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1 Abstract

Using the tools established by the new field of Nanotechnology, many of the active
components of electronic devices have been miniaturized down to the molecular level.
These miniscule nano-elements and nano-materials have enhanced properties when
compared to their bulk-fabricated counterparts. This is due to some of the unique
physical processes encountered when approaching these small dimensions, such as
quantum effects. Leading the research in nano-materials is the field of carbon
nanotubes, whose properties have been found to be unrivaled for many diverse
applications. However, when dealing with the fabrication aspects of integrating
carbon nanotubes in nano-devices and, in particular, nano-circuitry, a major obstacle
is encountered: How does one manipulate such nano-scaled objects so that they can
be patterned, integrated and isolated from one another?

The research here describes a method of patterning individually isolated single-
walled carbon nanotubes in a pre-arranged fashion using a method of nano-imprinting
that is both independent of the substrate used, as well as completely IC compatible.
The method entails the growth of nanotubes between micro-fabricated silicon pillars,
creating a suspended network of taut nanotubes, and their subsequent imprinting onto
different substrates, resulting in a large array of clean, straight and long nanotubes.
The method does not require the substrate to be exposed to high temperatures, as is
usually required to grow nanotubes on a surface, and can be used on various
substrates and thin films.

An explanatory model of the formation of the suspended networks is described as
well as the description and demonstration of a Raman spectroscopy mapping method.
The Raman mapping can be used to identify the structure of each nanotube in the
suspended array prior to imprinting, which can be used to integrate the stamping
method into a more complete scheme of imprinting large arrays of nanotubes.

The results described here are among the best demonstrations of controlled
placement of carbon nanotubes, and the method described can provide an integral
technological advance towards the arrangement of molecular components on the
nano-scale.
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2 Introduction:

2.1 Nanotechnology

The field of solid-state devices has been advancing and reinventing itself at such a
phenomenal rate that the scale and complexity of even a basic transistor has reached
the nanoscale — nearly a billion times smaller than the first transistor created half a
century ago. With the rapid advances in technology that both define the integrants of
the device structures (e.g. transistors and circuitry), to the state-of-the-art machinery
required to develop such devices (e.g. micro-fabrication facilities), new methods are
constantly needed and then devised to handle the requirements of creating well-
defined, mass-producible and affordable techniques and structures. Leading industrial
firms and academic research groups are in a constant search for the next best thing, in
terms of new technological breakthroughs that will push the current technology to the
next step. The scope of this mass-undertaking is such, that a single group or company
can barely attempt to solve all of the difficulties inherent to these new technological
breakthroughs, leading to the formation of niche research attempts by many different
entities, whereupon small, nearly incremental, steps are taken by each. Yet the sum of
these efforts, when successfully combined, can lead to newly developed, inexpensive
methods of fabricating competitive devices.

Contemporary solid-state devices were both devised and implemented using the
knowledge and know-how of condensed matter physics, developed in the early to
mid- 20" century. An extensive library of information regarding the chemical,
crystalline order and configuration of bulk material was both researched and
catalogued to an extent that nearly all essential properties of bulk materials are now
well known. Of these materials, the development and usage of semi-conducting (SC)
materials, particularly silicon, has until now spearheaded research in the world of
electronics, sensors and micro-electro-mechanical systems (MEMS). The efficiency,
affordability and expertise at handling silicon have made it the material of choice in
these fields. Despite some of the apparent shortcomings of silicon when compared to
other SC materials, it has remained the foremost substrate material in the field of
integrated circuit (IC) technology. The usage of silicon has allowed the IC industry to
follow the nearly dogmatic adherence to Moore's Law, which states an informal
scaling law that the number of transistors on a chip doubles approximately every two
years (see Figure 1). However, the race to double the capacity on a single chip will
soon be hitting a critical size limit, where the theoretical physical models used until
now will no longer be applicative — when the critical dimensions (CDs) of the
essential components reaches the atomic level.
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Figure 1: Moore's Law
The doubling of the number of transistors on a chip approximately every 24 months.
Taken from Intel's website.

The end of the 20™ century foresaw the endpoint of this high-speed development
race, and a completely new methodology and mentality would be required to
overcome these distinct physical boundaries if the advances in the IC realm are to
continue. Thus, the field of Nano-electronics was envisioned, with the fundamental
concept that the future will comprise of structures built at the nanometer scale, a
billionth of a meter, with a shift of the physical laws pertaining to these structures to
the molecular and atomic scale.

2.2 Top-Down vs. Bottom-up

Until the last few years of the 20" century, the bulk of solid-state device fabrication
was limited to large scale manufacturing methods, involving colossal machinery and
capital. The concept involved creating perfectly crystalline materials as a base
substrate, such as slabs of crystalline silicon created using the Czochralski method.
These substrates are then used as templates for all types of machining processes, in a
method know as top-down machining. In this methodology, one starts with a bulk slab
of material, and then uses multiple fabrication processes (such as photo-lithography,
dry and wet etching, and deposition methods) that were especially designed to create
large scale integration of an enormous number of identical devices, simultaneously.
This process has proved itself in the IC realm, with all current devices in the market
today based on these methods. Progress in enhancing and developing the processes
and machinery involved has reached commercial levels of ubiquity. However, the
cutting-edge techniques used by industry leaders, which have allowed companies such
as Intel and AMD to achieve nanometric scaled features, are of such intricacy and
cost, that they are only available in a few locations around the world. The top-down
methods developed for the IC industry has pushed research expansion to such an
extent that it has percolated into other fields as well, such as MEMS. This has allowed
the diffusion of knowledge pertaining to mass-producible fabrication methods to a
wide range of fields.

Despite the intense effort poured into improving these top-down techniques to
conform to nanometric-scaled fabrication, these methods are physically limited due to
a slew of reasons. For example, photo-lithography utilizes light waves to define the



CDs on a chip, which is fundamentally limited by the wavelength of the light source
involved. Although a number of tricks can be used to compensate for smaller features,
such as those used in the latest generation of chips, these wavelengths are usually in
the hundreds of nanometer range, limiting the CDs definable.

In response to these limitations, the bottom-up approach concept was developed:
Instead of starting with a bulk material and carving it down to individual device
architectures, one could instead use ready-made, nanometer sized objects, to build
devices from the bottom up, using these objects as fundamental building blocks.
Rather than trying to narrow one's view down to the nanometer, when viewed in this
respect, there is plenty of room at the nanometer scale, starting from the bottom up.
This concept was originally predicted by Richard Feynman, in 1965 [1], who
hypothesized creating a succession of miniaturized manipulators to handle and
fabricate things at the molecular scale.

The bottom-up approach was transformed from the theoretical realm into reality in
the latter part of the 20™ century, with the discovery of nanometric sized materials,
which could be fabricated in large quantities with nearly identical properties. These
objects could then be used as building blocks for the bottom-up approach, but more
importantly, as they inherently lie in the realm of nanometric scaled objects, their
physical properties are completely distinct from those of bulk materials. In many
examples, one of which will be expounded in the next section, the physical properties
of these nanometric objects surpass those of processed bulk materials. The bottom-up
approach is therefore more than just a solution to the insurmountable difficulties that
plague the top-down approach at the nanometric scale, but rather open the
possibilities of both an entirely new world of physics and chemistry, as well as the
development of faster, cheaper and better device architectures, unattainable using the
top-down approach.

While the field of nanotechnology encompasses methods employed by the top-down
and bottom-up approaches, knowledge of both methods is essential since typically, an
integration of the two methods is required. The bottom-up approach is advantageous
for creating mass quantities of ready made nanometric objects, but top-down
approaches are essential in integrating such objects in mass-producible architectures.
Nevertheless, some methods utilizing the bottom-up approach try to circumvent as
much of the top-down approach as possible, such as the formation of self-assembled
monolayers (SAMs) to guide large numbers of molecules to specific locations.
Furthermore, the handling of objects at the nanometer scale entails a complication that
is not relevant to the macroscopic world: a nanometric object comes into contact with
another object (of any size), the close-range forces between the two objects causes
them to "stick" to each other, though their effective range is only a few single
nanometers. This problem, defined by Prof. Richard E. Smalley as the "sticky finger
problem" [2] poses a seemingly insurmountable obstacle for realizing some of the
more fantastic molecular engineering designs, yet its implications are of double
importance to the work described in this thesis.

The bottom-up approach consists of a wide array of newly discovered materials,
with an even wider array of differing characteristics. The choice of material for a
specific application can then be nearly custom made to fit the required specifications.
In terms of electronic/solid-state device architectures, one of the most astounding



materials discovered are carbon nanotubes (CNTs), whose particulars will be
described in the next section.

2.3 Carbon Nanotubes

CNTs were discovered over a decade ago [3-5] and are one of the allotropes of
carbon, a set that includes diamond, graphite and Cg (fullerenes). CNTs are thus
highly stable molecules of nanometric diameter, with an array of unique electrical,
thermal and mechanical properties [6-9]. A brief description of the structure and
properties of CNTs follows.

2.3.1 Carbon Nanotube Structure

CNTs can be demarcated into two distinct groups, single-walled carbon nanotubes
(SWCNTs), and multi-walled carbon nanotubes (MWCNTs). The description here
will begin with the former. A SWCNT can be visualized by taking a strip of graphene
(i.e. a single layer of graphite), and rolling it up into a tube. The caps of these tubes
are theoretically closed off by fullerene like balls. Figure 2 displays images of
SWCNTs. Figure 2a displays a rendering of two nanotube sections: Each hexagon
corresponds to an aromatic ring, with a carbon atom at each vertex. Figure 2b is a
transmission electron microscope (TEM) image of a single nanotube, with the closed,
fullerene-like tip. The length of the nanotube can range up to few millimeters [11],
but the diameter of an individual SWCNT ranges from 0.7 — 5 nm [12]. A MWCNT
can then simply be described as a number of nested SWCNTs, each with a diameter
larger than the one within.

Figure 2: Carbon Nanotube Structure
(a) Renderings of single-walled nanotubes, showing the carbon rings. (b) A TEM
image of a nanotube, including the closed fullerene-like tip.

The atomic structure of a CNT can briefly be defined by taking a sheet of graphene,
dividing the aromatic rings (carbon hexagons) into a set of integers (as defined by the



unit vectors of the graphene sheet), then, cutting the sheet, and rolling it up along a
specific angle known as the chiral angle. Figure 3a shows the allocation of sets of
integers for each benzene ring. The unit vectors of the graphene layer are also defined
in the image. Using this notation, the chiral vector of the tube, being the angle about
which the graphene sheet is rolled, can be defined by the integer set (n,m) by:

C = nd, + ma, (1)

This chiral vector also defines the circumference of the tube, since the length of the
chiral vector is simply that of the two (cut) edges of graphene layer that are connected
to each other. Using this knowledge in conjunction with the length of each C-C bond
(acc) comprising the aromatic ring walls, the circumference of a SWCNT can be

given by:

c=Cl= \/gaccxl n’ +nm+m’ (2

The value of the carbon-carbon length in a CNT is a bit shorter than that of a
graphene: The value of the C-C length in the flat sheet of graphene is typically: 0.144
nm, however, due to the curvature of the sheet in a SWCNT, the value has been
experimentally found to be reduced to 0.1421 nm [ 10]. A MWCNT can be described
using the same notation. Each nested layer of the MWCNT’s walls is a SWCNT, with
a distance of ~0.344 nm between each layer. This distance is the distance between
graphene layers in graphite, and has been empirically measured using TEM.
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Figure 3: Internal Structure of a single-walled nanotube
(a) Graphic showing the correlation between the roll-up vector, and the (n,m)
coordinates defining the nanotube (Ref. [ 10]). (b) Electronic structure of a nanotube.
Different roll-up vectors (x,y) produce different line-up between the atomic locations
and the first Brillouin zone (Ref. [ 8]).

Due to their unique structure, SWCNTSs have a wide array of electrical, chemical,
optical and mechanical properties. Since there are so many unique properties [ 13],
only a very brief description of some of them will be given here.



As stated beforehand, and as listed in Figure 3a, b, the choice of indices (n,m)
define not only the structural makeup of a SWCNT, but also its electrical properties.
For a given set of integers (n,m), a SWCNT can range from being metallic (with a
band gap of zero), to semi-conducting, with a band gap ranging from a few mV (semi-
metallic) up to a little over 1 eV. The general rule defining whether a tube is semi-
conducting or metallic is as follows: if the set (n,m) of integers gives the relation:

n-m=3%q 3)

with q being an integer value, then the tube is metallic. This band-gap is diameter
dependant, and has been empirically evaluated giving the approximate formula:

E, =0.9¢V /d[nm] (4)

A SWCNT is a one-dimensional system: The electrons are confined to the plane of
graphene, as well as the closing of the graphene sheet upon itself, which creates a
ring-like quantum well (the confined axes), thus the electrons can only travel along
the axis of the tube (the free axis). As such, the 1-D density of states (DOS) has what
are known as Van Hove singularities defined by the coincidence of the possible Fermi
energy with the DOS (~1 over the square root of the energy for a 1-D system).
Therefore, as can be seen in Figure 4, there are additional energy band-gaps possible.
In effect, only the innermost pairs of singularity bands contribute at room-
temperatures (since the population of electrons in respect to the Fermi energy is
temperature dependant). The sets of energy band singularities are given names, and
are usually connoted by: Ej; with i being the index number of the singularity set: e.g.,
for the innermost band (which is usually the band gap of the SWCNT), the inner
band-gap is connoted E,;. The matching ii is due to quantum selection rules.
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Figure 4: Density of states of a single-walled nanotube
The peaks in the density of states for a one-dimensional system are called Van-Hove
singularities (Ref. [ 10]).



The optical properties of a SWCNT are also defined by these energy gaps [ 14]. A
SWCNT will emit/absorb photons in the infra-red (IR) regime. This can easily be seen
by plugging in an approximate energy gap of a SWCNT, and using the relation:

iphoton[ﬂm] =1. 24/Egap[e V] (5)

Returning to the electronic structure, the 1-D structure of CNT systems also implies
that their conductance will be quantized. Therefore, a single channel system,
comprising of a single SWCNT will have a total conductance of:

G=N(e’/h)T (6)

with 7 being the transmission co-efficient of the system, and N, the degeneracy of the
system. This has been demonstrated experimentally [ 15]. For some purposes, we can
assume a transmission of near unity, and a total degeneracy (degeneracy and number
of sub-bands) of four, thereby obtaining:

G=4¢°/h (7)

Moreover, it has been both theoretically calculated and experimentally measured that
SWCNTs can provide charge carrier mobilities of several orders of magnitude over
currently used materials.

Due to the fully-connected carbon bonds of the CNT’s outer wall, a CNT is
relatively inert, in the chemical sense. Studies of adherence of particles to a CNT’s
walls, or of material within a CNT are based on the imperfections of the CNT walls
which lead to dangling bonds, allowing particles to attach themselves to the carbon
atoms. However, van der Waals forces, which are dominant in the case of CNTs
(since they are in essence long chains of carbon) are difficult to measure, and
complicate these analyses.

Finally, the stable structure of a CNT, with all the carbon atoms in the graphene
plane being covalently bound, lends to CNTs being one of the strongest materials
today. Furthermore, they are mechanically flexible, with a Young's modulus of a
single SWCNT is in the order of ~1 TPa [16]. This has lead to a massive attempt in
integrating CNTs in materials sciences, as well as their integration in MEMS devices,
and has even been described as a material for connecting cables to space.

2.3.2 Carbon Nanotube Growth

CNTs can be created today using various methods [6]. The three main modes of
production are laser ablation, arc discharge, and chemical vapor deposition (CVD). In
addition, there are numerous variations of these methods, such as plasma enhanced
CVD (PECVD).

Laser ablation and arc discharge work according to the same principle whereupon a
large pulse of energy is created on a carbon electrode that has been impregnated with
metallic catalysts. Under the right conditions (catalyst density, temperature and
pressure), the discharge/laser pulse will cause carbon particles to evaporate off the



electrode, and self-assemble into CNTs. These CNTs must then be collected on a cold
finger, and purified using a medley of chemical solutions. While the laser ablation
method can produce CNTs of nearly the same diameter, it is not easily integrated in
IC compatible processes.

The CVD growth of CNTs allows the nanotubes to be grown directly onto a
substrate, permitting their patterning and/or alignment. It must be noted, however, that
the high temperatures required during the growth of CNTs prohibits the use of many
materials as substrates, depending on their melting point. Such is the case for many
thin-film metals (whose melting point is lower than that of their bulk counterpart), as
well as the inclusion of IC chips (since at high temperatures, the implanted regions
diffuse into each other). Nevertheless, the CVD method is the most promising for
integration with IC compatible technology due to the relative control one has over
aligning and distributing the nanotubes on a surface, as will be described in the next
chapter. Additional information and details regarding the CVD process will be dealt
with in a later chapter, with the other growth methods not listed in detail, due to their
limited relevance to the objectives of this thesis.

The distinction between each type of CNT growth described is most apparent when
it comes to integrating them into device architectures. CVD growth theoretically
allows one to pre-design and orientate CNTs directly onto a surface, with no further
complications, as long as the surface is able to withstand the CVD process itself. In
contrast, the laser ablation and arc-discharge methods require one to collect the
manufactured CNTs in a separate receptacle, purify the nanotubes, and then develop a
method of dispersing the CNTs on a surface. This last step can further introduce
impurities that can stick to the nanotubes, as well as requiring a great deal of expertise
in preventing individual SWCNTSs from bunching up into bundles. The bottom line,
however, is that regardless of the method employed, the production of CNTs on a
large scale has become both technologically standardized, and therefore relatively
simple.

2.4 Carbon Nanotubes and Nanocircuitry

CNTs were one of the first molecules to be designated as building blocks for the
field of nanotechnology. Since their discovery, they have already been integrated in a
multitude of different devices and materials. Therefore, while the field of
nanotechnological devices, with an emphasis on bottom-up design, includes a plethora
of different methods and materials, the subset of devices based only on CNTs holds
its own ground in terms of technological prowess and ambition. As a result, when the
editors of Science magazine decided to name the field of "nanocircuits" as their
Breakthrough of the Year, in 2001 [17], it was carbon nanotubes that they designated
as the forerunning technology that would spearhead future developments, and as
depicted on their cover art (presented in Figure 5).

The basis for the claim that CNTs will lead the forefront of progress in terms of
nanocircuitry is that they had already been shown to be suitable as nanoelectronic
devices, as will be described in the next section. Proof-of-concept CNT devices have
been designed and demonstrated for a host of different purposes. Moreover, of all the
elements useable as building blocks for nanotechnological devices, CNTs provide



some of the most unique and robust properties, compared to almost any other material
in the field of molecular engineering.
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Figure 5: Cover of Science, December 2001
Cover art depicting nanocircuits which consist of well ordered carbon nanotubes.

The major issue remaining is that of engineering. To produce a single device that
utilizes a certain property of a CNT is one thing, especially one that requires an
inordinate amount of fabrication processes. However, to produce actual devices, with
an emphasis on the plural form, is quite another. As much effort has been poured into
creating proof-of-concept devices as there has been in developing methods of batch
processing that would integrate CNTs into actual devices. The major complication is
one that affects the entire field of nanotechnology, namely: How to assemble all these
building blocks in a deterministic method?

Controlling the placement and orientation of these building blocks in a fully
integrative method that would allow one to fully utilize the specific properties of each
individual molecular element has been one of the Holy-Grails of nanotechnology.
This issue lays at the core of this thesis: The creation of a method to utilize individual
SWCNTs arranged in a predetermined array.
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3 Literature Review:

The following section will summarize some of the existing work in the field. The
field of CNTs has become one of the more saturated ones in the overall field of
nanotechnology. As a result, a short summary such as this will only touch upon a
mere sampling of the volume of existing research in the field. For other references,
one can turn to references [6,10]. This chapter will be divided into sections ranging
from some of the more general applicative and experimental research done on carbon
nanotubes, to more specific work that has direct implications regarding the work done
in this thesis. The review will begin with nanotube characterization, followed by a
short review of some SWCNT-based devices. Following that is a section describing
some of the contemporary methods of controlling the placement of nanotubes, and
then a section on the growth of nanotubes between micro-fabricated pillars.

3.1 SWCNT Characterization

When working with SWCNTs, the first thing to realize is that, being nanoscaled
objects, they are only visible to the eye. This being the case, numerous microscopic
and spectroscopic methods are employed to view and characterize nanotubes. A brief
description regarding each of the characterization methods used is essential before
further delving into the research on CNTs since, like all work at the nanoscale, the
characterization and implementation are so closely intertwined. As will be described
later, some of the microscopic methods can act as an active source of information, and
are not merely passive instruments. The characterization of CNTs is a fundamental
part of this work, yet as there are currently an abundance of such techniques [10],
only those methods used in this research will be described. Furthermore, a detailed
description of each method, including a brief physical description of the working
process, will be described in the Experimental section of this thesis.

The main microscopy devices used to analyze SWCNTs include transmission
electron microscopy (TEM), scanning electron microscopy (SEM), atomic force
microscopy (AFM) and scanning tunneling microscopy (STM). The first two (TEM
and SEM) were used in the work appearing in this thesis. AFM and STM (and their
similar ilk) were not used, for a specific reason that will be described presently. Each
form of nanometric imaging has its advantages and disadvantages, as well as the fact
that each one of the four aforementioned techniques relates to different scales of
imaging. For example, the STM has sub-nanometric resolution, as does the TEM
(Figure 6), yet to scan samples at that resolution limits amount that can be scanned
simultaneously. An AFM can scan large areas with nanometric precision, yet
scanning a 10x10 pm area takes quite a while. The SEM can give the greatest spatial
scanning dimensions in the most time-efficient way.



Figure 6: STM and TEM images
(a) An STM image of a nanotube taken from Omicron's website (Omicron is a leading
STM manufacturer). (b) A pyramidal gold nanoparticle viewed with a TEM, the
individual atoms can be seen in the bottom right.

3.1.1 TEM Analysis

The TEM is the instrument that was initially used in the discovery of CNTs [3,5]
(Figure 7a). Samples with CNTs are easily inspected once they are placed on a
suitable TEM grid. Typically, the CNTs are grown, by whichever means, and then
transferred onto the TEM viewing grid. TEM grids are typically small, thin discs
consisting of copper (~3 mm in diameter, ~0.1 mm thick), with a mesh of copper
wires holding a thin layer of amorphous carbon, onto which samples are dispensed.
To view CNTs, one must first transfer the CNTs into a solution, then dispense the
solution onto the grid, and wait for it to dry. With CNTs, there is little to no control
over the density of the nanotubes, or the prevention of aggregates and bundles from
forming. Nevertheless, the TEM is the primary tool for viewing CNTs after their
preparation, since the amount of time from growth to viewing, using the TEM, can be
implemented in a considerably short amount of time (ranging in a few hours).




12

Figure 7: TEM images of nanotubes o
(a) The first images of single and multi-walled nanotubes (Ref. [4]). (b) Effects of
irradiation of the TEM electron beam on a single-walled nanotube (Ref. [ 24]).

TEM analysis also enables one to quickly view the internal structure of a CNT. A
short period after being discovered, CNTs were shown to be capable as acting as
vesicles for other materials [18]. These other materials can be added either after
growth, or even during their growth, and include metals, metallic salts, and even
fullerenes [ 19-21]. The TEM is essential in order to view the inner structure of these
filling materials [ 22].

Analysis of CNTs with a TEM is in no way completely passive: When viewing a
single SWCNT over a hole, with no background carbon film, the TEM electron beam
itself can harm the atomic structure of the tube by way of “knocking off” some of the
carbon atoms [ 23], causing the destruction of the nanotube structure (see Figure 7b).
This limitation is especially poignant the longer you view a SWCNT in the TEM, and
can cause their complete destruction after merely a few minutes of viewing. It was
found, however, that keeping the electron beam acceleration voltage below 86kV
prevents the knocking off of carbon atoms [ 24].

TEM analysis of CNTs can thus be summarized as one of the most ubiquitous
methods of analyzing CNTs on the fine scale, in the most time-efficient manner.
However, it is generally limited to analyzing CNTs only on a TEM grid, and the
analysis of CNTs on any other type of structure is severely restricted.
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3.1.2 AFM Analysis

For CNTs lying upon a substrate, TEM analysis is inadequate, as the surface must
be “transparent” to the electron beams, therefore, viewing CNTs with an AFM was
the first method approached to view CNTs on a surface [25]. The AFM allowed
reasonably large viewing areas to be scanned, albeit with the price of long periods of
time per scan. When viewing a CNT on a surface, it was quickly determined that they
would deform when in contact with the surface, due to the van der Waals interaction
between the tube walls, and the surface [25,26]. Even twisted nanotubes on a surface
were measured using the AFM [27].

Using the AFM was found to be quite useful in mapping out the locations of CNTs
on a surface for further analysis, or, more importantly, for locating specific tubes for
device integration. For this purpose, a substrate is marked with (typically metallic)
alignment marks, and then scanned using an AFM. Individual CNTs can then be
identified by the coordinate system defined by the alignment marks. Furthermore,

devices can then be built on these specific nanotubes using e-beam lithography (as
will be described below).

Yet another useful engineering aspect of AFM analysis of CNTs, other than their
structural analysis and mapping on a surface, was found to be that of actively using
the tip of the AFM to drag a CNT to a specific location and orientation [28,29]. The
AFM tip can manually pull and twist a CNT such that it can be completely isolated
from other tubes (Figure 8). This is crucial for device fabrication, as one requires that
a single SWCNT device would consist solely of a single, individually isolated
SWCNT.

Using the AFM, one can then not only map a large number of SWCNTs on a
substrate, but one can furthermore isolate individual SWCNTs for device fabrication.
This use of an AFM for both imaging and manipulation purposes was the first real
attempt at creating a method for individual SWCNT device fabrication. However, the
major limitation of AFM usage, for both mapping and manipulation, is that it is an
extremely tedious task, requiring many hours of painstaking work for each nanotube
that is to be isolated and mapped. This severely hampers the use of this method in
terms of mass production.
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Figure 8: AFM manipulation of a nanotube
These images (a-g) demonstrate the manipulation of a single-walled nanotube, by an
AFM tip, to create the Greek letter theta (Ref. [29]). Image (g) is from IBM

Research’s website, describing this work.

3.1.3 SEM Analysis

It took over ten years from their discovery until individual SWCNTs were viewed
using the SEM. The SEM is most valuable in device microscopy since the viewing
capabilities of a SEM range from a few hundred nanometers, to several hundred
millimeters, as well as the SEM’s ease of use and sample preparation. In fact, other
than the constraint that the sample be conducting (a limitation that is irrelevant for
AFM studies), there is nearly no sample preparation involved. This means that an
entire device can be analyzed with a SEM. However, in order for a nanometer scaled
nanotube to be viewed in a SEM, the type of SEM that must be used is the high-
resolution variant (HRSEM), which operates at lower working voltages (as will be
described later). It was found that viewing SWCNTs on silicon dioxide surfaces was
possible only when working at approximately 1 kV [30], over which the SWCNTs
become “transparent” to the detector, and are engulfed as part of the surface signal.
This form of rapid imaging of large areas using the HRSEM has become the dominant
method of viewing SWCNTSs on a surface. Furthermore, it has been integrated with
the aforementioned mapping technique, whereby the HRSEM is used to map the
locations of individual SWCNTSs. The devices with the SWCNTSs can then be viewed
with the HRSEM, in a very short amount of time, as in Figure 9.
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Figure 9: HRSEM imaging of nanotubes
(a) The comparison of HRSEM (or, field emission SEM) to AFM. The top image can
be taken within minutes, whereas the bottom one takes hours. (b) SWCNT devices
fabricated using HRSEM mapping, with the HRSEM images displaying both the
nanotubes, as well as the electrodes. Both images from Ref. [ 30].

Using HRSEM imaging, one can image SWCNTSs on a variety of three-dimensional
substrates, at low magnification. However, other than providing a visual scan of a
sample, HRSEM imaging is limited in its structural information capabilities. This type
of information is best attained through spectroscopic methods.

3.1.4 Carbon Nanotube Spectroscopy

Spectroscopic methods are ideal for probing specific properties of materials. In
terms of carbon nanotubes, there are a number of compliable spectroscopic methods
[ 10]. One of the most useful spectroscopic methods for SWCNT probing, as well as
being one of the methods used in this work, is that of Raman spectroscopy (RS). RS is
a method of analyzing the vibrational modes of a molecule, which imparts important
structural information regarding its chemical bonds. A description of the mechanism
involved will be detailed later, in the Experimental section (as well as in Appendix 1).
RS analysis of CNTs has become nearly standardized by numerous studies [31-32],
which have managed to correlatively ascribe the spectroscopic Raman signal to the
exact structure of the SWCNT; specifically, a correlation between the peaks appearing
in a RS signal and the (n,m) set of the SWCNT in question. Formulas relating the
diameter of a SWCNT to that of the location of a specific peak have been empirically
found to be of the type:

+B (8)

with @ being the frequency of the peak in the RS signal, d the diameter of the
SWCNT, n an empirical exponent and 4, B empirical constants. An example of a RS
signal is presented in Figure 10a, with each peak in the spectrum given a specific
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name. The reviews in references [32] and [33] provide a detailed description of the
RS spectrum of an individual SWCNT, and a short explanation will appear in a later
section. Furthermore, a few of the tables appearing in those references appear in
Appendix 1. Figure 10b displays some of the parameters that can be used to correlate
between a measured RS spectrum, and a specific SWCNT. Not only can the diameter
of the SWCNT be known, but also its chirality and (n,m) values. A table listing some
of the (n,m) nanotubes and their respective peak locations is supplied in Appendix 1.
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Figure 10: Raman Spectroscopy of Carbon Nanotubes
(a) A typical Raman signal from a SWCNT on a silicon dioxide surface. Each peak in
the spectrum in given a name, such as RBM, D and G. The asterisks denote peaks
resulting from the substrate. (b) A table correlating the shifts in the spectrum and the
structure of the nanotube, using an empirical relation. Both images are from Ref. [ 33].

Further utilization of the RS spectral information can be realized by spatially
mapping the peaks of the RS signal. To do this, one can define each pixel of an area to
be scanned to portray information regarding a specific peak only. For example, one
can define that the “brightness” of a pixel is in direct correlation to the intensity of the
G spectral band of a RS spectrum, and then spatially raster a sample [34]. This
enables RS-information supplied imaging, and example of which is in Figure 11a.
Furthermore, it was found that the Raman signal is substantially increased when the
SWCNT is suspended [35], and as can be seen in Figure 11a, where the suspended
segment is much brighter than the non-suspended part. As a final point, the intensity
of the peaks was also found to be directly linked to the metallic or SC properties of
the SWCNT.
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Figure 11: Global Raman Mapping and Fluorescence of Nanotubes

(a) A Raman spectroscopy produced mapping of a suspended nanotube. The bright

section in the center was created by focusing on the G-band of the nanotube. (b) An
HRSEM image of the same nanotube in (a). Both images from Ref. [34]. (¢)
Structural assignment of SWCNTSs by fluorescence spectroscopy (Ref [ 14]).

In addition to RS for analyzing SWCNTs, there are a number of other methods for
ascertaining the structural makeup of a single nanotube. Among these are a number of
photo-based methods, such as fluorescence [ 14] and photo-luminescence [ 36], as well
as STM imaging. These methods can also provide information regarding the
electronic properties of a SWCNT, as can be seen in Figure 11c¢, where information
from RS and fluorescence was combined to obtain a graph correlating the fluorescent
signal to the SWCNT structure. More similar to the method of RS is that of Rayleigh
spectroscopy. In Rayleigh spectroscopy, structural information can also be garnered,
in much the same way that RS information is [ 37]. The Rayleigh signal is even more
sensitive to the background noise, due to the intensity of the central laser peak
(creating the signal) of the Rayleigh spectrum. Therefore, while RS could be used to
detect SWCNTs suspended over small, shallow trenches in a substrate, Rayleigh
spectroscopy is limited to SWCNTSs grown over deep trenches, usually ones that were

cut through the entire thickness of the substrate, in order to minimize substrate signal
reflection.

3.2 SWCNT Devices

Devices based on SWCNTs are the prime motivator for the abundant research on
CNT’s properties. Specifically, the ability to create both metallic and SC nanotubes,
with an emphasis on the large range of band-gaps possible with the varying diameter
nanotubes, is of crucial importance in the field of nanoelectronics and nanocircuitry.
While there is, as of yet, no single method of generating nanotubes of a given type,
researchers have proven that SWCNTSs can provide the next-best-thing in terms of
device size and capabilities. The two major fields that can be delineated in terms of
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SWCNT nanoelectronics are actual transistors for replacing current transistor
technology, and that of nanoelectronic sensors utilizing a CNT based field effect
transistor (CNTFET) at its core. The two technologies are currently interwoven, with
the current push for sensors based on CNTFETs. Furthermore, the time frames for
both technologies are reasonably different, with the conceptual replacement of current
transistor technologies, notably metal oxide silicon FETs (MOSFETs), using CNTs a
long way off, when compared to the current possibilities of much smaller, simpler
CNT based devices.

3.2.1 CNT Transistors and Nanowires

To prove that CNTs are realistically capable of enhancing current technology, it was
first necessary to prove that some of the claims made by theoreticians regarding the
unique properties of CNTs would hold. The first major technological breakthrough
was made when it was proven that CNTs truly act as one-dimensional quantum wires
[38]. An AFM image of that device, showing a SWCNT deposited over metallic
electrodes is shown in Figure 12d. It was shown that, at low temperatures, a single
SWCNT displays a discrete change in current as a function of the bias voltage, as
displayed in Figure 12a, due to quantum Coulomb charging of the nanotube.
Furthermore, the current was found to be a function of the gate voltage, supplied from
below the SWCNT, so that current would flow only discrete, periodic, intervals of
gating voltages, as shown in Figure 12b. This proved that the charge transfer through
the nanotube was influenced by coulomb blockades, with electrons passing from the
electrodes to the SWCNT only when the discrete energy level of the SWCNT lined up
with the Fermi level of the electrodes, as in Figure 12c. The discrete levels are at a
periodic distance of 4E, with the energy spacing equal to that of a one-dimensional
quantum well, i.e:

AE=hv/2L 9)

With 4 being Planck’s constant, L the length of the quantum well, and vy as the Fermi
velocity, which was found to be approximately 8.1x10° m/sec.
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Figure 12: Single Walled Nanotubes as Quantum Wires
(a) Step-like current in a nanotube due to the energy blockade caused by Coulomb
charging. (b) Discrete and periodic peaks of current, as a function of the gate voltage,
signifying a Coulomb blockade. (c) A schematic of the band diagram of the system,
displaying the discrete energy levels of the SWCNT. (d) AFM image of the device.
All images from Ref. [ 38].

Having shown the capabilities of the one-dimensional quantum wire, the next step
was to prove that SWCNTSs can act as FETs. In 1998, two papers showed that a single
SWCNT would act like a p-type transistor, at room temperature [39,40]. The reason
that it acts like a p-type transistor is still somewhat controversial. It is widely accepted
that the p-type characteristic is a function of the Fermi pinning of the nanotube to the
electrodes, and thus a function of the electrodes themselves [41]. However, by
“doping” the nanotubes, one can also obtain n-type transistors. As a result, shortly
thereafter it was shown that one can create a complementary MOS (CMOS) device
[42], which is the backbone of the IC industry. By annealing a CNT in vacuum, it was
found that the CNTs were transformed to “n-type” transistors, thereby creating an
ambipolar device, wherein both electrons and holes are injected into the device. To do
this, a procedure to passivate, or cover, part of the device was needed, so that one side
remained p-type, while the other became n-type, during a vacuum annealing process
(Figure 13a). Using this technology, more complicated device architectures can be
envisioned. Figure 13c displays a ring-oscillator created on a single SWCNT [43].
The device encompasses many parallel complementary CNTFETs. Creating this type
of device may seem extremely tedious and complicated, yet the technology used to
create it is relatively mainstream, consisting of high-resolution e-beam lithography
and other micro-fabrication techniques. It is important to note that the major problem
in building these devices is in the placement and isolation of the single SWCNT, as
will be discussed below.
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Figure 13: The IBM Nanotube Complementary Transistors
(a) A nanotube complementary transistor, with both p- and n-type segments. The n-
type transistor was annealed in vacuum, with the p-type segment protected by a layer
of photo-resist. (b) The device in (a) acting as an inverter. Both images from Ref.
[42]. (c) A complicated ring-oscillator created using a number of parallel
complementary nanotube transistors (Ref. [43]).

Transistors based on CNTs have become well adapted to many uses, and their
characteristics have become well examined. SWCNT transistor physics exist in
published reviews [44,45], and their properties have been rigorously tested, such as
mobility through the CNTFET [46] and four-point probing of a SWCNT [47].
Perhaps the most important characteristics of all CNTFET properties, and the ones
that hold the most promise in terms of the IC industry, are the high mobility of the
CNTFETs, and their ballistic charge transfer [48]. If a CNTFET is created using a
single, pristine SWCNT as its channel, the mobility of such a device has been shown
to exceed 10,000 cm®/V s. This value by far exceeds the current values attained using
silicon technology. Moreover, since the carriers are ballistic within a nanotube, the
frequency at which the CNTFET can operate should be extremely high. 50 GHz
mixers using top-gated CNTFETs have been produced [49], proving that the CNTs
capabilities are far beyond those of current IC technology. The integration of CNTs in
MOSFET technology is probably a few years down the road [50], but the rush of
research towards their full-scale integration is still at its peak. A detailed summary of
some of the important formulas for CNTFETs can be found in Appendix 2.

3.2.2 SWCNT Sensors

Beyond the realm of CNTFETSs acting merely as transistors, lays their potential use
as sensors. Many different sensor applications have already been proven using
SWCNTs [51]. They range from chemical, mechanical motion and flow sensing. The
two major concepts used for most applications today consist of either CNTFETs
acting as the sensor element, or of suspended nanotube based devices.

The concept of the CNTFET sensor is simple: Since the SWCNT is a one-
dimensional channel, any chemical/physical disturbance to the outer plane of
graphene will immediately influence the carriers within the nanotube. Therefore, by
merely being in the presence of other molecules, the conductance of the channel
should be affected. This was first discovered to be the case with gasses, and the use of
a single SWCNT CNTFET as a toxic gas detector [52]. Since then, numerous other
methods [ 53,54] have been used for detecting chemicals, such as the pH level, as well
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as more specialized detection, whereby a specific molecule is made to attach to the
SWCNT, which can then bind to another molecule. Figure 14a presents a typical
schematic of such a device that was used to detect both proteins (Figure 14b) and pH
levels (Figure 14c). Using such functionalization methods, protein and DNA detection
using CNTFETs have been devised [55] with CNTs covered with specific molecules
that bind to the CNT on the one side, and the protein to the other (as in Figure 14d).

AU s,
a. LU0 onuduse . c
[Eloctrode | ot o
Scmsconduxting SW T
b 3%
=
or 8
]
5:. 91}t
| 5
Ls (5]
8
LR
i ot A NH 0 (protei i
o - 2 4 - %
£ , 05 0.4 03 0
0.4 03 02
Liquid-gate voltage (V) Liquid-gate voltage (V)

Figure 14: Nanotube Based Sensors
(a) A schematic of a nanotube based sensor, with a CNT between two electrodes, and
a functionlization protein adhering to the nanotube. (b) The detection of proteins on
the device by influencing the conductance of the channel. (c) Detection of pH using a
nanotube sensor. All three images from [53]. (d) Schematic representation of the
functionalization of a nanotube’s wall by a specific molecule (Ref. [55]).

Other than these chemical sensors, CNTs have been shown to work as flow
sensors as well. CNT based flow sensors would be ideal in MEMS based microfluidic
channels, where one of the key issues involves knowing what the flow rate is in these
miniscule channels. The first work done in this field showed that when a liquid flow
was placed through a large bunch of CNTs, a voltage was detected via two electrodes
on either side [ 56]. However, a more interesting device was recently reported, with a
single SWCNT CNTFET used as a flow detector [57]. In this device, displayed in
Figure 15, the actual ionic flow over the SWCNT caused a change in its conductance,
thereby enabling the detection of the flow rate, as shown in Figure 15c.
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Figure 15: Nanotube Flow Sensor
(a) Schematic of a nanotube transistor within a fluidic channel. (b) Conductance of the
device before introduction of a flowing medium. (¢) Change in conductance as a
function of different flow rates. Images from Ref. [ 57].
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There are many other forms of CNT based sensors, especially in the field of nano
electro mechanical systems (NEMS) and MEMS [ 58], as well as in optics. Reference
[59] well summarizes the existing work in the field of integrating nanotubes in NEMS
devices. The image in Figure 16 is taken directly from Ref. [59], with many of the
possibilities listed in a tabular form.
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Figure 16: Nanotubes in NEMS
Table summarizing the possibilities of integrating nanotubes in NEMS devices.
References listed are those from Ref. [59].

A final device of particular bearing to this work to be described is that of infra-red
(IR) CNT devices [60]. The principal investigators of these IR related devices are at
IBM Research, and nearly all the referenced sources on this matter come from this
group. Since it was shown that CNTFETs are ambipolar, using particular sets of
electrodes, or different relative voltages between the gate, source and drain, one can
obtain the simultaneous injection of both holes and electrons into a SWCNT, from
either end [61]. This means that a CNTFET can either be used as a detector of IR
photons — where incoming light generates an electron-hole pair, which are then
“detected” as a change in current in the CNTFET (Figure 17a); or as an IR source,
where both electrons and holes are injected simultaneously into the CNT, and their
recombination creates an IR photon (Figure 17b). These types of device prototypes
have been developed, and IR sources from single SWCNTSs, such as in Figure 17c,
have been fabricated. Further developments in this field have produced even better IR
sources [ 62]: For example, it was found that when a SWCNT is placed over a trench,
and then electrodes are attached to it, an even brighter IR signal is achieved through
the avalanche-like generation of excitons in the suspended SWCNT segment (Figure
17d). A final interesting phenomenon that was discovered regarding these devices is
that in ambipolar device architectures where the injection of holes and electrons is
dependant upon the relative voltage between drain-gate and source-gate, one can
change the gate voltage such that the electrons/holes are accelerated at different rates,
thereby changing the location of recombination [63]. This gate-dependant
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recombination localization is displayed in Figure 17e¢, where each number is
associated with a different gate voltage, shifting the location of the IR emission.

Nanotube Electrode

Electrode — Silicon Oxide

Silicon oxide

Gote Electrode
Gate electrode

7 8 9 10 11 13 16 19 21 27 33 46 64 77 83 86 87 88 89 90 101

Figure 17: Infra-red Nanotube Photonics

(a) Absorption of a photon in a nanotube generates an electron hole pair, each moving
toward different contacts, as defined by the bias voltage (field). (b) Emission of a
photon, created by the simultaneous injection of both electrons and holes into the

nanotube. Both images from IBM Research. (¢) Actual emission of IR light from a
SWCNT CNTFET (Ref. [61]). (d) Ultra bright emission of IR light from a SWCNT
located over a trench in silicon dioxide (Ref. [ 62]). (¢) Moveable emission location as
a function of different gate voltages (Ref. [63]).

These IR detectors and emitters may provide a basis for more advanced display
units or detection systems that can work with less expended energy, due to the
nanoscale building blocks used. This advantage of lower energy use, as well as lower
heat expenditure, is yet another of the many advantages attainable using
nanotechnology based architectures.
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3.3 Nanotube Placement

Despite the abundance of devices mentioned in the previous section, the main
obstacle remaining between the full integration of CNTs in devices and in mass
productive methods is that there is little to no control over their placement. As stated
earlier, and as will be elaborated later, this is an easily definable task: presenting a
reproducible method that will put nanotubes exactly where one wants them, including
their orientation and location. For the last ten years, many attempts have been made at
CNT controlled placement, some of which will be described here.

3.3.1 Nanotemplates

When dealing with nanotubes created by arc discharge or laser ablation, the most
common way of trying to position the produced nanotubes is to simply pour the
solution onto a surface. Of course, this means that all the nanotubes are then randomly
orientated and positioned. A method of avoiding this challenge is to modify the
surfaces with a nanotemplate beforehand, usually using a SAM that has an affinity
towards nanotubes. Moreover, the nanotubes can be coated with a material that has an
affinity towards the SAM, producing the same result. Figure 18 presents some of the
work done in this field [64-66]. Using this method, some positive results have been
achieved, yet the major complication involved with this method is the need for
creating nanometer sized CDs for the deposition of the SAMs. This somewhat
tautological circumstance is a limiting factor for this technology. When the templates
were created to be sub-micron in size, as in Ref. [ 66], the nanotubes were found to
completely conform to the SAM, even forcing some of the nanotubes to create rings,
as in Figure 18d. Yet, when the template’s thickness were much larger than the
SWCNTs, as in Figure 18c, then the orientations of the SWCNTSs on the template
itself are completely random, and the straightness of the SWCNTs is affected.
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Figure 18: Nanotemplates for Nanotube Deposition

(a) Conceptual schematic of the nanotemplate method. Affinity layers are patterned,
after which the nanotubes are dispensed onto them, and orientating themselves
according to the template. (b) Results using such a method, with templates ranging in
the tens of nanometers in thickness. Both images from Ref. [ 64]. (c) Another result of
nanotemplates for nanotube assembly, showing the lack of control on the template
itself (Ref. [ 65]). (d) Nanotubes conforming to sub-micron sized SAMs, even forming
rings (Ref. [66]).
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Though the results presented here may seem poor, this is in fact one of the main
methods used by some of the largest research groups [67]. The method’s primary and
unique advantage is that it does not require the CNTs to be grown directly onto the
surface. This is crucial for CNT integration in MOSFET technology, which cannot
survive the high temperatures of the CVD growth of CNTs.

3.3.2 Catalyst Patterning

The next method to be described uses the patterning of small islands of catalyst,
from which the CNTs are then grown using the CVD method, on the surface [68].
This is similar to the nanotemplate method as it still requires high-resolution
lithography to define the catalyst islands, yet the methods employed are far more
compliant with current manufacturing techniques. Once the catalyst islands are
created, the substrate can be placed in a CVD furnace, and the growth is somewhat
dependant on the geometry of the islands. For example, as seen in Figure 19, one can
pattern small islands on the tip of electrodes, and then hope that the CNTs will grow
from one island to the other (or, rather, from one island to the other electrode). This
process has achieved some promising results, but, being a random process, one can
never be sure that there will be a CNT between the two electrodes. Nevertheless, these
results were among the first to marginally pattern CNTs “where you want them”,
while grown directly onto the surface using the CVD process.
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Figure 19: Catalyst Island Nanotube Growth
(a) Image of an electrode assembly with small islands of catalyst at the tips of each
electrode. (b) Close up of the box in (a) showing the nanotubes bridging off each

electrode. Both images from Ref. [68].

3.3.3 Field Alignment

Utilizing the previous method’s advantages, a more controlled method for aligning
the grown CNTs along a certain direction was created, which would negate the
statistical process of the CNTs growing in all directions. Since nanotubes can be
considered as a partially dielectric material, they are affected by an applied electric
field. When in the field, they will align themselves to it so that they orient themselves
parallel to the field lines [ 69,70]. This can be done either before or after their growth.
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In the latter case, nanotubes are deposited from their suspension between metallic
electrodes, at which point an AC field is placed between the electrodes [71]. The
CNTs will then align themselves between the electrodes, as seen in Figure 20a. The
lines between the electrodes (top and bottom) signify that hundreds of nanotubes were
aligned simultaneously between the electrodes.

When growing the nanotubes in the presence of an electric field (by connecting
wires into the CVD furnace and attaching them to electrodes on the substrate), one
can achieve nearly complete control over the direction of the growth [70], as seen in
Figure 20b. The electrodes must be placed and positioned prior to growth, which
requires them to be made of a material that can withstand the high temperatures of the
CVD process, such as Mo. In addition, one can utilize the trapped surface charges on
a material such as alumina, which creates a local electric field, to align nanotubes
along the field lines, as in Figure 20c. The major limitation with these methods is that
only the orientation in a single direction can be obtained, that of the direction of the
electric field. Moreover, no control over the distance between parallel CNTs can be
obtained using just this method.

C2un P g
Figure 20: Electric Field Alignment
(a) AFM image of the alignment of deposited nanotubes between two electrodes and
applying an AC field (Ref. [ 71]). (b) Active electric field alignment of the nanotubes
during the CVD growth (Ref. [ 70]). (c) Static charge induced electric field alignment

(Ref. [72]). (d) A two step process that involves depositing nanotubes and aligning
them in one direction, using an electric field, and then aligning others in the
perpendicular direction (Ref. [ 73]).

To further enhance the method described, a two step process can be used whereupon
nanotubes are first orientated in one direction, and then another. For deposited CNTs
in a suspension, this was accomplished by depositing the SWCNTs between two
electrodes followed by the application of an electric field, and then taking the
substrate, depositing more SWCNTs on the surface, and placing a field on another set
of electrodes in the perpendicular direction [ 73]. The results of this process are shown
in Figure 20d. The reticence exhibited towards the results presented in this image
stem from the fact that the images are so small, and that they were not reproduced by
the group any more. The problem lies with a number of issues. The first is that the
images shown here only represent the center of the entirety of aligned tubes: none of
the other sections displayed such alignment. A second problem (mentioned by the
authors), is that there is far lass control over the spacing between the SWCNTs than as
presented in the image. A final issue is that the process itself, consisting of two steps,
including the deposition of a second solution of SWCNTs on the surface, followed by
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their alignment. When the second solution is placed on the surface, it affects the
already aligned set, and therefore the second step slightly ruins the effect of the first.
In fact, since it is also known that nanotubes can be partially aligned using a jet of
nitrogen when on a surface [ 74], the pouring of a solution on top of the original set of
aligned CNTs should obviously affect it, especially when the solution consists of
reagents that are supposed to prevent the SWCNTSs from sticking to each other.

3.3.4 Epitaxial Growth

An interesting development in nanotube alignment consists of a CNTs alignment to
the atomic steps of a surface. This was discovered on substrates of high plane-index
sapphire [ 75] (Figure 21a), as well as on specific planes of oxide/quartz [ 76] (Figure
21d). In such growth models, the nanotubes align themselves to atomic steps on the
surface of the substrate, during the CVD growth, as shown Figure 21b, c. This is a
form of “epitaxial growth” in that the nanotubes, which are molecules, align
themselves to the crystalline surface. By placing islands of catalyst in specific
locations, one can further define where the CNTs will grow. Using this method on
quartz, extremely dense arrays of CNTFETs were fabricated (Figure 21e, f), and due
to the parallel nature of the CNTs between each set of electrodes, the transistors were
able to operate at high power; some of them running milliamps of current through
them. Nevertheless, the technique is limited to both a single atomic plane direction, as
well as relying on non-standard substrates, which are not preferred in the IC industry.
While the first issue can be resolved by integrating this method with the previously
described method of field alignment, the second issue remains inherently problematic
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Figure 21: Atomic Step Nanotube Growth
(a-c) Nanotubes aligning themselves to the atomic steps on a substrate of off-axis
sapphire (Ref. [ 75]). (d-f) Extremely dense arrays of parallel nanotubes, grown on an
off-axis quartz substrate, along with strips of electrodes, defining large scale, parallel
transistors (Ref. [ 76]).
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3.3.5 Soft Lithography

A recently innovated method of producing small features on just about any
substrate, without the need for regular photo-lithography methods is the technique of
soft lithography. This technique can be described quite simply as a stamping
mechanism, with a pre-fabricated mold, covered with a “dye” to be transferred onto
another surface. Of course, what makes the method interesting and useful is that the
“dye” may be a liquid, but can also be any other transferable material. This is ideal for
micro- and nano-fabrication, where the idea is to imprint SAMs or other molecules.
The theory behind this technique is simple. For a medium to be transferred, 4, which
is attached to a stamp, B, and required to be transferred to a second substrate, C, the
surface energy, £, must fulfill the following relation [ 77]:

EAC>EAB (10)

with E being the surface binding energy. For example, Au can be transferred from a
polar oxide SiO, surface, to which it has very low adhesion, onto a dispersive
material, using this method [77], and as appearing in Figure 22c, where both Au and
Pn were transferred to another surface in this manner. Yet, more important and
pertinent is that nanowires and nanotubes have been transferred using this method
[77-79].
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Figure 22: Soft Lithography Transfer Printing
(a) Schematic of a method of creating large-scale electronics on flexible surfaces
using soft lithography. The materials transferred range from nanotubes to nanowires
(Ref. [78]). (b) SWCNTs transferred using the same method, resulting in well aligned
strips of nanotubes (Ref. [ 79]). (c) Transference of metallic thin films onto other
substrates (Ref. [ 77]). (d) A large scale electronic device, using the method in (a),
generating hundreds of inverters based on nanowires (Ref. [ 78]).
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Figure 22 displays some examples of transfer printing. The method is described in
Figure 22a, where the underlying principle is to use a pre-patterned stamping mold to
pattern the transferred medium (in this case, nanotubes and nanowires) onto other
substrates that can then be patterned using standard lithography methods. In this case,
the real advantage of the system can be seen in Figure 22d, where the substrate was
chosen to be a flexible, transparent film, demonstrating the robustness of the transfer
technique. Figure 22b shows similar results with SWCNTs. The SWCNTs were
transferred by using a polydimethyl-siloxane (PDMS) stamping substrate covered
with functionalized SWCNTs. The target substrate (Au) was then modified with a
molecule (alkane-thiol) that binds to the functionalized SWCNTs better than the
SWCNTs bind to the PDMS. The results of this transfer technique are quite similar to
those created using the nanotemplate method described above and appearing in Figure
18. The main advantage of this method is that, once the stamping template has been
fabricated, by whichever means, it can be reproduced using the same template in a
reusable fashion.

3.3.6 Exact Positioning Patterning

There are currently two methods of patterning nanotubes in a nearly fully
controllable manner: The rapid-annealing method and the direct stamping method.
These two methods are currently the “cutting-edge” in terms of exact patterning. The
first method [80] utilizes what is known as the rapid annealing method to grow
straight and long nanotubes, in which the sample is quickly heated to the growth
temperature. The nanotubes then grow along the orientation of the gas flow within the
CVD furnace. By properly positioning the catalyst islands, using lithographic
methods, one can control the orientation and positioning of the SWCNTs.
Furthermore, by taking the substrate, adding more catalyst islands, and then inserting
back into the CVD furnace, one can create nanotubes in a perpendicular array, as in
Figure 23a and b. These results may seem quite similar to those presented in Figure
20d, but there is an obvious difference between the methods. The first is that the
arrays created here are much larger, and better defined throughout the array.
Additionally, since the SWCNTs were created using the CVD method, directly onto
the surface, the SWCNTs themselves are not covered with chemical solvents needed
in dismantling the bundles created when using other methods. Finally, unlike the
method described in Ref. [73], here, the spacing between nanotubes can be well
controlled by the initial placement of the catalyst islands. Nevertheless, this method
still requires a multiple step process to achieve more than one direction, as well as
requiring the sample to be placed in the CVD furnace, at temperatures that will ruin
most IC compatible materials. Moreover, as can be seen in the images, the
straightness of the nanotubes is limited by the rapid annealing process.

The second method [81], involves the direct stamping of a single, well defined,
SWCNT, exactly where one wants it, using optical alignment. First, SWCNTs are
grown over a trench in a silicon based substrate. Then, using Rayleigh spectroscopy,
all of the nanotubes over the trench are scanned and a particular nanotube is chosen.
The rest are burned away using a laser; thus, a specific, individual (n,m) SWCNT can
be chosen. Next, using an alignment procedure, the single nanotube is stamped onto a
separate surface. To cause the nanotube to be transferred from one substrate to the
other, photo-resist was poured through the bottom of the now upside-down trench,



30

and then cured. This step was taken to ensure that the SWCNT was “held down” to
the new surface. At this point, the source substrate (with the trench) could be lifted
off, with the suspended segment of nanotube remaining on the target substrate. This
process is described in Figure 23c, with a single SWCNT positioned in a well defined
location. The transferred nanotube can then be contacted using lithographic methods,
such as e-beam lithography, to obtain a large number of parallel transistors on the
same, extremely straight, segment of SWCNT [82]. The method described seems

quite complete, in that it achieves the goal of putting a specific nanotube exactly
where one wants it.
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Figure 23: Cutting-Edge Controlled Placement Methods
(a) and (b) Well aligned and spaced nanotubes using a two step, rapid annealing
process (Ref. [80]). (c) Controlled placement of a single, long, nanotube, showing the
schematic method involved. A nanotube grown over a trench is stamped directly onto
another surface, and can then be contacted using lithographic methods, as in (d). From
Refs. [81] and [ 82], respectively.

Unfortunately, while the results presented in Figure 23 are undeniably good, the
method suffers from a few drawbacks. The first is that only a single nanotube can be
transferred at a time, if the location of the transferred SWCNT is to be well-
determined. This is especially critical when one realizes how many parallel SWCNTs
grow across the trench, all of which must be burned away after choosing a specific
nanotube using the Rayleigh spectroscopy. In addition, while the perpendicular
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arrangement of nanotubes can be created using this method (not shown), each
stamping requires all the abovementioned steps, complicating the process, and making
it untenable for mass-production techniques. Finally, the subtle problem not
mentioned by the authors is in the alignment process: in order to optically align the
nanotube, it was first covered in a thick layer of Au, so that it could be seen in a
microscope. This can be seen in the upper left of Figure 23c. What this means is that
one is no longer dealing with a SWCNT, but rather a SWCNT Au-covered nanowire.
Needless to say, to obtain CNTFETs using this method, one must randomly stamp the
nanotubes onto the surface, and then find them with an HRSEM, as was done later by
the group, in Ref. [ 82].

3.4 Nanotubes between Pillars

Moving to a tangential subject that is essential to the work described in this thesis, is
an interesting way of patterning CNTs via their growth between micro-fabricated
silicon pillars. Initially demonstrated in 1999 [83], it was shown that if silicon pillars
(capped with Si0;) were created, and then their tops were coated with an appropriate
catalyst, nanotubes would grow between nearest-neighboring pillars, creating a neatly
arranged, suspended network (see Figure 24a-c). It was also found that long segments
of SWCNTs can bridge between adjacent pillars, creating a long straight individual
nanotube, in the direction of the pillars [84], as in Figure 24d. Creating such pillars
utilized standard microfabrication techniques, and the coating of the pillar tops was
implemented by placing a complex, block copolymer based catalyst on a PDMS
stamp, and then stamping only the pillar tops with the catalyst. The network of
suspended SWCNTs then formed spontaneously during the CVD growth process.
This work on suspended nanotubes was then taken up by another group, which
reported even smaller knit networks on 100 nm high silicon pillars [ 85], defined using
e-beam lithography, as in Figure 24e.
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(a) Schematic of the fabrication process used to create suspended nanotubes between

silicon pillars (Ref. [ 83]). (b-d) Results of the suspended growth method, displaying

nanotubes bridging between neighboring pillars, including an extremely long (~100

um) nanotube (Ref. [ 84]). (¢) Nanotubes between 100 nm high pillars exhibiting the
same taut network (Ref. [ 85]).

In all instances of suspended nanotube growth, including those created by field
alignment as above, it was found that the nanotubes create an extremely straight, or
taut, network. In the instance of nanotubes grown between pillars, it was found that
the nanotubes connect between the pillars, and then somehow retain their straightness.
It was initially postulated that bridging nanotube growth was caused by the SWCNTSs
growing horizontally from the pillar surface tops, and swinging in the air due to
thermal vibrations [ 69,84], whereupon they would stick to neighboring pillars upon
contact. Nanotubes were modeled as vibrating cantilevers, wavering as much as 6um
at a length of 20um, according to the formula [ 69]:

3
5= { 0.8462L kBI; (11)
YdG(d” +G7)
with ¢ as the vibrational amplitude, L, the length of the nanotube, kp, the Boltmann
constant, 7, the temperature (900° C), Y the Young’s modulus of a nanotube, d, the
diameter of the nanotube, and G, the van der Waals distance in graphite. It was also
initially assumed that the nanotubes wavered as a result of the gas flow, however, the

perpendicular orientation of the nanotubes, as seen in Figure 24b, ¢ and e,
demonstrate that this influence may only be partial.
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Further analysis of these pillar growth structures were implemented, mostly by the
same group and its affiliates [ 86,89]. They included HRSEM, TEM and RS analysis,
as well as attempts at physically affecting the grown network. For example, as shown
in Figure 25a, it was found that by irradiating the pillars with an electron beam, one
could remove some of the stray nanotubes not bridging between pillars [86]. In
addition, the correlation between the density of catalyst deposited on the pillars (in
this case, using e-beam evaporation) and the density of suspended nanotube growth
was also analyzed, as in Figure 25b [ 87]. Higher densities of catalyst produced higher
densities of SWCNT growth, with an upper deposition rate limit of 7.2x10"
atoms/cm’, after which the thick catalyst layer produced only MWCNTs.

The source of the tautness was also analyzed in Ref. [88]. To analyze the growth, a
special gas chamber was built and inserted into a modified HRSEM chamber. Gas
flow was permitted into the chamber, and the growth was investigated in situ, as
shown in Figure 25c. The slow formation of the network was discernable, and a
theory was formulated, which will be discussed again further on, due to its relevance
to the results presented here in this thesis. Finally, TEM analysis of the suspended
tubes was carried out by slicing an incredibly thin slice out of the pillared substrate,
and then placing it perpendicularly to the TEM beam, allowing the visualization of the
SWCNTs [89], as in Figure 25d. The authors found that there were occasionally
bundles of nanotubes, but that the vast majority of bridging nanotubes were, in fact,
individual SWCNTs.

As a final note, despite the abundance of work done on the field of suspended
SWCNT growth, no application was found for this type of unique growth.
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Figure 25: Bridging Nanotube Growth Analy5|s
(a) Removal of stray nanotubes (top to bottom) by irradiating them with an electron
beam (Ref. [ 86]). (b) Change in density of suspended growth as a function of catalyst
deposition: top to bottom correlates with higher density of catalyst (Ref. [ 87]). (c)
Viewing the nanotube growth in situ with a modified SEM. These images tried
explaining the origin of the suspended growth (Ref. [ 88]). (d) TEM analysis of the
suspended nanotubes between pillars (Ref. [ 89]).
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4 Research Goals

The objectives of this research can be briefly described as follows:

e C(Creating bridging networks of suspended SWCNTs, emulating previously
published results. This was to be implemented at a much larger scale than
previously reported results, with pillar diameters and spacing ranging from a
few microns, to tens of microns.

e Investigating the origin of the tautness of the nanotubes seen in the network
formation. This puzzling feature of suspended nanotube growth was
repeatedly seen, but seldom was there any regard or interpretation for why
such tightly bound networks would be created by the nanotubes between the
pillars.

e Devising a way of utilizing this unique network formation for use in
nanoelectronic devices.

As the aim of any cutting-edge research is to investigate the unknown or un-
achieved, therefore, the final objective was initially obscure, since there was no
assurance that this goal would be met. This is especially the case when considering
the fact that research on suspended nanotube growth has been in continuous progress
by a number of top research groups for a number of years (specifically, the Dai and
Homma groups), with no definitive results. Yet, as will be shown in the subsequent
chapters, these goals were met, and so the shift in goals was made more apparent.
Therefore, the goal of this thesis inevitably became to: “produce a method of creating
well defined, pre-patterned arrays of single-walled carbon nanotubes, such that they
can be well integrated in current IC technology”.

In the realization of this goal, a stamping method was developed that transfers the
suspended nanotubes grown between the silicon pillars onto another surface. This
method fully utilizes the unique network assembly of long and taut nanotubes, which
retain their straightness after transfer. This also enables the capability of placing the
patterned nanotubes onto a wide array of surfaces so that the arrangement of patterned
and isolated single-walled carbon nanotubes can be utilized in complex device
architectures.

The primary results of this work are currently in publication [90] or in press [91].
Furthermore, during the course of this research, two other papers were published
[92,93], which relate to the TEM characterization of suspended nanotubes and their
analysis. These papers will be summarized in the Results section, with an emphasis on
the first two papers, which more directly relate to the core of this thesis.
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4.1 Significance and Context of this Project

As stated in the Abstract to this thesis, the work presented described the ability to
imprint large arrays of isolated and patterned, individual SWCNTs, in a one-step
process, onto a wide variety of material substrates. One of the main objectives was
also to retain the IC compatible aspect of the approach, since all current CVD reliant
growth method positioning techniques require high temperatures.

Work in the field of nanotube patterning has been shown to be quite extensive and
substantial, with some of the best research groups around the world investigating
methods of CNT alignment. As a result, it is quite difficult to approach the field
without full knowledge of the contemporary competing methods, as well as acquiring
the appropriate fabrication capabilities. The trick is then to try doing something new,
that has not been tried (successfully) before. In the context of the review in the
preceding section, the final two sections regarding CNT placement and growth
between pillars seemed quite unrelated. However, the beauty of the images of
suspended nanotubes between pillars, as well as the quality of some of the formed
networks, which inherently hold the capability of a well-defined array of SWCNTSs,
would seem to be a missed opportunity if they were not put to good engineering use.
Furthermore, the extremely taut network formation is composed of long, straight
segments of nanotubes, which are ideal if one is to envision the fabrication of
multiple, parallel, complementary CNTFETs on a single strand of SWCNT, as
rendered in Figure 26. Being connected to the same SWCNT, each CNTFET would
exhibit the exact same device characteristics. This property of straightness, which was
emphasized in the preceding section as well, is a crucial factor in the fabrication of
such parallel CNTFETs, since every small kink in the nanotube is essentially a
mechanical strain, which is accompanied by a drastic change in the electronic
properties of the SWCNT [94].

F

Figure 26: Multiple PraIIeI'COmpIementary CNTFETson aSingIe Nanotube

An additional aspect to this work is the ability to imprint the nanotubes onto a
variety of substrates. As mentioned in the preceding sections, one of the major
obstacles in CVD SWCNT growth is that the nanotubes cannot be grown on
substrates that include temperature sensitive elements, such as MOSFETs or even thin
electrodes. The imprinting methods described are ideal for such materials, with the
work described here falling into a distinct niche of nano-imprinting.
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5 Experimental Materials and Methods

The following chapter will describe the materials and methods used in this research,
followed by the results, which, once the materials and methods are well understood,
are easily described. The subjects described here encompass the entirety of the work
described in this thesis, which included the fabrication of devices and CNT growth, as
well as their analysis. All processes were carried out on 4” silicon wafers (~450 pm
thick), covered with a 500 nm thick thermal oxide layer. The oxide layer was crucial
for both electrodes (where the electrodes must be isolated from each other) and the
pillars (where the CNTs grow only off the SiO,, and not the Si).

5.1 Fabrication Processes

Fabricating the pillars for CNT growth, as well as the electrodes for CNTFET
analysis required many standard micro-fabrication techniques. The method of creating
the silicon pillars is a well known procedure, requiring the use of photo-lithography,
reactive ion etch (RIE), and deep reactive ion etch (DRIE, otherwise known as the
Bosch process). The fabrication of electrodes required photo-lithography or e-beam
lithography, followed by the e-beam evaporation of metals (Cr/Au). An extremely
brief description of each of these techniques (viz. photo-lithography, e-beam
lithography, RIE and DRIE) follows. A more in depth summary of the fabrication
devices is not given, as they are merely tools, and their description can be found in
any standard micro-fabrication book. All micro-fabrication devices used here are on-
campus, either at the Tel Aviv University Micro-Fabrication Facilities, or at the Tel
Aviv University Center for Nanoscience and Nanotechnology. Images of these
devices can be found online, at their respective websites.

5.1.1 Photo and E-Beam Lithography

To define the locations of both the pillars used for CNT growth, as well as large
scale (>1 micron CD) electrodes, photo-lithography was used. For the smaller
electrodes used, e-beam lithography was used. Photo-lithography uses various types
of organic, photo-sensitive coatings, called photo-resist (PR), which change their
properties when exposed to specific wavelengths of light. The photo-lithography in
this work utilized a Karl-Suss MA-6 mask aligner for photo-lithography, operating at
11 mW/cm®. The PRs used consisted mainly of Shipley S1818 positive PR, for the
pillar fabrication, and both TI35ES as well as AZ5214E negative PRs. The fabrication
protocols for these PRs can be found in Appendix 3, 4. Variations on the protocols
were also used, mainly in the alternation of the spin cycle, which directly affects the
PR height (As a rule, the higher the spin cycle, the thinner the PR layer).

The masks used during the course of this research varied in size and resolution.
Many different configurations of pillar and electrode masks were created. All masks
were designed using the DesignCAD software in our lab. Low-resolution masks were
produced by Suron Inc., with minimal feature sizes of a few microns (x10 pum),
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whereas higher-resolution masks were produced with the laser-writer on campus.
Both bright field and dark field masks were used, depending on the design and PR. In
general, bright field masks were used in almost all instances (pillar and electrode
design).

E-beam lithography was used for making contacts to individual CNTs. E-beam
lithography works in a similar way to regular photo-lithography in that a resist is spin-
coated onto a surface and then exposed and removed away in selected regions, with
two major differences. The first difference is that instead of being sensitive to light,
the resist is sensitive to the ionization of an electron beam. Polymethyl-methacrylate
(PMMA) was used as the resist for the e-beam work described here. The second
difference is that no set masks are used for the lithography. Instead, a substrate
containing metallic alignment marks (usually, Au crosses in the corners of the chip) is
placed in a specialized HRSEM (RAITH 051), and then coordinates are created using
the alignment marks and the lithography software. One can then manually design
electrodes that will be placed in the appropriate areas. The substrate can then be
covered in PMMA, and re-inserted into the RAITH. The easily seen alignment marks
are then used as the coordinate origins for aligning the drawn pattern to the substrate.
An electron beam (i.e. the HRSEM) then exposes all the PMMA in the precise regions
defined by the schematic drawing. The e-beam lithography method is far more
complex than regular photo-lithography; while it is ideal for aligning contacts to
objects that cannot be optically seen (e.g. CNTs), it also means that every time a new
device is to be made, it must go through the entire process of mapping, drawing and
exposure, which is time consuming. It also limits the manufacturing capabilities of the
process, since every device is inherently custom-made.

5.1.2 RIE and DRIE

The etching processes used to dig out the pillars required a two-step process (after
photo-lithography, as will be described below). Since the pillars were fabricated on a
Si0,/Si substrate, two different etching procedures were needed for the two materials,
since, in order to achieve high aspect ratio pillars, the DRIE process was a necessity.
The protocols used for the pillar fabrication process are standard, and the recipes
used, (which can be found in Appendix 6, 7) were standardized processes in the
devices used: namely, the Nextral NE 860 RIE, and Plasma-Therm SLR-770
Inductively Coupled Plasma Etcher DRIE.

The RIE process first requires that the areas to remain as pillars be protected by PR
using standard photo-lithography. After the substrate is placed in a high-vacuum, the
RIE bombards the material to be etched with highly energetic chemically reactive ions
using an RF source for ion dissociation. Such bombardment with energetic ions
dislodges atoms from the material in effect achieving material removal by sputtering.
The RIE etches away part of the protecting mask (i.e., photo-resist) as well, and
therefore, care must be taken in making sure that the selectivity of the RIE process is
maintained. The process ends using an end-point detector that uses a laser
interferometer, which constantly measures the index of refraction of the surface
(n=1.46 for Si0,). When the index changes (due to the underlying Si substrate), the
process stops. Furthermore, a 5% over-etch was used to ensure that the entirety of
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Si0, has been etched away. The RIE process used for SiO; etching utilizes a mixture
of CHF; and O, gasses, at a high RF power of 200 W.

The DRIE process is similar to the RIE process, except that it ensures complete
anisotropic etching for obtaining straight walls for the pillars. For the DRIE process,
the PR layer usually does not provide enough protection for the harsh etching process,
instead, Si0O, is used as a “hard mask”, ensuring that only exposed areas of Si are
etched. In the DRIE process, the etching of silicon is done with SF4 plasma, followed
by a coating of “Teflon”-like material, all at high-vacuum. This is done iteratively, so
that between each etch, the side-walls are protected by the Teflon coating. By running
through these iterations multiple times (e.g., ~40 for 20 microns), one can etch to
large depths, while retaining nearly straight-lined walls.

5.1.3 E-Beam Evaporation and Sputtering

Creating metallic contacts using IC fabrication techniques are plentiful, but the
evaporation method was primarily employed here. In evaporation, a crucible
containing the metal to be deposited is “scanned” using an electron beam (i.e.,
heated). The metal, near its melting point, is then evaporated into an enclosed,
vacuum-locked chamber containing the target substrate. The evaporated material
adheres to the target substrate. Layer deposition thickness can be accurately controlled
at thicknesses as low as ~1 nm. The metal must be chosen such that it adheres well to
the target substrate. A Chrome (Cr) layer is usually deposited before a Gold (Au)
layer on SiO, substrates, to ensure adhesion. The design of the electrodes (or other
deposited layers) is controlled via the lithographic techniques described above, with
the resist layer acting as a sacrificial shielding for the substrate. After the deposition,
the resist can be lifted-off, using acetone, leaving the shielded areas clear of metal. E-
beam evaporation was carried out using the evaporator in the TAU micro-fabrication
facilities, as well as the evaporator in the Nano-center.

Sputtering of materials was also implemented in a number of experimental
processes. Sputtering uses an RF source to bombard a target metal so that the ejected
atoms are sputtered onto another substrate. Sputtering of metals (Ni, Co) and
ceramics/dielectrics (TiN, SizN4) was implemented for many experimental attempts
(most of which do not appear in this thesis).

5.1.4 Nanostrip and Oxygen Plasma Substrate Cleaning

After etching the SiO,/Si substrate to create pillars using the DRIE, the residual PR
on the pillar tops was completely removed before catalyst deposition. The PR is hard
to remove due to the heavy “baking” of the substrate during the DRIE etching
process. To ensure that not even a monolayer of PR remained on the surface, a
rigorous cleaning procedure was performed. The cleaning process consisted of
washing the substrate with acetone (the standard PR removal solvent), followed by
sonicating the substrate in N-methyl-2-pyrrolidone (NMP), which removes the vast
majority of the PR. To completely remove the residual PR, the substrate is then placed
in Nanostrip for 10 minutes, on a hot plate at 60-80° C. Nanostrip is a ready to use
solution of H,SOs and peroxide (H»O;), and etches away nearly all organic
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compounds. The substrate is then washed with de-ionized (DI) water, and then further
cleaned in both NMP and acetone, and finally IPA. This process was carried out in a
chemical hood in the clean-room.

A final cleaning process that is used on both the pillars and on post-lithography
substrates before electrode deposition is oxygen plasma. Oxygen plasma simply
generates an ionized oxygen gas, under low vacuum conditions, that is highly reactive
with carbon-based molecules. Therefore, it is useful for the removal of both
monolayers of PR, as well as burning CNTs off a surface. The plasma process is
easily carried out in a matter of minutes, and a plasma device exists in both the micro-
fabrication facilities, as well as in our lab.

5.2 CVD Nanotube Growth

The following is a description of the CVD system used in our lab. It is relatively
standard in comparison to other CVD nanotube growth systems existing in other labs
across the world. The setup consists of a 1” quartz tube furnace (LindbergBlueM
Minimite 1100) connected to gas flow controllers, and a computer. A completely
automated program controls the temperature and gas flow, thus controlling the growth
protocol. An image of the setup can be seen in Figure 27. The program’s interface,
programmed in LabVIEW 7.0, can be seen in Figure 27c. A newer, larger CVD
system is currently being constructed.

Figure 27: Computerized CVD System
(a) Schematic of the CVD system, consisting of a tube furnace, gas flow meters, and
control box. (b) Actual image of the original CVD system in our lab, including the
computerized control. (c) Screen-shot of the control panel for the CVD growth

program.

The CVD protocol used can be found in Appendix 8. The growth of high yields of
SWCNTs between the pillars was highly dependant upon the precise parameters
shown in the protocol in the appendix, especially regarding the liquid catalyst
deposition (as will be discussed in the results section). A complete description of the
finalized growth procedure follows.

The first step required in the production of nanotubes was the growth catalyst. A
few granules (approximately 2-5) of iron nitrate (Fe(NOs);) was dissolved in 20 cc of
IPA. This solution was then sonicated for 40 min, and centrifuged for 10 min, to
obtain a slightly yellowish liquid solution of nanoparticles. The solution was then
deposited on flat sections of PDMS that had been pre-cleaned using oxygen plasma.
After a short adsorption period, the liquid was blown off using a nitrogen jet. The
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PDMS with the adsorbed nano-catalytic particles was then placed directly onto the
pillared substrate, similar to the method described in Ref. [83]. In addition, a small
amount of nanoparticle solution was dispensed upon the entire substrate, and then
washed off in hexane. This seemingly contradictory final step relies on the nanotube’s
predilection to grow only off the SiO, pillar tops, and not the Si substrate and was
empirically found to improve the growth yield. The substrates could then be placed in
the tube furnace for CVD growth. Care is taken when placing the samples in the
furnace, since their orientation in the tube affects the resulting SWCNT network
growth.

The CVD growth process contains the following steps: First, a purging step
consisting of hydrogen gas (1000 sccm — standard cubic centimeters per minute) at
room-temperature is implemented, to assure that no oxygen (destructive to CNTs
during growth) remains in the quartz tube. Second, the furnace is heated to 860° C,
over a period of 20-25 min, while still having hydrogen gas flowing through the tube.
Third, at the target temperature, ethylene gas (C,Ha, the active carbon gas carrier) is
added to the hydrogen flow at 20 sccm, for 9 min. After that, the ethylene is turned
off, and the furnace is allowed to cool to room temperature, all the while with
hydrogen gas flowing through it (at a lowered rate of 500 sccm). The samples are then
removed from the tube furnace.

The combination of temperature, gas flow and catalyst type that resulted in the best
growth was described. However, during the course of this research, multiple
combinations were tried in order to fine-tune the process. They included various
temperatures (800-900° C), gas types (mixtures including argon and methane),
catalyst deposition methods (liquid vs. evaporated) and liquid catalyst types
(including solutions of ferrocenes). The growth protocol described here took nearly
two years to perfect, as will be described later.

This growth process was also used for the TEM grids (described later), however, the
PDMS stamps were not used, due to the fragility of the thin nitride membranes, which
would break off and attach to the PDMS upon contact. Therefore, they were only
coated with the liquid catalyst solution, and cleaned in hexane. In addition, attempts at
using solid-based catalysts, such as Co sputtered catalyst allowed the direct insertion
of the substrate into the furnace, without the complicated liquid-catalyst dispersal
process.

Finally, it should be noted that a newer, larger CVD system is currently being built
in our lab. This CVD furnace will be able to accept substrates up to 3” in diameter, as
well as allowing the placement of over half a meter of samples, in tandem. The larger
furnace already has a computerized CVD system installed.

5.3 Suspended Nanotube Process Flow

The following is a description of the entire fabrication and growth process,
beginning with a single wafer of silicon, covered in 500 nm thick thermal oxide, and
as visually described in Figure 28a. The wafer is covered with S1818 PR, and islands
are created at the locations of the eventual pillars (Figure 28b). After exposure and
development, the substrate is placed in the RIE for SiO, etching (all 500 nm, Figure
28c), followed by the etching of the underlying Si (15-20 pum, Figure 28d). The
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substrate is then cleaned in the acidic and oxygen plasma cleaning process described
above to remove residual PR. The pillar tops are then coated with the Fe based
catalyst (Figure 28e) and placed in the CVD furnace, with the resulting formation of
suspended nanotubes between the pillars (Figure 28f).

The Results section describes the cause for this network formation, as well as
describes the advantages in the process flow described.

Figure 28: Suspended Nanotube Process Flow
(a) Slab of SiO; on Si. (b) Photo-lithography designation of the pillars. (c) RIE
etching of the oxide. (d) DRIE etching of the Si (including residual photo-resist
cleaning). (e) Catalyst stamping with PDMS. (f) Suspended network of nanotubes
after CVD growth.
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5.4 Imaging and Spectroscopic Techniques

A short physical description of the three major analysis techniques follows
(HRSEM, TEM and RS). HRSEM and TEM work under the similar principal of
emitting high energy electrons into a sample. The major difference is the working
voltages, with TEM using higher voltages to attain both higher resolutions, as well as
direct, transmitted electron imaging. Both HRSEM and TEM used at TAU were of the
Field Emission Gun (FEG) type, obtaining higher brightness and coherence. RS uses a
laser to detect vibrational modes in molecular structures, and therefore uses photon-
“atom” (or, phonon) interactions instead. More emphasis on the mechanics of RS will
be described here due to the complexity of the method, as compared to HRSEM and
TEM.

Both HRSEM and TEM imaging rely on accelerating an electron via sets of
electrically charged plates, with a voltage, V, between them, thereby achieving
electron velocities in of over a million m/sec. Using deBroglie’s theorem, and
correcting the velocity for relativistic energies, we can obtain the wavelength of an
emitted electron from the correlation between wavelength, A, and momentum, p:

Aol h (12)

\/2m0eV[l + dd 2]
2mc

with m, being the electron mass, c, the speed of light and e, the charge of an electron.
For accelerating voltages of, for example, 200 kV, which is the working voltage of the
TEM used here, we can obtain wavelengths of 0.0023 nm.

5.4.1 HRSEM

The HRSEM works under the principal that “low” energy electrons (at voltages <
30kV) will only scantly penetrate a surface, and in doing so, emit secondary electrons
that can be detected by a detector near the substrate. In fact, the acronym “SEM”
could also stand for secondary electron microscopy. The added prefix HR- to the
SEM signifies that the device is especially designed for working at extremely low
voltages, down to even 1 kV. As related in the Literature Review, it was found that
viewing SWCNTS was only possible at voltages < 1 kV, which is why the HRSEM is
necessary for viewing SWCNTs. The reason is that when the electrons are emitted
into the substrate, the accelerating voltage correlates with the “depth” of penetration
of the primary electrons. These primary electrons will then ionize nearby atoms,
emitting secondary electrons in an “onion” like region around the initial penetration
point. The size of this “onion” is greatly dependant upon the impact electron energy,
and thus, the depth from which the secondary electrons are emitted (from the “onion”
rises as the primary electrons are given higher energies. When viewing SWCNTS on a
surface, since their diameter is only a few nanometers, the penetration depth must be
kept as low as possible, to obtain secondary electron emission from the nanotubes,
limiting the use of only the lowest energies attainable with the HRSEM.
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Two other imaging artifacts must be taken into account when viewing SWCNTs
with the HRSEM, in the context of the work described here. The first involves the
charging of the surfaces that the SWCNTs are viewed upon [95], and the second
involves the change in brightness of a suspended nanotube when compared to that of a
nanotube on a surface [ 96]. HRSEMs require the samples imaged to be conductive, so
that the primary electrons can be grounded. Otherwise, the sample is quickly charged,
and no distinction can be made regarding the secondary electrons. The SiO; surface is
problematic in that it is an insulating layer, despite having a conductive underlying
substrate of Si. This is especially poignant when using the low voltages of the
HRSEM (1-2 kV), making the imaging of SWCNTs on a surface sometimes difficult.
This is somewhat offset by the unique property of SWCNTSs to emit high numbers of
secondary electrons, and/or upon the electron beam induced current [95], which
highlights long SWCNTs along their entire length (see Figure 29b). The second
limitation lies in the contrast of suspended SWCNTs in comparison to those lying
upon a surface. The suspended segments are always far less bright than the segments
lying upon the pillars (see Figure 29a). This may simply be the result of the primary
electrons passing through the suspended segments, but may also be due to surface
plasmons created only on the suspended segments, which prevent the emission of
secondary electrons [96]. Both of these artifacts in the imaging are crucial in
understanding the limitations inherent in HRSEM imaging of SWCNTs. In addition,
the change in contrast has the appearance of a change in dimensions, which is another
reason why HRSEM imaging can not reliably be used to measure the diameters of
single SWCNTs.

The HRSEM used in this research was the JEOL 6700 FEG-HRSEM, at the TAU
Nano-center.

H Suspended

segment

Figure 29: HRSEM Artifacts
(a) Change in nanotube contrast as it is suspended from a pillar. (b) Electron beam
induced charging of sections of the nanotubes on a SiO; surface.

5.4.2 TEM

TEM analysis enables a much higher resolution, as can be inferred from the use of
higher operating voltages (200 kV). In terms of imaging, the TEM uses the
transmitted electrons, therefore enforcing the use of thin film samples only. It also
requires an entirely different conceptual outlook of SWCNT imaging. Instead of

TAU NANO SEIl 10KV X550 10um . WDESmAT | |
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imaging ready-made samples, the TEM samples must be especially prepared for use
in the TEM. This is mainly due to size restrictions as the TEM sample holder can hold
a 3 mm’ sample (typically a 3 mm disc), which must also be less than 1 mm thick. A
major part of this research was implemented on specially designed TEM grids that
consisted of 450 um thick Si substrates, with a large, etched hole in the center (see
Figure 30). The Si grid substrates are coated in a thin, 200 nm thick, silicon nitride
film (Figure 30c), which itself contains holes of varying diameters (DuraSiN TEM
grids, Protochips Inc.). The grids used in this work mainly consisted of 40 um?” square
holes (6x6 holes on the viewing area), and 2-4 pm diameter holes, with a 12 um
pitch. The advantage of these grids in comparison to standard copper grids is their
robustness in the harsh conditions of the CVD growth. Thus, these grids were placed
directly into the furnace after catalyst deposition, with the nanotubes grown directly
onto them. This technique was developed and used by us in Refs. [90,92,93].

C
— +

Figure 30: TEM DuraSiN Grids
(a) Optical image of the backside of the grid. (b) Close up of the imaging window in
the center, with arrays of 2 um holes in the nitride film. (¢) Schematic cross-section of
the grid.

TEM imaging does not include the artifacts described above concerning the
HRSEM. TEM imaging is ideal for measuring the exact diameter of SWCNTSs, as
well as viewing the multitude of structural deformities occurring in individual
SWCNTs. However, as described in the Literature Review, there are limitations in
TEM imaging, mostly involving the destruction of the nanotubes at high operating
voltages. This limits the amount of time that can be spent on viewing suspended
nanotubes. The TEM used in this work was the Philips Tecnai F20 FEG-HRTEM
located in the Wolfson Materials Research Center at TAU.

The TEM image analysis was done using the Motic Images Plus software package
in our lab. This included the measuring of diameters of individual SWCNTs.

5.4.3 Raman Spectroscopy

Raman Spectroscopy is ideal for analyzing the particular characteristics of an
individual SWCNT, as described in the references of the Literature Review, as well as
appearing in Appendix 1. A brief description of the physics of RS is provided in
Appendix 1, whereas here, only the aspects involving CNTs are described.

In CNTs, the Raman spectrum is more complicated than that of a simple molecule
due to the various vibrational modes possible. However, over the past decade, much
research has been done on analyzing all of the vibrational modes in SWCNTs, and on
demonstrating a correlation between a CNTs structure, to its Raman spectrum. A
fairly comprehensive report on the relationship between CNT diameter and its Raman
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spectrum can be found in Ref. [32]. Figure 31 displays some of the vibrational modes
of a SWCNT, with the numbers below each figure corresponding to the specific peak
in the Raman spectrum. The units of measurement in RS are in c¢m™”, which
correspond to the reciprocal of the wavelength. For these specific numbers, the most
important vibrational modes in RS of CNTs are those denoted by the “165” and
“1584, 1585 in Figure 31a. The “165” Raman peak is known in RS of CNTs as the
Radial Breathing Mode (RBM), and the frequency at which this occurs is denoted as:
wgrpy. From the figure, it is easily understood where the name RBM comes from, as it
depicts the case where all the atoms in the unit cell (which is depicted in the upper left
of Figure 31a) stretch out of the tube, essentially acting as if the CNT were taking a
deep breath. In addition, the “1584-5” modes are known as the G-band, which comes
from the graphite-like structure of the un-rolled CNT wall.

b

Vibrational modes observed for Raman scattering in SWNTs

Notation Frequency (cm ™) Symmetry Type of mode

RBM® 248/d, A In phase radial displacements
D-band ~1350 - Defect-mduced, dispersive

G-band 1550-1605 A E\ E, Graphite-related optical mode”
G'-band ~2700 = Overtone of D-band, highly dispersive

Figure 31: Raman Bands from a Single Nanotube
(a) Vibrations in a nanotube and their specific spectral bands (Ref. [31]). (b)
Corresponding names given to some of these spectral bands (Ref. [32]).

In general, much of the knowledge regarding RS of CNTs originates in RS of
graphite. Since the basic structure of both materials are nearly the same, many of the
peaks concerning the phonon modes in graphite usually occur in CNTs as well, with
the expectancy that the curvature of the graphene sheet will affect the line-shape and
location of the peaks. In order to simplify discussions regarding RS of SWCNTs, the
field has come to use supplementary terms for the RS peaks, such as the term wgpys
mentioned beforehand. Therefore, it is unnecessary to understand the types of
symmetry groups usually discussed in RS, and one can usually look at a Raman
spectrum, identify the peaks, and use the various references for CNT RS. The most
important bands, namely, the RBM and G-band are the most important in CNT
analysis, however, the D- and G’-bands are also important. The frequency range of
these bands is also given in Figure 31b. As has been described previously in the
Literature Review section, these values are structure related, which is why there is a
range of frequencies for each band, as seen in Figure 10. However, this structural
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dependency is precisely the reason RS of CNTs is so useful, as it gives information
regarding the exact structure of a CNT.

Resonant Scattering is possible only if a tunable laser is used, in which case the
Raman signal is amplified. While the Raman signal is weak when compared to the
Rayleigh signal (which is at the frequency of the input laser), at the same angle, when
the laser signal is exactly in tune with the “band gap” defined by the E;; bands,
resonance occurs. Unlike semi-conductors, it is not only required to surpass the band-
gap of a 1-D material, but rather, perfect resonance is achieved at exactly the Van
Hove singularities. Since the E;; set of bands in the DOS of a SWCNT is known (see,
e.g., Figure 4), then by tuning the laser frequency, one can find the band gap of the
specific SWCNT, and compare it to a specific (n,m) simulation of a SWCNT. Such a
table appears in Appendix 1. From these tables (and others existing in the literature),
information regarding the structure of a specific SWCNT can be derived. The chiral
angle is deduced by the values of (n,m) found for each tube, and as related by the
formula given earlier.

In addition to the Resonant Scattering condition, and RBM mode, the other bands in
the Raman spectrum, viz. the G-, G’- and D-bands, also have radial dependencies.
Each of these bands can provide further information regarding the structure of a
SWCNT. For example, as shown in Figure 31a, there are two vibrational modes that
are distinct, yet give peaks at nearly the same location (1584-1590 cm™). This G-
mode is actually made up of three peaks, which can be shifted in respect to one
another, depending on the CNT. The third peak is that of the vibrational mode listed
as “1590” in Figure 31a. This vibrational mode is independent of the tube diameter,
and is connoted by . The other two peaks comprising the G-band (1584, 1585 cm™,
which, for all intensive purposes, create a single peak), are shifted in relation to this,
relatively constant, band. An empirical relation between the " band and the «” band
(i.e., the composite of the other two bands) is given by:

wc=0¢-Cld’ (13)

where C=-47.7 cm™ nm? for semi-conducting nanotubes, and C=-79.5 cm™ nm’ for
metallic nanotubes. Therefore, detecting the difference between these two peaks can
also give a measurement of the diameter of the SWCNT.

The RS used in this research was done in conjunction with Prof. Ori Cheshnovsky
and Zvi loffe from the Chemistry Department, using a custom-built system. This
system also included the ability of spatially mapping a substrate by combining the
Raman laser with an optical microscope. Using this system, pixelized mappings of the
RS signal were created.

Raman mapping equipment entailed an in-house designed RS system, consisting of
Andor Shamrock 3031 spectrograph combined with Andor Newton/iDus cooled CCD
camera, 532nm laser (B&W Tek), and a custom-made confocal optical microscope
with a computerized control system, which allows the user to move the sample and
analyze the received spectrum simultaneously, thus scanning and raster-mapping the
desired area.
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Minimal pixelization was limited by the piezo-motor setup driving the sample chuck
(minimal step 0.1 pm), as well as the spot-size of the input laser, at ~0.5 um. Mapping
consists of creating “spectral windows” around each peak desired to be mapped in the
spectrum. Each spectrum per pixel can also be saved in the computer for further
analysis. Furthermore, every such “spectral window” can be mapped simultaneously,
creating different “Raman maps” of the same region, corresponding to different
vibrational Raman modes of the molecule of interest.

5.5 Stamping Method

The full details of the stamping method, an integral part of this research, will be
further described in the Results section. However, here is described the final method
used for stamping the pillared substrates containing the suspended nanotube network
to a target substrate.

The source substrates containing the pillars are cut into individual dies, using a
diamond scriber. The target substrate is also pre-cleaned using IPA, acetone and
oxygen plasma (where applicable). A hot plate is then heated to 150-200° C and a thin
aluminum foil sheet is used to cover the surface, in order to prevent contamination of
the samples resulting from previous use of the hot plate. The target substrate is then
placed on the hot plate, and allowed to reach the hot plate temperature. The source
substrate (i.e. the pillars) is then placed, upside-down, on the target substrate
manually, using a tweezers. After placement, pressure is applied from above
(manually again, using the back end of the tweezers), and a few small drops of DI-
water are injected (using a standard hypodermic needle) nearby, preferably on the
target substrate, so that the near-boiling water quickly evaporates around, and in
between, the source and target substrates. After complete evaporation of the DI-water,
the source substrate is then removed from the target. This process usually leaves an
identifiable “water stain” on the target substrate such that, using an optical
microscope, one can see the exact pattern of the stamping pillars on the target
substrate. This latter effect is sometimes crucial for later locating the stamped tubes in
the HRSEM, as it provides visible coordination markers.

5.6 Electrical Measurement Systems

Measuring the CNTFETs created in this work utilized the equipment available in
our lab. All measurements were implemented in a closed probe station (Karl-Suss
PMS5), in conjunction with a pico-ampermeter (Hewlett Packard 4140B). These
measurements were done using a basic LabVIEW created program, and the data was
analyzed using Igor Pro. Measurements consisted primarily of transistor I-V curves,
changing the gate voltage and measuring the drain-source current, while measuring
the gate-source leakage current via a large, 1 MQ, resistor in series with the gate
voltage.



49

6 Results

This chapter presents all the major points relevant to the central project constituting
this thesis. The primary results have been published, or are currently in publication.
As the primary goals of this thesis have been in terms of fabrication, the results will
be presented in the order of fabrication of the CNT networks, from the creation of
pillars, to the CVD growth of SWCNTs, their analysis and then the crucial stamping
method and the analysis of the stamped array. Preliminary conclusions will be placed
in the text, in the appropriate location as necessary, with a final summary and
conclusion section following in the next chapter.

6.1 Pillar Design and Fabrication

The first step necessary for this project was the fabrication of arrays of pillars,
following the example of Ref. [83]. Many different designs were used in this thesis,
with various geometries and sizes, as well as resolution and quality of the photo-
lithography masks employed. As is in many other instances, some of the seemingly
capricious decisions lead to interesting, unexpected results.

The main rule initially used for the design of the pillars was that their height had to
be at least as large as the distance between them, so that the bridging nanotubes would
reach a neighboring pillar before reaching the ground. The height of the pillars was to
be determined during the DRIE process, and the spacing, via the masks employed in
the photo-lithography process. The first masks designed were created using a low
resolution plotter, which limited the pillar diameters to a minimal CD of 10-20 um
(5 um). This also limited the spacing between pillars, i.e. the pitch, to a lower limit
of 10-20 um. These seemingly innocuous facts actually lead to the findings that the
bridging network growth could even occur at such large distances, after CVD growth
of the CNTs. This was a surprise, as the previously published works on this type of
growth only used much smaller spacing, from 500 nm to a few microns, as described
before. This drove us to continue our attempts at creating large scale networks of
CNTs.

However, a major limitation eventually turned out to be the DRIE process. Initially,
the obvious design would be to create an array of pillars on a surface, which would be
etched using the DRIE process, leaving only the pillars. However, due to the nature of
the plasma during the DRIE process, creating isolated arrays of small pillars turned
out to be quite difficult, as the isolated pillars were usually etched away as well,
leaving behind small stumps, as displayed in Figure 32a. It was quickly determined
that placing too many open spaces, either between dies, or even within each die itself,
lead to the inadvertent destruction of the pillars. A solution was quickly found to both
increase the density of pillars within each die, as well as place each die within an
etched “well”, meaning that the area between dies would not be etched. An optical
image of such a design (from an early, low resolution mask) is presented in Figure
32c. The areas surrounding the pillars are darker, as they are Si0,, as opposed to the
lighter (shiny) Si bottom.
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Figure 32: Pillar Designs and Bad Etching
(a) HRSEM image of pillars etched away during the DRIE process, leaving small
stumps behind. (b) Original mask design (DesignCAD) of a single die, with large
arrays of pillars, completely isolated, with large spacing. (¢) Optical image of pillars
placed in a well.

From these conclusions, we created better designed masks, especially with the
introduction of the higher-resolution laser-writer at TAU. Since the better results,
especially the stamping results, concern these higher quality (chrome) masks, the
discussion here will be confined to them: Circular diameter pillars were created in a
wide range of diameters, pitch and geometries, with the major geometry tested that of
a square array. Other shapes were used, however, due to the tube-surface interactions
(TSI) it was found that the circular pillars were, in fact, the best design (as will be
explained later). Spacing between pillars ranged from 4 to 25 um, once the resolution
was improved, and some other interesting geometrical combinations were also tested,
as is evident from the pillars at the bottom of Figure 32¢, and Figure 33a. The latter
part of this work also included teeth-like designs, as will be shown later, and as can
vaguely be seen in Figure 33b. In addition, by placing the pillars in a well, trenches
were created around each die, to facilitate the dicing of each die with a diamond
scriber. These trenches are also connected to well itself, as can be seen in the long
trench at the top of Figure 33b.

While the placement of the pillars within the wells solved the problem caused by the
DRIE etching, it also created a problem concerning the stamping process described
later. This is due to the bordering areas being the same height as the pillar tops,
meaning that nanotubes on those regions are stamped as well. It also causes additional
problems that will be addressed in a later section. A final note regarding the strength
of the Si pillars: While during the stamping process, a large amount of pressure is
placed on each die, and consequently, dispersed over all the pillars, they almost never
tend to break. Thus, small pillar diameters could also be included in the design,
despite the large aspect ratio (e.g. 2 pm diameter vs. 20 pm height). Nevertheless, it
should be noted that if too much force is exerted onto the pillars, there is a chance that
they will fracture, as displayed in Figure 33c.
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Figure 33: Additional Pillar Designs
HRSEM images. (a) Different arrays of pillars with 10 um diameters and a pitch of 5
(right) and 25 (left). (b) Design displaying a combination of teeth-like boxes and
pillars (on the left edge). A trench is shown leading from the well to the edge of the
die. (c) Results of extraneous pressure on the pillars. Close up displays the ridges

created by the DRIE process.

6.2 CVD Growth of Suspended Nanotubes

After creating the pillars, the substrates were coated with catalyst, and placed in the
CVD furnace. This step, as described in the previous chapter, took a long time to
perfect. To summarize the results, it was found that the initial use of iron nitrate in
IPA, deposited using a PDMS stamp, was found to be far superior to the methods
described in the literature. In fact, as will be presented shortly, the yields of suspended
nanotubes between pillars is of several orders of magnitude higher than those reported
in Ref. [84], which also utilized a liquid based catalyst. It is also at least as good as
the high yields reported in Ref. [86], which utilized e-beam evaporated catalyst
layers. It should also be noted that this former group, (the Homma group, originally at
NTT in Japan,) has been working on these suspended nanotube growth structures for
over five years, and the yield of SWCNTSs reported using their method has changed
dramatically over that time period, as described in well over ten journal papers.

The problem of yield lies in the adhesion and adsorption of the nanoparticle
catalysts to the SiO; pillar tops. The problem was found to be twofold, with the first
being the cleanliness of the sample prior to catalyst deposition, and second with the
exact method of deposition and concentration of the liquid catalyst. The solutions
were those described in the methods section beforehand, and whose explanation is
provided here.

The first problem concerned the residual layer of PR on the pillar tops. This was
found to be especially crucial when dealing with the smallest pillars (<5 pm), and was
not as problematic with the initial, larger pillars. It may also be a function of the age
of the PR used, as it occasionally did not pose a problem. The PR would leave a
residual layer even after lengthy sonication procedures. Therefore, the substrates were
cleaned using the detailed protocol described above. Without this pre-deposition
cleaning process, the catalysts would adhere to the residual PR layer, which would
then “burn off” during the CVD growth process.

The second problem lies at the heart of the deposition process, and is that of placing
the needed amount of catalysts upon the pillar tops. Here, it was found that the
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smaller the pillar top, the harder it was to obtain a high yield of suspended nanotubes.
This is most probably a result of the surface binding energy on the pillar tops, which
is amplified by the edges. Smaller pillar tops thus have larger surface forces. Hence,
the deposition of catalyst particles on small pillar tops is more difficult. The other
groups working on such structures used other methods to deposit the catalysts,
including the use of complex chemistry to bind the catalyst to the pillar tops, as
described previously. Consequently, for pillar diameters of even 5-10 pum, initial
attempts at obtaining high yields of suspended SWCNT growth were usually
unsuccessful. As a result, the process was carefully modified until the optimal
protocol was obtained. Two of the changes made to the original protocol that appear
to be decisive are the plasma cleaning of the PDMS and the heating of the substrates
prior to stamping the PDMS. The first issue may improve the adsorption of the IPA-
catalyst solution, due to the PDMS alternating its hydrophilic properties (although
IPA is non-polar). Improved results were initially found with “old” PDMS, which was
created at least over a month before its use as a catalyst stamp, lending to the
possibility that the PDMS needed to undergo a transition in order to be viable for
stamping (e.g., additional curing). The second issue, that of heating the substrate, is
similar to the singe process used in photo-lithographic recipes, where the objective is
to prevent water molecules — intrinsic to the humidity rich TAU atmosphere — from
adsorbing onto the surface, and preventing catalyst adhesion.
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Figure 34: Suspended SWCNT networks
Images taken from above, and at an angle, using the HRSEM. (a) An older result
showing low yield both on the pillars, and in between. (b) Extremely high yield
between large pillar tops. (c-f) Typical yields using the improved protocol. Images
show both pillars, of various sizes, and teeth-like structures. Image (d) was taken after
sputtering a thin layer of Cr on the substrate, for improved visual contrast.

Figure 34 displays some of the results of suspended SWCNT formation. Figure 34a
displays an older, negative result, where very few SWCNTs appear both on the
pillars, or suspended in between. The rest of the images used the improved growth
protocol, with high yields of SWCNT growth. The difficulty in imaging suspended
SWCNTs, as described before, manifests itself in the difficulty in seeing some of the
suspended nanotubes. In order to improve suspended nanotube imaging, one substrate
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was coated with a thin sputtered layer of Cr, as shown in Figure 34d. While the
contrast is improved, the downside to this method is that the nanotubes could no
longer be used for stamping. A short note regarding the black “holes” seen in Figure
34e: these are in fact holes, created by the DRIE process, and are a result of non-
uniform thickness of the PR patterns on the substrate during both the RIE and DRIE.

It can conclusively be said that the yields reported by us are the highest ever
reported for suspended nanotube growth between pillars. In fact, the yield is so high,
with sometimes quite a few parallel nanotubes bridging between neighboring pillars,
that the transferring of such a large number of SWNCTs poses a problem for their
integration in individually isolated CNT based devices. Yet, the most important
advantage garnered in using this liquid-catalyst method is that the pillar tops are
almost completely smooth after the CVD growth — other that the minute topography
created by the nanotubes laying on the pillar top surfaces, as well as stray catalyst
particles. This nano-topographic situation is critical in the stamping process, and will
not work for suspended nanotube networks created by evaporating thick layers of
catalytic materials on the pillar tops.

The suspended nanotube growth, vital to this thesis, is unique in that it forms highly
orientated, long, straight SWCNTSs, whose position is a result of the geometry of the
original pillars. Some gas-flow orientation was seen (as will be described again later),
accordingly, the samples were always placed in the tube furnace so that the gas flow
was aligned with one axis of the pillar array.

6.3 Suspended Nanotube Analysis

6.3.1 Imaging Analysis

Viewing the incredibly straight, long and taut nanotube arrays presented both in the
images from my work, and in the previous work presented in the literature, one can
wonder at the origins of such a finely-knit network. If the previously described growth
models are correct, with the nanotubes growing off each pillar, waving around in the
thermal breeze, until they hit an adjoining pillar, to which they then stick; then why is
there no slack in the suspended nanotubes? This question, posed as one of the
“objectives” of this research, was answered by us in Ref. [90]. This section is self-
contained, and summarizes the cited paper. In addition, further quantitative analysis
results are presented here.

The answer to this question, which is described at length in the cited paper, and
reiterated below, is that the tubes grow from pillar to pillar, and attach on contact, but
then, the short range van der Waals (vdW) forces come into play, causing the
nanotubes to “zipper”. These forces were denoted as the tube-tube interactions (TTI),
and tube-surface interactions (TSI). These two forces become quite strong at the
nano-scale, when the range of vdW is of the same magnitude as the dimensions of the
system. The two forces, working in tandem, prevent any slack from appearing in the
suspended nanotube after the growth process. In fact, these vdW interactions are
apparently strong enough to cause the nanotubes to buckle under the strain.
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Analyzing this problem utilized only the HRSEM images of pillars is very limiting,
thus, the growth of SWCNTSs on the TEM nitride grids described before was used as
well. It was found that suspended networks of taut SWCNTSs were also created over
the holes in these nitride grids, and therefore, the TEM analysis of these two systems
would be equivalent, as demonstrated in Figure 35. These grids were also essential in
analyzing the close-ups of the suspended nanotubes, as the resolution of the TEM is
several magnitudes higher than the HRSEM, allowing precise measurements of the
SWCNT diameters. Furthermore, the ability to view ~1-4 nm diameter nanotubes
over the holes in the grid at low magnification in the TEM, as in Figure 35b,
simplified the matter of finding the SWCNTs and zooming into the junction points
between two individual nanotubes. The reason the SWCNTSs can be seen at such low
magnification (e.g. X500, which is even better than the capabilities of the HRSEM) is
due to the Fresnel fringes caused by the diffraction of the electron beam off each
strand of nanotube.

oy R
: rison
(a) Top-down HRSEM image of a dense network of nanotubes between silicon
pillars. Various cross-links can be seen between the pillars. (b) Low magnification
TEM image of nanotubes over a 40 pm hole in a nitride grid. Complex cross-
linking can be seen here, too. In both images, the nanotubes are completely taut.

While the two forces/interactions work together to form the taut networks, it is best
analyze the two separately. Beginning with the TTI, we will begin with a theoretical
case study of two SWCNTs that grew across the gap between two pillars, leaving
behind a fair bit of slack, as depicted in Figure 36a. Since this is all occurring at high
temperatures, the nanotubes still vacillate due to the thermal energy, and statistically,
the two nanotubes will touch at some point along their lengths (this point will of
course determine the shape of the resulting bundle). The TTI will cause the pair of
nanotubes to adhere (Figure 36b), and then zip-up as much as possible, until a
(bundled) length of taut nanotubes is obtained (Figure 36¢). Actual HRSEM and TEM
images were used to verify this model.
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Figure 36: Tube-Tube Zipper-Effect Model
Images are renderings only. (a) Two nanotubes bridging between adjacent pillars,
with a fair amount of slack. (b) The two tubes come in contact, and bind to each other.
(c) The binding energy causes a zipper-effect, removing all slack sections.

At the junction points with the pillars, “Y-junctions” would then be visible in this
type of formative process. These y-junctions would only be discernable as consisting
of more than one nanotube in the TEM images, while in the HRSEM images they will
merely appear as a white line. This is displayed in the two HRSEM images in Figure
37. In Figure 37a, many y-junctions can be seen extending off the top of one of the
pillars. The angles between the nanotubes suggests that some of them may have
buckled as a consequence of the interactions, however, the HRSEM images do not
have the resolution to validate such buckling. Figure 37b displays a much larger
configuration with a y-junction appearing in between an array of pillars. Despite the
large scale of this y-junction, the nanotubes are visibly taut, with no detectable
oscillations. The TEM images have a greater resolving power, thus, the exact nature
of some of these bundles could be viewed. When zooming into the intersection points
of the cross-linking nanotubes in the grids (as in Figure 35b), the nanotubes
comprising the y-junctions could be seen in detail. Sometimes, there were surprising
results, such as the configuration presented in Figure 35c, where, from afar, it
appeared to be a simple y-junction, but when viewed at higher magnifications,
actually turned out to be a conjoining of three SWCNTs, creating a triple-y-junction.
This formation is so small, that it would only appear as a pixel in most HRSEM
images, hiding the true nature of such a junction. The top SWCNT in this image can
be seen to buckle at both junction points (close up shown in Appendix 9), due to the
strong interactions of such a configuration. Figure 37d displays a typical y-junction
off of the nitride grid. This image is distinct from the one presented in Figure 37a;
here as well, it is so small that it would have appeared as a mere pixel in the HRSEM
images. The final zipper-effect configuration is distinctly visible in both of these
images. Finally, Figure 37e exhibits the complexity of such tube-tube formations,
with a single small nanotube wrapping around a much larger one, over the course of
several hundred nanometers (actually, over a micron, not shown).
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Figure 37: Tube-Tube Interaction Images
(a) HRSEM image of many y-junctions leading off a pillar top. (b) An HRSEM image
of a nanotube network between neighboring pillars with a y-junction formed in
between. Inset is a close up of the y-junction. (c-e¢) TEM images: (c) A complex
triple-y-junction configuration created by three SWCNTSs. The top strand of the
formation has buckled at the two junction points. (d) A typical, small y-junction
leading off the TEM nitride grid. (¢) A mosaic of images displaying a tiny ~1 nm
nanotube wrapping around a larger one (seen at the far right), creating a periodic twirl
over the course of hundreds of nanometers (scale bar here: 20 nm)

The model described above is just one of the models that can describe the resulting
formation. Before moving on to the TSI, it should be noted that the model presented
in Figure 36 is only a conceptual one. Another model can be used wherein a single
nanotube bridges the gap, and then a shorter one binds to it, again causing the zipper-
effect, but not actually reaching the other side. Examples of this, with one SWCNT
“ending” midway along the length of the bridging SWCNT were seen in the TEM
images (an example of which is shown in Appendix 9).
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The other force driving the zipper-effect causing the taut network formation is the
TSI. The binding forces between the tube and surface are also controlled by vdW. An
exemplifying model is depicted in Figure 38. Here, a slack SWCNT suspended
between two pillars becomes taut when the slack segments adhere to as much of the
pillar tops as possible, leaving a single, taut nanotube. This effect explains the
tautness seen in many of the SWCNTs that have no y-junctions at their end.

Figure 38: Tube-Surface Zipper-Effect Model
Images are renderings only. (a) A single SWCNT suspended between adjacent pillars,
with slack. (b) The final configuration, with the spare nanotube slack adhering to the
edges of the pillar tops.

Images demonstrating the TSI are presented in Figure 39. Figure 39a displays a
typical close up of a SWCNT growing off a pillar top, and following the serrated-like
features (an artifact from the low resolution masks used for photo-lithography).
Perhaps a more compelling image is displayed in Figure 39b. Here, the pillars were
only 8 um high (one of the earlier attempts), and therefore, the bridging nanotube
(over a ~20 um gap) had enough slack to hit the bottom of the substrate (Si), and
adhere to it. While the segments of SWCNT leading from the pillar tops to the
substrate may not be visible in this printed version of the image, the segment adhering
to the surface (as denoted by the two white arrows) is distinctly evident. This is due to
the difference between SWCNTSs on a surface, and suspended, as described before,
and well demonstrated here. The TEM images (Figure 39c, d) also provide
compelling evidence of this interaction, many examples of SWCNTs adhering to as
much of the nitride grid as possible, before being suspended over the holes, were
seen. Figure 39d provides one of the best examples of this, demonstrating the contour
following of the SWCNT.

These two interactions obviously work simultaneously on a SWCNT, creating the
taut network formation. Close-up images of most y-junctions will also display TSI
parts. The contour following of the SWCNTSs due to the TSI lead to the conclusion
that circular pillar tops were the most advantageous for creating taut networks. Since
the nanotubes extend off the pillar tops at random angles, creating a sharply knit
suspended nanotube between two adjoining pillars that will best utilize the TSI would
require the pillar edges to have the lowest angle possible between the angle extended
between the nanotube and the contour of the pillar top. Circular pillar tops thus fulfill
this demand for low tangential angles. (An example of a triangular pillar top
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arrangement is shown in Appendix 9, demonstrating the lack of tautness in some of
the nanotubes).

Pillar top
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Figure 39:

(a) HRSEM image of a nanotube following the contours of the pillar top, removing
slack segments. (b) A nanotube between pillars with enough slack to reach the
bottom, and can be seen adhering to the floor (between the two arrows). (c-d) TEM
images of SWCNTs adhering to the edge of the nitride grid.

Before continuing to more quantitative analyses of these interactions, it should be
noted that there is some discussion regarding the source of the interactions
themselves. While I have claimed that these are vdW derived interactions, they may
actually be caused by the n-bonds of the graphene sheet, which are already hybidized
due to the wrapping of the nanotube wall, interacting with the hybridized n-bonds of a
nearby nanotube. This extremely close range interaction is in actuality a form of
covalent bonding, and not the usual vdW force [97]. Finally, the results presented
here should be compared to those published at nearly the same time in Ref. [ 88], and
described previously. The conclusions of that paper and ours are nearly identical in
terms of the TTI, but, in Ref. [88], there is no mention of the TSI. In addition, the
simplicity of the analysis here is in my opinion preferable, due to the range of
interactions viewable, the usage of TEM analysis compared to SEM analysis and in
the simplicity of our described method.
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6.3.2 Quantitative Analysis

The adhesion of the SWCNTs to each other in the formation of bundles has been
analyzed by many (see Ref. [90] for citations), however, one particular analyses was
found to be quite pertinent to these images, where a single image of a nanotube pair
was imaged (TEM), and an attempt at analyzing the binding energy between the
nanotubes was made. Chen et al. [98] showed how one can take the case of two
parallel CNTs being pulled apart to the point where the binding energy between the
two tubes is equal to the elastic energy spent on bending the tubes from their straight,
"rest position". The CNTs are modeled as tubular beams, as will be elaborated upon
presently. The formula used in Ref. [98] for the free energy, F, of the system is:

2
F:g(02—39%+3?—2j+71 (14)

with 4 being the distance between the two bound ends, /, the distance from the y-
junction to the binding site, 8, the angle extended between the deflected tubes and y,
the binding energy per unit length. The parameter EI is the bending stiffness, or,
flexural rigidity, of a tubular beam, and is given by the Young's modulus and moment
of inertia for a hollow-beam CNT:

T o g4 7 mnd
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with £ being the Young's modulus of a CNT (undervalued at approximately 1 TPa), /,
the moment of inertia, d, the outer diameter, and ¢, the wall thickness of the nanotube.
A better, more precise formula than that given in the equation for the free energy
above would take into consideration the asymmetries in the configuration described
(see Figure 40a). If the two nanotubes are not identical, then the formula would be:

2
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The modifications to the formula in the summation index, i, which takes into
account the asymmetry of the situation depicted in Figure 40a, and shown for an
actual image in Figure 40b. In the symmetric case, the angles of deflection, 8, and
deflection 4, are equivalent. In either case, the length, /, is a constant of the system
being measured. The binding energy, 7y, is taken as a constant in the case we are to
analyze for the simple reason that the two tubes appearing in Figure 40b are of nearly
identical dimensions. The measurements on the image were made using the software
described before, and allowed the measurements of both angles and lengths.

To find both the binding energy, and the deformation energy, one must differentiate
the above equation, in respect to /, the separation length of the parallel tubes, to get:

y =Z[@(a —3%] 1)
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Figure 40: Binding Energy between Nanotubes
(a) Schematic describing the parameters for the equations in the text, for the
asymmetrical case. (b) Image of a y-junction, with some of the measurements, using
the software described in the text.

This formula was used by Chen et al. to calculate a binding energy of 0.36 nN.
Using the sample in Figure 40b, (using a diameter of ~3.5 nm, and considering that it
1s a double-walled nanotube, with: t = 2t4.4phene = 0.72 nm) we received a value of y =
0.8-1.6 nN (the range corresponds to the error value, as will be discussed).

In order to compare these measurements to simulated ones, one must first convert
these findings to units of eV/A (another standard unit used for Binding Energy), in
which case 0.36 nN becomes 0.225 eV/A, and 1.6 nN (the higher of our assessed
value) becomes leV/A. These will be compared to some simulated results in the
literature, specifically, Refs. [99] and [100]. Reference [99] estimates a binding
energy of ~0.6 eV/A for a SWCNT with a diameter of ~3.5 nm. This value should be
attenuated by the fact that the nanotube in Figure 40b is a double-walled CNT to
approximately ~0.5 eV/A. The lowering of this figure is done in relation to their
calculation of the lowering of the binding energy of a (40,40) double-walled CNT.
This value is comparable to that of Ref. [100], which takes a strongly deformed
nanotube's wall as being similar to a layer of graphene, with an adhesion energy of
Wpa = 0.4 J/m2, correlating to 0.025 eV/A2. A rough estimate will assume that the
contact layer, after deformation, between the two tube walls of 1-2 nm; multiplying
these results gives a value of 0.25-0.5 eV/A. The correlation between two such
estimates substantiates the calculated value.

The possible error values in these measurements were not taken into account in Ref.
[98]. This is of critical importance when considering the variables of the last three
equations. Specifically, the diameters of the tube, d (whether single or double-walled
CNTs), and the separation length, /, highly affect the calculated value to an extent that
even a 10% error value in these parameters can lead to an order-of-magnitude
difference in y, the binding energy. Additionally, the value for the Young's modulus
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was taken to be 1 TPa, which is a lower bound. Here, it is assumed that the Young's
modulus does not change by more than 25%, to 1.25TPa, as a function of tube
diameter [ 101]. In addition, the calculation in Ref. [ 98] did not take into account the
deformation energy of each nanotube, as will be described in the next section.

A final note regarding the buckling of the nanotubes: As discussed in our paper, the
buckling of a nanotube is a matter of the critical stress that can be placed on a tube.
This stress is inversely proportional to the diameter of the tube, [o.,; ~ 1/r], which is
precisely what we found after analyzing many of the TEM images. Larger nanotubes
were more susceptible to buckling, and bundles of SWCNTs were even less
susceptible to buckling, due to the increased strength of the bundle.

The analysis of the TSI and TTI is important not only in understanding the cause for
the taut network formation, but also in enabling the capability to control such
formations. The conjecture regarding the use of circular pillar tops to obtain the best
taut network, instead of other geometries, is such an applicative conclusion. Further
research on the binding energy between nanotubes, which include course-graining
simulative models involving segments of adhering nanotubes are currently underway
in our lab.

6.4 TEM Analysis of Individual SWCNTs

The method of using the TEM nitride grids as templates for CVD growth, with the
SWCNTs growing over the holes in the grid, also allowed the analysis of several
other phenomena that were inspected by us. These were published in Refs. [92] and
[93], and a cursory summary of them will be presented here.

The major advantage imparted by the use of these nitride grids is that they both
withstand the temperatures of the CVD process, but more importantly, they permit the
highest contrast possible with a TEM due to the lack of background noise when
viewing over the holes. Imaging the SWCNTSs over these holes allowed us to view
some well known features of nanotubes that were nevertheless almost never actually
seen before. These included the radial deformation of SWCNTs (with the capabilities
of measuring the deformations directly), many mechanical defects, such as buckling
and twisting, as well as actively degrading the tubular structure by electron
irradiation.

6.4.1 Radial Deformation

The radial deformation of nanotubes caused by their adhesion to another surface or
nanotube, was a well documented phenomenon (see cited references in [93]), yet the
method of experimentally measuring such a deformation had only been implemented
for MWCNTs using the TEM [102], and with an AFM for SWCNTs. Using an AFM
tip to measure such minute variations in the diameter of a single SWCNT is
problematic, since it includes the actual shape of the AFM tip, and the final
measurement must include the deconvolution of the tip shape and the measurement
[99]. This indirect measurement is problematic in that respect, but is also limited to
measuring the deformation of nanotubes on a surface only. SWCNTs lying on a
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surface not only deform, but also occasionally completely collapse, leaving a flattened
tubular structure. Using our specially prepared CNTs on the TEM grids allows the
deformation to be measured directly, with sub-nanometer resolution, as well as
permitting the measurement of tube-tube deformations.

The images in Figure 41 were taken directly from our cited paper (Ref. [93]). In
Figure 41a, the SWCNT can be seen to deform in two different directions as a result
of its interaction with the underlying CNT bundle. The direction of the interaction, i.e.
from below or to the side, directly corresponds to the direction of the deformation.
Note that this 5.1 nm SWCNT is quite large, and from the deformation apparent in
this image, it is not a collapsed tube. This image is actually one of the only visual
presentations of such a large diameter SWCNT. The image in Figure 41b shows a
double-walled CNT undergoing a radial deformation, as well as the other tube
buckling due to the TTI described before. The buckled CNT undergoes a relatively
large deformation, and appears to have flattened out at the right hand side, as
described in our paper. Finally the results were compiled and compared to the
simulated results of Ref. [99], which described the tube-surface related deformations,
and appears as the graph in Figure 41c. This tube-surface interaction provided an
upper bound for our experimental measurements, as the surface area between a
SWCNT and a surface is larger than between two nanotubes, and the short range vdW
forces should therefore be stronger, producing a higher degree of deformation. The
fact that all of our data points lay underneath this calculated limit further corroborated
our results.
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Figure 41: Radial Deformation Measurements
(a) Deformation of a single SWCNT in two different directions, due to its interaction
with another bundle of nanotubes. (b) A buckled nanotube undergoing a large
deformation. (c) The graph from our paper. The sets of data refer to the table provided
their, and ref[3] refers to Ref. [ 99] here.

It should be noted that the deformation energy was not taken into account in the
previous discussion regarding the binding energy, y, between two nanotubes (nor was
it included in any of our papers). In fact, the results of the calculated binding energies
before can give an estimate of the deformation energy, D, of CNTs. However, it must
be stated that these values are diameter dependant:

y+D = func(diameter, # CNT walls) (18)
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From the simulated results, it is known that nanotubes of smaller radii deform less.
Calculating the deformation energy is therefore a question of the interplay between
the two energies. If we are to take the calculated (simulation) values of the binding
energy, per diameter (noted in the previous section), as essentially correct, then the
difference between the measured values of y+D and the estimated value of y alone
(binding energy), should give an estimated value for the deformation energy, D. For
example, for the ~3.5 nm CNT described before, using a binding energy of ~0.5
eV/A, the deformation energy, would be around ~0.3 eV/A, and the value goes to zero
for smaller tubes (as it could not be negative). The measured value of y = 0.225eV/A
measured in Reference [ 98] is, in our view, lower than the actual value, as it does not
take the deformation of the CNTs into account, as well as not corresponding to other
simulated results. Finally, we also did not take both the functional dependence of E/
on the deformation, nor the extra elastic energy spent on stretching the tubes into the
configuration they are in. This last term should lower the fraction of the energy
calculated for just the deformation of the tubes even more.

6.4.2 Twisting and Melting

Several other systems were viewable by using this method of combining the in situ
growth of CNTs directly onto the TEM grids (Ref. [92]). Two of them will be briefly
described here.

One interesting feature discussed in our paper was the twisting of a single SWCNT,
and, due to the unique capabilities imparted by the method, the ability to precisely
measure the deformation of the SWCNT under such a deformation. Figure 42a shows
such a twisted SWCNT. The diameter of the SWCNT was ~4.2 nm (as measured far
from the twisted segment), and a measurement of the exact deformation caused by the
twisting is presented in Figure 42b. Here, the sub-nanometer measurements give an
exact picture of the change in diameter in the tubular structure.

Additionally, viewing the CNTs in the TEM, over a hole, for over a minute causes
the irradiation of the nanotubes, and their denaturing. This can be described as "active
analysis” of the CNTs. This was shown for a buckled nanotube (exemplifying the
TSI) in Figure 42c-e. The nanotube not only “stuck” more to the surface as a result of
the irradiation, but also became amorphous, appearing to become a wire consisting of
sheets of graphene, as seen by the atomic planes in Figure 42c. Figure 42¢ also shows
the results of prolonged viewing of SWCNTs over the hole in the grid. Here, the
twisted tube shown in Figure 42a was destroyed due to the irradiation of the electron
beam. The cross-over points can no longer be seen, and the tubular structure
apparently became an amorphous wire.
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Figure 42: TEM Measurements of Twisting and Irradiation

(a) A twisted SWCNT off the edge of the nitride grid; scale bar: 20 nm (inset: a close-
up of the crossover point; scale bar: 2 nm). (b) Measurement of diameter of the
twisted SWCNT. The data points correspond to the measured lines in the inset below.
(c-e) The effects of irradiating a nanotube with the electron beam. The buckled tube in
(c) became an amorphous mass in (e) after a minute of high energy irradiation. (f) The
effects of irradiation on the twisted tube in (a). The cross-over points are no longer
visible due to the nanotube’s denaturing.

6.5 Raman Spectroscopy Mapping

We now return to the SWCNT networks between pillars. To characterize the formed
networks of SWCNTs, a method of RS mapping was implemented, as described in the
previous chapter. Samples with suspended networks were raster-scanned over the
course of a few pm’ with a Raman laser, which was attached to a computer system
that searched for the G-band peak, at 1594 cm™. The mapping of each pixel
(corresponding usually to an area of 0.5x0.5 um?) was then related by the computer
into a color-coded two-dimensional drawing. Figure 43a portrays an HRSEM, top-
down, image of a suspended CNT network, with a black square demarcating the area
that was Raman-scanned. In Figure 43b, a mapping of this region is shown, with a
brighter pixel signifying a stronger G-band peak in the spectrum. The darker, circular
areas seen in the lower right correspond to the pillar tops, which have few nanotubes
on them, as well as giving off a weaker signal than the suspended segments (as was
described in the Literature Review section). The two images were superimposed in
Figure 43c, using an isometric view for clarity of the pillars. The correlation between
suspended nanotubes and RS signal is distinctly evident. Another type of RS mapping
can also be used, in which one scans in one direction only are done, giving a one-
dimensional mapping. This method is ideal if only information regarding the
suspended regions of nanotubes is of interest, as is in the case of the stamping of the
suspended segments described in this thesis. Figure 43d displays such a line-mapping,
with the width of the line being 0.5 um, corresponding to the diameter of the RS laser.
Again, the correlation between suspended segments and intensity of the RS signal is
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apparent. A small artifact that can be seen in this image is the spreading of the signal
at the top of the line (see arrow). This is due to a SWCNT that was out of the focal
plane of the laser (focused on the plane of the pillar tops), creating an artificially large
signal due to the spreading of the laser. This was verified in an isometric image of the
pillars (not shown), showing the bottom SWCNT as growing off one of the pillars,
and hitting the side of the adjacent pillar. These SWCNTSs, which are not on the same
plane as the pillar tops, are not as important for the following stamping step, since
they should not be stamped along with the other suspended nanotubes.

10KV X7,000 Tpm WD 6.7mm
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Figure 43: Raman Mapping Images
(a) HRSEM image of nanotubes between pillars. The black box signifies the area that
was mapped. (b) Raman mapping with brighter pixels signifying a stronger G-band
signal. (c) Overlapping images with the semi-transparent Raman mapping placed
directly on an image of the pillars. (d) A line-mapping, with a 0.5 um wide line in one
direction. The arrow points to the spreading of the signal due to the nanotube being
out of focus.

Improving the resolution of the mapping to pixels with smaller sizes (as in Figure
44a, with 0.2 pm per pixel) is still limited by the diameter of the laser spot. This
figure also emphasizes the difference in signal between suspended segments of
SWCNT, which results in the bright signal from the RS mapping, and the segments
adhering to the SiO; substrate. The bottom right side of the inset in Figure 44a barely
registers the existence of the nanotubes on the surface, while the suspended segment
is brightly displayed.
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Figure 44: Intensity of Suspended Raman Signal
(a) HRSEM image of a suspended nanotube and demarcated mapping area. Inset:
Raman mapping with a higher pixel resolution (2 um per pixel). (b) A single spectrum
taken from one of the pixels of a suspended nanotube. The arrow points to the kink on
the left side of the G-band, as described in the text.

Although a mapping of the RBM band would give the most vital structure-specific
information, the G-band can be used for this purpose as well. As described in the
Literature Review, a correlation between the diameter of the nanotube and the internal
shifts and broadening of the G-band exists as well. For nanotubes over ~1.5 nm, the
shift between the w+ and w-¢ is so small, that it merely results in a broadening of the
single w+¢ band. If one looks closely at the peak appearing in Figure 44b, one can see
a slight asymmetry in the peak, with a broadening to the left, as expected. Using this
equation, with the constant C taken as -45.7 cm™ (for semi-conducting nanotubes),
o+ as the constant G-band peak (which here is at 1597 cm’), and w-g as the
splitting of the peak to the left of the original G-band peak, allowed us to determine
the approximate SWCNT width of ~2.5 nm for the nanotube depicted in the spectrum
of Figure 44b.

The RS method described here can be used as a way to scan all the suspended
nanotubes between the pillars, imparting precise structural (and, therefore, electronic)
properties of each SWCNT. If the line-scan method is used, then one only needs to
scan the areas between pillars, which are spatially well-defined, to obtain this
information. Incorporating the RS mapping into the stamping procedure, as described
by us in Ref. [91], is an important feature of the method described in this thesis.
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6.6 Stamping Networks of SWCNTs

The next step in the process flow, the most crucial and innovative, is the stamping
of the suspended network of SWCNTs onto another substrate. The theoretical basis
for the stamping was previously described, and consists of the preference of a
suspended nanotube, when brought into close contact with another substrate (from
above/below), to adhere to the new substrate, due to the strong binding energy to the
new substrate. Theoretically, only the suspended segments of nanotube should
transfer to the new substrate, and the parts on the pillar tops should have almost no
preference towards either remaining attached to the SiO, pillar tops, or the new
surface. This was also the theory posited in Refs. [77,81], and served as a basis for
our initial assumptions. In the case of the studies cited in Refs. [81,82], the optimal
transfer medium was found to be PMMA (requiring it to be poured, and then cured on
the substrate), which was used to “hold the nanotube in place”. However, it eventually
turned out that both of these assumptions were unfounded. While we found that a
transfer medium was necessary, it turned out to be DI water, and that the nanotubes
did not necessarily “break off” the pillar tops.

As stated, many attempts were made at transferring the network of nanotubes from
the pillar stamp to other substrates. After a few (failed) attempts, the method tried in
Ref. [ 82] was attempted using PMMA, unsuccessfully. As a result, variations on this
method were employed, with varying success. These attempts included the use of a
wide range of liquid solvents, namely: acetone, IPA, hexane, methanol, ethanol and
DI water. Most of these attempts were made at room temperature, except the case
where PMMA was used. Initial attempts to stamp the nanotubes utilized the MJB-3
mask aligner to align the two substrates, as well as bring the two substrates together
(along the z-axis) and apply pressure. The source substrate was attached to a
transparent flexible slide, with holes drilled near the location the substrate was
attached to. Adding the solvents was facilitated by injecting small amounts of liquid
in between the two substrates, via the drilled holes, using a syringe. Other attempts
simply utilized the manual attachment of the two substrates (without alignment, by
simply placing the source on the target with a tweezers). This was done at either room
temperature or on a hot plate at temperatures <100° C.

The results of these initial attempts are displayed in Figure 45. These results are
examples of transferals of individual SWCNTSs on both Si and SiO, substrates, using
both hexane and ethanol. These two solvents were found to be the most successful in
the initial attempts. In either case, long, straight, completely isolated segments of
SWCNTs were found on these surfaces after stamping. These results, proved the
concept to be possible, but did not demonstrate large scale transferring of nanotubes
from the networks to the target substrates. In some cases, such as in Figure 45a and c,
the orientation of the stamped SWCNTs displayed the geometries of the pillars, yet to
a low extent only. Note that nanotube transfer was achieved almost only when the
samples were heated, thus the methods of alignment using the mask aligner were
invalidated.
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Figure 45: Initial Stamping Results
(a-b) Transferred nanotubes on a SiO, substrate using hexane. (c-d) Nanotubes on a Si
substrate using ethanol.

The initial transferring of nanotubes onto both Si and Si0O, substrates proved that the
concept was tenable, yet the method was lacking in the sense that it was difficult to
find the transferred tubes afterward, and more importantly, the low yield of
transferred tubes. The main reasons for this low yield were both in the low yield of
suspended nanotubes on the initial stamp (due to the initial growth process failures),
as well as the combination of transfer media and temperatures. Better results were
achieved when the temperatures were raised to 150-200 °C on the hot plate, and either
ethanol or DI water were used. Figure 46a and b display the results of stamping on
Si0; using ethanol at 150 °C. What is important in these images is that the location of
the pillar tops is evident from the markings they leave on the target substrate. Some of
these stains are residual debris that was brought in by the liquid, such as chipped
pieces of Si/SiO,, and leftover bits of Fe catalyst (still others were caused by residual
debris on the hot plate). Regardless, these results signified the first successful attempt
at transferring large arrays of nanotubes onto a substrate, while retaining some of the
initial array properties.
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Figure 46: Markings Made During Stamping Process
(a-b) Nanotubes transferred onto SiO; using ethanol at 150° C. The white circles
signify the locations of the pillars during the transfer process, as an be seen by some
of the residues left behind. (¢c) Lowest magnification HRSEM image showing the
location of the stamped die as a dark box in the center. (d) Image of a failed transfer,
with the residues of the stamping array distinctly visible.
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The best transfer results were obtained using DI water, as will be shown below,
however, the residue left by the transfer medium is also an important feature in the
transfer process. The medium, e.g. DI water, leaves a “stain” on the substrate that
facilitates the locating of the stamped nanotubes. For example, in Figure 46¢, the dark
marking of the stamped die can be seen in the low magnification (x25) HRSEM
image. Without such markings, finding the miniscule array of stamped nanotubes
(comprising a few hundred square microns) on a “large” substrate (of around two
centimeters squared) is quite difficult. In addition, the markings left by the pillars
themselves, as in Figure 46d, also ease the process of finding the nanotubes. The
markings in Figure 46a and b are residual artifacts, and their existence is a testament
to contaminants on the pillared stamp. The best transfer examples did not contain
residual debris (although they almost always leave a large boxlike marking, as in
Figure 46c¢).

The debris described here is part of a major complication in the transfer process,
that of close-contact between the pillar tops and the target substrate. Even the residues
formed by residual catalyst particles on the pillars signify that the nano-topography of
the pillar tops are not completely flat. If the nanotubes are transferred by means of the
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close-range interactions between the suspended segments and the target substrate,
interactions whose range is no more than a few nanometers, then every nano-
topographical detail is important. A 10 nm particle of Fe on the surface is like a large
boulder, when compared to the 1-4 nm SWCNTs. Therefore, the optimal conditions
are when the debris on the pillar tops is kept at a minimum. Furthermore, this issue is
further aggravated by the fact that the pillars are placed in a well, due to the DRIE
restrictions described, so that topographical anomalies on the surrounding regions
may prevent the pillar tops from being in direct contact with the target surface.

The best transfer results were obtained, as stated before, using DI water on the hot
plate, at temperatures ranging from 150-200° C (our most recent results points to a
preference of higher temperatures, closer to 200° C). Figure 47 displays some of these
stamping results. In all the images, the nanotubes transferred are very long and
relatively straight. The spacing between rows of nanotubes in Figure 47a and b are
defined exactly by the distance between pillars. The reason that there are few
nanotubes in the vertical direction is testament to the effect of the gas-flow during the
growth. The long strands of horizontal nanotubes signify that they are indeed single
strands of nanotube, grown in the direction of the gas-flow, yet perpendicular
segments are also seen. The diagonal segments seen in Figure 47b also are a result of
non-nearest-neighboring growth between adjacent pillars in the initial network
growth. Figure 47c¢ is an example of how long and straight the stamped nanotube can
be after transfer. The nanotubes here display extremely long (~20 um) and straight
segments, with perpendicular orientation, due to the square-like array of pillars in the
stamp substrate. The fact that the long strands of nanotube are aligned in the gas-flow
direction and are transferred in one single strand proves that the segments of nanotube
adhering to the pillar top were also transferred, and did not “snap off” as was implied
by the initial theoretical assumptions.

Figure 47¢ and f display even better results of stampings. Here, the exact positions
of the stamping pillars during transfer are distinctly noticeable by the white spots left
behind. These spots are actually SWCNTs transferred from the pillar tops themselves
onto the target substrate (as shown in the inset of Figure 47f). This example of
nanotubes being transferred from SiO, to SiO, does not comply with the theoretical
assumptions of nanoimprinting described in the Literature Review, and is currently
being investigated by us.

Since the effects of gas-flow could be seen in some of the transfer processes, our
latest designs have tried growing nanotubes in only one direction, as can be seen in
the inset of Figure 47d, with the teeth-like pattern described earlier. Here, the
transferred results show that the distance between nanotubes is exactly that of the
distance between neighboring “teeth”. Moreover, it is interesting to note that the
nanotubes seen in the top and bottom of this image were transferred from the pillar
tops (in essence, the areas below and above the teeth), to the new substrate. This
means that the initial theory of only the suspended segments being transferred is also
incorrect, as these nanotubes should have had no preference of being transferred from
the Si0, stamping substrate (pillar tops), to the SiO, target substrate.
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Figure 47: Best Stamping Results
(a-b) Large scale networks of transferred nanotubes, showing the spacing defined by
the array of pillars. (c) A large “W” formed by perpendicular growth of the nanotubes
between the pillars. (d) Transferred nanotubes between teeth-like pillars (shown in the
inset). Arrows are 25 um long. (e-f) High yield of stamping including the nanotubes
on the pillar tops. The white spots are the mesh of nanotubes that existed on the pillar
tops prior to stamping, as demonstrated in the inset of ().

6.7 TEM Stamping Verification

A question that is always raised in any stamping method of nanotubes is this: Are
the transferred nanotubes individual tubes, or bundles? To answer this question, the
HRSEM is inadequate, as it cannot differentiate between the two. An AFM would
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also be inadequate, as it would difficult to differentiate between two small diameter
adjoined nanotubes (although, an STM should). The TEM is ideal for this, yet, how
could one view the transferred network after being transferred onto a thick, opaque
substrate?

The solution to this problem once again relied on the robust TEM nitride grids
described before. An array of nanotubes was stamped directly onto a TEM grid, as
rendered (not to scale) in Figure 48a and b. The stamping process was particularly
delicate, in order not to fracture the thin nitride grid viewing area. In fact, the
stamping was implemented upside down, with the grid stamped from above, and not
as rendered. The grid chosen included the small 2 um holes, so that the nanotubes
would be seen over these holes, and it was assumed that over the entire 500 pm?
viewing area, with a multitude of such holes, a statistical chance of finding such a
transferred nanotube would occur. Figure 48c, d and e are TEM images of such a
nanotube suspended (after transfer) over a hole (there were many such instances). The
transferred nanotube was measured to be ~4 nm in diameter. Here again, the method
of finding individual nanotubes on such a large grid, by viewing them at extreme
defocused conditions, was found to be crucial.

: F o
Figure 48: TEM Verification of Stamped Nanotubes
(a-b) Renderings of the stamping procedure, showing a pillared substrate attached to
the TEM grid with a small amount of DI water. (b) The transferred nanotubes would
include some that would extend across at last one of the holes in the grid. Renderings
are not to scale. (c-e) TEM images of the transferred nanotubes. Each image is a
magnification of the previous one, with the final one, (e), displaying the 4 nm tube at
the edge of the hole in the nitride grid.
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The results of this transfer procedure provide conclusive evidence that the
nanotubes transferred were isolated SWCNTs (in most cases), and the images in
Figure 48d and e display the straightness and lack of defects in the transferred
nanotube.

6.8 CNTFET Fabrication

Ultimately, the transferred nanotubes’ purpose are be integrated in an architecture
that would utilize them as nanowires or CNTFETs. Two methods were used for such
integration: stamping them onto electrodes, or adding the electrodes afterwards.

The first method used at implementing such a device used the concept of stamping
the nanotubes onto a ready-made substrate containing electrodes. These electrodes
consisted of large scale Cr-Au blocks (~70 nm high) with separated regions of
differing spacing. The pillar die was stamped directly onto these electrodes, without
any alignment, in the hopes that a few would bridge the gap between adjacent
electrode pairs. Figure 49a shows such an electrode, and Figure 49b shows one of the
sets of electrodes with a nanotube in between.

: TAL NAND SEI 10KV XZ500  10pm WD 6.9mm
Figure 49: Stamping onto Existing Electrodes
(a) HRSEM image of the electrode pattern, with six sets of gaps (black lines are stains
created during the stamping procedure). Inset shows a nanotube between two of the
electrodes. (b) Another image of a SWCNT between two electrodes.

The other method of contacting the nanotubes is to stamp them onto another (SiO,)
surface, and then attach the electrodes. Since the nanotubes are undetectable using
optical means, no alignment process using standard photo-lithography could be used.
Instead, a target substrate was first marked with Cr-Au alignment marks, consisting of
small crosses at a distance of 1 cm, and fabricated using regular photo-lithography.
This substrate was then stamped with an array of nanotubes, far from the crosses
(which would otherwise impede the direct contact between the pillar tops and the
substrate surface). The sample was then taken to the HRSEM in the RAITH (e-beam
lithography, with the assistance of Dr. A. Tsukernik), and a coordinate system was
created using the alignment marks. Simple contacts were then drawn using the
RAITH software on three such isolated nanotubes. The sample was then coated with
PMMA, and written upon using the e-beam. Finally, electrodes (Cr 8 nm, Au 20 nm)
were evaporated on them.
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The results of this lithography steps are presented in Figure 50a and b. These images
are unique in that the nanotubes are completely straight underneath. The small
features of the electrodes signify how many parallel sets of electrodes could
theoretically be placed on the same long segment of nanotube. Each electrode is 200
nm thick (70 nm high), and the distance between pairs of electrodes ranged from 0.5
to 1.5 um in Figure 50a, and 1um in Figure 50b.

TAL NANO SEI 1.0kV © X4,300 fum WD 7.3mm

SEl 1.0kV XA 10pm WO G.4mm TALL NANO N, SEI 10KV X250
Figure 50 Electrodes Patterned on Stamped Nanotubes
(a-b) E-beam defined electrodes on single long, straight strands of nanotubes. (c)
Complex e-beam patterned designs on large nanotube arrays. (d) Design utilizing the

orthogonal array of SWCNTs.

In addition to contacting electrodes, a more interesting architecture was designed to
utilize the orthogonal placement of the CNTs displayed in Figure 47. The electrodes
were created in a similar fashion, using regular photo-lithography to create the
alignment marks, and then e-beam lithography to create the electrodes. The results
depicted in Figure 50d are one of the best examples of the alignment of nanotubes on
a substrate, with the distance and orientation of the nanotubes under well-controlled
parameters. However, to be critical, one of the problems with the results depicted in
these bottom two images is that the nanotubes are not as straight and well ordered as
they were before the placement of the electrodes. In fact, what had happened was that
the double lithography (photo- and e-beam), which include the cleaning (in solvents)
and spin-coating of a resist, accidentally moved the nanotubes a bit, destroying some
of their alignment straightness. The nanotubes in Figure 50d were originally (before
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electrode patterning) straighter, and the nanotube between the upper left two
electrodes originally stretched between the two electrodes, completing the circuit. The
spin-coating and surface preparation processes are actually quite aggressive on the
nanoscale, where the size of the nanotubes is almost comparable to the size of the
molecules comprising the resists and solvents. Therefore, when preparing such
devices in the future, special care must be taken in order to protect these fragile
systems.

6.9 Electrical Measurements

The imprinting of the nanotubes on different substrates was the primary goal of this
thesis and was demonstrated in the images above. To demonstrate that these are also
viable devices, they were also tested electronically. Using the setup described in the
previous chapter, the electrodes shown in Figure 49 and Figure 50 (a and b) were
contacted at either end, providing a source and drain voltage, and the underlying Si
was also contacted, providing a gate voltage (gate thickness was thus ~500 nm, as
defined by the thickness of the thermal oxide grown on the wafers). Measurements
were made on both types of CNTFETs (those created by placing the nanotubes onto
existing electrodes, and also those made by adding the electrodes on top of the tubes).
In the former case, the Au is in contact with the SWCNT, whereas in the latter case, it
is the Cr.
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Figure 51: 1-V Characteristics of the CNTFETs
(a) Nanotube placed over existing Au electrodes. (b-c) Nanotube transistors from
Figure 50a and b. All measurements used a drain-source voltage of 0.1 V.
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Figure 51 displays typical I-V curves of p-type SWCNT transistors, with varying
channel lengths. The graphs are semi-logarithmic, to stress the on-off gain ratio. The
CNTFET in Figure 51a of a nanotube placed on existing electrodes, with a gap of ~4
um, shoes an on-off gain ratio of four orders-of-magnitude, achieving a saturation
current of 0.1 pA, and an off current of a few pA. Figure 51b and c display the I-V
curves for the p-type SWCNT transistors displayed in Figure 50a and b. Here, the on-
off gain ratio was two orders-of-magnitude for the short transistor (0.5 um channel),
and only one order-of-magnitude for the longer one (1 pum channel). The discrepancy
may be due to the difference in work functions between the Cr and the Au (4.5 and
5.1 eV, respectively), which in each case, had a different metal contacting the
nanotube. The different surface properties of the two samples may also contribute to
the observable shift in the threshold voltage between these two devices. These
transistors were measured without any annealing processes, which are known to
improve the characteristics. Regardless, these CNTFETs demonstrated characteristics



78

comparable with existing individual CNTFETs derived using the other methods
described in the Literature Review. More measurements of these CNTFETs do not
appear here since these electrodes were destroyed after continuous use by the probe
station (scratching the electrodes). However, these measurements will soon be
repeated, when new CNTFETs will be created using this method.
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Figure 52: Conductance Measurements of a CNTFET
(a) The same CNTFET characteristic appearing in Figure 52c, at different drain-
source voltages. (b) The conductance of the CNTFET at V4=0.05V. The peak
conductance is used to find the mobility of the holes.

To measure the mobility of one of these transistors, the characteristic curve was
differentiated with respect to the gate voltage (Figure 52). Taking the peak mobility
from each curve, and using the formula given in Appendix 2, the mobility of each was
found. In both the samples containing electrodes placed before imprinting the
nanotubes, and those with the electrodes placed after imprinting, the gate oxide
thickness was defined by the initial 500 nm thick thermal oxide layer. Considering the
case for a ~2.5 nm SWCNT (an average diameter for CVD grown SWCNTSs), the total
capacitance can be estimated to about 0.3 pF/cm [with Cge <<Cguanum, and
Cgaie~2me/In(2h/d), as in Appendix 2]. Calculating the conductance (-dlgs/dVys) near
the transition region for the transistors, shown in Figure s4b, we can deduce an
approximate mobility of ~500 ¢cm?/Vs for the holes in this "p-type" transistor
[p~L*/C*V4(dI/dV)]. This number, while higher than that of silicon, is lower than
many traditional CNT-based transistors, however, it should be noted that no annealing
was done to improve these characteristics, as is customary.
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7 Summary, Conclusions and Future Developments

7.1 Summary and Conclusions

The physicist R. Feynman initially envisioned the construction of nano-sized
materials by creating small robotic hands that would in turn be used to fabricate even
smaller hands [1]. The chemist R. E. Smalley criticized this concept as a pipe dream
(or, tube dream?) since he argued that stiction would occur at the molecular level
when dealing with such small nanometric objects, rendering these approaches useless
[2]. The imprinting method described here paradoxically utilizes both concepts:
finger-like pillars in the micrometer scale are used to manipulate individual SWCNTs,
while the adhesion of the nanotubes to the target substrate is also crucial to this work.

The research described in this thesis had dynamic goals, all of which were achieved.
The original goal of emulating the results of creating suspended networks of
nanotubes was first achieved, followed by our published work on explaining the
formation process of these networks [90]. To achieve this task, a novel TEM method
was developed and reported [92]. The indeterminate dynamic goal of utilizing these
structures to create useable arrays of nanotubes was also implemented by using the
concept of imprinting large pre-arranged networks of nanotubes onto different
substrates.

When integrated with the RS mapping technique, the stamping technique can be
upgraded into a more complete method of creating nanocircuitry, as described in our
paper [91]. By integrating both the stamping method presented, as well as the RS
mapping, one can quickly and inexpensively create large arrays of CNT devices,
while simultaneously acquiring the chiral indices of each of the stamped nanotubes
(see Figure 53). The scheme would start with the growth of a suspended network of
nanotubes, followed by its complete RS mapping to create a database of (n,m) values
per tube; then, the nanotubes would be stamped onto another substrate, with the
ensuing network comprised of well-identified, individually isolated SWCNTs. The
advantages of this scheme are as follows:

e The use of long, defect-free SWCNTSs grown in the suspended state

e Precise structural information related by the Raman mapping

e Simple, one-shot procedure enabling the creation of an entire prearranged
network of individual SWCNTs

e Use of long and straight segments of nanotubes, with the same electronic
properties

e The ability to imprint on a variety of substrates that would not otherwise
survive the CVD growth process

This final point is crucial: it means that the process described is fully IC compatible,
and can even be implemented on plastic substrates. Further modifications of the
scheme could include chirality-controlled CVD growth of CNTs by selectively
choosing the catalysts [ 103] deposited on the pillar tops, as well as better control of
both the yield and directionality of the SWCNTSs between the pillars, and removal of
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stray nanotubes [ 86]. In terms of CNTFET properties, one can tailor the sensitivity of
each parallel array of CNTFETSs (on each nanotube segment,) to the specifications of
each individual nanotube.

b RO AT I,
Figure 53: Complete Method for Stamping Nanotube Networks
(a) Nanotube growth between pillars. (b) Raman mapping of each suspended
nanotube. (¢) Stamping of the nanotubes onto a substrate with alignment marks. (d)
Organized array of identified nanotubes in a pre-arranged circuit. (e) A theoretical
setup of a system aligning the network of pillars to a pre-arranged circuit, while
simultaneously Raman scanning the nanotubes.

Figure 53e displays a rendering of such a systematic device, with the simultaneous
RS mapping and alignment to another substrate. This would combine the RS system
with existing nano-imprinting technology. A scheme such as this would be a
comprehensive and scalable technique for creating large scale devices. The major
limitations in this scheme lie in the yield of transferred tubes, and in the initial growth
of the network of CNTs between the initial pillars, where little control over the
number of suspended nanotubes between adjacent pillars. Some of these problems
have been addressed in this thesis. For example, using our liquid-based catalyst
deposition, we have achieved nearly 100% yields of CNTs between neighboring
pillars - much higher than previously reported methods. However, this also leads to
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the growth of more than one CNT between each pillar. The solution to this problem
has been found by us to be a matter of pillar geometry: small pillar tops (<1 pm) will
yield fewer stray CNTs between pillars, and larger spacing (>20 pm) accomplishes a
further filtration of surplus nanotubes suspended between adjacent pillars, with
shorter tubes falling to the ground. It would also prevent the diagonal growth of
nanotubes between non-adjacent pillars. Further investigation of improving the initial
network growth is currently under investigation.

One of the more practical aspects of the nanotube imprinting method presented here
is that, once the process is well-defined, the transition from a single wafer of silicon,
to a stamped array of nanotubes can theoretically be implemented in the course of
about two days, by a single individual. Therefore, the final results presented never
accurately portray the amount of effort entailed. Nevertheless, the quality of results
should be measured by their objective worth. Consequently, when evaluating the
images of the transferred nanotubes, one must compare them to the current state-of-
the-art techniques existing today, and as described in the Literature Review. While the
quality of some of the images both here and there is comparable, it is the inherent
advantages of this system in comparison to the others that makes it useful. Unlike the
two-stage rapid-annealing method [ 80], this stamping process is done in one step, and
the final substrate need not be exposed to the high temperature CVD heating process.
In addition, unlike the stamping method of Refs. [81,82], this method allows the
simultaneous stamping of numerous nanotubes, in a prearranged fashion, and not just
one by one. Furthermore, the Rayleigh spectroscopy method described there is far less
robust than the RS mapping described here.

The competition in the field of CNT patterning is such that each passing day may
introduce a similar or better method. In fact, the main competition to the work
presented here was by a collaborative group at Columbia University (Refs.
[37,81,82]) , who demonstrated the individual stamping of SWCNTs, (as in Figure
23c,) over the last two years. Moreover, their method of identifying specific
nanotubes using Rayleigh spectroscopy mirrors our use of Raman spectroscopy, as is
their overall claims of creating a complete methodology of patterning individual
SWCNTs. Needless to say, I believe that this work holds its own in comparison, with
many clear advantages.

7.2 Future Developments

The method described in this thesis has recently been patented by us. As such, we
are very interested in taking the technology a few steps further. Designs for devices
using this method have already been drawn up, and their implementation is well
underway. Since the method allows one to create arrays of nanotubes on different
surfaces, some of the devices planned are designed to utilize this to the fullest. Four
such devices will be described below.

The first device planned will simply rely on the placement of parallel nanotubes on
a surface, and contacting them with many perpendicular electrodes. By using the
ambipolar properties of the SWCNT, both electrons and holes can be injected into the
tube (as described in Figure 17), resulting in a set of IR sources, as rendered in Figure
54a, this can also act as an IR detector. This device utilizes the straightness property
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of the imprinted tubes, whereby each adjacent set of electrodes on the strand of
nanotube is contacting an SC-SWCNT with exactly the same band-gap, thereby
emitting identical IR wavelengths. Using this same geometry, one can also create a
flow sensor, using the method described in Ref. [57], with each set of parallel
SWCNTs simultaneously detecting the flow rate.

Figure 54: Possible Future Devices
(a) An IR source fabricated on parallel strands of SWCNTs. Between each set of
electrodes is an identical band-gap semi-conductor, emitting the same IR wavelength.
(b) Nanotubes positioned over small trenches in a PDMS defined micro-fluidic
channel. The liquid flow causes the nanotube to bend, which will be detected by an

external circuit.

Another device envisioned would place a SWCNT over a small trench, with
electrodes at either end, as rendered in Figure 54b. The substrate would then be
encased in a PDMS defined micro-fluidic channel, and a liquid would be injected
through the channel. Since the strain on the nanotube induced by the flow of the liquid
should results in its bending, one would expect the resistance of the nanotube to
change. Therefore, this could also act as a nanoscaled flow meter for micro-fluidics.

A similar device would also place nanotubes over a trench, but, due to the fact that
the initial network of nanotubes is comprised of taut tubes, the bridging nanotube
stamped over a set of separated electrodes will also remain straight and taut. This can
be used as an electromechanical oscillator [ 104], with the advantage of the devices
devised using this method consisting of nanotubes without any slack.

A final device would rely on a two-step process to obtain perpendicular sets of
straight nanotubes, so that the second imprinting step will place a set of SWCNTs
perpendicular to the first. These nanotubes would then be attached to electrodes, with
one of the perpendicular SWCNTSs acting as a gate to the other, as rendered in Figure
55. This local gating is not only useful in terms of CNTFET design, but also includes
the use of the one-dimensional SWCNT channel and the tiny, single nanometer gate,
to act as a zero-dimensional quantum dot. This type of design is only possible with the
precise placement technique devised in this thesis.
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Figure 55: Local Gating of Perpendicular Sets of Aligned Nanotubes
A double stamping procedure will place a set of perpendicular SWCNTs on top of an
existing set, allowing the local gating of the CNTFETs.

As stated, these devices are currently being designed, with some of the devices
expected to be fabricated within the next year.
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9 Appendix

Appendix 1: Raman Spectroscopy

9.1 The Physics of Raman Spectroscopy

A brief description of the physics behind Raman spectroscopy is presented here.
Only the highlights of this method are presented. Further information can be found in
existing literature.

A brief physical process describing the origin of the vibrational mode frequencies is
given in Figure 56. The vibrational modes are used in both Raman and Infrared
spectroscopy, with a difference in the physical process involved. The Rayleigh signal
is of the same frequency as the initial input (laser). Raman spectroscopy (RS) is
similar to IR spectroscopy (IRS) in that they are both dependant on the quantum
selection rules that govern such vibrations. However, whereas in IRS, the vibrational
modes are a result of the change in the induced dipole moment, RS arises from the
change in the induced polarizability. This subtle difference means that for centro-
symmetric molecules, one cannot have both IR and Raman modes active at the same
time. In addition, IRS relates to photons emitted between two distinct energy levels in
the vibration itself, whereas RS deals with the change of the photon energy from the
central peak to those of the phonons (vibrational modes). Finally, since RS is a
diffraction related process, the light resulting from RS is at an angle to the original
light source direction (as in Bragg diffraction), whereas in IRS, the signal is always in
the same direction as the source.

The Raman signal is caused by the induced change in polarizability, as described in

Figure 57, which shows the mathematical relation between the polarization and the
input photon frequency.

Energy Scheme for Photon Scattering

AT A
Virtual State
TR o TR
>
= hnd |hng+hn,,
o hnd |hng hnd | hng-hn,,
LLl
A Ey+hn,,
A4 v Eo
IR Rayleigh Stokes Anti-Stokes
Absorption Scattering Scattering Scattering
(elastic) - ’ Ehv
Raman m

(inelastic)
Figure 56: Graphical Representation of the Raman Effect
Also included are the IR and Rayleigh absorption. The energy hv,, is that of the
vibrational modes — i.e. phonons.
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Scattering of radiation from a diatomic molecule

q=qp CUS(ZTI.'VID ' t)

E =Egycos(2mvg - t) OUTPUT
dAVAVAVEE SEaVAVAVE

Induced dipole moment: P =aE =a Eqcos(2mv,-t)

For a small amplitude of vibration, R .. e
the polarizability a is a linear Bl 7 P e
function of g: '

—> P=o0gyEqcos(2mvy-t)+ [E) +qpcos(2mv,, - t): Egcos(2mvg - t) =
q=0

" 1( Bex "
=0y ]"(}905(2“"0 : t} s 5 [;q] q[,]a(,[cos(ZR{v(, ~Vm } l)+cos(2n{v“ "“"m}' 1)]
q=0 >

A A A ~ A
Rayleigh Stokes Anti-Stokes
scattering scattering scattering

Figure 57: Source of Raman Signal from a Diatomic Molecule
Displayed are the vibrational modes of a simple molecule induced by an interacting
photon with incoming field E. The photon is scattered at both the same frequency
(Rayleigh scattering), as well as given (or subtracted) an extra amount (Stokes/Anti-
Stokes scattering).

To better understand the difference between IRS and RS, Figure 58 demonstrates
two examples of molecules for which both RS and IRS occur. As can be seen, for
each vibrational mode in these simple molecules, either the total dipole of the
molecule will change (graphically presented by the asymmetry in the molecule), or
the “size” of the dipole will change (i.e., change in polarizabilty). For H,O, which is
inherently non-symmetric, both RS and IRS occur, however, in CO,, which is a linear
molecule, the first mode, (hv;) changes only the size of the dipole, and is thus only
Raman active, whereas in the other two vibrational modes (hv,, hvs), the dipole
changes, but its size on wither “side” of the vibrational mode is the same, so that, on
average, the net size of the dipole/polarizabilty remains unchanged, leaving these
modes as IR active only.

Example 1: the vibration modes of CO, Example 2: the vibration modes of H,O

q q=0 q +q q=0 q

i i Raman R &
Y Active U All the
i s~ ) . - o, modes are

v3 i IR Active . e % N " v :... both Raman

. e ' Y - & IR Active
" c-;_. ) o o .':‘ Q ._.1 ) IR ACtiVe o Oy i O = i c.‘__.“

Figare 1115 € .u,,—.‘ ,.‘.-,...‘-‘-.-. .:._-...4; during vibest ,..u.n_ - va : \ b f;
Figure 58: Difference between Raman and IR Signals

Two graphical representations demonstrating the differences between IR and Raman
spectroscopy. The major difference is whether the dipole has changed, or whether the
overall polarizability has changed.



92

The instrumentation used in RS consists of a laser, which is preferably tunable to an
extent, an optical system for controlling the laser, a photon counter (such as a
photomultiplier), and a system for isolating each wavelength (monochromator).
Figure 59 displays a generic system for RS, quite similar to the one used in this report,
other than the motorized chuck handling the substrate. These systems are usually
quite compact and operate at room temperature. The Raman effect comprises a very
small fraction, about 1 in 107, of the incident photons.

a , fuirnmtac ol
e [ T

s Raman Spectrography -
- Scattering
Ca::—u Iai\:"{“ A Sample
R'?T Vot Vm
Vo Vo Raman
Rayleigh
Laser ‘
[ Detector

Figure 59: Raman spectroscopy instrumentation.

(a) Schematic of a typical RS system. (b) RS is a scattering effect, with the light
scattered at a specific angle. The Rayleigh scattering is the bulk of the signal, with the
offset (Stokes/Anti-Stokes) Raman signal consisting of only a small fraction of the
scattered signal.

9.2 Spectral Information from SWCNTs

Figure 60 supplies some tables and graphs from some of the cited references
[31,33]. The diameter of the SWCNTSs can be found using equation (8) in the text.
This, with the information in the table, can relate the exact (n,m) values of the specific
nanotube. In addition, using equation (13), and detecting the shift in the G-band, as
was done in the Results section, one can also isolate the (n,m) values. The DOS of a
couple of SWCNTs are also displayed. The Van-Hove singularities are distinctly
visible. To get the picture containing the valence and covalence bands (for SC
SWCNTS), simply mirror-image each DOS to the left.



Possible (n, m) and their calculated wpgy, and E;; values in the
resonant window 1 48=F =168 &V for £, =158 &V where

E,=EY, for metallic SWNTs and E, = E3, for semiconducting
SWNTs (see Fig. 2a)

(2. m) d, f Wymy (em ™) oty
(am) () Gy fespd (V)
(18.6) 172 139 1444  144(2) 149 140
(19.4) 169 94 1468 - 153 142
(20,2) 167 47 1483 - 155 142
(21.0) 167 00 1488  148(3)° 156 143
(15.9) 167 218 1488 - 151 146
(12.12) 165 300 1303  151(3) 1.50
(16.7) 162 173 1530 1545 157 149
(17.5) 15 125 1564  156(6) 162 151
(13.10) 159 257 1364  136(1) 158 155
(18.3) 15 76 1588 158(1) 166 152
(19.1) 155 25 1600  1603) 168 154
(14.8) 153 211 1620  16I(1) 165 158
(11.11) 151 300 1640  164(1) 1.63
(15.6) 149 161 1667  1651) 172 162
(16.4) 146 109 1704  169(1) 179 164
(17.2) 144 55 1727 1741) 181 165
(18.0) 143 00 1735 176(1) 183 165
B2
(14.1) 115 34 2151 210(D) 1.50
(10.6) 111 218 2231 - 151
©. 7 110 259 2249 - 148
(1.4) 107 149 2322 229(1) 1.60
(10.5) 105 191 2361  237(2) 154
(12.2) 104 76 2382 - 1.66
8.7 103 278 2403  239(2) 1.61
(11.3) 101 117 2447 - 157

Resonance with Egs and E‘;’_‘ is also possible under these
conditions, but these resonant SWNTs are not listed in this table.
The experimentally observed wyg,, values are also listed, along
with the number of times (between parentheses) each (n. m) was
found for a particular experiment on a particular sample [4]

* Bold face indicates those wyg, observed to have a relatively
large mtensity.

® Two Ei’{] values are given for each crystalline chiral (7. m1)
SWNT because of the tngonal warping effect, but armchair (52, m)
nanotubes have only one E; value. Bold face indicates E; values
predicted to have large mtensities

“ In this particular experiment there was an ambiguity between
(20.2) and (21.0) imn the (n, m) assignment.

Each semiconducting nanotube, such as those in resonance

2 5 s
with E7,. has only one E;, value.

Intensity
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Fig. 3. The 1D electronic density of states versus energy (mea-
sured from the Fermu level) for several metallic nanotubes of
approximately the same diameter. showing the effect of chirality
on the van Hove singularities: (10, 10) (armchair), (11, 8), (13, 7),
(14, 5). (13. 3) and (18. 0) (zigzag). Only the densities of states
for the conduction m*-band are shown: the mirror image of these

plots gives the electronic density of states for the valence m-band
[153] within the tight binding approximation. and assuming the
overlap integral to be 5 =0 [2].
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Figure 60: Tables and Graphs of Spectral Information from Nanotubes
All information taken from Dresselhaus et al. [32,33]
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Appendix 2: CNTFET Device Equations

The following equations are taken from the cited references [ 8,13,40,49,94].
Beginning with the assumption that the gate capacitance C’, 1s much smaller than the
quantum capacitance (Cgue << Cp) as defined by:
B 4¢
quantum 72'th

with g(E) as the DOS of the 1-D SWCNT, and v being the Fermi velocity.

The back gate capacitance, per unit length, for a dielectric of thickness 4, dielectric
constant &, and a nanotube of diameter d is approximately given by:

C 2reg 2rse

== o o~ 0 (a2)

L In(1+2h/d) In(2h/d)

so that we can consider the back-gate capacitance only in the calculations.

=e’g(E) (al)

Under the assumption that SWCNTs are 1-D electronic wires with quantized wave
numbers:
z aC' AV,
k,==n=—%t—-%
4 4e
The energy of the electrons in this 1-D system can be found, using relativistic notation

as:

(a3)

E =+(mv,)* + (hkv,)* (ad)
Therefore, the velocity can also be found using the derivative of the energy:
2.2
,_LdE _hvk (a5)
h dk E
and the mass of the electron in the 1-D system can be found by:
h
m= a6
37dv, (a6)

Furthermore, the conductance G of such a system, using the Drude model, is:

G = 4e’ r,v, _ 4e* Iy
Yon L hL

with /r as the mean free path of the electrons at the Fermi energy level. In 1-D

systems, a correlation between the mean velocity vy, and the relaxation time r is:

Ve Y

- (a8)

T, T

o

(@)

with the “0” subscript signifying the relaxation time at high velocities. Now plugging
in equations al, a4, a5 and a8 into a7, we get:

4e* (r,/v,)) . 4re’ hzvozﬂzC'ngng 1
=Yy =8 2 2. 2 2722
h L hLv, e mv, +hkv,
here, we need to plug in the mass, a6, and the wave-number, a3, and after a bit of
algebra:
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2 9d g AV
G:4e 7’-ovo i g2 £ 2 21 2 2 =
h 64e o 7-C' " AV
1+ g g
64¢”
2
(A@j
2
4; TV, ZV 5 (29)
1+( gj
a
with:a = Be
3dnC',

where the term z,v, is equal to the mean free path at high energies.
To get the mobility of a Field Emission device, we need the derivative of the
conductance, as a function of the gate voltage:
AV,
L dG _ 3mdv, a

= er

c,dav, =~ h " AV VY
1+ —=
a

Thus we receive the formula for the effective mass of the electron (equation a6) as the
first part of the equation.

Note that larger diameter SWCNTs (d) result in smaller effective masses, and thus,
higher mobilites, which is desirable.

(al10)

Hre

From an experimental point of view, to calculate the mobility, one measures the
current at a constant drain-source voltage Vy;, and for different gate voltages, to
obtain:

2
p——t (al1)
Ctalaled dVg
and the typical formula for the current, at low voltages is:
J— ILlHCOIKZ 2
1, =H v, -7, (a12)

A final equation with relevance to this work is the relation between the strain on a
SWCNT and its band-gap. Since the nanotubes are assumed to be completely taut,
very little strain is expected, however, for any measurable amount of strain, o, the
change in band-gap energy is assumed to act according (to the first order,) to:

dE
s (a13)

0
E :Egap + o

gap
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9.3 Fabrication Recipes
Appendix 3: Photo-Lithography Protocol for S1818

General Description
S1818

Objective: Author: Yael Hanein Date: 12/29/2003
Comments:

Process
Comments:

1170 deg, 5 min Mask aligner:

11 mW/cm®
_ 100 rpm/sec to 2500 rpm 40 sec
| 100deg2min

[ 20sec_____________|

| MF319.40sec |
. [Diwaer |

100 deg 5 min

General Description

Thickness 2.6 um
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Appendix 4: Photo-Lithography Protocol for TI-35ES

General Description
TI-35ES

Objective: Author: Moti- Ben David | Date: 10/3/2007
Comments:

Process

[ 170deg. 10min

100 rpm/sec to 500 rpm 5 sec
300 rpm/sec to 3000 rpm 40 sec

| 100deg2min

= mJ - mW
Dose 200m)/ |, 17sec (MIB3,MA6 =117 4m2)

100°C -120°C , 3min on the hotplate

Dose=700"// ., 60sec (MIB3,MA6 = 11.7m"%m2)

Cleared +20% for side wall profile (20 —-30sec) 726MIF

I b

135°C—145°C , 2min on the hotplate (loosing side—wall profile)
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Appendix 5: Photo-Lithography Protocol for AZ-5214

General Description
AZ 5214E

lithography Author: Moti Ben-David | Date: 06/12/2005
Comments:

Process

_ [120deg Smin |
| 250 rpm/sec to 2000 rpm 40 sec

_ [1l0deg 2min |
 ll2sc MAO) |

_ [AZT26MIF 25sec |
___________[DIWar |

120 deg 2min

General Description

Thickness 2.5 pm
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Appendix 6: RIE Protocol

General Description

Si02 etching
Objective: Author: Itsik Kalifa Date: 14.9.2004
Comments:

Process

- J20w |
- Jow |
- |8c |

_______6scem |
. |100scem |
. JOscem |

1.46

50mTorr

General Description

Etching Rate 50 nm/min




Appendix 7: DRIE Protocol

General Description

DRIE O2/SF6/C4E8 Silicon Etching

Program: 25mo2ext 25 micron etch
Comments: Si02 hard mask
C4F8 Teflon layer

R I

60/600W 13.56MHz

Deposit: 70 Etch: 0.5
Deposit: 0.5 Etch: 60

Deposit: 0.5 Etch: 10

Deposit: 40 Etch: 10

e Dcscription _ _

Etching Rate 3-4 pm/min 37 loops

Selectivity (Si02:Si) (50-100:1)

100



Appendix 8: Protocol for CVD Synthesis of Carbon Nanotubes — C-CVD

(Updated by Ze’ev Abrams, April 2007)
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Sample Name(s):
Comments:
Clean all tools and dishes. (Acetone + IPA)
Catalyst Preparation
e Iron (I1l) nitrate nonahydrate, 99.99%, Lot#:
o #H granules into 20cc of IPA. OR:

e Sonicate (55kHz) for 40 min.
e Centrifuge 1.5cc at 6200rpm for 10 min. OR:

Sample Cleaning
e Rinse sample in Acetone + sonicate for 1 min.

e Rinse sample in IPA + sonicate for 1 min.
e Dry with Nitrogen.
e Place on Hot Plate (setting 1-2 = 90-150° C)

Sample Preparation — (Plasma) PDMS stamp
Stamp Type/Date
Drop 3 catalyst solution drops onto the stamp.
Wait 10 seconds. OR:

Dry with Nitrogen.

down with finger to remove bubbles)
Wait 10 min.
e Remove substrate from stamp.

Sample Preparation — without stamp

Drop 2 / 3 catalyst solution drops onto substrate.
Wait 10 seconds.

Rinse in Hexane cup.

Dry immediately with Nitrogen.

C-CVD
e Protocol used:

Attach stamp to substrate — Sample above stamp, top down! (Push

Flow Direction

A




102

Appendix 9: Additional Images

1.0kV X1,700 10um WD 7.4mm

Figure 61: Additional Images
(a) Triangular pillars with suspended nanotubes. The white arrow points to a non-taut
suspended nanotube, do to the high tangential angle between the nanotube and the
pillar top curvature. (b) Out of focus TEM image of a SWCNT ending midway along
another suspended segment of SWCNT. (c) A close up of the buckle described in the

text.
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