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ABSTRACT
The experiments performed in this dissertation were designed to investigate a
fabrication method that could ultimately be used to develop chip-based biosensors such
as high-density arrays of field effect transistors (FET) or nanoelectromechanical sensors
(NEMS) for eventual incorporation with integrated circuits.

When combined with

integrated circuits, consumers could be given direct access to these sensors. As a result,
consumers could use these sensors as monitoring devices allowing people to take a more
pro-active approach to their health. This fabrication method consisted of functionalizing
nanowires synthesized off-chip, then positioning them to predetermined locations and
integrating them with features already patterned on a chip surface. Because silicon
nanowires used in FET and NEMS sensors are difficult to fabricate in high yield, the
SiO2 coated metal nanowires used to develop this fabrication method, were used only to
mimic the native oxide that forms on Si nanowires allowing us to use the same binding
chemistry on the nanowire mimics as on Si nanowires.
Chapter 2 describes the positioning process and examines the selectivity of the
probe DNA to fluorescently labeled target sequences following exposure to non-uniform
electric fields, which were required to position the nanowires. In addition, treatments
were performed on the biofunctionalized nanowires to mimic the lithographic steps the
nanowires must endure when being integrated with chip electronics. These treatments
included coating the nanowires with a photoresist, submerging them in a photoresist
remover, and combining the two processes. Selectivity of the probe DNA for binding a
fully complementary oligonucleotide as compared to a non-complementary sequence was
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examined following these treatments. We determined that following both the exposure to
non-uniform electric fields and the lithographic treatments, the probe DNA selectively
hybridized to completely complementary versus non-complementary fluorescently
labeled DNA target sequences.
By positioning multiple batches of nanowires each functionalized with a different
single stranded probe DNA sequence to specific locations on the chip, the sensors would
be more able to simultaneously detect multiple target analytes, reducing the need for high
sample volumes while decreasing the time for diagnosis of diseases.

In Chapter 3 this

fabrication method was expanded upon by delivering three different batches of probefunctionalized nanowires to predetermined electrode gaps using the non-uniform electric
field method described in Chapter 2. In addition, microwells patterned halfway into a
photoresist dielectric were used to further position the nanowires along the electrode
gaps.

These microwells enabled uniform spacing between the nanowires and also

permitted the use of the lithographic techniques described in Chapter 2.

These

lithographic steps were used to fabricate contacts over one end of the positioned
nanowires forming singly clamped NEMS-like structures, or over both ends of the
nanowire forming FET-like devices, while also integrating them in registration with
features already patterned on the chip surface.

Positioning and selectivity of the

biofunctionalized nanowires was verified using three different DNA targets each labeled
with a different fluorescent dye.
Chapter 4 describes experiments performed adapting this fabrication method to
develop FET-like structures. FETs are attractive as biosensors for their label-free, real-
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time responses to target analyte binding; high sensitivities in desalted solutions; and their
electrical readout, which make them desirable candidates for incorporation with
integrated circuits.

To accomplish this, a number of changes were made to the

fabrication method.

These included patterning dual contacts over both ends of the

nanowires forming source and drain electrodes, unlike the singly clamped NEMS-like
structures described in Chapter 3. In addition, electrical isolation of the nanowires is
required to avoid cross-talk between multiple sensing elements. In order to accomplish
this, a second lithography step was used to pattern lines around the positioned nanowires.
While the biofunctionalized nanowires were protected under a photoresist layer, Cl2
plasma was used to etch the Au alignment electrodes in these lines.

Treatments

mimicking these added steps included coating the nanowires with a new photoresist and
removing it with the photoresist remover used in Chapters 2 and 3. This new photoresist,
Megaposit SPR 3012, was different from that used in the experiments described in
Chapters 2 and 3. This new photoresist was required for the new instrument used in the
process, the GCA 8000 stepper, which aided in greater accuracy and precision during the
photolithographic steps.

A second round of treatment with the photoresist and the

remover mimicked the second lithography step needed for line patterning. To mimic the
Au etch of the alignment electrodes, following the first round of treatments with the
photoresist and remover, photoresist was applied a second time, then exposed to the Cl2
plasma, then submerged in the photoresist remover. After it was determined that the
individual steps do not adversely affect the probe DNA, FET-like devices were fabricated
using biofunctionalized/SiO2 coated nanowires.

Selectivity of the biofunctionalized
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nanowires was determined by incubating the devices with target- and fluorescentlylabeled tag DNA. When Au was used as the nanowire, high fluorescence intensities were
observed on the assembled devices.
In addition to the FET-like devices described in Chapter 4, we were also
interested in developing NEMS devices for DNA/RNA biomarker detection. Chapter 5
describes the experiments performed to direct hybridization of target DNA and DNA Au
conjugates to the tip of Rh nanowires. Rh nanowires have been shown to have excellent
mechanical properties when used as cantilevers.

The added mass at the tip of the

cantilevers would have the greatest effect on the resonating properties. Au/Rh/Au multisegmented nanowires were fabricated and functionalized with probe DNA, and Au
conjugates were used to verify the selective hybridization. Scanning electron microscopy
(SEM) images show that the Au conjugates primarily bound to the Au segments of the
nanowires. Probe coverage experiments performed on separate Au and Rh nanowires
suggested that the thiolated probe was binding to both metals, but that the DNA bound to
the Rh segments was less available for hybridization possibly due to multiple point
attachment.
The fabrication methods described in Chapters 2 through 4 show that a
combination of top-down and bottom-up techniques can be used to fabricate biosensing
structures such as bioFETs and NEMS, which can eventually be combined with
integrated circuits. Beyond the scope of solely biosensing, this method holds the promise
of integrating a variety of materials such as III-V semiconductors and graphene that in
turn may revolutionize the semiconducting industry.

In this work, we show that

vii
nanomaterials, specifically biofunctionalized nanowires, are attractive candidates as
sensing elements in chip-based biosensors because of their unique optical, electrical, and
chemical properties, in addition to their high surface-to-volume ratio. More importantly,
the results described in Chapters 2 through 5 show that nanowires can be manipulated to
develop these sensors and that they may be combined with integrated circuits.
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Chapter 1
Introduction
"From: Morrow, T. J.; Li, M.; Kim, J.; Mayer, T. S.; Keating, C. D. “Programmed
Assembly of DNA-Coated Nanowire Devices.” Science 2009, 323, 352. Reprinted with
permission from AAAS."

Since the inception of the microchip, the main focus of the semiconducting
industry has been to increase the processing power (i.e. increase the number of transistors
on a chip) while decreasing the physical size. The trend known as Moore’s law states
that the processing power of integrated microchips doubles every 18 months.1 While
increasing the processing power remains the major focus of the semiconducting industry,
a new focus has been brought to the attention of the semiconducting industry and
research groups around the world by the International Technology Roadmap for
Semiconductors (ITRS).1

The ITRS is a document assembled by the five leading

semiconductor manufacturing regions in the world: Europe, Japan, Korea, Taiwan, and
the United States. In collaboration with the top semiconductor manufacturers, equipment
suppliers, academia and privately funded research agencies, the Roadmap attempts to
identify challenges and limitations in the semiconducting industry. This new focus
known as “more than Moore” strives develop new manufacturing techniques that allows
new and diverse components to be incorporated onto integrated microchips, such as
complementary metal oxide semiconductor (CMOS) integrated circuits.
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CMOS technology is a type of integrated circuit that is fabricated using top-down
techniques, such as photolithography, and has been extensively used in electronic
applications.1 These integrated circuits consist of several layers of deposited metals in
very specific geometries defined by the patterns used in the photolithographic processes
and are dependent on the application. Typically, the first layer consists of hundreds of
millions of complementary/symmetrical pairs of p-type and n-type metal oxide
semiconductor field effect transistors, which act as logic gates processing information.
This is typically referred to as front-end integration. Other layers can be fabricated over
this first layer of transistors, each separated by a dielectric material, to perform different
functions such as sensing or signal readout. This is referred to as back-end integration.
The different layers are interconnected allowing information to be passed through the
different layers eventually to the transistors layer where processing takes place. CMOS is
already extensively used in electronic applications and has been used to develop
microprocessors, image sensors, and data converters used in computers and hand-held
devices, digital cameras, and for readout purposes.2-4 By incorporating new materials
directly onto CMOS chips, integrated circuits can be used for applications beyond
computing and data processing. Traditionally, materials are incorporated with CMOS
substrates by direct fabrication onto the transistors of the integrated circuit. However,
new materials such as graphene or III-V semiconductors require high temperatures (5001000 oC) for growth.5 While this is not a problem during off-chip synthesis, direct
integration on CMOS substrates is not feasible due to damage such as melting of the
metal interconnects (650o C for Al), mechanical stress of the chip, which can cause
separation between the different layers, and diffusion of dopants or metals to undesired
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locations at relatively low temperatures (550o C, dependent on the materials used during
fabrication).5,6

Therefore, to integrate these new materials with pre-existing CMOS

technology, the materials must first be synthesized off-chip then incorporated by
connecting them to contact sites known as vias. Because chip dimensions of integrated
circuits range from micrometers to millimeters squared, and have a high density of
transistors (hundreds of millions), the area of the vias themselves are in the submicron
regime. As a result, positioning of the new materials directly over the vias to integrate
them with the chip is of critical importance and is currently an obstacle holding back
integration of new materials with CMOS substrates.

Despite these obstacles the

incorporation of new materials with integrated circuits is highly desired for a number of
different industries.
Of the different types of materials that have been considered to be integrated with
CMOS substrates, nanomaterials, specifically nanowires, have received a great deal of
attention.7-19

Nanomaterials have unique properties such as their optical, magnetic,

electrical and chemical properties and have been fabricated from a variety of different
materials, such as metals and semiconductors, into different geometries.7-19 As result of
this versatility, nanomaterials have been used in different applications, such as
nanomotors, logic gates, and light emitting diodes (LEDs), biosensors, and in energy
research.20-30 For example, Lieber and coworkers synthesized coaxial silicon nanowires
and examined their possible uses as solar cells and power sources for nanoelectronics.31
Semiconducting nanowire field effect transistors (FETs) were fabricated by Patolsky et
al. to examine the signals propagated through axons and dendrites in live mammalian
neurons.32 Nanomotors were made by synthesizing Au/Pt multisegmented nanowires and
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suspending them in a hydrogen peroxide solution.33 While the nanowires themselves have
unique properties, current techniques for fabricating devices from them, such as fieldeffect transistors or light emitting diodes, are not ideal.
Currently the most widely used technique of fabricating these devices include
drop casting nanowires onto substrates and using labor intensive, spot checking
techniques and using expensive tools such as electron beam lithography to pattern the
contacts needed to measure the responses. While this method does indeed form the
desired structures, this method produces low yields of devices minimizing the amount of
statistics that can be collected. On the other hand, the fabrication of these nanostructures
by positioning nanoscaled building blocks on a substrate and developing the devices
around them, referred to as bottom-up fabrication, greatly expands the number of devices
that can be incorporated onto chips, and therefore increases the number of statistics
gained. In addition, it bypasses spot-checking methods and the use of expensive topdown techniques, making fabrication more streamlined.

While nanomaterials have

received the most attention, other materials have been considered as candidates to be
integrated with CMOS substrates as well.
The integration of new semiconducting materials such as graphene and III-V
semiconductors has received a lot of attention due to attractive properties over Si, which
is the most commonly used material to fabricate integrated circuits.34

III-V

semiconductors have higher electron mobilities than Si, making them more energy
efficient, and potentially increasing the processing speed of integrated circuits.6 By
integrating graphene, and III-V semiconductor materials with well established CMOS
technology, the goal is that new devices will be realized much more quickly than
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developing an all new system. However, successful integration of these materials onto
CMOS has been limited due to the required high temperatures for growth (500-1000oC)
and thus possible damage of CMOS substrates at these temperatures.35 Therefore, these
materials must first be synthesized off-chip then positioned over the submicron sized vias
for integration, which is currently a challenge holding back the incorporation of these
materials.
Other materials considered for integration with CMOS include biofunctionalized
nanomaterials for sensing applications. Nanowires are specifically attractive as sensing
elements due to their high surface to volume ratio; in addition, incorporating biosensors
with integrated circuits is highly advantageous because the processing power of these
chips can be used to analyze the signals of hundreds or thousands of individual sensing
nanowires simultaneously. CMOS can also be used for data conversion for readout
purposes, ultimately making these types of biosensors easily usable by individual
consumers. However, fabrication of CMOS biosensors has been limited due to difficulty
in functionalizing nanowire sensing elements on-chip with probe biomolecules, and the
harsh conditions used in top-down methods, which can potentially damaging the sensitive
biomolecules. To bypass these obstacles, the sensing nanowires can be functionalized
off-chip then positioned to the vias on-chip. However, positioning the nanowires over
the vias to integrate them, while retaining probe selectivity, remains a challenge.
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1.1 “Top-Down” Methods
Much of the semiconducting industry uses top-down methods such as photo- and
electron beam lithography, in which chemicals, (e.g. photoresists) or materials, (e.g.
metals) are applied onto the entire substrate, and patterns are etched into these layers.
Photolithography is a technique in which a pattern is transferred to different substrates by
coating them with photoactive chemicals, known as a photoresist, and exposing the
resists to specific wavelengths of light, typically UV (<400nm), deep UV (<200nm), and
H (404.7), G (435.8 nm), and I (365.4 nm) lines of a mercury vapor lamp, through a mask
(Figure 1-1).36

Figure 1-1: A general process of photolithography using a positive photoresist.

In this figure, the design of the mask is transferred to the substrate by using a
mask to block the light source in specific geometries.

Because the photoresist is

photoactive, it undergoes a chemical change (crosslinking in negative photoresists, and
bond breaking in positive photoresists) upon exposure to the specific wavelength. After
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exposure, the substrate is submerged in a developer solution which removes the
photoresist in areas that were either exposed (positive photoresist) or unexposed
(negative photoresist), leaving behind the desired pattern. A similar process known as
electron beam (e-beam) lithography uses an electron beam instead of light to form the
pattern in the resist and features can be developed in a similar process.37 The more cost
effective photolithography is used when patterns have somewhat larger features (>1 μm),
while e-beam lithography is necessary for features in the sub-micrometer regime. The
semiconducting industry primarily uses these techniques because they provide excellent
spatial control of features patterned onto the substrate. In addition, they are useful when
transferring different patterns over many levels in registration (in alignment with
previous levels) onto the same substrate.
While these techniques allow for intricate patterns over multiple levels, the types
of materials that can be incorporated are severely limited due to the required conditions
needed for substrate patterning. For example, biomolecules can be damaged using deep
ultraviolet wavelengths that are needed to expose some photoresists. In addition, high
temperatures (200o C) are sometimes required to make the photoresist photoactive, which
again has the possibility of damaging sensitive biomaterials such as proteins. Unless the
biomolecules are protected from the UV light source, or the photolithographic process is
designed to reduce the possibility of biomolecule damage, integration of biomolecules
with CMOS substrates is not feasible.
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1.2 “Bottom-Up” Techniques
To incorporate different materials onto integrated devices and bypass the harsh
conditions used in top-down methods, some researchers use techniques in which desired
materials are synthesized off-chip, positioned into specific locations on a chip surface,
and then devices are fabricated around these positioned materials.11,21,26,38-47 This is
referred to as bottom-up fabrication due to the addition of device functionality to
substrates, as opposed to top-down methods where devices are developed by removing
materials in specific geometries. A number of different assembly techniques have been
developed to position or orient nanomaterials on a substrate surface to aid in forming
specific structures.

Lieber and coworkers developed a Langmuir-Blodgett trough

technique that orients nanowires perpendicular to the compression force of the trough.48
Another method was developed by Wolf and coworkers, in which a stamping type
procedure was used to transfer patterns of nanoparticles to a substrate.49 Magnetism can
also be employed; for example, Searson and coworkers have shown it possible to orient
magnetic nanowires onto a substrate parallel to the magnetic field lines created by
previously fabricated magnetic materials.50 While these previous examples have shown
to orient nanowires in specific directions, other groups use biological molecules to aid in
the assembly of nanomaterials. Murphy and coworkers used avidin and biotin chemistry
to form nanowire chains.51 While Mallouk and coworkers used deoxyribonucleic acid
(DNA) to assemble Au nanowires on ss-DNA (single stranded DNA) functionalized
surfaces.52 While these methods have shown promise in orienting nanowires in specific
directions, and forming basic structures, positioning nanowires into predetermined
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locations on a substrate is not possible, which is required for integration with CMOS
substrates.
The assembly technique presented in this dissertation holds the promise of
positioning materials synthesized off-chip such as biofunctionalized nanowires into
specific locations on a chip surface.40,46,53-56 This technique uses non-uniform electric
fields applied between metal electrodes patterned onto a chip surface separated by a gap
region.57 The application of the alternating voltages creates an electric field in the gap,
causing a polarization in the desired material and attracting it to the gap region, provided
that the material is more polarizable than the suspending solvent (Figure 1-2). By using
this technique, it is possible to position nanomaterials into specific locations, required for
integration with chip electronics; possibly resulting in new state of the art devices.

Figure 1-2: A scheme showing the use of non-uniform electric fields to position a suspension of metal
nanowires in the gap region between metal electrodes.
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1.3 Hybrid Technique
We have developed a hybrid approach that uses a combination of non-uniform
electric fields and top-down lithographic techniques to position and integrate different
batches of biofunctionalized nanowires with chip electronics as a possible fabrication
method for the development of field effect transistor sensors and resonating micro- or
nano- electromechanical sensors (MEMS or NEMS). This technique holds the promise
of integrating biofunctionalized sensing nanowires with CMOS chips, while yielding a
high number of sensing elements, and incorporating multiplexing (detection of multiple
target analytes simultaneously) capabilities, all of which are required in the next
generation of biosensors. While there are a number of different biosensing platforms,
such as capacitors,58 gap electrodes,59 and electronic noses,60 that are being considered as
new diagnostic tools, we focused on NEMS and FETs as possible transduction
mechanisms for the detection of complex diseases such as cancers and respiratory
viruses.

1.3.1 Micro- and Nano- Electromechanical Sensors
MEMS and NEMS platforms are designed with singly clamped or doubly
clamped beams or nanowires that respond to changes in mass caused by the added mass
of target analytes (Figure 1-3). MEMS type sensors use microbeams patterned with
probe biomolecules which bind to target analytes of interest. The added mass of the
target analyte causes a stress on the microbeam, bending it, and changing the position of
a laser focused onto the microbeam that is reflected onto a position sensitive detector,
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which signifies the presence of a target biomolecule.61 This type of MEMS detection is
known as static deflection mode and is useful for detecting high concentrations of target
analytes due to the high amount of stress needed to bend the cantilever. However,
resonating cantilevers also rely on the added mass of a target, but instead a change in the
resonance frequency is detected. In a resonating NEMS platform, (Figure 1-3) each
beam or nanowire has an initial resonance frequency determined prior to the introduction
of a target analyte. Upon target binding, the added mass causes a change in the resonance
frequency which can be detected.

Figure 1-3: Singly clamped Rh nanowire resonating nanoelectromechanical sensors (NEMS) responds to
the added mass of target single stranded DNA sequence. This added mass can be seen by analyzing the
frequency shift of the resonance frequency of the suspended nanowire sensor.
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Using a resonating NEMS device, Craighead and coworkers have detected 1.5 fM
levels of prostate specific antigen in bovine serum.63 In addition, these NEMS devices
can detect a variety of biomolecules such as proteins, DNA sequences, and viruses. For
example, a single 1587 base pair DNA molecule has been detected using a resonating
NEMS device,64 and Ilic et al. detected six virus molecules using a resonating NEMS
platform.65 However, to reach the reported sensitivities, the sensors must be under high
vacuum, which greatly limits the portability and cost effectiveness of these types of
sensors. In addition, NEMS platforms cannot detect the presence of target analytes in
real-time and require multiple measurements on a single resonator, one to determine the
initial resonance frequency and a second to determine the resonance frequency after
target binding, making detection more complicated.

1.3.2 Field-Effect Transistors
Field effect transistors have received a great deal of attention as biosensors due to
their ability to detect the presence of target molecules in real-time; their electrical
detection mechanism, which is ideal for portability; and their high sensitivity in
solution.43 These FETs are developed using a semiconducting material as the sensing
element. In a typical planar FET (metal oxide semiconductor FET, MOSFET), current
flow between the two ends of the MOSFET, the source and drain, is controlled by
electrical manipulation of the region in between, the channel.66 The channel is covered
with an insulating oxide and a gate electrode, creating a metal/oxide/semiconductor
(MOS) capacitor.

In a MOSFET with a p-type semiconductor as the channel, the
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semiconducting material has an abundance of mobile positively charged holes, while the
source and drain are both n-type, full of mobile electrons. When a positive voltage is
applied to the gate electrode an electric field is created across the capacitor, and the
positively charged holes in the semiconductor are electrostatically repelled, depleting the
channel of holes. When an even higher positive voltage is applied, mobile electrons in
the semiconductor move to the surface of the channel to balance the positive charges
applied by the gate, inverting the channel from p-type to n-type, similar to that of the
source and drain, allowing electrons to flow from the source through the channel to the
drain when a voltage is applied across them. When FETs are used as biosensors, instead
of using a gate electrode and applying a voltage to cause the inversion of the channel, a
negatively charged molecule (such as a DNA or ribonucleic acid, RNA, sequence) would
repel the mobile electrons in the channel, causing the amount of current flowing through
the semiconducting material to drop, and can be seen in real time (Figure 1-4).
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Figure 1-4: A semiconducting nanowire bioFET is used to detect the presence of target single stranded
DNA sequences. The DNA target sequences repel excess electrons in the semiconducting nanowire
reducing the flow of current through the channel. This current change can be seen in real-time and can be
used to determine the presence of a target biomolecules.

While planar FETs can be used as biosensors, the sensitivity is relatively low. For
example Goncalves et al. developed an ISFET (ion sensitive field effect transistor) device
with a limit of detection for DNA of only 50 nM.67 These low sensitivities are due to the
low surface to volume ratio and the higher number of target analytes required to invert
the channel. However, when semiconducting nanowires (e.g. silicon nanowires or carbon
nanotubes) are used as the channel, the surface to volume ratio is much higher and fewer
target analytes are needed to invert the channel. A number of different varieties of these
types of sensors have been developed recently. Lieber and coworkers developed a
multiplexed biological FET (bioFET) in which they used semiconducting silicon
nanowires to detect three different proteins simultaneously.42 Heath and coworkers were
also able to develop a bioFET to detect 100 pM concentrations of target DNA sequences
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in solutions with salt at concentrations similar to physiological conditions26 (150 mM
NaCl, pH 7.5). Reed and coworkers used CMOS compatible top-down techniques to
develop a bioFET in which they detected 100 fM levels of mouse IgA or IgG
antibodies.44 However, thus far researchers have been limited in their ability to develop
these sensing platforms for integration with chip electronics while incorporating a high
number of sensing elements. In addition, many current fabrication techniques form the
devices on the substrates prior to probe functionalization. However, due to the lack of
adequate probe delivery methods, the incorporation of many different probes onto to the
same substrate is limited restricting multiplexing capabilities.

1.3.3 Surface Patterning Techniques
A number of biomolecule delivery methods have been used to fabricate intricate
patterns on substrates in an effort to bypass the use of top-down techniques. One of these
techniques developed by Mirkin and coworkers is known as dip-pen nanolithography and
has been shown to deliver macromolecules such as DNA sequences and proteins to
surfaces.68 In this technique, an atomic force microscope (AFM) tip was coated with the
macromolecule of interest, and when brought into close proximity with the substrate
surface, the macromolecule was “written” onto the substrate. Other groups have used
ink-jet printing to deliver thiolated-DNA sequences, in which 0.3 nL droplets of an
ethanol/water solution containing DNA sequences were deposited onto substrate
surfaces.69-71
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Another commonly used technique is micro-/nano- contact printing, wherein
polymer master stamps are created, and then “dipped” into the solution containing the
biomolecules of interest. This stamp then transfers the macromolecules to the desired
substrate when the polymer is brought into contact with the substrate.72, 73 While these
techniques have been shown to accurately deliver the macromolecules to a variety of
substrates, they are primarily used on planar surfaces and are not commonly used to
deliver molecules to substrates with topographies typically seen in chip-based biosensors.
These can also suffer from poor resolution and cannot be used to deliver molecules in
high densities due to possible cross contamination of adjacent features. In addition, many
of these techniques rely on chemisorption (typically thiols to metals) unless the substrate
is pre-treated to form covalent bonds between the probe and substrate, increasing the
complexity of fabrication. There are a number of other advantages and disadvantages
observed with these techniques (Table 1-1) and have been examined recently in an
extensive review.74
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Table 1-1: Summary of patterning techniques
Technique

Resolution
(nm)
30

Delivered
Molecules
DNA,
Peptides,
Proteins

Microcontact
Printing

70

DNA,
Proteins

Ink Jet Printing

>1000

DNA,
Proteins

Dip Pen
Nanolithography

Advantages

Disadvantages

Possibly
massively
parallel, multiple
molecules
deliverable

Requires strict
humidity
conditions,
expensive (for
massively
parallel system)
Requires
multiple
stampings for
different
molecules, poor
registration, poor
stability of
polymer stamp

Large areas
patterned
(>10cm2), used
on slightly
curved (25μm
radii) and
biologically
compatible
substrates,
inexpensive
Excellent control
in X,Y patterning

Poor resolution,
merging of
adjacent spots
observed

1.4 Objectives Of This Thesis
To fabricate a high number of sensing elements onto integrated circuits, while
incorporating multiplexing capabilities, we developed a fabrication method, positioning
nanowires synthesized and functionalized off-chip to predetermined locations on the chip
surface. Multiple electrodes were patterned onto the surface of the substrate, which were
then coated with a dielectric material such as an insulating photoresist or Si3N4 to allow
multiple nanowires from the same batch to be aligned to the same gap without creating a
short between adjacent electrodes. Alternating voltages were applied between select sets
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of electrodes in synchronization with the delivery of different batches of probe-coated
nanowires, increasing the multiplexing capabilities of the chip-based sensors (Figure 15A). We were able to further position the nanowires along the gap regions by using
photolithographically defined microwells. By positioning the wires to specific locations
along the gap region, it was possible to use our photolithographic processes to pattern
contact windows over the positioned nanowires. Metals were then electrodeposited into
these contact windows integrating the nanowires with features already patterned on the
chip surface, while retaining the selectivity of the probe biomolecules (Figure 1-5B).

Figure 1-5: Scheme of our hybrid fabrication technique using A) non-uniform electric fields in
conjunction with topographical features such as microwells to position and B) top-down photolithography
to integrate biofunctionalized nanowires with features already patterned onto the substrate.

In developing this fabrication technique a number of different parameters were
investigated. Chapter 2 describes a series of experiments examining the selectivity of
DNA probe sequences bound to nanowires following a variety of treatments similar to
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those used in the fabrication method proposed earlier. It was first necessary to determine
if the probe DNA remained selective to fluorescently labeled target analytes following
alignment to the gap region using non-uniform electric fields.

We then examined

selectivity of the DNA following treatments designed to mimic the lithographic
conditions used to integrate the nanowires with features already patterned on chip
substrates.
Chapter 3 expands on the results seen in Chapter 2, and describes experiments
which examined the possibility of positioning three different batches of DNA
functionalized nanowires to predetermined locations on the chip surface using the nonuniform electric field method described above. In addition, we determined if the probe
DNA on the biofunctionalized nanowires remained selective toward hybridization of
fluorescently labeled target DNA sequences following both alignment steps described in
Chapter 2 and integration steps following our photolithographic process. Selectivity was
verified by incubating the different batches of nanowires with their fluorescently labeled
DNA target sequences.
Chapter 4 describes experiments investigating the possibility of expanding this
fabrication method to develop FET-like structures for ultimate integration with CMOS.
A new series of procedures were used to electrically isolate the individual nanowire
elements required in working chip-based sensors. The selectivity of the probe DNA was
examined following the individual steps of this new procedure.
In Chapter 5 we wanted to direct the hybridization of DNA target sequences and
DNA Au conjugates to the tip of Rh nanowires for ultimate use in resonating NEMS
sensors. Au conjugates could be used to amplify the change in mass on the resonating
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sensing element and by directing hybridization to the tip the added mass would have the
greatest effect on the resonating properties of the nanowires. Directed hybridization was
achieved by synthesizing Au/Rh/Au nanowires in which hybridization occurred
predominantly on the Au segments. Chapter 5 attempts to identify how the probe ssDNA sequences bound to the Au and Rh segments of the nanowires and a possible reason
as to why selectivity was observed towards the Au segments of the nanowire.
The work presented in this dissertation examines a fabrication method using a
combination of bottom-up and top-down methods to develop different types of structures,
forming a large array of sensing elements, and incorporating multiplexing capabilities,
for ultimate integration with CMOS substrates. This was accomplished by examining
probe selectivity following positioning and lithographic steps and by applying nonuniform electric fields to select sets of electrodes in synchronization with the delivery of
different batches of probe coated nanowires. Versatility of this method was displayed by
fabricating both NEMS and FET devices on-chip using a variety of photoresists and
instruments to develop these devices. By using these techniques, we hope a powerful
diagnostic tool will become available to consumers for the early diagnosis of life altering
diseases.
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Chapter 2
Selectivity of Biofunctionalized Nanowires Following Lithographic Treatment and
Exposure to Non-Uniform Electric Fields

2.1 Introduction
Traditionally, integrated devices such as CMOS microchips have been fabricated
using top-down lithographic techniques such as photo- and electron beam lithography.1
Lithography gives users superb control over feature geometries patterned onto a substrate
and in registration with other levels on the chip allowing for the fabrication of complex
designs.2,3

However, top-down methods require harsh conditions such as high

temperatures, solvents, and wavelengths of light needed to pattern the features on the
substrates, potentially damaging sensitive biomolecules such as DNA or proteins when
used in biosensing applications.
To incorporate materials that cannot be fabricated directly onto integrated circuits,
such as biofunctionalized nanowires used as sensing elements in sensing applications,
researchers have developed bottom-up assembly methods in which the sensing elements
are manipulated into specific geometries, and the biosensor is fabricated around them.4-10
One technique flows batches of nanowires through microfluidic channels on a substrate,
in which the nanowires become oriented parallel to the fluidic flow.11 Another method
includes suspending nanowires in an epoxy-based resin.

Gas is blown into this

epoxy/nanowire suspension forming large bubbles in which the nanowires become
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oriented in specific directions12 which are then transferred to substrates.

Another

technique uses PDMS (polydimethyl siloxane) master stamps to transfer nanowires to a
desired chip that has been coated with a photoresist and a lubricant. The PDMS stamp is
then dragged across the surface orienting nanowires parallel to the direction the stamp is
being dragged.13 While many of these schemes orient the nanowires, they lack the ability
to position them into predetermined locations, required for integration with CMOS chips.
To bypass this obstacle, other researchers have attempted to fabricate the sensing
elements directly onto the substrate.

Lee and Xia grew Pt nanowires on a silicon

substrate by patterning it with (3-mercaptopropyl) trimethoxysilane, which acts as a
nucleation site for the growth of the nanowires.14 In addition, Roukes and coworkers
developed doubly clamped NEMS structures by growing silicon nanowires using vaporliquid-solid (VLS) techniques between two patterned pads already fabricated onto the
chip.15 These on-chip growth techniques allow researchers to position sensing elements
in very specific locations, fulfilling the requirement for integration with CMOS.
However, incorporating multiplexing capabilities without using post-processing
patterning methods such as dip-pen nanolithography, ink-jet printing, or microcontact
printing would be difficult.16,17

However, these patterning techniques have their

disadvantages, such as relying on the chemisorption of the probe molecules to the
substrate and are restricted to planar substrates. As a result, these techniques are limited
in their ability to pattern substrates with topographical features, such as the sensing
elements in chip-based biosensors.
Applying non-uniform electric fields to patterned metal electrodes is a technique
that allows for the positioning of sensing elements fabricated and functionalized off-chip
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to predetermined locations on a chip surface, fulfilling the need for integration with
CMOS substrates while at the same time incorporating new materials onto integrated
substrates.18

By fabricating nanowires off-chip, they can be functionalized prior to

positioning, eliminating the need for non-optimal on-chip patterning techniques.19 An
alternating voltage is applied to a pair of electrodes patterned onto a chip surface,
separated by a gap of a 3-5 μm, creating an electric field that extends out into solution for
10-15 μm, polarizing the sensing elements and attracting it to the gap region, provided
that the material is more polarizable than the suspending solvent.18, 20-22 This technique
has been used to position nanowires in a number of different ways.

Hamers and

coworkers used this method to position nanowires suspended in saline solutions of
varying ionic strengths, which could be combined with DNA hybridization events to aid
in the position of nanowires to specific locations on a chip surface.23 Yu and coworkers
fabricated very small electrodes (1 μm wide) on a substrate to achieve precise placement
of a single batch of nanowires resulting in alignment yields (successfully aligned
nanowires/total # of possible alignment sites) of less than 50%.24 In addition, Liu and
coworkers used a combination of microfluidics to orient the nanowires parallel to the
fluidic flow and alternating voltages to attract them between patterned electrodes.25
However, it is unclear if probe biomolecules, such as ss-DNA, functionalized to the
sensing elements prior to positioning will remain selective to target ss-DNA sequences
following the application of alternating voltages. In addition, electrical connections must
be made between the positioned nanowires and the vias, integrating the sensing elements
with the chip. A method that allows researchers to pattern features and fabricate these
electrical connections while retaining probe integrity is needed.
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DNA consists of nitrogenous bases covalently bound to a polymer phosphate
backbone through a pentose sugar ring. RNA has a similar chemical structure to DNA
except the second carbon in the pentose ring contains a hydroxyl group and is typically
found to have secondary and tertiary structure. Four different bases, adenine, guanine,
cytosine and thymine are common in DNA while a fifth base, uracil, is common in RNA.
Nucleic acids make up the genetic sequence and are unique for each organism and
contain the genetic information required for life. DNA is typically found in a double
helix in a anti-parallel structure in which two of these polymer strands are
complementary to each other due to the Watson-Crick pairing of the different bases
cytosine with guanine and adenine with thymine.26 As a result of the base pairing, it is
possible to detect ss-DNA target sequences when its complementary ss-DNA counterpart
(probe) is bound to a detection mechanism. Recently there has been a growing interest in
the detection of DNA or RNA sequences due to their ability to carry genetic information
for a variety of different diseases and can be used as biomarkers, which are over
expressed when certain diseases are present, such as cancers or viruses.27-29 As a result, a
variety of different detection methods have been developed to detect DNA or RNA
sequences in the hopes of developing new diagnostic tools for the early detection of these
diseases.30-32 While these devices do indeed detect complementary DNA or RNA
sequences, little is known about the stresses the probe sequences must endure during
device fabrication.

Many of these devices are typically functionalized with probe

sequences subsequent to fabrication, avoiding exposure to conditions that may damage
the probe sequences.1, 33 However, to incorporate highly multiplexed capabilities with
integrated circuits, the sensing elements must be prefunctionalized with the probe
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biomolecules prior to device fabrication.

For this to be accomplished, the probe

sequences must endure specific treatments, which may cause damage to the probe DNA
sequences. In the positioning and photolithographic techniques described in this chapter,
ss-DNA is exposed to a variety of conditions that may cause damage, such as exposure to
non-uniform electric fields required for positioning, being coated with a polymer film
such as a photoresist, the use of UV light (i-line, 365.4 nm) and deep UV (<200 nm) to
expose the photoresists, and the use of organic solvents such as a photoresist remover.
Of the different conditions used in our photolithographic process, UV light may
be the most damaging to the DNA probe sequences. Raposo and coworkers showed that
when a dried film of calf thymus DNA is exposed to 140 nm radiation for 1 hour,
changes in the DNA structure were observed.

Changes to the DNA included the

formation of thymine-thymine dimers, and increases of the C=O groups associated with
the formation of sugar open chains, in addition to the cleavage of the phosphate
backbone.34

However, the steps in our proposed photolithographic process were

designed to minimize direct exposure of the DNA to the UV radiation. In this process the
biofunctionalized nanowires were first coated with a photoresist layer which absorbs the
UV radiation, preventing it from reaching the underlying probe DNA. In addition, the
exposure of the nanowires to the UV-radiation is for a far less duration (7.5 min) than the
1 hour in the report described above. Due to the presence of this photoresist layer we
believe that minimal damage is occurring as a result of UV radiation. Other conditions
used in our method may cause structural damage such as the use of non-uniform electric
fields to position the nanowires. While direct-current (DC) electric fields have been used
extensively for separations, little is known about the effects of non-uniform electric fields
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on the DNA structure. Recently, the use of non-uniform electric fields has been growing
to concentrate DNA for hybridization assays and for examining DNA stretching behavior
in electric fields.35-37 However, these reports lack detail regarding possible damage the
electric fields may be doing to the DNA structure. However, Cheng et al. has reported
that single nucleotide polymorphism (SNP) selectivity is possible when using nonuniform electric fields to trap probe coated silica nanoparticles during hybridization.38
While this chapter does not specifically go into detail regarding possible damage done to
the probe DNA sequences, the selectivity of completely complementary target sequences
over single base mismatches suggests that minimal damage may be occurring as a result
of the electric field.

However, other conditions such as applying a photoresist to

biofunctionalized nanowires or the use of a photoresist remover to remove this
photoresist have received minimal attention.
The experiments described in this chapter were designed to examine selectivity of
DNA coated nanowires following exposure to non-uniform electric fields and treatments
simulating lithographic steps needed for integration with CMOS. Non-uniform electric
fields were applied between select sets of metal electrodes patterned onto a silicon
substrate to direct the nanowires to the substrate, and selectivity was determined by
hybridizing fluorescently-labeled target sequences to ss-DNA probes as seen in Figure 21. Selectivity of probe DNA was determined following lithographic treatments including
applying a photoresist to ss-DNA functionalized nanowires then removing it with
acetone, submerging them in a photoresist remover, then combining the two steps.
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Figure 2-1: Positioning of metal nanowires using non-uniform electric fields. Metal electrodes are
patterned onto a silicon substrate using standard liftoff photolithography techniques. A dielectric material
such as photoresist or Si3N4 is deposited onto the chip to prevent shorting of the adjacent electrodes by the
alignment of the metal nanowires. While an alternating voltage is applied to the metal electrodes, a
suspension of nanowires in a solvent is applied to the substrate. The electric field causes the nanowires to
become aligned parallel to the electric field lines in the gap region between the metal electrodes. Following
solvent evaporation, fluorescently labeled target sequences are incubated with the functionalized
nanowires.
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2.2 Materials and Methods

2.2.1 Cleavage of Thiolated DNA
The thiolated DNA arrives (Table 2-1) as a lyophilized pellet in which the thiol
group at the 5 or 3 end of the DNA sequence is attached to a mercaptohexanol group
forming a disulfide bridge.

The sequences used throughout this dissertation were

specifically designed so that the probe and target sequences would have minimal
secondary structure at 25o C in 300 mM NaCl 10 mM sodium phosphate pH=7.4. The 5T
or 10T spacer added to the 5 or 3 ends was used to elevate the segments of the probe
sequences complementary to the target analytes off the surface of the nanowires to
increase the hybridization efficiency. In all experiments the disulfide bridge was cleaved
by dissolving the pellet in a 100 mM solution of DL-dithiothreitol in 10 mM Na
phosphate buffer pH=8.3, and using a Princeton Separations (Adelphia, NJ) Centrispin 10
column to desalt the solution following cleavage, yielding a terminal thiol on individual
DNA molecules.19 The concentration of the DNA sequence was determined using UVVis spectroscopy and was adjusted to 20 μM using 18.2 M: water and stored at -80o C.

2.2.2 Nanowire Synthesis
Orotemp 24 or Technic Rhodium (Technic Inc.) are metal electrolyte solutions
used to synthesize Au and Rh nanowires, respectively, and were synthesized using
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Whatman aluminum oxide membranes (VWR) for templated nanowire growth. Silver
was evaporated onto one side of the membrane using a home built thermal evaporator to
a thickness of 300 nm. Nanowires, 7 μm in length, were synthesized by galvanostatic
electrodeposition into the pores of the aluminum oxide templates with an EG&G model
273a potentiostat under computer control, following methods previously described.39-41
The nanowires were released from the membrane by dissolving the template in a 3 M
NaOH solution for 30 min. The nanowires were rinsed by centrifugation three times with
the 3 M NaOH solution, three times with 18.2 M: deionized water, and three times with
ethanol and resuspended in 1 mL of ethanol yielding ~109 nanowires.
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Table 2-1: DNA sequences used in this work.
Name Sequence 5-3
Thiol-TTTTTTTTTTGAGTAGTGTTGGGTCGCGAA
P1

Description
HCVa Probe

P2
P3

Thiol-TTTTTTTTTTCCATCAATGAGGAAGCTGCA
Thiol-TTTTTTTTTTCTCAATCTCGGGAATCTCAA

HIVb Probe
HBVc Probe

P4

Thiol-TTTTTTTTTTGCCATCAAGATTTTCTCGTC

P5

ACACAGACGTACTATCATTTTTTT-Thiol

T1

Alexa Fluor 488d- TTCGCGACCCAACACTACTC

Complementary
to T4
Complementary
to T5
HCV Target

T2
T3

Alexa Fluor 647e-TGCAGCTTCCTCATTGATGG
Tamraf-TTGAGATTCCCGAGATTGAG

HIV Target
HBV Target

T4

Tamra-GACGAGAAAATCTTGATGGC

T5

ATGATAGTACGTCTGTGT-6Famg

Complementary
to P4
Complementary
to P5

All sequences listed above are synthetic DNA oligonucleotides pertaining to human pathogenic sequences
(Integrated DNA technologies)
a HCV = hepatitis C virus; b HIV = human immunodeficiency virus, c HBV = hepatitis B virus.
d Alexa Fluor 488 ex=492 nm em=517 nm; e Alexa Fluor 647 ex=650 nm em=670 nm
f Tamra ex=559 nm em=583; g6Fam ex=495 nm em=520 nm

2.2.3 Coating of Metallic Nanowires with SiO2 and Functionalization with DNA
A previously reported sol-gel method was used to coat the nanowires with ~20-30
nm of SiO2 (Figure 2-2) to mimic the native oxide that forms on Si nanowires.42 Briefly,
300 PL of the nanowire suspension in ethanol, 160 PL of 18.2 M deionized water, 11.5
PL of 28% NH4OH, 490 PL of ethanol, and 40 PL of tetraethoxysilane (TEOS, Gelest)
were added to a 1.5 mL centrifuge tube and sonicated for 60 min. Following sonication,
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the SiO2 coated nanowires were rinsed with ethanol via centrifugation three times at 2000
RPM to remove free silica that may have formed during SiO2 coating and were
resuspended in 300 PL of ethanol.

Figure 2-2: General scheme of the SiO2 coating of metal nanowires and the functionalization with
thiolated DNA sequences. Tetraethoxysilane, and ammonium hydroxide were used to form an SiO2 sol-gel
coating on metal nanowires. The SiO2 coating was aminated using 3-aminopropyltrimethoxysilane. The
bifunctional crosslinker, Sulfosuccinimidyl-4-(N-maleimidomethyl)cyclohexane-1-carboxylate, was used to
form a covalent bond between thiolated probe DNA sequences and the SiO2 coating.

Covalent attachment of DNA probe molecules is based off of previously reported
methods.19

Briefly, covalent attachment was accomplished by adding 30 PL of 3-

aminopropyltrimethoxysilane (APTMS, Gelest) to the 300 PL of the SiO2 coated
nanowires and adding an additional 470 PL of ethanol and vortexing for 30 minutes. The
nanowires were rinsed three times with ethanol then three times with 10 mM Ncyclohexyl-2-aminoethanesulfonic acid (CHES, Sigma), pH adjusted to ~9.5 using 10 M
NaOH. The nanowires were centrifuged and the supernatant was removed. A solution of
2.5 mg of sulfosuccinimidyl-4-(N-maleimidomethyl)cyclohexane-1-carboxylate (SulfoSMCC, Pierce) in 500 PL of CHES buffer was added to the nanowires and vortexed for 1
hour. The wires were washed three times with CHES buffer, then three times with 300
mM NaCl in 10 mM sodium phosphate buffered to a pH=7.4 (PBS). The nanowires were
resuspended in 300 PL of PBS buffer then divided into equal aliquots (volumes of the
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aliquots depended on the number of probe DNA probe sequences used in the
experiment). The aliquots of the suspended nanowires were functionalized with any of
the probe DNA sequences P1 through P5 using 50 PL of 20 PM stock solution and
brought up to a total volume of 500 μL with PBS buffer, and vortexed for 2 hours. The
nanowires were rinsed three times with PBS and stored in PBS.

2.2.4 Fabrication of Chip Electrodes and Dielectric Layer
Electrodes required to position the DNA functionalized nanowires to
predetermined locations were pattered using standard photolithographic methods. The
electrodes were patterned using a dual layer resist process in which PMGI
(polymethylglutarimide) SF-6 photoresist (Microchem) was spun onto a 3” Si substrate,
containing a 1 μm thick layer of thermally grown SiO2 at 4000 RPM for 40 seconds and
placed on a hotplate at 200o C for 5 min. The wafer was allowed to cool to room
temperature, and the second layer of photoresist was spun onto the wafer at 4000 RPM
for 40 seconds using Shipley 1811 imaging photoresist (Microchem). The wafer was
then placed on a hotplate at 100oC for 1 min, then was allowed to cool to room
temperature. The Shipley 1811 layer was exposed to the mask pattern using a contact
mask aligner, and the electrodes were patterned with widths of 32 μm, 5 mm long, and
separated by a 3 μm gap. The wafer was submerged in Microposit 351 developer
(Microchem) that had been diluted 1:5 with DI water for 1 min., then the wafer was
rinsed thoroughly with DI H2O and dried with N2 gas. This developer removed the
exposed regions of the Shipley 1811 photoresist layer. The wafer was then placed in a
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reactive ion etch (RIE) chamber, and oxygen plasma was used to remove excess
photoresist that was not fully removed from the exposed regions during the development
process. Following the RIE step, the wafer was placed in a deep UV flood chamber. The
deep UV flood chamber exposed the PMGI SF6 layer underneath the Shipley 1811 layer.
The overlaying Shipley 1811 layer acted as a “mask” for the underlying PMGI SF6 layer.
Following exposure of the PMGI layer, the wafer was submerged in Microposit 101A
(Microchem) developer which removed only the exposed regions of the PMGI SF6 layer,
the wafer was then thoroughly rinsed in DI H2O and dried with N2 gas. The wafer was
again put into the RIE chamber to remove any excess photoresist that was not fully
removed from the exposed regions during the development process. The metal electrodes
were fabricated in a thermal evaporator using 10 nm of Ti as an adhesion layer and 90 nm
of Au. Following evaporation, excess evaporated metal was lifted off by submerging the
Si wafer into 1165 photoresist remover (Microchem) at room temperature for 24 hours
(Figure 2-3).

Figure 2-3: General scheme of the photolithographic steps used to pattern the metal electrodes, and the
fabrication of the dielectric layer to position biofunctionalized nanowires.
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The wafers were rinsed thoroughly with DI water, acetone and isopropanol and
dried with N2 gas. Following electrode fabrication, 300 nm of Si3N4 was deposited onto
the wafer via plasma enhanced chemical vapor deposition (PECVD) by members of the
Mayer group in the Electrical Engineering Department. This dielectric layer was needed
on top of the alignment electrodes to prevent aligned nanowires from forming a
connected circuit between the adjacent electrodes, which prevents the electric field from
attracting additional wires to the gap region. Following deposition of the Si3N4 dielectric
layer, a second photolithography step was performed exposing and removing photoresist
over the probe pads connected to the Au electrodes. With the photoresist removed over
the probe pads, RIE was used to remove the Si3N4 where the photoresist had been
removed. It was necessary to remove the Si3N4 over the probe pads so that the probes
connected to the signal generator can make electrical contact with the Au electrodes
(Figure 2-4). This was accomplished by again spinning on Shipley 1811 photoresist at
4000 rpm for 40 seconds and baking it at 100oC for 1 min. The Shipley 1811 photoresist
layer was again exposed to a mask using the contact mask aligner, and developed in
Microposit 351 developer that had been diluted 1:5 with DI H2O, the wafer was then
rinsed thoroughly in DI H2O and dried with N2 gas. The wafer was again placed in the
RIE chamber and oxygen plasma was used to remove excess photoresist. While still in
the RIE chamber, specific areas of the Si3N4 layer were removed in a mixture of CF4 and
O2 plasma, where the regions of the Shipley 1811 photoresist layer was exposed and
developed in the previous lithographic step. After the areas of the Si3N4 were removed,
the Shipley 1811 photoresist layer was removed by rinsing the chip thoroughly in
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acetone, then in isopropanol and dried with N2 gas. The wafer was again placed in the
RIE chamber and any excess photoresist was removed in oxygen plasma.

Figure 2-4: Process flow for the removal of the dielectic layer over the probe pads using photolithographic
processes. Following photoresist development, the wafer was placed in a reactive ion etch (RIE) chamber
and a mixture of CF4 and O2 was used to remove the exposed Si3N4 dielectric layer.

The full 3” wafer was cut into ¼ pieces resulting in six electrode sets on each ¼
wafer piece. Double sided tape was placed parallel to the direction of the fabricated
electrodes making a channel on each device. A cut glass coverslip was placed over the
electrodes on each device and adhered onto the double sided tape. The devices were then
ready for the positioning of the nanowires.
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2.2.5 Alignment of Biofunctionalized Nanowires into Electrode Gaps
After the chip electrodes and dielectric layer had been prepared and the SiO2
coated nanowires were functionalized with probe DNA sequences P4 and P5, the
nanowires were mixed (50 μL each) into the same centrifuge tube then rinsed via
centrifugation three times into 18.2 M: H2O. The nanowire samples were then diluted in
DI H2O to a ratio of 1:50 (however this number was experimentally determined each time
an alignment was performed due to variability of nanowire concentration following
functionalization due to rinsing procedures during functionalization steps). To align the
nanowires a non-uniform electric field was applied to the patterned electrodes on the
individual electrode sets (Figure 2-1). After 5 min of nanowire alignment, 5 μL of
ethanol was added to the devices. After the suspending solvent had been completely
dried, the AC field was removed from the electrode set and repeated with the remaining
electrode sets on the ¼ wafer. After the nanowires had been aligned to all the electrodes
sets, the wafer was placed in an oven at 55o C overnight, which was done to fully remove
any excess water/ethanol that had not been evaporated during the alignments. After the
baking procedure, the cut glass cover slips were carefully removed from each device, and
the double sided tape was peeled off.

The aligned nanowires were then ready for

hybridization.

2.2.6 Hybridization of Aligned Nanowires to Fluorescently Labeled Target DNA
Target DNA was incubated with the aligned nanowires functionalized with P4,
and P5, using a 1 mL aliquot of T4 and T5, each at a working concentration of 400 nM in
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PBS buffer. The 1 mL aliquots were applied to the surface of the ¼ wafer piece
containing the aligned nanowires.

The wafer was placed on an orbital shaker and

allowed to incubate at room temperature for 12 hours. Following incubation, the wafer
was submersed in excess PBS for 3 hours to remove any excess target DNA. The wafer
bottom was dried on a clean paper towel and was adhered to a glass microscope slide. A
glass coverslip was applied to the wafer surface and the wafer was ready for imaging.

2.2.7 Treatment of SiO2/Probe Functionalized Nanowires with Photoresist and
Acetone on Glass Slides
On four separate glass microscope slides, different samples were prepared. Two
samples were prepared by depositing 10 μL of the SiO2 coated Ag nanowires
functionalized with P1 on separate glass slides and allowed to air dry. Another two
samples were prepared by depositing 10 μL of the SiO2 coated Ag nanowires
functionalized with P2 on separate glass slides and allowing to air dry. One slide of each
nanowire type P1 and P2 were set aside and kept as the untreated control sample, while
the other two remaining samples were used as the experimental samples.

The

experimental glass slides were coated with the positive photoresist Shipley 1813, in
which the active components are a mixed cresol novolak resin (Figure 2-5A) and a diazo
photoactive compound which undergoes a Wolff rearrangement, specifically a Sus
reaction forming an indene carboxylic acid and N2 gas (Figure 2-5B), which becomes
soluble in alkaline solutions known as developers. The resist was applied by spinning 1
mL of the photoresist on the glass slides at 4000 rpm for 45 seconds. The glass slides
were then placed on a hot plate at 100o C for 1 minute. The photoresist was removed by
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submerging the glass slides in acetone for 5 minutes, and then the slides were dried with
N2 gas. Hybridization was performed similarly to what was described above, however,
the samples were incubated over night with the target sequence T1 and the slides were
rinsed for only 30 min. to remove excess DNA.

Figure 2-5: Chemical structure of A) cresol novolak resin and a B) diazo photoactive compound, the
active ingredients in Shipley 1813 positive photoresist. This photoresist was used in the treatment to mimic
the steps biofunctionalized nanowires must endure to be integrated with CMOS substrates.

2.2.8 Treatment of SiO2/Probe Functionalized Nanowires with Photoresist Remover
on Glass Slides
Rhodium nanowires were coated with a SiO2 layer and functionalized with DNA
sequences P1 and P2 using methods listed above. Six total samples were prepared by

46
depositing 10 μL of the SiO2 coated Rh nanowires functionalized with P1 or P2 on six
separate glass slides and allowed to air dry. One of each of the samples was set aside as
the untreated control. The other two samples of each nanowire type were treated with
1165 photoresist remover (1-methyl-2-pyrrolidinone) (Figure 2-6).

Figure 2-6: Chemical structure of 1-methyl-2-pyrrolidinone, which is the main ingredient in the Microposit
1165 photoresist remover.

One of each of the samples was submerged in the 1165 remover heated to 50o C
for 30 min. The slides were removed and submerged in a petri dish containing deionized
water for 5 min and the slides were dried with N2 gas. This was repeated with the
remaining two slides, however, the 1165 remover was heated to a temperature of 90o C
and the samples remained submerged for only 10 min.

2.2.9 Treatment of SiO2/Probe Functionalized Nanowires with Photoresist and
Photoresist Remover
Ag nanowires were coated with a SiO2 layer and functionalized with DNA
sequences P1 and P2 using methods listed above. On separate glass microscope slides,
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six different samples were prepared. One slide of each nanowire type P1 and P2 were set
aside and kept as the untreated control sample. All four experimental slides were coated
with Shipley 1813 photoresist similarly to what was described above. Two of the glass
slides were submerged in a glass petri dish containing the 1165 remover heated to 50o C
for 30 min then submerged in deionized water for 5 min. This was repeated with the
remaining two slides, however in this case the 1165 remover was heated to a temperature
of 90o C and the samples remained submerged for only 10 min then submerged in
deionized water for 5 min. All six samples were hybridized similarly to what was
described for the photoresist and acetone treatment.

2.2.10 Optical and Fluorescence Microscopy
Fluorescence and reflectance microscopy was performed on a Nikon TE-300
inverted microscope with a Lambda 10-2 filter wheel (Sutter Instruments), a Xenon lamp
and a Photometrics Coolsnap HQ digital camera. Nanowires were imaged with an oil
immersion 60x plan apo objective (1.4 NA). Reflectivity images were taken under white
light illumination.

The fluorescence images were obtained using the appropriate

excitation and emission optical filters for the fluorophores.

2.2.11 Normalization of Line Scanned Fluorescence Intensity Data
Fluorescence intensities on the nanowires in incubated mixed batches of DNA
functionalized nanowires (2.3.1) and the electrofluidic alignment experiments (2.3.2)
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were examined by taking linescans of the nanowires in each of the three channels the
nanowires were illuminated with. These channels used excitation wavelengths of ~464494 nm to excite the Alexa Fluor 488 tag and the 6Fam dye on T1 and T5, ~510-560 nm
to excite the Tamra fluorophore on T3 and T4, and from ~590-650 nm to excite the Alexa
Fluor 647 dye on T2.

These line scans were used to determine the fluorescence

intensities on the nanowires functionalized with probe DNA binding to complementary
and non-complementary fluorescently labeled targets. These line scans were averaged
yielding an average fluorescence intensity in each channel making up the bar graphs in
Figures 2-9 and 2-10. The fluorescence intensity was then normalized by first subtracting
the average background intensity in each channel, which was determined by taking line
scans of areas where no wires were present but is similar to the background where the
nanowires were present. Following subtraction of the background, the fluorescence
intensity was normalized by setting the fluorescence intensity for each target in the
channel with the highest fluorescence intensity equal to 100% and subsequently scaling
the fluorescence intensities of the same target in the remaining two channels using the
same normalization factor (eg: the HIV target was normalized in the red, green, and blue
channels using the same normalization factor).

2.2.12 Normalization of NBSee Fluorescence Intensity Data
The fluorescence intensities in the lithographic treatment experiments, sections
2.3.3 through 2.3.5, were collected by the custom software program NBSee and were
normalized to the highest fluorescence value determined in any of the samples performed
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on that day, since only one target (T1) was used. NBSee identifies nanowire type based
on the white light reflectance signature of the nanowire and determines the fluorescence
intensity by taking line scans of the nanowires and producing an average fluorescence
intensity/pixel, then determining the average fluorescence intensity/nanowire and then
averages the average fluorescence intensity for a population of nanowires.

NBSee

performs its own background subtraction, thus no background subtraction was performed
on the values provided by NBSee.

2.3 Results
This chapter describes experiments performed to simulate the conditions needed
to integrate biofunctionalized nanowires with CMOS substrates. To integrate the sensing
elements with these substrates, it would first be necessary to position the nanowires over
the vias required for integration. To position the nanowires, non-uniform electric fields
can be used to assemble biofunctionalized nanowires to predetermined locations on a
chip surface. This AC electric field alignment method positions the nanowires in the gap
region between two patterned electrodes.

Experiments were performed examining

selectivity of probe DNA following exposure to AC electric fields. To integrate the
nanowires with substrates, an electrical connection between the nanowires and the vias
on CMOS chips must be fabricated.

Experiments were performed examining the

selectivity of biofunctionalized nanowires following specific treatments designed to
mimic the photolithographic steps that the sensing elements must endure to fabricate
electrical

contacts.

These

treatments

included:

applying

a

photoresist

to
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biofunctionalized nanowires, submerging them in a photoresist remover, and combining
the two steps by applying a photoresist and removing it using the photoresist remover.

2.3.1 Synthesis and Functionalization of Nanowires with Single Stranded DNA
Probe Sequences
Many chip-based devices such as bioNEMS and bioFETs use silicon nanowires as
their sensing elements.15,31,43-45 Silicon nanowires form a native oxide, which can be used
to covalently attach biological molecules.46,47 However, because high quality silicon
nanowires are difficult to fabricate in high yield, a mimic was developed to simulate the
surface properties of the native oxide, allowing us to use the same probe binding
chemistry on both the mimic and on Si nanowires.19 This mimic consisted of metal
nanowires coated with SiO2. Electrodeposited nanowires synthesized using the template
method described above yields ~109 nanowires per batch with very little polydispersity,
both in the length of the nanowire and in the diameter. The length of the population
nanowires is 4.1±0.3 μm and the diameter is 295.1±20.2 nm (Figure 2-7).39-41
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Figure 2-7: Optical microscopy image of Rh nanowires fabricated by electrodeposition into porous
aluminum oxide membrane under white light.

Following nanowire synthesis the nanowires were coated with SiO2 resulting in a
thickness of 30.7±1.4 nm (Figure 2-8). APTMS was used to aminate the SiO2 coating on
the

nanowire,

and

the

bifunctional

crosslinker

sulfosuccinimidyl-4-(N-

maleimidomethyl)cyclohexane-1-carboxylate which contains an amine-reactive Nhydroxysuccinimide (NHS ester) and a sulfhydryl-reactive maleimide, group was used to
form a covalent attachment between thiolated ss-DNA probe sequences and the SiO2
coating (Figure 2-2).

Figure 2-9 shows three different batches of nanowires

functionalized with ss-DNA P1, P2, and P3, which were mixed then incubated with their
target DNA sequences T1, T2, and T3. It was possible to identify nanowire type based
on the high fluorescence intensity in one of the channels and the low fluorescence
intensities in the other two channels. Using this method to identify nanowire type it was
possible to determine the degree of non-specific binding on the different nanowire
batches in the three channels. Line scans of the different batches of nanowires in all three
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of the different channels were performed and normalized using the method described
above.

Figure 2-8: TEM image of Rh nanowires after being coated with a SiO2 layer in a modified sol-gel
method. This method resulted in a coating of 20-30nm on the nanowire surface. The nanowires in this
batch had an average SiO2 shell thickness of 30.7±1.4 nm.

The HIV, HBV and HCV targets were normalized to 100% with the fluorescence
intensity of the non-complementary DNAs being <5%, <4%, and <5% in the red, green,
and blue channels, respectively. Had there been a significant amount of non-specific
binding, there would be mixing of the different fluorophores on the nanowires, and this
would have been observed in both the fluorescence images and in the line scans used to
create the normalized bar graphs shown in Figure 2-9. These data suggest that this
method is successful at functionalizing the SiO2 coating on the nanowires with ss-DNA
probe sequences, resulting in hybridizations with very little non-specific binding.
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Figure 2-9: A mixture of three different batches of SiO2 coated nanowires functionalized with probe DNA
sequences P1, P2 and P3, after being incubated simultaneously with target sequences T1, T2 and T3. The
bar graphs show the fluorescence intensities of the HIV (Alexa Fluor 647, red) HBV (Tamra, green), and
HCV (Alexa Fluor 488, blue) targets, bound to the different batches of nanowires in the different channels.
The fluorescence images were false-colored using photoshop.
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2.3.2 Selectivity of Probe DNA Toward Fluorescently Labeled Target DNA
Following Electrofluidic Alignment Using Non-Uniform Electric Fields
To position biofunctionalized nanowires to features already patterned on a chip
surface, non-uniform electric fields were used to position mixed batches of SiO2/ss-DNA
probe coated nanowires between lithographically patterned electrodes.

Following

positioning, the nanowires were incubated with fluorescently labeled target sequences to
determine if the probe DNA remained selective following exposure to the non-uniform
electric fields (Figure 2-1).

In this experiment SiO2 coated Rh nanowires were

functionalized with probe DNA sequences P4 and P5 in separate batches and rinsed into
deionized H2O. With the non-uniform electric field applied to the patterned electrodes,
the biofunctionalized nanowires were attracted to the gap region between the two
electrodes. Ethanol was injected onto the device after initial alignment of the nanowires.
This aided in lowering the surface tension of the water, allowing evaporation to occur
with minimal disturbance to the aligned nanowires. The wafer piece was placed in an
oven (55o C) to remove any excess water/solvent; this helped keep the nanowires in place
during incubation. If this step was not performed, the nanowires became resuspended in
the incubation solution and were rinsed away during rinsing procedures or when the
coverslip was added for imaging. After the baking step, the nanowires were incubated
with targets T4 and T5. Figure 2-10 shows the reflectance and fluorescence images of
the mixed nanowire batches positioned into the same gap between two patterned Au
electrodes. The selective hybridization of the differently labeled targets, T4 and T5, to
separate nanowires seen in Figure 2-10 suggests that the probe DNA sequences P4 and
P5 remain selective following the electrofluidic alignment steps, which is in agreement
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with the previous report suggesting selectivity of complementary target sequences vs
single base mismatches following exposure to non-uniform electric fields was retained.38
If the probe DNA was extensively damaged during this process, there would be little to
zero fluorescence visible, or mixing of the fluorescently labeled target sequences would
be observed. Line scans of the two different nanowires batches in both of the red and
green channels show high selectivity of completely complementary target DNA
sequences over non-complementary sequences. T4 and T5 were normalized to 100% and
the non-complementary sequences had fluorescence intensities of <3% and <10% in the
red and green channels, respectively. These data suggest that non-uniform electric fields
can be used to align biofunctionalized nanowires between metal electrodes on a substrate
while retaining probe selectivity. However, to develop a chip-based biological sensor,
the DNA must remain selective subsequent to both positioning and integration with chipbased electronics.

A number of treatments were designed to replicate the type of

conditions that biofunctionalized nanowires must experience in order to be integrated
with the chip electronics.
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Figure 2-10: Alignment of mixed batches of biofunctionalized nanowires. SiO2/ss-DNA (P4 and P5)
functionalized Rh nanowires were mixed and diluted in 18.2 M: water. Applying non-uniform electric
field of 4VRMS at 100 KHz, the nanowires were attracted to the gap region between patterned metal
electrodes with a gap size of 4 μm. Following nanowire alignment fluorescently labeled targets T4 (Tamra,
red) and T5 (6Fam, green) were incubated together with the aligned nanowires. The bar graph shows the
normalized fluorescence intensities of the different targets in the different channels. The fluorescence
images were false-colored.
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2.3.3 Selectivity of Probe DNA to Fluorescently Labeled Target DNA Following
Treatment with Only Photoresist
The first treatment was designed to examine the selectivity of probe ss-DNA
subsequent to being coated with a layer of Shipley 1813 positive photoresist (mixed
cresol novolak resin and photoactive diazo compound, Figure 2-5), which was used in
our photolithographic processes to integrate nanowires with substrates. Single stranded
DNA sequences P1 (complementary probe) and P2 (non-complementary probe) were
functionalized to SiO2 coated Ag nanowires using the method described above and drop
cast onto separate glass microscope slides. Shipley 1813 photoresist was deposited onto
the slides and baked to make the photoresist photoactive. Acetone was used to remove
the photoresist then the glass slides were incubated at room temperature with T1 target
sequence.

Figure 2-11A and B shows the fluorescence images of nanowires

functionalized with P1 and P2 after treatment and incubation, while Figure 2-11C and D
shows the fluorescence intensities of the untreated samples. The fluorescence intensities
on the nanowires in Figure 2-11A and B shows that the probe sequences retained its
selectivity after the treatment. Following imaging of the four samples, the fluorescence
intensity on both the treated and untreated samples was quantified using NBSee, a
software program that analyzed the fluorescence intensity on the individual nanowires.
Figure 2-11E shows the normalized fluorescence intensity of the target after incubation
with the complementary and non-complementary probes of both the treated and untreated
samples.
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Figure 2-11: Treated and untreated SiO2 coated Ag nanowires functionalized with probe DNA sequences
after incubated with the fluorescently labeled target T1. A, B) Fluorescence images of treated nanowires
functionalized with the complementary and non-complementary probe sequences P1 and P2, respectively.
C, D) Fluorescence images of untreated nanowires functionalized with P1 and P2, respectively. E) The
fluorescence intensities were normalized to the untreated control sample and the complementary
functionalized nanowires (red) and the non-complementary functionalized nanowires (green) for the treated
and untreated samples were scaled accordingly. Fluorescence images were false colored.

The fluorescence intensity of the complementary untreated sample was
normalized to 100% and the complementary and non-complementary fluorescence
intensities were scaled accordingly.

In both the untreated and treated samples, the

fluorescence intensities of the targets on the non-complementary coated nanowires were
<3% which shows excellent selectivity following treatment. However, Figure 2-11E
shows that that there was a slight decrease in the fluorescence intensity on treated
samples compared to the untreated samples. These results suggest a decreased amount of
the T1 target hybridized with the complementary sequences following treatment with the
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photoresist and acetone. One possible explanation for this, was that the probe DNA
sequences were damaged during the photoresist and acetone treatment.

Another

possibility was that not all of the photoresist was being fully removed by the acetone and
a residual layer of photoresist was preventing hybridization. To determine if the DNA
was being damaged or if a residual photoresist layer was present, a study was performed
where the photoresist was applied to biofunctionalized nanowire samples, then removed
with a photoresist remover (1165 remover) at conditions believed to fully remove the
photoresist. However, a study examining the selectivity of the probe DNA subsequent to
treatment with just 1165 was necessary to determine if the remover would damage the
DNA.

2.3.4 Selectivity of Probe DNA to Fluorescently Labeled Target DNA Following
Treatment with Photoresist Remover
The selectivity of ss-DNA probes functionalized to nanowires was examined
following treatment with just 1165 photoresist remover (1-methyl-2-pyrrolidinone,
Figure 2-6). SiO2 coated Rh nanowires were functionalized with P1 and P2. For this
experiment, a number of different conditions of the photoresist remover, which were
believed to fully remove photoresist layers from a substrate, were examined. Both the
temperature and the length of time a substrate was submerged in the 1165 photoresist
remover were studied to determine if any of these conditions caused damage to the ssDNA probe sequences. Figure 2-12 shows the fluorescence images of the nanowires
functionalized with P1 and P2 after treatment at 50oC for 30 min, 90o for 10 min and for
the untreated nanowires. The low fluorescence intensity on the P2 coated nanowires for
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all samples compared to the high fluorescence intensities on the P1 samples suggest that
selectivity is still retained following treatment.

NBSee was used to quantify the

fluorescence intensity on the nanowires to determine if damage was being done to the
treated samples compared to the untreated samples. Figure 2-12G shows the normalized
fluorescence intensity on the nanowires in all six of the samples imaged and shows that
the fluorescence intensity on the experimental samples was similar to that of the
untreated samples.

Figure 2-12: Coated Ag nanowires functionalized with probe DNA sequences after treatment with 1165
photoresist remover and following incubation with fluorescently labeled target sequence T1. A, B)
Fluorescence images of nanowires functionalized with P1 and P2 after treatment with 1165 remover at 50o
C for 30 min, respectively. C, D) Fluorescence images of P1 and P2 nanowires after treatment with 1165
remover at 90o C for 10 min. respectively. E, F) Fluorescence images of untreated P1 and P2 nanowires
respectively. G) The fluorescence intensities of the population of treated and untreated complementary
(red) and non-complementary (green) nanowires were normalized to the untreated control samples.
Fluorescence images were false colored.
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In addition, it shows the fluorescence intensities on the nanowires functionalized
with the non-complementary probe being <1%, <1.5% and <2.5% in the untreated, 50o C
for 30 min and 90o C for 10 min samples, respectively, suggesting that the 1165 remover
did not damage the probe DNA sequences functionalized the SiO2 coated nanowires and
that the probes remained selective following treatment. Following this study, it was then
possible to determine if the Shipley 1813 photoresist was damaging the probe ss-DNA or
if there was a residual layer preventing target binding.

2.3.5 Selectivity of Probe DNA to Fluorescently Labeled Target DNA Following
Treatment with Both Photoresist and Photoresist Remover
The lower fluorescence intensity on the treated samples shown in Figure 2-11E
compared to the fluorescence intensity on the untreated samples suggests two
possibilities, the probe DNA is being damaged, or a residual photoresist layer is present
following acetone removal. In this study, SiO2 coated Ag nanowires were functionalized
with P1 and P2 ss-DNA probes, drop cast onto separate microscope slides, and were
treated with the Shipley 1813 photoresist and then with the 1165 remover at the same
conditions mentioned above. Figure 2-13 again shows the fluorescence images of the
nanowires functionalized with P1 and P2 after treatment with the Shipley 1813
photoresist and the 1165 remover heated to 50o C for 30 min, 90o C for 10 min and of the
untreated samples following incubation.

Figures 2-13A through D show the probe

sequences remained selective following treatments with the photoresist and the 1165
remover at various conditions.

NBSee was again used to quantitatively determine the

fluorescence intensity on the treated and untreated nanowires. Figure 2-13G shows the
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normalized fluorescence intensities on the nanowires from the six samples imaged with
fluorescence intensities on the nanowires functionalized with the non-complementary
probe all being <0.5%.

Figure 2-13: Coated Ag nanowires functionalized with probe DNA sequences after being submitted to a
photoresist and 1165 remover treatment and after being incubated with the fluorescently labeled target T1.
A, B) Fluorescence images of P1 and P2 treated nanowires following treatment at 50o C for 30 min,
respectively. C, D) Fluorescence images of the P1 and P2 nanowires following treatment at 90o C for 10
min, respectively. E, F) Fluorescence images of P1 and P2 of the untreated nanowires. G) Fluorescence
intensities of the treated and untreated complementary (red) and non-complementary (green) samples were
normalized to the untreated control samples. The fluorescence images were false colored.

This figure indicates that there was a decrease in the fluorescence intensity on
samples treated with the photoresist and remover at 90o C for 10 min, similarly to what
was observed in Figure 2-11E, when only the photoresist was applied and removed with
acetone. However, the fluorescence intensity on the samples treated with the photoresist
and the remover for 30 min at 50o C had a similar fluorescence intensity to that of the
untreated control sample. These data suggest that the photoresist treatment shown in
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Figure 2-11E did not damage the probe DNA functionalized to SiO2 coated nanowires.
Instead, they suggest that there was indeed residual photoresist that cannot be removed by
submerging the samples in acetone for 5 min, or in the 1165 remover for 10 min at 90oC.
In addition, these data indicate that the successful removal of the photoresists from
substrates requires submersion in the remover for longer time periods (30 min). For any
future experiments requiring treatments with photoresist, it will be necessary to remove
the photoresist layer by submerging the samples in the 1165 remover for at least 30 min.

2.4 Conclusions
In these studies, experiments were performed to determine if single stranded DNA
remained selective to fluorescently labeled ss-DNA target sequences following exposure
to non-uniform electric fields.

In addition, experiments were designed to mimic

integration steps that biofunctionalized nanowires would be exposed to if they were to be
integrated with features already patterned on a chip, such as CMOS electronics. The data
shown above suggests that this electrofluidic positioning method does indeed allow
researchers to position biofunctionalized nanowires to predetermined locations on a chip
surface while retaining the activity and selectivity of the probe DNA molecules. In
addition, the integration studies suggest that the photoresist and remover does not damage
the probe DNA sequences functionalized to the SiO2 coated nanowires, and that the probe
DNA sequences are able to selectively bind to their fluorescently labeled complementary
target sequences following treatment. While these experiments were designed to show
selectivity of completely complementary targets over non-complementary sequences,
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subtle changes such as oxidative damage to the DNA could not be determined from these
experiments.

The oxidation of guanine, specifically the formation of 8-oxo-7,8-

dihydroguanin (8-oxo-G) due to the low oxidation potential of guanine (1.29 V vs NHE)
is a highly studied phenomena and has been found to occur under a variety of conditions,
such as presence of hydroxyl radicals or singlet oxygen and due to electron transfer
through the bases.48 As a result of this low oxidation potential, the oxidation of guanine
can be used as a marker of oxidative stress on the DNA sequences.

Experiments

examining the formation of 8-oxo-G as a result of this fabrication technique are currently
being explored using fluorescently labeled antibodies designed to bind to 8-oxo-G or by
repeating these experiments using single base mismatched sequences. These data lay the
foundation for the development of a new assembly method which allows researchers to
position biofunctionalized nanowires to predetermined locations on a chip surface, and
integrate them with features already patterned on the chip surface for the development of
chip based devices fabricated using a hybrid of top-down and bottom-up fabrication
methods.
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Chapter 3
Programmed Assembly of DNA-Coated Nanowire Devices
"From: Morrow, T. J.; Li, M.; Kim, J.; Mayer, T. S.; Keating, C. D. “Programmed
Assembly of DNA-Coated Nanowire Devices.” Science 2009, 323, 352. Reprinted with
permission from AAAS."
Morrow, T. J.; Kim, J.; Li, M.; Mayer, T. S.; Keating, C. D. Electrofluidic Positioning of
Biofunctionalized Nanowires, Nanowires-Synthesis, Properties, Assembly and
Applications, edited by Y. Cui, E.P.A.M. Bakkers, L. Lauhon, A. Talin (Mater. Res. Soc.
Symp. Proc. Volume# 1144, Warrendale, PA , 2008 Publication, 1144-LL21-11.

3.1 Introduction
The use of microchips has been increasing over the past few decades. As a result
of this increase in demand, the semiconductor industry has been pushing the limits of
traditional Si complementary metal oxide semiconductor (CMOS) microchips,
fabricating smaller transistors, increasing the number that can be fabricated onto a single
microchip, and therefore increasing the processing speed and energy efficiency. While Si
CMOS integrated chips continue to be the most widely used chips, there has been a lot of
attention given to fabricating CMOS chips with new and diverse materials. These new
materials can expand the types of applications microchips can be used in, materials
considered for incorporation with CMOS include anisotropic materials such as,
nanowires1-3

and

semiconducting

materials

such

as

graphene,4,5

or

III-V

semiconductors.6,7 Biological molecules have also received attention as candidates for
incorporation with integrated circuits for sensing applications.8,9

Ideally, these new
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materials would be integrated with pre-existing CMOS technology by fabricating them
directly onto the substrate using traditional top-down lithographic methods.10 While
fabricating electronic devices using multilevel photolithography provides excellent
control of feature geometry and registration between layers, each deposition step
incorporates just one material, from a limited set, over the entire chip.11 In addition, topdown fabrication is limited due to the incompatibility of CMOS chips with high
temperatures (>550o C),12 and due to the possibility of damaging or denaturing sensitive
probe biomolecules. Despite these challenges, integration on CMOS is still the desired
outcome, due to the already well established Si CMOS fabrication techniques that has
been extensively used by the semiconducting industry for decades. Thus, to integrate
these new materials onto CMOS substrates, they must be fabricated off-chip and
integrated onto the substrates using bottom-up assembly strategies positioning them with
submicron accuracy over the contact sites (vias).
Of the materials desired to be integrated with CMOS chips, anisotropic materials
such as nanowires have received a great deal of attention due to their unique optical,
electrical, and chemical properties,13-15 which have been used in a variety of different
applications.16-19

To deliver these materials to substrates for integration, different

bottom-up assembly methods have been developed.20-23 Of the different techniques,
those developed by Lieber and coworkers have received a great deal of attention due to
their ability to orient nanowires in specific directions. The Langmuir-Blodgett trough
method for example, is a method in which nanowires are floated on top of an aqueous
solution coated with a surfactant monolayer. Upon narrowing of the trough, the floating
nanowires orient themselves perpendicular to the direction the trough is being narrowed.
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The desired substrate is then submerged into the Langmuir-Blodgett trough and
withdrawn in a controlled manner so that the nanowires are oriented parallel to each
other.24 The rate of the withdrawal determines the density of the nanowires on the
substrate surface.

Another commonly used method is flowing nanowires through

microfluidic channels. Microchannels fabricated in polydimethylsiloxane (PDMS) allow
researchers to flow suspensions of nanowires through the channels, which orients the
nanowires parallel to the flow of the solution.25 By rotating the PDMS mold over already
aligned nanowires, it has been shown that crossed arrays can be fabricated. Magnetic
fields can also be used to position magnetic nanowires on a chip surface in which the
magnetic nanowires become aligned parallel to the magnetic field lines.26 While these
techniques are valuable in orienting nanowires in specific directions, they lack the ability
to position nanowires to predetermined locations required for CMOS integration.
The application of non-uniform electric fields has been shown to align a single
batch of bare metal nanowires along a gap region27,28 between a single set of electrodes.
The sinusoidal voltage applied to the electrodes creates an electric field which extends
away from the gap region and into solution.

When a suspension of nanowires is

delivered to the substrate while the sinusoidal voltage is applied, the electric field
polarizes the nanowires. These polarized nanowires are attracted to the area of highest
electric field which resides in the gap region provided that the suspending solution is less
polarizable than the nanowire (Figure 1-2). This technique is attractive as a bottom-up
assembly method because it can be applied to a variety of materials such as metal29
nanowires which were fabricated into resonating cantilevers,30 metal oxide used for gas
sensing,3 and semiconducting31 materials such as GaN used in UV-sensor applications.
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In addition, the fabrication of metal electrodes is compatible with top-down techniques
already employed by the semiconducting industry for the fabrication of CMOS
substrates. This technique has been used to manipulate nanowires to fabricate devices in
various geometries. For example, groups of carbon nanotubes have been assembled
using various suspending solvents, by applying non-uniform electric fields between metal
electrodes.32 Yu and coworkers showed placement of single nanowires to predetermined
locations, by patterning electrodes with 1 μm widths, which achieved alignment yields of
less than 50%.33 Other groups have experimented with different electrode geometries, for
example finger-like electrodes were fabricated to direct nanowire alignment to the
electrode points, and a four electrode geometry was used to assemble nanowires in a
crossed geometry.34 While these reports show promise for assembling nanowires into
specific geometries by using non-uniform electric fields, precise placement of individual
nanowires was not achieved in high yield prior to the experiments described here.
A combination of non-uniform electric fields and top-down photolithography was
used to develop a fabrication method to integrate new and different materials to
predetermined locations on a substrate.

This method was developed to eventually

fabricate chip-based sensors such as bio field effect transistors (bioFETs) and
nanoelectromechanical sensors (NEMS). Single stranded DNA and peptide nucleic acid
(PNA) molecules were functionalized to SiO2 coated metal nanowires to act as the probe
molecules to bind target DNA sequences of interest. Functionalization of the nanowire
occurred prior to assembly, permitting the functionalization of different batches of
nanowires with different probe sequences for multiplexed detection, avoiding the use of
non-optimal on-chip patterning techniques. The SiO2 coating was used to mimic the
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native oxide that forms on silicon nanowires which are commonly used in both bioFETs
and NEMS. Fluorescently labeled targets were used to show accuracy of the positioning
of the nanowires in the different gaps patterned onto the substrate (Figure 3-1). By
applying the electric fields to select sets of electrodes, this allowed the assembly of
different populations of biofunctionalized nanowires to specific regions of the chip.

Figure 3-1: Assembly process of different suspensions of probe DNA functionalized nanowires injected
across groups of lithographically defined electrodes coated with a Si3N4 dielectric. Alignment proceeded in
synchronization with the application of AC electric fields between select sets of the metal electrodes.
Incubation with fluorescently labeled target DNA after assembly was used to verify selectivity of DNA
probe molecules and positioning of the nanowires to predetermined chip locations.

In addition, the use of microwells patterned into a photoresist dielectric layer prior
to nanowire alignment provided accurate registry between each individual nanowire and
features already patterned onto the chip within that region. This achieved submicron
positioning of different batches of wires onto an individual chip, required for integration
with CMOS substrates (Figure 1-5A).1 Subsequent to positioning, contact features were
patterned using photolithographic steps as described in Chapter 2, and metal contacts
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were fabricated by electrodepositing metal into the features integrating the nanowires
with features already patterned on the chip surface (Figure 1-5B).1

Using this

combination of top-down and bottom-up fabrication methods, it was possible to position
different batches of biofunctionalized nanowires to predetermined locations, while
integrating them with features already patterned on a chip surface, both of which are
required for integration with CMOS substrates.

3.2 Materials and Methods

3.2.1 Silica Coating of Rh Nanowires and Functionalization with DNA and PNA
Technic Rhodium, and Orotemp 24 (Technic Inc) was used to synthesize metallic
nanowires to a length of 6 μm in the Whatman aluminum oxide membranes (VWR) by
templated nanowire growth similar to methods described in Chapter 2 resulting in ~109
nanowires with a diameter of ~320 nm.35-37 The nanowires were coated with ~25 nm of
SiO238 using the same method described in Chapter 2. The DNA arrived as a lyophilized
pellet attached to a mercapthexanol group forming a disulfide bridge (Integrated DNA
Technologies), and the PNA sequences arrived with a cysteine group on the N-terminus
possibly forming a disulfide bridge with other PNA molecules (Bio-synthesis Inc). Both
were cleaved using methods previously described in Chapter 2. The concentration of the
DNA and PNA sequences were determined based on the extinction coefficient at 260 nm
using UV-Vis spectroscopy and was adjusted to 20 μM using 18.2 M: water. To
increase the solubility in water, the PNA sequences were ordered with “solubility
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enhancers” ([(2-Amino-ethyl)-(2{[bis-(2-methoxy-ethyl)-carbamoyl]-methoxy}-acetyl)amino]-acetic acid) on the C terminus (Figure 3-2). Attachment of the DNA and PNA
probe molecules was based on previously reported methods as described in Chapter 2
using the DNA and PNA sequences listed in Table 3-1.39

However, for PNA

functionalization, the nanowires were functionalized for 12 hours as opposed to two
when DNA probes were used.

Figure 3-2: Solubility enhancer synthesized onto the C terminus of PNA probe sequences to increase the
solubility of PNA probe sequences in water.
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Table 3-1: DNA and PNA sequences used in this work

Name Sequence 5Æ3
For PNA N-TerminusÆC-Terminus
P1
Thiol- TTTTTTTTTTGAGTAGTGTTGGGTCGCGAA
P2
Thiol-TTTTTTTTTTCTCAATCTCGGGAATCTCAA
P3
Thiol- TTTTTTTTTTCCATCAATGAGGAAGCTGCA
P4
Thiol-CCCCCCCCCC
PN1
Cys-GAGTAGTGTT-EE
PN2
Cys-CTCAATCTCG-EE
PN3
Cys-TAGGTGGATT-EE
T1
Alexa Fluor 488d- TTCGCGACCCAACACTACTC
T2
Tamraf-TTGAGATTCCCGAGATTGAG
T3
Alexa Fluor 647e-TGCAGCTTCCTCATTGATGG
T4
Alexa Fluor 647e-GATGACAAATAATCCACCTA

Description
HCVa Probe
HBVb Probe
HIVc Probe
Passivation Probe
PNA HCVa Probe
PNA HBVc Probe
PNA HIVb Probe
HCVa Target
HBVb Target
HIVc Target
PNA HIVc Target

aHCV

= Hepatitis C Virus; bHBV = Hepatitis B Virus; cHIV=Human Immunodeficiency Virus.
E=Solubility Enhancer
d Alexa Fluor 488 ex=492 nm em=517 nm; e Alexa Fluor 647 ex=650 nm em=670 nm
f Tamra ex=559 nm em=583;

Following functionalization the nanowires were rinsed three times with 300 mM
NaCl, 10 mM sodium phosphate buffer pH=7.4 (PBS), three times with 18.2 M
deionized water, and three times with ethanol, resuspending each sample to 50 PL in
ethanol, ready for nanowire alignment.

3.2.2 Patterning of Silicon Wafers
The electrofluidic positioning of the DNA or PNA functionalized nanowires was
accomplished using lithographically defined metal electrodes. These metal electrodes
were fabricated by metal liftoff of 10 nm of Ti and 90 nm of Au on a 1 μm layer of
thermally grown SiO2 on a silicon substrate (Addison Engineering). The electrodes were
patterned using standard lithographic techniques using PMGI-SF6 and Shipley 1811
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(Microchem) in a dual layer resist process similar to that described in Chapter 2. The
electrodes were 32 μm wide, 5 mm long, and were separated by a 3 μm gap. When Si3N4
dielectric was used, a 300 nm thick layer was deposited using plasma enhanced chemical
vapor deposition (PECVD) by members of the Mayer group in the Electrical Engineering
Department of Penn State. The dielectric layer prevented the nanowires from coming
into direct contact with metal alignment electrodes.

If the dielectric layer was not

present, metal nanowires aligned to a gap would close the circuit between adjacent
electrodes, causing current to flow through the nanowires as opposed to forming an
electric field that extends out into solution. To position the nanowires with a uniform
pitch of 20 μm, microwells were patterned either all the way down to the Si3N4 dielectric
layer or only ~500 nm into a 1.2 μm layer of PMGI SF-11 (Microchem) photoresist
dielectric. These wells were 3 μm wide and 11 μm long spanning the gap between the
Au electrodes. These wells provide the ability to electrofluidically position the nanowire
to predetermined chip addresses reproducibly, while concurrently eliminating extraneous
nanowires that had been dispensed onto the substrate by removing the photoresist layers
using liftoff processes following nanowire integration.

3.2.3 Electrofluidic Assembly of DNA or PNA Functionalized Nanowires
Electrofluidic alignment of the three sets of DNA or PNA functionalized
nanowires was accomplished by applying a non-uniform electric field with a frequency of
1 MHz during nanowire injection then ramping it to 10 MHz during solvent evaporation
and a voltage of 3 Vrms using a waveform generator between select sets of the Au
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electrodes. Nanowires functionalized with P1, P2 or P3 or PN1, PN2 or PN3, suspended
either in water or in ethanol, were diluted, then deposited on the substrate, and positioned
into the top, bottom, and middle gaps by applying the non-uniform electric field to the
top, bottom, and top two electrodes, respectively, allowing the ethanol to evaporate after
each set of functionalized nanowires were positioned into the desired gap region. The
microwells patterned into the PMGI SF-11 layer trapped the nanowires and assisted in
keeping the nanowires in place during solvent evaporation.

3.2.4 Anchor Point Fabrication
Following alignment of the three sets of DNA or PNA/SiO2 coated nanowires,
Shipley 1811 photoresist was spin coated onto the wafer. Anchor points were patterned
over one end of each of the pre-fabricated wells, in which most contained the
functionalized nanowires.

This allowed for the anchoring of the nanowires while

protecting the probe molecules from the harsh UV-light needed for photolithographic
processes. Following anchor point patterning, the probe pads/electrodes were electrically
connected using a wire bonder. Using a two electrode system, Pallaspeed (Pd solution,
Technic Inc) was galvanostatically electrodeposited at room temperature for 45 min at a
current of 0.25 mA vs Pt gauze. Orotemp 24 RTU (Technic Inc) was electrodeposited in
a similar manner but potentiostatically for 20 min at a voltage of 2.51 V vs Pt gauze,
resulting in anchor points of ~2 μm in height. The photoresist and extraneous nanowires
were removed following alignment and anchoring of all three of the DNA functionalized
nanowires by submerging the wafer into a solution of the Microposit 1165 remover
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(Microchem) at 50o C for 30 min. The wafer was then rinsed by submersion in DI H2O,
acetone, and isopropanol and was allowed to air dry.

3.2.5 DNA Hybridization Procedure
To reduce the possibility of non-specific binding of the DNA targets to the anchor
points and the Au electrodes, 1 mL of the PBS buffer was added to the surface of the
wafer and 100 μL of a 100 μM DNA P4 was added to the wafer surface and incubated for
60 min. Following this passivation, the wafer was submerged in clean PBS and dried
with N2 gas. Hybridization of T1, T2 and T3, or T4 to their respective probe molecules
functionalized on the aligned nanowires was accomplished by adding 1 mL of the PBS
buffer to the surface of the wafer ensuring that the solution wets the areas of the wafer
that contained the aligned and anchored nanowires. The DNA targets were incubated
with the chip by adding 20 PL of 20 PM T1, T2 and T3 or T4, in which each target was
added to the 1 mL of PBS solution already delivered on the wafer surface. Foil was
placed over top of the wafer to reduce the possibility of photobleaching. The probe and
targets were allowed to incubate at room temperature for ~36 hours. Just prior to
imaging, the wafer was rinsed by adding excess PBS buffer (~50 mL) to the wafer and
allowed to rest for 30 min, again being covered with the aluminum foil to reduce the
possibility of photobleaching.
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3.2.6 Optical and Fluorescence Microscopy
Fluorescence and optical microscopy was performed on a Nikon TE-300 inverted
microscope with a Lambda 10-2 filter wheel (Sutter Instruments), a Xenon lamp and a
Photometrics Coolsnap HQ digital camera, unless otherwise indicated. Nanowires were
imaged with an oil immersion 60x plan apo objective (1.4 NA). Reflectivity images were
taken under white light illumination. The fluorescence images were obtained using the
appropriate excitation and emission optical filters for the fluorophores. The wafers were
prepared by drying the backside of the wafer, and attached to a glass slide using Krazy
glue. A cover slip was placed on the wafer surface following the deposition of an
additional 10 PL of fresh PBS buffer to the wafer substrate.

3.2.7 Normalization of Line Scanned Fluorescence Intensity Data
Line scans of the nanowires were performed in each of the channels the
nanowires were imaged with. The fluorescence intensity was then normalized using
similar methods as described in Chapter 2.

3.3 Results
These experiments were designed to position different batches of PNA/DNA
functionalized nanowires to predetermined locations on a chip surface, and this was
verified using fluorescently labeled complementary target sequences (Figure 3-1). Three
different batches of functionalized nanowires were aligned to the gap regions between
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four lithographically patterned Au electrodes by applying non-uniform electric fields
between select sets of the electrodes, and synchronizing this with the injection of the
different nanowire batches onto the chip surface. The SiO2 coating on the nanowires was
used to mimic the native oxide that forms on semiconducting silicon nanowires, which
are commonly used in NEMS and FET devices, and to facilitate the use of fluorescence
by minimizing non-radiative quenching by the metal nanowire. Microwells were used to
position the nanowires to specific chip addresses in the gap regions, which also aids in
integrating them with the substrate (Figure 1-5A). Following positioning of the different
nanowire batches, photolithography, as described in Chapter 2, was used to fabricate
contact points, forming electrical connections with features already patterned on the chip
(Figure 1-5B). The following experiments will show the sub-micron positioning of
different batches of biofunctionalized nanowires to predetermined locations on a chip
surface, and the fabrication of electrical contacts between the chip and the nanowires,
both of which are required for integration with CMOS substrates.

3.3.1 Nanowire Alignment Using Non-Uniform Electric Fields
The nanowires were aligned to specific locations by applying sinusoidal voltages
to select sets of patterned metal electrodes to create electric field gradients in the gap
region between electrodes. These long range electric field gradients (>10 μm) caused a
polarization of the metal nanowires, which attracted them to the area of highest electric
field, which resided in the gap region between the metal electrodes.

Electric-field

calculations, performed by Dr. Jaekyun Kim in the Mayer Group in the Electrical
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Engineering Department at Penn State, modeled the application of sinusoidal voltages
between specific pairs of guiding electrodes. This calculation shows a high electric field
intensity residing in the gap region between the metal electrodes and the direction of the
long range attractive forces (Figure 3-3).40

Figure 3-3: Electric field calculations of long range attractive forces to the gap region. A) Cross section of
z-x plane for the long range attractive forces resulting from the application of non-uniform electric fields to
patterned metal electrodes coated with a photoresist dielectric. B) ѭ|E|2 simulation of magnitude (contour)
and direction (arrows) of the long range attractive forces to the gap region between the metal electrodes.
Simulation performed by Dr. Jaekyun Kim.40

Calculations modeling the short range electrostatic forces between the nanowires
showed that there was an intense electrostatic repulsion of adjacent nanowires, which was
due to the same polarization of the adjacent nanowires caused by the electric fields.
These repulsions prevented multiple nanowires from occupying the same space along the
electrode gaps (Figure 3-4).40
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Figure 3-4: Electric field calculations of short range electrostatic forces of adjacent nanowires. Nanowires
aligned to the same gap experience similar polarities; as a result short range electrostatic repulsive forces
ensure that multiple nanowires do not occupy the same space along the electrode gaps. Simulation
performed by Dr. Jaekyun Kim.40

In addition, calculations were performed to determine the mechanism of the
symmetrical alignment of the nanowires, i.e., the centering of the nanowires in the
electrode gaps. These calculations showed that when the nanowire was centered in the
electrode gap, the restoring force was at a minimum; however, when the nanowire was
moved off center, the restoring force increased proportional to the distance the nanowire
was moved off center. This was due to the short range electrostatic attractive forces
between the nanowire and the biased electrodes (Figure 3-5).40 Using the combination of
long- and short range forces in a controlled manner, it was possible to position nanowires
to predetermined locations on a chip surface.
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Figure 3-5: Forces acting on aligned nanowires to keep the nanowires centered along the electrode gap.
Graph shows restoring force increases as distance of nanowire offset from center increases. Insets are
electric field calculations along the x-y plane showing that as the nanowire is moved off center, the
intensity of the restoring force increases proportionally. Simulation performed by Dr. Jaekyun Kim.40

Early attempts at positioning biofunctionalized nanowires were performed using
18.2 M: water as the suspending solution for the nanowires. When the non-uniform
electric field was applied, the nanowires were immediately attracted to the gap region,
which was expected based on the calculations seen in Figure 3-3. To keep the nanowires
aligned in the gaps, the electric field remained on until the suspending solution had
completely evaporated. If this was not done, the nanowires moved away from the gaps,
due to Brownian motion, van der Waals, convective, and capillary forces. However,
when the water evaporation front passed over the electrodes, the aligned nanowires were
moved to incorrect locations. Figure 3-6A shows ss-DNA functionalized nanowires
aligned to the middle gap with the evaporation front of water approaching from the left.
Figure 3-6B shows that when the water evaporation front passed over the aligned
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nanowires, many of the nanowires were moved to inappropriate gaps, or were removed
from the electrodes completely.

Figure 3-6: Alignment of biofunctionalized nanowires from water. A) DNA functionalized nanowires
were immediately aligned to the center gap where the alignment electrodes were being biased, with the
water evaporation from approaching from the left. B) Movement of the aligned nanowires as a result of the
evaporation front.

We interpreted this as due to the high surface tension of the water, compared to
organic solvents such as ethanol (at 20oC surface tensions of H2O=73.05 and
C2H6O=22.75 dynes/cm).41 To achieve accurate positioning of the nanowires using this
electrofluidic method, the surface tension of the suspending water needed to be reduced
so that when evaporation occurred there was minimal disturbance of the aligned
nanowires.
Different surfactants such as sodium dodecyl sulfate (SDS) and Triton X 100
were added to the water used as the nanowire suspension solution to reduce the surface
tension. SDS was shown to have a minimal effect on the surface tension of the water,
lowering it to only 65.7 dynes/cm at a pH=6 at 20oC at the maximum reported
concentration of SDS at 1.4x10-4 M.42 However, the addition of Triton X-100 surfactant
was expected to drop the surface tension from 73.05 to 30 dynes/cm, based upon the
manufacturer’s reported values. While this is similar to the surface tension of organic
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solvents such as ethanol, other forces besides the surface tension could be causing
negative effects such as van der Waals, convective or capillary forces associated with
using water as the suspending solvent. Unfortunately, neither surfactant was able to
reduce the occurrence of the evaporation front from disturbing the aligned nanowires
when using water as a suspending solvent. Another technique that was tested was to use
a mixture of ethanol and water at various percentages as the suspending solution.
However, during nanowire alignment, strong convection currents were observed, which
either brought excess nanowires to the gap or caused removal of the nanowires from the
gap region, and could not be controlled reproducibly. One method that was used with
limited success was the addition of ethanol following initial alignment out of water.
However, upon further examination of this technique, we determined that the nanowires
initially aligned out of water were removed during the injection of ethanol, and new
nanowires were then immediately aligned to the gap (Figure 3-7). Figure 3-7A shows a
high yield of biofunctionalized nanowires aligned to the middle gap using 18.2 M: water
as the suspending solution. Upon addition of the ethanol shown in Figure 3-7B, the
initial nanowires that were once aligned to the middle gap were removed due to the force
exerted on the nanowires by the injection of the ethanol solution onto the substrate.
Figure 3-6C shows that after removal of the initial wires from the middle gap, a new set
of nanowires were aligned, in a much lower yield compared to the initial alignment.
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Figure 3-7: Alignment of biofunctionalized nanowires from water with a second injection of ethanol. A)
DNA functionalized nanowires aligned to the middle gap from water by applying non-uniform electric field
to center metal electrodes. B) Upon injection of ethanol following nanowire alignment, the initially aligned
nanowires were forced off of the electrode gap. C) The initially aligned nanowires became realigned to the
outside of the alignment electrodes, and new nanowires at a lower yield were aligned to the middle gap
where the bias is being applied.

While this technique did produce some satisfactory results (Figure 2-10),
concerns about the realignment step and low alignment yields prevented forward
movement using this method. As a result of these early attempts, it was determined that
water could not be used as the suspending solution, due to the high surface tension, and
the capillary and convective forces associated with water. To bypass the use of water as
the suspending solution, probe molecules that did not have a charged backbone were
functionalized to the SiO2 coated metal nanowires. This allowed organic solvents such as
ethanol and isopropanol, which have much lower surface tensions, to be used as the
suspending solvent.
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3.3.2 Alignment of PNA Functionalized Nanowires on Si3N4
PNA is a manmade synthetic version of DNA, where N-(2-aminoethyl)-glycine
units are linked together through peptide bonds and the bases are linked to the backbone
by methylene carbonyl bonds (Figure 3-8).43 The advantage of using PNA in these
experiments is that the backbone did not carry a charge, which permitted solubility in
organic solvents, such as ethanol and isopropanol.

Figure 3-8: General structure of a single stranded peptide nucleic acid (PNA) sequence hydrogen bonded
to complementary single stranded DNA sequence.44

Three different PNA sequences PN1, PN2, and PN3 were used as probe
sequences for the detection of fluorescently labeled target DNA sequences (Table 3-1).
Following functionalization, the three PNA batches were mixed, randomly drop-casted
onto a glass slide and incubated with the three targets T1, T2 and T4 (Figure 3-9). The
high fluorescence intensity on the complementary nanowires and the lack of non-specific
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binding of the non-complementary target sequences suggests selectivity of the three PNA
probes, with high affinity for DNA targets sequences. Bar graphs were prepared by
taking line scans of nanowires when imaged in each of the three channels then
normalized using the method described above. While the nanowires were identical prior
to probe functionalization, three different target DNA sequences, each complementary to
one of the three probes, labeled with a different dye was used to identify wire type. By
imaging each nanowire with the three different channels, it was possible to identify wire
type based on the high fluorescence intensity in one of the channels and the low
fluorescence intensity in the other two channels. Using this technique it was possible to
quantify the fluorescence intensities of the complementary and the non-complementary
target DNAs in each of the three channels. The fluorescence intensities of the HIV, HBV
and HCV targets were all normalized to 100% using the normalization method described
above, with the non-complementary targets having fluorescence intensities of <1%,
<13%, and <3% in the red, green and blue channels respectively.
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Figure 3-9: Three batches of SiO2/Rh nanowires functionalized with PNA probe sequences PN1 PN2 and
PN3. A) Reflectance image of drop casted mixed batches of nanowires. B, C, D) Fluorescence images in
the red, green and blue channels respectively of all three nanowires following incubation with the three
fluorescently labeled target sequences. Line scans of the nanowire types HIV=Alexa Fluor 647 (red),
HBV=Tamra (green), HCV=Alexa Fluor 488 (blue) in each of the three channels produced fluorescence
intensities shown in the normalized bar graphs. NHIV=40, NHBV=28 HBV, NHCV=34. The images are false
colored. The colors associated with the fluorophores mentioned above remain constant throughout the rest
of the chapter.

When the non-uniform electric field was applied to the patterned electrodes, the
PNA functionalized nanowires suspended in ethanol were expectedly attracted to the gap
region (Figure 3-10A). However, when the ethanol evaporation front passed over the
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aligned nanowires, minimal disturbance of the nanowires was observed, which can be
attributed to the lower surface tension (Figure 3-10B) and the lower capillary forces when
using ethanol vs water, which is in agreement with the reported trend that the molar
volume is inversely proportional to the capillary forces (molar volume at 25oC of
ethanol=58.7 and water=18 mL/mol).45 The red circles drawn on Figure 3-10 were added
to show that wires aligned before the evaporation front passed over the electrodes
remained in position, once the front has passed over the nanowires.

Figure 3-10: Alignment of PNA functionalized nanowires from ethanol. A) PNA functionalized
nanowires were aligned in the leftmost gap by applying non-uniform electric fields to the left electrode. B)
Same chip location following movement of evaporation front over the aligned nanowires. The red circles
were drawn to indicate the position of select nanowires before and after nanowire interaction with the
evaporation front.

Once it was determined that PNA functionalized nanowires are selective to DNA
target sequences, and can be aligned out of ethanol, positioning of different batches of
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nanowires to the same electrode set was determined. The three different batches of PNA
functionalized nanowires were positioned to specific gaps by synchronizing the
application of the different batches of nanowires to the substrate with the application of
the non-uniform electric fields to specific sets of metal electrodes (Figure 3-1). This was
verified by incubating the aligned nanowires with their three fluorescently labeled
complementary target DNA sequences T1, T2, and T4 (Figure 3-11).

The high

fluorescence intensity on the complementary nanowires with low non-specific binding of
the other two targets suggests the probe remains selective following positioning. Bar
graphs were prepared similarly to the method mentioned above, setting the fluorescence
intensities of the HIV, HBV and HCV targets to 100% with the non-complementary
sequences having fluorescence intensities <2%, <2%, and <3% in the red, green, and blue
channels, respectively.

These data suggest that the PNA probes remain selective

following positioning, and are in agreement with results described in Chapter 2. More
importantly, Figure 3-11 shows that it is possible to position three different batches of
PNA functionalized nanowires to different gaps using the electrofluidic positioning
method.
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Figure 3-11: Alignment of three batches of PNA functionalized between select sets of the metal electrodes.
A) Reflectance image of all three batches aligned nanowires. B, C, D) Fluorescence images of red, green,
and blue channels respectively of all three nanowire batches that were incubated with the three
fluorescently labeled targets T1, T2 and T4. Line scans of the nanowire types HIV=red, HBV=green,
HCV=blue in each of the three channels produced fluorescence intensities shown in the normalized bar
graphs. NHIV=44, NHBV=38 HBV, NHCV=51. The images are false colored.
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However, while this initial result shows placement of nanowires to predetermined
gap regions, it was not possible to achieve uniform spacing between the individual
nanowires aligned to the same gap (pitch) which is required for integration with CMOS
substrates. In these initial experiments, the pitch was variable and difficult to control
because it was based on the concentration of nanowires of each batch, and this
concentration changed from batch to batch. To bypass this obstacle, and to achieve
submicron placement of the nanowires, topographical features such as microwells were
fabricated onto the substrate prior to nanowire alignment (Figure 1-5A).

3.3.3 Positioning of PNA Functionalized Nanowires Using Microwells
The microwells were fabricated by applying the positive photoresist PMGI
(polymethylglutarimide) to the chip coated with the Si3N4 dielectric spanning the gaps
between the metal electrodes (Figure 3-12).

Figure 3-12: Dark field image of microwells spanning the gaps between photolithographically defined
electrodes that were patterned to depth of ~300 nm into the 1.1 μm thick layer of photoresist.
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Electric-field calculations were again performed simulating the application of
sinusoidal voltages between specific pairs of guiding electrodes and showed that the field
strength is highest in the microwells that span the biased electrodes and are negligible in
the other electrode gaps (Figure 3-13).1

Figure 3-13: Simulated spatial electrical-field gradient during assembly. Contour plots show ѭ|E|2
measured at the surface of the microwells for the peak value of voltage applied in figure 1-5A, where E is
the electric field; scale is 1010 (blue) to 1018 (red) V2/m3. (Inset) Cross-sectional view of one microwell,
plotted as logѭ|E|2; scale is 1013 (yellow) to 1020 (red) V2/m3; arrows indicate the dielectrophoretic force.
Simulation performed by Dr. Jaekyun Kim.1

This was in agreement with what was observed experimentally; however, in
addition to the desired outcome of single nanowires being aligned to one microwell,
multiple nanowires and nanowire chains were also observed (Figure 3-14). The red
circles drawn on Figure 3-14 show examples of multiple nanowires being aligned to one
well or nanowire chains stemming from the already aligned nanowires. While there are a
relatively low number of these defects on this image, on a larger array there were a
significant number of defects, greatly decreasing the yield of singly aligned nanowires.
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Figure 3-14: Reflectance image of aligned PNA functionalized nanowires from ethanol into microwells
patterned down to Si3N4 dielectric. Red circles denote defects of assembly observed during nanowire
alignment.

These phenomena may be explained again by modeling the alignment of a metal
nanowire into a patterned microwell.

These calculations show that upon nanowire

assembly into the microwell, high electric fields form at the tips of the nanowires (Figure
3-15).

Figure 3-15: ѭ|E|2 Electric field simulation of metal nanowires aligned into microwells patterned into a
photoresist. Upon alignment of the nanowires into the microwells, a high intensity electric field develops
at the tips of the nanowires. Simulation performed by Dr. Jaekyun Kim.
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As a result of this intense electric field, additional nanowires in the vicinity of the
already aligned nanowires can either form chains, or can be aligned into the same
microwell, despite the electrostatic repulsion forces mentioned earlier. Despite these
defects, the use of microwells patterned into a photoresist allowed for the removal of
excess nanowires that were not aligned into the microwell. The extraneous nanowires
were removed by dissolving the photoresist layer in 1165 photoresist remover, which was
shown to not have an adverse effect on the probe molecules, as was described in Chapter
2. However, in addition to the excess nanowires being removed, aligned nanowires were
also lifted off (Figure 3-16).

Figure 3-16: Alignment of PNA functionalized nanowires into microwells and removal/movement of the
nanowires subsequent to dissolution of microwells dielectric layer. A) Reflectance image of PNA
functionalized nanowires into the three electrode gaps using microwells to fix position along the gap
regions. B) Dissolution of microwells/photoresist dielectric layer disturbed the aligned nanowires causing
movement or removal from the chip. Parts, A and B are of the same chip location.
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In this image only 55% of the initially aligned nanowires remained in place
following removal of the photoresist layers. This can be attributed to the fact that when
the evaporation front passed over the aligned nanowires, the nanowires were pushed
against the side of the microwell.46

When the photoresist layer was removed, the

nanowires that were contacting the side of the microwell became disturbed and were
either moved, or lifted off entirely, which greatly decreased the alignment yield.
To minimize the number of defects and the intensity of the high electric field,
which formed at the tips of the aligned nanowires, a thicker dielectric layer was used and
the microwells were patterned at different depths into the dielectric (Figure 3-17).

Figure 3-17: Side view of patterning of microwells into the photoresist dielectric spanning the electrode
gap to fix aligned nanowire along electrode gaps.

Figure 3-18 shows that when thicker dielectric layers are used, the intensity of the
electric fields are less, compared to using thinner dielectrics. To facilitate the fabrication
of thicker dielectrics, instead of using a dual layer process that was previously employed,
one layer being the Si3N4 and the other being PMGI, a single layer of thicker PMGI
photoresist was used as the only dielectric.

By using a single dielectric layer of

photoresist, it was easier to adjust the thickness of the dielectric by adjusting the spin
speed during photoresist deposition. In addition, this dielectric can be easily removed by
submersing the substrate in 1165 photoresist remover, and microwells can be patterned at
different depths to try and minimize the number of defects. In addition, this facilitated
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the fabrication of contact points integrating the positioned nanowires with features
already patterned on the chip substrate.

Figure 3-18: ѭ|E|2 Electric field simulation of electric field intensities using different thicknesses of the
dielectric layer. A) Simulation using a 300 nm thick dielectric layer showing intense electric field at
electrode gap. B) Simulation using a 900 nm thick dielectric layer showing a decreased electric field
intensity at the electrode gap. Simulation performed by Dr. Jaekyun Kim.

3.3.4 Alignment of PNA Functionalized Nanowires Into Photoresist Microwells and
Contact Fabrication
A single thicker dielectric layer (~900 nm between the electrodes at the bottom of
the well) of PMGI was used to reduce the electric field intensity at the tips of aligned
nanowires, thus minimizing the number of defect sites (multiples and chains). However,
using this technique, it became necessary to form contact points between the nanowires
and the substrate prior to dissolution of the photoresist layer, to keep the aligned
nanowires in place upon removal of the extraneous nanowires. This was done by using
the photolithographic process described in Chapter 2, by applying a second layer of
photoresist over the newly positioned nanowires and patterning contact windows in both
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the top photoresist layer (Shipley 1813) and the bottom photoresist dielectric layer
(PMGI) (Figure 1-5B). It then became possible to electrodeposit metal into the contact
windows, forming an electrical connection between the nanowires and the chip.
Palladium was first used as a possible metal that could be electrodeposited into the
patterned contact windows. Using this method the alignment electrodes were used as the
working electrodes for the reduction of Pd into the contact windows. Following an
alignment of the three different batches of PNA functionalized nanowires to
predetermined gaps, and contact window patterning over only one end of the nanowire,
Pd was electrodeposited under constant current into the patterned contact windows,
forming NEMS structures. The extraneous nanowires and photoresist layers were again
removed in 1165 remover leaving behind the nanowires that were aligned and integrated.
The chip was then incubated with all three fluorescently labeled target sequences T1, T2,
and T4 (Figure 3-19). From the image, the probe PNA successfully hybridized to their
fluorescently labeled complementary target sequences following alignment and formation
of the electrical contacts. More importantly, the electrodeposition of electrical contacts
was successful at integrating the positioned nanowires with features already on the chip
surface. By examining the number of wires aligned into the wells and comparing the
total number of possible wells sites, it was possible to gain valuable statistics about how
successful this fabrication method was at integrating nanowires with substrates. From
Figure 3-19, there are very few defects, only one well was missing a nanowire. For the
larger population of wires aligned into the 750 microwell array, 77% contained single
nanowires, while 2.5% had chains, 7.5% had multiple nanowires in a single well, and
13% were missing nanowires altogether. From this proof-of-concept experiment, these
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statistics are very encouraging. However, using Pd as the electrodeposited metal was not
ideal due to the optical interference caused as a result of the high reflectivity of the
topographical features the contacted end of the nanowire created in the electrodeposited
Pd when imaged using O=530 nm light, required to image the DNA sequence labeled
with the TAMRA fluorophore.

Figure 3-19: Alignment of different PNA functionalized SiO2 coated Rh nanowires into different
gaps/microwells that were then anchored with electrodeposited Pd. A) Reflectance image of the three PNA
functionalized nanowire batches aligned to predetermined electrode gaps and anchored with Pd. B, C, D)
Fluorescence images of the target sequences following incubation with the aligned nanowires in the red,
green and blue channels respectively. The images are false colored.
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3.3.5 Alignment and Integration of DNA Functionalized Nanowires
Due to the high expense and instability of PNA in solution, storage of these probe
molecules became difficult, ss-DNA was once again used as the probe molecules to show
accurate positioning of the different batches of wires. Initial experiments showed that
when ss-DNA functionalized nanowires were washed directly into ethanol from 300 mM
NaCl 10 mM PBS buffer, the wires aggregated which greatly decreased the alignment
yield. This was believed to be due to the highly negatively charged phosphate backbone
of the ss-DNA sequences. However, when the nanowires were rinsed first into 18.2 M:
H2O then into ethanol, aggregation of the nanowires was not observed. This can be
attributed to the removal of excess NaCl which was bound to the ss-DNA sequences,
which caused the nanowires to aggregate in ethanol in initial experiments. Following
alignment of separate batches of DNA functionalized nanowires to separate gaps, the
nanowires were again integrated with the substrate by electrodepositing metal in the
contact windows, however, in this case Au was electrodeposited by applying a constant
potential. Au was chosen as the contact metal to prevent the optical interference seen
using the Pd as the contact metal.

To prevent non-specific binding of the target

sequences to the electrodeposited Au, the chip was incubated with a thiolated noncomplementary probe sequence P4 prior to incubation with the fluorescently labeled
target sequences T1, T2, and T3 (Figure 3-20).1 Figure 3-20 shows the positioning of the
three different batches of DNA functionalized nanowires to the three different gaps in
synchronization with the application of non-uniform electric fields. In addition, the
nanowires aligned into the microwells have a uniform pitch required for integration with
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CMOS substrates. From the overall alignment of the nanowires into the microwells, of
the 750 possible microwell sites 71% contained singly aligned nanowires (2.4x104
nanowires/cm2), 19% of the sites did not contain any wires, and 19% contained either
chains or multiple nanowires. While there was a decrease in the percentage of singly
aligned nanowires compared to the PNA alignment described above, for a proof-ofconcept experiment, this is still an encouraging result. More importantly, there was only
~1% of misaligned nanowires (nanowire batches aligned to the incorrect gap). This
result is of critical importance especially in biosensor type applications to minimize the
possibility of false positives and negatives.

Figure 3-20:
Alignment of different batches of DNA functionalized nanowires to different
gaps/microwells. A combination of non-uniform electric fields and microwells were used to position DNA
functionalized nanowires into predetermined locations along the electrode gaps. Following alignment,
contact windows were patterned over one end of the nanowires and Au was electrodeposited, integrating
the nanowires with the substrate. Left) FESEM of aligned/integrated nanowires. Middle) Reflectance
image. Right) Fluorescence image of the different nanowires batches, false colored, and overlayed. Scale
bar = 10 μm.1

Table 3-2 compares the number of defect sites, missing nanowires, misaligned
nanowires and singly aligned nanowires for the alignment of PNA and DNA
functionalized nanowires into microwells.
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Table 3-2: Sequentially and simultaneously aligned functionalized nanowires
Experimenta

Sequentially
Aligned PNA
Simultaneously
Aligned PNA
(Mixed)
Sequentially
Aligned DNA
Simultaneously
Aligned DNA
a750

Singly
Aligned
Nanowires
71.2%

Chains

Multiple
Nanowires/Well

Missing
Nanowires

Misaligned
Nanowires

2.8%

4.3%

20.4%

1.2%

77.0%

2.4%

7.6%

13.0%

NA

71.1%

1.1%

7.7%

18.8%

1.3%

62.9%

2.7%

7.7%

7.7%

NA

total possible number of microwell sites on array

Using the same method mentioned above, line scans across the nanowires in the
three different channels again show selectivity following alignment. The HIV, HBV and
HCV targets were normalized to 100% with the non-complementary targets having
fluorescence intensities of <1%, <2%, and <1% in the red, green and blue channels,
respectively (Figure 3-21).1
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Figure 3-21: Reflectance and fluorescence of DNA functionalized SiO2 coated Rh nanowires aligned into
microwells and anchored with electrodeposited Au. A) Reflectance image of the three nanowire batches
following alignment and integration. B, C, D) Fluorescence images of the aligned nanowires following
incubation with the three fluorescently labeled target sequences in the red, green, and blue channels Line
scans of the nanowire types HIV=red, HBV=green, HCV=blue in each of the three channels produced
fluorescence intensities shown in the normalized bar graphs. NHIV=52, NHBV=52 HBV, NHCV=49. Scale bar
= 10 μm.1
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In addition to the sequentially aligned nanowires shown above, the three batches
of biofunctionalized nanowires were mixed prior to alignment, and the different batches
were aligned simultaneously. As can be seen when the nanowires are mixed prior to
assembly, a random alignment of the nanowires across the array resulted (Figure 3-22).1

Figure 3-22: Control in which DNA-coated nanowire populations were mixed prior to assembly onto the
chip. A) Reflectance image of mixed batches of nanowires aligned and integrated with chip. B)
Fluorescence image of the three nanowire batches following incubation with target DNA sequences T1, T2,
and T3. The wires carrying different probe sequences were randomly distributed between the columns of
microwells. Scale bar = 10 μm. Fluorescence image is false colored and overlayed.1

Submicron positioning of the nanowires, required for integration with CMOS
substrates, was determined by examining scanning electron microscopy (SEM) images.
Because there was no reference point patterned onto the wafer prior to nanowire
alignment, it was necessary to establish a reference point to which the aligned nanowires
can be compared. Using the image analysis program Image J, it was possible to use the
left border of the image as point zero and measure the distance from point zero to the
point where the metal contact and the nanowire interface (marked as the red points at the
bases of the nanowires in Figure 3-23). Prior to measuring the distances, the images were
rotated slightly to ensure that the gap regions were parallel to each other, which ensured
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that any deviation in the positioning of the nanowires was due to the positioning
procedure and not due to the rotation of the chip during imaging. The scale was set by
using the reference scale bars provided from the SEM images. The reference point for a
column of nanowires was the mean of the distance from the left boarder to the points
where the metal contact and the nanowire interface for all nanowires in one column. This
made it possible to measure the tip of the nanowire from point zero (marked as the green
point at the tip of the nanowire in Figure 3-23).

Figure 3-23: Submicron placement of aligned nanowires. This was determined by analyzing field
emitting scanning electron microscopy images of the aligned nanowires. The placement was determined by
finding the average distance the nanowire/anchor interface is away from the left border of the image, and
finding the difference between that average and the tip of the nanowires. If the difference is <1 μm,
submicron placement is determined.

If the difference between the distance to the tips and the average distance of the
bases from the left border for the nanowires in a single column was <1 μm, then it was
determined that submicron placement was achieved. The average placement of the
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population of wires aligned over the 750 microwell array was 0.47±0.43 μm for the tips
and 0.37±0.27 for the bases for 405 nanowires measured. This submicron placement of
the nanowires suggests that this assembly method is compatible with integration on
CMOS substrates.

3.4 Conclusions
Bottom-up assembly is a promising route for the incorporation of different
materials or molecules onto chip-based platforms and integration with lithographically
defined features. The electrofluidic assembly method described here shows that it is
possible to position biofunctionalized nanowire building blocks to pre-determined
locations on the chip surface and integrate them with pre-existing chip electronics. We
hope that this method leads to an increased number of microdevices incorporating unique
materials or molecules, which can increase the types of applications microdevices can be
used in, and has the promise of revolutionizing a number of industries.

110

3.5 References
1.

Morrow, T. J.; Li, M.; Kim, J.; Mayer, T. S.; Keating, C. D. “Programmed
Assembly of DNA-Coated Nanowire Devices.” Science 2009, 323, 352.

2.

Cao, Y.; Kovalev, A. E.; Xiao, R.; Kim, J.; Mayer, T. S.; Mallouk T. E.
“Electrical Transport and Chemical Sensing Properties of Individual Conducting
Polymer Nanowires.” Nano Lett. 2008, 8, 4653-4658.

3.

Park, J. Y.; Choi, S. Kim, S. S. “Fabrication of a Highly Sensitive Chemical
Sensor Based on ZnO Nanorod Arrays.” Nanoscale Res. Lett. 2010, 5, 353-359.

4.

Liu, S. Y.; Horing, N. J. M.; Lei, X. L. “Dynamic Conductivity of Graphene in a
Terahertz AC Electric Field.” IEEE Sensors Journal 2010, 10, 681-685.

5.

Joung, D.; Chunder, A.; Zhai, L.; Khondaker, S. I. “High yield fabrication of
chemically reduce graphene oxide field effect transistors by dielectrophoresis.”
Nanotech. 2010, 21, 165202.

6.

Vurgaftman, I.; Meyer, J. R.; Ram-Mohan, L. R. “Band parameters for III-V
compound semiconductors and their alloys.” Journal of Applied Physics 2001, 89,
5815-5875.

7.

Passlack, M.; Droopad, R.; Thayne, I.; Asenov, A. “III-V MOSFETs for future
CMOS transistor applications.” Solid State Technology 2008, 51, 26-30.

8.

Chen, C.; Yang, C.; Agarwal, V.; Kim, T.; Sonkusale, S.; Busnaina, A.; Chen, M.;
Dokmeci, M. R. “DNA-decorated carbon-nanotube-based chemical sensors on
complementary metal oxide semiconductor circuitry.” Nanotech. 2010, 21,
095504.

9.

Cohen-Karni, T.; Timko, B. P.; Weiss, L. E.; Lieber, C. M. “Flexible electrical
recording from cells using nanowire transistor arrays.” Proceedings of the
National Academy of Sciences 2009, 106, 7309-7313.

10.

Stobbe, S.; Lindelof, P. E.; Nygard, J. “Integration of carbon nanotubes with
semicondcutor technology: fabrication of hybrid devices by III-V molecular beam
eptiaxy.” Semiconductor Science and Technology 2006, 21, S10-S16.

111
11.

Geissler, M.; Xia, Y. “Patterning: Principles and Some New Developments.” Adv.
Mat. 2004, 16, 1249-1269.

12.

Sadaka, M.; Di Cioccio, L. “Building blocks for wafer-level 3D integration.”
Solid State Tech 2009, 52, 22-23,25.

13.

Wang, J. “Barcoded metal nanowires.” J. Mater. Chem. 2008, 18, 4017-4020.

14.

Wang, J. “Nanomaterial-based electrochemical biosensors.” Analyst 2005, 130,
421-426.

15.

Patolsky, F.; Lieber, C. M. “Nanowire nanosensors.” Materials Today 2005, 8,
20.

16.

Greytak, A. B.; Lauhon, L. J.; Gudiksen, M. S.; Lieber, C. M. “Growth and
transport properties of complementary germanium nanowire field-effect
transistors.” Applied Physics Letters 2004, 84, 4176-4178.

17.

McAlpine, M. C.; Friedman, R. S.; Jin, S.; Lin, K.-h.; Wang, W. U.; Lieber, C. M.
“High-Performance Nanowire Electronics and Photonics on Glass and Plastic
Substrates.” Nano Lett. 2003, 3, 1531-1535.

18.

Cohen-Karni, T.; Timko, B. P.; Weiss, L. E.; Lieber, C. M. “Flexible electrical
recording from cells using nanowire transistor arrays.” Proceedings of the
National Academy of Sciences 2009, 106, 7309-7313.

19.

Tian, B.; Zheng, X.; Kempa, T. J.; Fang, Y.; Yu, N.; Yu, G.; Huang, J.; Lieber, C.
M. “Coaxial silicon nanowires as solar cells and nanoelectronic power sources.”
Nature 2007, 449, 885-889.

20.

Lee, J.; Wang, Aijun A.; Rheem, Y.; Yoo, B.; Mulchandani, A.; Chen, W.;
Myung, Nosang V. “DNA Assisted Assembly of Multisegmented Nanowires.”
Electroanalysis 2007, 19, 2287-2293.

21.

Salem, A. K.; Chao, J.; Leong, K. W.; Searson, P. C. “Receptor-Mediated SelfAssembly of Multi-Component Magnetic Nanowires.” Advanced Materials 2004,
16, 268-271.

22.

Fan, Z.; Ho, J.; Jacobson, Z.; Yerushalmi, R.; Alley, R.; Razavi, H.; Javey, A.
“Wafer-scale assembly of highly ordered semiconductor nanowire arrays by
contact printing.” Nano Lett. 2008, 8, 20-25.

23.

Yu, G.; Cao, A.; Lieber, C. M. “Large-area blown bubble films of aligned
nanowires and carbon nanotubes.” Nat Nano. 2007, 2, 372-377.

112
24.

Whang, D.; Jin, S.; Wu, Y.; Lieber, C. M. “Large-Scale Hierarchical Organization
of Nanowire Arrays for Integrated Nanosystems.” Nano Lett. 2003, 3, 1255-1259.

25.

Huang, Y.; Duan, X.; Wei, Q.; Lieber, C. M. “Directed Assembly of OneDimensional Nanostructures into Functional Networks.” Science 2001, 291, 630633.

26.

Tanase, M.; Bauer, L. A.; Hultgren, A.; Silevitch, D. M.; Sun, L.; Reich, D. H.;
Searson, P. C.; Meyer, G. J. “Magnetic Alignment of Fluorescent Nanowires.”
Nano Lett. 2001, 1, 155-158.

27.

Hamers, R. J.; Beck, J. D.; Eriksson, M. A.; Li, B.; Marcus, M. S.; Shang, L.;
Simmons, J.; Streifer, J. A. “Electrically directed assembly and detection of nanowire
bridges in aqueous media.” Nanotech. 2006, 17, S280-S286.

28.

Shang, L.; Clare, T. L.; Eriksson, M. A.; Marcus, M. S.; Metz, K. M.; Hamers, R. J.
“Electrical characterization of nanowire bridges incorporating biomolecular
recognition elements.” Nanotech. 2005, 16, 2846-2851.

29.

Smith, P. A.; Nordquist, C. D.; Jackson, T. N.; Mayer, T. S.; Martin, B. R.;
Mbindyo, J.; Mallouk, T. E. “Electric-field assisted assembly and alignment of
metallic nanowires.” Applied Physics Letters 2000, 77, 1399-1401.

30.

Li, M.; Bhiladvala, R. B.; Morrow, T. J.; Sioss, J. A.; Lew, K.; Redwing, J. M.;
Keating, C. D.; Mayer. T. S. “Bottom-up assembly of large-area nanowire
resonatory arrays.” Nature Nanotech. 2008, 3, 88-92.

31.

Lee, J.; Moon, K.; Ham. M.; Myoung, J. “Dielectrophoretic assembly of GaN
nanowires for UV sensor applications.” Solid State Comm. 2008, 148, 194-198.

32.

Duchamp, M.; Lee, K.; Dwir, B.; Seo, J. W.; Kapon, E.; Forro, L.; Magrez, A.
“Controlled Positioning of Carbon Nanotubes by Dielectrophoresis: Insights into
the Solvent and Substrate Role.” ACS Nano 2010, 4, 279-284.

33.

Raychaudhuri, S.; Dayeh S. A.; Wang, D.; Yu, E. T. “Precise Semiconductor
Nanowire Placement Through Dielectrophoresis.” Nano Lett. 2009, 9, 2260-2266.

34.

Duan, X.; Huang, Y.; Cui, Y.; Wang, J.; Lieber, C. M. “Indium phosphide
nanowires as building blocks for nanoscale electronic and optoelectronic
devices.” Nature 2001, 409, 66-69.

35.

Martin, C. R. “Nanomaterials: A membrane-based synthetic approach.” Science
1994, 266, 1961-1966.

113
36.

Al-Mawlawi, D.; Liu, C. Z.; Moskovits, M. “Nanowires formed in anodic oxide
nanotemplates.” J. Mater. Res. 1994, 9, 1014-1018.

37.

Nicewarner-Pena, S. R.; Freeman, R. G.; Reiss, B. D.; He, L.; Pena, D. J.;
Walton, I. D.; Cromer, R.; Keating, C. D.; Natan, M. J. “Submicrometer Metallic
Barcodes.” Science 2001, 294, 137-141.

38.

Sioss, J. A.; Keating, C. D. “Batch Preparation of Linear Au and Ag Nanoparticle
Chains via Wet Chemistry.” Nano Lett. 2005, 5, 1779-1783.

39.

Sioss, J. A.; Stoermer, R. L.; Sha, M. Y.; Keating, C. D. “Silica-Coated, Au/Ag
Striped Nanowires for Bioanalysis.” Langmuir 2007, 23, 11334-11341.

40.

Kim, J. “Integration of Functional Nanostructures for On-Chip Applications.”
Ph.D. Thesis, Pennsylvania State University, University Park, PA, 2010.

41.

D. R. Lide, CRC Handbook of Chemistry and Physics (CRC Press, Cleveland,
OH, ed. 85, 2005), pp. 6-150.

42.

Castro, F. H.; Galvez-Borrego, A.; Hoces, M. C. “Surface Tension of Aqueous
Solutions of Sodium Dodecyl Sulfate from 20o C to 50o C and pH between 4 and
12.” J. Chem. Eng. Data. 1998, 43, 717-718.

43.

Egholm, M., Buchardt, O., Christensen, L., Behrens, C., Freier, S.M., Driver, D.
A., Berg, R.H., Kim, S.K., Nordén, B. and Nielsen, P.E. “PNA Hybridizes to
Complementary Oligonucleotides Obeying the Watson-Crick Hydrogen Bonding
Rules.” Nature 1993, 365, 566-568.

44.

http://employees.csbsju.edu/hjakubowski/classes/ch331/bind/peptideNA.gif

45.

Asay, D. B.; Kim, S. H. “Molar Volume and Adsoroption Isotherm Dependance
of Capillary Forces in Nanoasperity Contacts.” Langmuir 2007, 23, 12174-12178.

46.

Malaquin, L.; Kraus, T.; Schmid, H.; Delamarche E.; Wolf, H. “Controlled
Particle Placement Through Convective and Capillary Assembly.” Langmuir
2007, 23, 11513-11521.

114
Chapter 4
Assembly of Biofunctionalized Nanowires for Field Effect Transistor Fabrication

4.1 Introduction
The development of new and more sophisticated biosensing schemes has been
increasing over the past few decades for the detection of DNA, RNA, and proteins, which
can be used as biomarkers to diagnose diseases.1-11 However, biological field effect
transistors (bioFETs), have stood out as sensing devices due to their attractive properties.
Their electrical transduction mechanism for example, allows for their incorporation with
integrated circuits10 and for eventual development into a portable diagnostic device. In
addition, they have high sensitivities in desalted solutions12 and real-time response
times.13-15
BioFETS are commonly fabricated using a semiconducting material, such as a Si,
nanowire spanning source and drain electrodes.16,17 When a voltage is applied and
measured at these electrodes, electrons flowing through the nanowire result in a baseline
current. When charged molecules, such as DNA, RNA, or proteins, come into close
proximity of the semiconducting nanowire, the added charge attracts or repels the holes
or free electrons in a p-type or n-type semiconducting nanowire, respectively, resulting in
a change of the current flowing through the nanowire (Figure 1-4).10,13
While these devices have many attractive attributes as sensing elements, current
fabrication techniques hinder the further development of FETs into sensing devices. A
common way of fabricating these devices, for example, includes drop casting Si
nanowires on substrates and using spot checking methods to find nanowires in a proper
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orientation, then using top-down techniques such as electron beam lithography to
fabricate the required electrodes.14 While this method does fabricate the desired devices,
this process is extremely labor intensive, and produces a very low yield of sensing
elements, which reduces the reliability of the sensor due to the low number of statistics
that can be gathered. In addition, many techniques used to fabricate FET devices prevent
integration with complementary metal oxide semiconductor (CMOS) substrates. VaporLiquid-Solid

(VLS)

grown

Si

nanowires

for

example

require

exotic

positioning/fabrication methods that only orient the nanowires in specific directions and
are not adequate to position the nanowires over the submicron sized vias required for
integration with CMOS. Alternative top-down methods for fabricating FETs directly on
CMOS result in device degradation due to conditions used (i.e., high temperatures >550o
C) required for nanowire growth.

In addition, many current fabrication techniques

prevent the incorporation of multiplexing capabilities due to the methods required to
develop the sensing elements. To bypass this, it is possible to use on-chip probe delivery
methods such as dip-pen nanolithography, or micro-/nanocontact printing, however these
techniques have disadvantages as mentioned in Chapter 1.

To overcome these

challenges, we have focused on adapting our fabrication techniques described in Chapters
2 and 3, to ultimately develop bioFET devices on CMOS substrates. By using the
combination of bottom-up and top-down techniques many devices could be fabricated
simultaneously (2.4x104/cm2).22 In addition, the top-down lithographic steps used in this
method are compatible with CMOS substrates, and the six alignment electrode pattern
used in the following experiments permit the positioning of five different batches of
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biofunctionalized nanowires to different electrode gaps in which multiple targets can be
detected simultaneously.
The proof-of-concept experiments described in this chapter were designed to
simulate the fabrication of bioFETs on CMOS. Similar to previous chapters, SiO2 coated
metal nanowires were used as a mimic for Si nanowires commonly used in FET
devices.12,13,16,17 However, the changes made to our process included fabricating contacts
over both ends of the nanowires to simulate the fabrication of source and drain
electrodes. In addition, extra steps were added to electrically isolate the individually
positioned nanowires.

This is required to prevent cross-talk from multiple sensing

devices when fabricated onto CMOS substrates. These extra steps included using a KI/I2
solution to fully etch the alignment electrodes without the use of extra lithography steps.
Another approach that was investigated involved performing a second lithography step to
pattern lines around the positioned nanowires and using Cl2 plasma to etch the alignment
electrodes in those lines (Figure 4-1A). During these processes the DNA functionalized
nanowires were protected under the photoresist (Figure 4-1B).

The experiments

described in this chapter were performed to determine the selectivity of probe DNA
functionalized nanowires to target and fluorescently labeled ss-DNA following
treatments designed to mimic the added steps described above.

In addition

biofunctionalized nanowires were positioned and integrated using this adapted fabrication
method.
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Figure 4-1: Fabrication method used to electrically isolate positioned nanowires using Cl2 plasma. A) The
general fabrication method using a second lithography step and Cl2 plasma to etch Au alignment electrodes
in the lines following photoresist patterning. B) The processes that the probe DNA attached to the SiO2
coated Rh nanowires must endure during the electrical isolation steps using Cl2 plasma.

Treatments examining the individual steps of the process included coating
biofunctionalized nanowires with a new photoresist, Megaposit SPR 3012.

This

photoresist was required for the GCA 8000 stepper instrument, which enabled greater
accuracy and precision in the lithographic steps. This coating was removed with the
1165 remover used in the experiments described in Chapters 2 and 3.

The
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biofunctionalized nanowires were treated with a second round of photoresist and remover
to mimic the second lithography step needed to pattern the lines for electrical isolation.
To simulate the Au alignment electrode etch in Cl2 plasma, biofunctionalized nanowires
were coated with the SPR 3012 photoresist and submerged in 1165 remover.

The

nanowires were then coated with a second layer of SPR 3012 to mimic the patterning of
the lines around the individual nanowires, which also served protect the probe DNA
while being exposed to the Cl2 plasma in a reactive ion etch (RIE) chamber. The
nanowires were submerged in the remover for a second time. We also examined the
selectivity of biofunctionalized nanowires following treatment with the KI/I2 Au etching
solution which could also be used to electrically isolate the assembled nanowires. This
was performed by treating DNA coated nanowires with a 10% or 25% solution of KI/I2.
Selectivity was determined by incubating the treated nanowires with target and
fluorescently labeled tag DNA. After it was determined that these extra steps did not
have adverse affects on the probe DNA, FET-like devices were fabricated, using our
positioning and integration steps described in Chapters 2 and 3, and using the added steps
required for electrical isolation. Selectivity of the assembled devices was again examined
using fluorescently labeled DNA.
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4.2 Materials and Methods

4.2.1 Nanowire Synthesis and Coating of Nanowires with SiO2
Technic Rhodium and Orotemp 24 (Technic Inc) were used to synthesize Rh and
Au nanowires, respectively, in the Whatman aluminum oxide membranes (VWR
International) by templated nanowire growth similar to that described in Chapter 2
resulting in ~109 nanowires with a diameter of ~320 nm.23-25 A previously reported solgel method was used to coat the nanowires with ~25 nm of SiO2.26 Briefly, 300 PL of the
nanowire suspension, 160 PL of 18.2 M deionized water, 10 PL of 28% NH4OH, 490
PL of ethanol, and 40 PL of TEOS (Gelest) were added to the centrifuge tube and
sonicated for 1 hour. Following sonication, the SiO2 coated nanowires were rinsed by
centrifugation three times with ethanol and resuspended in 300 μL of ethanol.

4.2.2 DNA Attachment to Silica via Sulfo-SMCC
The DNA (Integrated DNA Technologies) arrived as a lyophilized pellet attached
to a mercapthexanol group forming a disulfide bridge, and was cleaved using methods
previously described in Chapter 2. The concentration of the DNA was determined based
on the extinction coefficient at 260 nm using UV-Vis spectroscopy and was adjusted to
20 μM using 18.2 M: water. Attachment of the DNA probe molecules was based on
previously reported methods described in Chapter 2 using the DNA sequences listed in
Table 4-1.27
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Table 4-1: DNA sequences used in this work
Name
P1
P2
T1
T2
Tag1

Sequence 5Æ3
Thiol-TTTTTTTTTTGACCAATCCTGTCAC
Thiol-TTTTTTTTTTTTCTTTTTTGTTGCT
TTCCCTTAGTCAGAGGTGACAGGATTGGTC
AGGAATGGGAACAACAGCAACAAAAAAGAA
CTCTGACTAAGGGAA-Alexa Fluor 647

Description
Influenza A Probe
Influenza B Probe
Influenza A Target
Influenza B Target
Influenza A Tag

4.2.3 Fabrication of Chip Electrodes and Microwells
Electrodes required to position the DNA functionalized nanowires to
predetermined locations were pattered using photolithographic methods. The electrodes
were patterned using a dual layer resist process in which PMGI SF-6 (Microchem)
photoresist was spun onto a 3” Si substrate (Addison Engineering San Jose, CA),
containing a 1 μm thick layer of thermally grown SiO2 at 4000 RPM for 45 seconds, and
then the wafer was placed on a hotplate at 190o C for 9 min. The wafer was cooled to
room temperature, and the second layer of photoresist was spun onto the wafer at 4000
RPM for 45 seconds using Megaposit SPR 3012 imaging photoresist (Microchem). The
wafer was then placed on a hotplate at 95o C for 1 min and cooled to room temperature.
The wafer was carefully divided into 4 quarters using a diamond scribe to permit
patterning of different layers using the GCA 8000 Stepper. Splitting up the wafer was
necessary prior to exposing the initial layer otherwise all subsequent lithographic steps
would require the entire 3” wafer for proper alignment with the next reticle. The SPR
3012 layer on the individual wafer pieces was exposed to the reticle pattern using the
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GCA 8000 stepper, and the electrodes were patterned with widths of 50 μm, lengths of
2000 μm, and separated by a 5 μm gap. The wafer pieces were submerged in Microposit
CD-26 (Microchem) developer for 1 min, and then the wafer was rinsed thoroughly with
DI H2O and dried with N2 gas. This developer removed the exposed regions of the SPR
3012 and the underlying PMGI SF-6 in the exposed regions. The wafer pieces were then
placed in the Plasma Therm 720 RIE chamber, and oxygen plasma was used to remove
residual photoresist in the features that had just been patterned (descum). The metal
electrodes were fabricated in a home built thermal evaporator using 15 nm of Ti as an
adhesion layer and 90 nm of Au. Following evaporation, excess evaporated metal was
lifted off by submerging the Si wafer into 1165 photoresist remover at room temperature
for 24 hours. The wafers were rinsed thoroughly with DI water, acetone, and isopropanol
and dried with N2 gas.
Following electrode fabrication, microwells were patterned half way into a 1 μm
layer of PMGI SF-11 (Microchem). This was accomplished by applying 0.5 mL of
PMGI SF-11 photoresist to the wafer quarters and spinning at 4000 rpm for 45 seconds.
The wafers were then placed on a hot plate at 190o C for 9 min and allowed to cool to
room temperature. Megaposit SPR 3012 was again used as the imaging layer in which
0.5 mL was applied to the wafer pieces and spun at 4000 rpm for 45 seconds. The wafer
pieces were then placed on a hotplate at 95o C for 1 min and cooled to room temperature.
The wafer quarters were exposed to the wells reticle, where the wells were 2 μm wide
and 13 μm long and were patterned spanning the electrode gaps. The wafers were
developed in 351 developer (Microchem) that had been diluted in a 1:5 ratio with DI
water for 1 min. This only removed the SPR 3012 imaging layer, unlike the CD-26
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developer which removed both the imaging layer and the PMGI layer. This allowed us to
have more control during patterning of the wells into the PMGI layer. The wafer quarters
were placed in the RIE chamber for descumming. The wafer quarters were then placed in
the deep-UV flood chamber for 4 min, developed in 101A developer (Microchem) for 1
min, rinsed thoroughly with DI H2O, and dried with N2. Acetone was used to remove the
top SPR 3012 imaging layer, and well depth was determined using a Tencor 500
profilometer. These conditions resulted in wells that were ~500 nm deep into the PMGI
SF-11 layer, leaving 500 nm as a dielectric layer between the bottom of the wells and the
Au electrodes. Another layer of SPR 3012 was applied to the wafer and baked using
similar conditions mentioned above. In this case, the PMGI photoresist over the probe
pads were fully removed to ensure electrical contact to the waveform generator during
nanowire alignment. Again, the wafer pieces were exposed to the proper reticle using the
stepper and were developed in CD-26 developer for 1 min, removing both the imaging
photoresist and the remaining 500 nm of PMGI SF-11 over the probe pads. The SPR
3012 layer was again removed using acetone, and the wafer pieces were placed in the
RIE chamber for descumming.

4.2.4 Preparation of Chip For Alignment
To align the different batches of nanowires, micromanipulator probes were used
to deliver the sinusoidal voltages to the electrodes on the chip. With this new electrode
pattern, 6 electrodes were designed to position five different nanowires batches. Using
this pattern, 6 micromanipulator probes would be necessary using previously described
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methods. However, because only 4 micromanipulator probes were available, it was
necessary to wire bond the left three electrodes together prior to alignment using one
probe to deliver the same signal to all three electrodes, allowing the other three probes to
position the nanowires in the other three gaps.

Double-sided tape and a cut glass

coverslip were used to help control direction and rate of ethanol evaporation (Figure 4-2).

Figure 4-2: General figure of electrode setup prior to nanowire alignment. Au was wire bonded to select
probe pads in order to direct nanowires to specific gaps. Double sided tape and a cut glass coverslip were
used to control direction and rate of evaporation of the suspending solvent.
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4.2.5 Alignment of DNA Functionalized Nanowires
Electrofluidic alignment of DNA functionalized nanowires was accomplished by
applying a non-uniform electric field with a frequency of 1 MHz during nanowire
injection at a voltage of 3 Vrms using a waveform generator between select sets of the Au
electrodes. Nanowires functionalized with P1 or P2 suspended in ethanol were diluted to
~1:150 in fresh ethanol (but varies based on the concentration of the wires following the
functionalization methods and is experimentally determined), deposited onto the
substrate, and positioned into the middle gap by applying the ground to the left three
electrodes using one probe and applying the non-uniform electric field to the right three
electrodes using the other three probes. The ethanol was fully evaporated before the
voltage was turned off, and the micromanipulator probes were removed. The microwells
patterned into the PMGI SF-11 layer trapped the nanowires and assisted in keeping the
nanowires in place during solvent evaporation.

4.2.6 Contact Fabrication
Following alignment of the DNA coated nanowires, SPR 3012 photoresist was
spin coated and baked onto the wafer using methods described above. Anchor points
were patterned using photolithography over both ends of the pre-fabricated wells forming
source and drain electrodes typically used in FET type devices. The wafers were exposed
to the anchor reticle using the GCA 8000 stepper and developed in CD-26 developer for
1 min, removing both the imaging and the PMGI SF-11 photoresists and allowing the
alignment electrodes to be used as working electrodes during anchor point fabrication.
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The wafers were placed in the RIE for descum. Following anchor point patterning, all
the probe pads/electrodes were electrically connected using a wire bonder. TG-25 gold
plating solution (Technic Inc) was heated to 60o C and electrodeposited potentiostatically
at 0.5 V vs Pt for 12 min. Orotemp 24 RTU Rack (Technic Inc) was electrodeposited in a
similar manner but at room temperature for 10 min at a voltage of -2.50 V vs Pt gauze,
resulting in anchor points of ~1 μm in height. The photoresist and extraneous nanowires
were removed following alignment and anchoring of the DNA functionalized nanowires
by submerging the wafer into a solution of the Microposit 1165 (Microchem) remover at
50o C for 30 min. The wafer was then rinsed by submersion in deionized H2O and was
dried using N2.

4.2.7 Electrically Isolating Aligned Nanowires
Following alignment and integration, SPR 3012 was spun onto the wafer piece at
4000 rpm for 45 seconds and baked at 95o C for 1 min. The wafer piece was exposed to
the proper reticle in the stepper and then was developed in CD-26 developer, patterning
lines 5 μm wide between individually positioned nanowires. The wafer was placed in the
RIE chamber for descum. In addition, Cl2 plasma was used to etch through the Au
alignment electrodes in the lines that were photolithographically patterned, electrically
isolating the individual nanowires. The photoresist was then removed again using 1165
remover heated to 50o C for 30 min, and then the wafers were submerged in 18.2 M:
water then dried with N2.
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A second method of electrically isolating nanowires was to etch all of the Au
alignment electrodes following nanowire assembly, with KI/I2 TFA (Transene Company)
solution which is used to etch Au in lithographic processes. This solution consisted of
~4% I2, ~42% KI, and ~54% H2O, according to the MSDS from the manufacturer. To
determine if the biofunctionalized nanowires remained selective following treatment with
the KI/I2 etchant, SiO2 coated nanowires functionalized with P1 and P2 were drop cast
onto six separate glass slides and air dried. One slide consisting of each nanowire type
was set aside as the untreated control. Five milliliters of two different solutions of the
KI/I2 TFA etchant were prepared, one being a 10% and the other a 25% solution diluted
with deionized water. A P1 glass slide and P2 glass slide were placed in a petri dish and
set on an orbital shaker. One milliliter of the 10% solution was added to each of the glass
slides, and the orbital shaker was set to 40 RPM.

After 2 min the slides were

immediately submerged in deionized water and transferred to another petri dish
containing deionized water. The glass slides remained submerged in this second petri
dish of deionized water for 30 min. This process was repeated for the two remaining
slides however, 1 mL of the 25% solution of KI/I2 was applied to each slide for two min.
The slides were rinsed using a similar procedure.

4.2.8 Treatment of Biofunctionalized Nanowires with SPR 3012 and 1165 Remover
On separate glass microscope slides, six different samples were prepared: three
containing nanowires functionalized with the probe sequence P1 and three containing
nanowires functionalized with P2. One slide of each nanowire type was set aside and
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kept as the untreated control sample, while the other four remaining samples were coated
with positive photoresist SPR 3012. The active components are a mixed cresol novolak
resin (Figure 2-5), and a diazo photoactive compound as reported in the manufacturer’s
MSDS. The resist was applied by spinning 1 mL of the photoresist on the glass slides at
4000 rpm for 45 seconds. The glass slides were then placed on a hot plate at 100o C for 1
minute. The slides were submerged in 1165 remover (1-methyl-2-pyrrolidinone) (Figure
2-6) that was heated to 50o C for 30 min, using a fresh solution for each slide. The slides
were submerged in 18.2 M: water for 30 min and then air dried. The application of the
photoresist and removal with the 1165 remover was repeated with the remaining two
experimental slides.

4.2.9 Hybridization of SPR 3012 Photoresist and 1165 Remover Treated and
Untreated Samples
Target and fluorescently labeled tag ss-DNA was incubated with the nanowires
functionalized with P1 or P2 by creating four 1 mL aliquots of T1 and Tag1, both at a
working concentration of 400 nM in PBS buffer. The 1 mL aliquots were applied to each
of the glass slides, both the treated and untreated samples. The samples were placed on
an orbital shaker and allowed to incubate at room temperature overnight. Following the
incubation, the glass slides were submerged in excess PBS for 30 min to remove any
excess target DNA. A glass coverslip was applied to the glass slides, and the samples
were ready for imaging.
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4.2.10 Treatment of Probe Functionalized Nanowires Two Times with SPR 3012 and
1165 Remover and Exposure to Cl2 Plasma in Reactive Ion Etch
Glass slides were prepared similarly to those mentioned above, setting one of
each aside as the untreated control samples. The experimental slides were again treated
with SPR 3012 positive photoresist and 1165 remover. Following this first treatment,
SPR 3012 was applied for a second treatment. However, prior to removal with the 1165
remover, the glass slides were placed in the RIE chamber for Cl2 plasma etch for five
min, and this process was intended to mimic the etch of the Au alignment electrodes used
to electrically isolate the individually aligned nanowires, required in biosensor
fabrication.

Following exposure to the Cl2 plasma, the experimental slides were

submerged in 1165 remover at 50o C for 30 min then incubated with T1 and Tag1,
similarly to those mentioned above.

4.3 Results
A new process was developed to enable fabrication of nanowire bioFET sensor
arrays with CMOS-compatible techniques for ultimate integration with CMOS
electronics for ultrasensitive, ultraportable multiplexed systems. The basic concept is
similar to that used for generating arrays of nanocantilevers, as described in Chapter 3.
For bioFET arrays, however, changes in the fabrication protocol were required. This new
process included using a Au etchant to electrically isolate the individual devices, or
adding a second lithography step and a treatment with Cl2 plasma (Figure 4-1). In
addition, a new photoresist, Megaposit SPR 3012, was required to be used with the new
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instrumentation, GCA 8000 stepper, which provided greater accuracy and precision
during lithographic steps. These techniques were examined to determine if the probe
DNA remained selective to ss-DNA targets and fluorescently labeled ss-DNA tags
throughout this new fabrication process.

4.3.1 1x and 2x Lithography Treatments of Biofunctionalized Nanowires
In the new process, the GCA 8000 stepper was needed to make the
photolithographic steps more accurate and precise. This instrument commonly achieves
accuracy of multiple photolithographic levels to within 0.5 μm of the previous level.
However, the GCA 8000 stepper uses 365.4 nm light to expose resists, while the Shipley
1800 series used in previous experiments is only compatible with 435.8 nm light.
Megaposit SPR 3012 photoresist was chosen as the new imaging resist used in our
photolithographic steps for a number of reasons. Most importantly the SPR 3012 is
compatible with the 365.4 nm wavelength used by the GCA 8000 stepper; in addition, its
primary contents are similar to those of the Shipley 1800 series (Figure 2-5), which
according to the experiments described in Chapter 2 did not adversely affect the
performance of the probe ss-DNA to hybridize selectively to completely complementary
DNA target sequences.
Biofunctionalized SiO2 coated nanowires, were treated under a number of
different conditions with the new SPR 3012 photoresist and 1165 photoresist remover,
which was used in previous chapters (Figure 2-6). These treatments were performed to
determine if the new photoresist adversely affected the probe DNA and to mimic the new
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steps that the biofunctionalized nanowires must endure during device fabrication. The
treatments used to mimic these new steps included treating probe coated nanowires with
SPR 3012 and 1165 remover to determine if the probe DNA retains selectivity following
treatment. A second experiment was performed in which probe coated nanowires were
treated two times with the photoresist and remover to determine if a second lithography
step required for Cl2 plasma etch would damage the DNA. Figure 4-3 shows SiO2 coated
Au nanowires functionalized with probe sequences P1 and P2 following 1x and 2x
treatments and incubation with the target sequence T1 and tag sequence TAG1. For all
treated and untreated nanowires, the DNA hybridized to the complementary probe
sequence selectively with very little non-specific binding.

Fluorescence intensities

directly comparing the treated and untreated samples were quantified with NBSee, which
takes line scans of individual nanowires to determine an average fluorescence intensity.
Figure 4-3 shows both the 1x and 2x treated samples hybridized selectively to completely
complementary target and tag sequences, similarly to the untreated samples, suggesting
that multiple lithography steps can be used during device fabrication with no adverse
effects on the probe DNAs ability to hybridize selectively to target and tag sequences.
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Figure 4-3: Fluorescence intensities on biofunctionalized nanowires treated with SPR 3012 and 1165
photoresist remover following incubation with target and fluorescently labeled tag DNA. A and B)
Fluorescence on complementary and non-complementary functionalized nanowires following one treatment
with the photoresist and remover, respectively. C and D) Fluorescence of complementary and noncomplementary functionalized nanowires following two treatments with the photoresist and remover,
respectively. E and F) Fluorescence images of untreated complementary and non-complementary
functionalized nanowires, respectively.
G) Fluorescence intensities normalized to the untreated
complementary control sample of the lithographically treated and untreated for complementary (red) and
non-complementary (green) functionalized nanowires.

4.3.2 Treatment Simulating Electrical Isolation
Electrical isolation of the sensing elements on CMOS is required to prevent crosstalk between adjacent devices.

Two methods were examined as possible routes to

accomplish this goal. In the first method, the biofunctionalized nanowires were treated
with an Au etchant solution consisting of KI/I2, which could be used to etch the Au
alignment electrodes without added lithography steps.

In the second method, the

biofunctionalized nanowires must endure not only two lithography steps but also a
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treatment in Cl2 plasma, which was used to etch the lines in the Au alignment electrodes
(Figure 4-1).

Selectivity of biofunctionalized nanowires following the Au etchant

method was examined by drop casting biofunctionalized SiO2 coated Rh nanowires on
glass slides similarly to the procedure described above. Rh nanowires were used as
opposed to Au to avoid etching the metal nanowires during the treatment. Two solutions
were made by diluting the KI/I2 solution to 10% and 25% with deionized water and
applying them to the probe coated nanowires. Figure 4-4 shows that the treated samples
have similar fluorescence intensities of the complementary and non-complementary
probes to those of the untreated samples, suggesting that the KI/I2 treatment does not
prevent the probe DNA from hybridizing selectivity to complementary target sequences.
However, further examination of this procedure showed that the etchant does not remove
the underlying adhesion Ti or Cr layers required to adhere Au to silicon wafers. As a
result, the second method of electrically isolating the assembled nanowires was
examined, using a second lithography step and Cl2 plasma etch.
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Figure 4-4: Fluorescence intensities on ss-DNA/SiO2 coated nanowires treated with the KI/I2 etchant. A
and B) Complementary and non-complementary functionalized nanowires after being treated with a 10%
solution of the Au etchant and incubated with target and fluorescently labeled tag DNA, respectively. C
and D) Fluorescence of complementary and non-complementary biofunctionalized nanowires treated with
25% solution of KI/I2, respectively. E and F) Complementary and non-complementary untreated nanowires
respectively. G) Fluorescence intensities normalized to the untreated complementary control sample of the,
KI/I2 treated and untreated for complementary (red) and non-complementary (green) functionalized
nanowires.

To determine if the Cl2 plasma etch method would cause damage to the DNA, an
experiment was designed in which probe DNA functionalized nanowires were treated 1x
with the SPR 3012 photoresist and 1165 remover, similarly to what was described above.
Following this first treatment, a second application of the SPR 3012 was applied to the
nanowires to mimic the patterning of lines around the nanowires, and also to protect the
probe DNA. The nanowires were then placed in a RIE chamber to be treated with the Cl2
plasma to simulate the etching of the Au alignment electrodes, prior to removal with the
1165 remover.

Figure 4-5 shows fluorescence on the complementary and non-

complementary probe coated nanowires following treatment and incubation with the

134
target and tag sequences. The fluorescence intensities were compared to the untreated
nanowires, indicating that the treated nanowires had similar fluorescence intensities as
compared to the untreated nanowires, suggesting that added lithography and Cl2 plasma
steps had minimal effects on the probe DNA functionalized to the assembled nanowires.
The results of these treatments show that the added steps to the fabrication process do not
adversely affect the probe DNA on the wires, suggesting that this fabrication method may
be used to develop FET-like devices while electrically isolating the individual sensing
elements required for sensor fabrication on CMOS.

Figure 4-5: Fluorescence intensities on complementary and non-complementary functionalized nanowires
following two lithography steps and a Cl2 plasma etch. A and B) Complementary and non-complementary
functionalized nanowires after being treated two times with the SPR 3012 photoresist and the 1165
remover, and a Cl2 plasma etch in a RIE chamber and incubation with target and fluorescently labeled tag
DNA, respectively. C and D) Fluorescence of untreated complementary and non-complementary
biofunctionalized nanowires, respectively. E) Fluorescence intensities normalized to the untreated
complementary control sample of the lithography and RIE treated and untreated for complementary (red)
and non-complementary (green) functionalized nanowires.
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4.3.3 Fabrication of FET-Like Structures and Determining Probe Selectivity
The features required for bioFET devices include source and drain electrodes, in
which electrical contacts are needed over both ends of the nanowires. In addition, the
sensing elements must be individually addressable and thus electrically isolated. To
fabricate devices including these features, SiO2 coated Ag nanowires were functionalized
with the single stranded DNA probe sequences P1 or P2 using methods described in
Chapter 2 and again positioned to predetermined chip locations using lithographically
defined microwells by applying non-uniform electric fields. The dual contact windows
were patterned using the new photoresist SPR 3012 and following source and drain
electrode fabrication; the positioned nanowires were electrically isolated by performing a
second lithography step and etching regions of the Au alignment electrodes in Cl2 plasma
similarly to that described above. Following device fabrication, selectivity of the probe
DNA was examined by incubating the devices with target and fluorescently labeled tag
DNA in a sandwich hybridization scheme. Figure 4-6 shows an FESEM image with
electrodeposited Au contacts fabricated over both ends of the nanowires simulating the
fabrication of source and drain electrodes. In addition, Figure 4-6 shows an image of
multiple devices where each is electrically isolated using the Cl2 plasma etch method
described above, which is required when fabricating bioFET sensors on CMOS
substrates.
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Figure 4-6: FESEM image of positioned, integrated, and electrically isolated biofunctionalized nanowires.
Dual contacts fabricated over both ends of the nanowires mimicking the source and drain electrodes
required for FET devices, lines between individual elements show electrical isolation of adjacent sensing
elements using the added lithography and Cl2 plasma etch steps. Scale bar is 6 μm.

While the FESEM image shows that the devices were assembled and fabricated
successfully, Figure 4-7 shows very little fluorescence on the functionalized nanowires
following device fabrication and incubation.

A possible explanation for the low

fluorescence was that the Ag nanowires used in this experiment had become oxidized in
the incubation solution and redeposited within the probe, target or tag sequences
quenching the fluorescence.28
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Figure 4-7: Reflectance and fluorescence images of biofunctionalized nanowires following positioning,
integration and electrical isolation of FET-like devices. A) Reflectance image of multiple devices with
aligned ss-DNA/SiO2 coated Ag nanowires between Au contacts fabricated over both ends of the nanowire.
Electrical isolation was achieved by using lithography and Cl2 plasma to etch lines between adjacent
devices. B) Fluorescence image of the assembled nanowires following fabrication and incubation with
target and fluorescently labeled tag DNA.

However, when this experiment was repeated using Au nanowires, and a different
plating solution for contact fabrication, a high fluorescence intensity was visible on the
nanowires hybridized to the complementary target T1 (Figure 4-8B) with very low
fluorescence visible on the nanowires incubated with the non-complementary target T2
(Figure 4-8D).
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Figure 4-8: Assembly of biofunctionalized Au nanowires using non-uniform electric fields and electrically
isolating using Cl2 plasma. A and B) Reflectance and fluorescence images of nanowires following
assembly/integration and electrical isolation and incubation with complementary target T1 and
fluorescently labeled tag. C and D) Reflectance and fluorescence of assembled/integrated Au nanowires
following incubation with the non-complementary target T2.

139
While there was an increase in the fluorescence intensity compared to the
assembled nanowires in Figure 4-7, there was a dip in fluorescence intensity in the
middle of the nanowires. This could be due to optical interference between the substrate
and the assembled nanowires.

By examining the FESEM image in Figure 4-9 the

electrolyte solution used to fabricate the Au contacts leaked under the photoresist layers,
forming a “lip” preventing the substrate from interacting with the fluorescence at the ends
of the nanowires. However, there is a lack of this “lip” underneath the middle of the
nanowire, which may explain the dip in fluorescence in the middle of the nanowire.

Figure 4-9: Scanning electron image of aligned and assembled SiO2 coated Au nanowires following
incubation with fluorescently labeled tag DNA.

To remedy this, a future verification method could include incubating the
assembled nanowires with DNA conjugates and imaging using scanning electron
microscopy. In addition, the anchor points fabricated in Figure 4-8D are disfigured due
to leakage of the electroplating solution underneath the PMGI photoresist where it
electrodeposited on the alignment electrodes. However, this did not affect the DNA on
the wires otherwise the contacts would have been deposited across the gap burying the
nanowires beneath the electrodeposited Au. Leakage of the electrolyte solution under the
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photoresist could be prevented by baking the chip following exposure of the anchor
points.

4.4 Conclusions
From the studies described above, we showed that it is possible to fabricate FETlike structures with source and drain electrodes using a combination of top-down and
bottom-up fabrication methods. In addition, our bottom-up/top-down techniques can be
adapted to fabricate a variety of different structures. This fabrication method is possible
with different photoresists and instrumentation, making these techniques more adaptable
to industrial type settings.
Selectivity of the probe DNA was examined and retained following treatments
designed to mimic the added individual steps required to electrically isolate the
positioned nanowires. In addition, probe functionalized nanowires were assembled using
the non-uniform electric fields and the photolithographic steps described in Chapters 2
and 3. Changes to these processes included fabricating dual contacts over both ends of
the nanowires simulating source and drain electrodes and a second lithography step and
Cl2 plasma to electrically isolate the assembled nanowires. While we showed that it was
possible to fabricate the desired structures, and the probe DNA retained selectivity, future
verification is needed by incubating the assembled nanowires with conjugates and
imaging using scanning electron microscopy to avoid the optical interference between the
substrate and the fluorophore.
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Chapter 5
Selective Hybridization to Multisegmented Nanowires
All experiments and resulting data pertaining to probe coverage experiments were
performed, collected and analyzed by Kristin Cederquist of the Keating Group.

5.1 Introduction
Nanowires and nanoparticles have received a great deal of attention recently due
to their unique optical, electrical, and chemical properties.1-3 While single component
nanomaterials have been extensively studied,4-6 janus particles and multisegmented
nanowires have been gaining a great deal of attention due to their ability to add function
to the nanomaterials. Janus particles, for example, are nanoparticles that have been
synthesized or manipulated to have different hemispheres consisting of different
components, and have been fabricated using a variety of methods and used in a wide
range of applications.7-13 Lahann and coworkers, for example, fabricated polyacrylic acid
and poly(acrylimide-co-acrylic) acid polymer biphasic nanocolloids to be used as
biomedical imaging probes.14 In addition, Takahara et al. fabricated silica janus particles
with hydrophobic and hydrophilic faces and used them as particulate surfactants
stabilizing oil droplets in water.15

Verification of this fabrication method was

accomplished by monitoring the adsorption of Au nanoparticles to the hydrophilic face
and imaging with scanning electron microscopy. Janus particles have recently found uses
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in electronic applications as well. For example, Takizawa and coworkers fabricated
bicolored polymer janus particles that can be used in electrical paper applications.16
In addition to janus particles, multisegmented nanowires have also been used as
building blocks in complex structures.

A variety of synthesis methods have been

developed, such as electrodepositing materials into aluminum oxide or polycarbonate
membranes which act as templates.4-6,17 This method is particularly attractive because it
allows researchers to easily control the diameter and length of the nanowires.5,6,17 More
importantly it allows one to easily alter the composition of the nanowires, by depositing
different metals or materials along the length of the nanowire forming multisegmented
nanowires.5,6,17-20

For example, Mallouk and coworkers have incorporated conducting

polymers along the length of the nanowires to be used in electronic nose type
applications.21 Searson and coworkers have included magnetic segments, allowing for
nanowire alignment parallel to the magnetic field lines.22

Nanomotors have been

fabricated by introducing catalytic metals such as Pt, which provides propulsion in
hydrogen peroxide solutions.23 It is also possible to incorporate noble and base metals
along the length of the nanowires and selectively etch the base metals, leaving nanogaps,
which can be used in electrical sensor type applications.24,25 Multisegmented nanowires
have also been used as optical biosensors, taking advantage of the different reflective
properties of the different metals along the nanowires, forming nanobarcodes (NBC’s) for
identification of the detected target analyte.17
In addition, it is possible to take advantage of the different surface properties of
the different metals incorporated along the length of the nanowires.

Bauer et al.

selectively functionalized Au/Ni multisegmented nanowires by functionalizing the Ni and
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Au segments using carboxylic acid and thiol moieties, respectively.26-30 Salem et al. used
a similar method, functionalizing Au/Ni nanowires with different proteins and DNA,
again employing carboxylic acid, and thiol groups respectively, for selective
functionalization. Both reports verified the selective functionalization using fluorescence
microscopy. 31,32 Although these previous reports demonstrate selective functionalization
by fluorescence, we have previously shown that nanowires can be uniformly coated with
DNA

probe

sequences

but

exhibit

patterned

fluorescence

using

different

metal/fluorophore combinations.33,34 As a result, using fluorescence to verify selective
functionalization/hybridization experiments is not an ideal method.

By using Au

conjugates and imaging using scanning electron microscopy (SEM), it is possible to
avoid the potential ambiguity of fluorescence based interpretation of DNA binding on the
different metals (Figure 5-1). While definite conclusions from these reports cannot be
made based on their use of fluorescence to examine selective functionalization, this
concept can be useful when developing biosensing devices.
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Figure 5-1: Thiolated ss-DNA sequences assembled onto the Au/Rh nanowire segments and hybridized to
target DNA and Au conjugates.

Recently, we have shown that it is possible to develop a nanowire resonating
array using a combination of top-down and bottom-up methods to suspend Rh nanowires
which can be used as NEMS sensors.35 NEMS devices detect the presence of target
analytes by detecting the change in resonance frequency of the sensing elements, due to
the added mass of the target analytes (Figure 1-3). Rh nanowires were used in these
previous experiments because of the high Young’s modulus (222±70 GPa for Rh versus
44±12 GPa for Au)35 and ease of synthesis.5,6,17 While the density of the Rh nanowires is
higher than ideal (12.4 g/cm3 for Rh versus 2.3 g/cm3 for Si),36 Rh resonators have been
shown to have excellent mechanical properties, which can be used to develop a biological
nanoelectromechanical sensor (NEMS).35,37

To amplify the mass on the resonating

NEMS sensor, Au conjugates could be employed using a DNA sandwich hybridization
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scheme (Figure 5-1). By directing binding events to the tips of the nanowires, the added
mass would have the greatest effect on the resonating properties of the nanowires,
increasing the resolution and therefore sensitivity of the sensing elements.
In this chapter, we examined the possibility of directing the hybridization of target
DNA and DNA Au conjugates by adding Au segments to the tips of Rh nanowires and
examining the interaction of ss-DNA with Au/Rh/Au multisegmented nanowires.
Thiolated DNA has been shown to bind to Au with relative ease; therefore,
functionalization of the nanowire with the probe DNA can take place.

Though Au

surfaces have been very well characterized, there have been very few reports regarding
the surface properties of bulk Rh and how Rh interacts with self-assembled monolayers
such as thiolated ss-DNA oligonucleotides.38 To examine this, ss-DNA functionalized
Au/Ru/Ah nanowires were incubated with DNA:Au conjugates and a target DNA
sequence in a sandwich hybridization scheme (Figure 5-1) and imaged with scanning
electron microscopy.

Probe coverage was also investigated on the different metal

nanowires to elucidate the binding behavior of the DNA sequences with the different
metals.

5.2 Materials and Methods

5.2.1 Nanowire Synthesis
Metallic rhodium and gold nanowires were synthesized using Technic Rhodium
and Orotemp 24 electrolyte solutions (Technic Inc) via electrodeposition into Whatman
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aluminum oxide membranes (VWR) used as templates. The silver was evaporated onto
one side of the membrane using a home built thermal evaporator to a thickness of 300
nm.

Nanowires were synthesized as described previously in Chapters 2 through 4

resulting in stocks of ~109 nanowires/mL. Three types of nanowires were used in this
work: single-metal 4 m Au and 4 m Rh nanowires were used for probe coverage
measurements, and multicomponent 6.5 m long Au/Rh nanowires (3 μm Au–3 m Rh –
0.5 m-Au) were used for patterned assembly.5,6,17 To prevent alloy formation when
synthesizing multisegmented nanowires, the electrochemical cell was thoroughly rinsed
with deionized water. The clean electrochemical cell was verified by applying a current
of -1.65 mA and determining if the potentiostat applied the maximum potential of
10.23V, while only reaching a current of <300 μA.

5.2.2 Synthesis of 13nm Au Particles
Thirteen nanometer Au particles were synthesized using previously reported
methods.38 Briefly, prior to nanoparticle synthesis all glassware was washed with aqua
regia (3:1 HCl:HNO3). A 1% Au solution was made by dissolving HAuCl4 in H2O.
Twenty milliliters of the 1% Au solution was placed in a round bottom flask which was
wrapped in a heating mantle, and 480 mL of water were added. This solution was heated
until boiling and refluxed for 10 min. While this was occurring a 38.8 mM sodium citrate
solution was prepared. Fifty milliliters of the citrate solution was added quickly to the
Au solution following the 10 min reflux, which causes a color change of the solution
from yellow to clear, then to black, violet and finally to red. Once the solution reached
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the red color, the solution was again boiled to for another 10 min then the heating mantle
was turned off and allowed to stir for another 2.5 hours. This resulted in particles
13.0±1.3 nm at a concentration of 6.6 x 1012 particles/mL as calculated with UV-Vis
using H520=3.64x108/(Mcm).

5.2.3 Functionalization and Hybridization of Au Nanoparticles
Two 1 mL aliquots of purchased 50 nm Au nanoparticles (Ted Pella Inc.) at a
concentration

of

3.9

x

1010

particles/mL

(verified

by

UV-Vis

using

H520=1.94x1010/(Mcm)) were deposited into a 1.5 mL centrifuge tube. The thiolated
DNA (Table 5-1) arrived as a lyophilized pellet in which the thiol group at the 5 or 3
end of the DNA sequence is attached to a mercaptohexanol group forming a disulfide
bridge. In all experiments this disulfide bridge was cleaved using methods described in
Chapter 2. To bind the DNA to the Au nanoparticles, 50 L of 100 M Tag1 DNA was
added to each tube, and placed on a heat block at 37o C for 30 min. To increase the
density of the DNA on the Au nanoparticles, a series of injections of 1 M NaCl in 10 mM
Na phosphate buffered saline was added to bring to the total NaCl concentration to 300
mM.40 The Au conjugates were then rinsed three times via centrifugation with PBS
buffer and resuspended to 980 μL. The Au conjugates were placed on a 47o C heatblock,
and 20 μL of 20 μM T1 was added to each tube and allowed to incubate for 1 hour. The
Au conjugates/T1 assembly was rinsed three times via centrifugation with the PBS buffer
and resuspended to 100 μL and transferred to a 500 μL centrifuge tube. When 13 nm
particles (6.6 X 1012 particles/mL) were used, the procedure was similar to that described
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above, however, following functionalization, and hybridization to T1, the particles were
diluted, adding 10 μL of the conjugates to 90 μL of fresh PBS buffer and transferring to a
500 μL centrifuge tube.
Table 5-1: DNA sequences used in this work.
Name
P1
P2
T1
Tag1

Sequence 5Æ3
GCTGCCTCATGTCATCACAGTTTTTTTTTTThiol
CTCGTATCTCAACTCGTATCTTTTTTTTTT-Thiol
CTGTGATGACATGAGGCAGCTTTTTGACGAGA
AAATCTTGATGGC
Thiol-TTTTTTTTTTGCCATCAAGATTTTCTCGTC

Tag2

Alexa 647TTTTTTTTTTGCCATCAAGATTTTCTCGTC
Tag3 Alexa 488TTTTTTTTTTGCCATCAAGATTTTCTCGTC
Purchased from Integrated DNA Technologies

Description
Complementary
Nanowire Probe
Non-complementary
Nanowire Probe
DNA Target
Sequence
Au Conjugate Probe
647 Fluorescently
Labeled Tag
488 Fluorescently
Labeled Tag

5.2.4 Attaching Probe DNA to Nanowires
An aliquot of 200 L of the nanowire stock was rinsed three times via
centrifugation into PBS and were resuspended to 200 L and split into two 100 L
aliquots (one for the complementary DNA probe and the other for the noncomplementary control DNA) into 1.5 ml centrifuge tubes.

For the 0.4 μM probe

experiments, a working concentration of 400 nM of probe DNA was used to functionalize
the nanowires, in which 880 μL of PBS was added to each tube of wires and 20 μL of 20
M stock solutions of P1 or P2 was added to their appropriate tube containing the
aliquots of the Au/Rh/Au nanowires. For the 0.04 μM experiments, 2 μL of 20 μM
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stocks of P1 or P2 were added to 898 μL of PBS and added to their appropriate tube. The
samples were vortexed at room temperature for 30 min, rinsed three times via
centrifugation with the PBS buffer and resuspended to 100 μL.

5.2.5 Hybridization of Conjugates or Fluorescently Labeled Tags to Nanowires
A 25 L aliquot of the functionalized nanowires was added to separate tubes
containing the 100 L samples of the Au conjugates/T1 assembly in a sandwich
hybridization scheme (Figure 5-2A). The samples were vortexed for 1 hour at room
temperature. The samples were then rinsed three times via centrifugation at 2000 rpm for
1 min, causing the wires to pellet, but leaving the unhybridized conjugates still in
solution, and resuspended to 250 L with PBS buffer.
Hybridization of fluorescently labeled tags was accomplished by incubating the
nanowires functionalized with P1 or P2 with T1 at a working concentration 400 nM in
PBS buffer for 60 min. The nanowires were rinsed three times with PBS then incubated
with 400 nM Tag1 labeled with an Alexa Dye with excitation at 488 nm or 647 nm again
in a sandwich hybridization scheme (Figure 5-2B).
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Figure 5-2: General scheme of probe, target, and tag binding to bare nanowires. A) Structure of probe and
target DNA sequences binding to tag DNA functionalized to Au nanoparticles. B) Structure of probe and
target DNA binding to fluorescently labeled tag DNA.

5.2.6 Preparing Samples for Electron Microscopy
To prepare the samples hybridized with conjugates for imaging with the FESEM,
Si wafers were evaporated with 10 nm of Ti and 100 nm of Au and were cut to 1 cm2
pieces.

Ten microliters of the nanowires from both the complementary and non-

complementary samples were deposited on separate pieces of the Au-coated Si wafers.
The nanowires were allowed to settle to the Au coated substrate for 10 min, and the
remaining solution was carefully removed using a lint-free Kimwipe.
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5.2.7 Determination of DNA Surface Coverage By Thiol Displacement
Fluorescently labeled P1 and fluorescently labeled non-thiolated P1 were exposed
to an excess of E-mercaptoethanol (BME) to displace DNA from the Au and Rh nanowire
surfaces and into solution.41 Briefly, 2.5 u 107 DNA-coated wires were suspended in 195
PL of PBS buffer, and 5 PL of BME were introduced into the tubes for overnight reaction
in the dark. Nanowires were pelleted by centrifugation, and the supernatant fluorescence
was quantified using a Fluorolog-3 fluorimeter (6-FAM parameters: Oex=495 nm,
Oem=520 nm). Calibration curves were generated, and surface coverages were calculated
based on nanowire dimensions.

5.2.8 Determination of DNA Surface Coverage by Subtraction
Quantities of Au and Rh nanowire-bound fluorescently labeled P1 or
fluorescently labeled non-thiolated P1 were determined using a subtraction method on a
Fluorolog-3 fluorimeter (Horiba Jobin-Yvon). Seventy-five μL of either Au or Rh wires
were rinsed three times in 75 μL PBS and then resuspended in PBS. Three aliquots of
twenty-five μL were placed into each of three tubes for triplicate measurements. For a
probe concentration of 0.04 μM, 0.5 μL of 20 μM fluorescently labeled P1 or
fluorescently labeled non-thiolated P1 and 224.5 μL of PBS buffer were added to the
nanowires. Samples were then sonicated briefly and vortexed for 30 minutes. For a
probe concentration of 0.4 μM, it was essential to dilute the number of labeled strands
with unlabeled strands pre-attachment to nanowires in order to fall within the dynamic
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range of the fluorimeter. For fluorescently labeled P1, a 1:9 labeled:unlabeled strand
dilution was used, whereas for fluorescently labeled non-thiolated P1, a 1:4
labeled:unlabeled strand dilution was used. In each of these cases, 5 μL of the 20 μM
probe species post-dilution, in addition to 220 μL of PBS buffer, were added to the
nanowires, which were then vortexed for 30 minutes.
Post-reaction, nanowires were pelleted by centrifugation, and the supernatant
containing unreacted DNA was collected. The concentration of labeled strands was
evaluated on a fluorimeter, and coverage was calculated by 1) subtracting this value from
a sample where no wires were added to correct for losses to tube walls and 2) taking into
account any unlabeled strand dilution and nanowire dimensions.

5.3 Results
In this study, we examined the surface functionalization of Au/Rh/Au nanowires,
attractive for use as NEMS sensing elements.35-37 While Si nanowires are the ideal
choice due to the high Young’s modulus and the low density, they are difficult to
fabricate in high yield. However, Rh nanowires are an excellent candidate for these
NEMS devices, not only due to their mechanical properties but also due to their chemical
inertness, avoiding oxidation commonly seen with Ag and Ni when functionalized with
probe DNA sequences,42 while Au nanowires do not have the mechanical properties
required for NEMS devices. Directed hybridization was accomplished by adding Au
segments to the tips of Rh nanowires, where the added mass would have the greatest
affect on the resonating properties. Au was used due to its well known behavior with
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self-assembled monolayers, specifically with thiolated ss-DNA sequences.43-45 Thiolated
ss-DNA assembly on Au has been well-characterized, with the DNA shown to adopt an
upright conformation on the surface for a full monolayer. However, little is known about
how self-assembled monolayers react with bulk Rh. Here, we characterized the behavior
of thiolated ss-DNA on both Au and Rh.

First, we evaluated the hybridization of

fluorescently labeled DNA sequences with probe-coated Au/Rh/Au nanowires with
fluorescence microscopy. We then examined hybridization of 50 nm and 13 nm diameter
DNA-modified Au nanoparticles with the functionalized nanowires through visualization
with field emitting scanning electron microscopy (FESEM). Finally, we gained insight
into thiolated probe DNA attachment to different metals through surface coverage
measurement using two different fluorescence spectroscopy characterization techniques.

5.3.1 Hybridization of Fluorescently Labeled Tag DNA to Au/Rh/Au Nanowires
Fluorescence microscopy was first used to examine the possibility of selective
hybridization on Au/Rh/Au nanowires. This was performed by incubating the probe
coated nanowires with target and tag DNA in a sandwich hybridization scheme (Figure 52B) in which the tag sequences were labeled with fluorescent dyes. Previous reports
have shown that different metal/fluorophore combinations can greatly enhance or quench
the fluorescence of these tags. As a result, we used two different dyes that emit at
different wavelengths: 517 nm (Alexa 488) and 670 nm (Alexa 647). Figure 5-3 shows
the Au/Rh/Au nanowires after being incubated with target and tag DNA labeled with the
Alexa 647 dye. Reflectance images were collected at 430 nm to distinguish the metal
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segments. At this wavelength, the different metals have a different reflectivity, with bulk
Rh having a higher reflectivity than bulk Au.36 The differences in reflectivity resulting
from Au/Rh/Au segments can be observed in Figure 5-3 A and C.

Figure 5-3: Reflectance and fluorescence of Au/Rh/Au nanowires following incubation with target and tag
DNA labeled with Alexa Dye 647. A and C) Reflectance images of nanowires functionalized with
complementary, P1, and non-complementary, P2, ss-DNA probes, respectively, at 430 nm the metal
segments are denoted. B and D) Fluorescence images of nanowires functionalized with complementary
probe P1 and non-complementary probe P2, respectively.

When the nanowires were incubated with DNA labeled with the Alexa 647 dye,
we see a high fluorescence on Au segments and a low fluorescence intensity on the Rh
segments (Figure 5-3B). However, when this experiment was repeated using the tag
DNA sequences labeled with the Alexa 488 dye, low fluorescence intensities were
observed on both the Au and Rh segments (Figure 5-4).
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Figure 5-4: Fluorescence images of Au/Rh/Au nanowires following incubation with target DNA and tag
DNA labeled with Alexa Fluor 488. A and C) Reflectance images at 430 nm. B and D) Fluorescence
images of Au/Rh/Au nanowires functionalized with the complementary probe sequence P1 and nanowires
functionalized with the non-complementary probe sequence P2, respectively.

To quantify the fluorescence intensities on the nanowires incubated with either
the DNA labeled with the 647 dye or the DNA labeled with the 488 dye we used NBSee,
which is a custom software program that takes linescans of the nanowires and calculates
the average fluorescence intensity on the population of wires. Figure 5-5 shows the
average fluorescence intensity for a population of nanowires incubated with tag DNA
labeled with the Alexa 647 dye or the 488 dye.

While NBSee cannot give the

fluorescence intensity over a single segment, for example Au versus Rh, it is possible to
see that the average fluorescence intensity for nanowires incubated with the tag DNA
labeled with the Alexa 647 dye was much higher compared to the wires incubated with
the tag DNA incorporating the 488 dye.

159

Figure 5-5: Quantification of fluorescence intensity on complementary (red) and non-complementary
(green) functionalized Au/Rh/Au nanowires following incubation with target and tag DNA, with tag DNA
labeled with either Alexa Fluor 488 fluorophore or Alexa Fluor 647 fluorophore

The difference in the average fluorescence intensities is primarily due to the
different fluorescence intensities on the Au segments. These results are in agreement
with previous reported conclusions in which Nicewarner-Peña et al. showed that
fluorophores that emit at a specific wavelength should be used on metals with high
reflectivities at that wavelength.33 These data show that choice of fluorophore/metal
combination

is

a

critical

parameter

when

performing

selective

functionalization/hybridization experiments. However, what was not expected was the
low fluorescence intensity observed on the Rh segments after the nanowires were
incubated with tag DNA labeled with either of the fluorophores.

Rh has similar

reflectivity at both 488 nm and 647 nm.36 If the target and tag DNA did hybridize to the
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probe DNA bound to the Rh segments, fluorescence should have been observed using at
least one of these dyes, if not both. However, these data suggest that either the probe
DNA was not being functionalized to the Rh segments, or that the target and tag DNA
were not hybridizing to the probe DNA, possibly due to the conformation of the probe
DNA on the Rh segments.

5.3.2 Hybridization of ss-DNA Au Conjugates with Au/Rh/Au Multisegmented
Nanowires
Hybridization assays of Au nanoparticle conjugates to DNA-coated nanowires
allowed for determination of selective binding to different metal segments without the
ambiguity introduced by fluorophore-metal combinations. We employed a sandwich
hybridization scheme in which Au conjugates were hybridized to a target DNA sequence
T1, and then the Au conjugate/T1 assembly was hybridized to the probe DNA
functionalized to the Au/Rh/Au nanowires (Figure 5-1).

The nanowires were

functionalized with thiolated ss-DNA then incubated with the Au conjugates/T1 assembly
using methods described above. Figure 5-6A shows an SEM image, post-incubation with
the Au conjugates, of the Au/Rh/Ah nanowires functionalized with the complementary
probe sequence P1, while 5-6B shows wires functionalized with the non-complementary
sequence P2 and following incubation.
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Figure 5-6: Scanning electron images of Au/Rh/Au nanowires following incubation with Au conjugates.
A and B) Nanowires functionalized with 0.4 μM complementary (P1) and 0.4 μM non-complementary
(P2) probe ss-DNA sequences, respectively C) Average particle density on complementary (red) and noncomplementary (green) probe functionalized nanowires on the different metal segments. N=8.

Figure 5-6A shows that there was a larger number of particles localized to the Au
segment vs the Rh segment, indicating that this method may be used to direct
hybridization of the Au conjugates to only the Au segment. However, there were still a
significant number of particles localized to the Rh segment. One possible explanation for
this is the formation of an alloy during growth of the Rh segment. Since the order of
nanowire growth always started with an Au segment, it was possible that crosscontamination had occurred during the Rh segment growth. As a result, Au could have
been electrodeposited as well as Rh during the Rh segment growth, which could explain
why particles were still being hybridized to DNA on the Rh segment, although to a lesser
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extent. To prevent cross contamination, the electrochemical cell used for nanowire
growth was rinsed extensively prior to both Au and Rh segment growth during nanowire
synthesis.
The above experiment was performed again; however, in this case the nanowire
segments were grown using a “clean” electrochemical cell to prevent alloy formation.
Au/Rh/Au nanowires were functionalized with complementary and non-complementary
probe sequences P1 and P2 prior to incubation with the DNA conjugates and are shown
in Figure 5-7A and B respectively.

Figure 5-7: Scanning electron images of nanowires after incubation with 50 nm Au conjugates. A and B)
Au/Rh/Au nanowires functionalized with complementary and non-complementary probe sequences,
respectively at a concentration of 0.4 μM. (C) Average particle density on complementary (red) and noncomplementary (green) functionalized nanowires for different metal segments. N=10.
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Figure 5-7A shows a high Au conjugate coverage along the length of the Au
segment of the nanowire and low coverage on the Rh segment, while Figure 5-7B shows
very few particles bound to the Au/Rh/Au nanowires functionalized with the noncomplementary control sequence P2, indicating there was very little non-specific binding
on the nanowires (1 particle on an Rh segment found in the population of nanowires
imaged). Figure 5-8 shows this same batch of wires imaged with a lower magnification.

Figure 5-8:
conjugates.

Scanning electron image of Au/Rh/Au nanowires following incubation with 50 nm Au

A similar experiment was performed to determine if the same behavior would be
observed when using different probe DNA concentrations.

As a result, the probe

concentration during Au/Rh/Au nanowire functionalization was decreased from 0.4 μM
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to 0.04 μM, but still incubated with the Au conjugate/T1 assembly at the same
concentration used in the experiments described above (Figure 5-9).

Figure 5-9: Scanning electron images of nanowires functionalized with complementary and noncomplementary DNA sequences A) P1 and B) P2 using a probe concentration of 0.04 μM. C) Average
particle density on complementary (red) and non-complementary (green) functionalized nanowires for the
different metal segments of the nanowires. N=10.

These results again show selectivity of hybridization towards DNA bound to the
Au segment even when using a probe concentration an order of magnitude less than what
was used in previous experiments. These results also show that these phenomena occur
under a variety of conditions, and thus are not a result of functionalization method but
rather due to the different segments of the metal nanowire.
To ensure that these results were not due to the size or synthesis method of the Au
nanoparticles, 13.0±1.3 nm Au nanoparticles were synthesized using methods described
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above. These nanoparticles were functionalized using the same methods described above
then diluted to the concentration used in the 50 nm Au conjugate experiment shown in
Figures 5-6 through 5-9. Figure 5-10 shows the complementary and non-complementary
functionalized Au/Rh/Au nanowires following incubation with the 13 nm DNA
conjugates.

Figure 5-10: Scanning electron images of Au/Rh/Au multisegmented nanowires functionalized with probe
DNA single stranded DNA sequences A) P1 or B) P2, then incubated with 13 nm DNA Au conjugates/T1
assembly. C) Average density of particles on complementary (red) and non-complementary (green) coated
nanowires on the different metal segments. N=5.

High particle density on the Au segment and the low particle density on the Rh
segment of the nanowires functionalized with the complementary probe sequence P1
were once again observed. The small number of particles found on the nanowires
functionalized with the non-complementary sequence P2 suggests a low degree of non-
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specific binding and that the particles bound to the Au segments can be attributed to
DNA hybridization and not random adsorption.
A number of different reasons may explain the results seen in Figures 5-6 through
5-10. One possibility is that the probe DNA was not binding to the Rh segment at all, in
which case selective functionalization was being observed. Another possibility for this
large difference of the Au conjugates on the Au segment versus the Rh segment can be
explained by the way the probe DNA P1 or P2 was adsorbing to the different metals
along the length of the nanowires. It has been shown that there is a high binding affinity
between thiolated molecules and Au atoms (G=~40 kcal/mol),46 and SAMs have been
shown to bind to Au through single point attachment when at high packing densities,
leaving the DNA sequence readily available to bind to its complementary
oligonucleotide.47,48 However, if DNA was indeed binding to the Rh segments, these
data suggest that the probe DNA is not binding to the Rh segment only through the thiol
groups, but also through the nitrogen groups in the bases on the DNA sequences or the
phosphate groups in the DNA backbone, making the DNA probe sequences less available
to hybridize with the Au conjugate/T1 assembly.
These data suggest that it was possible to either selectively functionalize thiolated
ss-DNA to the Au segments or selectively hybridize the Au conjugate assemblies to the
DNA functionalized onto the Au segment in the Au/Rh/Au multisegmented nanowires.
To determine what was causing the above results, probe coverage experiments were
performed to determine if there was probe DNA binding to the Rh segments and if so, if
there was a difference in how the probe DNA was binding to the different metals along

167
the nanowires, which might explain the selective hybridization observed in the previous
experiments.

Probe Coverage of ss-DNA to Au and Rh Nanowires
We have attempted studies of DNA immobilized on either 4 Pm Au or 4 Pm Rh
nanowire surfaces in order to gain insight into metal-selective Au nanoparticle
hybridization. Though the behavior of single-stranded, thiolated DNA immobilized on
Au surfaces has been well-characterized,47,48 the behavior of DNA on Rh surfaces,
including such information as typical packing densities and molecular orientation, is
largely unknown.

We have previously used a procedure, pioneered by Mirkin and

coworkers,41 to investigate the surface coverage of thiolated DNA immobilized to metal
nanowires. This process takes advantage of the kinetic lability of the Au-S bond49 by
displacing thiolated DNA from Au surfaces and into solution by an excess of short-chain
alkanethiols.
It is not yet clear whether the Rh-S bond is similarly kinetically labile, or if this
displacement method would remove all DNA from the Rh surface, especially if the DNA
was bound via multipoint attachment. In light of these uncertainties, we have determined
surface coverage on both Au and Rh nanowires not only by E-mercaptoethanol
displacement, which measures how much DNA assembled, but also by a subtraction
method, which measures how much DNA did not absorb to the nanowire surfaces. This
comparable method measures the fluorescence, and therefore concentration, of the
supernatant post-DNA exposure to nanowires and evaluates it against the
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fluorescence/concentration when no nanowires were used. By subtracting the amount of
DNA left in solution post-reaction from the amount of DNA pre-reaction, the number of
strands that assembled on the nanowire surfaces can be calculated. We have used both
methods to evaluate surface coverage as a function of thiolated and nonthiolated P1
concentration (0.4 PM: Figure 5-11; 0.04 PM: Figure 5-12) during the surface assembly
process for both Au and Rh nanowires.
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Figure 5-11: P1 probe surface coverage on nanowires of different compositions at a DNA working
concentration of 0.4 PM. Coverage was determined by either (A) E-mercaptoethanol displacement, or (B)
subtraction of unreacted DNA from initial DNA population pre-reaction with nanowires.
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Figure 5-12: P1 probe surface coverage on nanowires of different compositions at a DNA working
concentration of 0.04 PM. Coverage was determined by either (A) E-mercaptoethanol displacement, or (B)
subtraction of unreacted DNA from initial DNA population pre-reaction with nanowires.

In all cases (except for nonthiolated P1 determined by the subtraction method),
probe coverage was higher at the higher DNA concentration of 0.4 PM (Figure 5-11) than
at the lower DNA concentration of 0.04 PM (Figure 5-12), due to the higher amount of
DNA in solution. Additionally, for both Au and Rh, thiolated DNA (gray bars) largely
assembled at a higher density than nonthiolated DNA (open bars). These results indicate
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that the terminal thiol group plays a role in the assembly of DNA on the nanowire surface
for both metals. Though the importance of the thiol group on DNA assembly has been
previously noted for Au,47 it is a new observation for Rh. More, the increased affinity of
nonthiolated DNA for Rh over Au indicates that the thiol group plays less of a role in
DNA assembly on Rh than Au, pointing to possible multipoint attachment not only by the
thiol, but also via the nitrogen atoms of the bases or the oxygen atoms of the phosphate
backbone.
The phenomenon of multipoint DNA attachment to Rh is supported in the
comparison of the two surface coverage determination methods. For Au, both methods
were generally consistent, indicating that all nanowire-bound DNA was displaced into
solution upon exposure to BME.41 For Rh, however, a different trend was observed.
BME displacement of DNA from clean Rh yielded lower coverage results than the
subtraction method at both working DNA concentrations of 0.4 and 0.04 PM. These
results indicated that the thiol-thiol exchange of the BME method was not sufficient to
displace the DNA from the pure Rh surface, implying that the DNA could be bound via
multiple functional groups. If the DNA adopted a less upright conformation on the Rh as
compared to Au, this could provide insight as to the selective hybridization of
fluorescently labeled DNA or Au nanoparticles to DNA bound to different metals as
shown in Figures 5-3 through 5-10. We can conclude from these data that the BME
displacement method is an accurate surface coverage determination method for Au, but
does not displace all DNA from the Rh surface. This implies that DNA is bound to Rh
through another mechanism rather than predominantly through the thiol, i.e. through the
bases or the backbone.
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Conclusion
The experiments described in this work show that it was possible to direct
hybridization of DNA Au conjugates to Au segments of Au/Rh/Au metal nanowires.
These data also suggest that this phenomenon occurs under a variety of conditions such
as different probe concentrations (0.4 and 0.04 μM) and with nanoparticle sizes
synthesized by different methods (purchased 50 nm Au vs 13 nm Au synthesized in
house). In addition, probe coverage experiments using fluorescently labeled probe DNA
showed significant DNA coverage on both metals. While the reason for the selective
hybridization on the different metal segments has yet to be determined, the probe
coverage experiments show that probe DNA adsorbs to the Au or Rh segments through
different mechanisms. To elucidate a possible reason for this, X-Ray photoelectron
spectroscopy (XPS) can be used to take surveys of the separate Au and Rh nanowire
batches to examine the surface properties of the different metals.
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Chapter 6
Conclusions and Future Directions

6.1 Conclusions
The experiments described in this dissertation were designed to investigate a
versatile assembly method that could be used to develop chip-based biosensors for
ultimate fabrication onto integrated circuits to diagnose complex diseases. By combining
biological sensors with integrated circuits the need for highly trained personnel for signal
analysis and data interpretation could be eliminated, allowing these sensors to be placed
directly into the hands of consumers. By allowing consumers direct access to these
devices, they could be used as monitoring tools, especially needed for high risk patients;
e.g., women who have a family history of breast cancer.

With daily or weekly

monitoring using these devices, early diagnosis may be possible, ideally resulting in
better prognoses for the patients. Although an actual sensor has yet to be realized using
the methods described in previous chapters, the results of these experiments suggest that
a large array of biosensing devices incorporating multiplexing capabilities, on CMOS
substrates is indeed possible.
The experiments performed in Chapter 2 were designed to investigate the
selectivity of probe ss-DNA functionalized nanowires following bottom-up positioning
and top-down lithography methods. Results from these experiments showed that activity
and selectivity of the probe DNA was retained. By functionalizing the nanowires off-
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chip, the use of non-optimal on-chip patterning techniques such as dip-pen
nanolithography or microcontact printing could be avoided. More importantly it enables
researchers to develop these sensors using a combination of bottom-up and top-down
techniques, expanding the number of sensing elements that can be fabricated
simultaneously.

We have shown it possible to fabricate large arrays with 2.4x104

nanowires/cm2 using these methods;1 eliminating the need for time consuming and labor
intensive spot checking methods. In addition, a large array of sensing elements with
many targeting the same analyte reduces the number of false positives and negatives,
increasing sensor reliability.
In a continuation of Chapter 2, Chapter 3 shows three different batches of DNA
functionalized nanowires positioned to predetermined locations on the chip-surface with
submicron accuracy and were integrated by fabricating contacts over one end of the
nanowire developing NEMS devices. By incorporating different batches of sensing
elements onto a single chip, the sensor is capable of detecting multiple target analytes
simultaneously, which could have implications such as requiring lesser sample volumes
and decreased time for accurate diagnoses when sensing devices are eventually realized.
In addition, the submicron positioning of the sensing elements suggest integration with
CMOS substrates is possible eliminating the need for exotic schemes that only orient the
nanowires in specific directions.

By combining biosensing devices with integrated

circuits, hundreds if not thousands of sensing elements could be addressed
simultaneously greatly minimizing the analysis time and greatly simplifying sensor
readout, allowing consumers direct access to these devices.
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Chapters 2 and 3 were expanded upon in Chapter 4 by adapting our bottomup/top-down techniques to develop an assembly method to fabricate FET-like devices for
ultimate incorporation with CMOS.

Selectivity of probe DNA was again retained

following treatments mimicking the individual steps required to achieve this goal. In
addition, high fluorescence intensities were observed on assembled Au nanowires, which
suggested that the probe DNA retains selectivity following device fabrication with this
adapted assembly method.

The development of NEMS and FET-like structures in

Chapters 3 and 4 show the versatility of our bottom-up/top-down techniques suggesting
that different devices can be fabricated using the same basic protocol. In addition,
different photoresists and instrumentation can be used in these processes, suggesting that
the transition from academic to industrial settings is possible. While this dissertation
focused on developing a fabrication method for the development on-chip biosensors,
these methods can be applied to other materials that cannot be fabricated on CMOS
substrates for example III-V semiconductors or graphene. If the techniques reported in
Chapters 2 through 4 can be used to position these materials, they can be integrated with
existing CMOS technology, increasing the processing speed while being more energy
efficient.
In Chapter 5, we directed hybridization of target DNA and DNA Au conjugates to
specific locations on Rh nanowires, by fabricating Au segments at the tips of Rh
nanowires and verification was made via SEM.

The verification method in these

experiments is advantageous over traditional methods such as fluorescence, due to
enhancement

or

quenching

of

fluorescence

using

specific

metal/fluorophore

combinations, which adds ambiguity to the results.2 By using SEM this ambiguity is
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eliminated. While the results and experiments described in Chapter 5 differ from those
shown in Chapters 2 through 4, they do show that the nanowires can be used as sensing
elements and have unique properties that can be manipulated to achieve specific
structures for different applications.

6.2 Future Directions

6.2.1 Future Experiments for Individual Chapters
While our fabrication method has potential to develop large arrays of multiplexed
biosensing devices on CMOS substrates, much work is still needed. In Chapter 2 we
have shown that probe ss-DNA sequences remain selective to completely complementary
targets versus non-complementary sequences following our assembly techniques.
However subtle changes to the probe DNA, such as oxidative damage have yet to be
examined. These studies are currently underway examining selectivity of completely
complementary sequences versus single based mismatches or using fluorescently labeled
antibodies selective for 8-oxo-G.
In Chapter 3 we have shown three different batches of nanowires can be delivered
to a single chip, however this may be expanded by incorporating 5 or 10 different
batches, increasing multiplexing capabilities of sensing devices. But more importantly,
the electrofluidic positioning method used to deliver the different batches of nanowires
needs to be optimized. While the proof-of-concept experiments resulted in a 70% yield1
of singly positioned nanowires, many defects were present, such as multiple nanowires
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per well, nanowire chains, or vacancies. These defects may be decreased by using
thicker dielectric layers, ultra deep wells (>2 μm)3 or flow cells.
In addition, the results shown in Chapter 4 only simulate the fabrication of
bioFET devices with the possibility of integration with CMOS. To verify that our
assembly techniques can in fact be used to fabricate sensing devices, a working bioFET
needs to be developed off-CMOS substrates. These experiments are in the process of
being performed by members of the Mayer and Keating groups. Once this has been
accomplished the transition from Si substrates to CMOS can be made using the methods
described in Chapter 4.
Finally, Chapter 5 showed that selective hybridization was accomplished and
probe DNA binding was characterized by examining probe coverage’s on separate Au
and Rh nanowires. Unfortunately, the ultimate reason for the different behaviors on the
different metal segments is still unknown. To elucidate a possible reason for this, we are
in the process of using XPS to examine the surface properties of separate Au and Rh
nanowires.

6.2.2 Overall Future Experiments
While the future directions described above apply mainly to the individual
chapters described in this dissertation, there are a number of future experiments that
apply to the overall goal of developing a portable sensor for direct consumer use. In
order to realize the envisioned sensor, the incubation time described in the previous
chapters, 36 hours, greatly needs to be decreased. One possible method to do this is by
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using electric fields to concentrate the target DNAs to the fabricated sensing devices.
This not only could be used to decrease the incubation time, but could also possibly be
used to increase the sensitivity of the sensors.

A second method may be to use

microfluidics to mix and move the target and tag DNAs over the sensing elements.
More importantly is the detection of different types of molecules. Thus far we
have shown it possible to detect ss-DNA sequences selectively, however, other molecules
such as RNAs or proteins can also become overexpressed when certain diseases present.
As a result, this fabrication method needs to be adapted to detect the presence of these
different biomolecules by using different probe molecules. Because RNA and proteins
typically contain secondary structure, linear ss-DNA sequences may not be the best probe
molecule to use. One method may be to use aptamers, for the detection of these RNA
sequences or proteins.
In addition to detecting different target analytes, different probe molecules may be
needed for bioFET devices besides single stranded negatively charged DNA sequences.
Because detection of target binding in FET devices is based on the added charge of the
target analyte, to increase the signal to noise ratio and therefore the sensitivity of the
sensors, the probe molecules should be uncharged. As a result, probe molecules such as
peptide nucleic acid or moropholinos could be used as probe molecules for detection of
charged molecules, such as DNA, RNA or proteins.
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6.3 Final Thoughts
The bottom-up/top-down techniques described in previous chapters have shown
that a variety of chip-based biosensing schemes, specifically, NEMS and bioFETs, can be
fabricated using materials synthesized and functionalized off-chip increasing the
multiplexing capabilities, while also increasing the yield of the sensing devices. More
importantly the submicron placement accuracy of the nanowire sensing elements holds
promise for eventual incorporation with integrated circuits such as CMOS and the variety
of techniques and tools used in these processes indicate that eventual transition from
academic to industrial settings is indeed possible. While an actual sensor has yet to be
fabricated using these methods, a bioFET sensor is currently in the process of being
developed. By combining biosensors and CMOS substrates, consumers could have the
ability to take a pro-active approach to their health by monitoring for life altering diseases
such as cancers, in hopes of early diagnoses.
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