This chapter overviews the importance of precise manipulation of matter at small scales
for the purposes of building metamaterials, and defines the term ‘microarchitecture’.
Then principles of shaping operations are introduced and microfabrication methods are
classified according to their principles. Next, Carbon Nanotube (CNT) microstructure
growth by Chemical Vapor Deposition (CVD) as a microfabrication method is
described. Finally, a microstructure classification by their geometrical complexities is
introduced and traits of microfabrication classes are compared to highlight presently
available design space for microarchitectures and emphasize the need for a scalable

complex microarchitecture fabrication technique.

2.1 Background

2.1.1 Metamaterials

One of the advances that Nanotechnology has brought on is the development of
metamaterials. Metamaterials are artificially structured materials engineered to have
properties that are not found in nature. The idea of engineering the properties by careful
manipulation of structures was first introduced in the field of electromagnetic waves
[16-18], and later expanded to mechanical waves [19], demonstrating examples such as
phononic crystals [20-23], sonic crystals [24], thermal diodes [25], ultrasonic lenses
[26] and broadband acoustic cloaks [27]. The concept has further expanded and
generalized to include tuning of a wide range of properties by engineering the structure
of the materials [2], such as negative Poisson’s ratio (auxetic) materials [28],
superhydrophobic surfaces [29] and self-repairing slippery surfaces [30]. Recently, a

hybrid metamaterial operating in both optical and mechanical realm was reported [31].
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The key to the performance of metamaterials is their precisely defined structures
and hence their production requires material manipulation techniques that can create

the engineered structure with high precision.

These developments were enabled by a rapidly expanding portfolio of techniques
available to manipulate matters at very small scales. Processes are being developed to
manipulate wider range of materials, into larger range of feature sizes with more and
more precise control over the geometry and placement. From here the notion of
microarchitecture arises; in order to create metamaterials, one should not stop short at
building microstructures, but needs to architect the microscopic scenery with deliberate
design.

2.1.2 Microstructure, microarchitecture and surface

The definitions of the terms microstructure [2], microarchitecture [1] and surface [32]
are vague in literature, and the terms are often used broadly and sometimes
interchangeably. Therefore, it will be helpful to clearly define and distinguish these
terms, in order to eliminate confusion over terminology. The distinction between the
terms primarily lie in their relative scales. Let us examine a simple macroscopic
example. A building by itself can be referred to as a ‘structure’ (Figure 2.1a), whereas
a city which contains many buildings of various height, shape and sizes can be referred
to as an ‘architecture’ (Figure 2.1b). When we take another step back and look at an
even larger area, for instance an entire nation, the features of buildings and architectures
will look miniscule, and one might refer to a large area containing a multitude of

architectures and structures a ‘surface’ (Figure 2.1c) of the earth.

Architecture is the product and the practice of shaping a space with functional

considerations. This includes careful design and placement of structures as well as the

open areas. The key notion is that deliberate design and construction of structures (with
unified overall goal) make up architectures. The term ‘surface’ is used in the context of
much larger perspective compared to ‘structure’ and ‘architecture’, and refers to a

relatively very large area which contains many structures and architectures.



Figure 2.1 Proposed distinction between structure, architecture and surface: a) Trade
Tower in Seoul, Korea as an example ‘structure’, b) a panoramic view of Seoul,
Korea' as an example ‘architecture’, and c) a satellite view of Korea? as an example
‘surface’.

Inspired by this example, the definitions of ‘microstructure’, ‘microarchitecture’ and
‘surface’ are proposed as follows:

Microstructure — A microstructure is an individual structure with its dimensions in
the micrometer range.

Microarchitecture — A group of microstructures that are precisely defined and
placed relative to each other (usually to imbue collective functions/properties that
differ from simple sums of those of individual microstructures).

Surface — A very large area containing multitude of microarchitectures. The
collective properties of microarchitectures are preserved. Depending on the
homogeneity and placement of the microstructures and microarchitectures, the
surface property may vary spatially.

! Image adapted from: http://blog.daum.net/pillaree/30, Accessed in 2014
2 Image adapted from: Google Earth (2013) Version 7.1.2.2041, Accessed in 2014
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2.2 Architecting methods

2.2.1 Principles of shaping operations

Shaping is an act of realizing a deliberate distribution of materials in a given space.
There are two intuitive methods of shaping. One way is to start with a big block of the
material and remove unwanted parts (for example, a sculpture), and another way is to
start with nothing and pile up the material until the desired shape is achieved (for
example, a snowman). The former approach is called ‘Removal’ while the latter is

called ‘Addition’.

Further, there are more complex ways of achieving desired shape with a material, such
as starting with the desired material in a different shape, then moving the material
around until the desired shape is achieved (for example, glass blowing), and starting
with another material in the desired shape and changing the material into the desired
material (for example, pottery). The former method will be referred to as
‘Transformation’ and the latter as ‘Conversion’. These methods offer unique advantages
over the previously discussed methods, as Transformation reduces wasted material and
Conversion enables fabrication of structures consisting of materials that are hard to

shape otherwise.

Finally, perhaps the most counterintuitive method for shaping, is ‘Growth’. This
method relies on chemical/biological processes to create desired material from raw
materials. A ‘seed’ is needed to convert the raw materials and the target material is
added as it is being produced. The created material can be added in a preferential
direction, allowing opportunities for shaping. An example of this is shrubs or trees

planted in a perimeter to serve as walls when they grow.

Then, there are combinations of the aforementioned 5 methods. For instance, building
a pyramid involves first carving the stones into blocks (Removal) and then piling them
up to achieve desired height (Addition), then finally carving out the unwanted parts to
smooth out the outer surfaces (Removal). In pottery, the clay is first shaped
(Transformation), then fired to become ceramic (Conversion). Bonsai trees are potted
(Growth) and pruned (Removal) for aesthetic pleasure.



Figure 2.2 Example structures for each shaping principle: a) Moai sculptures (Removal),
b) a snow rabbit (Addition), c) glass pumpkins (Transformation), d) pottery
(Conversion), and e) hedges (Growth).
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2.2.2 Microfabrication methods

With the advent of nanotechnology, the desired structural size has gone down in scale
into nanometer and micrometer regime, and hence new shaping methods have been
developed to deal with these sizes; these are called microfabrication methods. However,
the principles behind these methods remain the same. Various microfabrication
techniques exist today, and hybridization of the principles is common to achieve
resolution and control needed to create microarchitectures of ever increasing

complexity.

A few example microfabrication techniques for each principle are listed and

representative architectures are shown in Figure 2.3.

Romoval — Angled reactive ion etching (RIE) has been used to remove material in
awoodpile pattern to create three-dimensional (3-D) photonic crystals out of silicon
[33]. Metal-assisted chemical etching (MACE) has been used to create angled
arrays of silicon nanowires [34].

Addition — Glancing angle deposition (GAD) has been used to deposit nanowires
that are vertical, angled, or helical [35]. Gold nanohelices were fabricated by
electroplating using a template created by direct laser writing (DLW) [36] and 3-D
nickel microlattices was produced by electroless nickel plating using a self-

propagating photopolymer waveguide (SPPW) [6].

Transformation — Directed mechanical deformation and elastocapillary
densification have been used to transform silicon nanowires [37], polymer
microstructures [38-40] and CNT microstructures [15, 41, 42]. Self-assembly [43,
44] has been used to organize nanoparticles in two-dimensional (2-D) [45] or 3-D

[46] configurations.

Conversion — Photolithography was used to create polymer structures with
negative poisson’s ratio [28], and interference lithography (IL) was used to create
3-D polymer networks [10]. More recently, a SPPW [47] and DRW [48, 49] were
used to create 3-D polymer microlattices. Pyrolysis (also known as carbonization)

of polymer structures [28, 50, 51] is another example conversion technique.

Growth — CNT growth has been performed on patterned catalyst layer to create
11



vertical arrays of CNT microstructures [14, 52]. Kinked silicon nanowires have
been grown using pulsed reactant introduction [53] and lead sulfide pine tree
nanowires using dislocation motion [54]. Silica based nanowires were grown using
gold catalyst [55].

Figure 2.3 Representative structures fabricated for each class of microfabrication
techniques: a) a 3-D photonic crystal fabricated by ‘Removal’ [33] (inset shows the
design of the material), b) a broadband circular polarizer fabricated by ‘Addition’ [36],
c) helically arranged polymer nanobristles by ‘Transformation’ [38], d) a 3-D auxetic
microlattice fabricated by ‘Conversion’ [49], and e) vertical array of CNT
microstructures fabricated by ‘Growth’ [14]. Images are adapted from each reference.

Complex hybrid processes were also developed such as layer-by-layer stacking [4, 5, 7,
56] (Removal and Addition), replica molding [57, 58] (Transformation and
Conversion), and nanoimprint lithography [59, 60] (Transformation, Conversion and
Removal).
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2.3 CNT growth as a microfabrication method

2.3.1 Structure and exceptional properties of CNTs

Since their discovery in the early 90’s [61], CNTs have been studied extensively for
their unique and exceptional properties. CNTs are hollow, tubular molecules composed
of carbon atoms entirely. They are, in essence, seamlessly rolled up graphene sheets.
CNTs can be classified by the number of concentric walls in their structure; a CNT with
one wall is called a single-walled CNT (SWNT), one with two walls is called a double-
walled CNT (DWNT), and one with more than two walls is called a multi-walled CNT
(MWNT). Their diameters can vary from just a few angstroms [62-64] to a few hundred
nanometers [65], and their lengths can reach up to tens of centimeters [66] in the case
of horizontally aligned CNTs (HACNTSs) and several millimeters in the case of
vertically aligned CNTs (VACNTSs) [67]. Owing to their one-dimensional (1-D)
structure, their properties are highly anisotropic.

Carbon atoms in CNTs are bonded by sp? hybridized bonds. The dissociation energy of
the carbon-carbon bond is quite large, leading to exceptional mechanical properties.
CNTs have outstanding elastic modulus, experimentally measured to be as high as 4
TPa [68] and predicted to be even higher [69-71], as well as tensile strength,
experimentally measured to be as high as 150 GPa [72] and predicted to be higher [73],
in the axial direction. In the radial direction, CNTs are soft, succumbing to even Van
der Waal’s forces [74]. Indeed, the elastic modulus of CNTs in the radial direction is
limited to several hundreds of GPa and are typically on the order of tens of GPa [75-
77]. The anisotropy appears in their thermal properties as well. Thermal conductivity
of CNTs can be up to 3500 W/mk [78] in the axial direction but only 1.52 W/mk in the
radial direction [79]. Electrical properties of CNTs are even more dependent on their
structure. CNTs can exhibit metallic (conducting), insulating, or semiconducting
behavior depending on their chirality, which is the orientation of the hexagonal
graphene lattice in the tube. More convolution is introduced by sharp curvature at
smaller diameters; semiconducting CNTs can become metallic, and metallic CNTs can
become semiconducting [80-88]. When they do conduct, CNTs are good electrical

conductors, with current carrying capacity of up to 4 x 10° A/cm? [89] and some
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evidence of superconductivity [90-92]. Optically, CNTs are very good absorbers [93,
94], and high quality and defect free CNT surfaces can be used as almost frictionless
surface, and is chemically very inert. Defects can be intentionally introduced to
functionalize the CNTs with various dopants and chemicals to imbue desired properties

[95], such as improved solvation [96], purity [97], and electronic structures [98, 99].

2.3.2 CNT growth process

Recent advances in high density CNT growth methods via CVD have enabled growth
of VACNTSs [13] (Tall VACNTSs that span a large area are called ‘CNT forests”).
Transition metals (for example, nickel [100], iron [101], cobalt and molybdenum [102])
and their alloys are often used as catalysts. In conjunction with lithographic techniques
that define catalyst outlines, deliberately defined 3-D VACNT microstructures can be
grown [14, 52]. The basic process used in this thesis to grow CNT microstructures is

outlined below.

CNT growth catalyst material used in this thesis is a thin film of iron (1 nm), with Al,O3
support layer (10 nm). The substrate is (100) silicon wafer with a 3000 A of thermally
grown SiO> layer. The catalyst pattern is defined by photolithography, and Al.O3 layer
followed by iron layer is deposited by electron beam evaporation or sputtering. Once
the thin film depositions is complete, the wafer is diced to an appropriate size, and lift
off is performed by agitation in sonic bath in acetone. Two consecutive sonic agitations
is performed with fresh acetone each time, and the wafer pieces are rinsed in
isopropanol twice and then blow dried using dry air in a fume hood. This prepares the
wafer pieces for CNT growth, which happens in a CVD furnace system via thermal
CVD (Figure 2.4).
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Figure 2.4 Hot-walled quartz tube CVD furnace system used to grow CNTs. a)
Schematic representation of the system. Mass flow controllers are used to control the
flow rates of the gasses that flow through a quartz tube in the heated zone of the furnace
then to the exhaust bubbler. The mass flow controllers and temperature controller on
the furnace is controlled synchronously by a computer. b) A digital photograph of the
CVD furnace system showing the quartz tube sealed with end caps and a silicon boat
that holds the CNT catalyst wafer pieces during the CVD procedure. Insets show the
arrangement of the CNT catalyst wafer pieces on the boat before and after the growth

procedure. Images are adapted from [58].
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The CVD furnace system consists of Mass Flow Controllers (MFCs) that control the
flow rate of gasses used in the reaction, a heated coil furnace (Lindberg Blue M Mini-
Mite tube furnace from Thermo Fisher Scientific, Inc.), a quartz tube (outer diameter
(0.D.) = 25mm, inner diameter (I.D.) = 22mm) with two end caps and an exhaust
bubbler filled with mineral oil. The reaction gasses used are hydrogen (Hz), helium (He),
helium with 100 parts per million (PPM) water vapor (He-H20), and ethylene (C2H4)

as the carbon source.

Before each CNT growth run, the quartz tube is baked at 875°C for 20 minutes while
flowing air through, to remove any carbonaceous deposits that may have occurred
during the previous run. The CNT catalyst wafer pieces that have gone through lift off
procedure and rinsed are placed on a silicon boat, then the boat is moved into the quartz
tube. Two end caps seal either side of the quartz tube to prevent leakage of reaction
gasses into the ambient or ambient air into the reaction environment. The MFCs and
the furnace are both controlled by a computer synchronously. Once the growth run is
started, the growth gasses flow into the quartz tube according to a pre-programmed
recipe and the CNT synthesis occurs on the catalyst wafer pieces sitting on the boat
inside the quartz tube. The temporal profiles of temperature and flow rates of reaction
gasses are shown in Figure 2.5 below. The temperature during the growth step is 775°C.
After the cool down step, once the furnace temperature drops below 200°C, the catalyst

wafer pieces are retrieved.

The resulting CNT microstructures are made of VACNTSs and their shape is a vertical
extrusion of the catalyst pattern defined by photolithography (Figure 2.6). Their heights
will depend on the growth step duration and their typical growth rate is 50-100 um/min.
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Figure 2.5 A typical CNT growth recipe used with CVD furnace system. Note that the
CNT growth step can have variable duration depending on the desired CNT heights.
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Figure 2.6 Typical CNT microstructures fabricated using the CVD furnace system.

2.4 Comparison of microfabrication techniques

A microarchitecture is a deliberately designed collection of microstructures for
functional considerations, hence the fabrication techniques of microstructures is used
to fabricate microarchitectures. However, there is an added requirement of relative
design and placement of multiple homogeneous or heterogeneous microstructures for
microarchitectures. This may render simple scaling up via serial or parallel processing
unsuitable or uneconomical, and there are opportunities for entirely novel concepts to

create/define a microarchitecture in one processing step.

Each microfabrication technique has different traits. In view of versatility, ability to
create more geometrically complex structures is desirable. Throughput of the technique
is also an important attribute to be economical. To design a microarchitecture,
techniques that can achieve a large range of properties as well as large range of structure
sizes will be preferred. In the following subsections, the microfabrication classes will
be compared for their throughput, structural complexity, range of properties (Elastic
modulus is used as a representative property) and structural dimensions achieved. For
the purpose of comparison, CNT growth is used as a representative technique in the
18



‘Growth’ class, and ‘Transformation’ will be presented in the form of post processing

that builds on other processes.

2.4.1 Complexity of microstructure geometry

Microstructures can have varying degree of geometrical complexities. For instance,
straight pillars are less complex than curved pillars, which are in turn less complex than
helices. Geometrically more complex structures are favorable, since it signifies the
ability to control the properties/functions in more dimensions and more complex
structures are often essential to building metamaterials. In this thesis, the geometry of
microstructures will be classified into the following 3 categories of increasing

complexity:

1. Straight — The trajectory of the microstructure is linear. Microstructures with
vertical geometries from the substrate as well as inclined geometries fall under

this category.

2. In-plane — The trajectory of the microstructure is described by a non-straight
line. There exists a plane in which the line lies completely on. Simple curved
and zigzag structures fall under this category.

3. Out-of-plane — The trajectory of the microstructures is described by a non-
straight line. There does not exist a plane in which the line lies completely on.
Helical structures as well as structures that have multi-directional curvatures

fall under this category.

Example structures belonging in these categories are shown below in Figure 2.4.
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Figure 2.7 Complexity of microstructure geometries: a) straight b) in-plane, and c) out-
of-plane.

2.4.2 Throughput and structural complexity

For each class of microfabrication techniques, a typical fabrication throughput is
calculated in terms of volume per time and plotted against achievable microstructure
complexity (Figure 2.8). CNT growth can produce straight structures at high throughput,
and can be extended to produce structures with in-plane geometry via post processing.
‘Conversion’ techniques have similar traits, and has added possibility of achieving
microstructures with out-of-plane geometries, albeit at a very low throughput.
‘Addition’ techniques can produce microstructures with out-of-plane geometries but are
limited to medium throughput. ‘Removal’ techniques are limited to straight geometries
and medium throughput. Currently no fabrication technique can achieve out-of-plane

microstructure geometries at high throughput.
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Figure 2.8 An order of magnitude comparison of throughput and microstructure
complexity achieved by each class of microfabrication techniques.

2.4.3 Elastic modulus and structural dimension

The range of elastic modulus of resulting microstructures is plotted against the range of
feature sizes achieved with each class of microfabrication techniques (Figure 2.9).
Horizontal lines indicate material specific processing, where only the microstructure
sizes can be varied. CNT growth is limited to larger microstructure sizes and lower
elastic modulus. ‘Conversion’ can achieve microstructures with sizes down to 10s of
nanometers, but are limited to mid-range elastic modulus. Other ‘Conversion’
techniques can convert the polymer into amorphous carbon to increase the elastic
modulus slightly. ‘Addition’ and ‘Removal’ techniques can achieve higher elastic
modulus, but share the limitation of material specific processing. If other values of
elastic modulus are desired, the material needs to be changed and compatible processes
need to be developed. CNT microstructures have the flexibility of being able to achieve
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a range of elastic modulus albeit on the lower side. This stems from the fact that CNT

microstructures consist of collection of VACNTs and behave like foams [103] whose

properties depend on morphological characteristics such as diameter and alignment

[104-107]. ‘Transformation’ techniques can be utilized to reduce the structure size and

increase the elastic modulus slightly. Currently, a continuous tuning of elastic modulus

at higher ranges is unavailable as well as at lower ranges with structure dimensions in

the sub-micrometer range.
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Figure 2.9 An order of magnitude comparison of elastic modulus and structure sizes

achieved by each class of microfabrication techniques.
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CHAPTER 3
STRAIN-ENGINEERED GROWTH OF

CNT MICROARCHITECTURES

Significant portions of this chapter with additional editing are published in: De Volder
M.*, Park S.J.* (*equal contributions), Tawfick S.H. & Hart A.J., Strain-Engineered
Manufacturing of Freeform Carbon Nanotube Microstructures. Nature

Communications, 2014; 5.

This chapter describes a novel method to fabricate geometrically complex three-
dimensional (3-D) microstructures using carbon nanotube (CNT) growth by
engineering the growth rates of the microstructures. First, modulation of CNT growth
rate by engineered catalyst stack is presented. Then a comprehensive characterization
of CNTs grown on the engineered catalyst stack is presented. Then, a strain-engineering
concept to produce unidirectionally deflected CNT microstructures is demonstrated.
Finally, a collection of microarchitectures comprising of complex 3-D structures as
small in dimensions as 5 um in large arrays spanning more than 100 by 100 structures

that are enabled by the developed method is showcased.

3.1 Modulation of CNT growth rates via engineered catalyst film stack

Strain mismatch in thin film stacks has been exploited in semiconductor industry to
tune the electrical properties of the films [108], to deflect microcantilevers [109-111]
for applications in micro-electromechanical systems (MEMS) and even to perform
microscale origami using induced plastic strains [112]. A strain mismatch can be

applied to CNT microstructures as they grow (in the direction normal to the substrate)
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via modulation of local CNT growth rate [113] spatially within the bounds of the
patterned catalyst. This enables the growth of closely packed heterogeneous complex

microstructure arrays.

It was first observed that the density and growth rate of CNT forests can vary depending
on the material beneath the catalyst support layer (Al.Oz in Fe/Al>O3 catalyst stack).
Introduction of TiN film under the catalyst stack retards the CNT growth rate, as shown
in Figure 3.1. Patterning of the CNT growth catalyst (Fe/Al.O3) on a TiN “checkerboard”
followed by a standard CNT growth run (described in Section 2.3.2) results in a “bi-
level” CNT microstructure array. The catalyst patterns directly on SiO> grow CNTs to
~100 pum (in < 2 minutes), whereas the patterns on TiN (upon SiO2) grow CNTSs to 50
pm in the same time span (Figure 3.1a). In Figure 3.1b, “tri-level” CNT forests are
grown by arranging patches of catalyst on SiO2, 70 nm TiN, and 140 nm TiN. This
principle could be extended to an arbitrary number of levels or even continuous height
gradients via additional lithography and underlayer deposition steps that modulate the

growth rate via catalyst/underlayer interactions.
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Figure 3.1 Schematic representation of multi-height CNT microstructure growth by
introduction of growth retardant layers. a) Introduction of growth modulating TiN layer
for dual height-scale microstructures b) Extension of the concept to triple height-scale

structures.
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3.2 Growth characteristics of CNT forests on Fe/Al,O; and

Fe/Al,O3/TIN

In order to controllably fabricate complex CNT microstructures using this technique,
characteristics of the resulting material need to be known. CNT growth process is a
complex chemical reaction and the conditions used in the process can alter their
properties drastically. Therefore a matrix of growth conditions was explored and the
resulting CNT forest materials were characterized for their growth rate, growth kinetics,
density, alignment, quality, catalyst particle morphology and elastic modulus (in

compression). The growth conditions were varied as shown in Table 3.1.

Table 3.1 A list of parameters varied for growth and subsequent characterization of
CNT microstructures grown on the engineered catalyst stack.

Reaction parameters Parameter values used
CNT growth temperature (°C) 755, 770, 785, 800
CNT catalyst annealing time (min) | 10, 30

TiN underlayer thickness (nm) 0,50,100

CNT growth temperature affects the breakdown of the carbon source gas in the reactor
and the intrinsic growth kinetics of CNTs at the catalyst, CNT catalyst annealing time
affects the catalyst morphology, and TiN underlayer thickness will affect the CNT
growth rate. The growth temperatures were chosen to represent a typical range of
temperatures used in CVD synthesis of CNTs. The growth step duration used for all

experiments was 5 minutes and the substrate dimensions were 5 mm by 5 mm.

3.2.1 Growth rate and kinetics

First, the heights of the samples were characterized by optical microscopy (Zeiss Axio
Imager Z1m) using a dark field filter. The CNT forest is placed on the microscope stage
and the stage is translated in z-direction until the top of the CNT forest is in focus. The
z position is noted, and the microscope stage is translated until the substrate is in focus.
The z position is noted again, and the difference between the z positions of the top of
CNT forest and the substrate is used as the height of CNT forests.
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CNT forests are ideally very uniform, with flat top surface (Figure 3.2a), however in
reality, due to spatially varying chemical potential [114], the CNT forest top surface can
either be convex (Figure 3.2b) or concave (Figure 3.2c). In order to provide a better
understanding of the CNT forest morphology, the height was measured at 9 different
locations. The average of 9 measurements is considered to be the representative height
of the CNT forest. The locations at which the height measurements were performed is
shown in Figure 3.2d.
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Figure 3.2 Schematic representation of possible CNT forest top surface morphologies.
Top surface of CNT forests can be: a) ideally uniform, b) convex, or ¢) concave. d)
Optical height characterizations are done at multiple locations to better map the top
surface curvature,
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The heights of CNT forests produced after 5 minutes of growth step are shown in Figure
3.3. At low temperatures, CNTs grow slower and as the temperature is increased, the
CNT forests grow faster and faster, until at a threshold temperature, the growth rate
peaks and beyond that the CNT growth rate becomes slower. The growth rate decrease
at higher temperatures may be due to excessive gas decomposition and/or the catalyst
deactivation [67]. For Fe/Al>0s/SiO- the peak does not appear within the temperature
ranges tested, whereas for those on TiN the peak temperature is around 785 °C.

300+

200

755 770 785 800
Growth Temperature (°C)

—=— 10 min anneal - Catalyst on SiO,

—=— 10 min anneal - Catalyst on 50nm TiN
—=— 10 min anneal - Catalyst on 100nm TiN
- -e- - 30 min anneal - Catalyst on SiO,

- -e- - 30 min anneal - Catalyst on 50nm TiN
- -e- - 30 min anneal - Catalyst on 100nm TiN

Figure 3.3 Heights of CNT forests on engineered catalyst stacks.

Anotable trend is that the CNT growth rates is negatively correlated to TiN underlayer
thickness, ranging from tallest CNTs when there is no TiN underlayer to shortest CNTs
when the TiN thickness is 100 nm, across the entire growth temperature range tested.
Comparing results from 10 minute annealing and 30 minute annealing, longer catalyst
annealing time reduces the CNT growth rate at all growth temperatures and TiN

underlayer thicknesses by 9-30 %.
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Calibrating the relative growth rates of CNTs on Fe/Al,Os and Fe/AlO3/TiN will
enable design of multi-height structures with precisely tuned heights. CNT growth rates

normalized to CNTs on Fe/Al>O3 are presented in Figure 3.4. Relative growth rate of

CNTs on Fe/Al,O3/TiN decreases as growth temperature increases, regardless of TiN

underlayer thickness or the catalyst annealing time. CNTs grown on thicker TiN

underlayers are consistently shorter than those grown on thinner TiN underlayer.
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Figure 3.4 Normalized CNT growth rates on Fe/Al>O3/TiN relative to those on Fe/Al2Os:
a) 10 minute annealing time, and b) 30minute annealing time.

Then the uniformity of the CNT forest growth was characterized by comparing the

variations between the 9 height measurements for each forest as a fraction of the
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average height. The uniformities of the forests were assessed by calculating coefficient

of variation (Cy) by the following formula:

c, = (1)

where gy, isthe standard deviationand g, is the mean of height measurements. When
the coefficient of variation is less than 0.05, the CNT forest is classified to be ‘uniform’.
When CNT forests are not uniform, the morphology can be determined by quantifying

center elevation (Ce), by the following formula:

Ce = hcenter - ."lh,corners (2)

where hceneer IS the height measurement at the center and iy corners 1S the mean of
the corner heights. The sign of this term determines if the center is raised or recessed
compared to the corners. When the sign is positive, the center is raised compared to the
corners, hence the top surface is convex, and when it is negative, the top is concave.

The Cy values are plotted in Figure 3.5.

At the minimum and maximum of CNT growth temperatures, the resulting CNT forests
have non-uniform top surfaces; at lower end, the top is concave, at higher end the top
is convex. In the mid-range temperatures CNT microstructures are uniform. For forests
grown at 770°C and below, the Cy values are lower as TiN underlayer thickness
increases, and longer catalyst anneal time generally increases Cy value. Forests grown
at 785°C and above show the exact opposite trend; Cy is lower for thicker TiN
underlayers, and for shorter catalyst anneal times. In summary, transition of uniformity
trend happens between 770°C and 785°C and longer anneal time increases the non-

uniformity.

Finally, temporal evolution of relative growth rates and morphology is characterized by

a series of growths with constant reaction conditions and varying growth times. CNT
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growth at 800°C with 10 minute of catalyst annealing was chosen as this condition has
largest relative growth difference. The temporal CNT forest height and relative growth
rates at this growth condition is shown in Figures 3.6a and b with error bars showing 1
standard deviation of 9 measurements outlined in Figure 3.2a. The height evolution of
CNT forests observed in this study is consistent with a previous study on growth height
Kinetics [115].
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Figure 3.5 Top surface morphology of CNTs grown on SiO2 and TiN.

The growth of CNT forests terminates after 10 minutes at this condition, beyond this
time the CNT forest heights do not increase. The heights of CNT forests from 10 minute
growth run is slightly taller than those produced from to 15 minutes, reflecting the fact
that the run to run variations still exist. The growth rates of CNTs on TiN trail off faster
than that on SiO., hence the relative growth rates evolve temporally, decreasing as the

growth time is extended.
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Finally, the CNT forest uniformity evolution is considered. Figure 3.7 summarizes the
Cv values for this time series. The forests are mostly convex and the Cy values do not

correspond to the growth times.
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Figure 3.6 Temporal height evolution of CNT forest grown at 800°C with 10 minute of
catalyst annealing: a) absolute height measurements, and b) relative growth rate.
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Figure 3.7 Coefficient of variation for CNT forests grown at 800°C with 10 minute of
catalyst annealing.

3.2.2 CNT mass density and alignment

The mass of the CNT forests were measured using a microbalance. Both the areal
density (Figure 3.8a) and the volumetric density (Figure 3.8b) were calculated. The
areal density can be related to the efficiency of the reaction, showing how much carbon
has been turned into CNTs per unit catalyst area. The areal density of CNT forests
decreases slightly over the growth temperature range tested with slight decrease in the
mid-range; 770°C and 785°C. Longer annealing time generally decreases the density
of the resulting forests, and causes the areal density in the 770-785°C range to be lower
than at 800°C. The areal density is higher for CNT forests grown on TiN underlayer

than those on SiO».

The volumetric density relates the areal density to the height of the CNT forests, and
consequently relates to the alignment of CNTs within a forest assuming all other factors
remain the same. In reality, the different catalyst stacks are expected to produce CNTs
with varying diameters, hence the relationship may not be as straight forward. The
volumetric density is the highest at 755°C and decrease as the temperature is increased,

and hits the minimum at 785°C and increases again at 800°C. Again, longer anneal time
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generally increases the volumetric density variation, leading to higher densities at
755°C and 800°C and but lower densities in the mid-range. The CNTs grown from
catalyst stack on SiO; have lower volumetric density than those grown on TiN,
suggesting that the CNTSs are more aligned in absence of TiN underlayer.
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Figure 3.8 CNT forest mass density: a) areal density, and b) volumetric density.
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Small angle X-ray scattering (SAXS) was used to further investigate the CNT forest
morphology [116, 117]. The experimental setup is shown in Figure 3.9. For this
experiment, CNTs were grown for 10 minutes on SiO, and on 40 nm, and 80 nm TiN
layers at 775°C; these samples reached lengths of 800, 500, and 400 pum respectively.
The scattered X-ray intensities were fitted to a mathematical form factor model for
hollow cylinders [115] to calculate the Herman’s orientation parameter, which is a
measure of alignment. The Herman’s orientation parameter increases from the top of
the forest (the initial growth), then reaches a maximum, and then decreases toward the
bottom of the forest (Figure 3.10). This trend is typically observed for CNT forests
grown by CVD, and has been attributed to density variation due to collective activation

and deactivation of the growing CNT population [116].
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Figure 3.9 SAXS measurement setup. (Figure adapted from [116])
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Figure 3.10 Herman’s orientation parameter measured by SAXS.
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However, SAXS is time consuming and requires an X-ray synchrotron source, therefore
an alternate method for characterizing the Herman’s orientation parameter using a high
resolution scanning electron microscopy (SEM) imaging was used [118]. The SEM
images were taken at the middle of the forests to represent the entire sample. The SEM
images were first passed through a threshold to highlight CNTs from the background
(Figure 3.11a and b), then analyzed by taking a fast Fourier transform (FFT) of the
image (Figure 3.11c) and integrating the magnitude in the azimuthal direction for
frequencies corresponding to 100-200 nm physical spacing (Figure 3.11d). These
values were relevant as the previous calculations of CNT areal density with SAXS
determined average spacing between the CNTs to be in this range [116]. The angle
range from axis perpendicular to CNT axis to 90 degrees clockwise was used for
integration. The image processing technique was compared to SAXS using the same

samples, and were found to produce comparable values (crosses in Figure 3.10).
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Figure 3.11 Herman’s orientation parameter calculation by FFT of high resolution SEM
images. a) Original SEM image, b) CNTs highlighted by applying a threshold, c¢) FFT
of the image with CNTs highlighted, d) Integration of the data for Herman’s orientation
parameter calculations.
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From the integrated magnitude intensity over angle, Herman’s orientation parameter (H)

is calculated using the following formulae.

1
H= 2 (3(cos0) — 1) (3)

and

fom(l (@) sin® cos*@)d® (4)
[™2(1(0) sin® )do

0

(cos?*Q) =

where @ isthe angle from the CNT axis and | is the azimuthal integration of magnitude
phase of the transformed image. The Herman’s orientation parameter of the CNT forests

calculated by image processing is shown in Figure 3.12 below.
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Figure 3.12 Herman’s orientation parameter of CNT forests calculated by FFT of high
resolution SEM images.
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Herman’s orientation parameter generally decreases as the growth temperature is
increased, although at 800°C it increases slightly. Thicker TiN underlayers generally
produced worse alignment in CNT forests. The correlation between density and
Herman’s orientation parameter is shown in Figure 3.13. It is shown that thicker TiN

underlayer reduces the slope of the linear correlation between density and alignment.
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Figure 3.13 Correlation between Herman’s orientation parameter and density of CNT
forests.

CNT forests grown from Fe/AlO3/TiN layer have lower slope on density-alignment
(i.e. the density increases without much increase in alignment) map than those grown
on Fe/Al>Os3 and thicker TiN layer causes this slope to be further reduced suggesting
that the TiN underlayer causes CNT diameters to be smaller [118]. High resolution SEM
images show that CNTs are prone to bundling, and growing in a wave-like
arrangements. CNTs with smaller diameter have lower bending stiffness and hence are
more likely to bend and curve within the CNTs forests during growth which causes

complicated mechanical coupling of neighboring CNTs, leading to lower alignment at
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a given number density. Characterization of CNT diameters on Fe/Al.O3 and
Fe/Al,O3/TiN are presented in section 3.2.4.

3.2.3 CNT quality

CNTs can have various structural imperfections, such as atomic vacancy and rotated
bond called stone-wale defect [119]. The defect density can be used to quantify the
quality of CNTSs, and can be derived from the Raman spectra of the CNT samples [120-
122]. The relative peak intensities of the G band (characteristic of sp? hybridized
carbon-carbon bond) to the D band (arising from amorphous carbon and structural
defects in CNTSs) is used as a measure of CNT quality. CNTs with higher quality will
have better structural integrity, leading to more idealized properties such as higher
stiffness, strength, electrical and thermal conductivities [123] whereas those with lower
quality can be used to exploit the defects for functionalization or nucleation [124]. An

example Raman spectrum of a CNT forest is shown below in Figure 3.14.
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Figure 3.14 An example Raman spectrum of a CNT forest.

The G/D ratio of measured (Dimension P2, Lambda Solutions, A = 533 nm) from the
top of CNT forests are plotted in Figure 3.15. Increasing the TiN underlayer thickness
negatively impacts the G/D ratio, as do longer annealing times. This effect is more
pronounced at lower growth temperatures, and at higher growth temperatures, the G/D
ratio is similar across all forests. The general trend is that higher temperature increases
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the G/D ratio which is consistent with higher growth temperature leading to higher G/D
ratios on single-walled CNTs (SWNT) [125]. This is due to higher temperatures
favoring thermally activated processes such as carbon source gas decomposition and
surface diffusion. The difference between 10 minute annealed and 30 minute annealed
samples, can be attributed to differences in the catalyst particle sizes. The catalyst
particles are expected to be larger for samples annealed for longer times [126], which

will lead to larger activation energy to grow CNTSs.
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Figure 3.15 CNT quality indicated by G/D ratio measured by Raman spectroscopy.

3.2.4 CNT diameter and catalyst particle morphology

It has been demonstrated in the previous sections that the CNTs grown on different
engineered catalyst stacks may have different diameters and catalyst particle heights.
Hence the CNT diameters are indirectly measured by using the correlation with catalyst
particle height to CNT diameters [126-128].
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The catalyst film stack is annealed before CNT growth occurs. This de-wets the iron
film into iron nanoparticles that are the right size to facilitate CNT growth. The catalyst
morphology is an important factor for CNT growth. The CNT growth rate is closely
tied to the catalyst morphology [129-131]. Therefore it can be suspected that the
difference in the growth rate of the CNTs on SiO2 and TiN is due to the morphology of
catalysts after annealing. The catalyst morphology will also affect various other

characteristics such as the diameter, density and alignment of the CNTs [67, 132, 133].

SAXS was used to measure the CNT diameters in the forests grown with 0, 40 and 80
nm TiN underlayer at 775°C (Figure 3.16). The CNT diameter is smaller for increasing
TiN underlayer thickness. Specifically, CNTs on SiO: have initial average diameter of
9.5 nm, while CNTs on TiN are approximately 8 nm in diameter. These measurements
further support the AFM data, which showed that the catalyst particles on TiN layers
are smaller than those on SiO. The decrease in diameter with growth time has been
attributed to diffusion of the catalyst into the Al,O3 catalyst support layer [116, 134].
These results show that the CNT diameter and spacing can be related to catalyst particle

size and spacing.
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Figure 3.16 SAXS measurement of CNT diameter.

Atomic force microscopy (AFM) shows that TiN film has a small root mean square
(RMS) roughness, on the order of a few nanometers, and the catalyst stack deposited
on them follow similar morphology (Figure 3.17)
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Figure 3.17 Morphology of as-deposited TiN films and catalyst stacks on TiN films.

Once annealed, the TiN film becomes much rougher, with roughness values as high as
10 nm (Figure 3.18a). Notably, the annealed 80nm TiN film forms mounds that are tens
of nanometers high and hundreds of nanometers wide (Figure 3.18b). The catalyst stack
deposited on the TiN films suppressed this effect, but smaller mounds are still present

after annealing as shown in Figure 3.18c.

The catalyst particle height and spacing for the samples are plotted in Figure 3.19. The
catalyst particles show decreasing trend when TiN layer thickness is increased (from
7.5 nm for SiO2 to 5.2 nm for 80 nm TiN), confirming a correlation with SAXS diameter

measurements. The catalyst spacing stays comparable around 18 nm.

Catalyst morphology characterization was performed on the catalyst stack used to
produce the CNT forests in the parametric study. The catalyst stacks were annealing
using identical recipe sans growth step, and AFM measurements were performed. The
AFM images were analyzed for catalyst particle diameter (Figure 3.20a) and spacing
(Figure 3.20b).
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Figure 3.18 Morphology of annealed TiN films and catalyst stacks on TiN film. a) AFM
image of TiN films/catalyst stacks on TiN films upon annealing b) Height profile of
TiN film after annealing c) Height profile of catalyst stack on TiN film after annealing.
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Figure 3.20 AFM characterization of annealed CNT catalyst stack morphology: a)
catalyst particle height, and b) catalyst particle spacing.

The catalyst particle diameter shows an increasing trend over the range of temperatures
tested, increasing at longer annealing times and higher growth temperature. Longer
annealing times and thicker TiN underlayer thickness reduce the catalyst particle
heights on average. The catalyst particle spacing decreases slightly as the growth
temperature goes up for shorter annealing times, For longer annealing time, the spacing
remains mostly constant over the range of growth temperatures tested. Again,

increasing annealing time and TiN layer thickness lead to smaller spacing.
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3.2.5 Elastic modulus

The CNT forests produced in the parametric study has been subjected to compression
tests to measure their elastic moduli. A dynamic mechanical analyzer (DMA, TA
Instruments Q800) was used to perform the tests. The samples were loaded to 18N in a
force controlled compression, at a strain rate less than 0.001/s to avoid effects of high-
strain rate on the results. The sample was compressed to 0.01N before the test was
performed, to reduce the effect of curved top surface of the samples. Since CNT forests
behave like foams [103], the initial loading and unloading slopes of the stress-strain
curves were used to calculate the elastic moduli (Figure 3.21). The elastic modulus of

all samples tested are shown in Figure 3.22.
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Figure 3.21 An example stress-strain curve for compression tests of CNT forests with
initial loading and unloading slopes used for elastic modulus calculations.

CNT forests have very complex internal morphology, with varying CNT diameter,
density and alignment through their heights [116, 135], and toward the base, the density
and alignment are the worst leading to lower stiffness than the rest of the CNT forest.
Since the compression of the whole forest will cause the most compliant parts to
compress first, it is not surprising that the initial response to the applied load does not
show elastic modulus that is in line with those of CNT microstructures that are much
shorter [136]. In fact, the elastic moduli measured are on the order of a few MPa which
is consistent with previous studies on indentation of taller CNT forests [104, 137-139].

This leads to implications that for applications requiring high elastic modulus, shorter
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CNT microstructure are desirable.
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Figure 3.22 Elastic moduli of CNT forests: a) modulus calculated from the initial
loading slope, and b) modulus calculated from initial unloading slope.

The elastic moduli measured from the initial loading slope show a decreasing trend as
the growth temperature increases, and there is no clear trend regarding temperature or
the catalyst stack configuration. The elastic moduli measured from the initial unloading

slope decrease as the TiN layer thickness increases and as annealing time increases.
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This supports the CNT diameter characterization results as TiN layers cause CNT
diameters to be smaller, while the volumetric density remains similar. The differences
caused by annealing times can be attributed to the fact that the longer annealing times

decrease the volumetric density on average.

Considering CNT forests as foams, the elastic modulus calculated from the initial
loading slope should scale as a function of density squared. Indeed, the data follows the
general trend when plotted on log-log scale (Figure 3.23). The data does not fall exactly
on the trend described by foam mechanics, signifying that the compression mechanics
of each CNT forests may vary which is a reasonable assumption since the CNT
diameters and alignment are generally different across the CNT forests grown in the
parametric study. Other geometrical parameters, such as initial contact area of flat
compression grip to the curved top surface of the CNT forests (as shown in Figure 3.5)

would have contributed to the scatter of the data as well.
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Figure 3.23 Elastic modulus-density map of CNT forests.

47



3.2.6 Summary of trends

The effects of varying TiN thickness, growth temperature and anneal time on the

resulting CNT forests are summarized in table 3.2 below.

Table 3.2 Summary of effect of parameters on the resulting CNT forest properties. 1 =
increases, | = decreases, - = no clear trend. *Elastic modulus is more strongly correlated
to the density of the CNT forests.

List of parameters 1 TiN thickness | 1 Growth Temp. 1 Anneal Time
Growth Rate ! 1 (then | for !
Fe/Al203/TiN)
Relative Growth Rate ! ! !
Uniformity ! 1 then | !
Areal Density - ! !
\olumetric Density - ! !
CNT alignment ! ! !
G/D ratio ! 1 (| then 1 for !
Fe/Al>,O3)
Catalyst Particle Height | | 1 -
Catalyst Particle Spacing | | - !
Elastic Modulus* from | - | slightly -
loading slope
Elastic Modulus from | | - !
unloading slope

Using the trends found in this parametric study, the CNT microstructures grown from
catalyst on SiO2 and TiN can be chosen to show a specific trait. The ability to tune the
height, quality and density of the resulting CNT microstructures via engineering the
catalyst stack will enable usage of these structures in applications requiring specific
material properties. Moreover, only one ‘growth’ step is required to produce the
microstructures with tunable multiple height scales, which will enable new devices and
material structures exploiting architectures that were impossible/uneconomical to

produce in the past.
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3.3 CNT microstructures with complex trajectories

3.3.1 Growth of curved CNT microstructures by growth rate modulation

Next, curved CNT microstructure growth was achieved on compound
catalyst/underlayer patterns using the growth rate modulation principles. If a
continuous microscale catalyst pattern is placed partially on SiO2 and partially on TiN,
the differential growth rates induce stress within the CNT microstructure as it grows.
For example, as shown in Fig. 3.24a and 3.24b, a CNT microstructure grown from a
square catalyst pattern with half of its area on the TiN layer bends toward the side which
is upon TiN, due to the difference in growth rate of the coupled halves of the structure.
The stress is transferred between contacting CNTs at the boundary region via
mechanical entanglement and van der Waals interactions among the CNTs. Depending
on the curvature and length of the structures, slanted microstructures (Figure 3.24a), or
arches (Figure 3.24b) can be fabricated. Because the local interaction and differential
growth rate determines the trajectory of each structure, large arrays with nearly identical
anisotropic shapes can be produced as shown in the SEM images. Importantly, these 3-
D structures are fabricated using only two standard photolithography steps, one for
patterning the TiN layer, and one for patterning the catalyst layer making this method

scalable.

The curvature can be controlled by designing the amount of overlap between the
catalyst and the TiN underlayer. This is illustrated in Figure 3.25a and b, which
respectively show arrays of round and square cross-section micropillars where the
overlap distance is varied from left to right (increments of 5 um). As expected, the
portion of the pillars growing on TiN is always shorter, and as a result, all pillars bend
towards the TiN side. As the portion of overlap decreases, the stress induced by the
differential growth rate causes increased bending (leading to smaller radius of
curvature), reaching a maximum when the catalyst shape is split symmetrically by the
TiN layer. With <50% overlap on TiN, the curvature increases gradually until the
structure is only slightly curved at the rightmost column of the array. The CNTs are
generally tangential to the curvature of the microstructures, similar to the CNT

alignment observed in CNT forests.
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Figure 3.24 Curved CNT microstructures grown on compound catalyst/underlayer
patterns: a) slanted microstructures, and b) arch-like microstructures. Insets show the
catalyst/underlayer pattern arrangement and close-ups of individual structures.
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Figure 3.25 Effect on CNT microstructure curvature of catalyst/underlayer overlap ratio.
CNT microstructures with a) round, and b) square cross sections are shown.

3.3.2 Complex 3-D microarchitectures

Based on the understanding of the elementary catalyst/underlayer designs that achieve
unidirectional bending, a variety of more complex patterns that produce exemplary
CNT microstructures having complex trajectories were designed (Figure 3.26). For
instance, a compound shape consisting of a “+” catalyst pattern with each arm offset by
a rectangular TiN underlayer results in growth of twisted CNT microstructures (Figure
3.26a), resembling macroscale propellers. Similarly, thin semicircular arcs of CNTs can
be directed to curve outward by offsetting the TiN underlayer as shown in Figure 3.26b.
Further structural complexity is shown by the scrolling of thin offset rectangular
patterns (Figure 3.26c). Last, exotic hierarchical arrangements can be formed by the
interaction of closely spaced structures, such as the self-organization of offset circular
micropillars into wavy patterns (Figure 3.26d) that are reminiscent of macro-scale
crochet stitching. This arrangement is hypothesized to have arisen in a collective
manner; after the individual structures bend unidirectionally and contact one another,
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their continued growth and steric hindrance causes the wavy pattern to form.
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Figure 3.26 A library of complex 3-D CNT microarchitectures enabled by strain-
engineering: a) “micropropellers”, b) semicircular arc CNT microstructures fanning
outward, c) scrolls, and d) CNT micropillars forming a collective wavy pattern.

Notably, in spite of the complex geometries and local deformations, all of these
structures can be produced with impressive consistency over large arrays. Arrays of
several hundred structures were examined and shown to exhibit nearly identical forms,
with defects most frequently arising from debris from catalyst wafer piece preparation
process rather than the CNT growth process.
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CHAPTER 4
MODELING OF STRAIN-ENGINEERED

CNT MICROARCHITECTURE GROWTH

This chapter presents the modeling of the strain-engineered carbon nanotube (CNT)
microarchitecture growth. First, the curvature of two-segment square micropillars is
approximated by adapting the classical model of a bimetallic beam bending under
uniform heating. Next, a finite element method (FEM) framework is developed to
simulate stepwise differential growth of the segmented microstructures. The differential
growth rate is implemented by assigning initially compressed state on the newly-grown
faster-growing segment and then solving for the stresses and deformation. The
interfacial delamination strength between the faster and slower growing segments is
estimated by calculating the shear stresses at the interface of various lengths. The
growth rate, relative growth rate and catalyst pattern dimensions were found to affect

the final tip position and were confirmed by experimental evidence.

4.1 Goals of modeling

The coupling of stress and CNT growth rate, via the anisotropic mechanics of the CNT
forest [136], is a complex problem. The models developed in this chapter aims to
predict the final geometry of CNT microstructures subjected to internal growth rate
modulations. Important attributes of the system that need to be reflected in this model

are:

1. Different catalyst stacks grow CNTSs at different rates.
2. Coupling of CNTs from different catalyst stacks cause them to grow as a single

unit.
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3. The CNT growth is a sequential process, in which new material is added at the
base of the microstructure continuously.
4. The coupled CNTs from different catalyst stacks transfer stress to other parts,

and as the result, deforms the microstructure.

The deformation caused by the spatially differing growth rates of CNT microstructures
is estimated by considering the fact that different parts are expanding at different rates
and calculating a radius of curvature based on the differential growth rates alone. Then
an FEM framework is developed where the growth process is discretized and simulated
step-by-step to capture the sequential growth of CNTs. After each growth step, where
material is added to the model, the faster-growing segment is assigned initially
compressed state, then the model is allowed to resolve to better emulate the differences
in the growth rate. The aim of the modeling effort is to develop a tool to better
understand the stress distribution within the compound structures and hence better

predict the final geometry of the strain-engineered structures.

4.2 Analytical estimation of CNT microstructure curvature

A bi-metallic strip undergoing uniform heating is a good analogous system as the
different thermal expansion of coefficient can be replaced with the different growth
rates of the two halves. Then the temperature difference that drives the expansion can
be replaced with the growth time, and the model becomes applicable to the stress-
engineered CNT microstructure growth (Figure 4.1a). Starting from the classical
formulation of the bimetallic strip model [140], the temperature-dependent expansion
term is replaced by a differential lengthening term representing the CNT growth rate.

Accordingly, the curvature of the compound CNT microstructure is described as:

6(Ff I ) (1 +m)?

1
b 1 (4
W<3(1 + m)? + (1 + mn) (m2 + ﬁ)>
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Here p is the radius of curvature, R; and R, are the growth rates (1 denotes CNTs
on Fe/Al03/SiO2 and 2 denotes CNTs on Fe/Al;O3/TiN), and w is the CNT

microstructure width. In addition, m and n are defined as:

w

m=—2 (2)
Wy

) (3)
E,

where w denotes the width and E denotes the respective elastic moduli of the segments .
The value of n is specified as 0.6 which is the ratio of the measured areal mass density
of CNTSs on the respective underlayers; however, because the elongation of each layer
is specified in the model, the output is insensitive to this value. The geometric
parameters are defined in Figure. 4.1b.

Using the calculated curvatures, and the weighted average growth rate, the shapes of
the resultant CNT microstructures were visualized using Matlab. The simulation results
correspond to the rows of structures in the SEM image Figure 4.1a. To compare the
experiments to the simulation, the tip position was characterized in horizontal and
vertical axes, normalized to the base dimension (w), as shown in Figure 4.1b. For both
the experiment and simulation, the x position of the tip reaches its maximum at 0.4
overlap, and the y position reaches its minimum at approximately 0.6-0.7 overlap
(Figure 4.1c).

The differences between the predicted and calculated displacements arise because the
model does not capture the exact kinetics of CNT growth, which varies with time.
Moreover, it cannot consider how the stress between the two portions of the structure,
which are idealized as perfectly coupled without slip, influences the deformation. CNT
forests have anisotropic mechanical properties, with the lateral stiffness (perpendicular
to the CNT alignment) typically much less than the axial stiffness [141], therefore in
principle favoring greater deflection due to built-in stress gradient. Local wrinkling and

buckling of the CNTs in the compound microstructures indicates that the growth stress
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causes complex mechanical deformations, which cannot be captured by the bi-material
deflection model. Moreover, assumptions of bimetallic beam bending model states that
a planar cross section stays planar after deformation, which is not necessarily satisfied
in the growth of curved CNT microstructures as they do not satisfy the slenderness

requirement that the height of the structure be much larger than the base dimensions.
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Figure 4.1 Analytical estimation of strain-engineered CNT microstructure curvature
and comparison to experimental results. a) Geometric comparison of simulation using
calculated curvature and the experiment b) Geometric parameters used in the simulation
c) Comparison of normalized tip position between simulation and experiment as a
function of catalyst-TiN overlap.
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4.3 Modeling of stress-engineered CNT growth using FEM

4.3.1 Model setup

4.3.1.1 Simulation framework

A more rigorous simulation, which considers the anisotropic mechanics and enables
modeling or arbitrary shapes was developed using Finite Element Method (FEM). A
step-by-step growth scheme was employed to capture the physics of the ‘growth’

process.

1. Prescribe catalyst area and growth rate.

2. Translate the existing CNT microstructure and define newly grown portion
beneath it.

3. Prescribe an initial compressive stress state for the faster growing portion.

4. Solve the entire structure to calculate the geometry of the CNT microstructure
at this time step. Keep the residual stress within the structure.

5. Repeat steps 2-4 until desired growth time is met.

This scheme was implemented for three-dimensional (3-D) structures using an FEM
software (Ansys 14.5 Mechanical APDL). By using FEM, the effect of material
property can be built into the simulation as well as the calculation of stresses
experienced at the interface and the effect of residual stress at the resolution of next
growth step, enabling a more accurate depiction of the strain-engineered CNT
microstructure growth. FEM simulations has been used to model CNT growth in an
electric field by calculating the electrostatic forces experienced by individual CNTs and
catalyst particles [142], but without the feedback of the results into the model to capture
the geometric evolution. In fact, model transformation by re-defining the volume via
iterative feedback of solutions is mainly done in the context of material removal such
as crack growth [143, 144], and its use in the opposite case, material growth, is a fairly
unexplored area. Recently, FEM simulation was used to model plant morphogenesis

[145] by re-defining and re-meshing the model after each solution step to capture
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addition of cellular matter. Here, a similar approach is used to model the growth of CNT
microstructures in this section. The newly grown portion is added at the base of CNT
microstructure, and the faster growing region is prescribed to expand vertically, to
simulate growth. The model is then solved, and the resulting geometry and stress

distribution is used as the start of the next iterative step.

The simulation was set up with mapped mesh using the ‘SOLID 186’ element. At each
time step, a newly grown portion is added, then the faster growing portion is assigned
an initially stressed state with a compressive stress. For example, to simulate a growth
rate ratio of 2:1, the faster growing portion was assigned an initial compressive stress
in the vertical direction that will cause 100% expansion in the vertical direction once
the simulation is solved. Due to the nature of using the initially stressed state to model
growth, linear elastic material properties were assumed, such that there is no
confounding effect from plasticity on the growth process prescribed by expansion of
compressed material. CNT microstructures undergo local buckling at ~5% compressive
strain [146]. After resolving each step, the CNT axis is rotated toward the slower

growing side, hence the elemental coordinate system is adjusted accordingly.

4.3.1.2 Material properties

The CNT forest is modeled as transversely isotropic material with the plane of isotropy
parallel to x-z plane, with the CNT axis direction initially along the y axis. This
anisotropy arises from the fact that CNTs have intrinsically anisotropic mechanical
properties as they are hollow tubular molecules that can be approximated as slender
beams, and the fact that the CNTs are vertically aligned in a CNT forest. The material
properties measured in chapter 3 have been used (measured from CNTs grown at 800 °C
on SiO2 and 100nm TiN). Recently, a collaboration with Maschmann et al. enabled the
identification of the anisotropic mechanical properties. The anisotropy of CNT
microstructure modulus in compression can range from 4-100 [136, 147], hence the
anisotropy value in this range will be used for properties parallel to the CNT axis and
those perpendicular to it. The shear modulus Gyy can vary from 1-13.3 MPa for CNT
microstructures used in this test [136, 148]. In other directions, Gy, was assumed to be
the same as Gyy as the same inter CNT junction is responsible for resisting the shear
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deformation, and Gy, was assumed to be an order of magnitude higher than the other
directions as in this direction, the shear deformation is resisted by bending of CNTs
rather than loose contact between the CNTs. For CNTs on TiN, the ratio of axial elastic
moduli (Ey sio2/Ey Tin) Was used to derive the magnitude of other properties. The
Poisson’s ratios of the CNT microstructures in all directions are all assumed to be zeroes.
Although Poisson’s ratios in compression have been reported [136], their exact values
will depend on the CNT orientation and arrangement as well as the direction of loading,
and in a simplified model of straight and parallel CNTs in an array, they are all zeroes.
This is appropriate in view of CNT material growth where the material extends in the

axial dimension without any changes in the lateral dimensions.

CNT microstructures have an inherent stiff network at the top of them, arising from the
initial crowding of CNTs before they collectively lift off from the substrate [13, 14].
This layer is called a ‘crust’. This crust layer is considerably stiffer [149] than the rest
of the microstructures, due to the randomly oriented and tangled CNTs that compose
this layer. The crust is modeled as an isotropic material which is much stiffer than the
rest of the CNT microstructure. The Poisson’s ratio of CNT sheets can vary widely from
a negative value to a positive value, depending on CNT composition as well as the
alignment [150]. The representative material properties used in this simulation is shown
in Table 4.1. It should be noted that these values can vary depending on the growth

reaction conditions.

Table 4.1 Material properties of CNTs used in FEM simulation.

Material Property | CNTs on Fe/Al203 | CNTs on Fe/Al203TiN | CNT Crust
Ex 0.18 MPa 0.14 MPa 250 MPa
Ey 0.71 MPa 0.57 MPa 250 MPa
Ez 0.18 MPa 0.14 MPa 250 MPa
Gxy 1 MPa 0.8 MPa 96 MPa
Gyz 10 MPa 8 MPa 96 MPa
Gzx 1 MPa 0.8 MPa 96 MPa
Vxy, 0 0 0.3

Vyz 0 0 0.3

Vzx 0 0 0.3
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4.3.2 FEM simulation results

4.3.2.1 Stress distribution within segmented CNT microstructures

When a single catalyst patch overlaps SiO2 and TiN underlayers at the same time
(compound structures), the faster and slower growing segments affect each other by
transferring stresses though the interface. A compound structure with rectangular
patches of TiN spaced evenly was grown to observe the effect of the stress transfer. The
growth rates of the two portions have been matched by the boundary conditions, and
the CNT microstructure shows differing CNT alignment in the fast and slow growing
segments. In Figure 4.2 the CNTs grown from catalyst on TiN appear to have greater
vertical alignment influenced by the interface with the faster-growing region. On the
other hand, the CNTs grown from catalyst on SiO: are less aligned, due to the retarding
force from the slower-growing mating segments, and have buckled locally in many
locations. This signifies that the structures carry significant residual stresses after being
grown, which is sometimes large enough to cause failure. These observations motivate
a study of stress distribution within the strain-engineered microstructures, to understand
the stress transfer between segments during growth and to devise strategies to reduce

residual stresses and produce robust, contiguous structures.
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Figure 4.2 CNT alignment in a compound microstructure. Faster- and slower-growing
segments affect each other by stress transfer through the interfaces.

As the CNT growth begins, the faster- and slower-growing segments impart forces on
the crust layer that is initially formed. The crust will experience largest Von Misses
stress just above the interface between the two portions (Figure 4.3a and b). At the
interface of the CNTs on SiO2 and those on TiN, a shear stress is expected, as the CNTs
are connected to each other by entanglement and bundling. The simulation captures this
shear stress at the boundary (Figure 4.3c and d). The stress is the highest in the part of
the crust between the two portions when the CNTs first collectively lift off from the
substrate (~ 0.4 MPa) and increases to ~ 0.65 MPa after 20 growth steps. The structures
simulated with stiff crust layer retains flat top surface whereas experimental evidence
shows that the top surface is not flat in most cases as shown in Figure 3.25. Simulations
performed without the crust layer (Figure 4.4) has closer resemblance to the
experimentally grown structures, indicating that the crust layer is not as stiff as

previously assumed, at least near the interface.
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Figure 4.3 Stress distribution within the structure with crust at various stages of growth:
a) von Mises stress distribution at initial stage of growth, b) von Mises stress
distribution after 20 steps of growth, ¢) shear stress distribution at initial stage of growth,
and d) shear stress distribution after 20 steps of growth. Insets show an isometric view
of the structures.
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Figure 4.4 Stress distribution within the structure without the effect of crust at various
stages of growth: a) shear stress distribution at initial stage of growth, b) shear stress
distribution after 20 steps of growth, c) stress (parallel to CNT axis) distribution at
initial stage of growth, and d) stress (parallel to CNT axis) distribution after 20 steps of
growth. Insets show an isometric view of the structures.

Various ways that the compound CNT microstructures fail either during growth, or
upon loading shed some light on the stress distribution within the structures (Figure
4.5). Each segment is subject to both axial stress parallel to the CNT axis and shear
stress transferred through the interface. When there is substantial growth rate mismatch
between the segments, the shear stress overcomes the interfacial strength which causes
the segments to delaminate (Figure 4.5a). The stress parallel to the CNT axis can either
be tensile or compressive, depending on the relative growth rates, and may cause local
buckling of the CNTs in the faster-growing segments as they are subject to compressive
stresses (Figure 4.5b). CNTs are much stiffer in tension [147], hence the counterparts
in the neighboring segments do not fail. Structures that have not delaminated nor
undergone local buckling of CNTs still carry residual stresses, which causes them to

delaminate (Figure 4.5¢) and/or (although not shown) buckle upon loading which
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intensifies these stresses. The simulations show excellent agreement with the
experiments in calculating both the shear stress (Figure 4.4b) and the compressive stress
(Figure 4.4d).

i N N S ST

Figure 4.5 Various failure modes of strain-engineered CNT microstructures: a) splitting
apart during growth, b) buckling of the faster-growing segment on SiO2, and c)
delamination of the interface upon large compressive deformation.

By increasing the length of the interface between the fast and slow growing portions,
the delamination of the structures can be prevented. To show this, checkerboard patterns
with alternating TiN (50nm) and SiO2 underlayer below large catalyst patterns (1024
pum by 1024 um) were fabricated as shown in Figure 4.6 The side length ratio is defined
as the ratio of catalyst pattern side length and TiN square pattern side length, and was
varied at 1, 2, 4, 8, 16, 32, and 64. The larger this ratio, the longer the length of the
interface. The checkerboard patterns were grown for 5 minutes at 755, 770, 785, and
800 °C. It is shown that the compound checkerboard patterns grow to an intermediate
height between the two separate structures on SiO2 and TiN (Figure 4.7), but grow to

closer heights to the structures on SiO.. As the growth temperature increases, the
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relative growth rate ratio of CNTs on Fe/Al>O3 and Fe/Al.O3/TiN decreases, leading to
increased shear stress at the interface. Checkerboard structures grown at 755 and 770 °C
do not delaminate regardless of the side length ratio, whereas those grown at 800 °C
delaminate even at the highest side length ratio. Those grown at 785 °C delaminate
when the side length ratio is 16 or less. This confirms that a longer interface length will

indeed lower the shear stress at the interface, and hence prevent delamination.
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Figure 4.6 Effect of increasing shear stress by increasing growth rate mismatch, and
prevention of delamination by increasing the length of interface.
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Figure 4.7 Height of CNT microstructures on SiOz, TiN and compound checkerboard
patterns.

Using the FEM model, the shear stress at the interface is calculated and maximum shear
stress as a fraction of shear modulus, Gyy, is plotted against the growth step number for
all growth temperatures in Figure 4.8. The shear stress at the interface is initially high,
then drops after a growth step, and gradually increases as CNT growth progresses. Each
additional growth step has less and less effect on the maximum shear stress at the
interface, and its value tends toward an asymptote. Increasing the growth temperature
increases the calculated shear stresses as the growth rate difference is larger, and by
examining the experimental results shown in Figure 4.6, the shear strength of the
interface can be inferred (Figure 4.8c). The shear strength of the interface is calculated
to be 0.048Gyxy, and therefore the shear strain-to-failure, 0.048. The dependence of max
shear stress on the growth temperature is shown in Figure 4.9. The shear stress at the
beginning of the growth (Figure 4.9a) and after 16 growth steps (Figure 4.9b) both show
increasing trend as the growth temperature increases. As the side length ratio increases,
the shear stress experienced at the interface increases at first then decreases. The
decrease in shear stress is expected as the forces causing the shear stress is distributed
over a larger area as the length of the interface becomes longer. This opens up the
opportunity to create contiguous structures with extreme curvatures. For a given
straight interface, a fractal design can be implemented to increase the interface length

to prevent delamination as shown in Figure 4.10.

67



a Growth temperature: 755 °C
z
O " .
- Not delaminated
& 0.0151
o
6 ' a—8—N—N—8S—N—8N—8—N8—8—8—8—8—-07
8 oo10] || e e
< e =
n WA
x /l/l/
@© s
0 2 4 6 8 10 12 14 16
Step No.
Side length ratio:
1 2 4—=—8—=—16—=—32
c Growth temperature: 785 °C
z 4
o< 0.12 . p—
~ Delaminated .=
@ 0.10- v
o /
& 0.08{ 4 0.048
§ 006 o ./.)-,.k.—IJIAI'*I | l
PRl s aa-n-E-a-g g g-g=i=
n = ,'é_, B = R - s
& 0.044 = ¥* Not delaminated
> T

0 2 4 6 8 10 12 14 16 18
Step No.

Side length ratio:
1 2 4= 8g—2—16—=—32

=2
Xy

Max Shear Stress / G

Max Shear Stress / G

Growth temperature: 770 °C
0.0357 | Not delaminated
0.030
0.0259 |
0.0204
0.015]
0 2 4 6 8 10 12 14 16
Step No.
Side length ratio:
1 2 4——B8—— 16——32
Growth temperature: 800 °C
z
0251 Delaminated ="
0.20 el
/l
0.15+
A0 §  LppaeeetiteaiEes
(l;i:iflz Ei;i;i;-;.;.;.;i;.
0051 ="

0 2 4 6 8 10 12 14 16 18
Step No.

Side length ratio:

1 2 4—=—8—=—16—=—32

Figure 4.8 Maximum shear stress at the interface between faster-growing and slower-
growing segments calculated via FEM simulations. Growth temperatures used in the
simulations are: a) 755°C, b) 770 °C, c) 785 °C, d) 800 °C.
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Figure 4.10 Fractal design is employed to increase interface length to prevent
delamination of a straight interface.

4.3.2.2 Effect of catalyst-TiN overlap on the final geometry

The results of the FEM simulations are compared against structures presented in Figure
4.1. The FEM models closely resembles the CNT microstructures (Figure 4.11). In
order to quantify the similarity, the tip position of each simulated structure is
characterized in a consistent manner with 4.1b, and shows a better agreement with the
experiments than a simple analytical model presented in section 4.2 (Figure 4.12).
There are still discrepancies between the FEM model and the actual structures produced
in experiments. This difference arises because in the actual experiments, the structure
has delaminated at various places, which is not taken into consideration in the FEM
model. Despite the deviations, this comparison shows that the FEM model closely
captures the differential growth rate induced deflection of the strain-engineered CNT

microstructures.
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Figure 4.11 Comparison of structures grown in experiments, analytical model and FEM
model.
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Figure 4.12 Comparison of normalized tip positions of structures grown in experiments,
analytical estimation and FEM simulations.
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4.3.2.3 Effect of base dimension and relative growth temperature on the final
geometry

To design and produce structures with desired geometry, two other parameters can be
varied. The base dimension can be controlled by catalyst design much like the catalyst-
TiN overlap, and the CNT growth temperature can be controlled by changing the
growth recipe. Increasing the growth temperature translates to increasing the overall
height, as well as increasing the relative growth rates of the faster-growing portions
(section 3.2.1). To validate the model, the CNT growth experiments were performed
and compared to the simulation results with the parameters listed in Table 4.2. The FEM
model and the actual CNT microstructures are shown below in Figure 4.13. Again, the
normalized tip position for CNT microstructures and FEM models show a good

agreement (Figure 4.14).

Table 4.2 A list of parameters varied for FEM simulation validation with CNT growth
experiments.

Simulation Parameters Parameter values used
Base Dimension (um) 1024, 512
CNT growth temperature (°C) | 755,770,785,800
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Figure 4.13 Comparison between CNT microstructures and FEM simulations on the
effects of base dimension and growth temperature.
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Figure 4.14 Comparison of normalized tip position for CNT microstructures and FEM
simulations with varying base dimension and growth temperature.
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4.3.2.4 Summary of trends

The differential growth rates cause strain mismatch that leads to internal stresses in the
CNT microstructures as they grow. Two failure modes, shear failure at the interface and
local buckling of faster-growing segment, have been observed. The FEM model
successfully captures these stresses and the contour plots show a good agreement with
the experimental evidence. The largest shear stress is observed at the top of the interface,
hence the shear failure will progress from the top in most cases. The largest compressive
and tensile stress parallel to the CNT axis is experienced at the middle/bottom of the
interface, which causes faster growing CNTSs to locally buckle. The magnitude of these
stresses increase in the structure over time, as the structure grows and more strain

mismatch is accumulated.

To enable design of the strain-engineered structures, catalyst-TiN overlap, base
dimension and relative growth rates were studied for their effect of the final geometry
of the structure. The effects of varying these parameters on the tip position of the

structures is summarized in Table 4.3 below.

Table 4.3 Summary of effects of parameters on the final tip position and radius of
curvature for simulated strain-engineered microstructures. 1 = increases, | = decreases.

List of parameters

Normalized tip X position

Normalized tip Y position

TCatalyst-TiN Overlap 1 then | | then 1
TCNT Growth temperature | 1 0
1Base Dimension ! !

4.3.3 Simulation of structures multidirectional curvature

Lastly, the capability to simulate more complex structures such as propeller like
structures shown in Figure 3.30a is demonstrated. Figure 4.15 shows a good agreement
between the structure and the simulation result. The ability to predict the shapes of
complex structures with multi-directional curvatures highlights the importance of the

model framework as a tool for designing novel geometries via creative catalyst designs.
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Figure 4.15 Propeller-like structures with multidirectional curvatures. a) CNT
microstructure, and b) FEM simulation.

4.3.4 Opportunities for improvement

4.3.4.1 Model framework

The FEM model assumed no delamination or failure of the material occurs in the
structures. In reality, the CNT material will fail when subjected to a large stress or strain.
This phenomenon can be built into the model to study the evolution of the structure
when some of the element in them have failed. The failure of some parts of CNT
microstructures during growth has been shown (Figures 4.1a and 4.5) and expansion of
the modeling framework to incorporate the failure will improve the correspondence

between the model and actual experiments (Figures 4.12 and 4.14).

4.3.4.2 Material properties

CNT microstructure have inherently very complex material properties, because of the
variations in the density, arrangement and alignment of CNTs in them. For instance, the
alignment of CNTs and their diameter and density change over time as they grow [116,
135]. A more refined model can be developed by studying the spatial variations in CNT
microstructures and assigning more accurate material properties accordingly. Aside
from spatially varying properties, the properties are non-linear and differ greatly in
compression and tension [147], therefore capturing this in the model will improve the

accuracy of the model. Also, the effect of mechanical forces on the growth rate should
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be studied further. Currently, no effect of forces on the growth rate was assumed,
however, the averaging of heights in checkerboard patterns (Figure 3.25) suggest the

forces do affect the growth rate.
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CHAPTER 5
MECHANICS OF CONFORMALLY COATED

CNT MICROSTRUCTURES

Significant portions of this chapter with additional editing are being prepared for
publication in: Brieland-Shoultz A.*, Tawfick S.*, Park S.J.* (* equal contributions),
Bedewy M., Maschmann M., Baur J.W. & Hart A.J., Scaling the Stiffness, Strength, and
Toughness of Ceramic-Coated Nanotube Foams into the Structural Regime. Advanced

Functional Materials, 2014.

This chapter presents a method to tune the mechanics of carbon nanotube (CNT)
microstructures via atomic layer deposition (ALD). First, ALD technique and
application on CNTs is overviewed. Next, a wide range tuning of elastic modulus of
microstructures is presented. Then tuning of deformation behavior from buckling to
brittle failure is investigated, with emphasis on recovery of coated CNT microstructures,

relating the transition to the coating thickness.

5.1 ALD of Al2O3 on CNTs

CNT microstructures are inherently foams [103], with 1-3% volume fraction filled [104,
151]. Here lies the gap between individually stellar mechanical properties of CNTs and
their use in demanding applications. The low volume fraction drives down the bulk
properties. However, on the upside, this opens up opportunities to tailor the mechanical
properties by filling up the void within the microstructure, with material of choice. On
the flip side of the fact that CNTs occupy a very little fraction of the volume defined by
the outlines is the opportunity that the CNTs can serve as a scaffold that defines the
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volume with large window of property tuning.

In order to fill up the voids within a CNT microstructure, a conformal coating technique
is required. ALD is a versatile and widely used conformal coating technique. Acommon
material for ALD is aluminum oxide (Al2O3) [152]. ALD consists of a set of two half
reactions that are self-limiting, and uses gaseous precursors, such that conformal
coating is achieved. The substrate to be coated should have a hydroxyl (OH) group
attached to it and from there the reaction starts (Figure 5.1). When CNTSs are coated
with Al2Os, their diameters increase noticeably, highlighting the ability of ALD to
penetrate cellular structures such as foams and create conformal coatings (Figure 5.2).
Each cycle of ALD deposits a single molecular layer of Al,Oz. The thickness deposited
for each cycle is 1.1-1.3 A [153, 154], which is much smaller than 3.8 A Al,Os;
monolayer thickness. This can be attributed to the fact that the deposition is dependent
on the surface chemistry and surface species, and the monolayer thickness is achieved

in an ideal scenario.
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Figure 5.1 Schematic representation of ALD of Al20:s.
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Figure 5.2 Schematic representation of CNTs coated with various thicknesses of Al203
via ALD: a) no coating, b) 13 nm, and c) 51 nm.

On CNTs, the Al>O3 coating starts nucleating on the defects sites [155] as otherwise
CNTs are chemically inactive. Functionalization with NO2 or nitroaniline has been
shown to improve the coating uniformity by providing sites where ALD reactions can
be initiated [155-157]. The coating nucleates along the length of CNTs, forming beads
of Al,O3 (Figure 5.3a) and grows in size upon subsequent cycles. This formation of
beads at CNT defect sites has been observed in previous studies [156, 157]. When the
Al>O3 beads grow big enough to meet each other, then the subsequent cycle will start
adding continuous layers on the cluster of beads. Finally, when all of the beads have
met, the coating grows as continuous conformal coating (Figure 5.3b-d).
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Figure 5.3 Schematic depiction of progression of ALD coating cycles on CNTs. a)
Discrete nucleation of ALD coating b) CNTs without coating. ¢) CNTs with ALD
coating initiated at defect sites d) CNTs subjected to ALD cycles beyond nucleation.
Al>03 forms microbeads around CNTs. e) CNTs subjected to even more ALD cycles.
The coating has grown to include all the Al.Oz beads and hence the CNTs have
continuous coating on them.

Even though ALD coating is a conformal coating, the gaseous precursors need to reach
the nucleation sites on CNTSs to initiate coating, and this may not always be possible
due to a foam-like arrangement of CNTs in the CNT microstructure. Therefore a CNT
‘wall’ feature was grown and coated by ALD and the cross section was imaged to
examine the coating penetration depth. The penetration depth of ALD coating into the
surface of CNT microstructure is found to be 5-7 um (Figure 5.4a) and indeed a CNT
‘wall” with 10 um thickness is fully infiltrated due to precursors diffusing in from both
sides (Figure 5.4b). In order to create a uniformly coated large area CNT structure, a
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perforated CNT ‘honeycomb’ structure was grown (Figure 5.4c). Cross section SEM

image of the honeycomb structure indeed shows uniform coating.

Figure 5.4 Measurement of ALD coating penetration depth into the surface of CNT
microstructures. a) Cross section of CNT wall structure coated with ALD. Inset shows
an overview. The penetration depth is 5-7 pum. b) Cross section of a CNT wall that is
10 um wide. The structure is fully infiltrated with ALD coating. ¢) A honeycomb
structure with perforations to allow diffusion of gaseous precursors into the CNT
microstructures to achieve uniform coating.

The precursor diffusion in the honeycomb structures is still limited by the aspect ratio
of the holes. A set of CNT honeycomb structures with varying hole diameters, but same
wall thicknesses were grown to a very tall height (~1 mm) and subjected to 100 cycles
of ALD coating to elucidate the geometric limitation of ALD coating (Figure 5.5).
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Figure 5.5 Degree of ALD coating depending on the diameter of the hole and depth
from the surface of a CNT honeycomb structure. Green indicates continuous coating,
orange indicates discontinuous beads on CNTs covering more than ~50% of CNT
surface and red indicates less than 50% of CNT surface covered.

For the purpose of classification, coating state which has some sections of CNTs coated
by multiple adjoining Al.Oz beads will be considered to have ‘continuous coating’. Not
surprisingly, there is a limit to the aspect ratio of the holes that the ALD coating will
penetrate to produce continuous coating, and the ratio is roughly 5. This suggests that
there will be a trade off when designing for a structure with maximum stiffness, because
in order to ensure uniform coating, the holes need to be larger, which will drive down
the cross sectional area that supports the load, reducing the overall stiffness.

Transmission small angle X-ray scattering (SAXS) was used to characterize the
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morphology of the as grown and Al.Oz-coated CNTs by placing the honeycomb
structures in the beamline path of a synchrotron X-ray beam and collecting the scattered
X-rays on an area detector [115-117, 158] (Figure 3.9). The statistical distribution of
outer diameters for both coated and uncoated CNTs were obtained by fitting a
mathematical model of poly-disperse core-shell cylinders to line-scans of scattering
intensity. This determines the average outer and inner radii of the bare CNTs as 5.0 and
3.5 nm, respectively. The line-scans are obtained by integration of the scattered
intensities within a sector of +/- 10° about the axis of maximum intensity on the 2-D
scattering pattern, as shown in Figure 3.9. As seen in Figure 5.6a, the peak
corresponding to the scattering from the population of Al>Os-coated CNTs shifts to a
lower value on the x-axis with increasing coating thickness. This indicates a significant
increase in the size of the scatters, which is quantified by fitting the data for coated
samples with a core-shell scattering model. Analysis of the coated samples gives
average coating thickness of 8.5, 14.5 and 26.7 nm for 50, 100 and 200 cycles of ALD,
(Figure 5.6b). For 100 and 200 cycles, a second peak on the SAXS linescans is seen at
a g value higher than the form-factor peak. This peak could arise from the observed

roughening of the Al>Os layer at the greater coating thickness (Figure 5.3b-d).

The average coating thickness was also estimated by measuring the weight of the
samples before and after ALD coating. A sub-linear relationship between mass and the
number of cycles was found, showing that the deposited thickness per ALD cycle is
affected by the ability of the precursors to diffuse into the CNT forest; this reduces as
the porosity of the sample decreases when subjected to multiple cycles. Therefore, a
model was constructed where the pore size is decreased with each subsequent cycle to
predict the thickness deposited by each cycle of ALD. The best fit to the SAXS and
weight measurements corresponds to a decrease of effective diffusion coefficient of
vapor phase precursors in porous media by 0.5% per cycle, starting at the 140" cycle
of ALD coating (Figure 5.5b). There are two main contributing factors: decrease in
porosity as the volume is filled up, leading to less diffusion of precursors into the
structure, and coalescence of coated CNTSs as the coating thickness increases. Improved
uniformity of coating could likely be achieved by increasing the precursor cycle
duration (steps 2 and 4 in Figure 5.1).
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5.2 Elastic modulus

Cylindrical CNT microstructure of diameter 20-70 um were coated with 0, 100, 250
and 1000 cycles of ALD and indented using a nanoindenter at Air Force Research Lab

(AFRL). An SEM image of structures tested and example load-displacement curves for

400 600
ALD cycles

200

30 pum diameter pillars are shown in Figure 5.7.
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Figure 5.7 Compression of CNT-Al203 composite micropillars. a) CNT micropillars of
20-70 pum diameters to be tested b) Example load-displacement curves for compression
of 30 um diameter composite micropillars.

As a result of diffusion-limited coating, the elastic modulus of the Al,O3-CNT
composites depended strongly on the micropillar diameter. The micropillars were tested
in axial compression with a cylindrical flat diamond tip (100 pm diameter). The elastic
modulus was obtained from the unloading slope in continuous modulus mode (10 nm
oscillations at 50 Hz) at a compressive pre-strain of 0.05 (approximately 2 pum
compression of the micropillar). The full matrix of compression tests performed is
summarized in Figure 5.8. Here, modulus is inversely proportional to pillar diameter,
as the reinforcement of larger pillars is limited by ALD penetration and therefore the
final composite pillar is a reinforced shell surrounding a soft core of uncoated CNTSs.
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These trends, and specifically the size-dependent modulus of non-coated pillars, are
also attributed to size-dependent growth effects on the density of CNTs within the forest
[114, 135]. The CNT micropillars subjected to 1000 cycles of ALD exhibit elastic
modulus of up to 70 GPa, whereas the elastic modulus of uncoated and large diameter

is lower than 10 MPa, which shows a tuning range of almost 4 orders of magnitude.
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Figure 5.8 Elastic modulus of CNT micropillars coated via ALD.

The elastic moduli and the density of these micropillars are then plotted on an Ashby
chart and compared to other materials of similar composition, such as CNT and
aluminum foams [159-161] (Figure 5.9). Comparing the scaling behavior to
conventional open cell foams, we note that the elastic modulus and strength of the
Al,03-CNT composite scale as E~p?® (Figure 5.9). Ideal bend-dominated open-cell
foams such as open-cell polymer foams [162], and aluminum honeycombs [163] scale
as E~p? and. The modulus scaling of our ALD-coated CNTs incidentally resembles the
elastic moduli of isotropic CNT foams[159], CNT aerogels[164], and Si aerogels [165]
which scale as ~p°, and commonly attributed to the interdependence of strut thickness

and cell size.
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On the other hand, ultralight open-cell foams such as Ni-P microlattices [166] show
E~p? because of the strut aspect ratio is independent of density. High modulus scaling
power (n), as shown by the Al,O3-CNT foams, is advantageous because the low-density
as grown CNTs can be coated to achieve a comparatively large gain in elastic modulus

with increasing density.
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Figure 5.9 Elastic modulus versus density plot of CNT-AlOs composite foams and
related materials. Previously published data taken from [159-161].
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5.3 Deformation behavior

Another aspect of mechanical property tuning afforded by conformal coating of CNTs
with Al2O3 via ALD is the change in deformation behavior. Because conformal coating
adds thickness to the individual CNTs within a microstructure, its effect is analogous to
changing strut thickness in cellular materials. This changes an important parameter in
foam characterization, its relative density which is the ratio of foam density (p) to the
density of the bulk solid (ps). Foam mechanics [167] suggests that foams undergo
buckling dominated compression behavior to yielding dominated deformation behavior
as the relative density increases. Therefore, it is reasonable to assume that the
deformation behavior of CNT-Al>03 composite foams will also undergo characteristic
change. Indeed, 20 um diameter CNT micropillars grown to ~40 um coated with 0, 3,
13, 28, 37, 43, 51 nm of Al>O3 (0, 25,100, 250,500, 750, and 1000 cycles respectively)
show differences in their deformation behaviors (Figure 5.10). The failure mechanism
changes from buckling of cell walls at lower coating thicknesses, to brittle fracture after
a certain threshold coating thickness. The percentage recovery of induced strain is
quantified to show this difference (Figure 5.11).
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Figure 5.10 Axial compression of 20 pum diameter CNT micropillars coated with
various thicknesses of Al,Oz.

89



100 -
—~ 80'
601 °

Brittle Failure
—

404 Buckling
<«

Recovery (%

0 20 40 60
Al O, Thickness (nm)

Figure 5.11 Recovery of CNT microstructures coated with various Al2Os thicknesses
after compression.

To clearly show the differences in deformation behavior, larger structures were coated
and compressed axially. CNT microstructures with 100 um diameter were grown to
~200 um in height and coated with 3, 13 and 51nm of Al>Oz and compressed. Figure

5.12 shows the differences in failure modes of these structures.

Figure 5.12 Deformation behavior of CNT micropillars subjected to various thicknesses
of AI203 coating. a) 3 nm b) 13 nm, and c¢) 51 nm.
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The progression of deformation of these structures is shown in Figure 5.13. Structures
subjected to 3 nm of Al>Os coating deform just like uncoated CNTs [103], developing
accordion-like buckles at the base. This buckle formation is presumably due to the base
having lower elastic modulus because of lower CNT density and alignment (Figure
5.13a). An intriguing phenomenon is observed during indentation of micropillars
coated with 13 nm of Al.Os. The structure undergoes kinking of the shell, much like a
rubber hose would (Figure 5.13b). Then upon unloading, the compressive strain
recovers almost fully. Compressive strains of up to 50% has been observed to recover
(Figure 5.14). Those coated with 51 nm of Al>Os undergo brittle fracture. Since the
diameter of the CNT micropillar exceeds twice the surface penetration depth of ALD,
it behaves like a solid cylindrical shell with wall thickness of 5-7 um. This structure
undergoes two step buckling. Since Al2Os is a brittle ceramic material, when loaded
past the strength of the material, the structure barrels out and develops cracks along the
axial direction of CNTs. The direction perpendicular to the CNTs does not develop
cracks until much later when the structure catastrophically fails (Figure 5.13c). This
can be seen as crack-bridging effect of CNTs in a fiber-ceramic composite [168].
Similar deformation behavior of Al,O3 coated CNT forests has been reported by Abadi
et al. [169].
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Figure 5.13 Deformation sequence of CNT microstructures subjected to various
thicknesses of Al>O3 coating: a) 3 nm, b) 13 nm, and c) 51 nm.

Near
Complete

Recovery

Figure 5.14 Unloading sequence of CNT microstructure with 13 nm Al.Oz coating.

The brittle failure of structures with 51 nm of Al>Os coating clearly show snapping of
the CNTs in the composite material. This snapping occurs when the brittle coating
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material develops a crack and induces stretching of the CNTs in a radius. At

approximately 2-3% global strain, the CNTSs snap, leading to catastrophic failure shown

in Figure 5.13c.
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Figure 5.15 Compressive loading causes local stretching of CNTSs.

At this moment individual CNTs are under tension, and typically the compressive load
induces local strains in the CNTs. This strain, e-yr, can be quantified in terms of

geometric parameters shown in Figure 5.15 as follows:

LICNT — Lent (4)

€Nt =
Lent

where Lcnt is the length of the exposed CNT segment before stretching and L’cnt IS
the length of the exposed CNT segment after stretching which is expressed by the

following equation:

L'cnyr = 2(t+Dcyr) sin(6/2) (5)
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where t is the thickness of the Al2Osz coating, Denr is the diameter of the CNTs and 8 is
the angle of the bend. The CNTSs are locally strained to a much larger strain than the
case where the coating was not present due to geometric constraints. The conformal
coating amplifies the local tensile strain in the CNTs under compression. Once the
induced tensile strain becomes too large for the CNTSs to sustain it, the CNTs will fail
by snapping. Individual CNTs [68, 170], as well as their ensembles [147, 171, 172]
have large strain to failure. This strain limit is presumably different for different classes
of CNTs, but values as large as ~14% for a Single-Walled CNTs (SWNTs) with 1 nm
diameter [173], and ~16% for Multi-Walled CNTs (MWNTs) with 20 nm diameter [174]
were experimentally measured and 15% for SWNT with small diameters was
theoretically calculated [175]. The critical coating thickness that will cause snapping of
CNTs can be derived by combining eq.1 and eq.2 above.

- (1 + ecnruimic)Lonr D (6)

Assuming 16% as the strain to failure [174], 10 nm CNT diameter [116], 3 nm average
exposed CNT length, and 6° bend angle (measured from Figure 5.13c) of the CNTs in
this case, the critical coating thickness is calculated to be 23 nm. This value falls in the
transition zone between buckling and brittle failure modes of the Al,Os coated CNTs
(Figure 5.11). The average exposed CNT length is an assumption, and needs to be

validated through other techniques.

Below the critical thickness of coating, the CNTs are still stretched, but do not snap,
which stores elastic energy. Then the recovery of the structures is governed by the
competition of the elastic energy stored in the stretched CNTs against the attractive
forces between them in the compressed configuration (such as van der Waal’s forces).
The stored elastic energy is reduced as the coating thickness decreases as the local
tensile strains in the CNTs decrease. This creates the linearly decreasing trend in

recovery of the structure with coating thicknesses below the critical coating thickness.
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5.4 CNT honeycomb structures with large recovery

Honeycomb structures (Figure 5.4c) allow fabrication of large scale CNT structure with
uniform Al>O3 coating throughout. CNT honeycombs coated with 13 and 25 nm of
Al>O3 were used to study the characteristics of CNT-Al2O3 composite foam
configurations that show large elastic recovery. These structures were limited to hole
sizes (15 um and 11 pm) and height (60 pum) combinations that showed more uniform
coating previously (Figure 5.5). A single compression and cyclic compression were
performed on each CNT-AI.O3 composite honeycomb structures (Figure 5.16-17).
Compression tests were done with load control on a Dynamic Mechanical Analyzer
(DMA, Q800, TA Instruments), and up to 18N of load was applied for single
compression and 10 N for 50 cycles in cyclic compression. The loading rate was limited
to less than 107/s for single compression test and was 0.01 hz for cyclic compression.
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Figure 5.16 Single compression tests of Al,Os coated CNT honeycomb structures. a)
13 nm, and b) 25nm.
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Figure 5.17 Cyclic compression tests (50 cycles) of Al,Oz coated CNT honeycomb
structures: a) 11 um hole/13 nm coating, b) 15 um hole/13 nm coating, ¢) 11 um hole/25
nm coating, and d) 15 pum hole/25 nm coating.

Compression tests reveal that the compressive strain of up to 0.75 is recoverable. Cyclic
compression tests also reveal that strains up to 0.4 is recoverable and there is almost no
structural degradation over 50 cycles. Closer examination of the data reveals that over
50 cycles only 2% of plastic deformation occurs, corresponding to 0.04% /cycle, which
is almost negligible. Indeed, comparison of cross section of honeycomb structures that
were compressed once and 50 times show that the structures suffered minimal damage
during the cyclic loading with no evidence of non-recoverable buckling at both
structural level and individual CNT level (Figure 5.18). Similar large strain recovery
and structural integrity have been observed from CNT forests with much higher packing
volume fraction [103] (13% as opposed to 1-2% which is typical of the CNT forests
used in this work). The volume fraction of CNTs with 13 nm of Al.Oz is approximately

10%. The structural robustness and the large strain recovery characteristics make this
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CNT-AI>O3 composite material attractive for applications requiring large strokes and
resilience such as use as flexible mechanical elements in micro-electromechanical

systems (MEMS) or in applications requiring compliant contacts.

Figure 5.18 Cross section SEM images of a CNT honeycomb structure coated with 13
nm Al2Os: a) after 1 compression cycle, and b) after 50 compression cycles.
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There is little hysteresis present in the load-displacement curves of the Al,O3 coated
CNT honeycomb structures. The damping capacity of these structures, defined as the
ratio of energy dissipated to energy absorbed during a single loading cycle, is shown in
Figure 5.19. The damping capacity of Al>Os coated CNTSs is calculated to be in the
range of 0.02-0.04 and stays constant over the course of 50 cycles. The damping
capacity of these structures by themselves is quite low. However, since the structures
are porous and exhibits large strain recovery, addition of polymers with high energy
dissipation may potentially lead to composite material system that shows high damping

capacity.
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Figure 5.19 Damping capacity of Al.O3 coated CNT honeycomb structures.
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CHAPTER 6
COMPOSITE MATERIALWITH

HIGH STIFFNESS AND DAMPING

Significant portions of this chapter with additional editing were published in: Meaud
J.*, Sain T.*, Yeom B.*, Park S.J.* (*equal contributions), Shoultz A.B., Hulbert G., Ma
Z.-D., Kotov N.A., Hart A.J., Arruda E.M. & Waas A.M., Simultaneously High Stiffness
and Damping in Nanoengineered Microtruss Composites. Acs Nano 2014; 8: 3468-
3475.

This chapter describes the use of carbon nanotube (CNT) microarchitectures in a
multifunctional composite that maximized stiffness and damping capacity
simultaneously. First, the design of CNT microarchitecture in a truss-like geometry for
strain amplification is presented. Then the fabrication technique for a two-part hard
phase/soft phase composite material is described. Next, the properties of the fabricated
laminated nanocomposite is presented. Lastly, the opportunities for property

improvement are discussed.

6.1 Stiffness and damping

Most engineering structures are designed to have high stiffness and strength. However,
in response to dynamic loads, the damping capacity is equally important and classical
materials exhibit a tradeoff between stiffness and damping. For example, steel and
diamond are very stiff but exhibit poor energy dissipation. On the other hand, materials
with high damping such as rubber and other elastomeric materials have a very low
stiffness. Materials combining high stiffness and mechanical energy dissipation are
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needed in automotive, aviation, construction and other technologies where structural

elements are exposed to dynamic loads.

In response to a sinusoidal load, the stress and strain are out of phase for a viscoelastic
material. The tangent of the phase angle, commonly called tan(d), (also known as loss
tangent or loss factor), is a measure of the damping capacity of the material. There is a
tradeoff between stiffness and damping and a figure of merit is defined to assess the

combined performance of the material [176] as follows:

|E*| * tan(6) (1)

where E” is the complex modulus and tan(8) is the loss factor of the material. Most
conventional materials cannot exceed 0.6 GPa in the figure of merit, which is shown
on a stiffness-damping map as a dotted line in Figure 6.1. This line is referred to as

Lakes line.
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Figure 6.1 Stiffness-damping map with some common materials. The figure of merit
value of 0.6 GPa is not exceeded by most materials. Figure adapted from [176].

The presence of structural hierarchy within natural and man-made materials and its
effect on bulk material properties has been an important focus of the materials research
community since the early nineties [177-179]. The hierarchical particulate composites
with spherical inclusions proposed by Lakes [180] is one such hierarchy which can lead
to improved stiffness and damping. However, preserving the mechanical properties as
one moves up in length scale (e.g. from nanometer to micrometer) is a critical challenge
for practically relevant macroscale materials [68, 181-184]. Understanding the effects
of hierarchical structure can guide the ab-initio synthesis of new materials and thereby

can result in desired mechanical properties [177, 185, 186].
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6.2 Material-by-design

A combination of stiff strain-engineered CNT microtrusses and a high loss surrounding
material with a judiciously designed structure was used to attain high stiffness and high
damping simultaneously [176, 187-191]. The problem of preserving the mechanical
properties as one builds up the hierarchy has been resolved by using a designed
topology of carbon nanotube based truss structures and subsequent optimization of it.
The exceptional ability to control the manufacturing of these building blocks - CNT
microtruss and layer-by-layer (LBL) composite layer - allows a simulation-based
material-by-design approach and reduces the processing and fabrication times
compared to conventional nano-composites manufacturing. Using the concept of spatial
strain amplification, which results from the material inhomogeneity, the proposed
nanocomposites acquire orders of magnitude improvement in stiffness compared to the

pristine polymer without any loss in damping.

In order to evaluate the best candidate microarchitectures for composites with high
stiffness and damping, several topologies that could be manufactured using CNT
growth were investigated using finite element methods (FEM). Results from
simulations for the composites are shown in a stiffness-loss map (in which the effective
dynamic modulus is plotted as a function of the effective loss factor) in Figure 6.2a. A
composite with straight pillars behaves like the Voigt topology analyzed by Chen and
Lakes [187] exhibiting very high stiffness but low damping. Replacing the straight
pillars with curved pillars and arranging them in a truss configurations can increase the
damping with a moderate loss of stiffness. Parametric studies showed that by varying
the stiffness of CNT pillars from 1GPa to 1TPa as shown in Figure 6.2b, a value of
100GPa stiffness produces the best combination of stiffness and damping for the

nanocomposite.
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Figure 6.2 Computational evaluation of composite performance with varying a)
geometries, and b) stiffness of truss members.

The contour plot of the dissipated energy per cycle, shown in Figure 6.3a, demonstrates
that significant energy dissipation is introduced in the space between the straight pillars
and the curved pillars in this most complex topology. Another set of parametric studies,
as shown in Figure 6.3b, revealed that by optimizing the gap filled with polymer, higher

stiffness can be achieved without any reduction in damping.
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Figure 6.3 Strain amplification in the polymer matrix by stiff microtruss members. a)
Dissipation contour plot b) Effect of the spacing between the truss members.

6.3 CNT microtruss

CNTs have been investigated as reinforcements for polymer nanocomposites because
of their extreme stiffness [73, 192]. However early work did not take full advantage of
the properties of the CNTs due to lack of organization at scales much larger than the
nanoscale of the CNTs. Nanocomposites made of CNT forests filled with an elastomer
have been shown to exhibit an anisotropic response with properties similar to a foam
material when compressed in the direction of the fillers [193].

Strain-engineered CNT microstructures were designed to create the microtruss
topology by geometry optimization. The angles of corner members of the microtrusses
were varied by changing the overlap between the TiN underlayer and the catalyst
pattern that defines the members. The center member was kept short by placing the
catalyst pattern entirely on the TiN underlayer (Figure 6.4). Once the desired shape is
chosen, a large array of CNT microtrusses were fabricated, and conformally coated by
ALD of Al>03 for mechanical reinforcement and subsequently by a nanostructured
polymer film assembled using the layer-by-layer technique. The crevices of the trusses

are then filled with lossy polymer.
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Figure 6.4 CNT microtruss geometry optimization: a) shows legend for catalyst pattern
shown in b)-f) in the lower left corner b)-f) shows CNT microtrusses in the order of
decreasing corner member angles. g) A large array of CNT microtrusses.

6.4 CNT microstruss—PU composite lamina

Previous studies have shown a LBL assembled clay-nanocomposite film [194] that
exhibits remarkable stiffness enhancement at the macroscale (thickness of a few pum).
However, even though LBL deposition has advantages in fine control of intermolecular
interaction between matrix and fillers, fabrication of macro scale thick film using the
LBL method requires a significant amount of time. Therefore these clay-nanocomposite

films were used to coat the Al.Os reinforced CNT microtrusses to take advantage of
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their properties.

Once the LBL process is done, the remaining open spaces between the CNT
microtrusses are filled with Polyurethane (PU) with large damping capacity. The PU in
solvent is drop casted on the CNT microtrusses and the solvent is evaporated by heating
on a hot plate. Once the solvent has evaporated, the remaining uneven PU/CNT
microtruss film is molded by applying heat to flow the PU and pressing against a flat
surface (Figure 6.5a) to remove the excess PU above the CNT microstrusses. The
resulting film has flat top and bottom with CNT microtrusses revealed without excess
PU to cover them (Figure 6.5b).

1. As-grown CNT forest 2. ALD Al,0; coating 3. Dropcast excess PU 4. Evaporate solvent @

100°C for 8 hours
e

Teflon sheet on flat surface Teflon sheet on flat surface

5. Reflow PU on teflon 6. Peel off from teflon 7. Heat press @ 100°C
sheet @ 100°C sheet and delaminate and 0.5MPa for 8 hours

Heat press g: [

Figure 6.5 CNT microtruss-PU composite lamina fabrication a) Schematic of the
process flow b) Effect of molding to get rid of excess PU at the top.

107



This flat PU film with embedded CNT microtrusses (Figure 6.6a) is sandwiched
between steel sheets, and this repeat unit is stacked to a desired thickness to produce a
layered nanocomposite (Figure 6.6b). The core elements and particles have dimensions
in the nanometer range while the CNT truss members have height in the micrometer
range. The in-plane dimensions of the overall composite are 5-10 mm; the out-of-plane
dimension is 0.65 to 0.85 mm. Combination of the two different length scales in
manufacturing gives rise to a hierarchical structure within the material with a very

attractive combination of stiffness and damping.

Figure 6.6 Final composite laminate with steel interlayer face sheets. a) Cross section
of a single composite lamina b) Stacked laminate (Inset shows a single lamina).
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6.5 Stiffness and Damping measurements

Toward manufacturing the final composite, first a single layer alumina coated
microtruss sample filled with PU is tested under nanoindentation (as shown in the inset
of Figure 6.6b). The geometry of the samples considered were as follows: a single layer
of dimension 10 x 10 mm? with microtrusses composed of 40 um diameter CNT truss
members, leading to the final composite manufactured by sandwiching 3 such layers
resulting in a thickness of 850 um for the layered composite with in-plane cross section
dimensions of 10 x 10 mm? (as shown in Figure 6.6b). The single layer sample was
tested using a spherical indenter of diameter 150 um under load control. The final
composite was subsequently tested to assess its mechanical properties (tension-
compression mechanical machine, Kammath & Weiss). A macro-scale measurement
was chosen instead of nanoindentation in order to determine homogenized (on the scale
of several repeat geometrical unit cells) properties rather than local point-wise
properties. DMA measurements were not considered because of their low resolution.
The sandwiched composite was loaded and unloaded in cyclic compression at a
constant displacement rate of 0.5 um/sec (corresponding to a strain rate of 6e-4/sec).
The load-displacement curves were recorded from both the tests, and stress-strain
values were calculated once the cyclic response was stabilized after three cycles of

loading/unloading of both the samples, resulting in the plots shown in Figure 6.7.
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Figure 6.7 Stiffness and damping measurement of fabricated composite material: a)
cyclic compression of a single lamina, and b) compression of a multi-layer laminate.

For the triangular loading pulse used in these experiments, damping cannot be measured
in terms of the tangent of the phase angle. However, an energy-based definition of
damping, the specific damping capacity (denoted as, ), can be used [195]. Specific
damping capacity v is defined as the ratio of the dissipated energy per cycle to the
stored energy. The dissipated energy per cycle is given by the area within the
loading/unloading curve. The stored energy is given by the enclosed area of the triangle
connecting the origin, the point on the curve corresponding to maximum strain, and the
projection of this point on the horizontal axis. To compute the stiffness of the truss

sample from the loading/unloading curve, the slope of the unloading curve was used.

It is observed that the composite has considerably higher stiffness than the pristine PU
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for both single layer and the final sandwiched composite. The stiffness of the PU with
the same loading condition was found to be 2.3MPa. It increased to 318MPa for the
single layer and 204MPa for the sandwiched specimen. Moreover, the damping of PU
(v=0.54) was maintained in the case of the final sandwiched structure (y=0.54) even
though it was slightly lower in the single layer specimen (y=0.45). The difference
between the single layer measurement and the final sandwich composite is due to the
different test set-ups used, as an indentation test used for the single layer specimen only
measures relatively local material response depending on the indenter location, hence
it is usually different than the global macroscopic response. It is highly possible that the
indenter tip directly touches the microtruss and therefore provides a much stiffer
response and lower damping. Further, the final sandwich composites may have

manufacturing variability between successive layers, resulting in variation in response.

The resulting composite exhibits much higher stiffness (100 times) and similar damping
(specific damping capacity of 0.8) compared to the monolithic backbone material. The
manufacturability of the laminate based architecture and the compatibility between the
CNT microtruss and the surrounding viscoelastic layer gives the resulting composite
attractive macroscale properties and paves the pathway for future practical applications.

6.6 Opportunities for improvement

Imperfections in the manufacturing process, such as the presence of PU between the
top of the CNT pillars and the metal sheets, could cause a drop in the stiffness and an
increase in the damping. For these reasons theoretical simulations are expected to be an
upper bound for the stiffness and a lower bound for the damping. The important point
to note here is that even with manufacturing imperfections, the composite has
significant improvement in stiffness properties (30 fold for the 40 um CNT microtruss)
without losing any damping of the base PU. As explained earlier the chosen microtruss
topology enhances shear dissipation within the PU matrix and hence damping doesn’t
reduce as much as one expects in a traditional Voigt topology. For this particular set of
samples the damping of the pristine PU was preserved in the final sandwiched

composite. However our model prediction shows that by increasing the CNT stiffness
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and reducing the gap between successive CNT pillars one can actually improve both
the stiffness and damping of the final composites (as shown in Figure 6.2b and 6.3b)
and the resulting composite response (with CNT pillar stiffness being 1 TPa composite
stiffness can be 30 GPa and damping about 0.6) can exceed the traditional bounds

estimated by Lakes.
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CHAPTER 7
SUPERHYDROPHOBIC AND DIRECTIONALLY WETTING

SYNTHETIC SURFACE

This chapter presents a design and manufacturing of a simultaneously
superhydrophobic and directionally wetting surface inspired by a butterfly wing. First,
the concept of superhydrophobicity and anisotropic wetting properties are discussed.
Next, a proof of concept experiment with unidirectionally curved carbon nanotube
(CNT) microstructures are presented to demonstrate superhydrophobicity and
directional wetting properties. Then, CNT microstructure arrays with geometry closely
mimicking butterfly scales is designed and manufactured. Finally, the
superhydrophobicity and directional wetting properties of the CNT butterfly scales are
quantified by measuring their contact angle hysteresis.

7.1 Hydrophobicity

Hydrophobic state refers to a situation where a droplet has a contact angle (CA) above
90°. Superhydrophobicity refers to a state of CA above 150°. The CA changes due to
surface energy minimization of the droplet. The Wenzel model [196] states that the CA
is described by the following equation:

cos(0*) = r cos(0) (7)

where 0" is the apparent contact angle, 0 is the Young’s contact angle (for an ideally flat

surface of same material) and r is the ratio of true area to the apparent area of the surface.

113



The Cassie-Baxter model [197] states that the CA is the average of air-liquid CA and

solid-liquid CA and describes the contact angle with the following equation:

cos(8") = —1 + ¢ds(1 + cos(8)) (8)

where s Is the fraction of solid in contact with the liquid. Wenzel model breaks down
at higher 0 and at large r where it predicts the apparent CA to be 180°. Therefore Wenzel
model is applicable at CA lower than a threshold 6. beyond which the Cassie-Baxter

model is applicable. The threshold 6c can be calculated by equating the two equations
[198] which yields:

0= (ds—a)/(r — ) (9)
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Figure 7.1 Relationship between apparent CA (6*) and Young’s CA (0) showing the
two superhydrophobic regimes and their boundary 6Oc. Dotted line shows metastable
Cassie-Baxter state. Figure adapted from [199].

7.2 Superhydrophobicity and anisotropic wetting properties of

natural surfaces

Microscale roughness plays an important role in wetting behavior of a surface [199].
Examples abound in nature where hierarchical micro- and nanoscale structures are
employed to tune the wetting behavior of a surface [200]. Lotus leaves [201, 202],
cicada wings [203] and gecko feet [204], are superhydrophobic which leads to their
self-cleaning behavior. Rose petals are superhydrophobic, but with high adhesion [205]
due to Cassie impregnating wetting. Fish scales are superoleophobic [206] both in air
and water. Anisotropy is also prevalent on natural surfaces. Scallion and garlic leaves
[207] show large contact angle hysteresis and shark skins have anisotropic drag [208].
Seemingly a paradox, salvinia achieves air retention under water with hydrophilic pins
[209].
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Some natural surfaces have combinations of directional and superhydrophobic wetting
behavior. A butterfly’s wing (Morpho Aega) has hierarchical micro- and nanostructures
that rolls the droplet in the radially outward direction, but pins them in the opposite
direction [210] (Figure 7.2). This is due to the fact that individual scales on the wings
act like hinged flaps that lift up and resist the rolling of droplet in one direction but not

in the opposite direction.
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Figure 7.2 Anisotropically wetting and superhydrophobic butterfly wings. a) RO
direction b) Droplet rolling in RO direction c) Droplet pinning against RO direction d)
SEM image of wing scales f) SEM image of nanoscale ridges g) AFM image of wing
scales h) AFM image of nanoscale ridges. Figure adapted from [210].

Efforts to re-create these surfaces with complex wetting behaviors have been limited to
surface textures such as replica molding of rose petals [211] and rice leaf/butterfly scale
like structures [212], or machining of grooves on the surface of a metal [213]. These
surfaces do capture anisotropic and superhydrophobic wetting behavior, but do not
show the directional wetting as the wing scale architecture which plays on important

role in the directionality of wetting behavior is absent.
Slanted polymer nanorods [214] and curved silicon nanopillars [37] have also shown
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anisotropic wetting, but not superhydrophobicity. Indeed it remains a challenge to
replicate butterfly scales. In the next section, it is shown that CNT microarchitectures

can be used to re-create the hierarchical geometry of butterfly scales.

7.3 Superhydrophobicity and directional wetting behavior of

unidirectionally curved CNT microstructures

CNTs have been shown to achieve anisotropic and superhydrophobic wetting behaviors
via chemical modification and microstructure patterning [215]. ALD reinforced and
silanized curved CNT microstructures show directional wetting behavior (Figure 7.3a)
resisting droplet movement in one direction by the curved micropillars being deflected
by the rolling droplet. In the opposite direction, the droplet rolls without pulling the
curved micropillars with it. The same microarchitecture shows superhydrophobicity in
a Cassie-Baxter state as well (Figure 7.3b). This result shows that it is possible to create
CNT microarchitecture based surface that has both superhydrophobicity and directional

wetting properties, and motivated design and fabrication of an ‘artificial butterfly wing’.
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Figure 7.3 In Situ SEM video snapshots of droplet rolling on reinforced and silanized
curved CNT microarchitectures that show a) bending of a curved pillar that resists the
droplet rolling motion, and b) droplet pinning and superhydrophobicity on curved CNT
microarchitectures.

7.4 Design and fabrication of CNT microstructure arrays resembling

butterfly scales

In order to mimic the butterfly scales, a hierarchical design was chosen where each
CNT microstructure will have a large flat surface facing the vertical direction, with
smaller scale ridges with high aspect ratio. The catalyst outline is defined such that the
smaller scale ridges are added on one side (Figure 7.4a). Then the TiN layer outline is
defined across the neutral axis of the cross section, away from the ridge definition with
room for alignment error in the lithography. This will ensure that the scales will grow
and curve away from the ridges, exposing them to the top surface when the trajectory

of the microstructure reaches angles around 90° (Figure 7.4b). The catalyst and TiN
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definition is repeated over a large area, leaving some gap in between the structures so
that they may move independently of one another (Figure 7.4c). With geometric tuning
and surface modification, a droplet sitting on this surface is expected to be in the Cassie-

Baxter regime (Figure 7.4d).
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Figure 7.4 Design of CNT butterfly wing architecture a) Catalyst stack pattern for a
single scale showing the scale cross section with microscale ridges on top - s is the ridge
width, 1 is the ridge wavelength (s/t is the ridge density), h is the ridge height, H is the
base height, W is the base width. b) A solid model of CNT microstructure with ridges
facing the vertical direction. ¢) A proposed arrangement on a substrate d) A side view
of the array with a schematic showing droplet rolling and resulting capillary force
direction.
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Individual CNT scales can be thought of as rotary springs with the spring constants
tuned by the geometry as well as the material properties. For a curved beam following
90° arc trajectory and constrained at the base (Figure 7.4d), the lateral deflection ()
can be expressed as follows [216]:

nFR? (10)

where F is the force applied, R is the radius of curvature, E is the elastic modulus and |
is the second moment of area. The stiffness in lateral direction (F/5) can be obtained by
re-arranging equation (4) as follows:

F  4EI (11)
8

This value depends on the elastic modulus (E) as well as the geometric parameters (I
and R), opening up opportunities for precise tuning by architectural design as well as
property tuning of CNT microarchitectures. For observation with In situ SEM, the
deflection should be on the order of 10 um and forces acting of microstructures with
similar geometries has been measured to be approximately 10 uN [217], leading to 1
N/m target stiffness of the CNT scales. The thickness of the CNT scales was chosen
based on the target stiffness and properties of Al>Os reinforced CNTs and was decided

to be 20 um. Table 7.1 shows the geometric specification of the designed scales.

Table 7.1 Geometric parameters of the CNT scale catalyst patterns used in this work.

Geometric parameter | Value (nm)
Ridge width, s 3

Ridge wavelength, t 8,16

Ridge density, s/t 0.1875, 0.375
Ridge height, h 10

Base height, H 20

Base width, W 99
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The catalyst pattern shown in Figure 7.4a was fabricated and subjected to CNT growth
to achieve CNT butterfly scales (Figure 7.5). The structures show excellent
resemblance to actual butterfly scales (Figure 7.2e and Figure 7.6). Once the scales
were grown, they were coated with 25 nm of Al,O3 via atomic layer deposition (ALD)
to provide structural reinforcement and subsequently coated with fluorosilane to imbue

superhydrophobicity.

Figure 7.5 CNT microarchitecture closely resembling the butterfly scales. a) A large
array overview b) Edge of the array c) Tip of an individual scale showing the smaller
scale ridges d) Close up of individual ridge, the width is less than 2 um.

121



Figure 7.6 Scales from an actual butterfly wing a) A large area overview of the scales
b) A few scales c) Nanoscale ridges on the scales. (Images courtesy of Adam Paxson.)
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7.5 Superhydrophobicity and directional wetting properties of CNT
scales

The superhydrophobicity (CA>150°) and directional wetting properties of the CNT
scales were quantified by measuring the CA hysteresis (CAH) of the fabricated samples.
The CAH is defined as the difference of the two CAs and to show directional wetting
behavior, the CAH in two opposing directions on the surface need to be different. A
goniometer (Model 500, ramé-hart instrument) on a floating stage was used to measure
the CAH. Droplet scrubbing experiments were performed, where a droplet anchored on
a needle is positioned on the surface and the surface is translated using a linear
translation stage. The image of the droplet is captured by a camera and analyzed to
obtain the two CAs (advancing and receding) of the droplet on the surface in a particular
direction (Figure 7.7).

Contact angle (L) Contact angle (R)

Figure 7.7 Contact angles measured by the goniometer in a droplet scrubbing
experiment.

The CA measurements of CNT butterfly scales are shown in Figure 7.8. The data show
that CAH hysteresis is higher in the RI direction regardless of the ridge density, and
that the higher ridge density leads to larger CAH in both directions. The differences in
CAH in the Rl and RO directions for both ridge densities is shown in Figure 7.9. As the

droplet is translated over the surface, it gets pinned on individual CNT scales and needs
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to pull away before it can continue translating over the surface. The CNT scales will
deflect more in RI direction before the droplet is de-pinned, causing the CA to decrease
more before the de-pinning event. This leads to increased CAH in the RI direction. CNT
scales with higher ridge density will have longer contact line between the droplet and
the scales. This causes more forces to be imparted on the scales, causing further
deflection before the droplet is de-pinned leading to higher CAH as shown in Figure
7.9. This is a successful usage of strain-engineered CNT microstructures to re-create
the butterfly scales, and a first demonstration of superhydrophobicity and directional

wetting properties simultaneously on a synthetic surface.
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Figure 7.8 Contact angle measurements from droplet scrubbing experiments on various
CNT scales. a) Ridge density = 0.375, in Rl direction b) Ridge density = 0.375, in RO
direction c) Ridge density = 0.1875, in RI direction and d) Ridge density = 0.1875 in

RO direction.
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Figure 7.9 Contact angle hysteresis for CNT scales with various ridge densities showing
directional wetting behavior.
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CHAPTER 8

CONTRIBUTIONS AND OUTLOOK

8.1 Contributions of this thesis

This thesis has demonstrated advances in the following three axes of pursuit:

1. Architecture: The carbon nanotube (CNT) growth process was used to

demonstrate complex three-dimensional (3-D) microarchitecture formation

A. Anovel catalyst stack was utilized to tune the growth rate of the CNTs on
the same substrate. A parametric study was performed to document and
understand the growth of CNTs on the newly developed catalyst stack,
noting the effect of reaction conditions on the resulting CNT forest

geometry/property.

B. Strain-engineering principle was invented to utilize strain mismatch to
shape the CNT microstructures as they grow. Precisely defined and
complexly structured CNT microstructures were designed and fabricated
which would be otherwise next-to-impossible to fabricate in a timely
manner. (with Michael De Volder and A. John Hart)

C. Developed a novel modeling scheme and a finite element method (FEM)
routine to simulate the growth of strain-engineered CNT microstructures,
and understand the stress distribution within the structures and devise
strategies to decrease the residual stresses. The model is shown to closely
estimate the grown CNT microstructure geometry, with capability of

varying and observing the effects of parameters such as the relative
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growth rates, catalyst-TiN overlap, structure dimensions and constituent

material property on the resulting CNT microstructure geometry.

Mechanics: Atomic layer deposition (ALD) was used to precisely tune the

mechanics of CNT microstructures with extreme range.

A. Stiffness of the CNT microstructures were tuned to almost 4 orders of
magnitude by varying the coating thickness of Al.Os. The stiffness of the
CNT-AI>03 composite foam is shown to scale favorably with increasing
density with the scaling power of n=2.8. (with Anna Brieland-Schoultz
and Sameh Tawfick)

B. The deformation behavior was tuned from buckling, to brittle fracture
and recovery of large strains up to 0.75 was shown. The integrity of the
composite structure under multiple compression cycles were shown with
little plastic deformation as low as 0.04% per cycle. The underlying

mechanism behind large recovery observed was studied.

Multifunctionality: CNT microarchitecture fabrication and their subsequent

property tuning was used to demonstrate multifunctional metamaterials.

A. A composite material with high stiffness and damping was designed and
fabricated. This composite material is tested to show that it preserves the
damping capacity of a specifically engineered polymer while increasing
the elastic modulus by a factor of 100. (with Julien Meaud, Trisha Sain
and Bongjun Yeom)

B. Asuperhydrophic and directionally wetting synthetic surface inspired by
butterfly scales was designed and fabricated. The surface was
demonstrated to have both superhydrophobicity and directional wetting
properties by showing contact angles above 150° and contact angle
hysteresis ranging from 2.5-4° in opposite directions. Higher ridge

density led to larger contact angle hysteresis. (with Adam Paxson)
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The contributions of the thesis has expanded the current design space for
microarchitectures on both throughput-structural complexity map (Figure 2.8) and
elastic modulus-structure size map (Figure 2.9). As the result of the work described in
this dissertation, complex structures can be directly grown (Figure 8.1) and continuous
tuning of elastic modulus independent of structure geometry (Figure 8.2) was realized.

CNT Growth | | Conversion Addition Removal

Throughput (um’/s)

Straight In-plane Out-of-plane
Trajectory Trajectory Trajectory
Structure Complexity

Figure 8.1 Expansion of currently available throughput-structure complexity space
afforded by the work described in this dissertation.
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Figure 8.2 Expansion of currently available elastic modulus-structure size space
afforded by the work described in this dissertation.

In addition to the work presented in the dissertation, many tangential and
complementary directions were pursued in collaboration with other researchers that led

to fruitful research outcomes:

1. Study of statistical variation in CNT growth was performed led by Ryan
Oliver and Erik Polsen.

2. Visualization of strain evolution in CNT microstructures as they are being
compressed axially using Digital Image Correlation was performed led by

Matthew Maschmann.

3. Use of ultrafast lasers to machine CNT microstructures was carried out with

Aaron Schmidt and Ryan Murphy.
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4. Novel sensors and actuators using hydrogel infiltrated arrays of complex 3-D

CNT microstructures is being pursued in collaboration with Davor Copic.

5. Nanoscale patterning of CNT catalyst was performed via nanoimprint

lithography and CNTs were grown on the nanoscale patterns with Jong G. Ok.

8.2 Outlook

More complex CNT microstructures could be fabricated by modification of the growth
recipe. Specifically, the relative growth rates of CNTs on Fe/Al.Oz and on Fe/Al>O3/TiN
are temperature dependent, which opens up opportunities for exploitation in multistep
CNT growth at different temperatures, which will result in segmented CNT

microstructures with varying curvatures in each segment.

Post processing techniques, such as capillary forming, can be utilized to reduce the
dimensions of the fabricated CNT microstructures. With fine control over the
application and evaporation of liquid, architectural integrity should not be jeopardized
[218]. Capillary forming can be used to shrink the sizes of CNT microstructures (Figure
8.3a and b) and the fine control of pressure and temperature enables precisely controlled

liquid application (Figure 8.3c).
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Figure 8.3 Capillary forming as a post processing technique to reduce the dimensions
of strain-engineered CNT microarchitectures. a) Strain-engineered CNT
microstructures before capillary forming b) Same structures after capillary forming c)
In situ SEM video snapshots of controlled liquid (water) deposition at the base of CNT
micropillars.

Structures with critical dimensions as small as 5 um (Figure 3.30) were fabricated, and
the uniformity of the structures was not sacrificed at this scale. It is expected that
smaller 3-D microstructures could be made while still using optical lithography along
with high precision alignment of the catalyst and TiN layers. Notably, sub-micrometer
vertical CNT features have been fabricated for use as interconnects [219]. One way to
achieve a nanoscale patterning is the use of nanoimprint lithography. Pillars and wall
patterns with their dimensions down to 110 nm have been fabricated, and CNTs were
grown on them (Figure 8.4 and 8.5). Other nanoscale patterning methods, such as

interference lithography, is expected to successfully fabricate nanoscale patterns as well.
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Figure 8.4 CNT nanopillars patterned via nanoimprint lithography.

132



220nm period narrow 220nm period wide 420nm period wide
Catalyst width ~ 80nm Catalyst width ~ 140nm Catalyst width ~ 210nm

Pattern

Side walls

Figure 8.5 CNT nanowalls patterned via nanoimprint lithography.
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