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Carbon based materials (carbon nanotube and graphene) has been extensively researched
during the past decade as one of the promising materials to be used in high performance device
technology. In long term it is thought that they may replace digital and/or analog electronic
devices, due to their size, near-ballistic transport, and high stability. However, a more realistic
point of insertion into market may be the printed nanoelectronic circuits and sensors. These
applications include printed circuits for flexible electronics and displays, large-scale bendable
electrical contacts, bio-membranes and bio sensors, RFID tags, etc. In order to obtain high
performance thin film transistors (as the basic building block of electronic circuits) one should be
able to manufacture dense arrays of all semiconducting nanotubes. Besides, graphene synthesize
and transfer technology is in its infancy and there is plenty of room to improve the current
techniques. To realize the performance of nanotube and graphene films in such systems, we need
to economically fabricate large-scale devices based on these materials. Following that the
performance control over such devices should also be considered for future design variations for
broad range of applications.

Here we have first investigated carbon nanotube ink as the base material for our devices.

The primary ink used consisted of both metallic and semiconducting nanotubes which resulted in
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networks suitable for moderate-resistivity electrical connections (such as interconnects) and rf-
matching circuits. Next, purified all-semiconducting nanotube ink was used to fabricate wafer-
scale, high performance (high mobility, and high on/off ratio) thin film transistors for printed electronic
applications. The parameters affecting device performance were studied in detail to establish a
roadmap for the future of purified nanotube ink printed thin film transistors. The trade of
between mobility and on/off ratio of such devices was studied and the effect of nanotube
network density was explained in detail.

On the other hand, graphene transfer technology was explored here as well. Annealing
techniques were utilized to deposit clean graphene on arbitrary substrates. Raman spectroscopy
and Raman data analysis was used to confirm the clean process. Furthermore, suspended
graphene membrane was fabricated using single and multi-layer graphene films. This can make a

major impact on graphene based transistors and bio-nano sensors technology.
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CHAPTER ONE

INTRODUCTION



1.1. MATERIAL STRUCTURE

It was in 1991 that lijima found a new allotrope of carbon in shape of a cylindrical hollow
tube [1]. Since then, carbon nanotube (CNT) has been a leading potential candidate for several

science and technology applications.

Figure 1.1. Graphene sheet to form SWNT

Single walled carbon nanotube (SWNT) is composed of a sheet of 1-atom-thick carbon, also

known as graphene (sp” carbon honeycomb lattice), rolled into a seamless cylindrical shape [2].



Based on the cut and degree of twist of the graphene sheet (the chirality, specified by two indices
(n,m)), SWNTs exhibit either metallic or semiconducting behavior. As shown in Figure 1.1 “Ch”
is the chiral vector which demonstrates the circumference of the nanotube while “T”

(translational vector) represents the direction of CNT.

Ch =n.al+m.a? (1)

where al and a2 are the unit vectors of the graphene sheet. On the other hand, the number of
graphene sheets defines the number of tubes therefore there is also multi-walled carbon
nanotubes made of more than one sheet of graphene rolled into concentric tubes. Owing to their
unique material properties related to the one dimensional nature of electron transport, carbon
nanotubes have been proposed for different electronic, chemical and mechanical applications.
CNTs can be obtained using several techniques including chemical vapor deposition (CVD),
laser ablation, and arc discharge. However, the precise control over the chirality of nanotubes

during growth process is not yet observed.

Recently, graphene demonstrates great application potentials as a 2-dimentional material to
be also used in electronic and sensor applications as well as mechanical and bio-membranes.
Graphene has been discovered in 2004 through a very simple method of mechanical exfoliation
[3]. Basically stacks of graphene sheets were peeled off of the graphite sample and then
deposited randomly on the target substrate. To date, graphene films obtained using this technique
are known as the best quality ones however, there is no control over the deposition location. To
solve this problem several groups were able to grow graphene on Cu foil using CVD method [4]

or on Ni film deposited on top of silicon wafer [5] and then transfer that to the preferred location



on arbitrary substrates. Nevertheless, the transfer process introduces contaminations and defects

which in many ways affect the graphene film’s quality and performance.

1.1.1. CNT: SCATTERING AND RESISTANCE

When a voltage applied across a carbon nanotube, there are several things involved in the
resistance of the system. For a long nanotube (longer than the mean-free-path of electrons, /,,,)
the carrier flow falls into diffusive regime and resistance is expected to scale linearly with the
length as in classical resistors [6]. However for nanotube length in the order of /,, the ballistic

transport occurs with the presence of an electric field.

For a 1d system in the ballistic limit, the resistance is greater than or equal to h/e’= 25 kQ
(universal quantum resistance). For SWNT this number is divided by a factor of 4 (2 for electron
spin options and 2 band structure degeneracy) therefore the contact resistance of SWNT is R=

h/4e?.

In general the DC resistance of a nanotube in diffusive regime is defined as

=R +L.LCNT

R
4e°

total

)
mfp

Where R; is the contact resistance (to the outside electrode) and L.y is the nanotube length.
Mean free path is however defined with the scattering rate in the nanotube. There are two

sources of scattering in the nanotube: 1) phonon scattering, 2) impurity scattering.



Phonon scattering is the result of either the acoustic-phonon (for low bias voltages) or
optical-phonon (high bias voltages) interaction which causes the electrons to scatter from their
direction. Apparently this phenomenon highly depends on the temperature and deriving electric
field, as the temperature increases the phonon scattering becomes more dominant. Besides, for
high voltages the optical phonon scattering dominates resulting in current saturation in
nanotubes. However, Impurity scattering comes from two sources of impurities, one is the
impurities in the nanotube itself (including defect, doping, etc.) and the other one is the
impurities in the substrate that can cause carrier scattering. Unlike phonon scattering, impurity
scattering is not related to the temperature which makes it easier to observe phonon scattering

effects by varying the temperature and voltage.

The total scattering is given by

3
total rph Timp ©)

here 1, and Timp, are phonon and impurity scattering, respectively. Similarly, the mean free path
relationship follows the same pattern with the phonon mean free path (/,;) and impurity mean
free path (/inp). The impurity mean free path is in the range of 100 nm- 100 pm depending on the

nanotube synthesize method and the substrate whereas phonon scattering is in the range of ~1

um [6].

As a result, for nanotubes longer than the mean free path the resistance is approximately

given by



h Ly

e 402 (4)
4e” 1,

With the assumption of mean free path in range of 1 um, the resistance of long nanotubes can be
estimated as 6.25 kQ/um. Figure 1.2 shows the length scaling of resistance approaching the
ballistic limit (6.25 k€, blue line) for short nanotubes. The comparison between Copper and
SWNT resistance in two different temperature represents the future potential for nanotube

interconnects replacing Cu interconnects.

Figure 1.2. a) Resistance versus length for both diffusive and ballistic regimes. b)
Comparison between SWNT and Cu resistivity in two different temperatures [6].

1.1.2. MOBILITY

Mobility is a term to characterize the movement of charge carriers (electron or hole) in any

material when an electric field is applied. Mobility is based on the scattering properties of the



material which itself depends on the physical and molecular arrangement of that medium as

discussed comprehensively in the previous section.

1-D structure of nanotubes results in near-ballistic transport of carriers in the tubes, so that
mobility of individual nanotube is known to be around 10000 cm/V-s while for the random
network of nanotube film this drops drastically below 100 cm/V-s [7, 8]. The principle question
here is: What sets the mobility of a random network of semiconducting nanotubes with regard to
individual nanotubes? Can “mobility” be increased by increasing the density? How does this

affect the on/off ratio and what are the physical processes that set limits on this scaling?

To answer that, one should first review the theoretical fundamentals of mobility and the
approaches used to calculate it. In practice, researchers mostly use the equation below to

calculate the mobility which is obtained for small source-drain voltages (linear region),

al,, 1 1 Ly

aI/GS VDS Cox W )

U

However, it should be noted that commonly the devices are used in the saturation region. To

make this feasible, one can use curve fitting to the device characteristic in the saturation region,

I,g = uWC,, LL (Vgs -V )2
(6)

SD

Another complication is the behavior of nanotubes in the network where there is a mixture

of semiconducting and metallic nanotubes. So far, there is no practical method to have 100%



purified semiconducting nanotube network, thus the density of metallic tubes versus the overall
density of network will add more obstacle in defining the mobility of such network.
Additionally, the contact resistance, capacitance, and percolating effects should be taken into
account which makes it difficult to quantitatively explore the mobility of non-purified or semi-
purified nanotube network. As a result, a phenomenological experimental approach is required to
progress in the investigation of mobility. In chapter 3, in depth discussion is presented on
different theories to calculate the mobility and the fundamentals which set the mobility of a

nanotube network.

Figure 1.3 shows a comparison between different state-of-the-art techniques used in device
fabrication. As it can be seen here, individual SWNT can have high mobilities in the range of 10*
cm’/V-s while nanotube networks generally fall below 1000 cm?®/V-s. Although, a recent
progress in dense, aligned synthesize of nanotubes on quartz substrate made it possible to push
this limit beyond 10° cm?*/V-s [9, 10] but the on/off ratio is below 10 due to the presence of
metallic tubes. In general, CVD-grown and solution deposited carbon nanotube network show 1-
2 orders of magnitude lower mobility comparing to that of individual tubes. However, they still
outperform a-Si and organic materials with a factor of 100x in mobility. Therefore, there is a
great interest in investigating the performance of printed carbon nanotube devices. The
remaining issue then would be the on/off ratio of nanotube networks made of mixture of
semiconducting and metallic tubes. This in fact demonstrates the essential need in synthesize and

purification techniques as will be discussed in chapter 3.



Figure 1.3. Mobility versus year for different state-of the art techniques

Graphene is also known to have high mobility in the range of 15000 cm*/V-s [11] (with the
intrinsic limit of ~200000 cm?/V-s [12, 13]). However, the synthesize method is supposed to
dramatically affect the mobility. According to experimental results, graphene sheets obtained
from mechanical exfoliation demonstrate the best and highest mobilities. Another parameter
affecting graphene’s mobility is the substrate since it can introduce both phonon and impurity
scattering which lowers the mobility. Therefore, suspended graphene is expected to have higher
mobility than the same film laid on top of a substrate. Consequently, the study of suspended

graphene membrane becomes a major point of interest in graphene based devices. Part of my



Ph.D. project was to establish a protocol to fabricate high yield suspended graphen membranes
as will be discussed later. The preliminary electrical measurements demonstrate great potential
for suspended membranes to be used in dual-electrolyte-gated transistors and biosensors for

possible DNA sequencing techniques.

1.2. PROPERTIES AND APPLICATIONS

Carbon nanotubes have demonstrated outstanding potential for a wide range of applications,
including field effect transistors and high-frequency electronics, chemical sensors,
nanoelectromechanical systems (NEMS), thin film transistors and display electronics. Their
small size, high mobility (near-ballistic electron transport), high intrinsic cut-off frequency,
mechanical and thermal stability, high current carrying density and the capability of having both
semiconducting and metallic tubes make carbon-based devices promising candidates to embed in

(or replace in some cases in future) silicon-based devices in some applications [14].

One-dimension nanostructures, such as semiconducting nanowires and carbon nanotubes,
have been heavily investigated as digital devices, but so far the study of such structures for RF
applications is in its infancy. Although the field is still under development, we are beginning to
understand some of the possible advantages of such systems over traditional, two-dimensional
based technologies. Since 2003 it has been speculated that carbon nanotube devices have
potentially terahertz cutoff frequencies [15, 16]. However, only recently have the device cutoff

frequencies crossed into the gigahertz range, as reviewed in [14].

10



Field effect transistors based on dense, parallel arrays of nanotubes are currently being
investigated in both academic and industrial laboratories [7-9, 14, 17-22]. To achieve the best
possible performance, it is required that a uniform, aligned, and dense array of all-
semiconducting nanotubes are on the substrate. Otherwise, the field-effect capacitance degrades
the cut-off frequency and the mobility decreases from its intrinsic value [23]. Despite the fact
that, so far, it is unlikely that perfectly dense and aligned arrays containing only semiconducting
nanotubes needed for highest performance may be economically manufactured, it is critical to
consider state-of-the-art results which have been used less-than-perfect nanotube networks.
Despite being far from the theoretical limits of individual nanotubes, such results show attractive
achievements and great improvements in device characteristics, as well as new horizons for
applications in nanoelectronics, including large area printed electronics (that is, RFID tags) and

flexible substrate systems.

Graphene on the other hand, due to its atomic structure (one-atom-thick layer), is known as
the thinnest while most stable membrane available. The fascinating fact about graphene is that
not only it can replicate the biological membranes due to its size, but also its mechanical stability
and electrical conductivity makes it possible to extract data from the environment. Therefor it is
among the best materials to be considered for biological, mechanical and chemical sensors. In
addition to that, graphene offers new perspectives in THz electronics. So far, THz technologies
were based on devices that operate in cryogenic environment, whereas graphene is expected to
modulate a terahertz signal at room temperature. Graphene transistors recently show around 0.3

THz performance, which is outstanding among nano-transistors.
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1.3. CHALLENGES AND METHODS

Carbon nanotubes using as-grown CNTs suffer from low on/off ratio as the device can hardly
enter the off-state. The presence of metallic nanotubes in the channel will affect the performance
of the transistor and present a short circuit path from source to drain electrode and, as a result,
increases the off current and power consumption. Therefore, finding a technique that leads to the
mass manufacturability of dense, aligned and purified semiconducting nanotube networks
appears to be an essential step towards nanoelectronic devices. So far, purified solutions of
carbon nanotube of more than 90% semiconducting (measured by spectroscopy techniques only)
has been provided (Figure 1.4) using density gradient ultracentrifugation (DGU). However, the
deposition technique and control over the performance of device fabricated using these nanotube
inks are not yet clear. Carbon nanotube synthesize and purification techniques are also discussed

more in detail in chapter 3.

One of the main remaining challenges is also to optimize the mobility and on/off ratio within
an acceptable range suitable for both the high frequency and low power design. In this study I
will present the methods used to tackle these issues. Generally, by controlling the density of
nanotubes and the geometry of the devices one can alter the output of thin film transistors

(TFTs). This will be discussed more in detail in the next two chapters.
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Figure 1.4. Carbon nanotube purification technique [24].

Apart from nanotube based transistors, graphene has also been studied here for potential
electronic applications. One of the main challenges in graphene devices is to make a suspended
graphene with no cracks and defects. So far according to the harsh environment in the fabrication
procedure such as wet etching, suspended graphene films are having defects after transfer
especially the ones with the bigger membrane size. We were able to establish annealing method
to remove residues from the transfer process of graphene which was previously removed using
wet process. Although graphene annealing was known, the impact of it on the Raman
characteristic of the film has been investigated here. In addition, for the top liquid-gated
graphene the main challenge is designing the microfluidic channel which imposes less stress on
the membrane while offers the easy cleaning of the channel after each measurement. Same
process was examined on to transverse microchannles with graphene membrane in between that

seems to be a long-term goal and requires more considerations.
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1.4. THESIS OVERVIEW

In this thesis I will present my research work in fabrication process and device analysis for
carbon based (carbon nanotube and graphene) devices. My research work here is divided into
two major parts, one is the carbon nanotube based devices and the second is graphene material

used for membrane fabrication.

For the carbon nanotube based electronics I discuss the potential application of carbon
nanotube for field effect and thin film transistors. The objective of this study is to explore the
application of these devices in printed electronics and high frequency circuits as well as sensors.
My main goal was pushing the limits for the performance of carbon nanotube based devices as
well as presenting new applications. Meanwhile, I was able to demonstrate novel approaches to
control the output characteristics of such devices with more understanding of their background
operation. On the other hand, graphene has also been explored as a potential candidate to be used
as thin membrane in electronic devices. Graphene’s electronic properties together with its
thickness and 2-dimentional structure make it a promising material for chemical and bio-nano

sensors as well as liquid-gated transistors.

The first chapter covers the basic background of carbon nanotube and graphene material,

properties, challenges, and applications.

In second chapter I will present the data obtained using Dielectrophoresis (DEP) method to
deposit as grown pristine carbon nanotubes in the preferred location. The advantage of DEP is

nanotube alignment based on the voltage and frequency applied to the carbon nanotube solution.
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However, mainly DEP results in deposition of metallic tubes rather than semiconducting ones

which will affect the performance of our devices as discussed later.

Chapter 3 discusses the main part of my project which involves, design, fabrication,
characterization, and analysis of semiconducting carbon nanotube ink-based thin film transistors
to be used mainly in printed electronic technology. In this work I used purified carbon nanotube
ink with purity of more than 90% semiconducting tubes. The core achievement of this study was
pushing the limits of device performance with regards to mobility and on/off ratio while
introducing new techniques of controlling the output characteristics of such devices to be used in
broad range of electronic applications. This investigation, for the first time, established the

fundamental limits and studied key parameters that control the device outcome.

Chapter 4 focuses on graphene based devices starting with the development of graphene in
our lab. The principles of graphene transfer techniques will be studied in this chapter. The
primary objective of this chapter is to discuss the fabrication of suspended graphene to be used in

future graphene membrane based sensors and field effect transistors.

Finally, in chapter 5 I will summarize my work with a discussion about the future

perspectives.
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2.1. INTRODUCTION

Carbon nanotubes can be used for both high performance electronics [1], printed electronics
[2-4], and molecular sensors[5], as well as a host of other potentially exotic applications, such as
nano-antennas [6, 7], molecular beacons [8], etc. However, a scalable manufacturing technology
for nanotube devices with appropriate yield, reproducibility, and performance in various metrics
(mobility, on/off ratio, cost, chemical sensitivity, sensor specificity, etc.) is currently lacking.
This is, in part, due to the variety of synthesis and deposition techniques and challenges due to

the inherent in nanotube physical properties.

Of these challenges, nanotube dispersion in solution followed by deposition into arrays or
mats that preserves the intrinsic, high performance is the largest, unmet challenge. Thus, there is
a great need for an integrated, comprehensive study of the effect of nanotubes synthesis
procedures, dispersion procedures, and deposition processes on the electronic properties of
nanotube arrays. Here we provide the first attempt at such a comprehensive study. While a
complete understanding of the physical processes involved in these complex manufacturing steps
is still lacking, our work provides the first, raw set of empirical guidelines to guide future

technology development in this area.

2.1.1. DISPERSION

It is well known that synthesized carbon nanotubes (especially single walled carbon
nanotubes, SWNTSs) exist in the form of bundles, and that to exploit their electronic properties to
the fullest a post processing technology is required to separate them into individual nanotubes. A

common approach to achieve this is by stabilizing the hydrophobic nature of nanotube surface
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with the use of a surfactant that overcomes the van der Waals forces among the nanotubes and

results in suspensions of individual SWNTS.

It is also well known that all synthesis methods for single walled carbon nanotubes result in a
mixture of chiralities and diameters, resulting in heterogeneous electrical properties, particularly
a mixture of semiconducting and metallic nanotubes. In general it is assumed to be an even
distribution of folding chiralities, 1/3 of all SWNTs in a sample being metallic with the
remaining 2/3 exhibiting semiconducting behavior. The chemistry community has led a

successful effort aimed at sorting and purifying nanotubes in solution post-synthesis [9].

To date, a wide variety of surfactants have been reported to be able to disperse the nanotube
in bundles into their individual form in an aqueous media successfully [9, 10]. Several
commercial surfactants, such as sodium dodecyl sulfate (SDS), sodium cholate (SC) and sodium
dodecylbenzenesulfonate (SDBS) are among the most reported for an efficient dispersion. Most
dispersion studies have been directed toward chemical modification of the nanotube surface.
Although many researchers have tried to solubilize nanotube ends and exterior walls through
various functionalization routes[11], dispersion via functionalization has found limited success.
Furthermore, covalent functionalization disturbs the extended m-electron systems (sp? orbitals) of
the nanotube surface, responsible for many attractive attributes of SWNTs. Therefore, non-

covalent surfactants are desired.

At present, it is not known how these surfactants used for both the dispersion and
metallic/semiconducting nanotube separation affect the electronic properties of nanotube arrays
and films made from depositing nanotubes using various techniques. Adsorption of ionic

surfactants on the surface could significantly modulate the device characteristics and affect the
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conductance of the devices. It is critical to compare the electronic nature of the nanotube-
surfactant conjugates versus intact nanotubes, since these reagents are increasingly being used in
industry and laboratories. The objective in this research work was to investigate the effect of
various surfactant and deposition techniques on nanotube electronic properties using carbon
nanotubes synthesized and purified using a variety of methods from a variety of academic and

industrial institutions.

2.2. DIELECTROPHORESIS THEORY

Several post synthesis processes involve solution based processing of nanotubes such as spin
coating [12] or dielectrophoresis (DEP) deposition [13-15]. Spin-coating is considered as one of
the best long-term approaches, but is not yet mature enough for ultra-dense arrays.
Dielectrophoresis allows selective alignment of nanotubes into controlled locations, and so is
used in this work as a test-bed for systematic studies of the effect of alignment, source, and

surfactants on electronic properties of nanotube arrays.

In DEP deposition steps, the presence of both metallic and semiconducting carbon nanotubes
in solution is the main hurdle to form single nanotube conductance channels. When an AC field
is applied to the electrodes with nanotubes between the gap, the induced dipole moment of
SWNTs interacts with non-uniform field resulting in a dielectrophoretic force which is
influenced by the electronic properties of the SWNTSs and in turn causes a separation of metallic
and semiconducting nanotubes [16]. Assuming carbon nanotubes to be spherical particles for

simplifying the equations, the dielectrophoretic force can be expressed as

22



~ E,— &

p
Foee € &,

VE,
g, 426, W

where ¢ is the dielectric constant of the carbon nanotubes and &y, is the dielectric constant of the
solvent. At higher frequencies this force is basically proportional to the difference between
dielectric constant of the carbon nanotubes and dielectric constant of the solvent. The force
observed by metallic nanotubes is significantly larger than that on semiconducting nanotubes
because of the high dielectric constant of metallic SWNTs and the low dielectric constant of
semiconducting SWNTs. When a solvent with a dielectric constant between those values is used,
separation of SWNTs will occur with metallic SWNTs attracted towards the field source
(positive DEP) and semiconducting SWNTs repelled from the source (negative DEP). This
physical effect results in separation of nanotubes due to metallic nanotubes being attracted

towards field source electrodes while leaving behind semiconducting nanotubes in solution.

In this work, we use DEP for the deposition process. Therefore, our studies tend to elucidate
primarily arrays of metallic SWNTs. However, these initial pioneering studies are meant to
provide qualitative guidelines for the effects of surfactants & synthesis recipes on all types of
SWNT arrays, including random and aligned arrays of all-semi, all-metal, or mixed species of
SWNTSs. Such studies are urgently needed if nanotube electronics is to progress from science to

technology.
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2.3. DEVICE FABRICATION

2.3.1. NANOTUBE PREPARATION

Single walled carbon nanotubes were obtained from several different sources. Nanotubes
obtained differ in terms of synthetic procedure used for their fabrication. Table 1 contains a list

of nanotubes sources we used with some details of their basic properties.

Table 2.1. Nanotube sources and their properties

Synthetic Average Diameter (reported by

Company
Process used provider)

HiPCO 0.81-0.85 nm
SouthWest Nanotechnologies CoMoCAT 0.8-1 nm
Carbon Solutions Arc discharge 1-1.4 nm
Las Alamos (semi-enriched) HiPCO 0.81-0.85 nm
Cheap Tubes CvD 1-2 nm
Nanointegris (semi-enriched,

90%) Arc discharge 1.2-1.6 nm

Nanotube diameters as mentioned in this table are obtained from the datasheets provided by
their supplier and are also listed on their websites. Each of these nanotubes (except semi-
enriched samples from Los Alamos[17]) and semi-enriched (90% semi-conducting) solution

obtained from Nanointegris, were first dispersed in surfactant solutions. Surfactants used for the
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comparison in our experiments were SDS, SC and SDBS. The protocol used for the dispersion of

each sample is as follows:

=

5% wi/v (weight/volume) solutions of surfactants were prepared in DI water.

N

5 mg of nanotube sample was dispersed in 10 mL of surfactant solution.

w

Suspensions formed after addition of nanotubes were then sonicated for 3 hours.

4. Mixtures were then centrifuged at 16,400 rpm (@ 30 °C) for 1 hour, 6 times repeatedly.

Dispersions obtained after 6 times centrifugation were then used for the deposition. Purified
nanotubes obtained from Las Alamos were first dialyzed with 1% SDS solution in deionized

water prior to their use. Nanointegris nanotube solution was used as received.

2.3.2. FABRICATION METHODS

High resistivity silicon wafer (8000 ©-cm) with a 500 nm thermal oxide layer was used as
the substrate. Since the next steps in the procedure involve high frequency input signals, high
resistivity wafer reduces the loss in the substrate. Subsequently, using photolithography,
electrodes were patterned in a coplanar waveguide (CPW) configuration. Shipley 1827
photoresist were spun on the substrate with 3500 rpm, this creates a photoresist film with a
thickness of around 2.5 um. Photoresist was then pre-baked in the 90 °C oven for about 25
minutes to get rid of solvents in the photoresist. The samples were patterned using MA-6 mask
aligner with 10 mW for about 12-15 sec (~140 Jouls). Following that, samples were put in MF-
319 for ~40 sec (or until visually confirmed) to develop the photoresist. Now the sample is ready
for electrode deposition. E-beam evaporation was used to deposit Ti/Au (5/50 nm) electrodes (at

a very slow rate of 0.1-1 A%sec; lower rates at the beginning of deposition and higher rates
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towards the end. Devices were then dipped into fresh Acetone for lift-off until the unwanted

metal peel off leaving the patterned electrodes behind.

2.3.3. DIELECTROPHORESIS

Using a glass micropipette with a tip diameter of ~20 um, the nanotube solution drop was
placed on the electrodes and DEP was used to accumulate the solubilized SWNTs within the
electrode gap. This was accomplished using a 1 — 5 Vp,, 300 KHz — 25 MHz sine wave voltage
signal applied to the electrodes. The drop was then air dried and the residue from the solution left
after evaporation was gently washed away with deionized water. Figure 2.1 shows the layout for

our measurements.

Figure 2.1. RF probing of dual CPW (co-planar waveguide)/electrode structure.

After accumulation of aligned SWNTs within the gap by DEP, contact electrodes were
patterned on top of the nanotube film, connecting them to the bigger finger electrodes, using e-
beam lithography and evaporated with 70 nm of Palladium (Pd) producing a final electrode gap
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of 1 pum. Palladium has work function (~5.1 eV) higher than the SWNT (~4.9 eV) therefore is
known to make an ohmic contact rather than schottky. The devices were rf-electrically contacted
using a commercially available probe. Figure 2.2 shows a schematic diagram of several steps

involved in the process of making a device with nanotubes deposited in the gaps.

Rather than characterizing each device in full detail, we opted for a simplified, higher
throughput measurement procedure in order to maximize the number of deposition conditions we
could perform. For all the dc resistance measurements, a low source-drain bias voltage (+1 V to -
1 V) was used. Gate voltages of -9, 0 and +9 V were applied to the oxide layer (bottom gate, 500
nm) to modulate the conductance and measure the on/off ratio for the nanotube devices. Because
the full depletion curve was not measured, the on/off ratio is qualitative, not quantitative. (The

devices may not have been completely “on” or “off” in our simplified measurement scheme.)
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Figure 2.2. Fabrication steps used for DEP deposition of nanotubes
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2.4. EXPERIMENTAL RESULTS

Electronic measurements were performed on several devices fabricated while keeping some
factors common for comparison. Based on our experiments we have identified the role of
frequency and amplitude used in DEP for the deposition of nanotubes. We were able to optimize
these factors to make such device fabrication reproducible to a certain extent. These results help
researchers to establish a similar protocol for optimized deposition when nanotubes are obtained

from different sources.

The following comparison results are based on the data obtained by averaging results for
several similarly formed devices. DC resistance values are normalized for a device with a width
of 100 um. The length of devices was kept in the range of the length of nanotubes from

respective sources (Table 2).

2.4.1. COMPARISON ON NANOTUBE SOURCES

Nanotubes obtained from various sources were deposited on wafers and electronic
measurements are summarized here. Nanotubes obtained from Unidyn (formerly Carbon
Nanotechnologies Inc, HiPCO, 0.81 - 0.85 nm diameter, length <1 um) were found to show
greater resistance as compared to the lowest shown by nanotubes from Cheap Tubes Inc. (Arc
discharge, 1 - 2 nm diameter, length >3 um). Figure 2.3 shows a cumulative chart on dc
resistance studies done on nanotubes that differ in their synthetic process. For our experiments,
we obtained nanotubes from different sources to accommodate nanotubes produced by HiPCO,
CoMoCAT, Arc and CVD methods. In these experiments, 4 Vyp, 25 MHz sine wave input

voltage was applied for 3 minutes to the electrodes for the deposition of nanotubes.

29



400
B On Resistance B Off Resistance

300 -
c
)
=
o Em .
ot
[
@
L)
oo

100 -

ﬂ -
g h ol oo WS
?1\-':':‘ e c piaf® .;,m‘»"-ﬂ"
'U‘?‘Ea 32 wal

Nanotube Source Distribution

Figure 2.3. Results of dc resistance measurements done on nanotubes obtained from various
sources that differ in synthetic process used (HIPCO/CoMoCat/Arc/CVD)

2.4.2. COMPARISON ON USING DIFFERENT SURFACTANTS

Three different surfactants — Sodium Cholate (SC), Sodium dodecyl Sulfate (SDS) and
Sodium Dodecyl Benzene Sulfonate (SDBS) were used to solubilize nanotubes in agqueous
solution. SC was found to be most effective surfactant for solubilizing most of the nanotubes.
Figure 2.4 shows the on/off dc resistance of nanotube devices where nanotubes from several

sources were dissolved using different surfactants and deposited on wafers using DEP. In all

30



experiments, 4 V,, 25 MHz sine wave voltage signal was applied for 3 minutes to the electrodes

for the deposition of nanotubes.
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Figure 2.4. Results of dc resistance measurements done on nanotubes solubilized using variety of
surfactants SDS, SC and SDBS

2.4.3. COMPARISON ON USING DIFFERENT FREQUENCIES

When different frequencies were used for the deposition, it was observed that nanotubes
deposited using a frequency less than 15 MHz were not aligned, while when a frequency above

25 MHz was used, deposited nanotubes were found to be well aligned. Figure 2.5 shows some
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representative images of nanotubes deposited under various different conditions. Several
different patterns of alignments were observed owing to different DEP parameters. Figure 2.5a,b
shows DEP deposition in 2 MHz frequency (no good alignment) versus Figure 2.5c¢,d with
frequency of 25 MHz (high degree of aligment). In one case it was also observed that when a
nanotube solution (nanotube dispersed in 1% w/v solution of SC) was left standing prior to its
use for DEP deposition for several days, nanotubes formed bigger bundles, which were apparent

in their SEM images (Figure 2.5 ef).
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Figure 2.5. Nanotubes (Cheap Tubes) deposited on Si wafers at 2 MHz (a, b) and 25 MHz (c, d).
The difference in their alignment is apparent. d) Deposited nanotubes (25 MHz) shorter in length
(< 2 um), it can be seen that even shorter nanotubes were amazingly aligned in the gap. e, f)
nanotubes deposited from a solution that was sonicated for a short time (5 min) and then left
standing for a few days prior to use, formation of bigger bundles of nanotubes are apparent in the
images.
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2.4.4. COMPARISON ON USING DIFFERENT AMPLITUDE

Nanotube samples (Cheap Tubes, dissolved using SC) were deposited by applying several
different voltages for DEP at a constant frequency of 25 MHz. In general it was observed that
when amplitude above 3 V was applied, 2 minutes or more was sufficient to fill the gap up to
almost 100%. When a voltage less than 1 V was used, no nanotubes were apparently deposited.
Using a dilute solution and giving more time for the deposition or using a comparatively
concentrated solution with less time yielded the devices with similar properties. Also using any

amplitude above 3 V did not make significant difference on device characteristics.
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Figure 2.6. DEP depositing of nanotubes using different amplitudes

Figure 2.7 below shows a typical Raman spectrum from a device (with nanotubes from

Cheap Tubes), indicating that indeed SWNTSs are being deposited.
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Figure 2.7. Raman spectra from a device representative shown in Figure 2.5, confirms the
presence of nanotubes

2.4.5. REPRODUCIBILITY

Figure 2.8 presents a histogram plotted for dc resistance measurement done on several
devices with different width. Most of the devices having the same width had shown dc resistance
in similar range (Figure 2.8a), which shows the reproducibility of our experiments. Figure 2.8b
plots averaged dc resistance as a function of devices’ electrode width. Increasing the width 10
times in fact lowered the resistance with an order of 10, which shows the reliability of the

process in terms of reproducing the results over the repeated experiments.
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Figure 2.8. Averaged DC resistance measurement for devices with different electrode width
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2.5. DISCUSSION

Use of ionic surfactant to solubilized nanotubes is known to modulate the surface
conductance of nanotubes that will eventually affect the dielectrophoresis force applied for the
deposition of nanotubes. Strano’s group studied effects of surface conductivity of
semiconducting SWNTSs induced by ionic surfactants on the sign of dielectrophoretic force [18].
They were able to modulate the surface conductance by changing the ionic strength of medium.
Also by neutralizing the surface charge using an equimolar mixture of anionic and cationic
surfactant, they observed negative DEP of semiconducting species at 10 MHz. They suggested
10 MHz to be the crossover frequency for their semiconducting nanotube. From our experiments
we found that in most of the cases when nanotubes were deposited at frequencies higher than 5
MHz, only metallic behavior of deposited nanotubes was observed in the electronic
measurements. Even when the solution enriched in semiconducting nanotube was used,
dielectrophoretic deposition at a frequency higher than 5 MHz resulted in devices with extremely
low or no on/off ratio. We believe this is because even if above crossover frequencies semi-

conducting nanotubes might have observed positive DEP.

The on/off ratios reported here are consistent with other works that found that when a
conventional SWNT solution with ~ 2/3 of semiconducting nanotubes are deposited using DEP,
major part of the dc current (90-95%) is produced by metallic nanotubes [19, 20]. They also
found when 99% semi-enriched solution was used for deposition with DEP along with
substrate’s surface modification, the devices didn’t go to complete off state, most likely because
a small amount of metallic nanotubes were preferentially deposited by DEP [3, 20]. In another

recent experiments [2, 3, 21], we used same semi-enriched solution (90%, Nanointegris),
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deposited them without DEP by using only surface modification which resulted in devices with

better mobility and also higher on/off ratios than the current DEP method. The on/off ratio of up

to more than 100000 was achieved when nanotubes were deposited using only surface

modification [2, 3].

SWNT Electrode

Sources spacing
Cheap Tubes 3 um
SWeNT 1pum
CSlI 1pum
CNI/Unidym 1pum
Las Alamos 1pm

Nanointegris
(semi-

1um
enriched,

90%)

2.6. CONCLUSION

Table 2.2. Summary of results

Avg. length after DC resistance (1000’s
On/off ratio

deposition (in SEM) of SWNTs in parallel)

>3 um <50 (Ohms) 2-8%
<1pm 50-100 (Ohms) 2-6%
<1.5um 100-200 (Ohms) <1%
<1 pm 100-500 (Ohms) <1%
<1.5 um 120-150 (Ohms) <1%
<1.5um 150-180 (Ohms) <1%

We have performed the first systematic study of the effects of surfactants, source, and DEP

deposition procedure on nanotube electronic properties. In our experience, neither the surfactant

used, nor the source, have a significant impact on the “on” resistance. The alignment is very
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effected by the frequency of the ac voltage used to align the nanotubes. On the other hand, a
consistent scaling of device resistance with width is observed for samples from different sources,
indicating that the procedure can be empirically adjusted to give reasonably tight tolerances.
Using this technique, the on/off ratio was never large, indicating that mostly metallic nanotubes
were deposited in the DEP technique. Finally, we consistently (with almost perfect yield) were
able to achieve devices with resistance of order 50 Ohms, regardless of nanotubes source or

surfactant, which holds promise for future RF devices with nanotube arrays.
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TRANSISTORS
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3.1. INTRODUCTION

In the previous chapter the work on DEP deposition of nanotube ink was presented. The ink
consisted of mixture of metallic and semiconducting nanotubes, and because of the DEP
deposition technique we used it has been observed that mainly the nanotubes in the channel (gap
between electrodes) were metallic rather than semiconducting therefore the devices had on/off
ratio of not more than 2,3 in almost all cases. However, to fabricate high mobility, high
frequency, low power (low on/off ratio) transistors one need to lay down semiconducting film of

CNTs. But first we need to obtain the base material which is the semiconducting nanotube film.

What are the milestones in obtaining semiconducting nanotube network? The answer to this
question lies ultimately with the atomic structure of an individual single walled carbon nanotube
(SWNT), composed of a sheet of graphene (sp” carbon honeycomb lattice) rolled into a seamless
cylindrical shape [1]. As mentioned earlier, based on the cut and degree of twist of the graphene
sheet (the chirality, specified by two indices (n,m)), SWNTs exhibit either metallic or
semiconducting behavior. Owing to their unique materials properties related to the one
dimensional nature of electron transport, carbon nanotubes have been proposed for different
electronic applications including RF devices [2], digital logic circuits [3, 4], interconnects [5]
and conductive sheets [6]. However, the key challenge which occurs over and over in all of
carbon nanotube science and technology is the ability to economically control the position and
composition of macroscopic numbers of nanotubes in a way which preserves the outstanding

electrical properties of pristine, individual SWNTs.

Several approaches have been tried to demonstrate different fabrication techniques for

depositing nanotubes at preferred locations on substrates in order to obtain high performance
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nanotube-based circuits and devices. Based on the process involved, these different approaches
can be divided into two major categories; “grow-in-place” and “solution-based (nanotube ink)”.
The “grow-in-place” technique allows simultaneous synthesis and deposition of nanotubes with
moderate to excellent control of alignment (depending on the substrate). Significant and
substantial challenges remain in controlling the ratio of semiconducting to metallic carbon
nanotubes (typically 2:1, not sufficient for high performance electronics), and in controlling the
nanotube diameter and chirality. While a combination of substrate controlled alignment and
deposition control leads to atomic alignment with good semiconductor to metal ratios ~ 10:1 in
certain substrates [7], (recently reviewed for ultra-high performance devices in [2, 3]), the
generalization of this technique to other substrates and its wafer scalability [8] has not yet been

demonstrated.

In contrast, extensive progress has been made in post-growth purification of SWNTs, leading
to the prospect of a manufacturing and purification technology capable of delivering mono-
dispersed SWNTs in solution of all the same chirality, diameter, length, and also (hence) type
(semiconducting vs. metallic). While such a goal is not yet demonstrated (progress was reviewed
in [9, 10]), commercial and academic sources already are able to provide 99% semiconducting
nanotube material [11]. It is the availability of this all-semiconducting nanotube material that has
given rise to the prospect of a high performance semiconducting ink, with mobilities that rival or
even exceed the best available commercial semiconducting inks (other than nanotube) [12] by

orders of magnitude.

Carbon nanotube based semiconducting inks offer great promise for a variety of applications

including flexible, transparent, and printed electronics and optics. A critical drawback of such
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inks has been the presence of metallic nanotubes, which causes high mobility inks to suffer from
poor on/off ratios, preventing their applications in a wide variety of commercial settings. Here is
presented a comprehensive study of the relationship between mobility, density, and on/off ratios
of solution-based, deposited semiconducting nanotube ink used as the channel in field effect
transistors. A comprehensive spectrum of the density starting from less than 10 tubes.um™ to the
high end of more than 100 tubes.um™ have been investigated [13]. These studies indicate a
quantitative trend of decreasing on/off ratio with increasing density and mobility, starting with
mobilities over 90 cm? / V-s (approaching that of p-type Si MOSFETSs) but with on/off ratios ~
10, and ending with on/off ratios >10> (appropriate for modern digital integrated circuits), but
with mobilities ~ 1 ¢cm® / V-s. For the first time, this study carefully maps the relationship
between density, mobility, on/off ratio, and spectroscopically determined purity, which lays the
foundation for and opens up a wide range of applications of semiconducting nanotube inks in

printed electronics.

3.1.1. OVERVIEW

What sets the mobility of a random network of semiconducting nanotubes in relationship to
individual nanotubes? Can the mobility be increased by increasing the density? How does this

affect the on/off ratio and what are the physical processes that set limits on this scaling?

The most obvious reason that networks have lower mobilties than individual nantoubes is
that tube-tube crossings limit current flow from source to drain if the channel length is longer
than the nanotube length. Increasing the network density can increase the current (and hence
potentially the mobility). However, the complexity of such a system, coupled with the presence

of metallic nanotubes which can short circuit the device if the density exceeds the percolation
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threshold, means that there is no general theory that explains quantitatively the relationship
between mobility, density, and on/off ratio, so that phenomenological experimental approaches

are necessary for progress in the field.

Although solution based processing techniques enable the use of presorted semi-enriched
nanotubes, limitations are imposed due to the fact that it is almost impossible to get cost effective
100% pure semiconducting nanotubes in solution. Therefore, all semi-enriched solutions
available in the market so far contain some amount of metallic nanotubes which may impact
semiconducting device properties. Other physical effects include the type of surfactant used in
the nanotube ink suspension, deposition process (e.g. spin-on, ink-jet printed, drop-drying,
gravure), wafer treatment used prior to nanotube deposition, and nanotube modification

chemistry after deposition.

Although it has been known that in general, the transconductance and on/off ratio of solution
processed nanotube transistors is highly related to the density of the tubes in a solution
containing a mixture of metallic and semiconducting tubes [14, 15], no such experimental studies
have been performed on purified all-semiconducting nanotubes which also would include the
control over a wide range of different densities and in detail the effect of each density point on
the mobility and on/off ratio. Snow et al. showed a solution-based deposition of nanotubes on a
polymeric substrate which suffers from low on/off ratio since they used the mixture of metallic
and semiconducting nanotubes in their solution [14, 16]. Also, their study shows no control over
the density and its effect on the mobility and on/off ratio of the device. In another study, Hu et al.
also demonstrates the effect of 3 different density points only on the sheet resistance of nanotube

networks using a novel filtration method while, same as previous works, they used the mixture of
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metallic and semiconducting tubes and also the nanotubes were deposited merely on filtering
membranes which are not the desired substrates for electronic applications [17]. Other similar
works show different deposition methods to have dense and aligned nanotube networks while
they as well use the mixture solution of nanotubes and utilize a spin-on method that is not
compatible with printed electronics [18-22]. However, none of these research studies were able
to demonstrate a systematic study on density control to find the extremes for different
applications. Furthermore, they use the mixture of metallic and semiconducting nanotubes in the
solution as the base material. Recently there have been interesting investigations on purified all-

semiconducting nanotube inks deposited on the substrate for fabrication of CNTFETs [23, 24].

So far, a systematic study of the relationship between the mobility, density, and on/off ratio
of SWNT based semiconducting inks has not been reported, especially for the extreme limits on
density at the high and low end. These are the key technical factors (in addition to cost, which is
not addressed here) in determining if and when semiconducting nanotube based inks will ever
find commercial applications. Figure 3.1 shows the sequence of parameters involved in defining

the roadmap for nanotube based printed electronics.
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Figure 3.1. Overview of the carbon nanotube-based electronics process from the base material to
device-level application [3]: ink chemistry and purification (left)[1, 9, 25], nanotube network
deposition and formation (middle)[8, 13, 26], and electrical properties of the devices including

9 ¢

“mobility”, “on/off ratio”, and “cut-off frequency” (right).

3.1.2. NANOTUBE SYNTHESIS AND PURIFICATION

The starting material for nanotube based inks can be synthesized with a variety of techniques.
The most popular are chemical vapor deposition (CVD) and laser ablation. Generally speaking,
these techniques involve a gaseous hydrocarbon feedstock at elevated temperatures, interacting
with a catalytic nanoparticle. Typically, the average SWNT diameter can be controlled with
some success [27-30], but the chirality is more difficult to control during synthesis. In the case of
completely random chirality (which is typical for most synthesis methods), the resulting
distribution of SWNTs contains a heterogeneous mixture of semiconducting and metallic

SWNTs, with a mixture of 2/3 semiconducting and 1/3 metallic. This presents a severe problem
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for nanotube electronics, as the metallic nanotubes can short the semiconducting ones in the case
of a random mat of the material. Some progress has been achieved in controlling chirality during
the growth [31-33] although challenges remain. For example, some work has shown a
predominance of (6,5) nanotubes (over 50% in some cases) [32]. In general for small diameter
SWNTs, if the diameter control is reasonable, then the number of possible chiralities is only a
handful. However, for larger diameter nanotubes, the available (n,m) indices for a specific
diameter are much larger (in the dozens), increasing the challenge of controlling the fraction of
nanotubes of a specific chirality in the as-grown material. While it is clear that a large nanotube
diameter is important for the development of low resistance metal-nanotube contacts [34, 35], its
role in the properties of semiconducting ink is unclear. Therefore, there seem to be significant
challenges in synthesizing SWNTs of the same chirality in the near future and it is unclear what
routes will be able to achieve this. Although speculative, one long-term route would use
synthetic bilogy to be develop an alternative, enzymatic synthesis process (a so-called “nanotube
synthase” [36]), mimicking the atomic precision of biology. The prospect of this is quite long

term, and difficult to achieve. One does not even know where to start.

Because of the daunting synthesis challenges, it seems that the most likely development of
near term practical applications is the use of post-growth purification technologies. By and large,
these have had extraordinary progress in the last 5 years, with a variety of techniques showing
varying degrees of success in taking raw, as grown SWNT material and converting it into highly
refined, purified solutions of in lab experiments of SWNTs of a specific diameter and chirality
[9, 10]. Already commercial sources of purified semiconducting nanotube material are available
for laboratory based experiments. Therefore, the development of nanotube semiconducting inks

is a realistic and feasible prospect for a variety of technological applications in electronics.
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Purification technologies fall into a couple of categories: flow based sorting (chromatography
and electrophoresis/gel based methods), and density-gradient ultracentrifugation (DGU) [25].
The centrifugation sorting has been shown to allow separation of metallic from semiconducting
nanotubes, based on differences in their buoyancy in response to different surfactants and
functionalization chemistries in differing solvents [9, 10]. A variety of surfactants have been
explored for this application, and the state of the art allows for reproducible 99% semiconducting
solutions to be prepared. This seems the most logical starting point for nanotube based
semiconducting inks, and is the most studied and understood to date. The issue of cost and yield
for this technique still needs to be addressed, especially as it is a batch process. A
complementary purification technique relies broadly speaking on flow based sorting techniques.
This can be in the form of chromatography or gel and/or field based sorting. Chromatographic
techniques have the potential advantages of continuous flow process, which may be lower cost,

although this has not yet been determined.

These techniques have been shown to be capable of separating nanotubes not only on by their
type (semiconducting vs. metallic) and diameter, but even on their chirality. Specific (n,m)
indices can be extracted from a heterogeneous population. The process relies in many cases on
preferential binding of specific chemical moieties to specific (n,m) indices. While a variety of
binding moieties can be imagined, designed de novo, and tested, it is an even more exciting
prospect to use known chemistry and analytical techniques of molecular biology to sort based on
DNA [37]. Recent work [38, 39] has shown that DNA can bind with specific affinity to specific
SWNTs, in a way that depends both on the base pair sequence and SWNT (n,m) index. Length
based sorting using DNA is also possible, allowing study of nanotube length on electrical

properties of networks [40]. Recently [41], our group assayed the binding of amino acids to
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SWNTs, screening all of them, and finding SWNT specific amino acids that bind with specific
affinity to SWNTs, with tryptophan the strongest binder. (This was verified by a different
technique in [42].) There, we proposed to find or design peptide motifs with specific affinity to
SWNTs of specific (n,m) index. This was actually carried out recently through a massively
parallel bioinformatics screen of the entire protein data bank (PDB) followed by assays of a
select subset of candidate motifs [43]. Thus, given the rapid pace of progress, it seems feasible
that sorting technology will soon advance to the next level, and that purified solutions of SWNTs
of a specific (n,m) index (rather than just a specific type) will be available at a commercial scale
for prototype development. This will open a new window for studies and demonstrations of
monodisperse SWNT solutions. Such a material would have tailorable properties for a variety of

applications.

The challenge, then, is economical sorting. However, once that is solved, there is still a much
bigger issue of deposition and electronic properties of SWNT networks post deposition, which is

the main purpose of the project presented in this chapter.

3.2. OVERVIEW OF DEPOSITION TECHNOLOGIES

The prior section focused on theory of network electrical properties. Here is presented the
various techniques that have been developed to deposit such networks. I first discuss the barest
of inks, unpurified inks. Next, I discuss deposition of purified inks. Alignment techniques and
purification techniques during and post deposition are then reviewed. While the techniques are

listed separately for clarity of exposition, in practice many researchers demonstrate simultaneous
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application of more than one of the techniques discussed below in an attempt to improve overall

performance [3].

3.2.1. AS-GROWN NANOTUBE INKS

By far the simplest deposition technique involves deposition using ink jet or gravure printing
techniques (Figure 3.2a,b), which result in completely randomly aligned nanotube networks.
These techniques have the highest potential application in printed electronics, as they are
extremely versatile and well developed industries, with very high production capacity once the
ink is provided. Heterogeneous integration on virtually any substrate is possible. Ink
development for printed circuits requires a variety of sources (metal traces, dielectric insulator,
semiconducting channel), and my project focuses on the use of carbon nanotubes for the
semiconducting ink. By wusing various ink solutions, a variety of resultant electrical

semiconducting material properties can be achieved.

The simplest inks consist of as-grown nanotubes, which (as discussed) typically consist of
roughly 30% metallic tubes. This technique (first pioneered by Snow, et al. [44, 45])
demonstrated mobilities of order 10-100 cm® / V-s, with on/off ratios of order 10-100. This
technique has been reproduced by many labs around the world, and forms a robust, fundamental
semiconducting material from simple principles [3, 22, 45-50]. However, due to the presence of
metallic nanotubes, the on/off ratio is a challenge and has been given extensive attention, with
attempts made to adjust the metallic nanotube density to be below the percolation threshold so

that, in the off condition, the network is insulating.
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While wet chemistry inks are the most versatile, a corresponding school of thought uses dry
processing techniques such as vacuum filtration and stamping (“transfer printing”), which can
result in similar networks of nanotubes. This is an alternative deposition technology with less
flexibility in printing but more flexibility in integrating nanotube growth with the final network

[17, 18, 26, 51].

3.2.1.1. Purification during deposition

Amine-terminated surfaces have been shown to aid in nanotube adsorption [52, 53]. It has
also been known for quite some time that amine moieties selectively bind to semiconducting
nanotubes over metallic varieties [54]. This concept can be exploited to achieve a quasi-
purification effect while nanotubes are being deposited on APTES functionalized surfaces [13,
24, 49]. The resultant on/off ratio can be dramatically improved over and above that of
unpurified nanotube networks, typically from ~10° to 10°, using this technique alone. Mobility
degradation does not seem to be an issue with this pre-treatment technique. Investigations of
various surface chemistries provides an opportunity for engineering of the electrical properties,
with modest control of network mobility by the surface treatment recently demonstrated [55].
However, it is fair to say that a comprehensive understanding of the effects of substrate material
and surface chemistry on network properties is still a topic for future research, although to date

(surprisingly), its effect seems to be rather modest.

3.2.1.2. Post-deposition purification
Several techniques exist to remove metallic nanotubes post-deposition. Early attempts at
purification included electrical break down of metallic nanotubes. Collins et al. from IBM

utilized electrical breakdown method to actually burn most of the metallic tubes in the channel
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[56]. In their work they fabricate devices from as-grown nanotubes. By applying an appropriate
gate voltage, the semiconducting nanotubes can be gated off so that electrical burnout only
destroys the metallic nanotubes. A potential drawback of this method is scalability as well as
control over the process, although work by Motorola and Stanford has shown interesting
reproducibility in this area [57, 58]. It should be noted that, while the on/off ratio is improved,
there is usually a reduction in the on current as well, sometimes over two orders of magnitude.
The University of Central Florida has extended these studies in combination with

dielectrophoresis (discussed below in the alignment section) [59-61].

Another approach consists of wet etching of metallic tubes. Generally speaking, this
approach is based on the increased chemical reactivity of metallic nanotubes over
semiconducting nanotubes, due to the increased density of electrons at the Fermi energy
available for reaction chemistries (reviewed recently in [9, 10]). One of the early
functionalization reagents used was diazonium to selectively react with metallic tubes [62-64].
Using a controlled concentration of diazonium, it is possible to suppress the metallic nanotubes
suspended in solution [62] or after depositing them and fabricating TFTs [63]. An on/off ratio of
10° was obtained using this method [63]. Preferential metallic nanotube etching was achieved
using a fluorine based gas-phase reaction [65]. Following on this theme, additional reaction
chemistries involve cycloaddition reactions of nanotubes with fluorinated polyolefins [46].
Electron withdrawing non-fluorinated olefin chemistry is also effective, via a 2-2 cycloaddition

reaction [47].
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3.2.1.3. Stripe Method

Cutting the random nanotube network into narrow-width strips was demonstrated recently
[66, 67] as an alternative to disrupt the metallic pathways from one electrode to another. Using
conventional lithography and ion-etching technique they are able to divide a channel of width W
into thinner strips of width Wy along with the effective direction of charge transport. In this way,
the metallic pathways through the channel will be discontinued along the etched regions,
resulting in lower off current and higher on/off ratio. Although this technique will inversely

affect the mobility, optimizing the strip width (W5) can assist in maintaining the mobility.

3.2.2. PURIFIED NANOTUBE INKS

Building on the deposition of mixtures, recent progress in purification technologies has led to
the possibility of up to 99% semiconducting nanotubes (as determined by optical spectroscopic
techniques) in solution (reviewed in [9, 10]). This has led to the demonstration of dramatically
improved on/off ratios for a given mobility, recently demonstrated by several research groups
[13, 24, 68-73]. The effect of SWNT nanotube density can be and was systematically measured
by us [13], which allows for the first time a controlled determination of the trade-off between all

the electrical parameters in the material, to be discussed further below.

3.2.3. ALIGNMENT METHODS

It is generally the case that improving the alignment of the nanotubes in the network will
provide some degree of improvement in the network mobility [74]. Motivated by this effect,
researchers have developed several techniques to affect alignment during deposition. To date,

improvement in the mobility due to alignment has been modest and difficult to quantitatively
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assess, at the cost of extra processing. Whether this extra complication merits application in a

commercial manufacturing environment remains to be seen.

By far the simplest method to align during deposition involves spin-coating (Figure 3.2d)
[49]. In this technique, radial orientation of the nanotubes is achieved. The wafer is simply
coated as it spins, using techniques that are standard with the semiconductor processing industry.
A drawback of this approach is the necessity to design devices and circuits with current flowing
only in the radial direction. Similar flow based alignment methods have been developed where

the fluid flow direction can control the deposited nanotube alignment direction [20, 44].
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Figure 3.2. Deposition techniques [3]. Random deposition methods: a) Gravure printing using
carbon nanotube ink [48]. b) Inkjet printing of nanotube ink [70]. Semi-aligned networks: c)
Coffee-ring method using the surface friction for depositing nanotube strips [69]. d) Spin coating
the nanotube ink resulting in radial alignment of nanotubes [46, 47]. e) Dielectrophoresis

deposition which usually leads to preferential deposition of metallic tubes over semiconducting
tubes [75, 76].

A more effective approach uses Langmuir-Blodgett troughs to achieve highly dense
alignment [77]. A subtle related effect (Figure 3.2¢) uses the “coffee-ring” phenomenon [78-81].

In this effect, as solvent evaporates, the nanotubes are deposited preferentially along the edge of
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the bead of the solvent [69]. This allows alignment along the bead edge, which can be engineered

to form aligned arrays of nanotube stripes.

A final alignment technology which has received extensive attention in the literature uses ac
electric fields to align nanotubes during deposition as described in detail in chapter 2 (Figure
3.2e). The effect (dubbed dielectrophoresis (DEP)) is based on the time-averaged alignment
force experience by a polarizable particle (or rod) in an ac electric field [59, 60, 75, 76, 82-85].
As discussed in the previous chapter, the voltage amplitude and frequency will determine the
deposition result and the separation outcome. This technique (DEP) tends to result in preferential
deposition of metallic nanotubes. In principle, engineering of the surfactant and ac frequency

may allow this issue to be addressed [84] although in practice this has not been achieved.

One recent study [86] (also discussed later in this chapter) has shown that, with a starting
purified solution of 99% semiconducting nanotubes, the resultant network, although highly
aligned, can end up with mostly semiconducting nanotubes deposited (>97%) and good on/off
ratio (varying from 1 to 10°, depending on the density); mobilities are ~ 1-10 cm”/ V-s. Another
study [71] used ultra-high purity starting solution with trace amount of metallic nanotubes or
less, and achieved high on/off ratio (10°), and a high degree of alignment, albeit without
excellent mobility (2 cm?/ V-s). Thus, it seems DEP alignment of all semiconducting nanotubes
is feasible, although (to date) the mobilities are one to an order of magnitude below randomly
aligned but purified inks [13], indicating the relationship between alignment, mobility, and
deposition process is not entirely understood. This could be because of the shorter source-drain
spacing used in DEP based experiments, which tends to (but doesn’t always) result in lower

measured mobilities (Figure 3.10b).
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3.3. THEORETICAL BACKGROUND OF NANOTUBE NETWORKS

The wide variety of parameters affecting the performance of nanotube networks makes it
difficult to explore the response of such devices based on computer aided simulation tools.
Among these parameters are the length and diameter of nanotubes, chirality and electrical
characteristic of each tube (semiconducting or metallic purity percentage of the network),
channel length and width, electrode contact resistances, tube-tube junctions, alignment degree (if
applicable), and network density, which all should be considered to predict the functionality of
printed devices made out of nanotube networks. For this reason, most progress to date has been
based on phenomenological and experimental investigations of device performance. The
following sections describe the predicted impact of the most important parameters on the
ultimate electronic properties of nanotube networks, starting with the material properties, and
ending with the system level performance. Here it is generally assumed that the channel length of
the devices is longer than the average nanotube length (unless otherwise stated), i.e. longer than
1-5 wm. In this case, the network is a random network of metallic and semiconducting
nanotubes, which must be modeled as such. This leads to scaling laws that differ from classical

semiconductor MOSFET type devices, which will be expand upon.

3.3.1. PERCOLATION THEORY

3.3.1.1. Scaling with length
The most comprehensive model that exists is based on percolation theory, developed by
Alam and colleagues at Purdue [66, 67, 74, 87-91]. The theory models the nanotube network as a

random array of semiconducting and metallic nanotubes, with a fixed tube-tube conductance of

60



0.1 ¢*/h. The metallic nanotubes are on all the time, and the semiconducting nanotubes can be
gated on and off. This model explains a large quantity of data, although (as argued below), some
significant anomalies remain. Reasons for this can include many effects that are difficult to
incorporate into a simple model, such as tube-tube resistance, unknown distribution of nanotube
chiralities and lengths in the network, effects of surfactants and functionalization on electronic

properties, or the possibility of gating defects in metal SWNTs.

In this part, it’s been reviewed a classical discussion of pure semiconducting nanotubes,
postponing a discussion of metallic nanotubes to later. In a classical 2D conducting film, the ON
current is inversely proportional to source-drain (or channel) length (Lsp). In a system close to
percolation threshold, this is not the case. For densities near the percolation threshold, there are
many nanotubes that are not involved in the current carrying process. These tubes form new
percolating paths as Lgp reduces, and, therefore, the effective current increases faster with Lgp
than the classical scaling law. For very high densities the classical scaling holds. This scaling law

can be expressed quantitatively as:

m

1 (Lo
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Here Lenr is the average nanotube length, Lgp is the channel length (source-drain spacing), and
m is a universal constant which only depends on the normalized coverage (pLcnt’, p

corresponding to the density of nanotubes per unit area). For high-density networks, obviously,
the network behaves like a classical conductor and m = 1. On the other hand, for densities near

the percolation threshold, m approaches 2, and then diverges as the density approaches zero. For
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moderate network density, m is typically between 1 and 2. Researchers have used fits to the
power law to infer what region of percolation the device is operating in (near percolation, or very

dense).

3.3.1.2. Definition and measurement of mobility
While classical percolation theory is applied typically in the linear response regimes (small
source-drain voltages), important device operation occurs at large source-drain voltages. Alam

[88] has generalized the theory for all regimes and has predicted the I-V curve should scale as:

m
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where Coy is the capacitance per unit area, Vg, the gate-source voltage, Vi, the threshold voltage,
W the width, and u, the “mobility”, to be discussed next. Note that Alam does not parameterize
it this way, and only discusses the scaling law, not the prefactor, which is proposed here to

interpret as follows: In the limit of very dense networks, well above the percolation threshold,

the exponent m is 1, and hence the theory reduces to the classical theory, given by
i we, (v —v )
DS = lLlO ox L as I/th (3.3)
SD

Now is the time to consider the measurement and definition of mobility. In classical
transistors, eq 3.3 holds for all conditions, so the mobility can be “measured” by using

experimental values for dl4/dV,s in the small signal (small source-drain voltage) limit as:
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or (in the large S-D voltage limit) by a fit to eq 3.3 (i.e. assuming that m=1 in eq 3.1). For
classical semiconductor devices, both methods typically give the same result. However, in
nanotube network devices, this is not always the case, so one must interpret the measurement of
mobility with care. Almost all mobility calculations presented in the literature are based on the
curve fitting to the /inear region (low Vps) but it is important to note that the actual operating

region of the devices is in the saturation region.

In the high density limit (m=1), eq 3.2 reduces to eq 3.3, so the “measured” mobility (given
by uo from eq 3.2) can be interpreted as a classical, scale independent mobility. However, nearer
to the percolation threshold, the “measured” mobility from eq. 3.4 is actually given by (using the

parameters in eq. 3.2):

m-1
LCNT
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Thus, percolation theory predicts a “measured mobility” (which is what is quoted in the
literature) would scale as ~ 1/Lgp in the percolation limit. This is actually NOT what is
universally observed (see Figure 3.10b,), so the theory, while a good general framework, does
not predict all of the scaling laws observed. In addition, eq 3.1 is obeyed in published scaling
laws measured by Alam and collaborators [90, 91] and others [26, 45, 92, 93] on mixtures of

metallic and semiconducting nanotubes, but not by all-semiconducting nanotube devices [3].
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3.3.1.3. Capacitance

Individual carbon nanotube capacitance has been discussed in chapter 1 in details. It has been
shown that carbon nanotube’s capacitance consists of “electrostatic” and “quantum”
components. Seemingly for the network of nanotubes the quantum component of capacitance
does not change however, the electrostatic part should be reviewed. The capacitance coupling
Cox introduced in the following equation is also much different than that of classical thin-film
materials. For nanotube-based transistors this capacitance mainly depends on the density of the
network (separation between nanotubes), distance between the gate and the channel, diameter of
the nanotubes, and the intrinsic quantum capacitance of nanotubes. A semi-quantitative model of
the gate capacitance can be estimated for a network consisting of a parallel array of nanotubes
with equal tube-tube distance [94]. An analytical expression of the gate capacitance based is

given by

_ 1 A, .2
C={C, Ly In[—"sinh( Moy
2me e,  Ro A,

WA L

where to is the oxide thickness, and Ay is the tube-tube separation, R is the tube radius, and Cq is
the quantum capacitance. As mentioned above, eq 3.6 is mainly used for aligned (parallel)
network of nanotubes and therefore, for random arrays, it is expected to be a qualitative guide,
but not to hold quantitatively. This capacitance modeling is significant in calculating the mobility
of nanotube network films for different densities. Taking this capacitance into account, one can

obtain more precise determination of the mobility.
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3.3.14. Alignment

The network’s alignment is an important parameter in defining the performance of the
nanotube-based transistors. In general, for short channel devices (compared to the nanotube
average length), better alignment yields higher current. However, for channel lengths much
longer than the nanotube average length, perfect alignment in fact precludes any current flow at
all. Therefore, there exists a practical optimum level of alignment, which depends in a complex
way on the device geometry. In fact, for long channel nanotube transistors, a random network is
in some cases close to being optimal [74]. Simulations show that the current is maximum at an
alignment degree somewhere between perfectly aligned and perfectly random network of
nanotubes. Indeed, for aligned networks, since the average tube length is much less than the
channel length, the probability of individual nanotubes bridging from source to drain decreases
drastically as the alignment degree increases. Thus, one only expects a modest performance

improvement with increasing alignment.

3.3.1.5. On/Off Ratio

The on/off ratio is important in defining the power consumption of devices when used in
digital circuits. In a mixture solution of nanotubes, the on current corresponds to both types
(metallic and semiconducting) of tubes while only metallic tubes are responsible for the off
current. The model used by most researchers assumes that the on current scales with length as eq
3.1 above, with “m” the exponent corresponding to the total density of the nanotube network
(both the metallic and semiconducting nanotubes). In the off state, eq 3.1 still applies, but only
for the metallic density, so that the exponent “m” is different. (Recall that m depends on the
network density, as density increases m becomes closer to 1 (classical conductor) while for low

density (near percolation), m approaches 2.) These two differing exponents (corresponding to the
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two different densities) are labeled as my, and mog. Since the on and off current scale differently

with channel length, these percolation models predict that the on/off ratio (R) scales as

mgyn _mof

1
R~| —

3.7
L D (3.7)

with mq, < mogr. Therefore, the on/off ratio exponentially (mon-mofr) increases as a function of Lgp.
This model seems to describe much data of random mixtures of semiconducting and metallic
nanotubes as well as purified nanotube inks [90]. Similarly, in purified networks mo, < mog but
with much more difference between my, and mos (i.€. Mosr — My, 1S bigger in this case), since the
density of metallic nanotubes is small, the difference between on and off scaling exponents are
even more and it is predicted that the on/off ratio should depend more on the channel length.
However for sparse (low density) purified networks, mo, = mes and this dependence on channel

length is predicted to be low/moderate.

3.3.2. FUNDAMENTAL LIMITS

In general, it is known that the mobility of an individual, pristine semiconducting nanotube
(even for individual nanotubes deposited from solution) can be up to 10,000 cm® / V-s
(depending on the diameter) [95, 96]. It should be noted that this mobility is achieved with
nanotubes long enough to bridge the entire distance from source to drain. However, mobilities
for random networks of carbon nanotubes (the focus of this project) have hovered until recently
around the 1 cm®/ V-s limit [2, 97]. Figure 3.3 shows the state-of-the-art limits for mobility and

on/off ratio for different techniques.
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Figure 3.3. Mobility and on/off ratio trend and comparison between different techniques for
nano-transistors [3]. From top to bottom: Individual nanotubes show the highest mobility but are
not scalable yet [96]. Aligned SWNTs have low on/off ratio [75]. Random networks are scalable,
high on/off ratio with moderate mobility and also the advantage of operating in the saturation
regime as desired for field effect transistors [13]. Organic materials are alternative options with
salability and on/off ratio but the state-of-the-art mobility is orders of magnitude lower than
SWNT materials. The scale bar on the left shows the direction for increasing the mobility
depending on the technique [12].

What sets the mobility of a random network of semiconducting nanotubes in relationship to
individual nanotubes? Can mobility be increased by increasing the density? How does this affect
the on/off ratio and what are the physical processes that set limits on this scaling? At the
moment, no general theory exists which can answer these simple, but important, questions. Thus,
even the simplest introductory question: (What is the performance limit of semiconducting

nanotube inks?) has not yet been answered quantitatively from first principles. This motivates a
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phenomological approach, and is the primary motivation for me investigating in this field. It is
my hope that this will serve as a roadmap for the semiconductor industry as the technology

gradually develops and moves from lab prototypes to commercial production.

3.3.3. SYSTEM PROPERTIES: FREQUENCY RESPONSE

Device mobility sets the current carrying capability and cutoff frequency. In long channel
devices, cut-off frequency is proportional to the mobility of the device [2, 3, 98]. The

relationship between mobility and cut-off frequency in long channel devices is described as

Au(Vgs - I/th )
t 2”[%0 (3.8)

where f; is the cut-off frequency, p represents the mobility of the device, Vs,V , and Lgp are as
defined above. Note that for short channel devices (which are not yet applicable in printed
electronics) the cut-off frequency only depends on the electron drift velocity (saturation velocity)
and is inversely related to L,. According to eq 3.8, it is advantageous to fabricate devices with
very high mobility and short channel (gate) length. In radio frequency applications, power gain is
also a critical figure of merit. An approximation of the frequency at which the power gain drops

to unity (0 dB) is:

/,
fmaxz t 1
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where gq is the drain conductance (dlg/dVgs), Rps and Ry are parasitic source and the gate
resistances respectively, and Cpgq is the parasitic gate-drain capacitance [2, 3]. As known, the
presence of metallic nanotubes results in non-zero gyq, which reduces fn.x. Therefore the
capability of depositing purified semiconducting nanotube networks is essential for RF
applications, even more important than the mobility or on/off ratio, which are easier to model
and measure, and so more often discussed in the literature. Although both f.x and f; are
generally comparable in materials and devices with low gg, they can be different by a factor of up
to 100 in mixed SWNT networks [99] and even graphene [100]. Therefore, for practical
applications, purified SWNT networks can have superior circuit performance even if the
mobility is not as high as dense aligned arrays of SWNTs [101] or even graphene [100]. Recent
work [102, 103] has achieved fr, fmax of 1-10 GHz using random networks of either purified or
unpurified nanotubes, comparable to the best fr, fyx of dense aligned arrays [104] and graphene

[100].

3.4. DEVICE FABRICATION

3.4.1. NANOTUBE DEPOSITION

Prior to the deposition of nanotubes, silicon substrates with 300 nm oxide layers (Si/SiO;)
were modified by 3-Aminopropyltriethoxy Silane (APTES) to form amine terminated self-
assembled monolayers (SAM). In order to achieve these monolayers, wafers with oxide layers
were first treated with piranha solution for 30-60 minutes at ~110 °C. Piranha-treated wafers
were then thoroughly washed with DI water and dried by blowing compressed air. APTES

solutions of 1% ~ 10% concentrations were prepared: 1 (or 10) mL APTES dissolved in 99 (or
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90) mL isopropanol alcohol (IPA). Piranha-cleaned wafers were then dipped into APTES
solution and left for 1 hour for surface functionalization. Wafers were then thoroughly washed
with isopropanol (NO DI-water) and air-blown dried. For having different amount of
modifications i.e. to have several different adsorption densities we used three different
concentrations (1, 2 and 10%) of APTES solution in isopropanol. Using the higher concentration
(>10% in isopropanol) resulted wafers with uneven surfaces that were not suitable for the device

fabrications. Using 1% or 2% solutions yielded much more uniform nanotube network densities.

A semi-enriched solution (90% or 99%) was used to deposit SWCNTs onto APTES
modified wafers. Wafers were first masked with a PET film and Krypton tape to leave 1 cm’
open blocks. 20 uL of nanotube solution was then placed in each block and left for adsorption
for 1 hour. Excess nanotube solution was then washed with DI water and wafers were air-blown
dried. To achieve several different densities of nanotubes, we used three different concentrations
(0.005, 0.01 and 0.1 mg/mL) of nanotube solution. Each solution was used for the deposition on

APTES modified wafers having different adsorption densities.

Solution-processed separations of nanotubes generally involve the use of surfactants to
solubilize raw nanotube mixtures in DI water or other solvents before further processing. The
concentration of nanotube dispersions highly depends on the surfactant used. For the most
widely used surfactant sodium dodecyl sulfate (SDS), the maximum concentration is reported to
be around 0.12 mg/mL [105], although when these solutions are further processed for
purification and separation, only a fraction of nanotubes compared to the starting solution are left
in the resultant solution. In our experiments, we varied the nanotube concentration until just prior

to precipitation, and also via dilution until no nanotubes were visibly deposited. When the
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solution was diluted to 0.001 mg/mL, after deposition very few nanotubes were found on wafers
for any amount of surface modification. On the other hand, increasing the concentration up to 0.1
mg/mL (by evaporative drying) resulted in precipitation of nanotubes from the dispersion. Using
this method, a great control over the entire possible range of nanotube concentrations in the ink
was achieved prior to deposition, in order to investigate their effects on the final mobility,
network’s density on the wafer, and on/off ratio. Different densities were obtained by diluting or
evaporating the primary nanotube solution. Nanotube ink is received with the concentration of
0.01 mg/mL. To dilute the solution (gaining low densities) we added SDS (sodium-dodecyl-
sulfate) to the as-received ink. SDS is prepared using 1.5 gr of SDS powder dissolved in 100 mL
DI-water resulting in 1.5% (weight by volume) SDS solution. Next, the final solution was
sonicated for ~30 minutes to disperse the nanotubes thoroughly in the solution and prevent the
formation of bundles. In contrast, to make denser tubes two methods used. In first method we
dried out the solution, monitoring the level of liquid, until it reaches the preferred point. This is
not an accurate way of changing the density. The second and better approach was to dry out the
solution completely and then again add the SDS solution to the remaining (which is only the
nanotubes). After adding SDS the sample was sonicated for ~30 minutes. It should be note that
every time something added to the nanotube ink, the solution should be sonicated for at least 20-
30 minutes to ensure the uniform dispersion of nanotubes. Besides, if the nanotube ink is left on
the shelf for some time, it is recommended to sonicate the solution to break any possible

nanotube bundles.
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Figure 3.4. Deposition Protocol [13]: (On the left) A schematic diagram of all semiconducting
nanotube device fabrication. SiO; coated Si wafer was first treated with warm piranha solution
that introduces —OH groups to the oxide surface (step 1), wafers were then introduced to
APTES/Isopropanol solution for surface modification (step 2) by self-assembled monolayer
(SAM) of amine terminated silane (APTES), on these modified wafers 1 cm” blocks were
created using a PET film mask with pre-cut 1 cm® blocks, 20 uL of semi-enriched nanotube
solution was dropped into each of these blocks (step 3). Wafers were then air dried (step 4) prior
to electrode deposition onto them (step 5). SEM Images (On the right) SEM images of devices
having different densities of nanotubes, nanotubes count estimated by visual inspection of SEM
images for each of these device are 85, 50, 25 and 10 per um’ for devices shown in a, b, ¢ and d
respectively. €) AFM image of nanotube network deposited on wafers.

In sum, to obtain a range of densities of nanotubes on wafers, we chose to vary two important

factors related to the deposition process — (a) variations in the amount of surface modification by
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using APTES/isopropanol solutions with different concentrations and (b) changing the solution
concentration of nanotubes used for deposition. Keeping one factor same at a time and varying
the other factor resulted devices with several different distributions of nanotubes. Based on
visual inspection of SEM images obtained from different locations on each channel for every
device, number of nanotubes was counted in a 1 um® area of the image. Images taken at different
locations for each channel show a very uniform nanotube-network channel. Tube densities (D)
ranging from 10 to 100 tubes per um* was deposited to investigate the impact of tube density on
both the mobility and the on/off ratio. Figure 3.4 provides the deposition technique, SEM images
of the deposited nanotubes with different densities, and AFM (Atomic Force Microscopy) of a

nanotube network.

3.4.2. BACK-GATE DEVICES

Devices in a back gate configuration with channel lengths ranging from 10-100 um (with 10
um increments) were fabricated. 300 nm thermally grown high quality (chlorinated) dry oxide
cap is used as the insulating layer for the back gate Si substrate. Low resistivity wafers (1-20 Q-
cm) were used as back-gate. In all the devices, the gate width is fixed at 200 um. Here the SEM
and schematic of back gate configuration of devices is demonstrated. Since one future goal of
this project was to investigate the performance of these devices in radio frequency regime, the
electrodes where fabricated in rf-compatible structure of ground-source-ground (GSG) fingers.
Figure 3.5 demonstrates the devices design and schematic along with a sample SEM of deposited

nanotube in the designated channel.
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Figure 3.5. Device schematic, optical image, and SEM of the structure and nanotubes deposited
in the channel (scale bar in SEM image is 10 pm).

Following the nanotube network deposition, photoresist (PR) was spun on the devices.
Shipley 1827 (2.7 um) was spun with 3500 rpm (560 initial acceleration) for 40 seconds. The PR
thickness will be around 2.5 pm. Samples are then put in pre-bake oven (90 °C) for 20-30
minutes (~25 minutes) so that the unwanted solvents are evaporated. Using MA-6 Karl Suss
mask aligner and designed mask, source and drain areas were shined at with UV light (~ 140

mJ). Subsequently, samples were immersed in MF-319 developer to pattern the source/drain
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electrodes. Next, samples were put into e-beam evaporation system. 15 nm of Palladium (Pd)
was first deposited with 0.1-0.5 A°/sec rate followed by 30~100 nm of Gold (Au). Pd is known
to make an ohmic contact with nanotube, therefore it is used as the first metal connecting to
nanotubes. However, gold is very low resistance and chemically stable (no native oxide will
form above gold metal) electrode which is commonly used for electrodes. Afterwards, samples
are dipped into Acetone bath for lift-off the photoresist along with the unwanted metal. For
devices with low channel length (10 pm and less), Shipley 1827 is not a proper photoresist to
use. There is another technique which deposits high-resolution photoresist, called PMGI, as the
first layer and then Shipley 1827 is deposited on top of that. This method is suitable for
resolutions down to ~250 nm. Using PMGI however, slightly changes the method. Sample is
first covered with PMGI (colorless) and left for 5-10 minutes (~6 minutes). Then we turn on the
spinner (3500 rpm, 40-45 sec). Pre-bake is done on hot-plate (170-200 °C) for 5 minutes. After
the PMGI deposition step in completed, Shipley 1827 (or 1808 based on the application and
thickness required) is spin-coated using the conventional method mentioned above and sample is
patterned (same power in MA-6) and developed (MF-319) same as Shipley PR. Another change
in the method is the last step for lift-off process. After the e-beam evaporation deposition of
metals, samples are dipped into Nano-Remover (PG) which is proper for PMGI. Note that
Aceton bath SHOULD NOT be used at all for lifting-off the PMGI photoresist (using Acetone
instead of Nano-remover will result in a milky solution and damages the devices). Samples are
left in Nano-remover until the unwanted layers come off, then the second bath of Nano-remover
is used for completely removing the PMGI (can be warmed up a little but not necessarily). Next,

devices should be immersed into isopropanol alcohol (IPA) for about 10 minutes and then
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washed with organic solvents (IPA, Methanol, or Acetone) and DI water. The fabrication steps

are shown below.

Figure 3.6. Schematic of fabrication process

3.4.3. ELECTRICAL MEASUREMENT RESULTS

Devices are now ready for measurement. The first basic measurement is to investigate the

Ips-Vps characteristic of the device. . As shown in figure, the Ips-Vps curve is linear for Vpg
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changing between 1 V and -1 V, indicating good ohmic contact between the nanotubes and the
electrodes as a result of using Pd. By applying more negative Vps the devices clearly show
saturation behavior (Figure 3.7a). The devices exhibit p-type behavior, consistent with prior
works on nanotube networks since nanotubes are considered to show p-type characteristic due to
the absorption of oxygen (with high electron affinity). Gate voltages applied to these devices are

ranging from -10 V to +10 V with source/drain voltage of 0 — 7 V.

Figure 3.7. a) Current-voltage characteristic of a device with channel length of 100 um and W =
200 um for different gate voltages ranging from +10 V to -10 V in 2 V steps, showing the
expected saturation behavior at negative gate voltages and high drain-source voltage (Vps
changes from 0 V to 6 V). b) Depletion curve (Inp-V) of a device with channel length of 100 um
and drain-source voltage changing from OV to 7V.

3.4.3.1. Mobility and On/Off ratio

Using the conventional I-V equations for MOS devices as described in eq. 3.4 in triode
region, we calculated the mobility using curve fitting to the experimental results (Igor Pro
software was used). For calculation of the capacitance, we used eq. 3.6 with t,x= 300 nm. With
nanotube lengths in the range of 1~5 pm, and network densities of 10-100 nanotubes/um’, we

expect that the parallel plate capacitance underestimates the actual capacitance by about 30% for
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the lowest densities we use, and less so for the higher densities. Therefore, our use of the parallel

plate capacitance (eq. 3.6) for estimating C,x is justified.

Using this technique, we find our devices have mobilities ranging from 1-90 cm® / V-s (if we
use eq. 3.6 for low density samples to estimate the capacitance). The highest mobility devices
have in fact higher mobility than any published nanotube network device fabricated from
purified (semi-enriched) SWNT devices, indicating that we are successfully probing the ultra-

dense limit of SWNT devices.

Although the mobility should be a bulk property (independent of device length and width),
because of the presence of metallic nanotubes and percolation effects, it has been commonly
observed in as-grown nanotube networks (containing roughly 1/3 metallic and 2/3
semiconducting nanotubes) that the mobility does in fact depend on gate length as discussed
above. In this work also length dependence to the mobility, on current, and transconductance was
observed, as shown in Figure 3.8. The overall scaling with length does not depend strongly on

the purity of nanotube starting material, as shown in Figure 3.8a.
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Figure 3.8. Channel length impact [13]. a) Mobility vs. channel length for Lepannes = 20 pm to 100
um. As a sample, the measurements were performed on devices with the moderate tube density
of around 40 tubes per um” and for 2 different semiconducting to metallic ratios in the solution.
Tube density was controlled both by the surface modification and the density in the solution. b)
Current density vs. channel length (W is fixed at 200 um) on the left axis shows a decrease in I,
as the channel length increases to 100 um. The right axis demonstrates the transconductance per
unit width (g./W) decreases by increasing the channel length.
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Although the mobility for 90% semiconducting tubes is expected to be slightly higher (at a
fix channel length) due to the presence of more metallic tubes, here we found no significant
difference between the mobility of 90% versus 99% semiconducting ink batches. This can be
explained with regard to the fact that the purity percentages of the batches are defined via
spectroscopy techniques and not electrical measurements. Therefore, there is a good chance that
the accuracy of the purity percentage is not always set to stone and varies from batch to batch
using the same purification technique. Another concern is the contact resistance. Although we
used Pd for contact, the nature of metal to nanotube network contact is yet not clear and it can be

the cause for the length dependence of mobility as well (discussed more later).

The on/off ratio is more than 1000 in most of the devices, especially the ones with longer
gate lengths, leading us to the conclusion that the surface treatment will also help us with the
deposition of semiconducting tubes although the solution was 99% semiconducting enriched
already. Study of the on/off ratio showed that 20 um is a turning point for on/off ratio. For most
of the devices with the gate length of more than 20 um, the on/off ratio is more than 1000 while
for smaller gate lengths this can come below 100 in some cases due to the presence of metallic
nanotubes which correspond to metallic pathways between electrodes and increase the OFF

current. The highest on/off ratio we observed was around 110,000.

3.4.3.2. Scaling with SWNT density

So far, the electrical characteristics and the improvement made to mobility and on/off ratio of
the purified nanotube TFTs is presented. In this section the fundamental root of this variety in the
output characteristics is discussed more in detail. As shown in the theoretical background,

density of as-grown nanotubes plays an important role in final output behavior of nanotube
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transistors. In this project for the first time we investigated the effect of nanotube network
density deposited through ink, in the output characteristic of TFTs. The density variation
technique was described in previous sections (deposition methods used here) and SEM images

confirm variety of densities obtained in different devices.

Figure 3.9a plots the mobility vs. nanotube density. The only varying parameter was the tube
density. Different nanotube densities were obtained by controlling the density in the solutions, as
discussed earlier. This allows us to systematically evaluate the effect of nanotube density on
mobility. It is clear from the plot that increasing density increases the mobility. While this is
consistent with prior reports on random arrays of as-grown (1/3 metallic and 2/3 semiconducting
tubes) and simulations of such systems [15, 24], this is the first systematic study of this effect on

devices made of purified, all semiconducting nanotube ink.

On/off ratio is also one of the important figures of merit especially for digital switching and
low power applications. Figure 3.9b shows the degradation in on/off ratio as the density of
nanotube film increases owing to the fact that when the semiconducting nanotubes are all gated
off, the background conduction of metallic nanotubes will depend in a non-trivial way on the
density, due to percolation effects. Increasing overall density will increase metallic density which
will increase the off current. Similarly, increasing overall density will increase the on current,
due simply to the increased # of tubes. However, the effect of the density on the on/off ratio is

much more difficult to predict theoretically.

In Figure 3.9¢, we plot the mobility as a function of on/off ratio. For a given gate length, we

observe a very clear trend of the on/off ratio with mobility, starting with mobilities over 90 cm” /

81



V-s (approaching that of p-type Si MOSFETSs) but with on/off ratios ~10, and ending with on/off

ratios >10° (appropriate for modern digital integrated circuits), but with mobilities ~10 cm”/ V-s.

While simulations can attempt to reproduce the features, there is no substitute for a
quantitative, systematic study of the effects of density on on/off ratio and mobility, which we

have presented in Figure 3.9c.
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Figure 3.9. Mobility and on/off ratio. a) Mobility as a function of nanotube density for lower and
upper channel length extremes (Lchannes = 20 pm and Lehannel = 100 pm). Mobilities of around 90
cm?/V-s were achieved at the high-density limit of nanotube deposition and the channel length of
100 pm, and W = 200 pm. b) On/off ratio dependence on the nanotube network density for
Lchanne= 100um. c¢) Mobility as a function of on/off ratio showing the inverse relationship for the
same devices in a, b.
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3.4.4. TOP-GATE DEVICES

So far we discovered many unknown aspects of nanotube ink based thin film transistors
using back-gate structure. Another direction would be to try the top-gate configuration. One
would expect the same results, however to date there is no clear study on the top-gate nanotube
based transistors. The main issue is finding a suitable high-K dielectric that gives a complete
coverage over the nanotubes and is compatible with the rest of the process especially when it
comes to printed electronics (the dielectric should also be printable). In addition to that, the
material used for top dielectric and process of depositing the dielectric may change the behavior

of the device completely.

For this project, we tried different top gate dielectrics including SU8-2005 (a negative
photoresist, bought from Microchem) and HfO,. SUS8 has the advantage of spinning-on process,
flexibility, and ease of use as the top gate dielectric. However, in our application, since we
require a very thin layer of SU8 (around 500 nm or less) the pinholes may introduce connection
paths from the gate on the top to channel and source/drain electrodes. The spinning parameters
are 500 rpm for 10 sec and 4000 rpm for 30 sec to get a uniform 460-500 nm thickness of SUS.
The sample is then prebaked on top of hot plate (95 °C) for 1 minute. Using a proper pre-
designed mask, the sample is exposed to UV for 10 sec (@ 6 mW/sec). Subsequently, the sample
is post-baked on hot plate (95 °C) for 2 minutes and developed (using proper developer for SUS)
for 1-2 min. Different curing and spinning processes have been studied but neither was

successful in achieving a thin dielectric layer of only SU8 without gate leakage current.

The second choice was HfO, which can be deposited by the means of both e-beam

evaporator and/or ALD (Atomic Layer Deposition) machine. Basically the devices were
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including random network of nanotubes with source and drain electrodes on top, then HfO, was
deposited on top of the whole device. We first used a thin layer (50 nm) of e-beam deposited
HfO, from the HfO, pellets. Same as above, the pinholes in the thin layer of dielectric caused via
paths from gate to the bottom electrodes and as a result, high gate leakage in the devices under

bias.

Then ALD was used to deposit HfO, (20 nm) on top of the nanotubes network. The first
sample had gold (Au) as the top metal in source and drain electrodes which does not seem to be
an appropriate choice for ALD deposition of HfO,, therefore we changed the electrodes to
Nickel in second batch. The second batch of samples were also put in ALD but the process
happened to have some complications such as photoresist residue from the lift-off step, although
the devices were dipped in Acetone for a while before putting in ALD machine. After further
investigations, EKC was found to be a proper solution for cleaning/removing the residue of the
Shipley photoresist. Samples were dipped into hot EKC (@ 80 °C) for 5~7 minutes and then
rinsed in isopropanol alcohol (IPA) for few minutes. Following the cleaning procedure, the 20
nm ALD was deposited. The results showed leakage current above the proper level for the device
performance. This time the main reason is thought to be gate and source/drain overlap and/or the
existence of pinholes in ALD HfO,, right above the nanotube channel, because of the wet
process used to deposit the oxide while carbon nanotubes are known to be hydrophobic. The gate
leakage current is found to be around 20 pA for 3 V gate and the gate area in our electrode
design. Taking all these results into account, we realized that exploring the top gate behavior of
nanotube devices especially deposited through nanotube ink is not a solved problem yet and not

the primary intention of this project as well. Talking to other experts around the world we
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figured out that most of them (particularly the ones working with nanotube ink) are having the

same issues with their top gate structures.

3.5. DISCUSSION

3.5.1. ROADMAP FOR APPLICATIONS: PHENOMENOLOGICAL NANOTUBE NETWORK

ENGINEERING

Theoretical models were discussed earlier that show nanotube network properties as a
function of materials parameters. Many of them are based on computational models, and some
on physical assumptions that are hard to test. In addition, experimental methods were considered
to study several unsolved issues in the field. Based on that, we argue that a phenomenological
approach is required to establish the field of nanotube network engineering. Below is provided
an overview summary of experimental work published to date (including our works), to establish
trends, confirm models, and point out inconsistencies. Collectively, these observations lay a
roadmap for future applications of nanotube semiconducting inks, including applications of

existing technology, as well as avenues for potential improvements.

3.5.1.1. Scaling with device length

The mobility of a classical semiconductor is independent of its length. However, for
nanotube networks, mobility is a more complex concept, as discussed in the theoretical section.
In order to compare mobility from one device to another, the length of the device must be
specified. As discussed in the introduction, the mobility according to the most sophisticated

percolation based theory should be inversely proportional to length. However, in practice, this is
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not always the case. . The length dependence is not purely an alignment effect. For example,
Figure 3.10a shows the length dependence of aligned arrays, which is increasing with length

(possibly due to contact resistance effects).

Figure 3.10. Mobility vs. channel length [3]. a) Mobility as a function of channel length for
CVD-grown aligned nanotubes on quartz substrate. Mobility rises up as the channel length
increases. High mobility is due to the high degree of alignment in the network [101]. b) Mobility
vs. channel length for random network on nanotubes, including the purified nanotubes with
different purifications and CVD-grown random network. 99%, 98% semiconducting tube inks
and also CVD-grown random network show improvement in the mobility with increasing the
channel length. 95% semiconducting nanotube ink shows inverse relation between mobility and
channel length. The density of the presented samples are different and also the contact resistance
has not been taken into account [13, 24, 68, 72].

In addition, Figure 3.10b summarizes the state of the art of nanotube networks, and includes
data from 3 different labs including our lab (my results, also presented above) [13, 24, 68, 72] as
well as both CVD grown, and purified SWNT inks. The results indicate that the length
dependence is typically observed, is mild, and is not explained by current theories. In summary,

for the length dependence of the mobility:

* Experiments consistently observe length dependent mobility
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* Phenomenon not understood quantitatively or qualitatively
* No universal trend

* Not purely an alignment effect

3.5.1.2. Scaling with density

The scaling of the critical performance parameters like the mobility and on/off ratio has been
studied mostly for CVD grown nanotube networks, which are random with a fraction of metallic
nanotubes. The effect of the density on the on/off ratio has been studied fairly carefully by only a
few labs (including my work) [13, 26, 93]. Generally speaking, if the density of the metallic
nanotubes is below the percolation threshold, but the density of semiconducting nanotubes is
above the percolation threshold, then the on/off ratio can be quite large. (Figure 3.11a shows
SEM images of different densities.) However, finding and tuning this transition for unpurified
materials is very difficult, because the window of parameter space is small. (The metallic density
is only 2X lower than the semiconducting density.) That transition was achieved only by two
groups in the last year, Maryland [93] and Ohno/Japan [26]. Maryland made a detailed study of
the density dependence of CVD grown networks, and found a sharp transition from low to high
on/off ratio at a tube density of about 1 tubes/um?, and their results are plotted in Figure 3.11b.
Ohno’s study was less systematic but found the transition at about 10 tubes/um” (using longer

CVD grown tubes), although density dependence of the on/off ratio was not reported.

In the case of purified semiconducting nanotube inks, one would expect the metallic
nanotube fraction to be 10-100X smaller than the semiconducting fraction, so that it would be
well below the percolation threshold at almost all tube densities. The density dependence of the

on/off ratio of purified SWNT networks is plotted in Figure 3.11b [13]. (Similar behavior is
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observed for DEP aligned purified nanotubes vs. linear density [86].) However, we found that
the density dependence of the on/off ratio is less severe, for reasons that are currently not
understood. The answer may be related to the average nanotube length, however this issue is
important to address with future experiments. At the very least, now it has been quantified

allowing a roadmap to applications, if albeit a phenomenological roadmap.

Next, we discuss the effect of tube density on mobility. Although higher tube density will
clearly give higher on current, the effect on mobility is not so clear. In fact, classical
semiconducting materials sometimes have lower mobility for higher density, in both 2d and 3d
systems. Therefore, the effect of density on mobility should be investigated numerically based on
simulations, and we are unaware of any general theory on the scaling between mobility and
density. Again, in such a situation, in order to drive the technology forward, one most resort to
phenomenological characterizations, as performed here. Figure 3.11c demonstrates mobility vs.
density. To our knowledge, this is the only such study to date of any nanotube network system.
These results clearly indicate a trend of increasing mobility with increasing density. (Again,
similar behavior is observed for DEP aligned purified nanotubes vs. linear density [86]).
However, as discussed above, this also leads to a decreasing on/off ratio. Therefore, the coupled
effects of these two parameters give rise to a competition between mobility and on/off ratio. By
tuning the density, the user can adjust the tradeoff between these two parameters. Therefore, the

quantitative tradeoff is important to establish, which I will discuss next.

To summarize regarding the density dependence, it is:

* Recently quantified

¢ Not understood
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¢ Severe impediment to technology, needing further study.

3.5.1.3. On/off ratio vs. mobility

As discussed, by changing the density, the on/off ratio and the mobility both change.
Therefore, one can map out (through a careful density dependent study) the on/off ratio as a
function of mobility. Unfortunately, there are many variables that also can affect the mobility so
that it is difficult to compare one lab’s work to another from the literature. For this reason, a
systematic study changing only the density changes (keeping all other variables constant) is the
best way to establish trends. We have in fact recently performed such a study as shown in this
chapter and also in [13]. Our experiments show a clear trend, and also establish some of the
highest mobilities for a given density ever reported. This illustrates the potential of purified
semiconducting nanotube inks. Surprisingly, when the other limited data from other groups [13,
24, 69-71] is compiled on the same plot, the trend becomes clear when plotted on the same graph
(Figure 3.12, blue data points). Although all the presented research works use purified nanotube
inks, the purification method and percentage (ratio of metallic to semiconducting), deposition
techniques (drop-dry, spin-coating, DEP, etc.) and fabrication steps vary from one to another,
which should be considered as well. When compiling similar data [46-48, 90, 100-102] from
nanotube inks made of un-purified nanotubes, a similar trend emerges, but with a much lower

mobility for a given on/off ratio, as also seen in Figure 3.12 (red data points).
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Figure 3.11. Tube density impact [3]. a) SEM images of different tube densities [13]. b) Impact
of tube density on the on/off ratio of devices with channel length of 100 um and channel width
of 200 um for 99% semiconducting nanotube ink [13] and also random network of CVD grown
nanotubes [93]. On/off ratio decreases with the increase in nanotube density especially when the
percolation threshold is passed. c¢) Mobility as a function of nanotube density for 99%
semiconducting nanotube ink with two different channel lengths of 100 um and 20 pum with a
fixed channel width of 200 um [13].

The next step is to determine if such a trend exists for CVD grown nanotube networks [26,
66, 68, 92, 93, 106], and the answer is also yes (Figure 3.12, green data points), although the
scatter of data is larger, as there are many more reported experiments on this older technology,
with many more parameters changing from experiment to experiment, other than just the density.

Note that researchers tend to quote the best on/off ratio and best mobility in one sentence, but in
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reality they are not achieved simultaneously, so that the literature must be carefully read to
compare different techniques. Nonetheless, the trend clearly show a similar trend to the networks
deposited from solution, which makes sense, as both result in a random network of 1/3 metallic
2/3 semi nanotubes. A recent advance was achieved by Ohno [26] of mobility at a given on/off
ratio for un-purified nanotubes. Although they do not explain the reasons for the improved result
in their paper, it is epected that the improvement may be due to the long nanotubes (10 um),
which results in higher mobilities for a given on-off ratio. This is clearly an avenue for improved
ink chemistry, to be explored in the future. Thus, Figure 3.12 represents the collective knowledge
to date of the relationship between mobility and on/off ratio for nanotube inks, and forms an

important roadmap for the future of the field.

As it has been repeatedly emphasized, a clear and comprehensive, predictive theory for the
electrical properties of nanotube networks does not exist. However, a trend can clearly be
observed looking at the data from hundreds of researchers around the world, that the mobility vs.
on/off ratio is significantly improved for purified semiconducting nanotube ink, over and above

that of mixtures. Thus, summarizing, the following main points:

* Density seems to be KEY ingredient.

* Dependence not quantitatively predicted by theory.

* Density can be engineered.

*  Uniformly shows purified inks improve mobility for a given on/off ratio.

* Phenomenological roadmap for the industry exists, and is subject to continuous
improvement.

* May improve with more fundamental materials studies.
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3.5.2. PROSPECTS AND CHALLENGES

3.5.2.1. Performance limits can be improved by ink chemistry

At this point, we will speculate about routes and prospects for improved mobility and on/off
ratios. It is clear, from studies on dense aligned arrays of CVD grown nanotubes, that at least
10X improvement in mobility is in principle possible, from 100 to 1000 cm?®/ V-s, for nanotube
networks. Whether this can be achieved with random arrays is unknown, but not out of the
question. Next, the purity of the ink seems to improve the overall mobility for a given on/off
ratio, and so we speculate in Figure 3.12 that an improved ink purity will drive the blue curve up,
and to the right. How much further the curve can be driven, and how high the mobility can
eventually reach, is currently uncertain, and an important topic for further research. A clear
possible route to improved mobility is to use longer SWNTs. This has been shown by recent
work of both purified [107] and CVD grown [26] networks where longer tubes gave substantially
larger mobilities for a given on/off ratio. In [107], for example, a mobility of > 100 cm®/ V-s at
10° on/off ratio was observed after selective gel based removal of short nanotubes, a much higher
mobility than other groups that use purified, but short SWNTs (Figure 3.12). Similarly, the
mobility of CVD grown tubes was dramatically improved by the same group [26] for a given
on/off ratio by using 10 wum long SWNTs, much longer than other researchers typically

synthesize.
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Figure 3.12. Mobility and on/off ratio relationship. The solid lines are limits for different
nanotube networks. The green line (CVD-grown) and red line (non-purified inks) show similar
trends with a drastic drop on on/off ratio due to presence of metallic tubes. The blue line
(purified ink) on the other hand shows smooth and controllable trend between mobility and
on/off ratio. As hypothesized in the text, by improving the purity of the nanotube ink it is
possible to push the limit to higher mobility for a given on/off ratio. In addition, network density
is shown as a controlling factor (for a fixed purity) to change the mobility and on/off ratio. The
inset figures show the data points for each different method. Purified ink (blue) [13, 24, 69-71,
107], non-purified ink (red) [40, 45-49, 59, 60], and CVD-grown random network (green) [26,
66, 68, 92, 93, 106]. Note the Florida data series [59, 60] for non-purified ink involves successive
breakdown of metallic tubes, so really involves a gradual transition from the red line (unpurified)
to the blue line (purified) as the metallic nanotubes are removed by breakdown, although the data
points are only plotted in red

A critical component for manufacturing is the ink chemistry. While the studies of deposited

nanotube networks have been reviewed and studied in depth, a critical problem in high
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throughput manufacturing is the ink viscosity and especially drying time [108]. For roll to roll
printing, the drying time should be short enough to allow for high speed printing. Most published
studies do not address this issue, but it is critical for industry to address for future printing
technologies. A separate issue still to be completely investigated is the role of the substrate on
electrical properties. For materials under consideration as flexible substrates (such as PET), to
date there has been little evidence of degradation in mobility as compared to SiO, on silicon
wafers. This is somewhat paradoxical, as the PET has surface roughness typically comparable to
or larger than the nanotube diameter, whereas SiO, is usually smooth. This needs further study,
but at present does not seem to be a major practical impediment to high performance inks.
Finally, the effect of the surfactant (and their removal), needed for acqueous solutions, on the
electronic properties of the deposited networks needs to be investigated. To date only one such
comprehensive study has been attempted (by our group) [75], but more research is needed to
completely quantify this critical link between the chemical and electronic properties of

nanotubes.

Our vision for this needed emphasis is shown in Figure 3.1. Of all the ingredients and
technologies that go into manufacturing nanotube network electronics, those that involve the ink
chemistry are the least investigated, and the most fruitful component of the supply chain to attack
in terms of return on investment of improved performance and cost.
3.5.2.2. Applications will be decided by cost considerations. Yields must be increased for
SWNTs to be competitive.

Organic materials are also used vastly for printed electronic circuits [12, 109, 110]. The
advantage of these materials is mechanical flexibility, ease of use and compatibility with low

temperature processes and flexible substrates. However the stability of these devices towards air,
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moisture, and light exposure needs further effort. In addition, the electrical performance of such
devices requires improvement especially in terms of mobility. Although the organic field effect
transistors show very high on/off ratio (more than 10’ in some cases) they suffer from very low
mobilities in order of ~I ecm”/ V-s [12, 111] This low carrier mobility makes organic FETs
unsuitable for some high current, high-speed printed electronics applications. Apart from process
compatibility and electrical performance, cost is a critical issue to be considered in applications.
So far, nanotube-based devices cannot compete with organic transistors in cost, but performance
is orders of magnitude higher. A detailed economic model that allows the cost performance
tradeoff to be analyzed is possible and important for commercial entities and engineering teams

looking to apply the technology in the field.

3.5.2.3. High performance RF devices are a low hanging fruit

In previous sections some demonstrations of solution-based nanotube circuits in DC and low
frequency (~100 Hz) have been discussed. However, the intrinsic radio frequency characteristic
of individual nanotubes has been analyzed, showing capability of exceeding THz frequencies [2,
112]. The full potential of solution-based random network of nanotubes for the applications in
high performance RF devices has not yet been demonstrated, although devices made from
random networks in the 10 GHz range have already been demonstrated [99, 108, 109]. The main
issue for random networks of semiconducting nanotubes is the potential impact of the reduced
mobility compared to individual tubes or aligned arrays. The very small channel lengths required
to obtain high frequencies (see the frequency and channel length relation in the “theoretical
background” section) is a critical milestone for available printing techniques. Although
techniques for making printed circuits typically achieve resolutions (and hence gate lengths) of

~10 pm, the recent introduction of self-aligned techniques to the manufacture of printed circuits
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has allowed submicrometre gate lengths to be achieved, even in inkjet printed devices [113].

Thus, high performance RF devices are a clear potential application for purified nanotube inks.

3.5.2.4. System technology demonstrations

The first comprehensive system demonstration using carbon nanotube semiconducting inks
was presented in 2010, and consisted of roll-to-roll printed RFID tag. This system included a
printable antenna, rectifier, and ring oscillator (~ 100 Hz) on plastic foils and operating at 13.56-
MHz as a 1-bit RF tag [48]. The highest mobilities of the nanotubes used in that work are ~ 5
cm?/ V-s, at an on/off ratio of 100; the number of active TFTs is ~ 10. Because it is a roll-to-roll
(Gravure) printing process, throughput is high. A higher level of integrated circuit
demonstrations with nanotube networks of higher mobility (and hence operation frequency) by
about an order of magnitude (80 cm®/ V-s, and 1 kHz) were demonstrated with very high levels
of integration (~ 10,000 TFTs) [66], allowing for demonstration of basic logic circuitry
(inverter, NOR, NAND). Although a higher level of integration, several steps require lithography
and so the throughput is not purely roll-to-roll. Besides, here they used as-grown SWNT material
whereas in roll-to-roll printing process, purified ink was used. Therefore, there is clearly room

for improvement in system demonstrations in the future.

Recent work has attempted to fabricate printed circuits using purified nanotube inks, and this
has allow for the demonstration of inverters, NAND gates, and ring oscillators on both polyimide
and SiO; substrates with < 3 V operation [70]. The semiconducting carbon nanotube network
and high capacitance ion gel gate dielectric is patterned by ink-jet printing. In their work, they
immerse the substrates in a | mM ethanol solution of hexadecanethiol (for polyimide substrates)

or anthracene thiol (for SiO, substrates) for 12 h (which is a long time for large-scale printed
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circuits) in order to make a self-assembled monolayer on the Au electrodes. Printing was
accomplished in ambient conditions using a commercially available aerosol jet printing system.
The water-based SWNT ink was printed on the channel area with a printing speed of 3 mm/s (5
mm/s for low-coverage films). The measurements are also performed in vacuum due to
sensitivity of the gel electrolyte (used as dielectric) to moisture. This provides system level
demonstration of purified semiconducting inks in circuits. Although several challenges remain,
all three of these results indicate the potential of nanotube ink in a variety of circuits and

systems.

3.6. CONCLUSION

Nanotube based semiconducting ink has been demonstrated to be technically superior in terms
of mobility to any other semiconducting ink. Combined with recent purification technologies to
remove metallic nanotubes, the on/off ratio has been addressed with several techniques. Based
on several studies, we have attempted to provide the first draft in this chapter of a comprehensive
technology roadmap that summarizes my research outcomes as well as state of the art
performance that can be expected for different applications. In addition, the field is continuing to
develop, and additional advances are announced often, so that this framework should be updated
frequently, although the fundamentals laid out in this work remain. Several systems level
demonstrations have shown the potential application of semiconducting nanotube ink in circuits
of increasing complexity and performance, while simultaneously addressing the issue of

manufacturability.
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The potential for improved performance and lower cost systems requires additional effort to
realize the projected advantages in various applications. We have outlined many of the “choke
points” in the supply chain, starting from the fundamental material synthesis and ending with the
system properties. We have argued that, while all areas of this chain should be addressed, the ink
chemistry and composition is the least explored technologically and the most fruitful avenue to
attack to exploit the potential advantages of semiconducting nanotube inks. Once this has been
addressed, future work will be required to find the appropriate points of insertion into existing

and future systems level applications.

3.7. FUTURE PROPOSALS

Presented work in this chapter shows a promising future for carbon nanotube ink based
printed technology. Among the future proposed works that can be done in our lab at UCI are the
study of printed devices on plastic substrate and system level fabrication of basic logic circuits
(e.g. Nor, Nand, etc.) and monitor the performance of such circuits. Also the high frequency
application of these devices can be explored by the means of the e-beam lithography system
although this approach is not scalable in printed electronics. Top gate design is another path
which is yet unknown but it can be studied on the basis of the primary results established by this

presented work.
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4.1. INTRODUCTION

Graphene is known as the thinnest available 2d film in the nature, so far. It is basically a
sheet of one-atom layer of carbon. For many years scientists thought that it is not possible or
better to say it won’t be stable to have a one-atom-thick of any element until 2004 that it was
proven experimentally that a one-atom thick layer of carbon exists and can be produced [1, 2].
Graphene is a zero-bandgap material which gives it very unique electrical properties [3-5]. In
addition, owing to its excellent mechanical behavior (Young’s modulus ~1 TPa [6]) it is highly
considered in mechanical resonators [7] and NEMS (nanoelectro-mechanical systems)
applications [8]. Besides, it has been proven that because of the one-atom thickness and
mechanical stability, graphene can act as one of the best chemical and biological sensing
materials especially because it can somehow mimic the cell membrane. In addition, because of
its electronic characteristics, it can be used as a zero-bandgap material both for nanoelectronic

transistors and nano-size interconnects.

There are several methods to synthesize graphene, among them mechanical exfoliation [1]
and CVD (chemical vapor deosition) growth are the most common ones. CVD growth can be
done on Ni (resulting mostly multi-layer) [9] or Cu (mainly single-layer films) [10, 11]. Other
techniques involve epitaxial growth of graphene over SiC (silicon-carbide) substrate [12, 13] or
unzipping/etching nanotubes to get graphene nanoribbons [14, 15]. Some other processes such as
hydrazine reduction of graphene oxide paper [16], or sonication in solvents [17], etc. are also
proposed in the past few years. However, these methods are either not scalable or don’t give a

good control over the number of grown layers.
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In the mechanical exfoliation technique, usually flakes of graphene/graphite are peeled off of
a graphite substrate (HOPG graphite) using scotch tape. Then the tape is placed and rubbed
gently on the surface of the target substrate and graphene sheets with different number of layers
will be deposited on the substrate. It is known that graphene obtained by this method is so far the
best quality available in research scale. Nonetheless, the drawback of this technique in the lack
of control over the location and number of layers transferred. Besides, the size of the graphene
film is not big enough for large-scale application and cannot be controlled either. The most
common technique to study the quality and number of layer in graphene film is taking Raman

spectrum of the sample.

In this chapter we will present the methods studied to fabricate single-layer graphene (SLG)
and multi-layer graphene (MLG) films. Next, we investigate the options to suspend graphene
sheets as big as possible. Graphene is known to have a very high intrinsic mobility of around
200000 cm?/V-s [18, 19] but in practice the highest mobilities obtained are around 10000 cm?*/V-
s [2]. The reason for a drastic degradation in mobility is the scattering phenomena due to the thin
size of graphene. One of the most important scattering sources is the substrate on which
graphene stands. Therefore there has been a tremendous effort on making suspended graphene

and studying the characteristics of such suspended film.

Another idea is to mimic the cell membrane by graphene and put the graphene membrane
sensor in an electrolyte to study the sensing capability of graphene membrane as a function of
different ions and electrolyte concentrations which in fact requires the fabrication of suspended

graphene film at the first place.
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4.2. DEVICE FABRICATION

4.2.1. GRAPHENE SYNTHESIZE

At the beginning of this project, the scotch-tape (mechanical exfoliation) method was used to
deposit the graphene on the substrate. The results (as shown in Figure 4.1) were graphene flakes

with different sizes and different number of layers.

To be able to visually observe graphene flakes under the optical microscope, it was known at
the time, that the best substrate is silicon wafer with 300 nm or 90 nm oxide cap (discussed in
detail in [20]). Here we used 300 nm thermal oxide on wafer. Other oxide thicknesses need
certain filter on the optical microscope to make graphene sheets visible [20]. For the transfer
purpose we used HOPG graphite substrate and by the means of scotch tape we peeled of a layer
of graphite. Then we put the tape/graphite on the substrate and horizontally rubbed it gently with

small vertical pressure using a pen or similar thing.

Next we tried graphene growth using CVD method. It has been shown that large-area single
layer graphene is grown on top of thin Copper foil [10]. This method will result in large-are
single layer graphene covering the foil with some spots also covered by bilayer and tri-layer
graphene films. For this purpose, a 40 um thick Cu foil was put in the CVD chamber. Chamber
is heated up to 900 °C with a rate of 100 °C per minute under Ar gas flow (150 sccm). In the next
phase we input H, gas (5-20 sccm) as well and change the rate to 10 °C/min to heat up the
chamber from 900 to 1000 °C. Cu foil is left in this temperature for 10 minutes. Afterwards,
methane (CH4) was input the chamber (5-20 sccm) as the base gas to grow graphene for 10-20

minutes. Then the heater is turned off and the sample is cooled down inside the chamber (30-60

110



minutes). The cooling process is also known as an important factor in the quality of final

graphene sheets.

Figure 4.1. Graphene synthesize methods used in my project. Raman spectrum is shown for
single layer graphene obtained in our lab.

While we tried CVD in atmospheric pressure, other research works show that low-pressure
CVD (LPCVD) will result in better quality graphene (our CVD chamber is now under

construction to be converted to LPCVD). To expedite the main objective of this part of project,
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which is fabricating suspended graphene membrane, we decided to buy graphene from
commercial supplier (graphene supermarket). They provide us with 2”°x2” (or 4”x2”) Cu foils
with graphene grown on top using CVD method. Following the graphene synthesize, we tried
transferring it to preferred substrate, but before that the substrate should be prepared and

processed.

4.2.2. RAMAN SPECTROSCOPY ANALYSIS

Raman spectroscopy, using 532 nm (wavelength) laser, of the samples demonstrate D, G, and
2D bands’ peak of graphene films. D peak is obtained at around 1350 cm™ corresponding to
defects while G and 2D peaks location slightly changes with the change in the number of layers.
G peak represents the first-order Raman scattering at the Brillouin zone center of graphene
however, 2D peak stands for second-order Raman scattering by in-plane optical phonons around
the Brillouin zone boundary of graphene film. The average G peak was observed at 1582 cm™

and 2D peak was around 2685 cm™.

4.2.2.1. Multi-Layer Graphene

To count the number of layers we extracted the ratio of I(G) to I(2D) from Raman spectrum.
Based on the recent analysis for mechanically exfoliated graphene as well as graphene grown on
Ni [9, 21-24] we estimate the number of layers to be in the range of 3 to 7 layers for our
graphene films grown on Ni. However, for n>6 it is hard to count the exact number of layers. To
precisely acquire the G/2D peaks intensity ratio, more than 20 spots (in 1x1 cm area) were
analyzed to obtain Raman spectrum. The average 1(G)/I(2D) is found to be around 1.4 which

represents n=4 layers.
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4.2.2.2. Single-Layer Graphene

Unlike multilayer graphene, in single layer graphene films the 2D peak (~2690 nm) is sharp
and more intense comparing to the G peak (~1590 nm). Similar to multilayer analysis, here in
single layer graphene also I(G)/I(2D) peak ratio can be used to determine the number of layer.
Nonetheless, single layer graphene films grown on Cu foil are expected to have 1-3 layers with
the high probability of 1 layer mostly covering the target sample. In general, when the above
peak ratio is less than 1 it corresponds to 1 layer. However, peak ratio of I(G)/I(2D) = 1 stands
for bilayer graphene and for ratios more than 1, the number of layer is predicted to be 3 or more
(as in multilayer graphene). Based on the Raman data extracted from our samples, the substrate
is mostly covered by 1 layer of graphene with few area having 2 or 3 layers. Figure 4.2 shows

the Raman spectrum for SLG and MLG samples for different locations on the sample.
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Figure 4.2. Raman spectrum of transferred single layer (a) and multi layer (b) graphene to
calculate the ratio of G to 2D peak. Curves are shown with offset shifts to enhance clarity.
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4.2.3. SUBSTRATE PREPARATION

Two different approaches were selected for this part. First was to fabricate perpendicular
microfluidics with a graphene membrane in between. This is designed to be done on SiO;
substrate. The second structure involves puncturing holes (5x5 um, 10x10 pm, 20x20 pm, and
30x30 pum, each set in one quadrant of wafer) on the suspended silicon-nitride membrane on
silicon wafer. Next, graphene film will be transferred on top of that hole (covering it completely)
making a square graphene membrane with different sizes. Both these designs are shown in

Figure 4.3.

4.2.3.1. Microfluidic channels and graphene

In the first attempt to suspend graphene we tried the perpendicular microfluidic channels
with graphene film in between. Silicon wafers with 300 nm dry oxide was used. The bottom
channels (5 parallel channels of 5 um width, and ~1 cm length with ~50 um pitch) were
patterned and the SiO, was dry etched using Trion (RIE) machine. The parameters to etch SiO,
are as follows: RIE power of 100 W, O, and CH4 gas flows of 5 sccm and 45 sccm respectively.
The process time is 15 minutes and chamber pressure was set to 150 mTorr. Samples were then
put in STS machine to etch the silicon in order to make deeper channels for liquid to flow easier.
STS was set on “Processb” for 15 minute/43 cycles (etches ~50 pm of silicon). In all above steps
the photoresist (used to pattern oxide at the first step) was kept since STS can easily etch oxide
too (although with lower rate comparing to silicon). Sample is then dipped in Acetone to remove
the photoresist. To get rid of the residue of photoresist we used Gasonic machine (oxygen asher)

for 3-5 minutes at 90-150 °C with plasma power of 1100 W and chamber pressure 3000 mTorr.
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After that, graphene samples were transferred on top of the channels (transfer process is

discussed in the next section).

Figure 4.3. different designs to make suspended graphene membrane.
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Since the channel length is in the range of centimeter, single layer graphene could not cover
the channels and would break easily during the transfer process. In contrast, multilayer graphene
could partly cover some areas of the channels but they would also break in the next step which is

the formation of the top channel (perpendicular to the bottom channel).

Top microchannels are made of PDMS with 20 pm width, ~50 pm depth, and ~1 cm length.
First, SU8-50 molds were made on top of bare silicon wafer. Silicon wafer is treated with
Piranha (3:1, sulfuric acid : hydrogen peroxide) for 60 minutes at 120 °C and rinsed in DI water
(5 minutes). Then wafer is put in dehydration oven (120 °C) for 30 minutes followed by spin-
coating of SUS. The tricky part was pouring SUS8 (not squeezing the bottle) so that no (or very
few) bubbles are in the thick film, covering 60-70% of the wafer area. Spinning parameters are,
500 rpm for 10 sec (100 rpm/s) followed by 2500 rpm for 30 sec (300 rpm/s). Soft bake is done
on hot plate starting from room temperature (R.T.) and slowly ramping up the temperature to 65
°C and wait for 6 minutes, subsequently, ramping at 10 °C to reach 95 °C and wait for another 20
minutes. The gradual increase in the temperature prevents the film from cracking and introduces
less stress. Then samples are removed from hot plate and left for 20 min to cool down slowly.
Exposure using the mask is done in UV (200 mJ/cm?). Post bake is also done on hot plate at 65
°C for 1 min and 95 °C for 5 min ramping at 10 °C/min for both parts followed by 20 min
cooling down in room temperature. The area exposed to UV will be hardened while the rest of
SU8 will be developed using the recommended SU8 developer. The sample is put in the
developer and every 30 sec it should be taken out of the solution for 1-3 sec. This continues for
about 5 minutes (depending on how strong the developer is, since sometime the used and new
developers can be mixed). At the end, rinse the samples with fresh developer for 10 sec and rinse

with IPA thoroughly. Do NOT use DI water in any step and after the mold was prepared, this
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will make SU8 mold to peel off of the silicon wafer. It is also worth to mention that SU8 mold
cannot be made on SiO; substrate because of weak bonding to the oxide surface. Oxygen plasma
can also be used to clean the SUS residues at the end of the process. The final SU8 mold will be

~50 pm thick (since we used SU8-50), which defines the depth of PDMS channel.

Now that SU8 mold is ready, we can cast the PDMS channel. Sample (mold) is washed with
IPA (NO water at all) and dried completely. PDMS mixed is prepared in plastic pouch using
Silicone and curing agent (10:1, weight (silicone) : mL (curing agent), e.g. 10 gr of silicone with
1 mL of agent gives ~1-2 mm thick PDMS covering a 4” wafer). Pouch is sealed and the solution
should be mixed completely. The bag is then put in degas vacuum chamber to remove the
bubbles made during shaking process (~30 min). Few drops of Sigmacote (from Sigma Aldrich)
were poured on SU8 mold covering the whole area and the sample was dried out completely.
Sigmacote prevents the PDMS solution to stick on the surface. After drying the
sample/sigmacote, PDMS mixture is poured carefully on the mold so that no bubble is created.
Next, sample can be put in the oven or on hot plate until the PDMS is cured. Then, the final
PDMS with microfluidic channels embedded in it can be peeled off of the mold and is ready to

be put on top of the channel (made in wafer)/graphene (transferred on channel).

As described, the process environment towards the end was too harsh for graphene films to
survive since along one direction (parallel to the bottom channel), graphene sheet will be
suspended all long and that causes a lot of stress on the film which eventually breaks the film.
Figure 4.4 shows the process steps and optical image results of the transferred graphene films.
Although, as shown, for multilayer graphene samples, graphene sheets will cover the bottom

channel but as soon as the top channel are put on top or the liquid flows inside the channel these
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films will also break. Single-layer graphene sheets are very fragile and break over the bottom

channel during the transfer.

Figure 4.4. Fabrication process for microfluidic channels design. Optical images show MLG
covering the bottom channel but breaks after putting the top channel. On the other hand, SLG
film breaks over the bottom channel during transfer process as shown in the image (lower one).

4.2.3.2. Graphene membrane on silicon-nitride

Silicon-nitride is known as an etch stop to silicon wafer in KOH wet etching process.
Therefore, it is well-established to prepare silicon-nitride membrane on top of silicon wafer by
wet etching the wafer in KOH all the way to the nitride cap. It should be noted that KOH etching
of silicon is anisotropic and results in V shape walls. Silicon wafers with 300 nm low-stress
LPCVD SiN on both sides were bought. The back side of the wafer was patterned using Shipley

119



1827 photoresists (same method as described in chapter 3, fabrication section). The fabrication

steps are shown in Figure 4.5.

Before etching the silicon substrate, the patterned nitride on the back side of the wafer
(circles of 1 mm diameter with the pitch of 1 cm from center-to-center) should be removed to
open a window. Trion (RIE) machine is used for this purpose with the following settings: O, and
CHy,4 gases used with the flow of 5 sccm and 45 scem respectively. The chamber pressure is set to
150 mTorr and plasma power is 100 W. To make sure that nitride is etched completely the run
time was set to 7-10 minutes. Top holes (5x5 pm to 30x30um) were also patterned subsequently
by using PMGI/Shipley 1827 PRs and back-side alignment technique (using MA-6) to align
them in the middle of the final nitride membrane (which will be formed after silicon wet
etching). Then photoresist is removed and sample is put in KOH for wet etching of silicon
substrate from back to the top side leaving the nitride membrane (with hole in the middle) on the
top. 100 mg of KOH was dissolved in 200 mL DI water and heated up to 80 °C (with a lid on the
beaker). Sample was put in the solution and left overnight (~18 hours) until the wafer is
completely etched to the top. Next, sample was washed and dried thoroughly. Now the substrate
is ready to transfer graphene on top of the nitride membrane with the hole. The purpose is to
cover the hole with graphene. Single and few layer graphene films were used and the process is

described in the next section.
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Figure 4.5. Fabrication steps’ schematic to make suspended graphene membrane over square
holes patterned on silicon-nitride membrane. Last figure shows the optical image of one
fabricated membrane, pink is substrate (Si/SiN), green part is the nitride membrane and the
graphene patches are also shown. Two electrode fingers with the hole in the membrane (covered
by graphene) in between is pointed out in the figure.

121



4.2.4. GRAPHENE TRANSFER

Graphene, as mentioned, is provided by outside supplier (2”°x2” CVD grown single layer
graphene on Cu foil). The objective is to etch Cu foil and transfer graphene to any arbitrary
substrate. Poly-methyl methacrylate (PMMA) is used to cover one side of the foil to hold
graphene while the Cu foil is being etched. PMMA powder (9 gr) is dissolved in 100 mL of
Chlorobenzene (99.8% purity, density = 1.107) and mixed well. It should be left for 3 days for
the PMMA to completely dissolve in the solution and result in 9% PMMA solution. Next, some
droplets of PMMA were poured on the foil and spin-coated at 4000 rpm for 50-60 sec.
Cu/graphene/PMMA is then put on hot plate at 195 °C for curing. FeCl; (0.5 M or 1M) solution
is used to etch the Cu foil leaving the graphene/PMMA floating on the surface of etchant. Etch
time varies from 30-120 minutes until visually no Cu is attached to the graphene/PMMA film.
Following that, samples are put in DI water (changing every few hours until the water’s color is
clear) to get rid of etchant residues. Now the film is ready to be transferred onto the prepared
substrate (nitride membrane with hole). To make sure of better transfer of graphene we use
double-PMMA method as described in [25]. After transferring on top of substrate, few droplets
of PMMA were put on the sample covering the graphene/PMMA film and wait for 30-60 min for

PMMA to dry out. Later, the sample is put in Acetone to dissolve PMMA.

4.2.5. TRANSISTOR WITH TOP ELECTROLYTE GATE

4.2.5.1. Design flaw and solution
Now that we are able to fabricate suspended graphene membrane, we came to the idea of
gating it with electrolyte and study the response. The problem is that electrode deposition and

PDMS/electrolyte set up on top of graphene membrane all introduce stress to the graphene film
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which will eventually break the membrane (especially for single layer graphene and bigger hole
sizes). Therefore we decided to redesign the fabrication part. The first source of pressure to
membrane is from Acetone when dipping the sample to remove PMMA. Immersing and taking
out the sample both can cause cracks in graphene membrane so this step should be replaced by a
dry process. Recently annealing was suggested as an alternative to the Acetone removal of
PMMA [26-29]. Here we studied annealing to come up with the appropriate recipe to remove the
PMMA. Annealing is done in forming gas (5-10% H, and 95-90% Ar) at 400 °C for 3 hours
(atmospheric pressure). Results show clean sample with slight change in Raman spectrum of the
film. Figure 4.6 shows the annealing process and Raman data as well as the optical images

before and after 3 hours annealing. It can be seen that there is no trace of PMMA after annealing.

Figure 4.6. Annealing process and Raman spectrum of SLG after anneal (curves are shifted with
constant offset for clarity). Images show before (left) and after 3 hours annealing (right) at the
same spot showing the cleaned graphene without PMMA residue.
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For single layer graphene it was observed that the Raman for G peak (average) was shifted
by 4.6 cm™ and 2D peak (average) is shifted by 3.2 cm™. This is in consistent with the recent

results published at the same time (our data is unpublished) [30].

4.2.5.2. Post-transfer process

Next step is the electrode fingers deposition. Conventional photolithography was used with
PMGI/Shipley 1827 photoresists to make precise alignment to the membrane holes. Since the
patterning, development, and lift off process involves several wet chemistry, it is recommended
to dip the substrate vertically into any solution so that the graphene membrane would not break.
E-beam deposition is used to deposit Palladium/Gold (10/40 nm) electrodes followed by lift off
in Nano-remover as explained in chapter 3 (fabrication section). The channel length and width
vary for different devices with different hole sizes. The range starts with 15x10 um (LxW) for
5x5 pum hole and goes up to 20x20 pum, 40x30 um, and 50x40 pm for other hole sizes
respectively. Following the deposition, electrodes were passivated to prevent the leakage current
between electrodes and the top electrolyte in the microchannel. The passivation is also done by

PMGI/Shipley 1827 followed by post-bake to ensure good adhesion quality of the photoresists.

To design the microfluidic channel, after several attempts it was observed that the best choice
is to individually access each device. PDMS microfluidic channels with different width from 400
pm up to 1 mm were designed and casted using the procedure mentioned earlier. The advantage
of individually controlling the devices is the microchannel cleaning issue and also if one
membrane breaks it would not affect the adjacent devices’ performance. Figure 4.7 shows the

top-view design and the top microfluidic channel used for devices.
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Figure 4.7. Top-veiw of device channel with different length and width design and top PDMS
microfluidic channel. Electrical results from multi-layer graphene films (NOT gated) with
different channel lengths and widths.

As shown here, the electrodes are designed so that the channel length and width is

independent of graphene film’s area since the two electrodes only overlap for the channel width

125



section and each of them is connected to the next top (or bottom) device. Not only it makes each
device independent of graphene film size, but also it makes it possible for studying the basic
logic circuit (i.e. inverters) without any change in the design (this is discussed in “Future

Proposal” section).

4.2.5.3. Electrical measurement

So far, fabrication methods used to make freely suspended graphene membrane was shown.
Single layer and few layer graphene films were deposited on the substrate at different hole sizes.
Figure 4.7 demonstrates the suspended graphene samples. The difference in the I-V slope
(resistance) comes from the difference in number of graphene layer as well as the channel length

to width ratio.

Additionally, we tried the liquid gated graphene samples (Figure 4.8). Since the process
design was not optimized until recently, there is not much of data available. It is worth to
mention that the primary objective of this project was merely fabricating suspended graphene.
The main issue with electrolyte-gated devices was gate leakage current. Partly it was due to the
weak passivation layer. After putting the top PDMS microfluidic channel it was seen that in
some devices it can scratch the passivation layer (due to movement of PDMS on the substrate
during visual alignment to the hole/graphene area). The individual microchannel also helped

eliminating this problem.
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Figure 4.8. Top-electrolyte gate set up (top). Electrical data from measurement with V, going
from -8 V to 10 V (bottom). Measurement is done on single layer graphene.

For measuring the liquid-gated graphene device, we transferred single layer graphene on top

of Si/SiN substrate (not the suspended membrane, as shown in Figure 4.8). Then deposited and
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passivated electrodes to put the microchannel on top. For the electrolyte we used 10 mM NaCl.
Channel length is 15 um and channel width is 10 um. Gate leakage current in this device was 2-
8% of the source-drain current which is typical in electrolyte gated graphene based devices. Gate
voltage changes from -8 V to 10 V with 2 V increments. We were able to see the gating effect on
SLG using electrolyte gate. The result is shows in Figure 4.8. It can be seen that by increasing
the gate voltage, the resistance decreases but we were not able to reach the minimum

conductance point (also known as, Dirac point).

4.3. CONCLUSION

In conclusion, we developed methods for integration of a freely suspended graphene
membrane into a microfluidic chamber. We tried to have two microfluidic channels: One above
the free suspended graphene membrane, and the other beneath the freely suspended graphene
membrane. This failed, as there were too many process steps that could go wrong. Instead, we
developed a process where we transferred graphene as a free standing membrane on a square
hole of different sizes. In this work, the primary challenge was that graphene would crack after
the membrane was transferred, especially for large size holes. To solve this issue we developed
the protocol to remove the PMMA (and other residues) using annealing in forming gas instead of
Acetone. As a result, we were able to transfer graphene to up to 30x30 pm holes as free standing
membranes. We also found that removing PMMA (using annealing technique) will result in

slight shift in G (4.6 cm™ shift) and 2D peaks (3.2 cm™ shift) of the same sample.

Establishing the above design and fabrication processes, we measured electrical

characteristic of different membrane sizes for MLG. Basically, there are a lot of parameters for
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MLG such as number of layers and the contact resistance that affects the response of the devices
therefore we couldn’t establish a trend for this device. On the other hand, we studied the
electrolyte gated graphene transistor. Generally, we observed the gating effect as shown in

Figure 4.8. It can be seen that by increasing the gate voltage, the resistance decreases.

4.4. FUTURE PROPOSALS

There are many directions for the future of this project:

* LPCVD furnace for single layer graphene synthesize (on Cu foil)

* Dielectric development

* Graphene + Ebeam lithography quantum dots

* THz graphene/nanotube based quantum dot detectors

* Aperture work: THz transmission through pinhole in graphene membrane?
* Dual-electrolyte gated graphene membrane (top and bottom electrolyte)

* Lipid bilayer/graphene biosensor

* Graphene Nanopore

* DNA sequencing using graphene nanopore

The aperture work seemed interesting, because graphene can guide THz light therefore, I
started to lead that project in the meantime. The data is not properly processed and therefore is
not presented here. Generally, it may be possible to integrate graphene into being both the
detector and the waveguide/aperture/antenna to focus the THz light on. This is an unclear

concept at the moment but the basic ingredients have already been obtained in our lab.
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The other possible option is to develop a Graphene electrochemistry platform: Transport,
fluidics, lipid bilayer/graphene interaction and nanopore integration. This idea is shown
schematically in the figure below. Based on our initial work we have shown the feasibility, but it

would take one or two grad student years to fully implement that.

Meanwhile, the electrode fingers design in my masks makes it possible to investigate the

output characteristic of top-electrolyte-gated graphene-based inverters as shown here.

Figure 4.9. Proposed future works. a) Dual-electrolyte-gates suspended graphene transistors. b)
Electroly-gated graphene based inverters. ¢) Lipid bilayer/graphene structure [31]. d) Graphene
Nanopore and DNA sequencing through graphene nanopore [32].
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CHAPTER FIVE

SUMMARY AND CONCLUSION
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5.1.  SUMMARY OF FINDINGS AND CONCLUSION

Carbon based materials (carbon nanotubes, graphene, etc.) are demonstrating a great
promising future to be embedded in electronic device technology. However, scalable, high-
performance techniques are needed before commercializing these exotic materials. Moreover,
strong theoretical studies of such devices is lacking in many aspects. It was the main goal of this
thesis research to experimentally explore some of these unknowns which in some cases seem to

be hardly approachable theoretically.

Electronic devices and sensors based on carbon nanotube and graphene have been studied in
detail here. Different deposition and fabrication techniques were explored for carbon nantubes to
realize the impact of different parameters on devices’ output performance. Furthermore,
graphene transfer technology and fabrication of suspended graphene membrane has been

researched resulting in high yield, wafer-scale suspended single and multi-layer graphene films.

Carbon nanotube ink consisting mixture of metallic and semiconducting tubes dispersed in
the solution is studied. Dielectrophoretic force was applied to make dense, and aligned network
of nanotubes in desired location on the wafer. The effect of 3 major surfactants and also different
DEP deposition conditions (voltage and frequency ranges) were explained. Using DEP, the
alignment was found to be very perfect for the optimum condition. However, it was noticed that
DEP mainly results in deposition of metallic tubes (low on/off ratio) which will be helpful for
low-resistivity connection pathways (such as 50 Ohms matching circuit), vias, and interconnect
applications but not field effect transistors in which the channel is supposed to be controlled by
applied gate voltage. Although the technique results in aligned network, it is not yet scalable

since each device should be DEP treated individually.
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In contrast, another approach was designed to utilize purified semiconducting nanotube ink
(> 90% semiconducting) to fabricate printed carbon nanotube-based transistors. As the main
objective, we tried to study the impact of several parameters on the output characteristic of thin
film transistors made from purified nanotube ink as the base material. Among all the suggested
parameters, it was observed that network density plays a major role in controlling the devices’
output. A new deposition technique was employed to change the density of the network. Finally,
we were able to lay down nanotube network of 99% semiconducting material with a broad range
of densities from 10 tubes/um? up to 100 tubes/um” using and original ink’s density variation as
well as surface modification. A comprehensive range of mobilities from 5 cm®/V-s up to ~100
cm’/V-s (close to that of p-type silicon technology) with on/off ratio from 10 to more than 10
was obtained with this technique. Based on this, we established a relationship between mobility
and on/off ratio with regard to density of the network. It has been shown that there exist a strong
correlation between on/off ratio and mobility and density of nanotubes. Nonetheless, the

theoretical background of such experimental understanding is lacking so far.

Besides carbon nanotubes, graphene was also considered as an atomic-thin suspended layer.
High yield, wafer-scale fabrication method was developed to make suspended graphene films on
the desired locations. Primary results show a high yield of single and multi-layer nanotubes
covering holes of 5x5 pum up to 30x30 pum with changing sheet resistivity based on membrane
size (i.e. aspect ratio). Also the electrical measurements show gating effect of graphene samples
using electrolyte as the gate. Future investigations include making nano-size pores on this

membrane and use this as nanopore for biosensing and DNA sequencing.
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In addition to all above, we are currently working on the graphene broadband sheet
conductivity from DC to THz in collaboration with University of Barcelona and Wright State
University. We were able to measure, for the first time, the sheet resistance of both single and
multi-layer graphene samples in a broadband up to 1 THz. The results are currently being
processed. Unfortunately since the final results have not yet been processes to the high standards,

they are not presented here.

In sum, nanotube based semiconducting ink has been demonstrated to be technically superior
in terms of mobility to any other semiconducting ink. This work lays a clear roadmap for the
applications of nanotube based semiconducting inks in printed electronic. Practitioners and
circuit designers can now quantitatively study the tradeoff between mobility and on/off ratio in
systems design, and adjust the nanotube density for optimum system performance. Prior to our
studies, this was done on a hit/miss type basis. It is highly anticipated that purified
semiconducting nanotube ink would find applications in electronics, especially the printed
electronics which seems to be low-hanging fruit. Furthermore, the graphene membrane
fabrication technique developed here is demonstrating high yield, large-scale suspended
membranes of graphene on the wafer. This opens up new windows for future graphene
membrane researches including “dual-electrolyte-gated graphene membrane transistors”, “lipid

b 1Y

bilayer/suspended graphene interaction”, “graphene nanopores for DNA sequencing”, etc.

138



Appendix: Probe Station and Measurement Set-up

Device-Substrate
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