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Abstract
Carbon nanotubes (CNTs) are relatively new materials with exceptional properties which
have attracted significant interest in the past two decades. The ability to grow arrays of vertically
aligned carbon nanotubes, so called CNT forest, opened up opportunities to develop different
types of novel devices enabled by the material. A key in facilitating micro-electro-mechanical
systems (MEMS) applications of the material is the ability to pattern the material in a batch
mode with high precision and high reproducibility. Patterning CNT forests prior to, during or
after the growth is reported. The mentioned techniques are, however, primarily for the formation
of two-dimensional types of patterns (with uniform heights). Laser micromachining is reported
to shape CNT forests for different applications while exhibiting its inherent limitations including
tapered sidewalls, lack of high-precision depth control, and thermal damages. Hence, there is a
need to develop machining techniques to fabricate CNT forests in any shape for MEMS and
other applications.
This thesis is based on the idea that a powerful micromachining technique is a path that
should be taken to reach a successful integration of smart materials such as nanotubes and
MEMS (and other) devices to achieve more complex and improved devices. This work develops
an effective micromachining technique based on dry micro-electro-discharge machining (µEDM)
to produce free-form, three-dimensional (3D) patterns out of CNT forests with high precision
(~2-µm machining tolerance), high-aspect-ratios (of about 20), high reproducibility, and at very
small machining voltages (~10 V) which corresponds to several orders of magnitude smaller
discharge energy (0.5 nJ compared to 15 µJ). The machining mechanism has been found to be
different from the one in typical µEDM. Furthermore, techniques to achieve high removal
precision with tighter tolerance are investigated. Also, elemental and molecular analysis of the
ii

machined structures is carried out to observe the level of cross-contamination of the process. To
demonstrate an application of the processed nanotubes, high-power MEMS switches that
integrate micropatterned CNT forests as electrical contact have been developed. Micropatterned
CNT forests as field emitters and atomic force microscopy (AFM) probe tips are also
demonstrated.
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Chapter 1: Introduction and Objective
1.1

Carbon Nanotubes
Carbon nanotubes are made by rolling an atom-thick sheet of hexagonal-oriented carbon

atoms, called graphene [1]. Carbon nanotubes can be synthesized in two forms; single walled
(SWNTs) or multiwalled (MWNTs) carbon nanotubes. SWNTs are made by rolling a single
sheet of graphene while MWNTs consist of several concentric tubes. The diameter of the tubes
ranges from few angstroms (SWNTs) [2], [3] to tens of nanometers (MWNTs). Nanotubes with
lengths of up to several centimeters are reported [4], [5]. CNTs, with measured tensile strength of
63 GPa and Young’s modulus of about 4 TPa [6], [7], are considered the strongest materials yet
discovered. The reported tensile strength of a single MWNT equates to that of a cable of 1 mm 2
in diameter which can bear tension caused by a load of 6422 kg [8]. They are 100 times stronger
than steel at one-sixth the weight [9], owing to their low density of 1.33 g/cm3 [10]. Depending
on the chirality and diameter, SWNTs can be metallic or semiconducting, while MWNTs are
always metallic [11], [12]. CNTs have been reported to have a high current capacity of more than
109 A cm-2 [13], [14]. Multi-walled CNTs exhibit a resistivity as low as 10-4 Ω cm2 [15]. The
measured thermal conductivity of 3000 W m-1 K-1 [16] for MWNTs and simulation value of
6600 W m-1 K-1 for SWNTs [17] shows the exceptional thermal properties of nanotubes.
Table 1-1 summarizes the properties of nanotubes and providing a comparison with other
materials [10].
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Table 1-1: Properties of individual carbon nanotube
Property

Nanotube

Comparison

Tensile Strength

63 GPa

High-strength steel alloys break at
about 2 GPa

Young’s Modulus

1-4 TPa

Steel: 200 MPa

Density

1.40 g/cm3

Aluminum has a density of
2.7 g/cm3

Current Carrying
Capacity

109 A/cm2

Copper wires burn out at about
106 A/cm2

Thermal conductivity

6600 W/m.K

Nearly pure diamond transmits
3320 W/m·K

Stable up to
2800 °C in vacuum,
750 °C in air
Synthesis of Carbon Nanotubes

Temperature Stability
1.2

Metal wires in microchips melt
at 600 to 1000 °C

The three main synthesizing methods for fabricating carbon nanotubes are laser ablation
[18], arc-discharge [1], and chemical vapor deposition (CVD) [19], [20]. In CVD, carbon
nanotubes are grown from a catalyst deposited on a substrate. The direct attachment of nanotubes
to substrate during the growth process reduces the extra steps of adhering them to a substrate in
other growth methods. As compared to laser ablation and arc-discharge, CVD synthesizes carbon
nanotubes at low temperatures (< 800 °C) [21] and ambient pressure at high throughput.
Therefore, CVD is the preferred method for growing CNTs. The working principle in the process
is thermal decomposition of hydrocarbons over hot catalyst (commonly metals such as Co, Ni, or
Fe). Catalyst-coated substrate is placed inside a tube and is heated to high temperatures. The
hydrocarbon vapor is passed through the reaction tube. At sufficiently high temperatures carbon
2

nanotubes grow on the catalyst [19]. Hart et al. reported an affordable desktop CVD design to
grow carbon nanotubes [22]. Details of the process for the growth system developed during this
research are given in Appendix A .

1.3

Carbon-Nanotube Forest and its Applications
As mentioned before, carbon nanotubes have exceptional properties. However, from the

practical application point of view, employing full benefits of them in realistic systems requires a
scalable approach in integration of nanotubes with MEMS devices [23]. Carbon-nanotube forest
is a vertically aligned, densely packed array of CNTs with structural porosity of more than 90%
[24], [25] with heights ranging from a few micrometers to several millimeters [26]–[28]. They
could be either SWNT or MWNT. Throughout this thesis, all the forests used are metallic
MWNT. Interesting properties such as large surface area [29] and promising electrical,
mechanical, and thermal properties [7], [30]–[32] makes them a good candidate for MEMS
applications. For example, high thermal conductivity of nanotubes makes them high performance
thermal interface material [33]. Patterned microchannel cooling fins are used as chip-cooling
heat sinks [34] due to the thermal properties and large interface surface of nanotubes.
Outstanding mechanical and surface to volume ratio of nanotube forests makes them favorable in
energy storage [35]. Patterned carbon nanotube towers with uniform length and diameter are
used as electrochemical actuators with measured strains of up to 0.15% [36]. CNT forests are
used as supercapacitors due to chemical stability, low resistivity and large surface area with a
reported specific capacitance of 180 F/g [37], [38]. Other broad range of application
opportunities includes thin-film electronic material [23], field-emitters [39], chip-coolers [34],
biomimetic dry adhesives [40], and 3D micro-electro-mechanical devices [41].
3

1.4
1.4.1

Micro-Electro-Discharge Machining
Introduction
Conventional micromachining techniques used in MEMS are mostly based on

semiconductor manufacturing processes. While surface micromachining techniques are limited
to produce thin film 2D microstructures, bulk micromachining techniques, such as anisotropic
wet etching and deep reactive ion etching (DRIE) are used to create 3D MEMS structures.
However, these techniques are limited by material options. Successful integration of MEMS
devices and materials that are not compatible with conventional MEMS micromachining
techniques has been challenging. Therefore, there is a need to develop high precision, and high
reproducible micromachining techniques capable of creating complex 3D structures [42].
Micro-electro-discharge machining (µEDMing) is a non-conventional, powerful
machining technique, capable of machining any electrical conductive material and
semiconductors. µEDM is a non-contact process and mechanical forces are negligible; therefore,
it is suitable for machining fragile materials. µEDM is an electro-thermal process which utilizes
controlled sparks generated between a microscopic electrode and a workpiece [42]. The
miniaturized arc discharge locally melts and evaporates the material at the arc spot, and
micromachining is performed by repeating the unit removal by a single pulse at high frequencies
while controlling the relative position between the electrode and the workpiece. Typical µEDM
process for bulk materials is conducted in a dielectric liquid (such as oil or de-ionized water).
Details of the process are presented in section 1.4.2.
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1.4.2

Process Description

Figure 1.1 shows the principle of µEDM. As mentioned earlier, material removal is based on
electro-thermal removal. High voltage is applied between the electrode and the workpiece
(Figure 1.1 (1)). The two electrodes are electrically insulated by a dielectric medium between
them. The dielectric is usually oil, but other mediums such as DI water [43] and air [44] are also
reported. Having applied the voltage, electrode feeds toward the workpiece. This increases the
electric field present between the electrode and the workpiece. At a certain gap distance, the
electric field overcomes the breaking voltage of the medium and an electrically conductive
channel (plasma) forms at the closest points between the electrodes (Figure 1.1 (2)). It is reported
that the measured temperature of the plasma ranges between 8000 -10000 K [45]. High energy
electrons are emitted from the cathode (tool) and hit the anode (workpiece). On the other hand,
positively charged ions travel towards the cathode. Bombardment of the workpiece with
electrons melts the workpiece locally and creates a crater-like cavity (Figure 1.1 (3)). As it is
shown, the removal happens not only on the workpiece, but also on the tool side as well (tool
wear). That is because, as the electrons and negatively charged particles hit the anode, positively
charged particles hit the cathode. However, since electrons are lighter than positively charged
particles, during the short time of one spark (several tens of ns to few µs), number of positively
charged particles hitting the cathode is less than the number of electrons that hit the anode.
Therefore, material removal rate of the workpiece is higher than the tool wear. It should be noted
that as the duration of a single discharge increases (formation of arc instead of spark), positively
charged ions have enough time to melt the cathode and tool wear increases, which is not desired
for the µEDM process. Therefore, switching off the power after a single spark is critical to
prevent formation of arc. As soon as the power shuts down the conducting channel starts to
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disappear and the ionized dielectric medium starts to recover its insulating properties and the
remaining debris are washed away by the liquid (Figure 1.1 (4)). It is necessary to have enough
rest time, so that the medium can recover its insulating properties and the debris are washed
away from the machining area, making it ready for the next spark (Figure 1.1 (5)). However, too
long rest time decreases the discharge frequency and increases the machining time. The µEDM
machine has a feedback control system such that when a short circuit between the electrode and
the sample (which prevents the discharge generation, i.e., material removal) is detected, the
system retracts the electrode up while checking the status of the short circuit and resumes
machining by feeding the electrode as soon as the circuit is opened.
The pulse generator circuit is mainly RC-relaxation type (Figure 1.2), since it can deliver
large amount of currents with short duration [46]. The amount of stored energy during the charge
cycle depends on the values of V and (C+Cp). Cp models the parasitic (stray) capacitance of the
circuit and exists between the wirings, electrode and the workpiece, electrode holder and the
workpiece stage. However, the user can define the values of V and C. During the discharge cycle,
most of the stored energy is delivered to the workpiece.

Figure 1.1: Principle of one cycle of µEDM process.
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Figure 1.2: RC relaxation type pulse generator of µEDM

The standard tool used in µEDM is cylindrical rods. This tool can be shaped into
complex forms using wire electro-discharge grinding (WEDG). Machining principle is
essentially the same as µEDM, but with reverse polarity. A wire is fed continuously inside a
groove and along a wire guide while the µEDM tool is fed from the above and is machined
(Figure 1.3).

Figure 1.3: 3D- and side- view of WEDG.
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1.5

Micropatterning of Carbon Nanotubes
As mentioned earlier, a key in facilitating MEMS applications of a material is the ability

to pattern the material in a batch mode with high precision and high reproducibility. It was also
mentioned that CNT forests, due to their exceptional properties, are good candidates to be
integrated with MEMS devices. However, to design and fabricate devices based on CNT forests,
there is a fundamental need to define the dimensions of the forests precisely. CVD growth of
patterned CNT forests has been implemented using pre-patterned catalyst layers defined by
photolithography [47], [48], electron beam lithography [49], [50], soft mask [51], [52], and laser
etching [24]. Patterning CNT forests during or after the growth using shadow mask [53],
template growth (mold) [54], laser etching through mask [55], and densification [56], [57] has
been presented. The mentioned techniques are, however, primarily for the formation of twodimensional types of patterns (with uniform heights). Laser micromachining has been reported to
shape CNT forests for different applications [34], [58]–[60] while exhibiting inherent limitations
including tapered sidewalls, lack of high-precision depth control, and thermal damage [61]. Zhu
et al. used scanning localized arc discharge lithography to locally truncate carbon nanotube
forests [62]. The authors did not mention their machining resolution, but reported truncation and
unraveling of nanotubes due to the passage of electrical current. Generally, arc machining is not
very precise due to overheating the machining area, while spark machining (µEDM) is a precise
machining by protecting the machining area from excessive heating [46]. Table 1-2 summarizes
the machining techniques to pattern carbon nanotubes.
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Table 1-2: Summary of micropatterning carbon nanotubes techniques
Technique
Patterned catalyst before the
growth [24], [47]–[53]

Geometry Complexity
2D structures with
uniform height

Template growth [54]

2D structures with
uniform height

No complex 3D structures.

Laser etching through mask
[55]

2D structures with
uniform height

Structure is limited by the shape of
mask.
No complex 3D structures.
Expensive.

Controlled densification [56],
[57]

3D structures with predefined 2D base

Densification damages the
morphology of nanotube arrays.
No complex 3D structures.

E-beam (in SEM, STM,
AFM) [63]–[65]

Cutting individual
nanotubes.

Applicable only to individual
nanotubes.

Laser micromachining [34],
[58]–[60]

3D structures

Lack of high-precision depth control.
Thermal damage.
Expensive.

3D structures

Not very precise and thermal damages
due to the arc currents.
Machining resolution is not
mentioned.

Scanning localized arc
discharge lithography [62]

1.6

Limitations
No complex 3D structures.

Objectives of the Research
As discussed earlier, techniques to micropattern carbon nanotubes are limited by their

capability to produce complex 3D structures, the amount of thermal damage introduced to the
sample, and machining resolution. To fill this gap and facilitate the application of CNTs to
MEMS and other disciplines, it is essential to establish techniques to create 3D free-form
microstructures from pre-grown forests. This research focused on developing a micromachining
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technique to answer the mentioned challenges. The main objective of this work was to
investigate the feasibility and characteristics of micro electro-discharge machining, as a
powerful, high precision, and high reproducible machining technique, of carbon nanotube forests
and its applications. For the feasibility and characterization sections, the focus was on
developing the optimum machining conditions, such as machining energy, speed, and
environment. Producing high-aspect-ratio, complex free-form 3D structures are demonstrated.
Afterwards, methods to increase the precision of the machining process were investigated.
Different approaches were taken to pursue this. Concerning the applications, developing highpower MEMS switches which integrate micropatterned carbon nanotube forests as electrical
contact and shape memory alloy as actuation part was mainly considered. Moreover,
micropatterned CNT forests as field emitters and AFM probe tips were developed.

1.7

Potential Impact of the Research
Carbon nanotubes with exceptional mechanical, electrical, chemical, optical and other

properties are excellent candidates for MEMS and other applications. However, a major obstacle
in integrating this material with MEMS and other devices is the limitation in post-growth
patterning of nanotubes. Micro electro-discharge machining is an affordable, compatible to batch
mode, and clean fabrication technique, developed to produce complex structures which are
difficult and sometimes impossible to produce with other micro machining techniques. The
micropatterning technique developed in this thesis provides a strong tool to shape CNT forests to
complex free-form 3D microstructures for MEMS and other applications. The precision µEDM
provides is not achievable with other fabrication methods. Potential applications include gas

10

sensors, electrical vias and contact, optical and mechanical switches, microfluidics, field emitters
and AFM probes.

1.8

Research Methodology
Three milestones were defined to achieve the goals of this research: a) demonstrating the

feasibility of µEDM of CNT forests; b) developing techniques to increase the precision of the
process; c) demonstrating the application of the process in a MEMS switch device. In order to
achieve these milestones, the following approaches were taken:

A. Feasibility
In the initial stage of the research, the focus was on feasibility of micro-electro-discharge
machining of CNT forests. Dry and wet µEDM of CNT forests with different conditions were
carried out. Optimum conditions for the dry process were then demonstrated. Limitations of the
machining tolerance in the process were also described. Furthermore, micropatterned 3D
structures were produced to show the effectiveness of the process. Finally, elemental analyses
were carried out to describe the level of possible cross-contaminations of the process.

B. Mechanism of Dry µEDM of CNT Forests
Having shown the feasibility of the process, the working principle of dry micro-electrodischarge machining of CNT forests was investigated. The experiments were to investigate the
effect of oxygen in the process. Machining was carried out in a controlled environment with predefined ratios of oxygen/nitrogen. A different mechanism was suggested to be valid for
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µEDMing of CNT forests rather than normal mechanism known for typical EDM process.
Elemental and molecular analyses were also carried out to investigate the level of possible crosscontaminations in the process.

C. Field-Emission-Assisted µEDM of CNT Forests
This step modified the conventional configuration of electro-discharge machining and
investigated dry µEDM of CNT forests assisted by field emission properties of carbon
nanotubes. Discharge currents were measured for both conventional and proposed configurations
(reverse configuration). The reverse machining made it possible to machine at lower discharge
currents; therefore, the machining tolerance was improved. Finally, elemental and molecular
analyses were carried out to investigate the cross-contaminations involved in the process.

D. The Effect of Using Sulphur-Hexafuoride (SF6) in Dry µEDM of CNT Forests
This step, similar to step C, was to find a method to improve the machining tolerance of
dry µEDM of CNT forests. Use of a high dielectric gas such as SF6 was suggested to achieve
this goal. Moreover, discharge current waveforms were measured for different SF6/O2 mixture
ratios. Lower Machining voltage was also made it possible for using SF6 in reverse machining,
leading to finder micropatterning. Finally, elemental analyses were carried out to investigate the
level of possible cross-contamination during the process.

E. Integrating CNTs into a High-Power MEMS Switch
This step involved applying carbon nanotube forests in MEMS devices. To do so, a high
power MEMS switch device was developed. The switch is thermally actuated by using a shape
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memory alloy. CNT forests were then used as contact material of the switch. The results revealed
that combination of CNT forests and shape memory alloy actuators could be a promising path to
realize reliable MEMS contact switches for high-power applications. It is also worth mentioning
that bare CNT forests were used in this step. Micropatterned CNT forests with µEDM will be
pursued in the next step.

F. Effects of Using 3D Micropatterned CNT Forests in MEMS Switches
In this phase, the focus was on 3D micropatterning CNT forests integrated with MEMS
switches. CNT forests with different 3D profiles were patterned and compared. Furthermore,
improvement of switch parameters reported in step E was shown.

1.9

Thesis Overview
This thesis is divided into 6 chapters. The Introduction, Objectives and Research

Methodology of this study are discussed in chapter 1. Chapter 2 mainly focuses on the feasibility
of µEDM of CNT forests. Characterization and working principle of dry micro-electro-discharge
machining of CNT forests are also discussed in the same chapter (A and B in section 1.8).
Chapter 3 will be a discussion on improving the precision of the process. Field-emission-assisted
µEDM and the effect of using SF6 are also going to be discussed in the same section (C and D in
section 1.8). In chapter 4, a MEMS switch integrated with bare CNT forest and shape memory
alloy is presented (E in section 1.8). The final chapter, Chapter 5 is going to focus on 3D
micropatterned CNT forests to be used in high power MEMS switches (F in section 1.8).
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Chapter 2: Micro-Electro-Discharge Machining of Carbon Nanotube Forests;
Feasibility and Characterization
In this chapter, first, the feasibility of micro machining carbon nanotube forests using microelectro-discharge machining will be reported. 3D free-form micro-structures with high-aspectratios will be demonstrated next. Characterizations of the process for different machining
conditions will be also discussed. Furthermore, machining tolerance is going to be reported for
different machining conditions by investigating the discharge gap. Also, cross-contaminations
during the process will be investigated by analyzing the elemental analyses. Later on in the
chapter, there will be a report on the characterization of the dry machining process with respect
to the machining gas ambient. Controlled environment with pre-defined ratios of N2/O2 will be
explained provided for different machining conditions. Finally, a different machining mechanism
is going to be suggested for µEDMing of CNT forests rather than the typical melting and
removal principle in the µEDM process.

µEDM of CNT Forests; Feasibility1

2.1
2.1.1

Introduction

Micro-electro-discharge machining of carbon nanofibers [14, 15] as well as DC arc discharge
machining of CNT forests [16] have been reported for surface patterning of the materials with

1

A portion of this section has been published in a peer-reviewed journal (Reused with permission from “W. Khalid,
M. Sultan Mohamed Ali, M. Dahmardeh, Y. Choi, P. Yaghoobi, A. Nojeh, and K. Takahata, ‘High-aspect-ratio,
free-form patterning of carbon nanotube forests using micro-electro-discharge machining’, Diamond and Related
Materials, 19(11), 1405, 2010.”, Copyright (2010), with permission from Elsevier) [66].
Parts of this section were also presented in a proceeding (Reused with permission from M. Dahmardeh, W. Khalid,
M.S. Mohamed Ali, Y. Choi, P. Yaghoobi, A. Nojeh, and K. Takahata, High-aspect-ratio, ‘3-D micromachining of
carbon-nanotube forests by micro-electro-discharge machining in air’, Proceeding IEEE MEMS, Mexico, Jan 23-27,
2011, pp. 272 - 275”, Copyright © 2011 IEEE) [67].
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low aspect ratios. In this section pulsed µEDM process for 3-D, high-aspect-ratio
micromachining of pure CNT forests is presented [66], [67]; this technique is shown to be highly
effective in forming arbitrary micro-scale geometries in the forests.
2.1.2

Sample Preparation and Experimental Set-up
CNT forest samples used in μEDM experiments were prepared as follows: First, a 10-

nm-thick layer of aluminum was evaporated on a highly-doped silicon wafer (<100> n-type,
resistivity 0.008–0.015 Ω cm). Subsequently, a 2-nm-thick layer of iron was deposited. CNT
growth was performed in an atmospheric-pressure CVD system. In a typical growth process,
after loading the sample, the temperature was ramped up from room temperature to 750 °C in 20
min while maintaining a flow of 500 sccm of hydrogen and 200 sccm of argon in the reaction
tube. The sample was then annealed for 3 min under these flow conditions at 750 °C.
Subsequently, flow rates of 50 sccm of ethylene, 40 sccm of hydrogen, and 75 sccm of argon
were used for 90 min at this temperature for CNT growth, before cooling the samples down to
room temperature again. Forests of vertically aligned multi-walled were obtained with lengths of
up to several hundreds of micrometers.
μEDM setup for machining CNT forests is shown in Figure 2.1.

Figure 2.1: μEDM setup for machining CNT forest in air.
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2.1.3

Results and Discussion
Typical µEDM process is conducted in a dielectric liquid (such as oil or de-ionized

water). However, due to the shrinkage/densification of CNT forests by submerging them in
liquid caused by liquid capillary force [68], [69], there is a possibility of damaging the CNT
forests. To better illustrate this effect Figure 2.2 a shows cylinders of nanotube forests with 300
µm diameter before and after submerging in EDM oil. The inset shows a close-up of the tip of a
shrunk forest. Figure 2.2 (b)-(d) show a block of CNT forest submerged in acetone and is then
left to dry at room temperature. It can be seen that the forests shrank from the original volume.
The observed cracks seem to be a purely physical phenomenon related to this effect induced by
the capillary force.
In order to avoid the above shrinkage effect in bare CNT forests, experiments were also
performed in air. It was observed, however, that processing with the same parameters (80 V, 120
pF) that enabled good patterning and shapes in oil (before drying) caused the local destruction of
CNTs with uncontrolled large sparks in air, resulting in non-uniform surfaces and poor sharpness
in the structures. The voltage and capacitance were then substantially lowered to 30–35 V and 10
pF, respectively, which produced highly promising results. Figure 2.3 (a) compares holes drilled
at 80 V and 30 V (both with 10 pF) in air, indicating sharper edges and smoother surfaces
obtained at 30 V compared with those at 80 V. Note that the bottom of both holes are defined by
the tips of CNTs shortened by the machining process.
As a control experiment, holes were also created with 0 V, i.e., mechanically drilling the
CNT forest, both with and without rotation of the electrode (Figure 2.3 (b)); it can be seen that
the drilled portion is simply dislocated downward and remains within the hole. The results in
Figure 2.3 thus clearly show the effect of removal by an EDM mechanism.
16

Figure 2.2: Shrinkage effect in CNT forest after submerging in liquid; (a) before and after
dipping in EDM oil, (b) SEM image of a dried CNT forest block after submerging in acetone, (c)
top view of the CNT forest block shows the shrinkage volume, (d) close-up SEM image showing
CNT forest roots are detached from the substrate due to the shrinkage force.

In order to systematically investigate the effect of voltage on the patterning of CNT
forests, experiments were performed using 80, 30, 20 and 10 V with 10 pF as process
parameters. Figure 2.4 (a), (b), and (c) show the contrast when the same pattern (500-μm×350μm X–Y scanning for a depth of 100 μm) was machined with 80, 30 and 10 V, respectively,
using a 150-μm-diameter electrode.
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Figure 2.3: (a) Hole structures created in a CNT forest using EDM with 80 V and 30 V. (b) Hole
structures made by mechanically drilling the forest using the same electrode with and without
electrode rotation at 3000 rpm.

Figure 2.4: SEM images with the same magnification showing μEDM results for the same
pattern created with (a) 80 V, (b) 30 V, and (c) 10 V.
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The forest sample was continuously moved along the rectangle pattern using the X–Y
stage while feeding the electrode until it reached the target depth. It can be seen in Figure 2.4 (a)
that machining of CNT forests in air at 80 V led to a distorted structure due to large discharge
sparks similar to the result in Figure 2.3 (a). In contrast, processes with 30 V produced very fine
and stable discharge pulses, resulting in well-controlled CNT removal as can be seen in
Figure 2.4 (b). The results with 20 V were similar to those with 30 V. At 10 V, machining
exhibited signs of mechanical grinding (Figure 2.4 (c)).
Figure 2.5 (a) shows a machining process using a 300-μm-diameter cylindrical electrode
at 35 V and 10 pF for forming a square pattern in a CNT forest, showing light emission from
discharge pulses at the interface between the electrode bottom and the CNT surface. The cubic
structure (approximately 200 μm on all sides) in Figure 2.5 (b) was obtained under these
conditions. Figure 2.6 shows a typical waveform of a discharge pulse generated at 30 V and 10
pF measured using a current probe (CT-1, Tektronix, Inc., USA) inserted in the discharge circuit
as shown in Figure 2.1. The measurement result indicates that a pulse with the peak current and
pulse duration of approximately 60 mA and 32 ns flows through the CNT forest during the
discharge. The peak current is about 1–2 orders of magnitude smaller than those seen in
conventional μEDM. This is related to the discharge pulse energy defined by the machining
condition, which is expressed as CV2/2, where C is the capacitance of the R-C circuit and V is
the machining voltage, if parasitic capacitances are neglected [70]. With this, a theoretical energy
value of 4.5 nJ is calculated with 30 V and 10 pF for machining CNT forests, which is
approximately 85 times smaller than that with 80 V and 120 pF, a typical combination used in
μEDM of conventional materials.
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Figure 2.5: (a) Optical images during μEDM of a CNT forest. A rotated 300-μm-electrode is
scanned along a 500-μm×500-μmsquare orbit in the X–Y plane. The inset in each image shows
the top view of the electrode, its orbit (broken line), and the square CNT pattern to be obtained.
(b) A 200-μm cube machined in the forest with this process.

An important consideration is the gap created between the EDM electrode and the
machined structure due to the discharge process, since this gap affects the final dimensions of the
structure.
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Figure 2.6: A sample waveform of discharge pulse observed during CNT machining with 30 V
and 10 pF.

In general, smaller gaps are preferred for achieving higher precision and tighter
tolerances. The dependence of this gap on the voltage was characterized by measuring the
diameter of holes, all of which were drilled using a 100-μm-diameter electrode rotated at 3000
rpm. Figure 2.7 plots the average gap distance, G, calculated using the measured diameter of the
hole, DH, and that of the electrode, DE as G = (DH − DE)/2, at various voltages. No measurable
change in DE due to the electrode wear was observed (DE ≅ 100 μm). The result shows the
nonlinear increase of the gap with voltage, and also shows that the gap is around 10 µm at the
optimal voltage of 30 V. Note that the effective discharge gap can be smaller than this value as
any wobbling of the rotating electrode due to non-idealities in WEDG shaping will make the
effective diameter of the electrode during the process larger than DE. Nevertheless, it can be seen
that the measured gaps are smaller by factors of 3–5 than the results reported in [71] if the gaps
at the same voltages (60–110 V) are compared. This may be related to a difference in the
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capacitance used (10 pF plus parasitic capacitance in the present characterization, as opposed to
parasitic capacitance only in the above report), and/or structural differences between the
nanofibers involved in the above report and the nanotubes targeted in the present work.

Figure 2.7: The electrode-forest gap clearance vs. machining voltage characterized by
measuring diameters of holes drilled in a forest using a 100-μm-diameter electrode rotated at
3000 rpm for all data points.

To demonstrate the ability of this technique in 3-D patterning, multi-level, complex micro
channels were created in CNT forests. A 50-μm-diameter electrode with 35 V and 10 pF was
used to shape the channel structures with depths of 50, 100 and 150 µm (Figure 2.8). The 100μm-deep channel structures achieved a minimum feature size of ~5 µm (Figure 2.8 (a)),
corresponding to an aspect ratio of 20. Even after machining of narrow channel structures, the
orientation of aligned nanotubes was intact as can be seen in Figure 2.9. The debris on the
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patterned structures observed after the process (Figure 2.8 (b)) were easily removed by gently
blowing nitrogen onto the sample. The structures in Figure 2.8 (a) were cleaned by this method;
no damage in the structures, including the high-aspect-ratio 5-μm feature, was observed. Another
important issue in 3-D patterning is the creation of angled surfaces. This was demonstrated using
the electrodes whose shapes were customized by WEDG. Figure 2.10 (a) shows a pyramid
structure machined using an electrode with a cone-shaped tip. The tip of the pyramid has an
approximately 38×38-μm2 area and a 130-μm height. The cone shaped electrode was also used to
pattern letters of the alphabet on a CNT forest (Figure 2.10 (b)). The depths of the letters U, B
and C are 120, 150 and 50 µm, respectively. A zoomed view of the middle section of the “B”
structure seen in Figure 2.10 (b) shows sharp edges and smooth, angled surfaces formed in the
CNT forest. Surface analysis of machined forest structures was performed using a scanning
electron microscope (SEM) with an energy-dispersive X-ray (EDX) spectroscopic analyzer
(Hitachi S-3000 N). The bottom surfaces of 50-μm-deep holes drilled at 30 V and 80 V (both
with 10 pF) in the same forest with a height of several hundreds of microns were characterized
for this purpose. The EDX analyses (Figure 2.11 (c)–(e)) show a high level of silicon in addition
to carbon; this is most likely due to the presence of the substrate below the forest. Low levels of
catalytic materials (iron was detected but not visible in the plots) as well as oxygen were also
detected. At 30 V (Figure 2.11 (c)), tungsten, the electrode material, was not detected on the
surface, suggesting almost zero consumption of the electrode. At 80 V (Figure 2.11 (b)), the
machined surfaces were observed to have submicron-/nanoscale particles. Another EDX focused
on the particles revealed that these particles are a compound of tungsten and carbon (Figure 2.11
(e)). This indicates that at high voltages, the discharge causes some consumption of the electrode
at the tip (mainly on the bottom surface, as no measurable diameter change was observed), and
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tungsten melted from the electrode and carbon removed from the forest are fused to form these
particles. It can be seen in Figure 2.11 that the surface processed at 30 V (Figure 2.11 (a)) is
smoother and denser than the surface at 80 V (Figure 2.11 (b)), which exhibits a texture closer to
that of the original forest. This dense surface with 30 V is likely because the carbon removed
from the forests tends to remain inside the hole and be spread over the bottom by the rotating
electrode when a lower voltage (i.e., lower discharge energy) is used. This hypothesis is
supported by the results seen in Figure 2.3 (a), which shows carbon debris around the hole
machined at 80 V but much less particles when 30 V is used. Moreover, the relatively weaker
EDX signal of the silicon substrate in the 30-V case (Figure 2.11 (c)) compared to that in the 80V case (Figure 2.11 (d)) can be attributed to the denser surface of the former, as it can attenuate
the substrate signal more.

Figure 2.8: Multi-level microchannel structures patterned in a CNT forest. (a) The structures
after nitrogen cleaning. (b) As-machined structures with debris before cleaning.
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Figure 2.9: Sidewalls of a channel created in a CNT forest, showing that the overall vertical
orientation of the nanotubes is unaffected by μEDM.

Figure 2.10: 3-D μEDM of CNT forests using electrodes with cone-shaped tips performed at 35
V and 10 pF to form (a) a pyramid structure and (b) letters. Note the difference in the depth of
the three letters U, B and C.
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Figure 2.11: SEM and EDX results. (a) SEM image of the bottom surface of a hole machined
with 30 V in a forest. (b) SEM image of the bottom surface of another hole machined with 80 V
in the same forest. (c) EDX analysis of the surface processed at 30 V. (d) EDX analysis of the
surface processed at 80 V. (e) EDX analysis of one of the particles observed on the surface
processed at 80 V.

The difference in the degree of debris ejection from a machining gap can be related to the
magnitude of pressure waves that are caused by thermal expansion of air at the gap induced by
discharge pulses, i.e., the smaller the voltage or discharge energy, the lower the ejection pressure
hence more debris tend to stay in the hole. Thus, for fine machining with lower energies, debris
removal during the process is anticipated to be a key factor for deep or high-aspect-ratio drilling,
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which will need further investigation. It is worth noting that the situation should be different
when the electrode is scanned horizontally, because there are more paths for removed carbon
atoms to be ejected from the machining gap compared to the hole-drilling case where the
electrode tip is fully enclosed by machined sidewalls of the forest. In fact, the scanned results
obtained at 30–35 V in Figure 2.4 (b) and Figure 2.8 (b) show ejected debris that have been left
on the machined structures. This suggests that machining that creates some open space around
the electrode may lead to more debris removal from the machining area, which may aid in
achieving deeper machining compared to the hole-drilling case.

2.2

µEDM of CNT Forests; Effect of Oxygen

2.2.1

Introduction

This section2 investigates the working principle of dry micro-electro-discharge machining of
vertically aligned carbon-nanotube forests by evaluating the effect of oxygen on the process. The
machining experiments with controlled oxygen/nitrogen ratios indicate a correlation between the
peak current of discharge pulses and the oxygen concentration, suggesting not only a vital role
for oxygen in the process, but also a removal mechanism fundamentally different from that in
typical electro-discharge machining based on direct melting and evaporation of the sample
material. The highest surface quality and uniformity in the machined forest microstructures as
well as smooth machining without short circuiting are achieved at an approximate oxygen
concentration of 20% under the discharge condition of 30 V and 10 pF, revealing that air is an

2

A version of this chapter has been published in a peer-reviewed journal (Reused with permission from “M.
Dahmardeh, A. Nojeh, and K. Takahata, ‘Possible mechanism in dry micro-electro-discharge machining of carbonnanotube forests: A study of the effect of oxygen’, Journal of Applied Physics, 109(9), 093308, 2011”, Copyright ©
2011, AIP Publishing LLC) [82].

27

optimal medium for the removal process. Elemental and molecular analyses show no evidence of
significant crystalline deterioration or contamination in the nanotubes processed with the
technique.
2.2.2

Sample Preparation and Experimental Set-up

The CNT forest samples used in μEDM experiments were prepared as follows: First, a 10nm-thick layer of aluminum was evaporated on a highly-doped silicon wafer (<100> n-type,
resistivity 0.008-0.015 Ω cm). Subsequently, a 2-nm-thick layer of iron was deposited. CNT
growth was performed in an atmospheric-pressure CVD system. In a typical growth process,
after loading the sample, the temperature was ramped up from room temperature to 750°C while
maintaining a flow of 500 sccm of hydrogen and 200 sccm of argon in the reaction tube. The
sample was then annealed for 3 min under these flow conditions at 750 °C. Subsequently, flow
rates of 50 sccm of ethylene, 40 sccm of hydrogen, and 75 sccm of argon were used for 90 min at
this temperature for CNT growth, before cooling the samples down to room temperature again.
Forests of vertically aligned multi-walled CNTs (as characterized by scanning and transmission
electron microscopy) were obtained with lengths of up to several hundreds of micrometers.
Various samples with lateral dimensions as large as a few centimeters were grown [67]. µEDM
experiments were carried out with a 3-axis µEDM machine (EM203, SmalTec International,
USA)

that

employed

relaxation-type

resistor-capacitor

(R-C)

circuitry

for

pulse

generation/timing [72]. As opposed to the DC arc technique [62], this µEDM process that uses
nanosecond pulses of arc discharge for machining potentially enables precise control of
discharge energy delivered to a CNT forest, while protecting the sample from overheating [46].
The experimental set-up used for dry µEDM characterization is shown in Figure 2.12. Oxygen is
first mixed with nitrogen, an inert dilute gas, inside a buffer chamber, and the mixed gas is
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introduced to the machining chamber, where the O2 concentration is measured using an oxygen
sensor (VN202, Vandagraph Co., UK). The flow rates of O2 and N2 are adjusted so that the O2
concentration reaches the target value and is stabilized in the machining chamber for at least 10
minutes prior to machining. In this study, the O2 concentrations of 0% (oxygen free), 6%, 10%,
21% (approximately equal to the ratio in air), and 50% were tested. A tungsten electrode (32-100
m diameter) and the CNT forest are connected as the cathode and the anode, respectively, with
the R-C circuit as shown in Figure 2.12. The electrode feed rate in the vertical (Z) direction was
set to be 0.5 µm/s.
The machining experiments were conducted with an optimal condition (machining voltage
30 V; capacitance 10 pF; electrode rotation speed 3000 rpm; X-Y feed rates 1 mm/min) that we
have previously developed for µEDM of CNT forests in air [66].

Figure 2.12: Experimental set-up for dry μEDM of CNT forests with controlled oxygen
concentrations in O2/N2 ambient.
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2.2.3

Results and Discussion
Figure 2.13 (a) - (d) show the microstructures machined with different O2 concentrations

and the machining conditions noted above, by scanning a 100-m-diameter electrode along a
rectangular pattern (300 m  400 m) in the X-Y directions while feeding the tool in the Z
direction to a depth of 40 µm. The results indicate that the process at 0% O2 [Figure 2.13 (a)]
resulted in the lowest removal quality, and that the uniformity and the surface smoothness of the
machined structures were consistently improved as the O2 concentration was increased to 21%
[Figure 2.13 (c)]. As can be seen in the drilling results in N2 [Figure 2.13 (e)] and in air
[Figure 2.13 (f)] performed under the same EDM conditions, the CNT removal in air is as
effective as the 21% O2 case.

Figure 2.13: SEM images of µEDMed CNT forests in N2 gas mixed with (a) 0% O2 (oxygen
free), (b) 10% O2, (c) 21% O2, (d) 50% O2. Drilling results in (e) pure N2 and (f) air.

Machining in 50% O2 [Figure 2.13 (d)], however, led to rougher surfaces compared to those
at 21% O2 as apparent from the SEM images. To visualize the progression of electrode feeding
30

and the impact of oxygen on the feeding, the Z position of the electrode was tracked during
drilling of a forest to a depth of 50 µm with different O2 concentrations [Figure 2.14]. The results
with the 21% and 50% O2 concentrations showed smooth feeding with no short-circuit detection,
reaching the target depth within the ideal machining time of 100 seconds (i.e. (50 m)/(0.5
m/s)). As the concentration was lowered, zigzag patterns appeared, due to the occurrence of
short circuits and the resultant controlled retraction of the electrode. It is clearly seen that
lowering the O2 concentration below 21% deteriorates the machining efficiency. For the oxygenfree case, machining beyond 10 µm of depth was not achieved.

Figure 2.14: Progressions of electrode feeding in µEDM of a CNT forest with different O2
concentrations in N2 at 30 V and 10 pF.

To probe the EDM dependence on oxygen, the discharge current was measured under
identical EDM conditions (30 V, 10 pF) with varying O2 concentrations using a current probe
(CT-1, Tektronix, USA) inserted in the discharge circuit as shown in Figure 2.12. Figure 2.15
plots the average peak current of discharge pulses (n=600) measured as a function of the O2
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concentration. It can be seen that the average peak current drops as the O2 concentration
increases and saturates (~13 mA) at around 21% O2. This saturation is likely related to the results
in Figure 2.14 that shows similar straight feeding paths for the O2 concentrations of 21% and
50%. The discharge current is the highest (~23 mA) at 0% O2 while proper machining at this
condition is barely feasible. This condition does not follow the typical relationship between the
discharge current and the material removal rate in regular EDM, in which larger discharge
currents lead to higher removal rates in general. It has been suggested that the lower current
carrying capacity of MWNTs in the presence of oxygen is mainly because of the loss of
individual carbon shells due to thermal oxidation [73], [74].

Figure 2.15: Measured average peak current of discharge pulses as a function of the O2
concentration at 30 V and 10 pF (the inset shows a typical pulse observed in 21% O2 at 30 V and
10 pF).
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This characteristic is consistent with the measured result in Figure 2.15 that shows the
highest current in the absence of oxygen and little removal of CNTs. Based on the results
observed, the removal of CNTs in the EDM process may be related to the thermally enhanced
oxidation, rather than direct melting/evaporation due to heat provided by the discharge pulses as
the typical removal mechanism in EDM – in other words, this CNT EDM may essentially be a
pulsed process of local oxygen plasma etching of the nanotubes.
To evaluate the structures of the processed nanotubes, high-resolution scanning electron
microscopy (SEM) was performed for the surfaces of the machined structures shown in
Figure 2.13 and for an unprocessed area near the structures [Figure 2.16 (a)-(d)]. For low
concentrations of O2 (up to 21%), some of the CNTs developed sharp tips (indicated by arrows in
Figure 2.16 (c)), resembling the needle-shaped bundles of CNTs after plasma etching reported in
[75], while other CNTs exhibited different morphologies with rougher surfaces compared to
those of the original CNTs with smooth surfaces (similar results were reported in [76]). For 50%
O2, thickening of CNTs is evident; this could be related to the formation of thicker bundles of
individual CNTs and/or the adsorption of the carbon debris produced in the machining process
[66].
The analysis of the machined samples with energy-dispersive X-ray spectroscopy (EDX)
showed no noticeable difference between the results with different O2 concentrations. Tungsten
was not observed in the EDX results, suggesting negligible electrode consumption during the
EDM process under the employed machining conditions. In order to evaluate the impact of
EDM on the crystalline properties of the CNTs, Raman spectra were collected from the
µEDMed regions in the structures shown in Figure 2.13 (a), (c), and (d) machined in the forest
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with the O2 concentrations of 0%, 21%, and 50%, respectively, as well as from the original
CNTs in the same forest for comparison [Figure 2.17].

Figure 2.16: SEM images of (a) original CNT forest before µEDM, and µEDMed CNT forest
(b) in air, and with O2 concentrations of (c) 0%, and (d) 50% in N2 (scale bar size in each image
is 200 nm).

The G mode that arises from the sp2 C crystalline structures and the D mode related to
crystalline defects [77] are seen in the collected data. As shown in the graph, the ID/IG ratios in
the original and EDMed forest surfaces are very close (0.76-0.79), suggesting that the impact of
µEDM on the CNT’s crystalline properties under the used conditions is minimal. The DC arc
discharge machining of CNT forests has been reported to lower the ID/IG ratio [62]. It is also
known that high-density oxygen plasma treatment of CNTs causes defects in them [78]. The
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Raman analysis in the present study provided no evidence of significant ID/IG ratio reduction or
increased defects in the CNTs processed with the pulsed µEDM used.

Figure 2.17: Raman spectra of the CNT forest before and after µEDM with different O2
concentrations in N2.

A closer look at Figure 2.17 reveals that for the oxygen-free (0%) condition, the G and D
peaks are shifted by ~22 and ~12 cm-1 from the peaks (at 1570 and 1340 cm-1, respectively) for
the non-zero O2 concentrations to the higher wavenumber side. The shifts were observable in
Raman data from some locations on the surfaces machined under the oxygen-free condition but
were not consistent over the entire area of the surfaces. It has been suggested that the
compressive thermal strain causes shifts of the G-mode peak [79]–[81]. In the machining
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process, uncontrolled spontaneous large sparks were occasionally observed at low concentrations
(0-10%) of oxygen – the observed Raman shifts in the oxygen-free case could be related to high
current stressing of the carbon nanotubes caused by the large sparks.

2.2.4

Conclusions
It was the main concern of this stage to investigate the effect of oxygen in dry EDM of

CNT forests. The experimental results revealed that oxygen plays a critical role in the removal
process, suggesting that localized oxygen plasma etching induced by pulsed arc discharges,
unlike the direct thermal removal in regular EDM, may be the main removal mechanism of the
process. It was found that the use of oxygen-free, 100%-nitrogen ambient prevents proper CNT
removal. The process at the O2 concentration of ~21% in nitrogen achieved not only the highest
machining quality among all O2 concentrations tested but also efficient CNT removal without
suffering from short circuiting during the process. This suggests that air may be a suitable, and in
fact optimal, medium for dry EDM of the forests. Furthermore, thickening of the tips of the
processed CNTs was observed, which could be related to the adsorption of the removed carbon
atoms and bundling of the CNTs. The Raman and EDX analyses, however, suggest that the
EDM process may not cause significant crystalline deterioration in the CNTs and
contamination with the electrode elements.
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Chapter 3: Toward High-Precision Micro-Electro-Discharge Machining of
Carbon Nanotube Forests
Having demonstrated the feasibility of producing complex 3D free-form CNT forest
structures using dry µEDM, and characterization of the process in the earlier chapter, this chapter
aims to improve the precision of the process by studying the discharge gap as the main
parameter. This will be pursued by taking two approaches; employing enhanced field emission
properties of carbon nanotubes; and using them as cathode and source of electron for generating
discharges during the micro-electro-discharge machining. By doing so, it was possible to carry
out the machining at low energies and consequently, tighter tolerances. Later on in this chapter,
SF6 as the machining ambient will be employed. Due to the high dielectric strength and arc
extinguishing properties of SF6, it could be a good candidate for the dry µEDM process of CNT
forests to achieve tighter discharge gaps and increased precision.

3.1

Field-Emission-Assisted Approach
This section3 is to explain dry micro-electro-discharge machining of vertically aligned

carbon nanotube forests that are used as cathodes in the process, as opposed to conventional
EDM where the material to be machined forms the anode, toward achieving higher precision in
the patterned microstructures. The new configuration with the reversed polarity is observed to

3

A portion of this section has been published in a peer-reviewed journal (Reused with permission from “T. Saleh,
M. Dahmardeh, A. Bsoul, A. Nojeh, and K. Takahata, ‘Field-emission-assisted approach to dry micro-electrodischarge machining of carbon-nanotube forests’, Journal of Applied Physics, 110, 103305, 2011”, Copyright ©
2011, AIP Publishing LLC) [91].
Parts of this section were also presented in a proceeding (Reused with permission from T. Saleh, M. Dahmardeh, A.
Bsoul, A. Nojeh, and K. Takahata, ‘High-precision dry micro-electro-discharge machining of carbon-nanotube
forests with ultralow discharge energy’, Proceeding IEEE MEMS, Paris, Jan 29-Feb2, 2012, pp. 259-262”,
Copyright © 2012 IEEE) [98].
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generate higher discharge currents in the process, presumably due to effective field-emission
from CNTs. This effect allows the process to be performed at very low discharge energies,
approximately 80× smaller than in the conventional normal-polarity case, with the machining
voltage and tolerance down to 10V and 2.5 µm, respectively, enabling high-precision highaspect-ratio micro-patterning in the forests. The new approach is also demonstrated to make the
process faster, cleaner, and more stable than conventional processing. Spectroscopic analyses of
the forests processed by reverse µEDM show no evidence of significant crystalline deterioration
or contamination in the CNTs.

3.1.1

Introduction
In typical EDM (including µEDM), the workpiece and the electrode are generally

arranged to be the anode and the cathode, respectively, as this polarity usually results in efficient
material removal with small electrode wear. To the best of our knowledge, all previous studies
on carbon-nanofibers or CNT-forest µEDM have used this conventional polarity, i.e., the carbon
material has served as the anode while the tungsten electrode has been used as the cathode [66],
[82]. However, the effect of the polarity of the CNT forest on the EDM removal of the material
has not been studied. Because of their extremely small tips with nanometer radii and high aspect
ratios, CNTs are known to significantly enhance an applied electric field and thus have excellent
electron emission properties. In fact, CNT cathodes were reported to reduce gas breakdown
voltage while increasing the discharge current compared to tungsten cathodes [83]; although the
set-up and the ranges of the breakdown voltage and current reported are different (one to two
orders of magnitude) from those involved in µEDM, the above suggests that the use of reverse
polarity in µEDM of CNT forests could be effective in lowering the discharge voltage and gap
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clearance (for higher precision) as well as increasing the discharge current (for effective CNT
removal) in the process. To explore this hypothesis, the present work investigates reversepolarity µEDM of pure CNT forests in dry air experimentally. The characteristics of reverse
µEDM for CNT forests and the patterned structures are studied to reveal various advantages over
the conventional process with the normal polarity, achieving higher precision in the forest
patterning process including that for high-aspect-ratio geometries.

3.1.2

Experimental Set-up
The experimental set-up arranged for the machining tests and characterization is

illustrated in Figure 3.1. As shown, a current probe (CT-l, Tektronix, USA) was used to monitor
pulses of the discharge current in real time. The discharge current data were captured from the
oscilloscope using a GPIB interface and stored in a computer for subsequent analysis.

Figure 3.1: The experimental set-up used for characterization of reverse polarity µEDM of CNT
forests.
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A series of µEDM experiments at both normal and reverse polarities were performed for
various energy levels that were controlled by varying the discharge voltage in a range of 10- 60V
with a fixed capacitance of 10 pF in the R-C circuit. The electrode (tungsten, diameter of 40-93
µm) was rotated at 3000 rpm during all the machining experiments. The X-Y scanning rate and
the electrode feed rate in the Z direction were set to 1 mm/min and 10 µm/min, respectively.

3.1.3

Results and Discussion
The discharge pulses generated with both reverse and normal polarities were first

characterized to observe the differences between the two conditions. Figure 3.2 (a) and (b) show
the comparison of the average peak current and frequency of the pulses (n = 400) measured at
different voltage levels. Typical discharge pulses for the normal and reverse polarities measured
with the current probe are also shown in Figure 3.2 (c) and (d). It can be understood from the
comparison in Figure 3.2 (a) and (b) that both the peak current and the frequency with the
reverse polarity are higher than those with the normal polarity, and that the difference in the peak
current at lower voltages is significant. It was also observed that short circuiting between the
electrode and the CNT forest was a predominant factor in the normal polarity case when lower
voltages were used (e.g., for 10V and 10 pF, the probability of short circuits with the normal
polarity was ~5× higher than that with the reverse polarity). More occurrences of short circuits
may result in mechanical grinding of the CNT forest as observed in Ref. [66], which can distort
the orientation of the CNTs. A possible reason behind the higher discharge current in the reversepolarity case that uses the forest as the cathode could be enhanced field-emission (FE) from
CNTs [53], [84]–[87]; the forest cathode can more easily emit electrons from the nanoscale tips
of the CNTs compared to a conventional metallic cathode (such as the tungsten tip) at a given
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voltage. The increased discharge current with the reverse polarity is also consistent with the
results reported in Ref. [83]. As will be discussed later, the reverse-polarity condition at 10V was
found to produce an approximate discharge gap clearance of 2.5 µm; this means that the applied
electric field established at the gap is ~4 V/µm under the condition.

Figure 3.2: (a) Average peak current of discharge pulses measured at different voltages (with
constant capacitance of 10 pF), (b) average pulse frequency at the same voltages and
capacitance, and typical single pulse of discharge current generated using 20V and 10 pF with (c)
normal polarity and (d) reverse polarity. A tungsten electrode with a 93-lm diameter was used for
all the measurements.
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Past studies show FE current densities of ~0.5 mA/cm2 for tungsten cathodes [88] and ~1
mA/cm2 for CNT-forest cathodes [53] for this level of field, suggesting an approximately 2×
increase in the FE current with the CNT forest compared to tungsten. Another study shows that
discharge currents (in a corona phase) with CNT-forest cathodes are 6-7× larger than those with
tungsten cathodes [83]. The discharge current densities calculated from Figure 3.2 (a) at 10V for
the normal and reverse polarities (assuming that the current is uniformly distributed over the
bottom surface of the 93-µm-diameter electrode) are 10.3 A/cm2 and 29.5 A/cm2, respectively,
giving a 2.86× increase in the discharge current when the reverse polarity or the CNT-forest
cathode is used. It is notable that although the discharge conditions and properties involved in the
above cases (FE, corona, and arc) are substantially different [89], the levels of current
enhancement observed with CNT-forest cathodes are somewhat similar under the experimental
conditions used.
It should also be noted that at high discharge voltages (>50 V), the pulse frequency was
not necessarily higher for the reverse polarity, contrary to what was observed for low voltages as
shown in Figure 3.2 (b). At 60V and 10 pF, for example, the pulse frequency with the reverse
polarity was measured to be ~90 KHz, whereas that with the normal polarity was ~1360 KHz.
This is likely related to the fact that the operation at high voltages with the reverse polarity often
produced uncontrolled large sparks, which resulted in an abnormally large removal of the forest
material and a very large gap clearance between the electrode and the forest, preventing
discharge generation until the gap was reduced by the electrode feeding motion. This
problematic phenomenon caused not only the decrease of the pulse frequency but also damages
to the forest structure. In contrast, normal-polarity machining at high voltages was observed to
produce stable discharge pulses with nearly no short circuiting, leading to higher frequency. This
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process dependence on the voltage polarity at high voltages can be clearly seen in the results
shown in Figure 3.3 that compares square patterns produced under identical voltage and
capacitance (60V and 10 pF) with normal and reverse polarities. The significant distortion of the
pattern for the reverse-polarity case is evident. This result is most likely due to the occurrence of
the uncontrolled large sparks under the high-voltage condition mentioned earlier; at voltages
greater than 50 V, more effective and efficient removal was possible with the normal polarity
condition.

Figure 3.3: Scanning electron microscope (SEM) images of micro-patterns machined in a CNT
forest using 60V and 10 pF with (a) normal polarity and (b) reverse polarity. Each pattern was
created by scanning a rotating electrode along a square shape (200 µm×200 µm) in the X-Y
plane with continuous feeding of the electrode in the Z direction.

It was found that for lower voltages, however, the reverse-polarity µEDM exhibited a
different behavior, with advantageous effects towards further miniaturization in the CNT
removal process with higher precision. The previous studies reported that the lowest value of the
optimal voltage with the normal polarity was around 30 V, and that further lowering of the
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voltage led to mechanical grinding of the CNTs [66]. To evaluate the effect of the reverse
polarity in µEDM of the forest for comparison, first shallow cavities were machined on a CNT
forest with both the polarities at low-voltage levels. As can be seen in the sample results at 20V
shown in Figure 3.4 (a) and (b), reverse-polarity machining produced smoother surfaces
compared to normal-polarity processing. One possible cause of this result may be the difference
in the discharge current between the two cases—the reverse-polarity process produces higher
current than the normal-polarity for the same voltage as demonstrated in Figure 3.2 (a). This may
allow the former to remove CNTs effectively, whereas the latter suffers from insufficient
removal because of smaller discharge currents, possibly causing mechanical abrasion of the
forest. The above effect was further verified with deeper patterning with both polarities, in a
similar manner as that described in Figure 3.3 but at 10V (with 10 pF) in this case. The results in
Figure 3.4 (c) and (d) indicate that the reverse-polarity process produced sharper, smoother, and
cleaner microstructures compared to the normal-polarity case. Moreover, the patterns created
with the reverse polarity exhibited a narrower width in the machined grooves compared to those
with the normal polarity even though identical electrode and machining conditions were used.
From the dimensions shown in Figure 3.4, as well as the diameter (93 µm) of the electrode used,
the discharge gap clearance is calculated to be 7.5 µm for the normal polarity, whereas for the
reverse polarity it is 2.5 µm, which is 3× smaller (and shows a ~4× improvement over the
previous result reported in Ref. [66]). This means that reverse µEDM enables much tighter
tolerances and higher precision in CNT forest patterning.

44

Figure 3.4: The upper two SEM images show shallow cavities machined in a CNT forest using
20V and 10 pF with (a) normal polarity and (b) reverse polarity. The lower two SEM images
show micro-patterns machined in a CNT forest using 10V and 10 pF with (c) normal polarity and
(d) reverse polarity, for a depth of 40 µm with 1-µm-step electrode feeding in the Z direction.
The images in (c) and (d) also show close-up views of the microstructures created in the cavities.
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Machining stability is another important aspect of µEDM processing of CNT forests. In
the process, electrode feeding is feedback controlled so that when a short circuit is detected, the
Z stage retracts the electrode upward until the circuit is opened and then moves the electrode
downward to resume its feeding and the machining process. The process becomes unstable and
slow if many short circuits occur during the process because of frequent up/down motion of the
Z axis. It was observed that reverse-polarity machining at low voltages was consistently more
stable than normal-polarity machining for CNT forests. This tendency can be seen in Figure 3.5
that plots the electrode position on the Z axis during each of the machining processes conducted
under the same conditions except for the voltage polarity. It is clear from the graph that the
normal-polarity case produced frequent short circuits that led to ripples in the electrode motion,
whereas the reverse-polarity case resulted in much more stable and faster electrode feeding or
removal of the CNTs. For this particular machining condition, the total machining time with the
reverse polarity was approximately 60% shorter than the time with the normal polarity.
Another interesting observation is that reverse-polarity machining (at low voltages)
produced very small or almost no debris, leading to highly clean surfaces after the machining as
can be seen in Figure 3.4 (d). In contrast, as reported in Ref. [66], normal-polarity machining
produced a substantial amount of debris that was left on the machined surfaces [Figure 3.4 (c)]. It
was also observed that the debris accumulated on and stuck to the electrode surfaces, increasing
the effective diameter of the electrode in a random and non-uniform manner. In reverse µEDM,
the forest is the cathode and thus not subject to electron bombardment (leading to the
conventional thermal removal) in principle; therefore, CNT removal is expected to be almost
entirely due to oxygen plasma etching that can decompose CNTs into volatile products, forming
virtually no debris. With the normal-polarity condition, in contrast, the forest is the anode that is
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bombarded by electrons during the process and may be subject to some level of thermal removal
where parts of the CNTs are melted and blown by pressure waves induced by the intense heat
that the pulsed discharge arc produces, leaving resolidified carbon debris on the work zone and
the electrode. A single MWNT was reported to be heated up to 2000K due to emitting a FE
current of 1l A [90]; this self-heating effect of CNTs may need to be considered with respect to
the removal process. However, in the present case, the current passed through a single CNT by a
discharge pulse is estimated to be significantly lower, e.g., ~300 pA for the 10V condition that
involves an average peak discharge current of 2 mA [Figure 3.2 (a)] considering the typical CNT
density of ~1011/cm2 observed in the forest samples and the electrode diameter of 93 µm used in
the experiment. Moreover, the µEDM process uses pulsed currents as opposed to DC current
involved in Ref. [90]. Therefore, the impact of the self-heating effect on the removal process is
likely minimal under the relevant machining condition.

Figure 3.5: Electrode positions on the Z axis tracked in real time during machining with normal
and reverse polarities, both using 10V and 10 pF. In both cases, the electrode was scanned along
a square shape (100 µm×100 µm) in the X-Y plane with 1-µm-step feeding in the Z direction
until reaching a depth of 40 µm.
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A key factor for high-aspect-ratio patterning in CNT forest is debris removal [66]. It is
also essential to maintain the electrode surfaces free from debris accumulation that degrades the
machining precision and can destroy the high aspect-ratio microstructures produced during the
process. It was observed in the present study that the use of relatively high discharge energy
(e.g., 60V and 10 pF) was effective in reducing debris generation under the normal polarity
condition (in Ref. [67], needle-like microstructures were created with this method), which could
be due to the enhancement of the oxygen-plasma etching phenomenon; however, the use of
higher voltages tends to cause lower tolerance and more roughness in the machined surfaces. All
these issues may be effectively addressed through reverse µEDM because of its cleanness and
the possibility of usage of low voltages as discussed above. The effectiveness of reverse µEDM
in high aspect-ratio micromachining of CNT forests was evaluated by patterning conical microstructures with the conventional normal-polarity condition at 60V as well as with the reversepolarity condition at 10V (both with 10 pF) using a tapered cylindrical electrode. As can be seen
from the results in Figure 3.6, reverse µEDM achieved finer structures with higher aspect ratios
and smoother surfaces, demonstrating its effectiveness with low discharge energies for highaspect-ratio patterning in CNT forests. Since the discharge energy is equal to CV2/2, where C is
the capacitance of the R-C circuit (ignoring parasitic) and V is the voltage, the above electrical
conditions and results suggest that the discharge energy involved in the reverse-polarity case is
0.5 nJ, 36× smaller than the energy for the normal-polarity case (and ~80× smaller than the
energy used for the high-aspect-ratio machining reported in Ref. [67]), and that reverse-polarity
µEDM enables proper CNT removal using such low discharge energies.
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Figure 3.6: SEM images of patterned high aspect- ratio microstructures: (a) a cone shaped with
normal polarity at 60V and 10 pF by scanning a tapered electrode along a circular orbit with 90µm-diameter while feeding the electrode in the Z direction with 1-µm steps; (b) a cone shaped
with reverse polarity at 10V and 10 pF under the same scanning/feeding conditions as in (a). The
height of both cones is 120 µm.

Energy-dispersive X-ray spectroscopy (EDX) of the CNT forest surfaces machined at
10V and 10 pF [Figure 3.7] indicated no detectable signals relevant to the electrode material
(tungsten) with both the reverse and normal polarities, suggesting that the use of the reverse
polarity involves almost zero consumption of the electrode and thus does not cause
contamination of the processed forest surfaces with the electrode material. A high level of silicon
detected in addition to carbon is most likely due to the presence of the substrate below the forest.
These observations are also consistent with the previous results [66]. (Although the data shows a
larger silicon peak for the normal-polarity case as seen in Figure 3.7, we have not observed a
similar behavior in other samples studied. Therefore, we believe this could be related to the non
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–uniformity in the initial thickness of the forest that has led to a difference in the forest thickness
left after the removal, rather than an effect related to polarity.) Raman spectroscopy provided no
evidence of significant ID/IG ratio reduction, i.e., increased defects in the CNTs processed with
either polarity under different conditions [Figure 3.8].

Figure 3.7: EDX analysis results for the CNT-forest surfaces machined with (a) normal polarity
and (b) reverse polarity.

The effect of using reverse polarity in µEDM was investigated for micro-patterning of
pure CNT forests. It was found that the process with the reverse-polarity condition increased the
discharge current, possibly because of the field-emission properties of CNTs that serve as the
cathode in reverse µEDM.
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Figure 3.8: Raman ID/IG ratios for a forest sample machined at 30V with different capacitor
values.

This concept was utilized to achieve µEDM of CNT forests at lower machining voltages
or discharge energies compared to the previously reported conditions. The structures machined
with reverse µEDM at low voltages were found to have higher precision and smoother and
cleaner surfaces with almost no debris compared with those produced using conventional,
normal-polarity processing. Reverse µEDM was also found to enable more stable and faster
machining of the forests. Raman and EDX analyses revealed that reverse µEDM did not cause
significant crystalline defects in the processed CNTs and contamination of the forest surfaces
with the electrode element, respectively.
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3.2

The Effect of Using Sulphur-Hexafluoride (SF6) 4
In this section, the effect of using sulphur hexafluoride (SF6), a high-dielectric-strength

gas, for dry microelectro-discharge machining of carbon-nanotube forests is investigated. It was
found that SF6 enables µEDM of CNTs without O2, which is known to be essential for CNT
machining in N2. The process in the SF6 ambient at a discharge voltage of 25 V was found to
lead to a smaller discharge gap, i.e., tighter tolerance as well as higher machining quality
compared with the N2 case at the same voltage. The N2 environment produced smaller discharge
gap when 10 V was used; however, both the quality and rate of machining were somewhat lower
in this case. The mixture with 20% O2 in SF6 is revealed to be an optimum condition for
machining tolerance and quality. Also, CNT forests were used as the cathode in the process, as
opposed to conventional µEDM where the workpiece formed the anode. This configuration in
the SF6–O2 mixture was observed to generate higher discharge currents at low voltages,
presumably due to effective field-emission by the CNTs, leading to finer and cleaner machining.
Furthermore, energy-dispersive X-ray analysis revealed that the optimal conditions result in less
contamination by the electrode element on the processed forest surfaces.

3.2.1

Introduction
In section 3.1, it was reported that reverse-polarity µEDM of CNT forests that were

defined as the cathode in air ambient enhanced the patterning tolerances and quality with
decreased discharge energies [91]. In addition, all these previous studies have used the mixture
of N2 and O2 (in the form of air in most cases) as the machining medium, and the effect of other
4

A portion of this section has been published in a peer-reviewed journal (Reused with permission from “T. Saleh,
M. Dahmardeh, A. Nojeh, and K. Takahata, ‘Dry micro-electro-discharge machining of carbon-nanotube forests
using sulphur-hexafluoride’, Carbon, 52, 288, 2013”, Copyright (2013) with permission from Elsevier) [159].
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gases on the µEDM performance has not been investigated so far. Sulphur hexafluoride (SF6) has
a dielectric strength much higher than that of N2 (by a factor of ~3) [92]. This suggests that in
SF6, the machining electrode and the workpiece (CNT forest) have to come closer in order to
cause a gas breakdown for a given electric field strength. Hence, the use of SF6 may further
reduce the discharge gap in the µEDM process compared to the case with N2 under the same
discharge voltage.

3.2.2

Sample Preparation and Experimental Set-up
The CNT samples are prepared according to the procedure given in section 2.2.2. The

experimental set-up arranged for the machining tests and characterization is illustrated in
Figure 3.9.

Figure 3.9: Experimental setup for dry µEDM of pure CNT forest in different gas media.

As shown, a current probe (CT-l, Tektronix, OR, USA) was used to monitor pulses of the
discharge current in real time. The discharge current data were captured from the oscilloscope
using a GPIB interface and stored in a computer for subsequent analysis. Further, O2 was first
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mixed with either SF6 or N2 inside a buffer chamber, and the mixed gas was introduced to the
machining chamber, where the O2 concentration was measured using an oxygen sensor (VN202,
Vandagraph Co., UK). The flow rates of O2 and SF6/N2 were adjusted so that the O2
concentration reached the target value and was stabilized in the machining chamber for at least 5
min prior to machining.

3.2.3

Results and Discussion
As mentioned earlier, in air, µEDM of CNT forests with the reverse polarity using the

forests as the cathode was demonstrated to result in higher performance than the normal polarity
case [91]. In this configuration, effective removal at very low voltages (~10 V) was achieved due
to higher currents of the discharge pulses apparently because of the field-emission properties of
the CNT cathode. To evaluate the effect of the SF6 environment for reverse µEDM of CNT
forests, machining tests with both the normal and reverse polarities were first conducted in a gas
mixture of 50% SF6 and 50% O2. A 64-µm-diameter electrode was scanned along a square path
of 200 µm by 200 µm in a CNT forest while machining it at 25 V to a depth of 25 µm.
Figure 3.10 shows the structures machined at both polarities, as well as the electrode used for
each case imaged after the process without cleaning. It is clear from Figure 3.10 a and b that the
reverse-polarity process resulted in finer and sharper structures compared with the normalpolarity case, the latter exhibiting distorted shapes and rough surfaces in the machined structures.
In this EDM condition at 25 V, the reverse-polarity process was observed to generate relatively
high discharge current (~16.3 mA) that is evidently sufficient to induce desirable material
removal governed by electrical discharges. In the case of the normal polarity, however, the
discharge current was much lower (~5mA), leading to insufficient removal by electrical
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discharges, therefore causing mechanical abrasion and distorted structures/surfaces. These
tendencies in terms of the discharge current and machining quality are consistent with the results
obtained in air [91].

Figure 3.10: Scanning electron microscope (SEM) images of the microstructures machined in a
CNT forest in 50% SF6 and 50% O2 at 25 V with (a) the normal polarity and (b) the reverse
polarity. Optical images of the tungsten electrode after machining with (c) the normal polarity
and (d) the reverse polarity.

As also can be seen in Figure 3.10, reverse-polarity µEDM resulted in much cleaner (less
debris) structures, whereas the normal-polarity case produced more debris left on the structures
and the debris accumulated on and stuck to the electrode. The debris accumulation on the
electrode increases its effective diameter in a random and non-uniform manner, leading to an
undesired larger gap between the walls of the resultant structures (as shown in Figure 3.10 a and
b), thus lowering the precision in the machining process. A possible explanation for the above
result may be similar to the case with reverse µEDM in air [91] – with reverse polarity, the CNT
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forest is the cathode and thus not subject to electron bombardment (which induces conventional
thermal removal as noted earlier) in principle; therefore, CNT removal is expected to be almost
entirely due to oxygen and/or fluorine plasma etching [82], [93], [94] that decomposes CNTs
into volatile products, forming minimal debris. With the normal-polarity condition, in contrast,
the forest is the anode that is bombarded by electrons during the process and may be subject to
some level of thermal removal where parts of the CNTs are melted and blown by pressure waves
induced by the intense heat that the pulsed discharge produces, leaving resolidified carbon debris
on the work zone and on the electrode. Based on the comparison above, the subsequent
experimentations in the present study were carried out in the reverse-polarity mode, which
provides more desirable results in machining precision and quality.
In order to evaluate the effect of SF6, in comparison with the conventional N2, used as the
dielectric gas on reverse µEDM of CNT forests, machining tests were performed with 100% SF6
ambient as well as with 100% N2 ambient. Two basic discharge phenomena in EDM should be
noted before the results of the above experiment are discussed. Gas discharges can be classified
into several categories based on the corresponding voltage and current values. In EDM, there are
two types of discharges that most commonly occur, namely spark and arc. Spark is characterized
with higher discharge voltages compare to arc. Furthermore, spark is a transient process which
may ultimately lead to a continuous arc if certain electrical conditions are fulfilled. In EDM,
including µEDM, it is desired to have spark discharge rather than arcing, which is detrimental as
it results in excessive heating that causes severe damage to the sample surfaces [95]. Figure 3.11
a and b show typical discharge currents measured with 100% N2 and 100% SF6, respectively.
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Figure 3.11: Typical measured patterns of discharge current generated at 25 V with the reverse
polarity in (a) 100% N2 and (b) 100% SF6, indicating much longer pulse duration (~70 ns) in the
N2 ambient than in SF6 (~10 ns).

As represented in Figure 3.11 b, the 100% SF6 case produced short pulses (pulse duration
~10 ns), indicating a spark-mode discharge. These pulses usually had a peak current of around
10 mA or less but also showed spontaneous very large peak currents (30–40 mA) occasionally.
For the 100% N2 case (Figure 3.11 a), the process tended to produce longer pulse durations that
led to frequent abnormal arcing. (These two different discharge modes; spark and arc, were also
distinguishable visually through the on-machine microscope; the former case was typically
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observed to emit white light whereas the latter mode was with yellow–orange light emissions.)
Moreover, arcing resulted in frequent short-circuit detections, preventing proper machining.
Figure 3.12 a and b compare the results obtained in 100% N2 and 100% SF6, respectively,
to produce the same square patterns as those in Figure 3.10 a and b.

Figure 3.12: SEM images of the microstructures machined in a CNT forest at 25 V with the
reverse polarity in (a) 100% N2 and (b) 100% SF6. A close-up SEM image is also shown in each
case.

Figure 3.12 a exhibits damage on the forest surface with almost no material removal. In
contrast, Figure 3.12 b shows the result of much more stable discharges in the form of sparks and
stable removal. It has been reported in previous studies that SF6 plasma is suitable for etching of
CNTs [93] and that carbon reacts with fluorine (fluorination of carbon) and forms various
gaseous compounds during a plasma treatment of CNTs in an SF6 environment [94]. Although
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these reports did not use spark discharge, similar chemical etching phenomena may occur with
plasmas in the form of spark discharge, which could be the case shown in Figure 3.12 b. The
possible reason of frequent arcing in 100% N2 can be understood from the fact that N2 is less
electrically resistive than SF6 and thus permits the discharge gap to sustain a continuous arc
between the electrode and the forest surface [92], [96], [97].
As noted earlier, the presence of O2 in the µEDM process was reported to be essential for
proper removal of CNTs in N2 ambient, in which the optimal concentration of O2 was ~20%
[67], [82]. To study the role of O2 in the SF6 case, the µEDM process was characterized with O2
concentrations of 10%, 20%, and 50%. The results machined at 25 V shown in Figure 3.13
suggest that the structural and surface quality improved with increasing O2 concentration up to
20% (Figure 3.13 a and b), and that the structures became distorted (e.g., the top surface of the
center post as seen in Figure 3.13 c, possibly due to sparks propagating and etching portions of
it) again when the concentration was further increased to 50%. The structure machined at 10 V
and 20% O2 in SF6 shown in Figure 3.13 d indicates deteriorated structural quality compared to
Figure 3.13 b, the 25-V case under the same ambient. The results obtained at the same voltage
levels, 25 V and 10 V, with 20% O2 in N2 ambient are shown in Figure 3.13 e and f, respectively.
These suggest that, in contrast to the SF6–O2 ambient cases, the 10-V condition led to higher
machining quality than the 25-V condition in the N2–O2 ambient; this result is consistent with the
previous findings reported in [91]. However, a comparison between Figure 3.13 b and f,
representing the conditions that provided the highest machining quality for the SF6 and N2
environments, respectively, suggests that SF6 results in sharper corners (without extended
portions at the corner of the center post) than N2, and the sidewall of the resultant structure is
smoother (free from extended layers) for SF6 ambient. Possible sources of the different optimal
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voltage levels for the SF6 and N2 environments (25 and 10 V, respectively) found above will be
discussed later.

Figure 3.13: SEM images of the microstructures machined in a CNT forest: (a) 10% O2 in SF6 at
25 V; (b) 20% O2 in SF6 at 25 V; (c) 50% O2 in SF6 at 25 V; (d) 20% O2 in SF6 at 10 V; (e) 20%
O2 in N2 at 25 V and (f) 20% O2 in N2 at 10 V.

Figure 3.14 a shows the measured values of the average peak discharge current
(calculated from 300 individual discharge pulses) and of the discharge gap as a function of O2
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concentration in SF6. The discharge gap was calculated as the half of the dimensional difference
between the measured width of a groove machined in a forest and the diameter of the electrode
used. Figure 3.14 b compares the discharge gaps measured in the structures obtained with the
SF6 and N2 environments (both at 20% O2) at the two discharge voltages of 25 and 10 V.

Figure 3.14: (a) Average peak discharge current generated at 25 V and resultant discharge gap
with different O2 concentrations in SF6. (b) Measured discharge gaps resulted from the SF6 and
N2 environments (with 20% O2) and two different discharge voltages.

Figure 3.15 shows the measured Z position of the electrode captured during machining
processes with different gas compositions and discharge voltages. The ripples seen in
Figure 3.15 were caused by the retraction motion of the Z stage due to the short-circuit events
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occurred in the processes as noted earlier. As shown in Figure 3.14 a, the discharge current was
observed to have an increasing trend with O2 concentration in SF6 at 25 V; however, the
discharge gap exhibited the minimal value (of 4.2 µm) at 20% O2. These results may be
explained as follows: The O2 concentration at 10% caused frequent short circuit detections as
shown in Figure 3.15, which provided more energy for plasma etching noted earlier, resulting in
a larger gap. For the 100% SF6 (O2 free) case, although the machining was observed to be
smooth (with little short-circuit detection as shown in Figure 3.15) with a low average peak
current (~5mA), the very large pulses (with peaks of 30–40 mA) occasionally observed in this
100% SF6 condition discussed earlier may have caused larger removal and discharge gap. For an
O2 concentration above 20%, the process generated short pulses with higher peak currents in a
consistent manner, which also led to a larger discharge gap. As discussed above and shown in
Figure 3.14 b, in SF6 (at 20% O2), processing at 25 V resulted in the minimum discharge gap and
the highest machining quality; however, this is not the case for N2 (at the same O2
concentration), in which processing at 10 V led to the minimum gap and the highest machining
quality. In the SF6 environment, 25 V was a suitable voltage level to produce spark discharge
pulses and perform smooth machining (Figure 3.14 b); however, 10 V may have made the
discharge gap too small because of the high-dielectric ambient and thus caused physical touching
and mechanical rubbing between the rotating electrode and the forest surface (which may have
caused the circular marks on the bottom of the structure shown in Figure 3.14 d) due to non-ideal
mechanical/positioning instability in the µEDM system used, deteriorating the processed
structure/surfaces. This undesired mechanical contact may have also occurred on the sidewalls of
the patterned structures and caused slight bending or displacement of the CNTs on the walls,
which may be the probable cause of the larger gap compared with the N2 environment case at 10
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V (Figure 3.14 b) and of the very frequent short circuits or long machining time (Figure 3.15). In
the N2 environment, on the contrary, the tendency of uncontrolled large spark and/or arcing
(similar to the 100% N2 case) was evident when 25 V was used. This is believed to be a major
source of the structural distortion observed (Figure 3.13 e) as well as the enlarged gap
(Figure 3.14 b).

Figure 3.15: Electrode’s position along the Z axis with machining time for different gas media
and EDM conditions measured during patterning shown in Figure 3.13. The retracting distance
upon a short-circuit detection was set to 5 µm for all the cases except for the conditions 20% O2
in N2 and SF6 at 10 V, in which the length was set to 1 µm.

Lowering the voltage to 10 V improved the removal quality (Figure 3.13 f) while
decreasing the discharge gap. However, these favourable features at 10 V in the N2 case come
with the price of machining stability and efficiency – a relatively high rate of short circuiting,
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presumably due to the low discharge energy causing insufficient removal, was observed to slow
the process at this 10-V condition (e.g., Figure 3.15 shows that the removal at 10 V in N2 was
~1.7× slower than the case at 25 V in the SF6 environment). This high rate of short circuiting
may have also introduced the undulations of the sidewalls of the resultant structure as shown in
Figure 3.13 f.
The elements on the surfaces of the forest microstructures (the bottom of the trenches)
reverse-µEDMed in the SF6–O2 ambient were characterized using energy-dispersive X-ray
spectroscopy (EDX) at 20-keV beam voltage (the beam spot size was ~2 µm, almost 40× smaller
than the width of the trenches, which ensured that the EDX data were obtained from the bottom
of the trenches). The results from the surfaces processed with 20% and 10% O2 (Figure 3.16)
indicate insignificant detectable sulphur and fluorine in both cases, suggesting that the use of SF6
does not cause any considerable contamination caused by the ambient gas itself. A low level of
silicon detected is most likely due to the presence of the silicon substrate below the forest. The
results also show that the level of tungsten, the contaminant due to wear of the electrode, is much
lower at 20% O2 than the 10% O2 case, a favourable characteristic that the process at the optimal
O2 concentration provides. Interestingly, it can be seen that the level of silicon is substantially
reduced (by a factor of ~9) with the lower O2 concentration of 10%. A potential reason behind
this could be as follows; at 10% O2, the tungsten level is almost 3× higher (6.46% as indicated),
which may form a thin layer on the machined surface and reduce the electron beam penetration,
as well as the escape of the generated X-rays from underneath, leading to less detection of
silicon. Another fact that is worth noting is that iron was not detected in the machined surfaces
using both O2 concentrations. This result could be related to the following two possibilities. One
is that the CNTs may be predominantly root grown, thus iron remains on the substrate surface
64

that is too far from the probed forest surfaces to be detected, given its small amount (as can be
seen, even silicon shows up with very small signals, although the substrate is bulk silicon). The
other is that iron may be originally present on the forest surface (due to potential tip growth of
CNTs) but removed by the µEDM process. As regards the tungsten level in the N2–O2
environment, a previous report shows 1.25% of tungsten contamination under the condition
corresponding to the optimal N2 case [98]. The tungsten level observed in the current study for
SF6 (2.2%, Figure 3.16 a) is somewhat larger than the above level; it should be noted, however,
that the electrode’s (tungsten’s) consumption condition can be affected by not only the gas
medium but also the electrical contact (contact resistance) to the forest, which can vary from
sample to sample, and may lead to variations in the level of tungsten.
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Figure 3.16: EDX analysis results for the CNT-forest surfaces machined in SF6 with (a) 20% O2
and (b) 10% O2.
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Chapter 4: Integrating Carbon Nanotube Forest in High-Power MEMS
Switch
Having demonstrated the feasibility of µEDMing of CNT forests, characterizations,
suggesting the machining principle, and achieving machining with higher-precisions, the first
application of the developed machining technique in a high power MEMS switch was presented.
It was demonstrated that employing µEDMed CNT forests as contact material would improve
the performance of high-power MEMS switches. To do this, in the beginning of this chapter5
there is a discussion on the integration of vertically aligned carbon nanotube forests as an
electrical contact material with a high-power, normally-open switch based on MEMS
technology. Later in Chapter 5: the integration of micropatterned CNT forest with the highpower MEMS switch as the first application of the µEDMed CNT forests is shown. It is further
explained that the high-power MEMS switch integrates a shape-memory-alloy (SMA) cantilever
that is thermally actuated to enable switching between the movable CNT forest and the copper
electrode formed on the SMA. The out-of-plane SMA actuator provided high forces to enable
distributed contacts with the CNT forest, achieving low contact resistances and high ON/OFF
resistance ratios. The ON state of the switch showed contact resistances as low as 35  with a
dependence on the operating current. The device operation was then performed with over 5-W
input powers. Long-term operation with more than 1106 switching cycles was demonstrated
next. The results indicated that a combination of the CNT-based contact and the SMA actuator

5

Part of this chapter has been published in a peer-reviewed journal (Reused with permission from “M. Dahmardeh,
M. S. Mohamed Ali, T. Saleh, T. M. Hian, M. Vahdani Moghaddam, A. Nojeh, and K. Takahata, ‘High-power
MEMS switch enabled by carbon-nanotube contact and shape-memory-alloy actuator’, physica status solidi (a),
210: 631–638, 2013”, Copyright © 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim) [148].
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may be a promising path to realizing reliable MEMS contact switches for high-power
applications.

4.1

Introduction and Background
Micro-electro-mechanical switches have benefits over solid-state switches such as low

OFF-state leakage current, high ON/OFF resistance ratio, high breakdown voltage, and low
distortion [99]–[101]. Due to the physical limitations of power transistors, high-power switches
based on MEMS technology have been attracting more attention [102], [103]; however, there are
still essential issues in this application area [103]. Reliability and lifetime of the contact are
among the challenges of MEMS contact switches, especially for the above area. The contact
resistance depends on a variety of factors, including the contact force, contact roughness and the
material properties [104]. Typical contact materials used for MEMS contact switches are pure
metals such as gold [100], [105], nickel [106], and aluminum [107]. The actual contact area of
these metallic contacts tends to be limited by the presence of discrete contact points and thus
much smaller than the designed area [29], [108]. Furthermore, these point contacts cause
welding, shorting, and stiction failures [109]. For instance, metallic MEMS switches were
reported to fail after cycles in the orders of 103 [105] and 104 [106] due to damages at localized
point contacts. A variety of contact designs have been reported to improve device performance
toward high power applications, including a ball-grid-array contact [110], a liquid-metal wetted
contact [111], a gold contact with a meshed drain electrode [112], and a ruthenium contact
switch with a corrugated diaphragm [104]. The use of an arc-suppression circuit was also
reported to enable arcless operation of micro relays for power applications [113]. Actuation-
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assisted release mechanisms [103], [114], [115] have also been actively studied to address
stiction related failures in MEMS contact switches.
Carbon-nanotube forest, because of its large surface area [29] and promising electrical,
mechanical, and thermal properties [30], is a good candidate for a more reliable contact material
for MEMS switches. For example, CNTs have been reported to have a high current capacity of
more than 109 A cm-2 [13], [14]. Multi-walled CNTs exhibit a resistivity as low as 10-4 Ω cm2
[15]. They also exhibit very high thermal conductivity (1400 W m-1 K-1) and operational
temperatures (up to 2000 K) [116]. The junctions of CNTs and metallic electrodes have been
reported to show resistance levels of 104-109 Ω [117]. High-density CNT forests for interconnect
applications [118] as well as a wafer-scale growth of patterned forests [119] were reported.
There have been efforts to integrate CNTs with MEMS [41], [120]–[127]. A normally-closed
MEMS switch that uses a contact of two CNT forests has been reported [128]. The design of this
switch is based on electrostatic actuation and requires high voltages to detach the two forests off
and achieve the OFF state. The condition in the ON state that no force is actively applied to the
contact may limit the ability to minimize the contact resistance. In addition, the device layout
based on in-plane actuation can occupy more chip space.
MEMS switches have also been reported with other actuation methods, including
electrothermal [129], [130], magnetic [131], and piezoelectric principles [132]. Electrothermal
actuation generally offers large forces, large displacements, and ease of on-chip integration. The
former two features are advantageous in making stable, low-resistance contacts at the ON state
and high isolation at the OFF state, respectively [129].
Shape memory alloys are smart materials that undergo crystal transformations upon
heating or cooling to their austenitic and martensitic phase transformation temperatures,
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respectively. While in the low temperature (martensitic state), SMA can be easily deformed by
external stress, at high temperatures (austenitic state), it returns to the initial shape [133]. The
transformation phase temperature of the SMA depends on the material composition. Among
various types of SMA, NiTi alloy, known as Nitinol is mostly used. Applications of SMA
include microgrippers [134], [135], cantilever actuators [136], and micropumps [137] and
microvalves [138]. As one type of thermal (often electrothermal) actuators, they offer similar
characteristics together with high fatigue resistance to cyclic operations, which is also
advantageous for switching applications [139], [140]. Out-of-plane actuations can be easily
achieved with simple SMA structures as opposed to typical electrothermal actuators that have inplane actuation schemes, potentially enabling a small device footprint. In general, SMA
actuation is slow compared to other principles; however, this may not be a major issue for highpower switching applications [102], [141]. Moreover, given the attractive features outlined
above, SMA actuators may be a suitable choice for DC/low-frequency contact switches in the
above application field.
Here, we present a normally-open, SMA-based MEMS switch that is integrated with a
CNT forest used as contact material. The characteristics of the electrical contact between the
CNT forest and a metallic electrode are investigated along with their dependences on control
parameters for the device operation. Results from high-current operation and long-term
switching tests are reported as well. The outcome of these experiments suggests that the
integration of SMAs and CNT forests is a promising path toward realizing a reliable MEMS
contact switch for high-power applications.

70

4.2

Experimental
Figure 4.1 shows the layout of the developed switch device and the SMA actuator

component used in the device. The SMA has a cantilever structure as shown, being fabricated to
bend upward in its martensitic (cold) state at room temperature and vertically actuated downward
when it is heated and enters its austenite (hot) state [136]. Thus, the signal terminal 1 (CNT
forest) and terminal 2 (bonding pad for SMA) indicated in Figure 4.1 are disconnected at the
cold state. As also shown in the figure, the cantilever is designed to have the bonding region with
a cavity and perforations used for the bonding process. When the temperature of the SMA is
elevated to exceed its threshold (austenite-phase) temperature, the cantilever is actuated and
returns to its memorized flat shape. This thermal actuation is performed using resistive heaters
integrated on the substrate (Si with a 2-µm-thick SiO2 insulation layer) by passing a driving
current between terminals 3 and 4. As the cantilever is actuated, it makes contact with the top
surface of the CNT forest arranged underneath the cantilever, at which point the switch is closed
(i.e., terminals 1 and 2 are shorted). SMAs generally have relatively high resistivity levels. To
minimize resistance at the contact and through the switch circuit, the bottom side of the SMA
cantilever is coated with copper (with 200-nm thickness). The cantilever structure is bulkmicromachined in 300-μm-thick nickel-titanium SMA (so called Nitinol) sheets with a threshold
temperature of 65 ºC (Alloy M, Memory Metalle GmbH, Germany).
Prior to copper coating, the bottom side of the structure is deposited with 4-m-thick
SiO2 that works as a compressive reset layer for the SMA actuator, so that the cantilever bends
towards the uncoated (top) side at room temperature due to the stress applied by the layer. When
the SMA is heated beyond the threshold temperature, its phase-transition force overcomes the
bending moment caused by the SiO2 layer and makes the cantilever flat to push the CNTs
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downward, achieving good electrical contacts with the individual nanotubes. As heat is removed,
the cantilever restores its cold-state shape by bending up, making the switch open.

Figure 4.1: Schematic illustration of the top view of the contact switch device (top), along with
the details of the SMA cantilever component with dimensions (bottom left) and a cross-sectional
view of the device in the OFF state (bottom right).

A forest of multi-walled CNTs with a thickness range of 100-200 m is directly grown on
the heater substrate. To mechanically and thermally couple the SMA component with the
substrate on which a CNT forest is present, we have investigated two integration approaches, wet
and dry methods. In the wet method, the bonding region of the SMA is coupled with the bonding
pad on the substrate using photolithography-assisted copper electroplating [134]. This process
requires the CNTs to become wet and then dried. In the other approach, the dry method, the
SMA is directly fixed onto the bonding pad of the substrate using liquid polyimide (PI) by filling
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it in the cavity of the region and curing it to fix the cantilever. In this case, the CNT forest
remains dry throughout the fabrication of the device. Images of the devices developed through
the above dry and wet processes are shown in Figure 4.2 (a) and (b), respectively. As can be seen
in Figure 4.2 (b), the forest that went through the wet process was densified, due to capillary
effects [66], [69], forming random structures of bundled nanotubes. In contrast, as shown in
Figure 4.2 (a), the device fabricated through the dry process maintains the original forest
structures and surfaces. As in typical CNT forests, the forests grown in this study had some level
of thickness variation within each forest.
For the fabrication of the heater circuit and signal/bonding pads on the substrate, Cr (15
nm) and Cu (200 nm) layers were first e-beam evaporated on a lightly doped Si wafer with a 2µm-thick SiO2 layer. Photoresist (SPR 220-7, Rohm and Hass Co., PA, USA) was spin coated
and patterned to define the layout of the heater and pads. Cu electroplating was performed for 50
m of thickness over the exposed Cu layer within the photo-defined region, followed by striping
the photoresist and etching away the Cr-Cu layers underneath. Al2O3 (10 nm) and Fe (1.5 nm)
were then e-beam evaporated on the corresponding Cu pad through a shadow mask as the
catalyst layer for the CNT growth. A multi-walled CNT forest was synthesized for a height of up
to 200 m through ethylene-based atmospheric chemical vapor deposition.
The SMA cantilever (Figure 4.1) was shaped with chemical etching of the Nitinol sheet
for thinning and then shaped with micro-electro-discharge machining (EDM) using a
commercial EDM system (EM203, SmalTec International Inc., IL, USA) [136]. (This EDM
technique may also be used to planarize the top surface of the CNT forest and adjust its height
[66], [82] to address the thickness variation of the forest discussed earlier.) The SiO2 reset layer
was deposited on the bottom side of the SMA cantilever with plasma-enhanced CVD at 350 C
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while keeping it flat as the memorized state, followed by e-beam evaporation of the Cu layer on
top of the reset layer. For bonding the SMA to the substrate, in the wet method, the component
was fixed onto the substrate using an electroplating bonding technique [134]. After fixing the
bonding region of the SMA using the SPR photoresist spin-coated on the substrate as a
temporary adhesive (covering the CNT forest as well) followed by soft baking at 45 ºC for 1
hour, the photoresist on the region was exposed to ultraviolet light (the other regions were
masked) and developed so that the SPR on top and in the perforations of the region was
removed.

Figure 4.2: a) Overall optical image of the dry-processed switch device and close-up scanningelectron-microscope (SEM) images showing the SMA structure and top surfaces of the CNT
forest integrated into the device. b) SEM images of the CNT forest in the device fabricated
though the wet process, showing the densified structures of the CNTs that have lost their vertical
alignment.
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This region was then electroplated with Cu for 120-µm thickness to bond the SMA to the
substrate. The device was completed by dissolving the SPR in acetone, rinsing the device with
isopropyl alcohol and deionized water, and drying it in air. In the dry method, the bonding region
of the SMA was aligned to the bonding pad, and then liquid PI (HD-4010, HD Microsystems,
DE, USA) was directly applied to the cavity and perforations and cured to complete the bonding.
The experiments performed for the temporal control and long-term operations of the
SMA actuator as well as the electrical measurements in these tests (to be discussed in the
subsequent section) used a set-up centered on an electronic workstation board (NI ELVIS,
National Instrument Co., TX, USA) coupled with LabVIEW programs. An amplifier was used to
drive the heater of the devices using the signals generated by the board. The feedback loop used
for the temporal control of the switch was established as follows: The heater driving current was
increased while monitoring the contact resistance. As soon as the contact resistance dropped
below a threshold level (set to be 10 K in the experiments), the heater current was terminated
to cool the device and open the contact, after which the current was applied again to repeat the
ON-OFF cycle. The displacement measurement of the SMA cantilever was performed using a
laser displacement sensor (LK-G32, Keyence, ON, Canada) with a resolution of 10 nm and a
spot size of 30 µm.

4.3

Results and Discussion
We first evaluated the performance of the two types of devices with the densified and

original CNT forests. Heating the device substrates to a temperature of ~100 ºC or greater with a
driving current of 0.5-0.9 A was observed to enable full deflections of the cantilevers. Figure 4.3
(a) and (b) show the dependence of the contact resistance (probed between terminals 1 and 2) on
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the driving current for the wet- and dry-processed devices (both operated in air), respectively.
The open resistances of these two devices were 20 M or more (not shown in the figures). The
wet-processed device exhibited significantly higher contact resistance than the dry-processed
one; the dry one showed a resistance of ~500 Ω in repeated switching consistently, while the
wet-bonded device showed a resistance of a few KΩ at the first contact and then even higher
resistances (in the order of 10 KΩ) after that as depicted in Figure 4.3 (a). The more resistive
contact with the wet-processed device may be associated with the non-uniform (and probably
more rigid) structures of the densified forest, potentially leading to a smaller actual contact area.
The mismatch between the OFF-to-ON and ON-to-OFF paths in each result is presumably due to
a hysteresis in thermomechanical response of SMA under a heating-cooling cycle [134].

Figure 4.3: The dependence of contact resistance on the heater driving current for (a) wetprocessed and (b) dry-processed devices. c) The dependence of contact resistance on the SMA’s
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displacement (from the point at the cold state with full upward bending) for the dry-processed
device; the inset shows an infrared image of the device under operation.
Another possible cause of the mismatch could be related to the geometry of the individual
CNTs that have somewhat wavy shapes; their tips can adhere to the cantilever surface due to the
van der Waals force [142], potentially elongating the nanotube structures and maintaining the
contacts during an early stage of the upward displacement of the cantilever, and then eventually
detached from the surface. This type of the SMA cantilever used can exert very high actuation
forces (~840 mN [136]) that are larger than those available with typical MEMS switches based
on electrostatic designs by three to four orders of magnitude [143]. This experiment verifies that
the high SMA force contributes to achieving a high ON/OFF resistance ratio and that the
restoring force generated by the SiO2 reset layer is sufficient to overcome the surface force
induced at the contact interface, releasing the cantilever from the forest to fully open the switch.
Based on the above result, the rest of the experiments were conducted with the dryprocessed device in air. Figure 4.3 (c) shows the dependence of the contact resistance on the
vertical displacement of the cantilever tracked using the laser displacement sensor. For this
measurement, the heater current was increased until observing a minimal ON-state resistance and
then decreased while recording the displacement and the resistance. The laser spot of the sensor
was directed to a location nearly at the edge of the free end of the cantilever. At a displacement
of 65 m, a readable resistance (~500 K) started to appear, at which point presumably initial
contact between parts of the forest (that had thickness variation as noted earlier) and the copper
was made. As the displacement was increased, the resistance continued to drop until reaching
several 10’s of K, where the resistance was relatively stable for displacements of up to around
82 m. The displacement beyond this level further decreased the contact resistance to 500  as
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can be seen in the close-up plot in Figure 4.3 (c). The small decrease of the displacement near the
maximum point while the resistance still decreased may be related to the following condition: As
the cantilever actuates downward, due to its curvature and angular motion, it may first touch the
inner edge (the one closer to the SMA bonding region) of the CNT forest. This contact edge of
the forest could act as a pivot axis for the cantilever to make a seesaw-like behavior, leading to
an upward motion of the cantilever’s tip that can decrease the displacement reading. The small
increase of the displacement observed while decreasing the driving current can also be explained
with the same hypothetical effect. Figure 4.4 shows variations of the signal current (Isig)
generated by applying a constant signal voltage (Vsig = 0.2 V) between terminals 1 and 2
observed while displacing the cantilever with the driving current. This result clearly indicates
that the ON-state Isig depends on the displacement, i.e., the contact force applied by the
cantilever.

Figure 4.4: Isig vs. heater driving current for the dry-processed device operated with a constant
Vsig of 0.2 V, showing a dependence of Isig on the actuation level of the SMA.
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This dependence can be understood considering the fact that CNTs are physically
flexible, and thus increasing the force may result in more new contacts established with CNTs
(while maintaining the existing contacts with other CNTs that are deformed by the force),
lowering the contact resistance [144] and increasing Isig. The result in Figure 4.4 also shows a
transistor-like nonlinear response; Isig rapidly increases at a threshold level of the input driving
current (or that of the resultant displacement or force) that the contact is established, and its
dependence diminishes when the displacement/force reaches a certain level (corresponding to a
driving current of ~0.7 A in this test).
To assess the device ability and limitation in high-power operations, we conducted a
destructive test, in which Vsig and Isig fed to the ON-state switch were increased until the contact
failed. Figure 4.5 shows the results of the tests for four different current levels (approximately
100 mA, 200 mA, 300 mA, and >400 mA) in which Isig was increased and then decreased by
adjusting Vsig. As shown, the cases with the maximum Isig of up to 300 mA (Figure 4.5 (a), (b)
and (c)) showed consistent I-V behaviors. The result in Figure 4.5 (d) indicates that Isig similarly
increased to 400 mA and more, corresponding to an input power of more than 5 W, but started
to drop at 470 mA while still increasing Vsig, and that the decreasing I-V path did not follow the
increasing path unlike the other three cases. An optical observation verified that the copper layer
on the bottom side of the cantilever had partly burnt and portions of the CNT forest were stuck to
the cantilever side. This failure level of Isig is significantly higher than those reported for gold
contacts in MEMS (e.g., 10 mA [105]). The contact resistance was calculated from the above
results (Vsig divided by the resultant Isig) and plotted as a function of Isig in Figure 4.5 (e). This
graph clearly shows that the contact resistance has a dependence on Isig (or Vsig), more on the
lower Isig side, exhibiting a decreasing trend with which a power function fits well as displayed
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on the figure. This trend is advantageous in terms of the targeted application area. Figure 4.5 (e)
also shows that the resistance at the peak Isig in Figure 4.5 (c), the case tested with the highest
peak Isig (300 mA) showing repeatable response, is 34.9 ; this level is significantly lower than
the minimum value (286 ) reported for the device that used a CNT-forest contact [128]. It also
shows that the contact failed when it reached 30.6  corresponding to the peak Isig in Figure 4.5
(d). The nonlinear dependence of the resistance shown in Figure 4.5 (e) and its reversibility
imply a possibility for using the contact of a CNT forest and copper as a varistor-like component,
in which its base resistance level is adjustable with the contact force generated by the actuator
(Figure 4.3 (c) and Figure 4.4). A similar dependence of the resistance on the signal current was
reported for metallic contacts of a MEMS switch operated in air [145]. Although the mechanism
of the dependence observed in our device is not clear, since its operating ambient was air as well,
it might be associated with breakdown of an insulating film (formed on the copper surface) as
suggested in the report; further study is necessary to analyze this characteristic of the contact.
The dynamic response of the switch was characterized using a feedback-looped set-up
described in Experimental section. A typical temporal behavior of the switch resistance is shown
in Figure 4.6, along with the driving-voltage waveform applied to the heater for the SMA
actuation, showing an ON-OFF cycle time of 2.3 s in this particular example. The shortest cycle
time observed in this experiment was 1.7 s. These values are significantly smaller than the times
observed in other SMA actuators with similar dimensions (e.g., ~8.2 faster than the case
previously reported [134]) in the same environment (air without forced cooling).
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Figure 4.5: Signal I-V relationships with approximate maximum Isig of (a) 100 mA, (b) 200 mA,
(c) 300 mA, and (d) >400 mA; the last case shows a drop of the current indicating a failure of the
contact. e) Collective data of contact resistance calculated from the results in (a)-(d), showing a
non-linear dependence of the resistance on Isig along with a fitted curved of a power function.
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Figure 4.6: Temporal response in contact resistance of the device operated with feedback control
and a voltage waveform used to drive the heater (small steps in the waveform were attributed to
non-ideal characteristics of the set-up used).

The cycle time is mainly defined by the speed of heat transfer to/from the SMA as well as
the threshold temperature and response hysteresis of the material. Reducing the size of the SMA
cantilever and selecting SMAs with lower threshold temperatures are expected to shorten the
necessary heating time and improve the temporal response further. The integration of CNTs with
SMA may be another possibility to improve the actuation frequency of SMA [146].
Nevertheless, the demonstrated speed may be sufficient for the targeted application area
discussed earlier. Using the same control set-up, long-term switching tests were performed.
Figure 4.7 (a) displays the trend of the ON-state resistance for over 1106 cycles, showing
relatively stable values at around 650-700 Ω for the entire test period. This experiment revealed
that both the contact and the SMA actuator were still functional after the above cycles without
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showing noticeable degradations. Given the small strains (estimated to be <10-3) that the SMA is
subject to during the actuation, the above result on the SMA seems to match the characteristics
reported for macro-scale samples (millions of cycles for small strains) [147]. Figure 4.7 (b)
shows the top surface of the forest after the 106 cycle, at an area where one of the side edges of
the cantilever was present. On the contact region in the image, the tips of the CNTs seem to have
been more flattened and laterally oriented (along the direction of the arrow shown in the image)
than the portion outside of the contact area that appears to maintain the original surface
morphology without directionality. This may be evidence that the physical flexibility of CNTs
enabled vastly distributed contact points at the ON state of the switch, as opposed to the case
with metallic MEMS switches that involves limited point contacts leading to premature failures
as described earlier. A combination of this effect and other favorable features of CNT as well as
those of SMA may have contributed to the performance demonstrated in this test and others
discussed previously.

4.4

Conclusions
We reported an SMA-based MEMS switch that utilized a contact combination of a CNT

forest and copper. The device fabricated through dry processing showed much lower and
consistent contact resistance compared to the case that used the wet process which resulted in
densification of the forest structure. The dry-processed device exhibited contact resistances from
~500  down to 35  or less for higher contact currents, providing high ON/OFF resistance
ratios. This outcome was brought about by the use of the bulk-micromachined SMA actuator that
enabled firm contacts with the CNT forest to achieve low ON-state resistances as well as
releasing from the CNT forest while overcoming the surface force induced by the forest.
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Figure 4.7: a) Trend of the ON-state resistance for over 106 cycles. b) SEM image and close-ups
of two regions of the top surface of the CNT forest corresponding to the contact area (bottom)
and outside of the area (top) after the 106 cycle test, showing different surface textures between
them and laterally oriented nanotube tips for the former case.
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The SMA actuator was feedback controlled to demonstrate an ON-OFF cycle time of 1.7
s, much faster than similarly sized SMA actuators reported in the past. The device was operated
with input powers of >5 W and exhibited a failure at a current of 470 mA, both of which are
higher than those involved in typical MEMS contact switches by one order of magnitude or more
[7, 52]. A visual analysis revealed that the failure was associated with the copper layer on the
SMA cantilever rather than the CNTs, suggesting that even higher powers could be fed to the
contact safely with optimized copper thickness. Switching cycles of >1106 were demonstrated,
without observing a sign of fatigue in the SMA actuation. This long-term experiment suggests
that the CNT-copper contact tested may be a more reliable option than metal contacts widely
used in MEMS. This is presumed to be enabled mainly by the excellent electrical, thermal, and
mechanical properties of CNTs as well as the large effective contact area provided by the aligned
CNT forest. The combination of this contact material and SMA actuator forms a robust contact
switch potentially suitable for high-power applications. The CNT-copper contact was also
observed to exhibit a varistor-like characteristic, implying another potential application of the
contact material.
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Chapter 5: The Effects of Three-Dimensional Shaping of Vertically Aligned
Carbon-Nanotube Contacts for Micro-Electro-Mechanical Switches
Having discussed the integration of a bare CNT forest as contact electrode in high-power
MEMS switch, this chapter6 is going to deal with the improvement of the switch by integrating
micropatterned CNT forests machined with µEDM as the contact electrode. During the study, an
out-of-plane shape-memory-alloy cantilever was thermally actuated to enable switching between
the carbon nanotube forest and the copper layer deposited on the SMA cantilever. While, the
switch presented in the previous chapter [148] suffers from large contact resistance, the present
work employs micro-electro-discharge machining to shape the CNT forest according to the SMA
cantilever in order to improve the performance of the switch. Providing contact resistances in the
10  range with an enhanced current capacity was achieved by improved contact areas. An SMA
actuator was then integrated to demonstrate stable switching for ~1.4 million ON-OFF cycles
with no sign of damage. The results proved that post-growth micropatterning of CNTs is a
promising path to improved and reliable micro contact switches enabled by arrayed CNT
contacts for high-power applications.

5.1

Introduction
As mentioned in the introduction section, the ability to grow CNT forests, through CVD

opened up opportunities to develop different types of novel devices enabled by the material [41],
[120]. Owing to the unique and superior characteristics of the CNT forest in terms of mechanical

6

A version of this chapter has been accepted for publication in a peer-reviewed journal (Reused with permission
from “M. Dahmardeh, M. Vahdani Moghaddam, T. M. Hian, A. Nojeh, and K. Takahata, ‘The effects of threedimensional shaping of vertically aligned carbon-nanotube contacts for micro-electro-mechanical switches’, Appl.
Phys. Lett., 103, 171603, 2013”, Copyright © 2013, AIP Publishing LLC) [160].
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[149], electrical [53], thermal [150], chemical [151], and optical [152], [153] properties, the
integration of the material into MEMS is a very attractive approach to advancing the
functionality and performance of the devices. A key in facilitating MEMS applications of the
material is the ability to pattern the material in a batch mode with high precision and high
reproducibility. As mentioned in section 1.5, the CVD growth of patterned CNT forests has been
implemented using pre-patterned catalyst layers defined by photolithography, electron beam
lithography, soft mask, and laser etching. Patterning CNT forests during or after the growth
using shadow mask, mold, laser etching through mask, and densification has been presented. The
mentioned techniques are, however, primarily for the formation of two-dimensional types of
patterns (with uniform heights). Laser micromachining has been reported to shape CNT forests
for different applications while exhibiting inherent limitations including tapered sidewalls, lack
of high-precision depth control, and thermal damage. The developed micropatterning method in
the previous chapters provides free-form, three-dimensional (3D) patterning of CNT forests. The
3D-pattened CNT forests are being utilized to realize novel and high-performance devices such
as field-emitters [53], [154] and AFM scanning probes [155], extending their application
opportunities to other areas, including microfluidics [156], gas sensors [157], [158], energy
absorbing coatings [149], and heat sinks [33], [34]. This chapter utilizes the mentioned
micropatterning technique to micropattern the CNT forest to improve the characteristics of the
switch.
CNT forests could make a significant contribution in electrical contact switches due to the
promising characteristics. CNTs, with high current capacity of more than 109 A/cm2 [13], [14],
low resistivity of 10-4 Ωcm2 [15], and large surface area in the form of forests [29], are good
candidates for interconnect [118] and switching [128] applications. The developed switch in the
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previous chapter operated using a micromachined SMA actuator, was demonstrated to show
stable switching for over 1106 cycles. However, it exhibited relatively high ON-state resistances
(~500 ). The main cause of the high resistance is associated with the real contact area between
the metallic electrode and the CNT forest contact as will be described later. This chapter reports
3D micropatterning of the CNT-forests contact enabled by the dry µEDM process as a very
effective route to addressing the issues related to the contact area, hence improving the
conductance of the switch. Lowering the contact resistance leads to improvements in signal
current (Isig) capacity and power loss.

5.2

Principle and Basics
The micro contact switch developed is normally open and integrated with a micro-patterned

CNT forest that serves as the electrical contact material. The switching operation is controlled
with a SMA cantilever actuator that is thermally operated using a resistive heater integrated on
the device. As shown in Figure 5.1 (a), the SMA cantilever structure is coated with a stress layer
that bends the structure upward in its martensite (cold) state at room temperature and is vertically
actuated downward when heated to enter the austenite (hot) state of the SMA. The signal
terminals (terminals 1 and 2) are disconnected in the OFF state in which the cantilever is in the
bent condition. Once the heater is activated (by applying a current through it) to reach the
austenite threshold temperature of the SMA, the cantilever is actuated toward its memorized flat
shape, making a contact with the CNT forests and closing the switch, entering the ON state. This
contact occurs at a top edge of the forest that generally has a rectangular cross section, rather
than making a planar contact on the top surface of the forest, before the cantilever reaches its flat
shape (i.e., the cantilever is still in a bent condition) as illustrated in Figure 5.1 (b). This contact
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condition (as in the case of the device reported in [148]) significantly limits the real contact area,
thus increasing the ON-state resistance of the switch. This study aims to investigate the effect of
3D shaping of the CNT-forest contacts toward improving the contact area and resistance. In
particular, we utilize dry EDM to achieve controlled, tapered surfaces with different angles in
the CNT forests to evaluate the effect and maximize the contact area and hence the ON-state
conductance of the switch.

Figure 5.1: (a) Cross sectional view of the switch device that integrates CNT forest contact and
SMA cantilever actuator that has its contact angle of ; and three examples in the form of the
CNT-forest contact; (b) as-grown CNT forest showing the possible real contact region with the
angled cantilever only at a top corner as highlighted; (c) patterned forest having inclined contact
surface with the contact angle less than  leading to partial planar contact; (d) patterned forest
having inclined contact surface with the contact angle equal to  allowing full planar contact
with the cantilever.
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Figure 5.1 (c) displays the case where the angle of the sloped surface of the forest is
smaller than the tip angle of the SMA cantilever at the touch-down condition, leading to a partial
contact of the cantilever with the surface, whereas the case where the forest’s slope angle
matches the angle of the cantilever tip results in a full contact as illustrated in Figure 5.1 (d), thus
in principle leading to a higher contact conductance.

5.3

Fabrication
The switch device is fabricated as follows. The heater and the pads are lithographically

patterned in a 50-m-thick Cu layer created on a lightly doped silicon wafer with a SiO2 layer on
top. A catalyst layer (Al2O3/Fe) is deposited on the corresponding Cu pad (terminal 2, Figure 5.1
(a)), on which multi-walled CNT forests are grown with heights of up to 200 m using an
ethylene-based atmospheric-pressure CVD process. The SMA film with 100-m of thickness
(adjusted using wet chemical etching) is patterned to form the cantilever structure with the
bonding pad using a standard wet µEDM process [42]. The dimensions of the cantilever are
defined to be the same as those of the device reported in [148]. A 4-µm-thick SiO2 film, the
stress layer for the SMA, is then deposited using plasma-enhanced CVD on the SMA cantilever,
followed by evaporation of Cu (300 nm), the other electrode material that makes a direct contact
with the CNTs when the switch is turned on. Further details of the fabrication described above
can be found in [148]. The CNT forests grown on the heater substrates are then processed by dry
EDM to create inclined surfaces with different angles. These inclined surfaces are established
by creating fine staircase profiles with varying depths and heights of the stair (this process will
be described later). The SMA cantilever component is then aligned and bonded on the Cu pad
(terminal 1, Figure 5.1 (a)) created on the substrate. This bonding is performed using a
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conductive dry-film adhesive (WaferGrip, Dynatex, Santa Rosa, CA, USA) that is inserted
between the Cu pad on the substrate and the bonding pad created in the SMA cantilever. This
assembly is annealed on a hotplate for 3-5 minutes at 120 °C while applying a force (of 10 N) to
the bonding site of the SMA from its top surface; cooling the assembly down to room
temperature completes the bonding process. In order to enhance the electrical connection of the
bonded SMA cantilever to the Cu pad on the substrate, the bonding site is coated with a 200-nmthick layer of Cu through a shadow mask.
Dry µEDM used for CNT-forest patterning was performed in air using a commercial 3-axis
system with a positioning resolution of 100 nm (EM203, Samltec International, IL, USA).
Details of the dry EDM process are reported in Chapter 2: The inclined surfaces of the forests
with different angles were patterned using 300-µm-diameter cylindrical tungsten electrodes with
flattened bottoms. The device substrate on which a CNT forest was formed was placed on the XY stage of the system to control its lateral position relative to the electrode tip, whereas the
vertical position of the electrode was controlled with the Z stage of the system. The formation of
these surfaces was achieved by creating staircase profiles, patterned by scanning the electrode
over a CNT forest grown on the substrate along the X axis of the system, while making a
common 5-m step in the Z direction and a varying step in the Y direction in each scan, to define
a certain angle of the staircase slope. Fabricated samples of the SMA cantilever in its cold state
were measured to have an approximate angle of 26 between the free-end region of the cantilever
and the substrate plane. This cantilever was integrated on the substrate so that its bottom surface
of the free-end region was in close proximity to the CNT forest and made contact with a minimal
displacement to minimize the switching time. Thus, the contact angle of the cantilever was
presumed to be close to the initial angle (26º). Following this estimation, we patterned the sloped
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surfaces with an angle of 26, as well as with other angles, 45 and 14, to assess the dependence
of the contact resistance on the angle of the forest’s contact surface. These three angles were
determined by setting the Y-axis step in the scanning EDM process to be 10 µm, 20 µm, and 5
µm, respectively. Figure 5.2 (a) shows a patterned CNT forest with a 26-angled surface that is
observed to exhibit a reasonably good flatness and uniformity, suggesting the effectiveness of the
3D dry µEDM process for the fabrication of CNT-forest contacts with customized 3D shapes.
The overall images of the integrated device are shown in Figure 5.2 (b).

5.4

Results and Discussions
The electrical and thermomechanical characteristics of the fabricated devices as well as their

dynamic behaviors were investigated using the set-up cantered around an electronic workstation
board (NI ELVIS II, National Instrument Co., TX, USA) coupled with LabVIEW programs that
were used for data acquisition. The NI board was also used to generate drive signals for the
integrated heater to control the switch. The generated drive current was amplified to supply
sufficient levels of current for the heater-switch operation. A thermal couple (OMEGA
HH802U) was used to record temperature of the heater circuit. A laser displacement sensor (LKG32, Keyence, ON, Canada) with a sensing resolution of 10 nm and a spot size of 30 µm was
used to capture the displacement of the SMA cantilever at its free end. The dependence of the
ON-state contact resistance on the forest angle was first characterized using the devices
fabricated to have 14-, 26-, and 45-angled forest surfaces as described earlier; Figure 5.3
shows a measurement result of the resistance recorded while applying a periodic signal voltage
(Vsig) of 2.2 V (between terminals 1 and 2) for 10 seconds followed by an off time of 5 seconds.
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Figure 5.2: (a) (left) Scanning electron microscope (SEM) image of patterned CNT-forest
contact with 26-angled surface and (right) the surface profile captured with laser scanning
confocal microscope (Olympus FV1000, Japan); (b) (left) overall optical image of the developed
switch device and (right) close-up SEM image of the integrated SMA cantilever and sloped
CNT-forest contact.

All the three devices were observed to exhibit OFF-state contact resistances on the order of
10 M and ON-state contact resistances lower than those reported with the device with as-grown
forest contacts (~500 ) [148]. Among them, as can be seen in Figure 5.3, the device with the
26° contact angle showed the lowest contact resistance of ~40 Ω (leading to Isig of 55 mA),
approximately 3-6 lower than the other two (14 and 45) cases. This result verifies that the
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inclined CNT-forest contact with the angle tailored to that of the cantilever at its free end
provides the minimal resistance, presumably due to an enhanced real contact area achieved by
the particular configuration, whereas the devices with smaller or larger angles lead to smaller
contact areas and hence higher resistances. Based on these observations, the rest of the
experiments were carried out using the devices with the optimal, 26-angled CNT-forest contacts.

Figure 5.3: Contact resistances of the switches using patterned CNT forests with three different
slope angles measured at Vsig = 2.2 V.

The ON-state contact resistance of the defined device was observed to depend on the posttouchdown displacement of the SMA cantilever. As can be seen in the measurement result
shown in Figure 5.4 (a), the resistance dropped abruptly at about 75-µm travel distance of the
cantilever from the rest state, at which the cantilever made the first contact with the CNTs, and
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the resistance continued to drop as the cantilever was displaced further, most likely because the
bottom electrode of the cantilever established more contact points with the tips of CNT arrays in
the forest as displaced more. The higher contact resistance (~200 ) compared with the result
shown in Figure 5.3 is due to dependence of the resistance on Isig, as will be shown in Figure 5.4
(b), and the smaller Isig (10 mA) used in this measurement. The non-linear dependence of the
resistance shown in Figure 5.4 (b) is consistent with the results of our previous work [148].

Figure 5.4: (a) Dependence of contact resistance on the displacement (measured with Isig of 10
mA). Comparisons between the switch with optimally angled CNT-forest contact and the one
with bare forest contact for (b) contact resistance vs. Isig ,(c) Isig-Vsig, and (d) dissipated power vs.
Isig.
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Figure 5.4 (a) also indicates a reverse behavior of the displacement near its maximum point,
which is potentially associated with a pivoting effect that lifted the tip of the cantilever caused by
making a hard contact with the forest. These observations (displacement dependence of the
resistance and the reverse behavior of the cantilever tip) are consistent with the results previously
reported [148].
The temporal response of the developed device was characterized through automated
sequential control of the SMA cantilever actuator. As the drive current was fed to the heater
circuit, the cantilever actuator traveled down toward the tapered surface of the CNT forest and
closed the switch by making contact with the surface. The LabVIEW program was arranged to
maintain the drive current until the detected resistance reached a value as low as 200 Ω, after
which the current was turned off to cool the cantilever, which was forced to go back to the
original position caused by the reset layer, and open the switch for the resistance to reach 1 MΩ.
This ON-OFF cycle was repeated while recording the switch’s resistance and the displacement
of the cantilever tip (Figure 5.5 (a)). The initial displacement was ~80 m, which decreased to
35-40 m for the following cycles due to the threshold levels of the resistance set in the control
sequence. One cycle was observed to complete in ~3 seconds with the set-up used. A similar
program (with a modified threshold level of the ON-state contact resistance of 60 ) was used to
perform long-term operation of the developed device. Figure 5.5 (b) shows the ON-state contact
resistance tracked during 1.4 million cycles of switching operated with Isig of 60 mA. As can be
seen, the average resistance was measured to be almost within the range of 40-60 Ω for the entire
test. As a comparison, the device with a bare forest contact [148] exhibited a resistance range of
600-700 Ω in long-term operation (~1 million switching cycles with several-fold smaller Isig).
The improved contact area of the developed device, enabled by micropatterning of CNT-forest
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contacts, was demonstrated to achieve an order of magnitude lower contact resistance with a
higher current carrying capacity, stably operating for a larger number of cycles with no sign of
negative impact on the contact materials or the overall device.

Figure 5.5: (a) Temporal response of the fabricated switch device showing its contact resistance
and cantilever’s free-end displacement; (b) long-term trend of contact resistance for ~1.4 million
switching cycles demonstrating stable switching operation with an overall resistance range of 4060 .
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5.5

Conclusions
In this Chapter, the effect of 3D patterning of CNT forests toward advancing high-power

micro-electro-mechanical switches enabled by integrated CNT-forest contacts was studied. The
experiments performed using fabricated devices verified that the approach improved the ONstate conductance and the current carrying capacity of the switch, presumably because the
EDM-patterned forest surfaces with controlled angles would maximize the real contact area, i.e.,
the number of contact points between the individual CNTs in the forest and the cantilever. The
results observed with differently angled forest contacts supported this hypothesis. The
electromechancial behaviors of the fabricated switch device with an optimal contact angle were
characterized to reveal ON-state contact resistances as low as 13.2  with Isig of over 500 mA
and suppressed power dissipations in the device. The stable operation of the device was further
demonstrated for switching cycles of ~1.4×106, with 10-17 lower ON-state contact resistances
than the device with a CNT-forest contact with a flat top surface.
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Chapter 6: Conclusion
6.1

Contributions
The research contributions are presented in the following chapter sequence:

I.

Chapter 2
In this chapter, feasibility of micropatterning carbon nanotube forests using micro-

electro-discharge machining was demonstrated. Due to the wet nature of typical µEDM process,
effect of submerging CNTs in liquid was shown. For the dry process, micro patterned structures
at different machining conditions were characterized and the corresponding measured discharge
current waveforms were reported. The discharge gap between the machining electrode and the
CNT forest sample was also measured at different machining conditions to characterize the
machining tolerance. Various 3D and high aspect ratio micropatterns were machined.
Furthermore, EDX analyses were reported to show the level of possible cross-contamination of
the process.
Later on in this chapter, the effect of ambient gas and specifically oxygen on dry µEDM
of CNT forests was investigated in a rational way to investigate the principle of the process.
Controlled concentrations of nitrogen and oxygen were then introduced to the machining area in
a controlled environment. The necessary role of oxygen during the machining process was also
shown. Furthermore, a different machining mechanism for µEDM of CNT forests was reported
compared to the typical µEDM process which was based on melting and removal of the
workpiece. Next, different levels of oxygen were investigated and corresponding discharge
current waveforms were measured. EDX analyses were then carried out to measure the level of
possible cross-contamination of the process. Raman spectra were collected from the µEDMed
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regions to investigate the effect of the process on the crystalline properties of the carbon
nanotubes.
II.

Chapter 3
In the previous chapter there was a discussion on feasibility, effectiveness, and

characterization of µEDM process on CNT forests. The goal of this chapter is to investigate
methods that would increase the precision of the process. Two approaches were taken to pursue
this goal; first, use of the enhanced field emission properties of carbon nanotubes forests as an
electron source for the electro-discharges generated during the µEDM process. In this approach,
CNT forests were used as cathodes, as opposed to conventional µEDM process where the
material to be machined forms the anode. It is reported in this chapter that by doing so,
machining at low discharge energies, and consequently tighter machining tolerance would be
feasible, possibly due to the enhanced field emission properties of carbon nanotubes. The
discharge current and pulse frequency were also measured for both conventional and reverse
machining configurations at various machining conditions. EDX analysis and Raman spectra
were then collected to investigate the possible cross-contamination or damage to carbon
nanotubes during the process.
The second taken approach in this chapter was the effect of using SF6 gas in the
machining ambient. This gas because of the high dielectric strength was selected to achieve
tighter discharge gaps. Machining with the presence of different ratios of N2/O2/SF6 was then
illustrated. Also, discharge currents were measured at different machining conditions. EDX
analyses were presented too to show the level of cross-contamination during the machining
process.
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III.

Chapter 4
In order to demonstrate an application of µEDM of CNT forests, firstly there was a

demonstration about the integration of carbon nanotube forest as an electrical contact material
with a high-power MEMS switch as a preliminary effort toward MEMS application of the
developed micropatterning method. Carbon nanotubes because of large surface area, excellent
mechanical and electrical properties were selected for conducting high power signals in a MEMS
switch. The switch principle was based on a thermally actuated shape memory alloy cantilever
for DC and low-frequency applications. Shape memory alloy was selected to achieve high forces
in the ON state, to ensure reliable contact with the CNT forests. The SMA was bonded to the
device using two different techniques; wet and dry ones. These techniques and the effects on the
CNT forest electrode were also described in details. The electrical performance of the CNT
forest, thermomechanical characterization of the SMA cantilever, high power handling and
temporal response of the switch were then investigated. The switch was actuated for over one
million cycles, without any sign of damage. Finally, it was suggested that integration of CNT
forests and SMAs are a promising path towards high-power MEMS switches.

IV.

Chapter 5
Having demonstrated the feasibility of integration of CNT forests into high-power

MEMS applications in Chapter 4, this chapter was a report on the improvement of the switch by
3D micropatterning of CNT forest as an electrical contact µEDM. The design, except for the
machined CNT forest and the bonding technique was similar to the design presented in the
previous chapter. Here, CNT forests with different 3D profiles were patterned and tested as
electrical contact for the MEMS switch. It was shown that µEDM of CNT forests to produce 3D
101

micropatterns provides a reliable and improved contact for MEMS switches. The low contact
resistance of the optimally micropatterned CNT forest provided an electrical path for the switch
with low dissipated powers. The electrical performance of the micropatterned CNT forest,
thermomechanical characterization of the SMA cantilever, high power handling and temporal
response of the switch were detailed. The device was then actuated for more than 1.4 million
cycles with no sign of damage.

V.

Appendices
Appendix A reports the developed atmospheric pressure chemical vapor deposition

system to grow carbon nanotube forests.
Appendix B demonstrates field emission application of the micropatterened CNT forests
with µEDM. Uniform field emission and at lower electric fields of µEDMed CNT forests
compared to bare ones was observed. Confined field emission from the tips of micropatterened
CNT forests was also demonstrated, which is not achievable by non-patterned CNT forests.
Appendix C details the application of µEDMed CNT forests as AFM probes. Forests
were grown on commercial Si AFM probes with no tip and are patterned to produce cone
structures of carbon nanotubes. Remarkably higher mechanical stability and robustness, as well
as potential batch manufacturing compatibility with higher precision at low costs were reported
and discussed. Comparison with commercial probes shows very good agreement in terms of the
performance and suggests potential application of the CNT forests with further improvements.

The contribution of this research to the field can be summarized as developing a powerful
micro-machining technique to pattern carbon nanotube forests with high precision and high
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reproducibility. The developed machining process is high-precision, compared to other CNT
machining techniques, applicable to batch machining processes, and clean. The machining
technique is used to shape CNT forest into 3D structure as a reliable and improved electrode of
MEMS switches for high-power applications. Micropatterened CNT forests produced by
µEDMed are used as field emitters and AFM probes to demonstrate few applications of the
developed process. In terms of the fabrication method, in this research, devices were fabricated
by combining non-traditional micromachining methods such as μEDM with standard MEMS
fabrication methods such as lithography, E-beam deposition, sputter disposition, PECVD, and
electro-chemical deposition. There was also an integration of bulk materials such as the SMA
sheet into the standard MEMS fabrication process. Carbon nanotube growth using chemical
vapour deposition technique between the fabrication steps was further demonstrated. The
developed fabrication processes to realize the devices prove that unique and high performance
MEMS devices can be built by combining non-traditional micro-machining process and
materials with standard MEMS fabrication approach.

6.2

Future Work
Future work may be divided into two categories: increasing the precision of µEDM

patterning of CNT forests, and improving the application area. The former may be pursued by
decreasing the size of the machining sparks. Possible methods to achieve this, besides the ones
presented in this research, can be studied, such as optimizing the discharge path to maximize the
discharge energy delivered to the discharge gap. Producing high resolution electrodes machined
by methods other than WEDG, such as electrochemical etching to narrow the electrode, could
potentially increase the precision of the process. For the application area, integration of the
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micropatterned CNT forests in other MEMS devices, such as gas sensors, field emitters, and
electron sources can be studied. Moreover, the performance of the developed devices, e.g.,
switching time, and bonding method for the MEMS switch device integrated with CNT forests,
could be optimized.
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Appendices
Appendix A Carbon Nanotube Forest Growth System
The CNT forests used for the experiments presented in section 2.2 and some experiments
of Chapter 3 were produced by an atmospheric pressure chemical vapour deposition (CVD)
system. The CVD growth system was developed by the author and Anas Bsoul. Figure A1 shows
the CVD growth systems. 10 nm of alumina (Al2O3) and 1.5 nm of iron (Fe) were deposited on
the silicon wafer with e-beam deposition technique as catalyst. The chips that had been placed on
the local silicon heater (Figure A2) in the reaction zone were annealed at 800 ºC while H2 and Ar
gases flow at the rates of 800 and 1500 sccm, respectively. A power supply located under the
system provided the current needed to heat up the silicon wafer. The flow-rates were controlled
using manual or automatic flow controllers. All gases passed through a pre-heater system which
was heated to 850 °C before arriving at the reaction zone. After 1 minute of annealing, 400 sccm
of ethylene (C2H4) was introduced while maintaining the H2 and Ar gases flow rates. The growth
process began from the time ethylene was introduced to the reaction tube and could be from few
minutes up to one hour, depending on the length that is needed. As the growth was finished, the
silicon heater was turned off by shutting down the power supply and stopping to flow of all gases
except for Ar. The chips with carbon nanotube forests were cooled down for few minutes under
the flow of Ar gas, before opening the chamber. It was very important to close the H2 and C2H4
gas valves before opening the chamber to prevent any explosions.
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Figure A1: Atmospheric Pressure CVD growth system of carbon nanotube

Figure A2: Assembly of the silicon heater of the CVD growth system
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Appendix B Field-Emission from Carbon Nanotube Cones Fabricated by Micro-ElectroDischarge Machining
In this section 7 , field emission properties of micropatterned and non-patterned carbon
nanotube forests are presented as the second application of the developed machining technique.
Micropatterning is carried out using dry micro-electro-discharge machining.

Introduction
CNTs, with their extremely high-aspect-ratio geometries, were considered to be a good
choice for applications in vacuum nanoelectronics. In some applications, for example in creating
large-area field-emission sources, one needs to have a three-dimensionally engineered cathode or
a cathode with a flat surface that can produce a large, flat electron beam. Here, it was shown that
using µEDM, one can manufacture cathodes with uniform surfaces or 3D cathodes in an array of
vertically aligned CNTs to produce more uniform and/or confined electron beams from the array.

Experiment and Results
The catalyst is patterned on a highly p-doped silicon wafer with the shape of uniform
circles with a diameter of ~2.3 mm. A CVD reactor was used to grow the vertically aligned
multiwalled CNTs with the shape of pillars. The growth process is similar to Appendix A .
Figure B1 shows the schematic view of the experimental setup. An external voltage (V1) was
applied to a stainless-steel mesh with an opening size of ~279 µm to extract the electrons from

7

Portion of this section is presented in a proceeding (Reused with permission from “M. Vahdani Moghaddam, M.S.
Sarwar, Z. Xiao, M. Dahmardeh, K. Takahata, A. Nojeh, ‘Field-emission from carbon nanotube cones fabricated by
micro-electro-discharge machining’, 26th Int'l Vacuum Nanoelectronics Conf. (IVNC 2013), Roanoke, USA, 2013”,
Copyright © 2013 IEEE)
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the machined and non-machined CNT forests. A phosphor screen, coated on ITO glass, was used
as anode.

Figure B1: Schematic view of the experimental setup

As the first experiment, we tested the effect of machining on the uniformity of electron
emission from the top surface of the CNT forest pillar and compared it with the shape of electron
emission from a non-machined pillar. For this, we flattened the top surface of one CNT forest
pillar by removing its surface layer with µEDM. Figure B2 show images of the electron beams
resulting from the machined and non-machined CNT forest pillars, respectively, on the phosphor
screen.

Figure B2: Field-emission from (a) µEDMed pillar and (b) original pillar.
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As can be seen, the electron beam from the non-machined pillar is not uniform. This is
due to the variations in the height of the nanotubes in the array; growing an array of CNTs with
identical heights is very difficult. The result clearly indicates that the uniformity was improved
by the µEDM surface treatment. µEDM cuts long nanotubes in the CNT forest pillar and creates
a smooth surface. Interestingly, we also noticed that electron field-emission from the µEDMed
surfaces occurred at lower electric fields. For example, we studied the electron emission from a
chip that had three pillars, one machined with the height of ~62 µm and two bare CNT pillars
with the heights of ~123 µm and ~145 µm, respectively (Figure B3). We observed that at 1100 V
the electron beam only comes from the machined pillar.

Figure B3: Machined and non-machined CNT forest pillars.

Cutting the nanotubes along the z-direction (along the height of nanotubes) with µEDM
enables to study the electron emission irradiation for pillars with various heights under identical
electric fields. For this, we imaged the electron emission pattern from two machined pillars with
different heights and located on one chip (Figure B4). As we see, the electron emission from the
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taller pillar is much brighter than the shorter pillar. This level of engineering can be achieved
only through height control with a process such as µEDM and is not possible with lithography.

Figure B4: Image of electron emission from two machined CNT forest pillars with
different heights: 120 µm (dark circle) and 150 µm (bright circle) at (a) E=5.5×105 (V/m) and
(b) E=7×105 (V/m).

Another unique enabling aspect of µEDM – that of creation of angled surfaces - is
demonstrated in Figure B5: we fabricated a 3D cone with a diameter of ~100 µm. As opposed to
the flat CNT pillars that generate a wide electron beam, in the case of the cone, the electron beam
originates only from the region around the tip, resulting in a much smaller spot on the phosphor
screen (compare Figure B2(a) and Figure B5(b)). This opens up the possibility of combining the
advantages of nanotube field-emitters with the mechanical robustness of the cone structure.
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Figure B5: SEM image of cone made by (a) µEDM, and (b) photograph of field electron
emission from that at E=12×105 (V/m).

Conclusion
Compared to bare CNT forests, field-emission from CNT forests treated by µEDM
occurs at lower electric fields and results in a more uniform electron beam. In addition, µEDM
would allow creating 3D shapes in nanotubes, such as a cone. The electron beam resulting from
such structures is significantly more localized compared to the beam originating from a flat CNT
forest. This unique ability of µEDM in terms of height control and creation of angled surfaces
opens the door to engineering a new class of field-emitters based on carbon nanotubes.
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Appendix C Cone-Shaped Forest of Aligned Carbon Nanotubes: An Alternative Probe for
Scanning Microscopy
To demonstrate another application of the developed machining technique, this section8
reports a scanning microscopy probe based on three-dimensionally shaped CNT forests and its
application to atomic-force microscopy (AFM). Micro-scale CNT forests directly grown on
silicon cantilevers are patterned into cone shapes with the tips of a few individual nanotubes. The
CNT-forest-based probes provide significantly higher mechanical stability/robustness than the
common single-CNT probes. AFM imaging using the fabricated probes reveals their imaging
ability comparable to that of commercial probes. The patterning process also improves the
uniformity of the CNT forests grown on each cantilever. The results suggest a promising future
for CNT scanning probes and their production approach.

Introduction
Atomic force microscopy (AFM) nowadays plays a core role in materials science, surface
physics, and biology, to name a few disciplines. The technique is considered as one of the most
important inventions in materials science. Generally speaking, AFM is one form of the scanning
probe microscope, which, as the name explains, uses a scanning probe to map the surface
topography of samples. The probe typically has a micro-scale cantilever with a sharp tip formed
at its end. The cantilever serves as a transducer that is used to detect the force signal exerted by
the interaction between the probe tip and the sample surface. Typical materials used for AFM

8
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carbon nanotubes: An alternative probe for scanning microscopy”, Appl. Phys. Lett., 103, 171603, 2013”, Copyright
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probes are silicon (Si) and silicon nitride (Si3N4). These cantilever probes with desired spring
constants and resonant frequency, morphology, and sharp tips can be mass-produced using
MEMS technology. However, manufacturing AFM probes with high reproducibility in
dimensional control of 10 nm or below at reasonable costs still remains a major challenge. In the
full/intermittent contact mode, the geometry of the tip changes during the scanning process due
to mechanical wear of the tip, deteriorating the quality of AFM images. Therefore, alternative
materials are required for AFM probes with improved performance. CNTs have well-defined
nano-scale geometry and, with three times the stiffness of Si, exhibit much higher wear
resistance than that of Si. CNTs are therefore considered as one of the most promising candidates
for AFM probe materials. CNT probes are commercially available and are currently produced
through two main methods: assembly of a CNT at the tip of a micro-machined Si structure and
direct growth of a CNT on a Si tip using chemical vapor deposition (CVD). The former is not
only time-consuming but also needs expensive auxiliary instruments, such as a scanning electron
microscope (SEM), to perform the nano-scale assembly in a precise and systematic manner. The
latter method eliminates the need for assembly, which is promising in achieving relatively fast
and low-cost fabrication of the probes. However, the control of CNT growth, including the
orientation, the number of CNTs formed on each cantilever, and the wafer-scale uniformity of
grown CNTs, still remains an essential issue.
In this section, an alternative, potentially low-cost, and wafer-scale method for
manufacturing of CNT-based AFM probes is presented. Micro-scale arrays or “forests” of
vertically aligned CNTs are grown directly on tipless Si cantilevers. The CNT forests are then
three-dimensionally (3D) patterned into cone shapes to be used as AFM probe tips. Dry microelectro-discharge machining (µEDM) is employed for this 3D patterning.
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Experiment and Results
To create the CNT-forest probe and ensure its compatibility with AFM systems, we
utilized a commercially available tipless Si cantilever probe (ACL-TL, Applied NanoStructures,
Inc., CA, USA) and grew the CNT forest at the free end of the cantilever using CVD system. For
this, first, the tipless probe was covered by a shadow mask except for the end of the cantilever
where the catalyst layer (1-nm-thick iron on 10-nm-thick alumina) was deposited using electronbeam evaporation (Figure C1). The length of the exposed cantilever was adjusted to be 50 µm to
150 µm.

Figure C1: Catalyst deposition on the Si cantilever.

CNT forests with a height of ~100 µm were grown on the area covered with catalyst. Dry
µEDM was performed in the CNT forest to fabricate cone-shaped probes. To create a cone shape
in the forest material, a tungsten electrode with a diameter of 300 µm was shaped into a 200-µmlong, circularly truncated cone (Figure C2) using wire electro-discharge grinding (WEDG)
technique. The patterning process was then initiated in air using a discharge voltage of 50V. This
discharge voltage was observed to be optimal in terms of the quality of machined forest surfaces
in the present case. The sample was continuously moved along a circular orbit with a fixed
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radius of 45 µm using the X-Y stage of the system while feeding the electrode with the Z stage
until it reached a target depth. In this process, the CNTs along the electrode path were removed,
forming a cone shape in the forest.

Figure C2: (a) Tapered tungsten electrode used for µEDM. Scale bar is 50 µm.
Illustration of the cone-shaping process at (b) the final stage of the process in which the forest is
shaped to a sharp-tip cone.

Figure C3(a) displays the result of µEDM patterning, showing a cone created in the CNT
forest on the Si cantilever. The apex radius of the cone was measured to be approximately 2.5
µm. Compared with commercial CNT AFM probes, in which a single CNT is commonly used as
the probe tip fixed on a cantilever, the cone-shaped CNT-forest probes have higher mechanical
stability/robustness due to their unique structure. The CNTs, whose tips make direct contact with
the samples to be probed, are in the central region of the cone. The outer CNTs that surround the
central CNTs have densities (estimated to be ~1015/m2 with an average distance of a few tens of
nanometers between neighboring CNTs) high enough to physically support and protect the
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central ones. Furthermore, those CNTs are entangled with each other, leading to constraining
forces among the CNTs that tie them as a whole and further enhance the physical supporting
effect. Although the contact between an individual CNT and the substrate may be weak, the
contact of the CNT forest as a whole with the substrate (cantilever in this case) is strong.
Therefore, the mechanical stability and robustness of these CNT probes are expected to be much
higher than those available with conventional CNT probes fabricated with other methods
described earlier, potentially enabling significantly improved reliability and longevity in CNTbased AFM probes.
Theoretically, the developed process can produce a cone tip containing a single CNT only.
However, as the CNT forest is machined in the dry µEDM process, some of the debris of the
removed CNTs tends to adhere to the electrode potentially due to less flushing effects compared
with traditional wet μEDM that is performed in liquid. As the carbon debris is electrically
conductive, those stuck on the electrode essentially can serve as parts of the electrode and
contribute to the removal of the forest in an unpredictable manner. This removal effect can also
occur at the apex of the cone, deteriorating the sharpness of the cone’s tip. In order to answer this
limitation, we used a multi-step machining process, in which machining is paused and the tool is
cleaned after machining every few microns (3-5 µm at the beginning and 0.5-1 µm for finishing).
The results are shown in Figures C3 (b) and (c).
Precise control of the height of CNT forests in CVD growth still remains an unsolved
essential issue. Even if we initiate the synthesis of CNTs on multiple probes at the same time in
the same reaction tube, the heights of the forests grown on the probes could be different from
each other.
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Figure C3: SEM images of CNT probes; (a) single-step (b), (c) multi-step machining.

Thus, achieving high uniformity of individual CNTs on the cantilever in terms of their
final height is a great challenge if direct CVD growth is used to define the CNT probes. Postgrowth treatments can be introduced to improve the uniformity. However, these treatments not
only are time-consuming but also need rather expensive systems to perform, posing practical
issues in product manufacturing. Here, the developed μEDM process for cone patterning is
directly applicable for customizing the final height of the CNT probes, to be precisely
determined as part of the cone shaping process, addressing the non-uniformity issue.
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AFM imaging was performed using probes 2 and 3 (Figures C3(b) and C3(c),
respectively) in a commercially available AFM system (Easyscan 2, Nanosurf, Liestal,
Switzerland). In order to evaluate the imaging ability of the fabricated CNT probes, we
conducted the same imaging using a commercial Si probe (ACL-A, Applied NanoStructures,
Inc., CA, USA; typical tip radius ~6 nm, apex half cone angle 11°, resonant frequency ~184
kHz). The tapping mode was used in these AFM tests, in which each probe was scanned over a
standard calibration sample that has an array of 5-µm square dimples with a depth of 98 nm. In
the developed probes, the presence of the CNTs on the cantilever decreased the resonant
frequency of the cantilever. The rated nominal resonant frequency of the tipless probe used is
190 kHz, and this frequency was measured to be modified to 136 kHz and 170 kHz for probes 2
and 3, respectively. The difference between these resonant frequencies of probes 2 and 3 is
presumed to be mainly associated with the difference in the thickness of the bottom layers of the
forests (i.e., probe 2 has a thicker bottom layer and thus a higher mass, leading to the lower
resonant frequency compared with probe 3). The AFM results are presented in Figures C4(a)–
C4(f). Comparing between the results with the developed CNT probes and that with the
commercial one, it is clear that the CNT probes were able to trace the contour of this square
patterns similarly to the commercial probe. The root mean squared area/line roughness of the
bottom surface of a single dimple and the top surface of the sample (between two dimples) was
characterized. As shown in Table CI, the results obtained with probe 2 are somewhat larger than
those with the commercial probe. We can see that the roughness obtained by probe 3 is close to
that of the commercial probe.
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Figure C4: AFM images of calibration microstructures measured using (a) probe 2, (c) probe 3,
and (e) commercial Si probe. Corresponding cross-sectional pro-ﬁles of multiple dimples are
shown in (b), (d), and (f), respectively.

The difference in these outcomes could be associated with that in the radius of the two
probes. Nevertheless, the results demonstrate that the fabricated CNT probes can produce
scanned data comparable to those that the commercial probe does in AFM imaging of micro-
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scale patterns with nanoscale steps. The machining process is being improved to achieve finer
probe tips and higher lateral resolutions in AFM imaging.

Table C1: RRMS values of calibration dimple structures measured using fabricated CNT
probes and commercial probe
RRMS (nm)

Probe-2

Probe-3

Commercial Probe

Bottom

5.9

2.7

4.3

Top

4.6

3.4

2.5

Bottom

2.7

2.5

2.0

Top

3.1

2.5

1.6

Area

Line

Conclusions
It has been demonstrated that dry μEDM is highly effective in producing CNT-forest
AFM probes with custom cone-shaped designs. The probe shaping process was performed on the
CNT forests that were grown directly on the tips of Si cantilevers compatible with commercial
AFM systems. This approach potentially enables CNT-based AFM probes to have remarkably
higher mechanical stability and robustness, as well as to be batch manufactured with higher
dimensional precisions at low costs through a path of parallel μEDM. The results of AFM
imaging obtained with the fabricated probes encourage further improvement of the probe and
AFM imaging with it through nano-meter level dimension control and finishing of the probe tips.
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