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ABSTRACT

In this research, a new method for the self-assembly of carbon nanotubes (CNTs)
using magnetic capturing and fluidic alignment has been developed and characterized. In
this new method, the residual iron (Fe) catalyst at one end of the CNT was utilized as a
self-assembly driver to attract and locate the CNT using magnetic forces, while the
assembled CNT was aligned by the shear force induced from the fluid flow through the
assembly channel. The self-assembly principles and procedures were successfully
developed and the electrical properties of the assembled multi-walled carbon nanotube
(MWNT) and single-walled carbon nanotube (SWNT) were fully characterized. The new
assembly method developed in this work shows its feasibility for the precise self-
assembly of parallel CNTs for electronic devices and nano-biosensors.

In order to prepare the electrodes for the assembly of CNTs, a self-aligned nano-
scale gap between multiple metal layers has been fabricated using a technique of
controlled undercut and metallization and has been applied to the massive assembly of
the individual CNT. The new method enables conventional optical lithography to
fabricate nanogap electrodes and self-aligned patterns with nano-scale precision. The
self-aligned Ni pattern on the nanogap electrode provides an assembly spot where the
residual Fe catalyst at the end of the CNT is magnetically captured. The captured CNT is
aligned parallel to the flow direction by fluidic shear force. The combined forces of
magnetic attraction and fluidic alignment achieve the massive self-assembly of CNTs at
target positions. Single walled nanotubes (SWNTs) were successfully assembled
between the nanogap electrodes and their electrical responses were fully characterized,

showing stable current-voltage (I-V) responses.
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As an application of the CNT-assembled electrode to a functional device, an on-
chip optical immunosensor using CNTs with a photovoltaic polymer coating has been
proposed, developed, characterized and applied for the detection of a cardiac biomarker
in this work. An individual CNT was assembled on a titanium (Ti) electrode and coated
with a photovoltaic polymer, and then insulated with Parylene. Under an incident light,
the photovoltaic polymer generated electrons that changed the conductivity of the CNT.
The on-chip chemiluminescent immunoassay was directly performed on the CNT
photodetector for the detection of Cardiac Troponin T (cTnT) with a concentration of 12
pg/ml, which envisaged a new optical immunosensor using the self-assembled CNT for
point-of-care (POC) clinical diagnostics.

In conclusion, a new self-assembly of CNTs using magnetic capturing and fluidic
alignment has been designed, developed and characterized in this work for addressing the
difficulty of CNT assembly at the target position between two electrodes with a nanogap.
The electrodes with a nanogap were also newly developed using a technique of controlled
undercut and metallization and then fully characterized as assembly beds for the self-
assembled CNT. Finally, the new assembly methods and devices have been successfully
applied to the new optical immunosensor with high sensitivity for POC clinical

diagnostics.
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INTRODUCTION
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The objective of this research is to develop a new optical immunosensor for
detecting cardiac biomarkers using a carbon nanotube (CNT) that is precisely assembled
on a self-aligned multilayer electrode with a nano-scale gap. Since the discovery of
CNTs in 1991 by Dr. lijima, CNTs have been investigated and utilized for various
applications because of their unique electrical properties. However, their practical
implementation as a functional nanodevice is still considered as one of the difficult and
challenging task due to the difficulties of nano-scale manipulation. Thus, currently there
is a great demand for the development of new techniques for the precise manipulation,
alignment, and assembly of CNTs.

In this research, the unique residual iron (Fe) catalyst located at the end of CNTs
is magnetically captured at the edge of the nickel (Ni) nanopattern; then, the captured
CNT is aligned parallel to the flow direction. For this self-assembly of the CNT, a novel
fabrication technique is developed to achieve a functional nanogap electrode through
low-cost procedures. This new fabrication method allows optical lithography to self-
align a Ni pattern on the nanogap electrode with nano-scale precision. Finally, as an
application of the CNT-assembled device, a photodetector was realized by coating the
self-assembled CNT with a photovoltaic polymer, which generates charges under the
irradiation of light.  Using this CNT-based photodetector, an on-chip optical
immunosensor was developed for the highly selective and sensitive detection of a cardiac
biomarker.

The proposed nanofabrication method for implementing the functional CNT-
assembled device is fully processed with mass-producible techniques. Also, this

technique can be extended to the assembly of other functional nano-materials such as
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various types of nanowires and nanoparticles. As a result, the techniques developed in
this research will facilitate the implementation of practical devices assembled with nano-

materials, including CNTs.

1.1 INTRODUCTION TO CARBON NANOTUBES

There are two types of CNTs, which are classified by the number of walls: a
single wall nanotube (SWNT) and a multi wall nanotube (MWNT). As shown in Figure
1.1 (a), a SWNT has a rolled structure made of a single-layer graphene sheet, which has a
honeycomb-shaped crystal lattice of sp® bonded carbon atoms [1, 2]. There are both
metallic and semiconducting SWNTs; their electrical properties are decided by the chiral
direction of the rolled graphene. As defined in Figure 1.1 (b), the chiral vector (Cy) is

represented as
Cy = nay + ma: Eq ()

, wWhere a1 and a» are the unit vector in a graphene sheet, and n and m are the chiral
direction [3]. When n-m=3k where k is an integer, the SWNT has a metallic property.
Otherwise, the SWNT has a semiconducting property.

There has been tremendous attention on this carbon nano-structure because of its
excellent properties. First, CNTs have outstanding mechanical strength, with a young’s
modulus of 1.4 TPa [4, 5] and tensile strength of 50 GPa [4, 6]. In the case of steel, they
are 200 GPa and 1~2 GPa, respectively. In spite of an extremely narrow diameter of 1 ~
20 nm, this strong structure of CNTs enables a robust implementation of a nanosystem
compared to the other nano-materials. Also, the thermal conductivity of CNTs is higher

than a diamond’s, which was previously known as the best thermal conductor. The
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(n,n) armchair

(b)
Figure 1.1 Various types of carbon nanotube: (a) Structure of graphene sheet, single
wall nanotube and multi wall nanotube [1] and (b) Different chirality of single wall
nanotube. The chirality decides the metallic or semiconducting property of single

wall nanotube [2].
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thermal conductivity of CNTs is 3,000 W/m'K [7], whereas the conductivity of a
diamond is 900~2,300 W/m-K. The high thermal conductivity of CNTs can be utilized to
dissipate the heat from ultra-small electronic circuitry.

In terms of electrical properties, CNTs are an ideal material for overcoming
current limitations in electronic devices. The major advantage of their superior electrical
properties results from a quasi-ballistic transport of electrons through CNT [8, 9]. The
ballistic transport implies that electrons can freely move through the conductor without
scattering. At room temperature, there is no material to enable the ballistic transport.
However, in case of CNTs, the quasi-ballistic transport of electrons is possible, which
results in CNTs having a long mean free path. For example, copper has 10’s of nm at
room temperature, whereas CNTs have at least | pm of mean free path [10]. Also, the
quasi-ballistic transport in CNTs allows a small loss of energy during the movement of
electrons. Therefore, when a current flows through a CNT, very little heat is generated,
which enables the CNT to carry a high density of current without an electrical breakdown
[11]. Also, due to the absence of scattering, electrons are extremely mobile and can
move through CNTs quickly [12], which is an essential property for implementing high
frequency electronic devices with low noise [13, 14].

In particular, semiconducting CNTs have proved to have tremendous potential as
a sensing component due to their structural advantages [15-17]. When a CNT is
assembled between two electrodes, the extremely narrow current path is largely affected
by the interruption of target molecules, changing the current level flowing through the
CNT. Specifically, as shown in Figure 1.2, the compatible size of a CNT with bio-

molecules, such as DNA and proteins, results in these molecules completely surrounding
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(a) (b)

Figure 1.2 Protein immobilization on the surface of CNT: (a) Schematic model [20]

and (b) AFM image of protein binding on SWNT [18].

the CNT. For this reason, significant signal change could be attained despite the small
number of target molecules. Thus, the compatible size enables the CNT to be applied to
various biosensors for detecting cells [18], proteins [19, 20] and DNA [21] with high
sensitivity [22]. In addition, all of the atoms in the SWNT contact the outside
environment, so small variations in the surrounding media can directly affect the signal
passing through the SWNT, resulting in a large change in the electrical conductivity.
Thus, the application of the CNT-assembled device to biosensors is a very effective way

of exploiting the full potential of the unique material structure of the CNT.

1.2 RESEARCH MOTIVATION

The superior functionality of CNTs has made them one of the strongest candidates
for use as a biosensor, which usually requires an extremely high sensitivity for the low

detection limit of small biomolecules. The point-of-care testing (POCT) biosensors, used
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for clinical diagnostics near the site of patient care, usually require high sensitivity and
should be implemented in a micro/nano fluidic platform for a hand-held small system.
Also, the sensor is implemented on a disposable platform that prevents contamination of
the device by multiple uses. Thus, the realization of highly sensitive and specific POCT
biosensors has been considered a very desirable yet challenging task.

The individual CNT is an excellent material for the realization of a POCT
biosensor, because it is not only excellent as a sensing component, but also cheap and of
a small size suitable for integration with the POCT device. Thus, the CNT-based
biosensor fabricated using mass-producible technique at a low cost can provide highly
accurate and reliable detection of biomarkers for point-of-care (POC) clinical diagnostics.

In this respect, the motivation of this research is to develop a CNT biosensor to
implement a highly accurate immunosensor integrated with a POCT device for the
clinical diagnosis of cardiac disease To achieve this goal, a new, mass-producible nano-
assembly technique needs to be developed for the self-assembly of CNTs. Also, to
achieve low-cost production, the electrodes for CNT assembly have to be fabricated with
inexpensive equipment, without complex and expensive procedures. Finally, a new
detection method is required to realize the CNT biosensor with high selectivity and

sensitivity.

1.3 PREVIOUS WORK

As shown in Figure 1.3, there have been various attempts to assemble CNTs such
as utilizing chemical templates [23-25], magnetic force [26, 27], direct growth on an

electrode [28-30], and dielectrophoretic force (DEP) [31-33]. Among these techniques,
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Figure 1.3 Previous works for the assembly of carbon nanotube: (a) Chemical
template assisted assembly [25]; (b) Magnetic assembly after Ni coating on MWNT
[27]; (c) Direct growth on the electrode [29]; and (d) Dielectrophoretic (DEP)

assembly [33].

functionalizing CNTs to chemically bind at a target position is suitable as a mass
producible technique, but the chemical template method requires the surface treatment of
the CNT, resulting in the change of its electrical properties. Also, while the previous
magnetic method was successful in capturing nanotubes, it was not able to demonstrate

accurate alignment, and the additional Ni deposition on the CNT results in metal
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contamination. Furthermore, growing nanotubes directly on a microelectrode by a CVD
process requires a high temperature process, which would affect previous fabrication
steps; additionally, it is difficult to control the number of CNTs grown on the electrodes.

Currently, nanotube alignment by DEP force has been widely investigated and
utilized to make nano component devices. Because the DEP method can massively align
the nanotubes on the electrode with high yield and reproducibility, the method has been
extensively investigated to optimize the conditions for the reliable assembly of CNT.
However, there are several limitations for this method. First, metallic nanotubes are
attracted by a much higher DEP force than semiconducting nanotubes [34, 35]. Owing to
this selective attraction, a much higher percentage of assembled nanotubes by the DEP
method would have a metallic property. Also, there is another concern regarding the
crossing of the CNT over adjacent electrodes. Because DEP force is generated at both
ends of each nanotube, nanotubes easily cross over the nearest electrode if the nanotube is
longer than the gap between each electrode pair. Furthermore, in order to generate DEP
force and attract the nanotube to electrodes, electrical potential should be applied by the
electrodes. So, the electrodes assembled with a CNT should be connected to an external
voltage supply, which increases fabrication complexity.

In addition to the assembly of nanotubes, the fabrication of a nano-gap between
electrodes is also a challenging issue for implementing nanotube-assembled devices.
Because the sonication process for dispersing nanotubes in solution results in the
mechanical breaking of nanotubes, the length of individual nanotubes could be reduced to

the sub-micron scale [36-38]. In order to ensure the successful contact of the sub-micron
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length nanotubes over the electrodes, the nano-scale gap between the electrodes is very

desirable for the CNT-assembled devices.

(b)

Figure 1.4 Nanogap electrode fabrication: (a) by E-beam lithography [40] and (b) by

deep UV lithography [44].
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For the implementation of a CNT-assembled device, electron beam (e-beam)
lithography is widely used to make the electrode on the CNT because of its high precision
and reliability [39-42]. In many works, however, manual searches for nano-components
with long processing times have been performed, and thereby it is not effective
techniques for realizing the nano-material assembled devices to commercial products. As
a mass-producible technique, optical lithography has played a key role during the
development of microfabrication technology because of its advantages in rapid,
reproducible, uniform, cost-effective and precise processes. For a nano-scale fabrication
using optical lithography, advanced techniques with alternative light sources such as deep
UV [43, 44] and X-ray [45] have achieved the patterning of sub-micron features. In spite
of these advances, nano-scale patterning is still difficult to fabricate with such lithography
due to the high cost of equipment set-up, mask fabrication, light source and photoresist
for X-ray or deep UV lithography [46]. Moreover, the alignment of multiple metal layers
with nano scale precision is considered as one of the most difficult tasks in optical
lithography. Recently, nano imprint lithography (NIL) has been extensively explored and
has successfully achieved sub-100 nm patterns [47]. However, NIL has also suffered
from a low yield in large area fabrication and a difficulty in alignment for multilayer
processes [46]. As a result, the new nano-fabrication technique is required, which is
compatible with the conventional lithography with low cost materials and overcomes the
difficulty of alignment in nano-scale resolution.

As an application of CNT-assembled devices, a CNT field effect transistor (FET)
is the representative structure that turns the CNT into a sensing element [22]. The

transistors have been applied as an electrical sensor by measuring the charges of
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(a) (b)

Figure 1.5 Effect of surface charge on FET device with: (a) 2D thin film and (b) 1D
nano-materials.
surrounding media, which provide a gate potential of FET to change the conductivity of
the current channel [48, 49]. This FET-type sensor has been widely utilized because of
its fast and simple measurement, the small size of the device and its easy integration with
electronic circuitry [50, 51]. Recently, to enhance the sensitivity of the FET-sensors, the
nanowires and the CNTs have been intensively researched as a sensing element. In these
materials, because of the long cylindrical shape with a small diameter, which is called as
a l-dimensional (1D) structure, the current path is directly interfered by the change of
surrounding charge as illustrated in Figure 1.5 [52-54]. However, in 2-dimensional (2D)
materials that have a thin-film planar structure of typical transistors, the current can
circumvent the site of the surrounding change. As a result, the FET-sensor integrated
with 1D materials shows a much more sensitive response with a large signal change than
the one with 2D materials.

By functionalizing the surface of CNT FET sensors, various types of sensors have
been realized for the detection of proteins [17, 55], gases and vapors [16, 56, 57], and
light [58]. Among these applications, the CNT FET has been successfully realized as a

biosensor by exploring the extremely high sensitivity of the CNT, demonstrating the
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Si

Figure 1.6 Standard structure of CNT FET type biosensor by protein immobilization

on the surface of CNT [55].

simple and rapid operation by a label-free detection of biomolecules. Additionally, by
directly functionalizing the CNT with antibodies [19, 55] or DNA [21, 59], the CNT has
been proposed as a multi-functional element, capable of detecting various types of target
molecules. For these types of sensors, however, non-specifically bound molecules on the
CNT FET largely affect the signal change. To enhance the selectivity of CNT-biosensors,
polymers [60, 61] and protein-blocking molecules [19, 62] have been coated on the CNT,
preventing the non-specific binding of proteins. However, the ionic molecules in the
sample solution still affect the output signal of the CNT-biosensors.

For the development of a selective and sensitive POCT device, optical detection is
selected as a sensing principle. In optical devices, the sensing element is insulated or
isolated from the sample solution and the signal is transmitted to the sensor as a light.
Thus, optical sensing is much less affected by the ionic noise or the non-specifically
bound molecules in the sample than the previous reported electrical measurements.

However, most of currently available optical measurements need an optical reader with
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separate light sources or photodiodes, which are not suitable for the hand-held POCT
system. So, there is a strong demand for the development of a low-cost and highly

sensitive optical or photosensitive sensor for POCT applications.

1.4 RESEARCH OBJECTIVES

The objective of this research is to develop a new self-assembly method of CNTs
for implementing a functional nanobiosensor, which can be applied to the POC clinical
diagnostics of cardiac disease as a demonstrative vehicle using mass-producible and cost-
effective nano self-assembly methods. Also, a new chemiluminescence-based optical
sensor using the CNT coated with a photovoltaic polymer has been investigated in order
to attain its high selectivity as well as sensitivity. The major research is focused on: (1)
the development of a new technique for the self-assembly of CNTs, which allows the
mass-producible fabrication of the CNT-assembled device; (2) the development of a new
electrode fabrication technique for the assembly of CNTs with a fast processing time and
low-cost procedures; and (3) the development of a nano-biosensor with highly selective
and sensitive detection of cardiac biomarkers for POCT clinical diagnostics as a
disposable lab chip platform.

To achieve these goals, a new technique for the self-assembly of CNTs is
developed by magnetically capturing the residual Fe-catalyst at the end of the CNT. The
self-assembly approach allows the massive integration of CNT at the target position
without any pretreatment for the assembly. Also, the new fabrication procedure is
developed to achieve nano-scale self-alignment and patterning by optical lithography.

This fabrication is fully processed with optical lithography for the inexpensive production
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of the nano-device. Finally, an on-chip optical immunosensor is developed with the
CNT-assembled device implemented by these new methods. The developed biosensor is
insulated with parylene and measures the transmitted optical signal so that ions and
proteins can not disturb the detection of a cardiac biomarker such as Troponin T (¢cTnT).

The details of this research are addressed in the following chapters:

Chapter 1 introduces this work, including the research motivation and objectives.

Chapter 2 introduces the new self-assembly technique for CNTs. The principle of
fluidic and magnetic assembly of CNTs will be presented. The details of experimental
procedures will be presented. Also, a new magnetic filtration method will be presented to
filter out metal impurities. The electrical response will be shown for the assembled
metallic MWNT and semiconducting SWNT.

Chapter 3 discusses the theoretical analysis of magnetic and fluidic force to
optimize the efficiency of the CNT assembly. This analysis was performed with the
magnetic simulation by MagNet and the fluidic simulation softwares by CFD-ACE+.
The critical height to capture the CNT is calculated in this analysis based on the
simulation result. The experimental characterization of the CNT assembly will be
compared with the theoretical analysis.

Chapter 4 discusses the new fabrication technique that achieves nano-scale
alignment and patterning by standard optical lithography. The detailed fabrication steps
for this new technique will be announced. The characterization result to control the gap
size and aligning distance will be shown. The electrical response from the assembled

CNT by applying the developed assembly technique will be discussed.
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Chapter 5 presents the on-chip optical immunosensor by the photovoltaic polymer
coated CNT. The principle of light sensing by CNTs coated with the photovoltaic
polymer will be introduced. The fabrication procedures for the CNT optical sensor will
be presented. The performance of the developed CNT optical sensor will be shown. The
detection result of the cardiac biomarker by the CNT immunosensor will be presented.

Chapter 6 discusses the conclusion of this research and the suggested future work

to implement highly functional nano-biosensor for POCT application.
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CHAPTER 2

PRECISE SELF-ASSEMBLY OF INDIVIDUAL CARBON

NANOTUBE USING MAGNETIC CAPTURING AND

FLUIDIC ALIGNMENT
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2.1 INTRODUCTION

CNTs have been investigated and utilized for various applications since their
discovery by Dr. lijima, due to their unique electrical and material properties [63, 64].
However, the major bottleneck in current applications is the poor physical control of
individual nanotubes because of the nano-scale size of CNTs [65-67]. For fabricating a
reliable nanosystem integrated with CNTs, a precise assembly technique of CNTs should
be developed with a mass-producible approach. Also, in order to utilize the excellent
properties of the CNT, the assembly procedures should be performed at a low
temperature without any preprocessing of the CNT. Additionally, the individual CNT
should be integrated at the desired electrode with a high yield for both metallic and
semiconducting CNTs.

In this work, we have explored a new method for the self-assembly of CNTs in
the direction of fluid flow with a precise position by magnetically capturing the residual
Fe catalyst. =~ While DEP has a stronger attraction on metallic nanotubes than
semiconducting nanotubes [32, 35, 68], this method is equally effective on both types of
nanotubes. Also, this assembly technique does not require a pretreatment on the CNT,
allowing to exploit the full functionality of pristine CNTs. Moreover, since our magnetic
alignment technique uses an external magnetic field and small Ni pattern to localize the
magnetic force, each electrode is not constrained by the connection to an external power
source. Thus, the new assembly method provides design flexibility for the precise,
parallel assembly of CNTs for a variety of applications, including CNT integrated circuits

and nano-biosensors.
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2.2  PRINCIPLES

The basic mechanism of the new self-assembly technique involves the use of the
ferromagnetic metal catalyst that is naturally located at one end of the CNT during the
synthesizing process. Various methods have been reported for the synthesis of CNTs,
including arc-discharge, chemical vapor deposition (CVD), and plasma-enhanced

chemical vapor deposition (PECVD) [69-71]. In these synthesis processes, metal

C,H, > 2C+2H,

(@)

(b)
Figure 2.1 Two different growth mode in CVD synthesis of carbon nanotube: (a) Tip-

growth mode and (b) root-growth mode
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catalysts such as iron (Fe), nickel (Ni) and cobalt (Co) provide seeding sites for CNT
growth. There are two kinds of mechanisms in CNT synthesis as shown in Figure 2.1
[72].

One of these mechanisms is called tip growth and the other is called bottom
growth, according to the location of the catalyst during growth. For both growth-
mechanisms, the catalyst is commonly located at one end of each CNT. Since these
catalysts of Fe, Co and Ni are ferromagnetic materials, they can be magnetized in an
external magnetic field. Thus, the ferromagnetic metal catalyst works as a nano-scale
magnet that allows the CNTs to be manipulated for the self-assembly.

Figure 2.2 shows a schematic illustration of the assembly procedure. First, a
microfluidic channel is used to guide a solution containing CNTs to the Ni pattern on a
gold electrode. Next, magnetic force is produced on the Ni pattern by applying an
external magnetic field, thus the metal catalyst of the CNT is attracted and positioned at
the target point of self-assembly. Finally, the shear force from the liquid flowing through
the microchannel aligns the CNT parallel to the flow direction [73].

In this work, the new self-assembly technique for CNTs is proposed utilizing the
residual Fe catalyst at the end of the CNT. Because this approach does not require any
preprocessing on the CNT, the superior functionalities of the pristine CNT can be fully
exploited to implement functional nanodevices. Also, whereas the self-assembly of CNT
by the DEP force has a strong selectivity on metallic CNTs, this method is equally
effective for the assembly of both metallic CNT and semiconducting CNT. Furthermore,
the suggested technique utilizes the external magnetic field, and the induced magnetic

force is specifically generated at the nano-scale Ni pattern. So, the electrodes are not
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Figure 2.2 Procedure for fluidic alignment of CNT by magnetic attraction on a Ni
pattern: (a) Fabrication of Ni pattern on Au/Ti electrodes; (b) solution containing CNTs is
guided to the Ni pattern by a PDMS microchannel; (¢) Fe catalyst at the end of CNT is
magnetically attracted to the Ni pattern; and (d) CNT is aligned parallel to the flow

direction.

connected to an external power source without geometrical restrictions, to concentrate the
electrical field as in the DEP assembly. As a result, this new method provides a design
flexibility for implementing a wide range of applications, including CNT-integrated

circuits and nano-biosensors.
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2.3 DESIGN AND FABRICATION

2.3.1 Synthesis of CNTs

A thermal CVD process with Fe catalysts was used to synthesize MWNTs in this
work [74, 75]. Three-layered substrates, Fe (1 nm) / SiO; (100 nm) / Si, were prepared
using the following techniques. First, an electron-beam evaporator was used to deposit a
1-nm thick Fe film on a SiO,/Si1 wafer. This Fe film was oxidized to create iron oxide
nano-islands, and then reduced by flowing 500 SCCM of H, at 750°C during the
synthesis process of MWNT. Next, the Fe/Si0,/Si substrates were used for the MWNT
growth, utilizing previously reported top-growth mechanism [75]. The MWNT array was
synthesized by a thermal CVD in a horizontal 2-in EasyTubeTM (ET1000, FirstNano)
furnace. The growth conditions were 500 SCCM of H; flow, 700 SCCM of C,H,4 flow,
and a 750 °C growth temperature. The synthesizing process was performed for 5 minutes
and the fabricated MWNTs were characterized by environmental scanning electron
microscopy (ESEM). The characterization result showed that the fabricated MWNTSs had
a dimension of 20 nm in diameter and 3-5 um in length.

For applying our technique to assemble SWNTs, the vertical array type of
SWNTs grown by a CVD process was purchased from FirstNano (Ronkonkoma, NY).
The characterization results by Raman spectroscopy and SEM image showed that the
synthesized SWNT had a diameter of 1 to 2 nm and a length of around 50 pm. After
dispersing the surfactant solution, the length of the SWNT was reduced to an average

length of 3 um because of mechanical breakdowns during the sonication process.
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Fe Catalyst

(b)

Figure 2.3 SEM images of (a) residual Fe catalyst at the end of MWNT and (b)

individually assembled MWNT at the edge of 200 nm wide Ni pattern by magnetically

attracting the residual Fe catalyst.
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2.3.2 Fabrication of electrodes with Ni patterns

To position the CNT precisely, a nano-scale Ni pattern was fabricated by e-beam
lithography. The magnetic force induced on the Ni pattern by an external magnetic field
is proportional to the gradient of the magnetic field. Since the highest gradient of
magnetic field over the Ni pattern occurs at its edge, a strong magnetic force is generated
at the edge of the Ni pattern. Additionally, once the CNT has been attached to the Ni
pattern, the edge of the Ni pattern is covered by the attached CNT, preventing the
assembly of multiple CNTs at each Ni pattern. For this purpose, a small cross-sectional
area of Ni (200 nm wide and 100 nm thick) was designed and fabricated to assemble a
single CNT at each Ni pattern. With this approach, the individual CNT can be precisely
assembled on the desired electrode point. Figure 2.3 shows scanning electron microscope
(SEM) images of individually assembled MWNTs using the assembly method developed
in this work.

The e-beam lithography was utilized to fabricate a Gold (Au)/Titanium (T1)
electrode, which was precisely aligned with the Ni pattern. Because CNTs were captured
at the edge of the Ni pattern, the Ni pattern should be patterned at target position of CNT
assembly. In order to precisely assemble the CNT on the Au/Ti electrode, the alignment
of the Ni pattern was achieved by the multilayer process of e-beam lithography. For this
procedure, the Au/Ti electrode was first patterned with the alignment mark for the
fabrication of the Ni pattern. After the e-beam exposure and development of the PMMA,
the Au/Ti deposited sequentially with a thickness of 100 nm and 10 nm, respectively.
Following lift-off, in order to finalize the patterning of the Au/Ti electrode, the second e-

beam lithography was performed for the patterning of Ni. In this step, the Ni pattern was
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(d) (h)

Figure 2.4 Fabrication procedures of Ni patterns on Au/Ti electrodes and PDMS
microchannel: (a) PMMA spin coating on SiO,/Si substrate; (b) E-beam Lithography;
(c) AuwTi deposition; (d) Lift-off; (e) 2nd PMMA spin coating; (f) E-beam
Lithography and Ni deposition; (g) 2nd Lift-off; and (h) PDMS microchannel

covering.
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precisely aligned with the Au/Ti electrode through the use of the alignment mark
fabricated at the first e-beam lithography. After e-beam exposure and developing, 100

nm of Ni was patterned on the Au/Ti electrode.

2.4 EXPERIMENT DETAILS

2.4.1 Dispersion and magnetic filtration of CNTs

In this suggested method, the filtration of the CNT solution is a critical step to
avoid the attachment of metal impurities to the Ni pattern. After the synthesis and
dispersion of CNTs in a surfactant solution, the solution contained many metal impurities,
which were typically unused catalysts from the synthesis process [72]. Due to their
ferromagnetic property, these impure Fe catalysts were also attracted to the Ni patterns by
the same mechanism that attracted the CNT-catalyst complex, as shown in Figure 2.7 (a).

There are many methods available for purifying CNTs, such as acid refluxing and
centrifugation. Even though acid treatments are widely used and effectively remove all
the metal impurities, the acid causes the formation of defects or functional groups on the
surface of the CNT [76]. Also, the magnetic filtration of Fe catalysts was reported
previously, but the CNTs with residual Fe catalysts were also filtered out in that method,
thus making it incompatible with our assembly process [77].

For the selective removal of the metal impurities that were not attached to CNTs,
a new filtration procedure was developed in this work. First, the grown CNTs were

dispersed in an insufficient volume of surfactant solution (a mixture of 1 wt% SDBS
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Figure 2.5 Procedures to filter out metal impurities: (a) Place on the magnet to

magnetically separate the metal impurities; (b) Pipette the separated bundles of CNT

from metal impurities; and (c) Full dispersion of CNT bundles in solution.
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Figure 2.6 ESEM image of dispersed CNT in the solution of 0.5 wt% Tween 20 in DI

water.

(sodium dodecylbenzenesulfonate, Sigma-Aldrich Co.) in DI water) [78, 79], and the
sonicated solution was placed on the magnet for one week. Because the volume of
surfactant solution was not enough for full dispersion, the CNTs became aggregated
again and generated bundles over time. Since the CNT bundles had much larger surface
areas than the metal impurities, the fluidic resistance of the CNT bundles restricted their
movement in the solution. As a result, the CNTs were entangled together and formed
bundles, while the metal impurities were magnetically attracted and precipitated at the
bottom. The bundles of CNTs were carefully extracted from the solution with a pipette

without agitating the container. The extracted CNT bundles were then sonicated again in
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Figure 2.7 (a) Assembled MWNTs without filtration and (b) with filtration for the

removal of metal impurities.

an appropriate volume of surfactant solution for full dispersion. Following this filtration
process, the assembly procedure resulted in the capture of CNTs without impurities at the

edge of the Ni pattern, as depicted in Figure 2.7 (b).

2.4.2 CNT flow using PDMS microchannels

For the fabrication of the microchannel, soft lithography with
poly(dimethylsiloxane) (PDMS, Essex Group Corp.) on a thick-film photoresist (AZ
4620, AZ Electronic Materials USA Corp.) pattern was completed.  Patterns

approximately 20 um thick were fabricated on a mirror-finished silicon wafer and used as
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a mold for casting with the PDMS elastomer. The PDMS microchannel has a dimension
of 20 pm high by 2 mm wide, and was used to guide the CNT solution to the electrode
pattern on the SiO,/Si substrate. Since the PDMS microchannel had to be detached from
the substrate in order to characterize the device after the alignment of CNTs, a permanent
bond between the PDMS and SiO,, normally achieved by oxygen plasma treatment, was
not performed for this work. Without plasma treatment, the PDMS microchannel was
attached to the Si0,/Si wafer and showed no leakage of the solution containing dispersed
CNTs during assembly. Under the external magnetic field of 0.7 Tesla, 10 pl of a well-
dispersed CNT solution flowed through the microchannel with a flow velocity 4.2
mm/sec. After the flowing of the CNT solution, the PDMS microchannel was detached
from the substrate for subsequent SEM imaging and electrical analysis.

After the solution was removed from the microchannel, the external magnet was
maintained to prevent the CNTs from detaching from the Ni pattern while drying. The
drying process caused the CNTs to adhere to the substrate surface by Van der Waals
force, thus the CNTs remained stably attached even after they were submerged in an
ultrasonic bath. As a result, this assembly technique does not need any post-processing to
attach the assembled CNTs to the electrode by an additional metal deposition, which
would require a precise alignment step and would also have the potential to introduce
unwanted impurities. Even though there was no additional metal deposition to hold the
CNT on the electrode, the CNT was stable and showed a good electrical contact with the

Au/Ti electrode.
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2.5 ELECTRICAL CHARACTERIZATION

Figure 2.8 (a) shows an SEM image of an assembled MWNT on the Au/Ti
electrode using the new assembly method. The rectangular Ni patterns were fabricated
on the Au/Ti electrode by e-beam lithography. The measured current-voltage
characteristics for the assembled MWNT are presented in Figure 2.8 (b). Corresponding
to the previous reports in which MWNTs usually possess metallic properties [80, 81], the
result shows a linear relationship between the current and the voltage, demonstrating
good ohmic contact between the electrode and the MWNT. To reduce contact resistance,
the MWNT assembled electrode was annealed at 120 °C for 24 hours. The measured
resistance before annealing was 40 kQ to 100 kQ, and it was reduced to around 30 kQ
after annealing. Compared with previous reports, this value of resistance is relatively low
and does not require additional metal deposition on the assembled MWNT to reduce the
contact resistance [80].

The SWNT was also assembled on an electrode using the proposed technique as
shown in Figure 2.9 (a). In contrast with the results from the assembly of MWNT, some
Fe impurities also attached at the Ni pattern despite the use of the same filtration step
described above. To avoid the attachment of these metal impurities, an advanced
filtration step for SWNTs is still under investigation. Since the catalyst size of the
SWNT is smaller than that of the MWNT, a slower flow rate of 0.4 mm/sec was applied,
while the other conditions were kept the same as those used for the assembly of the
MWNT. To reduce the contact resistance and ensure a stable electrical response, the

assembled SWNT was annealed by rapid thermal processing (RTP, AG Associates, Inc.)

with N, flowing at 350 °C for 5 min. Because the assembled SWNT showed a very
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Figure 2.8 Assembled MWNT: (a) SEM image and (b) I-V curve for the aligned
MWNT on Au/Ti electrode. The linear electrical response for MWNT shows stable
ohmic contact. After annealing, the resistance of individually assembled MWNT on

Au/Ti electrodes was reduced from 39 kQ to 29 kQ.
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Figure 2.9 Assembled SWNT: (a) SEM image and (b) I-V curve for the assembled
SWNT. The electrical response shows non-linear schottky contact, indicating the

semiconducting property of the assembled SWNT.
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unstable electrical response before annealing, the electrical characteristics were measured
after annealing the SWNT, as plotted in Figure 2.9 (b). The result shows a non-linear
response of back-to-back schottky junction, showing that the assembled SWNT is a
semiconducting CNT [82]. Therefore, the suggested method was also successfully

applied for the self-assembly of the semiconducting SWNT.

2.6 CONCLUSION

In conclusion, a new self-assembly technique for CNT has been proposed and
successfully demonstrated in this work. By magnetically attracting the residual
ferromagnetic catalyst, CNTs were assembled at the edge of Ni patterns and aligned
along the flow direction. Both the metallic MWNT and the semiconducting SWNT were
assembled on electrodes with stable electrical responses. The assembly technique
demonstrated in this work requires only simple procedures without any pre-treatment or
post-processing on the CNT. Furthermore, this method can provide the design flexibility
of a CNT integrated circuit with high precision. In this regard, the new assembly
technique demonstrated in this work can envisage the practical applications of CNTs to

nanobiosensors or nanoelectronic devices.
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CHAPTER 3

A THEORETICAL ANALYSIS FOR

THE FLUIDIC AND MAGNETIC SELF-ASSEMBLY

OF CARBON NANOTUBES
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3.1 A SIMULATION MODEL OF CNTS

In this study, a theoretical analysis of CNT assembly has been performed to
optimize the fluid velocity and the magnetic force. Figure 3.1 shows the simulation
model for the theoretical analysis. The length of CNT was simply modeled as 3 pum,
which was the average length of the CNTs experimented in this work. The SEM analysis
showed that the average diameter of the catalyst was approximately 20 nm for SWNTs

and 50 nm for MWNTs. In order to avoid the complexity arising from the single-domain

Magnetic Length (I) Fluidic
Force }% Force

<4

-~

)y

Height
(h)

<@ | External Magnetic Field (B)

Figure 3.1 Theoretic model for the magnetic and fluidic analysis of CNT assembly. To

simplify the analysis, the CNT was modeled to have 3 um length and 50 nm diameter of

catalyst, which were the average values for the experimented MWNTs.
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effect of ferromagnetic material [83], the theoretical model was confined to the analysis

of MWNTs with a Fe catalyst of 50 nm in diameter.

3.2 THEORETICAL ANALYSIS OF CNT ASSEMBLY

3.2.1 Magnetic simulation

The magnetic force, which is applied to the Fe catalyst of CNTs by the Ni pattern,

can be described in Equation (1)

F=(m-V)B (1)
, where m is magnetic momentum of the Fe catalyst and B is the magnetic field induced
by the Ni pattern [84]. Because the magnetic momentum of the Fe catalyst is constant for
all directions, the magnetic force is linearly proportional to the gradient of the magnetic
field.

For the characterization of the magnetic force applied to the Fe catalyst, the
magnetic momentum of the Fe nanoparticle with a diameter of 50 nm (m =~6x10—-17 A
m?) was used [85, 86]. A magnetic simulation (MagNet, Infolytica, Inc.) was performed
to analyze the magnetic force induced on the Ni pattern. Ni structures with different
dimensions (0.2 pm, 0.5 pum, 1 pm, and 2 um in length) and a fixed width and thickness
of 0.2 pm and 0.1 um, respectively, were simulated. A uniform external magnetic field
of 0.7 Tesla was applied to the longitudinal direction of the Ni pattern.

Figure 3.2 (a) shows the simulation result for the magnetic field around the 1pum
long Ni pattern under an external magnetic field of 0.7 T. The contour lines, which
represent lines of equal magnetic fields, are very dense at the edge of the Ni pattern. This

indicates that the localized and high gradient of the magnetic field occurs at the edge of
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Figure 3.2 Magnetic simulation result under external magnetic field of 0.7 T: (a)
Contour lines representing lines of equal magnetic field around Ni pattern. (b) Induced
magnetic field around the 1pm long Ni pattern. The result displays the high magnetic

field generated at the edge of Ni pattern.
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the Ni pattern. With this simulation result of the magnetic field, the magnetic force is

calculated by Eq. (1) and plotted in Figure 3.2 (b), which displays the magnetic force

applied to the Fe catalyst along the longitudinal direction of the Ni pattern. The result

shows that the magnetic force attracting the catalyst is localized at both ends of the Ni

pattern, so the CNTs would be assembled at these positions. The magnetic force was also

simulated as a function of the height above the Ni pattern, as shown in Figure 3.3. The

result shows that the magnetic force rapidly decreases as the height is increased, and that

the longer Ni pattern generates a greater magnetic force.
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Figure 3.3 Simulated magnetic forces as a function of height above the Ni pattern for

various pattern lengths (0.2 um, 0.5 pm, 1 pm, and 2 um).
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3.2.2 Fluidic simulation

The slender body theory was applied to analyze the fluidic shear force on the
surface of CNTs [87, 88]. The slender body theory gives the drag force (F) on a CNT

parallel to the axis of a flow as described in Equation (2)

F 2rdu
In(l/r)

)
, where x4 (= 0.001 N s/m?) is the viscosity of a 1 wt% SDBS solution, u is the flow
velocity, / is the length of the CNT, and r is the radius of the CNT. Due to the large ratio

of length and radius, the constant term in the denominator is ignored. To analyze the

fluidic shear force, the flow velocity (#) according to the height is simulated by CFD-

ACE+ (ESI-CFD, Inc.). In this simulation, an experimented microchannel 20 pym high

and 2 mm wide was designed, and the result is plotted in Figure 3.4 (a). With this
designed microchannel, various flow velocities were simulated to characterize the fluidic
shear force applied to the CNT. After calculating the profile of the flow velocity inside
the microchannel, the velocity profile was utilized to calculate the fluidic force with Eq
(2). By applying the values of a 3 um length and 20 nm diameter, which were the
dimensions of the simplified model of the CNT, the fluidic force acting on the CNT at a
flow velocity of 4.2 mm/min was simulated according to the height of the microchannel,

as plotted in Figure 3.4 (b).

3.2.3 Critical height

The simulated magnetic force and the fluidic shear force were used to determine

the critical height at which the fluidic shear force was the same as the attractive magnetic
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Figure 3.4 Fluidic simulation by CFD-ACE+: (a) Cut view of simulated flow velocity
in a microchannel (20 pm thickness and 2 mm width); and (b) Fluidic force to the
CNT according to the height at the flow velocity of 4.2 mm/sec. The slender-body

theory was applied to simulate the flow velocity inside a microchannel.
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force for capturing CNTs. As illustrated in Figure 3.5, the CNTs are captured at positions
in which the magnetic force is stronger than the fluidic force, which occurs below the
critical height. On the other hand, CNTs flow away at positions where the fluidic force is
higher than the magnetic force, which occurs above the critical height. Another
important result involves the size of the Ni patterns. The simulation result shows that as
the Ni pattern becomes longer, the induced magnetic force increases. Consequently, the
critical height is also increased, thus the longer Ni pattern captures more CNTs and

increases the number of attached CNTs.

1.00E-11 -
9.00E-12 -
8.00E-12 -
7.00E-12
6.00E-12
5.00E-12 -
4.00E-12 -
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——Magnetic Force
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=—=F|uidic Force

Critical Heli

Figure 3.5 The simulated magnetic force and the fluidic shear force as a function of
height above the Ni pattern. The critical height for capturing CNTs can be determined

where the magnetic force is equal to the fluidic shear force.
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3.3 COMPARISON WITH EXPERIMENTAL RESULTS

The number of attached CNTs is calculated from the simulated result of critical
height. For this calculation, an effective zone is defined as an area where the CNTs are
attracted to the Ni pattern by a higher magnetic force than the fluidic force. The effective
zone is simply calculated as an area of a half circle with a radius of the critical height. A
portion of the effective zone in the cross-sectional area of the microchannel is multiplied
by the total volume of the solution that has flowed through the microchannel. This
results in a flown volume of CNT solution passing through the effective zone, which is
the effective volume of the CNT solution to be captured at the Ni pattern. Finally, this
effective volume of flown solution is multiplied by the density of the CNT in the solution,
leading to the calculated number of attached CNTs at the Ni pattern. From this analysis,
the attached number of CNTs is plotted according to the flow velocity, Figure 3.6 (a), and
the magnetic force, Figure 3.7 (a).

Compared to the simulation result, the number of assembled CNTs was
experimentally quantified to characterize the assembly efficiency, in terms of magnetic
force and flow velocity. Figure 3.6 (b) shows the experimental analysis of magnetic
force by counting the number of attached CNTs at 100 Ni patterns that have different
lengths of 0.2 um, 0.5 pm, 1 pum and 2 pm with a fixed width of 0.2 um and thickness of
0.1 um. The result shows that increasing the length of the Ni patterns allows the capture
of more CNTs, which agrees with the result obtained from simulation as shown in Figure

3.6 (a).
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Figure 3.6 Number of attached CNTs at different lengths of 25 Ni patterns using flow

velocity of 4.2 mm/sec: (a) Simulation result and (b) Experimental result.
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Figure 3.7 Number of attached CNTs at 25 Ni patterns with 2 pm length as a function

of flow velocity: (a) Simulation result and (b) Experimental result.
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Additionally, the effect of the flow rate on the quantity and alignment of the assembled
CNTs was characterized. To investigate the fluidic effect, the number of CNTs attached
at 25 Ni patterns with a 2 pum length was quantified and the results are shown in Figure
3.7 (b). The result shows that higher flow rates caused a reduction in the number of
attached CNTs. Likewise, when the flow rate was lower, an increased number of CNTs
were assembled on Ni patterns. Because fluidic shear force on the CNT is proportional to
the velocity of the surrounding flow, the number of assembled CNTs is inversely
proportional to the flow velocity.

The experimental result also showed that a higher flow rate results in a better
alignment of the assembled CNTs to the flow direction. Because a higher flow rate
applied a higher fluidic shear force to the CNT, the alignment direction of the CNT by
surrounding flow is improved at a high flow rate. Therefore, while the flow rate was
lowered as more CNTs were captured by the magnetic force, the alignment along the
direction of the flow became poor. On the other hand, higher flow rates resulted in a

reduced number of CNTs assembled on the Ni contact.

3.4 OPTIMIZED SELF-ASSEMBLY OF CNTS

As a result of these analyses, a flow velocity of 4.2 mm/sec was selected to
optimize the capture and alignment of CNTs along the flow direction. Additionally, this
flow velocity minimized the multiple assembly of the CNTs at a single Ni pattern, and
approximately 80 % of the Ni patterns were assembled with a CNT.

To show the feasibility of a complex nanotube-assembled circuit, a sequential

array of assembled MWNTs with a high-density interval of 2 um was achieved, as shown
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Figure 3.8 (a) SEM image of sequentially aligned MWNTs array with 2 pm interval

and (b) Small dot-type Ni pattern for the assembly of nanotube.
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Figure 3.8 (a). Ni patterns with dimensions of 200 nm in width and 1 pm in length were
patterned on the Au/Ti electrodes by e-beam lithography. The Ni patterns and electrodes
were designed to provide 1 pm contact length to each nanotube. The precise assembly of
multiple nanotubes shows the feasibility of this technique for the creation of densely
assembled nanotube devices.

As shown in the result of magnetic simulation, the concentrated magnetic force
occurs at two ends of the Ni pattern. Thereby, the catalyst of nanotube usually attached
at these two points. To locate the nanotube at the single target site, the use of a small Ni
pattern (200nm by 200 nm, 100 nm thick) was tried for the assembly of the individual
nanotube, as shown in Figure 3.8 (b). For the application of a large-scale integration of

CNT circuitry, this small dot-pattern of Ni would be very desirable.

3.5 CONCLUSION

In this chapter, a theoretical and experimental characterization was performed to
optimize the fluidic and magnetic conditions necessary for the self-assembly of CNTs.
Using the average sizes of CNTs in experiments, the CNT was theoretically modeled to
simulate the magnetic force and the fluidic force. Based on the simulated results, the
critical height for capturing CNTs was calculated. The theoretical results were well
matched with the experimental results, showing that a successful analysis was achieved in

this work.
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CHAPTER 4

SELF-ALIGNED MULTILAYER ELECTRODES WITH

NANOGAPS FOR THE FLUIDIC AND MAGNETIC

ASSEMBLY OF CARBON NANOTUBES
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4.1 INTRODUCTION

Nanoscale components such as nanoparticles, nanowires and carbon nanotubes
(CNTs) have shown tremendous potential for applications in electronics, biosensors, and
optical devices [89]. In particular, CNTs have their advantages over the other nano-
materials in terms of their strong mechanical properties [4, 90], extremely high sensitivity
[56, 91], ballistic charge transport [8, 9, 92] and carrying high current density [10,11].
However, the integration of CNTs with electrical connections has been considered as one
of the major obstacles which prevent to apply the superior CNT properties to a practical
device [65, 66]. Additionally, the fabrication of nanoscale gaps (nanogaps) between
electrodes is another challenging issue to achieve the reliable fabrication of CNT-
assembled devices [93]. Since a sonication process for dispersing CNTs in a solution
results in a tremendous partitioning of CNTs, the average length of dispersed CNTs is
usually reduced to a submicrometer range [36-38]. As a result, the development of
nanogap electrode is very desirable to ensure the successful connection of the
submicrometer length of CNT between two electrodes.

Significant efforts have been made to develop a large-scale fabrication of CNT-
assembled functional devices. Depending on the number of assembled CNTs, these works
can be categorized into two types of implementation, which are a thin film network
assembly of CNTs and an individual assembly of CNTs. The approach with a few layers
or a single layer of CNT film has attained a strong advantage of mass-fabrication due to a
compatibility with CMOS processes [21,22]. However, the random orientation of the
CNT network may causes the loss of the superior electrical property of CNTs such as fast

electron mobility and high transconductance. Although a horizontally aligned CNT
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network makes up for these weaknesses, the synthesis of aligned CNT network should be
processed on a sapphire or quartz substrate, which requires transferring the grown CNTs
to a proper substrate through the expensive procedure of thick gold film deposition [23,
24]. In the case of individual CNT assembly, the excellent properties of CNTs can be
fully exploited, and the cost of implemented device is low due to a small quantity of
CNTs. To achieve the precise assembly of the individual CNTs, various approaches have
been explored utilizing dielectrophoretic force [25,26], chemical template [27], and
magnetic force [28]. However, there are still large demands for the development of
simple assembly technique without modification of CNTs and connection of electrical
power to each electrode.

Previously, we demonstrated the precise fluidic assembly of individual CNTs by
magnetically capturing residual Fe catalyst [94]. In this technique, while the solution
containing CNTs flows over a Ni-patterned electrode, the residual Fe catalyst at the one
end of the CNT is magnetically attracted to the Ni pattern, which induces magnetic force
under an external magnetic field. Then, a fluidic shear force from the surrounding flow
aligns the CNT along the flow direction. This assembly technique does not require a
pretreatment of the CNTs, so the full functionality of pristine CNTs can be attained. Also,
compared with the dielectrophoretic (DEP) assembly of CNTs [32,93], it is not necessary
to connect an external power source to the electrodes, and the geometrical shape of the
electrode is not required for the concentration of the electric field at the end of electrodes.
Furthermore, this technique does not have a preference for a metallic CNT over a
semiconducting CNT, and thus, multiple transistors only using the semiconducting CNTs

can be built after filtration of the metallic CNTs [35, 68]. However, this method requires
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Figure 4.1 Illustration of fluidic self-assembly of CNTs by magnetic attraction on a
residual iron catalyst. A self-aligned Ni pattern on the nanogap electrode induces magnetic
force under an external magnetic field and localizes the placement of CNT between two

electrodes.

an expensive fabrication process using E-beam lithography to achieve a nanogap between
electrodes and a precise alignment between Ni and Au/Ti electrodes.

In order to overcome these difficulties, we have explored and developed a new
approach to fabricate self-aligned electrodes using optical lithography for the magnetic
and fluidic self-assembly of CNTs as illustrated in Figure 4.1. The developed technique
allows precise alignment between Ni and the Au/Ti electrode with nanoscale dimensions
by the self-aligning method. Furthermore, this method can be completed using i-line
optical lithography (365 nm wavelength of UV light source) with Shipley photoresist,

which is usually available from most clean room facilities. As a result, this approach
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enables an inexpensive and simple process to fabricate the nanogap electrode, leading to

an effective self-assembly of CNTs for the mass production of functional nanodevices.

4.2 PRINCIPLES

In this work, a precisely controlled undercut was adopted to fabricate the self-
aligned pattern and the nanogap electrode as described in Figure 4.2. During the isotropic
wet-etching of the metal layer, the undercut is generated underneath a lithographically
patterned photoresist. After the formation of the undercut during the metal etching, the
photoresist on the undercut-etched metal layer is preserved until a directional deposition
of a second metal layer by E-beam evaporation. Due to the undercut of the first etched
metal layer, the directional deposition of the second metal layer produces a small gap
between the first etched layer and the second deposited layer [95]. As a result, the
nanogap electrode can be fabricated with this simple approach, and the length of the gap
between the electrodes can be controlled by adjusting the etching time of the first
patterned metal layer.

This method of controlled undercut and metallization is extended to achieve the
self-aligned multilayer electrode with nanogaps for the self-assembly of CNTs. After
depositing multiple metal layers, the undercut-etching is completed with selective metal
etchants for each metal layer. The selective etching for each metal layer is controlled to
produce the designed gap between layers, which results in the aligned pattern on the
electrode with nanoscale dimensions. Then, the final metal deposition on the masked
photoresist is performed, and finally the small gap of electrodes with the aligned pattern

is achieved with nanoscale precision. In this procedure of self-alignment, the aligned
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(a) (@

®
Figure 4.2 Fabrication procedures: (a) Spin-coating photoresist on Ni/Au/Ti deposited

Si0,/Si substrate; (b) Photoresist patterning; (¢) Undercut etching of Ni and Au/Ti; (d) 2nd
Au/Ti deposition; (e) Lift-off the upper layer on the photoresist; and (f) Fluidic self-

assembly of CNT by magnetic attraction on a residual iron catalyst

distance between each pattern is precisely adjusted by the controlled undercut.
Consequently, the nanoscale alignment is simply achieved by controlling the etching time

for the undercut without any complex or difficult aligning procedures.

4.3 DESIGN AND FABRICATION

To fabricate a functional nanogap electrode with this technique, Ni and Au/Ti

layers have been selected to implement a precise self-assembly of CNTs on the electrode.
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To make a self-aligned Ni pattern on the electrode, the Ni layer was deposited on the
Au/Ti layer and then each layer was etched with the generation of undercut. After the
second deposition of Au/Ti, the subsequent lift-off process finalized the fabrication of the
functional nanogap electrode for the CNT assembly. The aligned Ni layer was utilized to
induce the magnetic force under an external magnetic field, and attracted the residual Fe
catalyst at one end of the CNT. Then, the captured CNT at the edge of the Ni layer was
assembled on the Au/Ti electrode in the flow direction due to the fluidic shear force.
Considering the submicrometer size of the CNT, the Ni layer was patterned to have a
nanoscale distance from the gap of the Au/Ti electrodes, allowing the assembled CNT to
bridge two Au/Ti electrodes.

To achieve a smooth and uniform edge on the undercut, photoresist patterning
was carefully carried out. Hard baking of the photoresist resulted in the generation of a
non-uniform undercut and long exposure yielded a rough sidewall of patterned
photoresist. As a result, each step for photoresist patterning needed to be properly
processed. The photoresist of Shipley 1818 (S1818; Rohm and Haas Electronic Materials,
LLC.) was spin-coated on the substrate at 4000 rpm for 30 seconds, followed by soft
baking inside an oven at 90°C for 20 minutes. After exposing it to 365 nm of UV
wavelength for 10 seconds with an intensity of 8.5 mW/cm? the photoresist was
developed in a 1:5 mixture of M-351 and DI water for 90 seconds. A hard baking step of
S1818 was not performed in our procedures because the undercut etched patterns had a
rough edge after hard baking.

Detailed procedures for the suggested fabrication are described in Figure 4.2.

First, Ti (10 nm), Au (50 nm) and Ni (100 nm) were sequentially deposited on a SiO,/Si
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substrate. Standard optical lithography with a medium-quality mask, which had a
minimum feature size of 10 um, was processed. With the patterned photoresist, the Ni
layer was etched at room temperature by the etchant, which was a mixture of nitric acid
(HNO3), acetic acid (CH;COOH) and DI water with a ratio of 1:1:1. After the first
etching of the Ni layer, gold etching was performed at 50 °C with a mixed solution of
iodine (40 g), potassium iodine (10 g) and DI water (400 ml). The second Ni etching was
completed for the fabrication of the Au/Ti contact area by increasing the undercut of the
Ni layer at the Ni/Au/Ti electrode. Followed by the formation of these controlled
undercuts, a second metal layer of Au/Ti (50 nm/ 10 nm) was directionally deposited by
e-beam evaporation, finally achieving the gap between the first etched layer and the
second deposited metal. An SEM image of the fabricated nanogap electrodes is shown in
Figure 4.3 (a). The resolution limit of this technique has been achieved at up to 250 nm
in this work, and the etched edge of each layer had a roughness of 50 nm. To reduce the
resolution limit and the roughness of the etched edges of the electrodes, various etching
conditions could be tried in future work, using the optimized concentration, type,
temperature, and stirring rate of the etchant. After this gap fabrication, five pairs of
electrodes with self-aligned Ni were fabricated to implement an array of CNT-assembled
electrodes, as shown in Figure 4.3 (b). Each electrode was 10 um wide, and the self-
aligned Ni pattern had dimensions of 500 pm in length, 10 um in width and 0.1 pum in

thickness on top of the Au/Ti electrodes.
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(b)

Figure 4.3 SEM images of (a) fabricated multi-layer nanogap electrode and (b) 5 pairs

of electrodes.
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4.4 EXPERIMENT DETAILS

The grown CNTs were dispersed in a surfactant solution, which was a mixture of
1 wt% Tween 20 (Sigma-Aldrich Co.) in DI water. In this dispersion process, bundles of
CNTs in the surfactant solution were sonicated for 30 min in an ultrasonic bath (Branson
Ultrasonics Corp.). To filter out metal impurities, CNT arrays were dispersed in an
insufficient volume of surfactant solution for 30 minutes. Due to the lack of surfactant to
cover the CNT surface, the dispersed CNTs gradually regenerated bundles over the
course of time. Consequently, when the solution with dispersed CNTs was placed on a
magnet, the metal impurities magnetically precipitated to the bottom of the container, and
the bundles of CNTs were selectively separated with the impurities [94]. After placing

the CNT solution on the magnet for one week, the bundle of CNTs were carefully

Figure 4.4 SEM image of assembled CNT between multilayer nanogap (500 nm scale

bar).
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pipetted and dispersed again in a sufficient volume of surfactant solution. A
microchannel 20 pm thick and 2 mm wide was fabricated by soft lithography using
PDMS on the mold of the photoresist (AZ 4620). After the assembly of the CNT on the
electrode, the PDMS microchannel was detached from the substrate for SEM detection
and electrical characterization.

Once the solution containing the dispersed CNTs was introduced to the Ni self-
aligned electrodes, the substrate was dried at room temperature under the external
magnetic field, which prevented a possible detachment of the CNT while drying. When
the CNT solution flowed through the microchannel, an external magnetic field of 0.7 T
was applied to the Ni patterns. A flow rate of 4.2 mm/sec was selected for magnetically
capturing the Fe catalyst with the appropriate fluidic alignment of CNTs. Figure 4.4
shows SEM images of assembled CNTs at the edge of the Ni pattern on Au/Ti electrodes

by the developed technique.

4.5 RESULTS AND DISCUSSION

4.5.1. Magnetic field analysis

During the assembly procedures for the CNT, the Fe catalyst at the end of the
CNT is locally captured at the edge of the Ni pattern, because the induced magnetic force
by the Ni pattern is strongly generated at the edge by a high gradient magnetic field. The
induced magnetic force by the Ni pattern is represented as

F=(m-V)B (1)
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Figure 4.5 FEM simulation of magnetic field at the edge of Ni pattern (10 pm width,
500 pm length and 0.1 um thickness) under the external magnetic field of 0.7 Tesla: (a)

Magnetic field distribution; and (b) Localized peak of magnetic force at the edge of Ni

pattern.
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,where m is a magnetic momentum (Aem?) of the Fe catalyst and B is the magnetic field
(Tesla) around the Ni pattern [84]. As shown in this equation, the magnetic force is
linearly proportional to the gradient of the magnetic field. With the same dimensions of
the experimented Ni pattern, FEM simulation (MagNet, Infolytica Inc.) was performed
under the external magnetic field of 0.7 Tesla for the characterization of the induced
magnetic force at the Ni pattern. Figure 4.5 (a) shows that the contour lines of the
magnetic field is very dense at the edge of the Ni, representing the high gradient of the
magnetic field. Due to this gradient profile of the magnetic field, the high magnetic force
is locally generated at the edge of the Ni pattern as plotted in Figure 4.5 (b). As a result,
the Fe catalyst of the CNT is magnetically captured only at the end of the Ni where the
magnetic force has a peak value.

Due to this localized placement of the CNT, the distance from the edge of the Ni
layer to the electrode and the gap between the electrodes are important factors for
achieving the successful assembly of CNTs between two electrodes. If the Ni pattern is
distant from the gap of electrodes, the assembled CNT will not successfully bridge the
electrode gap. Additionally, if the gap between the electrodes is larger than the length of
the CNT, the assembled CNTs cannot cross over two electrodes. For these reasons, the
patterning of the Ni pattern and the gap of the electrode need to be designed to have a
proper length by considering the average length of CNTs. Due to the shortening of CNTs
to a submicrometer length during the dispersion process, the nanoscale distance from the
edge of the Ni layer to the electrode gap and the nanogap between two electrodes were

designed and fabricated to successfully assemble CNTs.
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4.5.2. Self-aligned multilavyer electrodes

To create this self-aligned Ni pattern on the electrode and adjust the gap between
electrodes with nanoscale precision, the time-dependant generation of the undercut for Ni
and Au was carefully monitored and characterized as plotted in Figure 4.6 (a) and (b),
respectively. The generation rate of the undercut was dominated by the mass transport of
etching molecules to the metal layer, because molecular transport is geometrically
restricted by the patterned photoresist on the metal layer. There were three phases of the
undercut-etching rate as the etching time increased [96]. As the etching first started,
there was no or very little, generation of the undercut. During the second phase, the
undercut was rapidly increased with a constant slope, where the precise control of
undercut generation was necessary. As the undercut generation was increased, the
generation rate slowed down in the third phase.

Fick’s first law of diffusion was adopted to explain these rate changes in undercut
generation, according to the etching time. From Fick’s first law, the diffusion flux (J) is

defined as

J=— _E¢
P (Eq. 3.1)

, where D is the diffusion coefficient (m?/s), ® is the concentration of etching molecule
(mol/m>), and x is the diffusion length (m). For the first period, most of the etching
molecules in the etchant are consumed away as soon as they contact the patterned open
area of the metal layer. Due to the rapid consumption of etching molecules, the
concentration of active etching molecules is low, which reaches to the metal film under
the photoresist. As a result, the reduced concentration (low @) of etchant results in a very

slow undercut generation in the first phase. After the metal layer in the open area is
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Figure 4.6 Undercut generation of (a) Ni and (b) Au according to etching time. There are

three phases for the generation rate of undercut due to the mass-transport limited process.
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Figure 4.7 Three phases of undercut generation according to the etching time: (a) First
phase of open area etching; (b) Second phase of rapid generation of undercut; and (c)

third phase of limited mass-transport of etching molecule.

76



etched out, the undercut rapidly increases because the consumption of the active etching
molecules stopped in the open area of the metal layer. Therefore, concentrated etchant
(high @) massively diffuses under the photoresist. In this second phase, the length of the
undercut should be carefully controlled by monitoring the etching time. Finally, the
mass-transport of etching molecules is limited by the spatial restriction of the narrow gap
under the photoresist, which has the same thickness as the etched metal layer. This
spatial restriction increases the diffusion length (x) of the active etching molecules to
reach the metal layer under the photoresist. Thus, the undercut is slowly generated and
finally saturated. Based on these characterizations of undercut generation according to
etching time, nano-scale fabrication was accomplished by carefully monitoring the
etching time. As a result, the nano-scale fabrication of gap (400 nm) and alignment
distance (300 nm) was designed and successfully achieved in this work in order to

assemble the sub-micron length of CNTs.

4.5.3. Characterization of CNT connections

The volume of flowed CNT solution affects the number of assembled CNTs and
the yield of the successful connection of CNTs between electrodes. Based on the
previous characterization of flow velocity, the flow velocity was fixed at 4.2 mm/sec [94].
Then, different amounts of CNT solution flowed on Ni patterns to characterize the
number of assembled CNTs at the Ni pattern and the yield of CNT connections between
electrodes. After the CNT solution flowed on the electrodes, the assembled CNTs at 5 Ni
patterns were counted with respect to the flowed volumes of CNT, as shown in Figure 4.8

(a). The result shows that more CNTs are assembled on the electrode, as the increased
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Figure 4.8 The effect of flowed volume of CNT solution: (a) The number of assembled

CNT at 5 Ni patterns with respect to the volume of CNT solution; and (b) The yield of

CNT connection between electrodes depending on the flowed volume of CNT solution.
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volume of CNT solution flowed on the Ni patterns. Also, the yield of the CNT
connection between electrodes was calculated for different volumes of CNT solution by
counting the successful CNT connection between electrodes among the 5 pairs of
electrodes. As shown in Figure 4.8 (b), the probability of a successful CNT connection is
increased when larger volumes of CNT solution flow over the electrode. As a result, a
large amount of CNT flow ensures the successful bridging of CNTs between the

electrodes, but it also results in the assembly of multiple CNTs on a single electrode pair.

4.5.4. Electrical characterization

On the fabricated electrodes, both metallic MWNTs and semiconducting SWNTs
were successfully assembled. Because the electrical response from the assembled CNTs
was not stable before the annealing, the I-V characteristic were measured after the
annealing procedure by a rapid thermal process (RTP; AG Associates, Inc.) at 350 °C
with N, flowing for 5 min. This annealing step also reduced the contact resistance
between the CNTs and the electrodes and resulted in a stable electrical response. After
the annealing procedure, [-V measurements were performed for the electrical
characterization of the assembled CNTs.

As plotted in Figure 4.9 (a), the measured electrical result for the assembled
metallic MWNTs shows stable ohmic behavior. Figure 4.9 (b) shows a non-linear I-V
response between the SWNT and the metal electrode, demonstrating that the assembled
SWNT has a semiconducting property. Since the contact between a semiconductor and a
metal forms a schottky junction, a back-to-back schottky diode is formed at the contacts

between the SWNT and the electrodes.
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Figure 4.9 Measured I-V curve for the individually assembled (a) metallic MWNT and

(b) semiconducting SWNT.
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4.6 CONCLUSION

In conclusion, a functional nanogap electrode with a self-aligned Ni pattern was
successfully fabricated and applied to an individual assembly of CNTs. The fabrication
for the nanogap electrode and the assembly of CNTs were fully processed with simple,
inexpensive and mass-producible techniques. The pristine CNTs were reliably assembled
on the developed nanogap electrode, and they showed stable electrical responses for both
metallic and semiconducting nanotubes. As a result, the suggested technique for CNT-
assembled electrodes provides an easy and reliable way to implement functional nano-

electronic or biosensing devices utilizing the excellent capabilities of CNTs.

81



CHAPTER 5

AN OPTICAL IMMUNOSENSOR USING CARBON

NANOTUBES COATED WITH A PHOTOVOLTAIC

POLYMER
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5.1 INTRODUCTION

Over the recent decades, carbon nanotubes (CNTs) have been explored for highly
sensitive sensors that detect various types of biomolecules such as cells, proteins, and
DNA. [18, 19, 21] With the basic structure of the field effect transistor (FET) assembled
with an ideal 1D structure of CNT, the charged molecules around the CNT modulate on
an extremely narrow current path through the CNT. As a result, the CNT-based
biosensors have achieved a highly sensitive detection of target proteins with the simple
structure of a device. Additionally, the electrical sensing mechanism can be flexibly
implemented with electric components, allowing a miniaturize-sized device and simple
steps for measurement. In spite of these advances in the CNT-based biosensors, the
realization of a practical biosensor with CNT for clinical diagnosis is still retarded, since
the surface of CNT is still hard to be flexibly functionalized for a desired molecular
selectivity. Because the FET-type CNT biosensors respond very sensitively to most
surrounding charges [56, 97], it is difficult to selectively detect target molecules without
interruptions from ions or non-specifically bound proteins in sample solutions.

To improve the selectivity of the CNT biosensor for target molecule, various
efforts have been made through functionalizing the surface of CNTs with surfactants [19],
proteins [62] and polymers [60, 61]. Particularly, polymers such as PEG (Polyethylene
glycol) [60] and PEI (Polyethylenimine) [61] were utilized to completely coat the surface
of the CNT, functionalizing it for the selective detection of target proteins. Even though
these functionalization techniques of CNT significantly reduced the non-specific binding
of proteins, the detection-limit of the functionalized CNT has not yet been proved to

show the high sensitivity of CNT [98].

83



Furthermore, the disturbance from various ions in sample solutions is a more
significant challenge for accomplishing a reliable biosensor than control of non-
specifically bound proteins. Many reports have shown that the electrical properties of
CNTs are easily changed by the interaction of the ionic molecules around CNT [56, 97].
Additionally, since the ionic molecules are much smaller than the proteins, it is more
difficult to block the intervention of the ions than the non-specifically bound proteins.
Human blood contains various ionic molecules as well as proteins, and therefore the
isolation of CNT from these molecules is highly desired for the application of the CNT-
assembled device to a clinical diagnosis. As a result, in order to implement a practical
biosensor with CNTs, the reliable selectivity without the loss of sensitivity for target
molecules has to be achieved.

In this work, an innovative mechanism for the CNT-based biosensor to realize a
selective detection of target proteins has been proposed and developed while maintaining
high sensitivity. To achieve an excellent selectivity as well as sensitivity, a new optical
immunosensor based on CNTs which are covered with photovoltaic polymer, which
works like a CNT-based photodetector, has been developed. Chemiluminescent-based
immunoassay was directly performed on the CNT photodetector. When the light was
produced from the chemiluminescent assay, the generated charges in the photovoltaic
polymer were accumulated around the surface of CNT. Consequently, the immunosensor
with the CNT photodetector works like an on-chip optical immunosensor. Also, since the
CNT photodetector was insulated with Parylene, the noises from ionic molecules were
completely blocked. With this configuration of the biosensor, cardiac biomarker (¢TnT)

could be successfully detected with an extremely low concentration of 12 pg/ml. Thus,
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Figure 5.1 Chemiluminescent light generation during immunoassay by catalyzing
reaction of HRP.

the FET-type CNT-based immunosensor for point-of-care (POC) clinical diagnostics has
been realized for the detection of cardiac biomarkers, including other proteins and

peptides.

5.2 PRINCIPLES

5.2.1 Chemiluminescent immunoassay

In order to achieve a high selectivity and sensitivity for target detection, the

principle of the proposed biosensor consists of the generation of chemiluminescent light
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and the detection of the chemiluminescent light by a CNT photodetector, which were
fully performed in an on-chip platform. The commercially available protocol of enzyme-
linked immunoassay (ELISA; Femtolight, Inc.) was utilized to generate the optical signal
from the target molecule. In this assay, a chemiluminescent enzyme of horseradish
peroxidase (HRP) was tagged to the secondary antibody, which could be selectively
immobilized on the target antigen. The HRP catalyzes the conversion of an enzyme
substrate (Luminol) into the product of a 3-aminophthalate, which decays to a lower
energy state by emitting light as shown in Figure 5.1.

The chemiluminescent immunoassay is first performed by functionalizing a
substrate with the capturing antibody. While the sample solution flows to the
functionalized region, the target antigen in a sample is tethered by the capturing antibody.
Because the chemiluminescent enzyme of HRP is conjugated with the secondary
antibody, the capturing antibody and the secondary antibody are linked by the target
antigen, finally cross-linking the HRP. When this linked HRP reacts with the enzyme
substrate, the chemiluminescent light is generated. The intensity of this optical signal is
proportional to the number of linked HRPs, which increases as the concentration of the
target antigen increases. As a result, the target antigen can be detected through measuring

the intensity of chemiluminescent light by the CNT photodetector.

5.2.2  On-chip optical sensing through photovoltaic-polymer coated CNTs

To achieve the on-chip signal sensing, the self-assembled carbon nanotube was
coated with a photovoltaic polymer. Figure 5.2 shows a schematic drawing for the

principle of light detection by the photovoltaic-polymer coated CNT. The photovoltaic
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polymer of Poly(m-phenylenevinylene-co-2,5-dioctoxy-p-phenylenevinylene) (PmPV)
produces electric dipoles under the incident light. Because a valence band of the PmPV is
aligned with CNT, the holes in the produced electric dipoles are injected into the carbon

nanotube, leaving the electrons in the vicinity of CNT [99]. As a result, the electric

PmPV Parjyllene §N T

S — YA

(b)

Figure 5.2 (a) Conceptual picture of CNT photodetector insulated with parylene and (b)

Schematic illustration of charge generation in PmPV changing the conductivity of CNT.
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charges of the surrounding electrons change the conductivity of CNT between the
electrodes, leading the detection of light by measuring the conductivity of CNT.
Additionally, the UV-VIS spectra of PmPV show the peak absorption at a wavelength of
450 nm. This specific absorption of wavelength is well matched with a wavelength of 430
nm produced by HRP. Thus, the optical response of PmPV-coated CNT leads the highly

sensitive detection of biological molecules by chemiluminescent immunoassay.

5.2.3 Parylene insulation

The CNT-assembled electrode with PmPV coating is insulated with parylene to
make a highly stable, selective and sensitive device in this work. Parylene has excellent
properties such as optical transparency for a wide range of light wavelengths [100],
which is very desirable for optical detection by CNT photodetectors. Also, its
biocompatible and non-toxic material properties provide an excellent platform for protein
immobilization, and thereby the capturing protein immobilized on the Parylene which
serves as an intermediate moderator to provide protein-binding surface on the PmPV-
coated CNT [101]. Finally, as an insulation layer, the parylene improved long-term
stability of the fabricated device and completely prevents the disturbances from the ionic
molecules, which greatly enhances the selectivity of CNT biosensors for highly accurate

clinical diagnostics [102, 103].

5.3 DESIGN AND FABRICATION

The gap between the electrodes and the self-aligned Ni pattern were fabricated by

a controlled undercut and metallization [104]. Utilizing a standard i-line optical
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Figure 5.3 Picture of fabricated electrode. Sub-micron gap of electrode with self-aligned
Ni pattern was fabricated by optical lithography. The Ni self-aligned electrode with
nanogap was applied to self-assemble SWNT by magnetic capturing and fluidic

alignment.
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Figure 5.4 Attached PDMS microchannel on CNT photodetector for microfluidic control

for the sequential steps of the chemiluminescent immunoassay.

lithography with 365 nm, the precise alignment of the Ni pattern on the electrode and the
sub-micron sized gap between electrodes was successfully fabricated without complex
alignment procedures. This fabrication technique realized an inexpensive fabrication of
nano structures, suitable for a disposable type biosensor. As shown in Figure 5.3, the
fabricated device has 20 pairs of electrodes with nano scale gap. Each electrode has a
self-aligned Ni pattern to magnetically assemble the SWNT at the edge of Ni pattern.

To fabricate a microchannel with 20 um thickness, a soft lithography with PDMS
was performed using an AZ4620 photoresist. The regular bonding procedure of the

oxygen plasma treatment is not processed to avoid the permanent bonding of PDMS to
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the SiO, substrate. Without permanent bonding, the SWNT solution flowed through the
microchannel without any leakage. After the self-assembly of SWNT, the PDMS
microchannel was detached from the substrate for subsequent procedures.

The vertical-array type SWNT was purchased from FirstNano (FirstNano Inc.,
NY). The SWNT has a length of 60 um and was synthesized by a water-assisted CVD
process [74]. The SWNT array was sonicated in a 1 wt% mixture of DI water and Tween
20 for 30 minutes. After the SWNT solution was placed on the magnet for 24 hours to
magnetically separate the metal impurities [94], the top half of the SWNT solution was
carefully pipetted and utilized for device fabrication.

The SWNT was self-assembled at the Ni pattern by the previously developed
method. External magnetic field (0.7 Tesla) was applied to the device while the dispersed
SWNT flowed through the devices. Using the induced magnetic force, the Fe catalyst at
the end of SWNT was captured at the edge of Ni pattern and aligned parallel to the flow
direction. In order to flow the SWNT solution, the PDMS microchannel with a 20 pm
height was attached on the device. After flowing 2 pl of the SWNT dispersed solution
with a flow velocity of 4.2 mm/sec, 80% of the electrode was assembled with SWNTs.

The SWNT-assembled electrode was coated with a photovoltaic polymer by a
drop-casting method [99]. The photovoltaic polymer of PmPV was dissolved in
chloroform with a 1wt% concentration. After fully dissolving the PmPV, lul volume of
PmPYV in chloroform was pipetted and then carefully dropped on the assembled SWNT.
By evaporating the chloroform at room temperature, the SWNT-assembled electrode was

uniformly coated with PmPV.

91



The PmPV-coated device was insulated with Parylene by vaporized deposition
(Parylene Coater). Raw parylene pellet (1.5 g) was deposited to attain a 2 pm thick
parylene layer on the PmPV-coated SWNT. The parylene was coated on the whole device
with a uniform thickness. After parylene was deposited on the device, oxygen plasma
etching (Technique RIE) was performed to etch out the parylene at contact electrodes that
were connected to the measuring equipment [105]. Because the photoresist is also etched
during the oxygen plasma, a thick photoresist of AZ 4620 was patterned on the device
with a thickness of 20 um to protect the sensing area. After etching out the parylene at

contact electrode, the photoresist was rinsed by acetone, methanol and DI water.

5.4 EXPERIMENT DETAILS

5.4.1 Equipment setup

To reduce the loss of chemiluminescent light, on-chip detection was achieved by
performing the immunoassay directly on the parylene-insulated CNT photodetector. For
this purpose, the microchannel with a 20 pm height was attached as shown in Figure 5.4.
The electrical characterization for the CNT coated with the photovoltaic polymer was
performed by wiring the contact electrode of the fabricated device to the Picoammeter
(Keith 780, Keithly Inc.). For the detection of chemiluminescent light, the wired device
was shielded by a black box which blocks external light during optical measurement.
Also, a flexible silicone tube was utilized to connect the microchannel to the syringe
pump outside of the shielding box. Thus, the equipment for the electrical measurement

and the flow control could be implemented outside of the black box. The black box was
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covered with the conductive foil, and blocking electrical noise and optical interruptions

from external light during the signal measurement.

5.4.2. Chemiluminescent immunoassay

Standard steps of chemiluminescent immunoassay were carried inside the
microchannel for the detection of ¢TnT protein as illustrated in Figure 5.5. To flow the
reagents through the attached PDMS microchannel and to prevent the microchannel from
leaking, suction pressure was applied to the outlet by applying high pressure inside the
microchannel. After connecting the flow tubes to the inlet and outlet of the microchannel,
the captured antibody (Abcam, Inc.) was injected into the microchannel and immobilized
for 15 minutes. After washing out the microchannel by flowing DI water, PBS (Protein
Blocking Solution; Fisher, Inc.) was applied to the microchannel for preventing the non-
specific binding of proteins. Following these steps for the functionalization of the
microchannel, the sample containing the target antigen was applied and immobilized for
3 minutes. After washing the microchannel with DI water, the HRP conjugated secondary
antibody was flowed into the microchannel and stayed for 3 minutes. With the washing of
DI water, the black box cover was closed for the optical measurement. Then, the HRP
substrate was applied to the microchannel and the chemiluminescent light was detected

by measuring the conductivity change of the PmPV coated CNT.
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Y 1o antibody 8% TnT  { 24 Antibody @& Enzyme ' Enzyme Substrate /£ Light
Figure 5.5 Attached PDMS microchannel on CNT photodetector for the sequences of
chemiluminescent immunoassay inside the microchannel. (a) Immobilizing 1st antibody
on the surface of the parylene coated CNT photodetector, (b) Capturing target protein
(cTnT) from the sample, (c) Immobilizing the HRP conjugated 2nd antibody on ¢TnT, and

(d) Chemiluminescent reaction with the substrate solution by the enzyme of HRP.
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5.5 RESULTS AND DISCUSSION

5.5.1 Electrical characterization

The electrical characterization is performed for the CNT-assembled electrode and
the PmPV-coated electrode without CNTs as plotted in Figure 5.6 (a). The PmPV coated
electrode without CNTs did not show any response for the incident light with no changes
of conductivity. Also, the conductivity change of bare CNTs without PmPV coatings
were not detected for the incident light. These results show that the electrical response for
the incident light is mainly attributed to the interaction between PmPV and CNTs. Figure
5.6 (b) shows the electrical response under the incident light, where the light has a 365
nm wavelength and 8.4 mW/cm® intensity. The PmPV-coated CNT changed its
conductivity in response to the incident light as the generated charges in PmPV
surrounded the assembled CNT.

The conductivity change is also measured with respect to the intensity of the
incident light as plotted in Figure 5.7 (a). This measurement performed under the UV
light with a wavelength of 365 nm. As shown in the results, the increased intensity of the
incident light results in a larger change of conductivity for the CNT coated with PmPV.
The change of conductivity, which changes depending on light intensity, implies that
more charges in the photovoltaic polymer are generated as the intensity of light is
increased. In this sense, as the chemiluminescent light is increased according to the
concentration of antigen, the conductivity change is also increased from the PmPV-
coated CNT. As a result, the implemented CNT optical sensor can be successfully applied

to detect the amount of chemiluminescent light.
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Figure 5.6 (a) I-V curve from bare CNT and PmPV, (b) Conductivity change for CNT

coated with PmPV under the incident light.
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Because the intensity of the chemiluminescent light was very weak, an
optimization of the electrical condition was required to improve the detection limit for the

developed CNT immunosensor. For this purpose, the drain-source voltage (Vg4s) of the

(Ion - Ioﬁ”)

device was characterized to increase the signal change (Al/I= ) from the

off
device as plotted in Figure 5.7 (b). Previous reports show that the signal from CNT FET
sensors could be maximized at the sub-threshold regime [106]. Our characterization
result also agrees that the optimized range of drain-source voltage could be chosen in the
sub-threshold regime. Additionally, if the current level of output is too low in spite of the
largest change of conductivity, it was hard to measure the signal from base noise-level.
Considering this signal conditioning, 0.5 V of the drain-source voltage (V4) was selected

to maximize the output signal in our measurements.
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Figure 5.7 (a) Drain-source current change according to the intensity of incident

light and (b) Characterization of V45 for maximum output.
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5.5.2 Chemiluminescent light detection

Figure 5.8 shows the conductivity change for different concentrations of the target
antigen of cTnT. Because cTnT provides the cross-linking site in the procedures of
ELISA, the intensity of chemiluminescent light by HRP is proportional to the
concentration of cTnT. In this experiment, cTnT with a concentration of 12 pg/ml is
detected by the CNT photodetector. The limit of detection achieved by this on-chip
detection is two orders of magnitude lower than the one by the off-chip detection, which
was a standard setup for current detection using chemiluminescent immunoassay,

measuring the optical signal outside the chip. Compared with the result from the off-chip
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Figure 5.8 Conductivity change of photovoltaic polymer coated SWNT according to the

concentration of cTnT
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detection, this high performance was attributed to the direct on-chip detection of
chemiluminescent light, which minimized the loss of light by scattering through the
substrate in case of the off-chip detection. For this on-chip detection, a thin film of
transparent parylene was utilized to enable the reaction of chemiluminescence directly
above the CNT photodetector. Furthermore, the parylene film successfully blocked the
effect of charges in the sample solution, achieving a stable signal during the electrical
measurement.

The sensitivity achieved in this optical immunosensor also resulted from the
superior functionality of the CNT coated with PmPV. Since all the atoms of CNT make
direct contact with the surrounding photovoltaic polymer, a highly sensitive response to
the optical signal is accomplished from the generation of negative charges in PmPV.
Additionally, the matched optical spectra between PmPV and chemiluminescent light
reduce the interruption of external light and maximize the signal change for the

chemiluminescent light by HRP.

5.6 CONCLUSION

In this work, a highly sensitive and selective CNT biosensor was developed using
the photovoltaic-polymer coated CNT and successfully detected 12 pg/ml of ¢TnT. The
developed optical immunosensor was developed for clinical diagnosis at low cost. In
spite of this inexpensive method of fabrication, superior functionality was achieved
utilizing CNTs. Also, the fabricated device was electrically insulated by the Parylene,
which greatly enhanced the selectivity of the CNT-based biosensor and provided an

excellent platform for protein immunoassay. Furthermore, since the CNT photodetector
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was directly contacted to the site of chemiluminescent assay, the loss of optical signal
was extremely low while scattering through the substrate. As a result, this biosensor can
be applied to low-cost POCT devices, achieving highly specific and sensitive optical

detection.

101



CHAPTER 6

CONCLUSIONS
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6.1 Summary of Research

In this work, a new mass-producible nanofabrication process for nanodevices
using self-assembled CNTs has been proposed, designed, fabricated and successfully
characterized; additionally, the process has been applied for the realization of a functional
optical nanobiosensor (i.e., photovoltaic immunosensor) as a demonstration vehicle. For
this purpose, first, a new method for the self-assembly of CNTs was proposed and fully
characterized. Second, a new nano-scale alignment and gap fabrication by optical
lithography was developed and characterized for the electrodes to assemble CNTs.
Finally, a new photovoltaic nanobiosensor was developed and characterized as an optical
immunosensor for detecting a cardiac biomarker (¢TnT) with a concentration of 12 pg/ml.

A new method for precisely assembling CNTs at a target position used the
specific location of an Fe catalyst. Because the Fe catalyst was located at one end of each
CNT after CVD synthesis, individual CNTs could be magnetically captured using
magnetic forces produced on the ferromagnetic Fe. Then, the surrounding flow
controlling the captured CNT was aligned parallel to the flow direction by fluidic shear
force. To optimize the conditions of this magnetic and fluidic assembly of CNTs, a
theoretical analysis was performed with the simulation softwares of MagNet and CFD-
ACE+. For the experimental characterization, the number of assembled CNTs at Ni
patterns was counted in terms of the various flow velocities and the different sizes of Ni
patterns. Through these characterizations, the simulation results were compared with the
experimental results, showing a good agreement. Electrical analysis was also performed
for the assembled CNTs. In consistence with previous works, the assembled MWNTs

showed a metallic property with a stable ohmic contact to the metal electrode. For the
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assembled SWNT, a non-linear I-V response was measured from a schottky junction
between the SWNT and the electrode, which showed that the assembled SWNT had a
semiconducting property.

For this assembly method, Ni was precisely patterned on the Au/Ti electrode to
magnetically capture the individual CNTs. Furthermore, the gap between electrodes
needs to be on a nano scale, because the average length of CNTs is easily reduced to a
sub-micron range while the CNT array is dispersed in a solution by sonication. The
multilayer process of E-beam lithography was utilized to fabricate the Ni aligned Au/Ti
electrode. However, it took a long time with complex alignment steps. To overcome the
difficulty of electrode fabrication for CNT assembly, a new fabrication technique was
developed for the precise alignment of Ni and the patterning of nanogap electrodes with a
low-cost process. With this suggested method, the nano-scale alignment and patterning
was easily achieved by a standard optical lithography.

The principle for this technique utilized a generated undercut during isotropic
wet-etching, followed by a directional deposition of the subsequent metal layer. This
procedure produced a nanoscale gap between the undercut etched metal layer and the
secondly deposited metal layer. Through this simple approach a nano-scale gap and
alignment was successfully achieved without any expensive procedures. The generation
of an undercut according to the etching time was carefully monitored to control the gap
between electrodes. The fabricated electrodes were successfully developed and
characterized and then applied to the assembly of semiconducting and metallic SWNTs.

Then, the SWNT-assembled device was applied for the on-chip optical

immunosensor. Because all of the atoms in the SWNT were exposed to the surrounding
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environment, CNT biosensors were realized with an extremely high sensitivity. However,
charging molecules such as ions and non-specifically bound proteins also affect the
electrical properties of CNTs. So, there has been a great demand for the improvement of
the selectivity of CNT sensors to apply to clinical diagnostics.

In order to achieve these desires, the CNT biosensor was implemented by
optically detecting light from target proteins. Thus, the optical sensor was developed by
coating the SWNT with a photovoltaic polymer. When the SWNT is coated with the
photovoltaic polymer PmPV, the SWNT changes its conductivity under the incident light
because of the charge generation in PmPV. After the implementation of the CNT optical
sensor, parylene was deposited on the whole device for high selectivity. The
biocompatibility of parylene also was helpful for capturing proteins to be immobilized on
the CNT optical sensor. After attaching the PDMS microchannel on the parylene
insulated device, a chemiluminescent immunoassay was performed inside the
microchannel. Because the thin film of the parylene had excellent optical transparency,
the light signal generated from chemiluminescent immunoassay was fully transmitted to
the CNT optical sensor. Thus, the target protein was selectively detected during the
immunoassay and the light signal was sensitively measured by the CNT optical sensor.
With the CNT optical immunosensor, 12 pg/ml of ¢TnT was successfully detected,
showing the highly selective and sensitive performance of fabricated device.

In conclusion, novel techniques for practically implementing the CNT-assembled
device have been proposed and fully explored in this research. In a mass-producible
manner, CNTs were self-assembled on the functional nanogap electrode by the developed

techniques. As an application of this CNT biosensor, a highly selective and sensitive
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optical immunosensor was realized on the functional CNT-device to detect the cardiac

biomarker cTnT.

6.2  Research Contributions

The major contribution of this research is its introduction and demonstration of a
mass-producible, self-assembled CNT method for CNT-based nanodevices. To the best
of my knowledge, this is the first time that the specific location of the Fe catalyst has
been used as a control point to assemble CNTs. Also, the self-assembly approach of this
technique enables the massive integration of CNTs precisely at the target position,
leading to the exploitation of the full functionality of the pristine CNT without an
external power connection for the assembly.

Additionally, this research suggests a mass-producible technique for the
functional nanogap electrode. The novel fabrication of the self-aligned nanogap
electrode is fully processed by standard optical lithography without any delicate
alignment procedures, which is highly desirable for the mass-production of nano-devices.
Also, the fabrication is fully processed by inexpensive procedures with basic lithographic
equipment, achieving a low-cost production of functional nano-devices.

Another innovative contribution made by this study is the proposal and realization
of a new mechanism for detecting biological species by the CNT sensor. To overcome
the major issue of selectivity in CNT biosensors, an on-chip chemiluminescent
immunoassay was performed on the parylene-insulated CNT optical sensor. Due to the

parylene insulation, the noise from ions and unwanted proteins were perfectly prevented
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in this detection scheme. As a result, high selectivity as well as sensitivity was attained

in the developed CNT biosensor.

6.3 Suggestions for Future Work

A low-cost fabrication of a highly selective and sensitive CNT immunosensor has
been investigated in this work. The research is scoped from the basic step of CNT
assembly to the final application of a functional biosensor. However, there are several
tasks still desired as a future work.

First, the process for the CNT assembly should be scaled up to the wafer-level
production of CNT-assembled devices. In our assembly procedure, a PDMS
microchannel was utilized to precisely control the flow rate and volume of the CNT
solution. To achieve wafer-level assembly of CNTs, macro-scale flow control needs to
be utilized under the strong external magnetic field.

Second, the self-aligned multilayer nanogap electrode can be applied to assemble
the other nano-materials such as nano particles and nano wires. These materials can be
modified to have Fe or Ni at one end as a catalyst during their growing process. In this
case, these nano-materials can also be assembled on the developed functional nanogap
electrode with the same procedures developed in this work.

Third, the CNT optical biosensor should be improved further, in order to
minimize the complex procedures of immunoassay by smart microfluidic networks.
There are various microfluidic components and techniques available to automatically
control the reagents in a microchannel. For this reason, the sensitive and selective nano-

biosensor developed in this work should be further researched, in order to be combined
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with microfluidic technologies. This future work would develop rapid and precise
clinical diagnostics on a handheld device.

Finally, the developed techniques to assemble CNTs between the electrodes can
be expanded to implement the device assembled with various types of nano-material.
Nanotechnology has been researched intensively to implement a functional device with
high performance and low cost. However, only the proof concept and its potentials have
been reported. The research in this work can contribute to developing a mass-producible
technique for the assembly of nano-materials to make a practical device. Also, the CNT-
assembled device can be applied to implement various functional devices utilizing the

superior properties of CNT.
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