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ABSTRACT
This thesis describes the development and demonstration of a new hybrid
integration method to fabricate nanomechanical resonator arrays using nanowires. This
integration method combined techniques in off-chip synthesis and on-chip assembly of
the nanowire materials. By combining AC electric-field assisted assembly of nanowire
arrays, photolithographic patterning, and electrodeposition, this method enabled the
parallel placement and secure clamping of individual nanowires on a pre-patterned
substrate to create the nanoresonator arrays. Importantly, this method was compatible
with probe-molecule (e.g., peptide nucleic acid) functionalized nanowires and it will
therefore facilitate the development of chip-based multiple-target biosensor arrays.
The performance of the resonators fabricated by this new hybrid integration
method was studied by measuring single silicon (Si), rhodium (Rh), and gold (Au)
nanowire resonators at room temperature as a function of pressure. The resonators were
characterized by using either the piezo-disk or electrostatic actuation to drive and the
optical method to detect the displacement of the nanowire. The measurements in vacuum
were used to investigate the mechanical properties of nanowire materials and the
uniformity of the new clamping method as well. Resonators of all three materials could
be described as linear oscillators with high quality (Q-) factors of 3500 – 5400 for Si,
1000 – 1300 for Rh, and 600 – 950 for Au nanowires. Nanowire resonators of these three
materials with diameters of ~300 nm yielded Young’s modulus values of 152 ± 6 GPa for
Si, 222 ± 70 GPa for Rh and 44 ± 12 GPa for Au, which are all lower than the
corresponding values obtained from bulk materials.
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Another aspect of this thesis research was the investigation of the AC electricfield assisted assembly of nanowires that was conducted through experimental and
modeling studies to understand the fundamental parameters of the nanowire array
assembly and to increase on-chip nanowire assembly control and yield. These studies
included describing the uniform separation observed between adjacent nanowires
assembled on pairs of biased electrodes, the self-centering of nanowires across these
electrodes, and the end-to-end chaining of nanowires at high concentrations. Two
methods were investigated to control the precise position of single nanowires on a chip
over large area (> 1 cm2) with high yield (>80%). An extension to this basic AC electricfield assisted assembly process for selective placement of different types of nanowires in
different and predefined locations on the chip was also demonstrated.
The research described in this thesis is general and capable to be used for a
variety of off-chip synthesized materials, which will extend the scope of on-chip
nanowire device applications.
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Chapter 1
INTRODUCTION

1.1 Background and Motivation
Directed assembly of nanowire-based devices may enable future integrated
circuits (ICs) and systems with functionality beyond that possible with devices fabricated
using top-down methods alone. Most of these devices are being created using hybrid
integration approaches that combine off-chip nanowire synthesis with conventional topdown fabrication techniques. 1 Now a variety of nanowire materials can be reproducibly
made off-chip, mainly by chemical-synthesis-based approaches. 2 For example, the
vapor-liquid-solid (VLS) growth technique facilitates the synthesis of single crystal
semiconductor nanowires with diameter ranging from several to hundreds of
nanometers. 3 When combined with off-chip chemical surface functionalization 4 and onchip device addressing and signal processing, such nanowires hold promise for multipletarget biological sensor array applications that require high selectivity and sensitivity.
Nanoelectromechanical system (NEMS) resonators are natural successors to
microelectromechanical system (MEMS) resonators, where the critical length scale of the
resonator is measured in nanometers rather than micrometers. An example of such a
device is a single- or doubly-clamped suspended rectangular beam with nanometer width
and thickness (or radius for cylindrical beam) and micrometer lengths where the resonant
beam oscillations are excited and detected in a controlled manner. Recently,
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nanoresonators have been proposed for use in ultrasensitive mass detection, 5 RF signal
processing, 6 and as a model system to explore quantum phenomena 7 and fluid dynamics. 8
Currently, the majority of nanoresonators are fabricated by surface
micromachining 9,10 in which lithographic patterning and reactive ion etching are used to
define the device layer, and selective wet etching of an underlying sacrificial layer is used
to obtain the suspended structure. This well-developed top-down fabrication technique
has been widely used in MEMS integration. For nanoresonators to serve as practical
chip-based biosensors it is useful to have multiple-target device arrays; that is, to have
arrays of nanoresonators that are functionalized with different probe molecules integrated
on the same chip. It is difficult to use top-down techniques to produce such arrays due to
the challenges of functionalizing fully-fabricated resonators on-chip to sense different
target molecules such as deoxyribonucleic acid (DNA) or ribonucleic acid (RNA).
Methods such as dip-pen lithography, 11 ink-jet printing, 12 or dipping into multiple
solutions 13 have been developed and can be used for this purpose. But this limits the
number of different chemistries possible, and can result in non-optimal coating and/or
cross contamination on different resonators.
Decreasing the size of a resonator with a fixed aspect ratio, or choosing less
dense, stiffer materials increases its resonance frequency. This is often desired for many
applications including mass and force sensing, studies in quantum mechanics, and highspeed logic and computation. 14 Top-down fabrication techniques yield resonator sizes
limited by the resolution of the lithography and etching of the device and sacrificial
layers. 15 The smallest resonator made by a top-down fabrication technique to date was
reported by the Heath group at Caltech. 16 The resonator was fabricated by using an
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aluminum gallium arsenide / gallium arsenide (AlGaAs / GaAs) superlattice template as
the etch mask, and had a width of 20 nm.
The nanowire-based hybrid integration approach has the potential to overcome
several of the limitations of the top-down fabrication technique and enable integrated
nanoresonator arrays with several new features. For example, Figure 1-1 illustrates the
hybrid integration of multiple-target silicon (Si) nanowire resonator arrays for
biomolecule detection (e.g., DNA shown here).

(a)

(b)

(c)

(d)

Δf

f0

Figure 1-1: Schematic showing concept of multiple-target nanowire resonator arrays for
biomolecule detection. (a) Off-chip synthesis of Si nanowires using VLS growth from
gold (Au) catalyst. (b) Population of three batches of Si nanowires that are synthesized in
large quantities. Each population is functionalized with different probe molecules (as
shown in different colors) that have been selected for hybridization with specific target
DNA. (c) On-chip integration of parallel nanowire resonator arrays. (d) Sensing
mechanism based on the sandwich assay hybridization. Upon binding, the mass of the
nanowire resonator will increase, which will result in a measurable shift in the resonance
frequency (∆f). This shift can be used to quantify the presence and concentration of the
target DNA.
In the processes completed off-chip, shown in Figure 1-1(a) and (b), Si nanowires are
synthesized,3 released and suspended in different solutions. Batches of nanowires are
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then optimally derivatized in a buffer solution with different probe molecules (e.g.,
DNA), 17 as indicated by different colors in Figure 1-1(b). The probe molecules are
selected to hybridize with specific target biomolecules (e.g., DNA or RNA). The
schematic in Figure 1-1(c) shows the results expected at the end of the on-chip
integration process, which includes the alignment of the nanowires from the solution to
the chip, and the fabrication of clamped nanowire resonator arrays for multiple-target
biosensing. As shown in Figure 1-1(d), the sensing mechanism is based on measuring a
shift in the resonance frequency of a nanowire resonator that is caused by an added mass
through the hybridization of target DNA. Here, a hybridization sandwich assay formed
between the probe DNA (green), target DNA (red), and label DNA (black), is used. Gold
(Au) nanoparticles (yellow, bound to label DNA) can be used to increase the mass added
by the hybridization event and amplify the measurable frequency shift, thereby increasing
the detection sensitivity (frequency shift per unit of bound DNA).
The hybrid integration of nanowire resonator arrays for biosensing requires
significant advances in several key areas. First, it requires developing methods that
enable the synthesis of nanowires from different materials and the derivatization of
nanowires with the desired probe molecules. Second, and central to the bottom-up
concept, is the development of assembly methods to organize nanowires into
architectures that enable high-density resonator integration while retaining the binding
selectivity of probe molecules. Third, it is critical to explore the performance of
nanowire resonators to realize the applications of biosensing.
Recent research on nanowire resonators has primarily involved the fabrication of
small numbers of nanowire resonators for fundamental studies. For example, Yang and
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colleagues 18 have developed a directed growth technique to make doubly-clamped or
cantilevered Si nanowire resonators. Roukes and colleagues15 have fabricated and
measured doubly-clamped platinum (Pt) nanowire resonators by registering randomly
dispersed nanowires on an oxide substrate. Evoy and colleagues 19 have reported rhodium
(Rh) nanowire resonators and carbon nanofiber resonators using dielectrophoretic
assembly. However, these reported techniques have not demonstrated success in
assembling different nanowire resonators at predetermined locations in an array and over
large chip area (>1cm2). Furthermore, an integration technique that is compatible with
probe functionalized nanowires has not yet been reported.

1.2 Content of Thesis
This thesis describes the development and demonstration of a new hybrid
integration method to fabricate nanomechanical resonator arrays using nanowires. This
integration method combined techniques in off-chip synthesis and on-chip assembly of
the nanowire materials. By combining AC electric-field assisted assembly of nanowire
arrays, photolithographic patterning, and electrodeposition, this method has enabled the
parallel placement and secure clamping of individual nanowires on a pre-patterned
substrate to create the nanoresonator arrays. Importantly, this method was compatible
with probe-molecule (e.g., peptide nucleic acid, PNA) functionalized nanowires and it
will therefore facilitate the development of chip-based multiple-target biosensor arrays.
Moreover, this integration method is general and can be extended to many other types of
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off-chip synthesized materials, which will extend the scope of on-chip nanowire device
applications.
Chapter 2 presents details of the hybrid integration method developed to fabricate
large-area nanowire resonator arrays using nanowires that were synthesized and
chemically-functionalized off-chip. Three separate mechanisms were combined to
achieve assembly yields exceeding 80% for arrays having over 2000 single-nanowire
resonators: electric-field forces, capillary forces, and nanowire lift-off. Cantilevered
resonators made from Si, Rh, and Au nanowires were used to show the versatility of this
strategy for different materials. Several important features of the fabricated
semiconductor and metal nanowire resonators are discussed, including the nearly vertical
sidewall electrodeposited metal, the distortion-free nanowire resonator geometry, and the
separation between the nanowire and the chip surface. 20 Chapter 2 also describes the
compatibility of this integration method with nanowires that are chemicallyfunctionalized with PNA probe molecules off-chip prior to nanowire assembly. Results
using fluorescently-labeled target DNA showed that the probe PNA molecules retained
complete binding selectivity with complementary DNA, while little binding was
observed for noncomplementary DNA.
Chapter 3 describes the measurement setup and the two different actuation
methods used to characterize the nanowire resonators as a function of pressure. The first
actuation method used a piezo disk to drive the entire chip, while the second method used
electrostatic actuation to drive each nanowire resonator independently. Optical detection
was used to observe the displacement of the resonating nanowires in the frequency
domain. Nearly identical resonance curves were obtained for the same Si or Rh nanowire
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resonator measured using piezo and electrostatic actuation methods in high vacuum
where resonators have high quality (Q-) factors (> 1000). However, at 1 atmosphere
where the Q values are low (~20), the resonance spectra obtained from the two driving
methods differed significantly from each other, both in their Q-factor value and in the
shape of the spectrum. Possible reasons to explain the differences in the measured
spectra at 1 atmosphere are discussed.
Chapter 4 describes the resonance measurements of single Si, Rh and Au
nanowire resonators at room temperature in high vacuum and as a function of pressure.
These measurements were used to characterize the nanowire resonator performance and
to investigate the mechanical properties of nanowire materials. Resonators of all three
materials could be described as linear oscillators in high vacuum, with high Q values of
3500 – 5400 for Si, 1000 – 1300 for Rh, and 600 – 950 for Au nanowires. Nanowire
resonators of these three materials with diameters ~300 nm yielded Young’s modulus
values of 152 ± 6 GPa for Si, 222 ± 70 GPa for Rh and 44 ± 12 GPa for Au, which are all
lower than the corresponding values obtained from bulk materials. The Q-factors of
nanowire resonators were also measured at different pressures to evaluate the effect of air
damping on the resonator response.
Chapter 5 presents the experimental results and modeling studies conducted to
understand the AC electric-field assisted assembly of nanowires. Fundamental
parameters that characterized the assembly process were determined as a function of
starting nanowire concentration, including the uniform separation between adjacent
nanowires assembled on pairs of biased electrodes, the self-centering of nanowires across
these electrodes, and the end-to-end chaining of nanowires at high concentrations. These
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studies provided the foundation for developing the hybrid integration method described
in Chapter 2, which allowed precise positioning of single-nanowires in large-area
resonator arrays with high yields. This chapter also describes an extension to this basic
AC electric-field assisted assembly process for selective placement of different types of
nanowires in different and predefined locations on the chip. This was demonstrated using
three batches of Rh nanowires with different lengths as well as three batches of Rh
nanowires that were chemically functionalized using different probe PNA molecules.
The hybrid integration strategy described here provides a significant advance toward the
multi-target biosensor concept illustrated in Figure 1-1. Furthermore, these assembly
techniques are not limited to Rh nanowires or nanowire resonators, and can be extended
to many other materials and devices such as nanowire-based field effect transistors. 21
Chapter 6 provides a summary of this work and presents suggestions for future
research that is based on the preliminary results from one additional study that
investigated the use of Rh nanowire resonators as mass sensors by binding 50 nm Au
particles through DNA hybridization.
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Chapter 2
HYBRID INTEGRATION OF NANOWIRE RESONATOR ARRAYS
This chapter describes the hybrid integration method that was developed in this
thesis research to integrate arrays of single-nanowire resonators at predefined locations
on a silicon chip with high-yield. 22 This approach addresses several shortcomings of
current fabrication schemes 23,24 by combining off-chip nanowire synthesis, chemical
functionalization, and directed assembly with conventional top-down microfabrication.
Separating the materials synthesis from chip-level processing enables integration of
diverse populations of nanowires that are processed or functionalized under optimized
conditions off-chip. For example, multiple-target biosensor arrays, such as that shown in
Figure 1.1, require integration of nanowires that are chemically-functionalized with
different probe molecules chosen to bind selectively to specific target biomolecules. 25 As
discussed in Chapter 1, functionalizing nanowire devices post top-down fabrication
would require serial methods to deliver the probe molecules, 26 or subject the devices to
cross-contamination from multiple chemical assembly steps on the same chip. 27
Other sensing modalities are also of interest and can benefit from this hybrid
integration approach. As a second example, cross-reactive chemical sensor arrays require
integration of nanowires synthesized from many different materials such as conducting
polymers, polymer composites, and metal oxides, which provide an aggregate response
that can be used to discriminate different chemical mixtures. 28 Here, the process
conditions and techniques used to prepare the nanowires are vastly different; room
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temperature electrodeposition of conducting polymers 29 versus solution-based synthesis
followed by high-temperature crystallization for metal oxides. 30 The differences in
chemical stability and thermal budget are not conducive to serial integration using topdown fabrication methods. In the hybrid approach described here, once the nanowires
are synthesized and functionalized off-chip under optimized conditions (e.g., chemical
assembly time, buffer conditions, temperature), conventional top-down fabrication
techniques can be used to create patterns to direct their placement and define electrical
and/or mechanical connections to the chip.
This chapter provides a detailed description of the hybrid integration scheme and
demonstrates nanoresonators fabricated using silicon (Si), rhodium (Rh), and gold (Au)
nanowires. As discussed in Section 2.1, the nanowires were grown off-chip using vaporliquid-solid (VLS) for Si, and electrodeposition for Rh and Au. Three separate
mechanisms were combined to achieve assembly yields exceeding 80% for arrays having
over 2000 single-nanowire resonators: electric-field forces, capillary forces, and
nanowire lift-off. Several important features of the fabricated semiconductor and metal
nanowire resonators are discussed in this section, including the nearly vertical sidewall
electrodeposited metal, the distortion-free nanowire resonator geometry, and the
separation between the nanowire and the chip surface.22 The resonance performance
including the linearity, high Q-factor, and geometrical scaling are discussed in Chapters 3
and 4.
Section 2.2 describes a series of control experiments that were conducted to study
the compatibility of the post-nanowire-assembly fabrication steps with peptide nucleic
acid (PNA) probe molecules spotted onto Codelink glass slides. The optimized process
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conditions that resulted in complete binding selectivity of the PNA probe with
complementary target deoxyribonucleic acid (DNA) molecules, and little binding for
noncomplementary DNA, are presented. These conditions were used to fabricate on-chip
nanowire resonators, which were studied using fluorescently-labeled target DNA.

2.1 Nanowire Resonator Assembly and Integration
The hybrid nanowire resonator integration strategy developed in this thesis
combined deterministic bottom-up nanowire assembly with conventional top-down
microfabrication as illustrated in Figure 2-1. Nanowires were first synthesized in large
quantities off-chip using the desired growth approaches and released into solution, such
as ethanol or isopropyl alcohol (IPA). The nanowire surfaces were coated with the probe
molecules in a buffer solution, as shown in Figure 2-1(a). The probe molecules were
designed to selectively bind with the target molecules, such as DNA or RNA. Three
separate mechanisms were combined to achieve high-yield nanowire resonator
integration over centimeter-scale chip areas. First, electric-field assisted assembly was
used to orient and position single nanowires in lithographically-defined wells patterned in
a sacrificial photoresist layer (Figure 2-1(b)). A smaller fraction of the nanowires were
misaligned outside of the wells. The nanowires assembled in the wells were retained
there by the capillary forces exerted on the nanowires as the solution in the wells
evaporated, while the misaligned nanowires were found in other regions of the chip.
Nanowire resonator integration was completed by electrodepositing metal clamps in
windows (Figure 2-1(c)) defined at one end of the nanowires aligned in each well and
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dissolving the photoresist layers (Figure 2-1(d)). Importantly, the misaligned nanowires
that were not attached to the substrate by the metal clamp were lifted off of the chip when
the photoresist was dissolved, giving high yields of single nanowire assembly. In
addition to mechanically attaching the nanowires to the substrate, the metal clamps also
served as contacts to electrically drive the resonant device oscillations. Following
assembly and integration, the nanowire resonators were exposed to fluorescently labeled
complementary targets (green color in Figure 2-1(e)) to evaluate the selective binding
functions of the probe molecules.

(a)

(b)

(e)

(c)

(d)

Figure 2-1: Hybrid integration scheme used to fabricate nanowire resonator arrays. (a)
Probe molecules (blue) are attached to the nanowire surface in solution. (b) Bottom-up
assembly of single nanowires in individual wells patterned in a sacrificial photoresist
layer. (c) Individual clamp windows were defined through a second photoresist layer.
(d) Metal clamps were electrodeposited around the nanowire tips. The photoresists were
dissolved to suspend the clamped nanowires and lift off any misaligned and unclamped
nanowires. (e) Nanowires were exposed to fluorescently labeled complementary (green)
and non-complementary (not shown) targets to confirm detection selectivity.
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Figure 2-2: Schematic of the electric-field assisted nanowire assembly process. (a) The
spatially confined electric fields between pairs of guiding electrodes were used to
orientate and attract the nanowires to the substrate through long-range forces. (b) The
short range capacitive forces induced between the nanowire and the guiding electrodes
aligned the nanowires into the wells. Single nanowires were aligned into individual wells
with the optimal well dimension and nanowire concentration.
This approach differs significantly from earlier nanowire assembly approaches by
combining three different mechanisms to achieve high assembly yields. Figure 2-2
provides a schematic illustrating the electric-field assembly process. Here, spatially
confined electric fields created by applying an AC bias to the interdigitated guiding
electrodes induced long-range dielectrophoretic forces that were used to attract and orient
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the nanowires in the direction of the field gradient (Figure 2-2(a)); this aligns the
nanowires across the gap between the guiding electrodes. As discussed in Chapter 5,
once the nanowires were aligned with the guiding electrodes, they dynamically readjusted
their position on the electrode (still remaining aligned across the gap) due to short range
capacitive forces induced between the nanowire and the guiding electrodes. The
nanowire concentration could be adjusted to produce arrays with uniform spacing
between adjacent nanowires along the length of the electrodes. The introduction of
patterned wells on top of the insulating sacrificial photoresist layer allowed single
nanowires to drop into wells as they moved along the electrode (Figure 2-2(b)). A
smaller number of nanowires were not captured in the wells during this assembly process.
As discussed and demonstrated in later section, the nanowires misaligned outside of the
wells were not attached to the chip by the metal clamp and were removed when the
sacrificial photoresist layers were dissolved.
The nanowire suspension was injected into a partially sealed cell formed by
attaching a glass cover slip onto the patterned substrate with silicone spacers as illustrated
in Figure 2-3(a). The structure of the cell and patterned photoresist wells are quite
similar as the ones used for the micro- and nano-sphere assembly reported by Xia’s
group, 31 in which the capillary force was used to push the buoyant spheres into the wells
to complete the assembly. However, the assembly of the nanowires presented in this
thesis research differs significantly from the sphere assembly. Here, the capillary forces
exerted on the nanowires were not rotationally symmetric, therefore, the electric forces
were required to attract and orient the nanowires in the photoresist wells patterned at
predefined positions on the chip surface.
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Figure 2-3: Schematic of the nanowire assembly structure. (a) Nanowires suspended in
IPA were injected to the cell partially sealed between the photoresist layer and a glass
cover slip with silicone spacers. Nanowires were aligned both inside the wells and on top
of the unpatterned photoresist after the IPA dried. (b) As the IPA evaporation front
passed by the well, a smaller amount of solution was left in the well and retained the
nanowire inside as they dried.
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In these experiments, the evaporation front of the solution was aligned orthogonal
to the length of the wells. As shown in Figure 2-3(b), the solution evaporates from the
upper PMGI surface first, leaving a smaller amount of solution in the wells. The
evaporation of this solution in the well induces capillary forces on the nanowires aligned
in the well, which tend to retain these nanowires inside of wells. This improved the yield
for the single nanowires assembly and resonator integration over large areas with the
optimal design of the dimensions of the key features (Section 2.1.1.2).
As discussed previously, the majority of the injected nanowires were assembled in
the patterned photoresist wells. However, some nanowires remained on the photoresist
layer between the wells and were misaligned with respect to the lithographically-defined
wells. Thus, it was essential to attach only the nanowires assembled in the wells to the
chip surface, and removed all of the misaligned (unclamped) nanowires during the final
photoresist removal step. The combination of these steps resulted in a significant
improvement in the integration yield of single-nanowire resonator over large areas.
The following section discusses the details of the nanowire synthesis, mask design
and layout, nanowire assembly process, and nanowire resonator integration.

2.1.1 Integration Process

2.1.1.1 Nanowire Synthesis
One advantage of the hybrid integration approach is the ability to fabricate
resonators from different nanowire materials with mechanical and chemical properties
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that can be tailored for different applications. Currently, many approaches have been
developed for nanowire synthesis, which include the catalyzed vapor-liquid-solid (VLS)
growth at relatively high temperatures (350 – 550°C) for semiconductor nanowires (e.g.,
Si, Ge and GaAs) and the electrodeposition at room temperature for metal nanowires.
This thesis focused on fabricating and studying Si, Rh, and Au nanowire
resonators. Resonators made from Si are interesting to study, given Si’s single crystal
structure, its use as a structural material for MEMS and NEMS, and its preeminent role in
micro- and nanoelectronics. Compared to Si grown by VLS, the electrodeposited Rh and
Au nanowires have poly crystalline structure. The mechanical properties (e.g., density
and Young’s modulus) for these three materials are also quite different. Therefore,
fabricating and measuring these three types of nanowire resonators will enable the
comparison of their resonance performance (e.g., Q-factors), which will be discussed in
Chapter 4.
The Si nanowires 32 used in this thesis were synthesized by K. K. Lew 33 from the
Redwing group, and the Rh and Au nanowires 34 were synthesized by J. A. Sioss 35 from
the Keating group, both at the Pennsylvania State University. For all three types of
nanowires, anodic aluminum oxide (AAO) membranes (Anodisc25, Whatman Scientific)
with a nominal pore diameter of 200 nm and a thickness of 60 μm were used as the
templates for Au-catalyzed vapor-liquid-solid (VLS) growth of Si nanowires, and for
electrodeposition of the Rh and Au nanowires.
For Si nanowire growth, Au catalyst particles were prepared by first evaporating a
200 nm layer of Ag onto one side of the AAO membrane as a working electrode, and
electrodepositing an additional 5 – 10 μm of Ag within the template pores. A layer of Au
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(0.25 μm thick) was then electrodeposited following the Ag and the Ag were etched away
in 8 M HNO3, leaving the Au catalyst particles within the template.

(a)

(b)

Figure 2-4: Si nanowires synthesized by VLS growth. (a) SEM image of Si nanowires
grown out of an AAO template. (b) TEM image of a Si nanowire.32 [after Lew et al.]
The Si nanowire growth was carried out in a hot-wall chemical vapor deposition
(CVD) reactor using a mixture of SiH4 in H2 at 500oC, with a total pressure of 13 Torr
and a SiH4 partial pressure of 0.65 Torr. Growth was initiated from the Au catalyst
particles within the membrane pores, and the Si nanowires continued to grow outside the
membrane, with a typical growth rate of ~1 μm/minute. The portions of the Si nanowires
outside the membrane were released into IPA by sonication, allowing Si nanowires of
lengths ranging from 5 μm to 20 μm to be available in suspension.
Figure 2-4(a) shows a scanning electron microscope (SEM) image of the Si
nanowires protruding from the AAO template following growth. The average diameter
of the nanowires was 200 ± 54 nm, which was close to the pore size distribution of the
membranes.32 Transmission electron microscopy (TEM) was used to study the structural
properties of the Si nanowires. Individual Si nanowires were dropped onto lacey carbon
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grids for imaging using a JEOL 2010F high-resolution field emission TEM (HR-FETEM)
operating at 200 kV. The majority of the Si nanowires were found to be single crystal
with a <100> growth direction (Figure 2-4(b)), and having a thin (~ 3 nm) native oxide
coating.32 A smaller fraction were bicrystals with a [112] growth axis that contained a
twin boundary separating two parallel nanowire segments. 36 This technique can be
extended to the synthesis of smaller diameter nanowires using AAO templates with pore
sizes in the range of 10–100 nm.
The Rh nanowires and Au nanowires were electrodeposited into the pores of the
AAO templates using Rhodium S-Less electroplating solution for Rh, and Orotemp for
Au (both from Technic Inc.). The evaporated Ag was used as the working electrode
(described above) and a Pt wire immersed in the electroplating solution was used as the
counterelectrode. A constant electrodeposition current of 1.65 mA yielded growth rates
of 0.8 μm/hour for Rh and 2.5 μm/hour for Au for a 200 nm diameter template. Ag was
removed from the membrane using 7.5M HNO3, and the nanowires were released by
selectively dissolving the template in 3.0 M NaOH with sonication. The nanowires were
rinsed in ethanol and transferred into IPA for on-chip assembly.
Figure 2-5 shows field emission scanning electron microscope (FE-SEM) images
of Rh and Au nanowires with lengths of ~11 and 10 μm, grown from AAO template with
a nominal diameter of 200 nm. Since the metal nanowires were grown inside of the AAO
membrane, the pores of the membrane determined the shapes of nanowires and
contributed to the imperfections observed in the nanowires used in this thesis research.
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Figure 2-5: Metal nanowires synthesized by templated electrodeposition. (a) FE-SEM of
~ 11 µm long Rh nanowires shows the imperfections that included broken, branched and
non-uniform diameter nanowires. (b) FE-SEM of ~ 10 µm long Au nanowires shows
significant bending of a nanowire. Scale bar is 2 µm for both images. Both samples were
grown using an AAO template with a nominal diameter of 200 nm.
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Due to the braches and the tapered features of the pores, some of the metal
nanowires had branches or non-uniform diameter along their length (Figure 2-5(a)).
Some of the soft nanowires such as Au also became bent (Figure 2-5(b)) during the
release process. Significant bending was not observed for the stiffer Rh nanowire
samples. A smaller number of short broken nanowire segments were also observed as
shown in Figure 2-5(a).
Notably, the VLS-grown Si nanowires (Figure 2-4 (a)) are straighter and more
uniform in diameter than the electrodeposited metal nanowires. The Si nanowires that
were released into suspension are nanowire sections that were grown outside of the AAO
membrane and along a specific crystallographic direction. This section of the Si
nanowire is therefore not affected by the shape of the AAO membrane.
The metal nanowires with the diameter used here are opaque in TEM, and thus
their crystal structure can not be determined directly. Based on reported HRTEM
studies 37 of Rh and Au nanowires that are ~ 40 nm in diameter, both Rh and Au
nanowires are expected to be polycrystalline. The grain size is as small as 3-5 nm for Rh,
and is roughly the diameter of the nanowire (~40 nm) for Au. This is significantly
different from the single crystal structure of Si nanowires. Such structural differences
can affect the analysis of the resonance performance of metal nanowire resonators, and
will be discussed in Chapters 4.
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2.1.1.2 Nanowire Assembly and Resonator Integration
As shown in Figure 2-1, the hybrid bottom-up and top-down nanowire resonator
integration approach contains three main steps: nanowire assembly, patterning the clamp
windows, and electrodepositing the metal clamp. This section provides details of the
mask layout design and fabrication process used in the nanowire resonator integration.
The detailed process flow is given in Appendix A.
A three-level mask-set shown in Figure 2-6 was designed for the integration of
nanowire resonator arrays. The first level (electrode level) was used to pattern the
interdigitated metal guiding electrodes that produced the spatially-confined electric fields
for nanowire assembly. These electrodes also served as the seed layer during the metal
electrodeposition step. The second level (well level) was used to pattern the wells in the
spin-coated sacrificial photoresist layer. The wells were used to deterministically
position single nanowires on the chip. The third level (clamp level) was used to pattern
the clamp windows. As shown in Figure 2-6(c), these features were aligned relative to
one end of each well so the single nanowires assembled in the wells would be attached to
the chip surface by the electrodeposited metal clamp. The windows were designed with
dimensions large enough to provide the required alignment overlay tolerance, but small
enough to prevent misaligned nanowires from being attached to the surface. Therefore,
the misaligned nanowires could be removed from the chip when the sacrificial photoresist
layer was dissolved. Large-area bonding pads were also included to electrically contact
individual nanowire resonators for the electrostatic drive. The mask had 24 (4 × 6)
identical die (Figure 2-6(a)) that were patterned simultaneously on a 3” wafer.
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Figure 2-6: The three-level mask layout for nanowire resonator array integration. (a) One
die with dimension of 6 mm × 10 mm. (b) More detailed image showing all three levels.
(c) One site showing the dimensions of the electrode gap, well, and clamp window.
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The electrode level was designed with 45 μm wide interdigitated electrodes (3
mm long) that were spaced by 5 µm. Use of interdigitated electrodes enabled the parallel
assembly of nanowires and electrodeposition of metal clamps over centimeter-scale chip
areas. The 45 µm wide electrodes minimized the interaction of nanowires aligned in
adjacent columns in the array, and also provided enough area for patterning the clamp
windows. The 5 µm spacing – or gap – between pairs of electrodes allowed assembly of
7 – 10 µm long nanowires.
The fabrication process began by defining the interdigitated electrodes (20 nm Ti
and 80 nm Au) on a Si wafer coated with 1 μm thick layer of SiO2, using a double-layer
photoresist (PMGI SF-6 and Shipley 1805) liftoff process (see Appendix B) and the
electrode level mask (blue in Figure 2-6(b)). Following the metal liftoff, the wafer was
coated with a sacrificial layer of Polymethylglutarimide (PMGI SF-11, 1 µm thick)
photoresist at a spinning speed of 4000 rpm for 40 seconds and then baked on a hotplate
at 200 ºC for 5 minutes to remove the solvent.
The well pattern (red in Figure 2-6(b)) was transferred into the PMGI photoresist;
these wells define the final positions of the assembled nanowires on the chip. This was
achieved using the following process. First, a second layer of Shipley 1811 photoresist
was coated on top of the PMGI photoresist at a spinning speed of 4000 rpm for 40
seconds, and the sample was baked on a hotplate at 100 ºC for 1 minute. A Karl Suss
MJB-3 contact aligner was used to pattern the wells in the second photoresist layer using
the well level mask. The Shipley 1811 photoresist was exposed for 0.7 minute with a
lamp intensity of 3.0 mW/cm2 and was then developed in a 351 developer (diluted with
DI water 5 times) for 45 seconds. This well pattern was transferred into the PMGI
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photoresist by using the Shipley resist as a mask during a deep-UV exposure process
(PR-100 UV zoon oven) for 150 seconds and a photoresist development process (40
seconds in 101 developer). Removal of the Shipley resist in Acetone left wells patterned
in the PMGI SF-11 resist layer with a depth of ~ 500 nm. The individual wells were
2 µm wide and 11 µm long, and were centered symmetrically across the gap between the
pairs of interdigitated electrodes (Figure 2-6(b)). As shown in Chapter 5, it was possible
to optimize the nanowire assembly conditions to give nanowire arrays with nearly
uniform pitch along the length of the electrodes, and with a minimum spacing of ~ 4 µm
between adjacent nanowires. Therefore, the 2 μm width of the wells resulted in the
assembly of single nanowires in each individual well.
The PMGI photoresist was chosen in this process for several reasons. First, the
PMGI served as both an insulating layer for the large-scale parallel nanowire assembly
and as a sacrificial layer that determined the final suspended height of the nanowire
resonator from the chip surface. Second, the electric-field assisted nanowire assembly
was typically conducted using nanowires suspended in IPA, which gave higher nanowire
alignment yields than other solvents, e.g., DI water. IPA dissolves Novalac-based
photoresists such as Shipley 1811, but it does not dissolve the PMGI photoresist. This
made it possible to achieve high yield nanowire alignment over large chip areas. The
results described in Section 2.2 of this chapter also show that the PMGI photoresist
removal process is compatible with nanowires that are chemically-functionalized with
organic probe molecules (e.g., PNA), which is necessary to achieve the long-term goal of
using this hybrid integration method to fabricate multiple-target biosensor arrays.
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The electric-field assisted assembly 38 of the nanowires was performed on a probe
station equipped with a microscope for observing the nanowire assembly process and
with a function generator for applying the AC voltage. For the electrode patterns
described above, an AC voltage with ~7 VRMS at a frequency of ~10 KHz was applied
between the interdigitated electrodes. A drop of diluted nanowire suspension (8 μL for a
chip with an area of 10 mm × 8 mm) was dispersed in a partially sealed cell formed
between the PMGI photoresist and a cover slip. The nanowire concentration was
adjusted to prevent the formation of nanowire chains at high concentrations, or low
nanowire assembly yield at low concentrations (discussed in Chapter 5). The AC electric
field produced a spatially-confined electric field gradient in the nanowire suspension,
which attracted and oriented the nanowires to align with the field gradient. As discussed
in Chapter 5, the long-range dielectrophoretic force induced on the nanowires by the field
gradient coupled with short range capacitive forces present when the aligned nanowires
bridged the interdigitated electrodes result in the parallel assembly of nearly evenly
spaced nanowires.
During nanowire assembly, the PMGI photoresist served as an insulating layer to
prevent electrical shorting of the electrodes by the conducting nanowires (e.g., metal,
doped semiconductor). The wells patterned in the PMGI photoresist played two roles
during the nanowire alignment. First, the wells provided preferential assembly of single
nanowires in the wells as compared to the un-patterned regions between the wells.
Second, the nanowires aligned in the wells that were deeper than the nanowire diameter
were retained there due to capillary forces introduced when the IPA evaporated.
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Following nanowire assembly, the wafer was coated with second layer of Shipley
1811 photoresist. The exposure conditions described previously were used to define
metal clamp windows at one end of each well using the clamp level mask (black layer in
Figure 2-6(b)). This metal clamp pattern was then transferred to the PMGI photoresist by
using the Shipley resist as a mask during a deep-UV exposure process (PR-100 UV zoon
oven) for 400 seconds and a photoresist development process (40 seconds in 101
developer). This left the nanowire tips and the underlying assembly electrode exposed
(Figure 2-1(c)).
The design of the clamp window is very important to achieve a high yield for the
resonator integration. As shown in Figure 2-6(b) and (c), the 5 µm wide clamp windows
were large enough to cover the width of the wells accounting for alignment overlay
tolerance in the contact photolithography process, but small enough to prevent misaligned
nanowires from being attached to the chip surface during metal clamp electrodeposition.
This design enabled the liftoff of the misaligned nanowires during the photoresist
removal process. The current clamp level mask had patterns only at one end of the well
to fabricate cantilevered (fixed-free) nanowire resonators. This can be easily modified by
patterning windows at both ends of the well for doubly-clamped resonator integration.
After patterning the clamp window, an oxygen descum process (25 W for 1
minute) was used to remove residual photoresist at the base of the clamp window
opening. The Au metal clamp (~2 μm thick) was grown from the exposed electrode by
electrodepositing (TG-25 RTU Au plating solution, from Technic Inc.) in the clamp
window using the assembly electrode as the working electrode. During the
electrodeposition, the plating solution was maintained at a temperature of ~50 oC with
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stirring; a pulsed current of Ipeak = 1 mA at a duty cycle of 0.6/0.3 ms was used to achieve
a deposition rate of ~0.1 μm/minute. The wafer was soaked in Microposit Remover 1165
at 55oC for 2 hours to dissolve both the PMGI and Shipley photoresists, transferred to DI
water, and then transferred to ethanol for critical point drying (CPD). This prevented the
suspended nanowires from adhering to the chip surface. At the end of the process, one
end of the nanowire was clamped with Au and the other end was suspended over top of
the assembly electrode, which resulted in a cantilevered resonator structure (Figure 21(d)).
During the photoresist removal process, the nanowires misaligned between the
wells were lifted off. This new feature in the nanowire assembly process is important for
achieving high-yield nanowire based device integration. As shown in the next section,
integration yields as high as ~80% were demonstrated.

2.1.2 Nanowire Resonator Integration Results and Discussion
This section presents the experimental results following each step during the
nanowire resonator array assembly and integration process. It also discusses several
important features of the fabricated semiconductor and metal nanowire resonators,
including the integration yield and defect density, the nearly vertical sidewall
electrodeposited metal clamp, the distortion-free nanowire resonator geometry, and the
separation between the nanowire and the chip surface.
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Figure 2-7: Experimental result after nanowire assembly and clamp window patterning.
(a) Dark-field optical image of the assembled Rh nanowires in patterned wells. (b)
Image of the patterned clamp windows after nanowire assembly. Both images show that
nanowires were preferentially aligned in the wells. As marked by arrows, assembly
defects included empty wells, multiple nanowires in one well and aligned nanowires
between wells. Scale bar is 25 µm for both images.

32
Figure 2-7(a) and (b) show dark-field optical microscope images of the assembled
300 nm diameter and 10 μm long Rh nanowires before and after pattering the metal
clamp windows at one end of each well. The images correspond to the steps shown in
Figure 2-1(b) and (c) and illustrate the results of the nanowire assembly and patterning
processes. As shown by the arrows, most wells contained single nanowires. This was
achieved by optimizing the well dimensions (width, length, and depth), the concentration
of nanowires in suspension, and the assembly conditions (AC voltage and frequency). As
discussed previously, the nanowires that were aligned across the guiding interdigitated
electrodes formed uniformly space arrays with a minimum spacing of ~ 4 μm between
adjacent nanowires (See Chapter 5 for more details). Therefore, single nanowires were
assembled into ~80% of the 2 μm wide wells.
The three types of defects that occurred most frequently during nanowire
assembly included missing nanowires, multiple nanowires, and end-to-end chained
nanowires. All three of these defects are shown in FE-SEM image of Figure 2-8(a). The
first type of defect – missing nanowires – occurred for two reasons: (1) empty wells that
were missing nanowires following assembly, and (2) wells filled with nanowires that
were not attached to the chip during clamp electrodeposition. In the first case, the
number of empty wells was minimized by optimizing the concentration of nanowires in
suspension as well as the assembly conditions. These empty wells accounted for
approximately half of all of the defects that were observed. Experience suggests that this
defect density could be reduced with improvements in the nanowire delivery method.
The second case was observed for samples with significant polydispersity in nanowire
length. Specifically, short nanowires that were centered across the gap between
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interdigitated electrodes were not always clamped using this mask design. This type of
defect did not occur frequently for the template-grown metal nanowires that have < 8%
polydispersity in length, 39 but was more common for the Si nanowires that were removed
from the VLS growth substrate by sonication.
The multiple nanowire defects were generally aggregates that formed during the
off-chip synthesis or during on-chip delivery, rather than multiple single nanowires that
were assembled into the wells as shown in Figure 2-7(b). This is related to the off-chip
nanowire synthesis process and will not be discussed here. In this design, the patterned
well was 2 μm wide, which prevented multiple nanowires from entering the wells.
However, as shown in Figure 2-7, additional nanowires were also attracted and aligned
on top of the un-patterned regions of the PMGI photoresist. In most cases, the 5 μm wide
clamp windows were large enough for the electrodeposited metal to attach the aligned
nanowires to the chip, but small enough to leave the majority of the misaligned
nanowires unclamped. The unclamped misaligned nanowires could then be lifted off
during the photoresist removal step, which reduced the overall device integration defect
density. Figure 2-8 gives an example of one aligned and one misaligned nanowire that
both were attached to the chip by the same electrodeposited metal clamp. This accounted
for a much smaller fraction of the multiple nanowire defects than the aggregated
nanowires. Reducing the alignment overlay error and decreasing the clamp window
width would be effective at preventing such defects in future designs.
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Figure 2-8: Integrated nanowire resonators and the types of defects. (a) FE-SEM image
of Rh nanowire resonator array that shows high yield of single nanowire resonators and
several different types of defects, which are marked by arrows, circles, and rectangles.
Scale bar is 25 μm. (b) Schematic shows the end-to-end nanowire chain caused by
mutual dielectrophoresis. (c) FE-SEM image of a nanowire chain after resonator
fabrication. Scale bar is 3 μm.
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The third type of defect was nanowire chains that formed because of mutual
dielectrophoresis 40 resulting from the locally high field gradient present at the tips of the
aligned nanowires. This provided a second strong but highly localized dielectrophoretic
force that could attract and align only those additional nanowires that came in close
proximity to the aligned nanowire. The high field gradient at the tips resulted in end-toend chains, as shown in Figure 2-8(b). The FE-SEM in Figure 2-8(c) shows an example
of an end-to-end nanowire chain after the resonator integration process. Such defects
would affect the resonant response of the nanowire devices and were not measured in this
thesis research.
Figure 2-9 shows high-magnification FE-SEM images of single Si, Rh and Au
nanowire resonators. These images show that the electrodeposited metal fully surrounds
one end of the nanowire to form a clamp with nearly vertical sidewalls that secures the
nanowire to the Si chip. This differs significantly from previous nanowire 41 and
nanotube 42 resonators that used a thin evaporated top metal as a mechanical anchor, and
selective wet etching of the underlying SiO2 layer that undercuts the anchor while
releasing the structure. For such devices, the thin evaporated metal film only covered the
top section of the nanowire. The partial coverage of the metal and the undercut of the
clamp are expected to lower the Q-factor and mechanical stiffness. 43
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Figure 2-9: FE-SEM images of single nanowire resonators. (a) Si nanowire resonator.
(b) Rh nanowire resonator. (c) Au nanowire resonator. Scale bars are 2 µm, 1 µm and 1
µm, respectively.
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The dimensions of the resonators fabricated by this integration approach were
determined by the off-chip nanowire synthesis, nanowire assembly, and post assembly
integration process. As discussed previously, the nanowire diameters were determined
by AAO pore sizes and the lengths by the growth conditions and time. During the
electric-field assisted assembly process, the nanowires were aligned symmetrically across
the electrodes if the nanowires were longer than the gap between the interdigitated
electrodes. Therefore, the nanowire length and the location of the metal clamp window
determined the suspended length of the resonator. The device-to-device variations in
resonator dimensions were due primarily to the differences in the diameters and lengths
of the as-grown nanowires. For example, the length of the Si nanowires was not uniform
because sonication was used to release nanowires after synthesis. Future work on
improving the nanowire quality will help to better control the resonator dimensions,
which is important for the manufacture and large scale integration of resonator arrays
using nanowires.
The suspended height of the nanowire resonator from the surface of the Si chip
was controlled by the thickness of the PMGI photoresist, which could be adjusted
between tens of nanometers to a few microns by choosing different PMGI viscosities
(SF-2, -3, -5, -6, -9, -11 and -15 are available from MicroChem), changing the spinning
speed, and the patterning conditions used for the PMGI wells. Varying the separation
between the nanowire and the chip surface will allow many future studies, such as the
optical interaction of the laser used to measure the resonance properties of the device
with the nanowire and chip. In the samples shown in Figure 2-9, a PMGI SF-6
photoresist was used to produce nanowire resonators with a suspended height of 300 nm.
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The FE-SEM images show that the cantilevered nanowires are straight and
parallel to the chip surface, both for semiconductor and for metal nanowires. Such
distortion-free metal nanostructures have been difficult to fabricate from sputtered or
evaporated metal thin films 44 due to the stress evolution during the top-down fabrication
process. The residual stress can either deform the cantilevered resonators or leave tensile
stress in doubly-clamped resonators. This was eliminated by using nanowires
synthesized off-chip. The use of undistorted nanowire simplifies the evaluation of the
mechanical properties (e.g., Young’s modulus) from their resonance properties as
discussed in Chapter 4.
This integration scheme can be used to fabricate nanowire resonators on a chip
with CMOS circuit. 45 Therefore, it will enable direct electrical connection between the
nanowire resonators and the CMOS circuits used to address individual nanowire devices
and process the response of the devices on-chip in the future.

2.2 Compatibility of Integration Process to Biomolecule-coated Nanowires
As discussed in Chapter 1, nanomechanical resonators can provide ultrasensitive
mass detection for biological applications. 46 Integrating many different probe molecules
on the resonators in a single chip allows multiple-target detection, which may have
applications in early diagnosis of diseases such as cancers. In addition to allowing a
wider range of materials, nanowire resonators also allow optimal coating of probe
molecules on the nanowire surface prior the resonator fabrication. This will enable the
integration of nanowire resonator arrays for multiple-target sensing.
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This section discusses the effects of the post-assembly process conditions used in
the hybrid resonator integration process, including solvent exposure and bake
temperature, on the ability of the probe – or antisense-oligonucleotide (ASO) – molecules
to maintain binding selectivity to complementary targets. Initial experiments were
conducted using PNA spotted on Codelink slides to determine post-processing conditions
that had minimal impact on target biomolecule binding selectivity. These conditions
were used to fabricate PNA-coated Rh nanowire resonators following the hybrid
integration scheme presented in this chapter.

2.2.1 Effects of Different Solvents and Temperature
Initial experiments were performed to test the effects of the photoresist coating,
solvent rinsing, and temperatures used in the post-assembly processing on the binding
selectivity of the probe molecules. Different PNA ASOs were first synthesized in
Professor Clawson’s laboratory at Hershey Medical Center with a NH2-C12 spacer at the
5’-end, and then they were spotted and coupled to Codelink glass slides using an array
spotter and standard amine coupling chemistry.35 As shown in Figure 2-10(a), each glass
slide contained rows of 12 identical spots of ASOs, which are given in the left column of
the figure. HPV16-1 is an irrelevant ASO that was used as a control. ASOs 735 and 683
were designed to hybridize target RNA with different fluorescent dyes. PM indicates a
perfect match to the base sequence of the target RNA for the ASO; 1MM refers a single
mismatch; 2 MM to two mismatches; 4 MM to 4 mismatches.
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(a)

(b)
RNA target
fluorescent
(red)

HPV16-1
ASO 735 (PM)
ASO 735 (1MM)
ASO 735 (2MM)
ASO 735 (2MM)
ASO 735 (4MM)
ASO 683 (PM)
ASO 683 (1MM)
ASO 683 (2MM)
ASO 683 (2MM)
ASO 683 (4MM)

with
dye

ASO
glass

(c)

HPV16-1
ASO 735 (PM)
ASO 735 (1MM)
ASO 735 (2MM)
ASO 735 (2MM)
ASO 735 (4MM)
ASO 683 (PM)
ASO 683 (1MM)
ASO 683 (2MM)
ASO 683 (2MM)
ASO 683 (4MM)

Control slide

Microposit Remover 1165,
55 °C for 10 minutes

Acetone, 25 C for
20 minutes, IPA rinse

Microposit Remover 1165,
100 °C for 5 minutes

Figure 2-10: Hybridization specificity to test the effects of photoresist, different solvents,
and temperature on the binding selectivity of ASOs. (a) Schematic of ASO spotted glass
slide. (b) Hybridization scheme for the target RNA with red fluorescent dye. (c)
Fluorescent images of experimental data from hybridization between spotted ASOs to
specific RNA target with matching bases to ASO 683 only. Except for the control slide,
the remaining three slides were coated with the photoresist Shipley 1805, baked at 100 °C
for 1 minute, and rinsed using the protocols given below the images.
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Four glass slides were spotted with the probe ASOs. One slide was used as the
control sample, and the remaining three slides were coated with the Shipley 1805
photoresist, and then baked at 100 ºC for 1 minute. Shipley 1805 photoresist and the
following baking conditions were chosen to simulate the fabrication process used to
pattern the clamp windows as shown in Figure 2-1(c). The photoresist was removed
using various protocols prior to target hybridization. These included a combination rinse
with acetone and IPA for 20 minutes at room temperature, or a treatment with Microposit
Remover 1165 (strong organic solvent composed of 1-methyl-2-pyrolodone) for either 10
minutes at 55 ºC or for 5 minutes at 100 ºC. Acetone and Microposit Remover 1165 are
organic solvents that removed the Shipley and PMGI photoresists to release the nanowire
resonators as shown Figure 2-1(d).
The spotted arrays were then hybridized to the RNA target with red fluorescent
dye, as shown in Figure 2-10(b). The RNA target had complementary bases that only
match the ASO_683. As is evident from the control slide (Figure 2-10(c)), no
hybridization was observed with the irrelevant ASO (HPV16-1) spotted onto the array, or
with the spotted ASO_735. The row containing spotted ASO_683 shows strong
hybridization, whereas no hybridization was observed with the ASO_683 containing one
or more mismatches. The data collected from the three sample slides (shown in Figure 210(c)) that were subjected to post-processing conditions also showed the specific
hybridization with ASO_683. This indicates that the photoresist coating and baking
temperatures used here, and various protocols for removal of the photoresist have little or
no effect on the hybridization to the spotted ASO_683 row.
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2.2.2 Integration of PNA-coated Nanowire Resonator Arrays
The experiments that used the spotted ASO glass slides verified that the postnanowire-assembly lithography process used to define and open the clamp windows had
minimal effect on the probe ASOs, which was a necessary condition for fabricating
probe-coated nanowire resonator arrays. T. J. Morrow from the Keating group
contributed to this work by chemically-functionalizing the Rh nanowires with PNA
ASOs off-chip. The Rh nanowires with a diameter of ~300 nm and a length of ~10 μm
were grown for this study, as described in section 2.1.1. After nanowire synthesis and
release, a layer of silica was coated onto the nanowires using a previously reported SolGel method,35 resulting in a ~15 nm layer of silica surrounding the nanowires.
The covalent attachment of the single stranded PNA probe sequences (noted as P1
and P2) to the silica coating followed a previous report, which is summarized in J. A.
Sioss’ Thesis.35 PNA was used for this study because it is a charge neutral molecule and
can be easily separated in ethanol. First, 100 μL of 3-aminopropyltrimethoxy silane
(APTMS) was added to the silica-coated nanowires, and brought to a total volume of 1
ml with ethanol, and then vortexed for 30 minutes. The nanowires were rinsed with
ethanol and the 10 mM N-Cyclohexyl-2-aminoethanesulfonic acid (CHES) buffer. A
solution of 1 mg of Sulfosuccinimidyl 4-[N-maleimidomethyl]-cyclohexane-1carboxylate (Sulfo-SMCC), and 400 μL of the CHES buffer was added to the nanowires
and vortexed for 1 hour. The wires were rinsed with the CHES buffer, then with the
Phosphate buffer saline (PBS). The nanowires were re-suspended in PBS and split into
two 100 μL aliquots. The two aliquots were functionalized with 100 μL of 20 μM PNA
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P1 or P2 and vortexed for 24 hours. To prepare for alignment, the nanowires were rinsed
three times with PBS, then three times with ethanol. Two different probe PNA labeled
P1 and P2 were used to conduct the hybridization of the PNA with target DNA.
After coating the nanowires with PNA, the Rh nanowires from two aliquots were
integrated into resonator arrays on two samples using the process described in section
2.1.2. In the photoresist removal step, the samples were soaked in Microposit Remover
1165 at 55 ºC for 2 minutes (instead of 2 hours), rinsed with DI water and ethanol, and
dried directly from ethanol (instead of using a critical point dryer). The shorter time was
used to minimize the contact of the Microposit Remover 1165 with the PNA probe
molecules. After the nanowire resonators were integrated onto the silicon wafer, these
two samples were hybridized to target DNA tagged with green fluorescent dye
(complementary to P1, not to P2) in PBS to confirm that the binding selective of the
probe PNA was maintained throughout the on-chip nanowire assembly and postnanowire-assembly process. Hybridization occurred at room temperature for ~15 hours
and then the samples were rinsed by adding excess PBS buffer ~50 mL.

44
Reflective

Fluorescence

complementary

Non complementary

Figure 2-11: Integration of PNA-coated Rh nanowire resonator arrays. The left and right
columns show the reflective and fluorescent images of the resonators after the hybridization
with complementary (top two images) and non complementary (bottom two images)
targets.
Both reflective and fluorescent images were taken after the hybridization, as
shown in Figure 2-11. The reflective images show arrays of PNA-coated Rh nanowire
resonators. Importantly, the strong fluorescent signal is only observed on the
complementary PNA samples, which indicates that the probe PNA retained its binding
selectivity to complementary DNA target. This is an important step towards developing
the multiple-target nanowire resonator arrays for biosensing applications. In addition, the
Si nanowires grown by using the VLS technique that have better resonance performance
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have a very thin (~3nm) layer of native oxide that can be used for attaching biomolecules.
Therefore, the same binding chemistry can be used to coat Si nanowires with probe
molecules in the future.

2.3 Conclusion
This chapter discussed the hybrid integration approach that was developed in this
thesis research to fabricate nanoresonator arrays using nanowires synthesized and
chemically-functionalized with PNA probe molecules off-chip. This new integration
approach combined three mechanisms - electric-field forces, capillary forces, and
nanowire lift-off - to achive assembly yields of ~80% for arrays containing over 2000
single Rh nanowires resonators. Resonators were also fabricated from Si and Au
nanowires to demonstrate the versatility of the technique and illustrate the features of the
suspended nanowires with different crystallinity, stiffness, and density.
The compatibility of this integration approach with probe-coated nanowires was
investigated the binding selectivity of fluorescently labeled complementary and
noncomplementary target RNA or DNA biomolecules. First, the effects from various
fabrication processes (e.g., photoresist coating, and removal) were studied using spotted
ASO Codelink slides. Results from this study showed that the ASO can specifically
hybridize with complementary target RNA, with little binding observed for the
noncomplementary controls, indicating that the photoresist coating and removal
processes have little effect on the probe molcules. Probe-coated Rh nanowires were then
prepared and used to fabricate resonator arrays. After resonator integration, the selective
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hybridization between the PNA coated on nanowire surfaces and complementary target
DNA indicated that the nanowire resonator integration process was compatible with
nanowires chemically-functionalized off-chip. This advance in nanowire integration,
together with the high performance of the resonators discussed in Chapters 3 and 4, is a
first step toward multiple-target biological sensing applications using nanowires
synthesized and chemically-functionalized off-chip.
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Chapter 3
NANOWIRE RESONATOR MEASUREMENT SETUP
Nanoelectromechanical systems (NEMS) resonators are suspended beams that are
being used in many scientific and technological applications. For example, as discussed
in Chapter 1, nanowire resonators can be used for mass sensitive detection of
biomolecule binding. In such an application, the biomolecule binding event adds a small
amount of mass on the resonator surface, which causes a shift in the resonance frequency
of the resonator. The resonance frequency of a mechanical resonator is normally
characterized and evaluated from the resonance spectrum that is collected by driving the
resonator with the frequency sweeping across the resonance frequency and detecting the
maximum bending of the resonator. In the application of mass sensor, a resonator with
small mass, high resonance frequency and high quality (Q-) factor is preferred for higher
mass sensitivity and smaller detectable mass. 47
This chapter describes the measurement setup and the two different actuation
methods used to characterize the nanowire resonators as a function of ambient pressure.
The first actuation method used a piezo disk to drive the entire chip, while the second
method used electrostatic actuation to drive several nanowire resonators in parallel.
Optical detection was used to observe the displacement of the resonating nanowires in the
frequency domain. Section 3.1 provides an overview of the measurement setup, two
actuation methods, the detection method, the measurement procedure, and the resonance
spectra from a Si nanowire resonator.
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In section 3.2, the two actuation methods that were used to drive same Si or Rh
nanowire resonators are compared. Nearly identical resonance curves were obtained for
the same Si or Rh nanowire resonator measured using piezo and electrostatic actuation
methods in high vacuum where resonators have high Q-factors (~5100 for Si, and ~1400
for Rh). However, at 1 atmosphere where the Q values are low (~16 for Si, and ~220 for
Rh) and a large frequency span is required for the measurement, the resonance spectra
obtained from the two driving methods differed significantly from each other, both in
their Q-factor value and in the shape of the spectrum. The resonance spectra collected
from the same resonators using the piezo disk drive have many side peaks for both types
of nanowires. Possible reasons to explain the differences in the measured spectra at 1
atmosphere are discussed. The dependence of the resonance amplitude on the driving
voltage for both actuation methods was also studied in high vacuum using Si nanowire.
In the voltage range (5 – 100 mV for piezo disk actuation and 0.5 – 4 mV for electrostatic
actuation) applied in this thesis, the resonator can be described as linear oscillators and
the resonance amplitude was proportional to the driving voltage.

3.1 Measurement System
In general, a resonant measurement scheme involves driving the resonator with
oscillatory signal that is swept over a suitable frequency range and detecting the
resonance spectrum, with the resonance frequency corresponding to the frequency of
maximum resonator displacement. The small critical dimension of nanoresonators (e.g.,
width of top-down resonator or diameter of nanowire resonator) and the small

51
displacement make the detection of resonance challenging. For example, the capacitive
detection method that is widely used in microelectromechanical systems (MEMS) 48 is
difficult to extend to nanoresonators due to that small capacitance change. In the last few
years, several actuation and detection methods have been successfully developed for
nanoscale resonators; these were reviewed in a recent publication. 49
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Figure 3-1: Schematic diagram of the measurement setup used in this thesis to measure
the resonance of nanowire resonators.
Figure 3-1 shows the schematic diagram of the measurement setup used in this
thesis to measure the resonance of cantilevered nanowire resonators from high vacuum to
1 atmosphere pressure. The main components in this setup included the resonator
actuation system that used either a piezo disk to drive the entire chip or electrostatic
actuation to drive each nanowire resonator independently, the laser system for the optical
detection of the displacement of nanowire resonators, the vacuum system that enabled the
resonators to be operated from high vacuum (10-7 torr) to 1 atmosphere pressure, and the
signal detection system that was equipped with an AC-coupled photodetector and a
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spectrum analyzer. Piezo disk actuation was used for the majority of the resonators
characterized in this thesis. As an alternative method, electrostatic actuation was used to
characterize 4 Si and 4 Rh nanowire resonators operated in high vacuum or 1 atmosphere
to investigate differences in the resonant spectra of the same nanowire driven by different
actuation techniques.
To conduct the resonance measurements, the nanowire resonator chip was
mounted on a piezo disk and placed into the high vacuum chamber with the chip facing
down (See Section 3.1.4) after the nanowire resonator fabrication (discussed in Chapter
2). The vacuum chamber was secured on an inverted optical microscope that was used to
focus a He-Ne laser (λ=633nm) onto the free end of the cantilevered nanowire resonator
through a 50× objective. The light reflected off the nanowire surface and chip substrate
generated the interference signal (See Section 3.1.3) and was guided back through the
microscope objective. A beam splitter was used to direct the reflected light to an ACcoupled photodetector, which filtered the DC background from the AC signal. An RF
spectrum analyzer with a tracking generator output was used to supply the AC voltage
and to measure the signal from the photodetector. The amplitude of the interference
signal varied with displacement amplitude –the frequency corresponding to the peak
amplitude is the damped resonance frequency. The pressure of the measurement
chamber was controlled by a turbo pump placed in series with a dry backing pump, which
allowed the chamber pressure to be controlled from 2×10-7 torr to 1 atmosphere by
pumping out or feeding in nitrogen.
The following sections discuss the actuation methods, detection method, and
experimental procedures for the resonance measurement.
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3.1.1 Piezo Disk Actuation
In this actuation method, a commercially available piezo disk that was driven by
an AC voltage was used to induce oscillations of the resonators. Many research
groups 50,51,52 have successfully used this actuation method to characterize NEMS
resonators.

(a)

(b)
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Figure 3-2: Piezo disk actuation. (a) Schematic of actuation (not drawn to scale). (b)
Three chips are mounted on the disk, which is assembled on a flange using metal screws
and Cu pillars. Two electric feedthroughs on the flange can be used to apply the AC
voltage; one was used for the piezo disk actuation and the other for electrostatic
actuation.
In this thesis, piezo disks were extracted from Radio Shack 273-059 buzzers to
drive the Si, Rh and Au nanowire resonators with resonance frequencies ranging from 1
MHz to 20 MHz. The piezo disk contained 3 layers: a brass substrate, a piezoelectric
film, and an aluminum (Al) contact. This stack is shown in Figure 3-2(a). The diameter
of each of the layers in the stack were ~1 inch for the brass substrate, ~0.8 inch for the
piezoelectric film, and ~0.7 inch for the Al contact. The thicknesses of each layer were
not available from the vendor and were estimated to be 300, 40, and 10 µm, respectively.
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These estimates were made by measuring the brass and total thickness and estimating the
thickness of the evaporated Al to obtain the piezo thickness.
The assembly of the piezo disk on a ConFlat (CF) flange with electric
feedthrough for AC voltage connection is shown in Figure 3-2(b). The brass substrate of
the piezo disk was grounded by mounting it on the CF flange through Cu pillars and a Cu
block. The red wire shown in Figure 3-2(b) connected one of the two electrical
feedthroughs to the Al contact on the piezo disk (facing the CF flange) and was used to
deliver the AC signal to the piezo disk. To prevent electrical shorting of the piezo disk
contacts, care was taken to ensure that the metal screws and the solder did not connect the
brass substrate and the Al contact. During the measurement, the AC voltage induced the
vibration of the piezo disk, which drove all of the resonators on the chip. The AC voltage
was swept over a range of frequencies that was centered around the resonance frequency
of the nanowire resonator being measured.
The equivalent circuit model 53 marked by the blue dash box in Figure 3-3(a) can
be used to model the frequency response of the piezo disk. In this circuit, Cp represents
the capacitance between the brass substrate and the Al contact and L, C, and R represent
the vibrational characteristics of the piezo disk. L results from the mass of the material, C
from the compliance, and R from the losses of which the greatest contributor is frictional
losses.53 Instead of calculating or measuring each circuit element of the piezo disk, the
frequency response (from 3 to 25 MHz) of the piezo disk was simply measured by the
circuit shown in Figure 3-3(a). Here the piezo disk was connected with a 50 Ω resistor in
series, and the voltage across the resistor was measured as the circuit was driven by the
spectrum analyzer. As expected, the impedance of the piezo disk decreased at higher
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frequencies, resulting in larger voltage drop measured across the 50 Ω resistor in the
frequency sweeping measurement, as shown in Figure 3-3(b). Moreover, the spectrum
shows that the piezo disk has several resonance modes in this frequency range, with the
most pronounced resonance occurring in the 12 to 14 MHz range.
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Figure 3-3: Frequency response of the piezo disk. (a) Basic equivalent circuit for testing
the frequency response of the piezo disk. (b) Frequency response (3 to 25 MHz) of a
typical piezo disk used in this study.
The frequency response of the piezo disk can affect the measurement and
evaluation of the resonator performance. For example, a larger frequency span is needed
to measure resonators with low Q-factors (e.g., operating nanowire resonators in air). In
this case, the impedance of the piezo disk varies significantly within the frequency span
and generates a non-uniform driving force on the nanowire resonators during the
measurement. This makes it difficult to quantify the force applied to the resonator49 and
to analyze the resonance performance. However, when the piezo disk is operating far
from its own resonance frequency and over a small span of frequencies, the impedance
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change is small and the driving force is not as sensitive to the operating frequency. Such
a situation occurred for the nanowire resonators operated in high vacuum.

3.1.2 Electrostatic Actuation
In electrostatic actuation, an AC voltage, Vac, is applied between the resonator and
a counter electrode. Due to the capacitive coupling, the voltage produces an electric field
between the resonator and the electrode. This induces charge on the resonator, which in
turn will generate an electrostatic force to drive the resonators. The work of Craighead
and colleagues 54 has extended this technique to nanoresonators and has shown that it
works reliably at frequencies as high as 700 MHz for doubly-clamped nanocrystalline
diamond resonators with a width of 50 nm. Also, resonators from other materials and
geometries such as carbon nanotubes 55 and boron nitride nanowires 56 have been driven
by this method and detected by transmission electron microscope (TEM) or field
emission scanning electron microscope (FE-SEM).
In this thesis work, 4 Si and 4 Rh nanowire resonators were electrostatically
actuated by applying an AC voltage between the pairs of interdigitated electrodes that
were used for nanowire resonator assembly and integration (Figure 3-4(a)). The chip
containing the nanowire resonators was mounted on the piezo disk as described in the
previous section to allow a comparison between the two methods. Figure 3-4(b) shows a
SEM image of two Rh nanowire resonators integrated between one pair of electrodes
where two leads were wire-bonded to the electrodes (only the left wire is shown). The
lead wire bonded to the clamping electrode was connected to the electrical feedthrough
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on the CF flange to provide the AC voltage for driving the resonance. The other bonded
lead wire was connected to the brass substrate, which was connected to the Cu pillars that
served as the ground (See Figure 3-2).
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Figure 3-4: Electrostatic actuation. (a) Schematic of the electrostatic actuation of
nanowire resonator. (b) SEM image of Rh nanowire resonators with bonding wires used
for electrostatic actuation. Electrodes were isolated by using a sharp probe tip to cut
through the electrodes.
The resonator sample shown here was fabricated using a mask with interdigitated
electrodes. In this case, if a nanowire resonator (e.g., conductive Rh nanowire or highly
doped Si nanowire) adhered onto the underlying electrode during integration or device
operation, it would electrically short the electrodes in the entire chip. To prevent
shorting, pairs of the electrodes were isolated by using a sharp probe tip to cut through
the electrodes as shown in Figure 3-4(b). Using this approach, 4 Si nanowires and 4 Rh
nanowires from two separate chips were isolated from the main chip and electrically
connected in parallel for electrostatic actuation. This approach is time consuming and
caused metal particles and defects on the resonators. In future work, new masks having
two different metal layers (e.g., use individual Au electrodes for nanowire assembly and
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use Ag metal lines to connect the Au electrodes) could be used to isolate pairs of
electrodes by selective wet etching of the Ag after the device integration is complete.

(a)

(b)
nanowire

Si Chip

nanowire

Si Chip

Figure 3-5: Two configurations of the position of the free end of the nanowire resonator
with respect to the underlying electrode.
Depending on the nanowire length and the electrode gap dimension, the free end
of the nanowire resonator can be either suspended on top of (Figure 3-5(a)) or very close
to (Figure 3-5(b)) the underlying electrode. Nanowire resonators in both configurations
were measured using electrostatic actuation. The resonator configuration shown in
Figure 3-5(b) is similar to the carbon nanotube resonator measured by Wang and
coworkers,55 in which a counter electrode was closely aligned to a single nanotube in the
TEM chamber.
Initial measurements using this actuation method in high vacuum were made on
Rh nanowire resonators because of their high electrical conductivity and good electrical
contact with the clamping electrode. As discussed in the following sections, the
measured resonance data from the same Rh nanowire resonator using both the piezo disk
and electrostatic actuation confirm that two actuation methods yield similar resonance
characteristics in high vacuum. This actuation was also applied to undoped Si
nanowires 57 and the preliminary experimental data show that the electrostatic actuation
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yields resonance characteristics similar to that of the piezo disk actuation for Si
nanowires in high vacuum.

(a)

(b)
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Suspended
height

Si Chip
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Si Chip
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Rcable

Coxide

Rnanowire Cfree-end

Figure 3-6: Equivalent circuit for electrostatic actuation method. (a) The conductive Rh
nanowire and the two electrodes can be simply modeled as the resistor-capacitor system.
The resistance (R) includes the cable resistance (Rcable) and the nanowire resistance
(Rnanowire). The capacitance (Cfree-end) is the value between the free end of the nanowire
and underlying electrode. (b) The Si nanowire resonator with native oxide can be
modeled by two resistors (Rcable and Rnanowire) and two capacitors in series. One capacitor
is Cfree-end and the other one is the capacitance between the nanowire and the clamping
electrode (Coxide).
Figure 3-6 shows a simple model of the equivalent circuit for the electrostatic
actuation method to drive Rh or Si nanowire resonators. In the case of Rh nanowires
(Figure 3-6(a)), the circuit is a simple resistor-capacitor system that includes resistance
(R) from the cable and the nanowire, and the capacitance (Cfree-end) between the free end
of the nanowire and underlying electrode. Inductance and capacitance from rest of circuit
and cables can be negligible and are not discussed in model figures. A rough estimate 58
of the Cfree-end for a 300 nm diameter Rh nanowire, an overlap length (Loverlap) of 3 µm
with the underlying electrode, and a suspended height of 300 nm in vacuum gave a
capacitance value in the order of 10-19 Farad. The Si nanowires grown by the VLS
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technique have a thin (~ 2nm) native oxide layer on the nanowire surface. Therefore, for
the Si nanowire and electrodes, an extra capacitance (Coxide) between the nanowire the
clamping electrode was added into the equivalent circuit. An estimate58 of Coxide for a
300 nm diameter Si nanowire with clamping length (Lclamp) of 3 µm and 2 nm native
oxide gives a capacitance value in the order of 10-14 Farad, which is much larger than
Cfree-end. In the circuit shown in Figure 3-6(b), the total capacitance is thus dominated by
the small-value capacitor Cfree-end. Therefore, the native oxide on the Si nanowire has a
negligible effect on the capacitance of the nanowire-electrode system and the electrostatic
actuation method is expected to have very small difference in driving the Rh or Si
nanowire resonators fabricated in this thesis.

3.1.3 Optical Detection
A considerable obstacle in developing nanowire resonator-based technologies is
the realization of robust methods to detect the displacement amplitude of the resonators.
Optical interferometry techniques such as Fabry-Perot and path-stabilized Michelson
interferometry are natural candidates and have been used for nanoresonators operated at
room temperature. 59,60,61
In Fabry-Perot interferometry (Figure 3-7(a)), the interference occurs between the
beams reflected from the resonator surface and from the substrate. In the case of pathstabilized Michelson interferometry (Figure 3-7(b)), a tightly focused laser beam reflects
from the surface of a resonator in motion and interferes with a stable reference beam
(RB). Ekinci and colleagues60 have used a mirror mounted on a piezo disk that was
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operated at a low frequency as the RB and shown that this technique can be used to
measure a displacement of a few nanometers from doubly-clamped nanoresonators.

(a)

(b)

Figure 3-7: Optical detection of the resonance. A probing laser beam of wavelength λ is
focused upon the center of a doubly clamped resonator through an objective lens (OL).
(a) In Fabry-Perot interferometry, the reflected light from the resonator surface is
collimated through the same lens and is directed onto a photodetector (PD). (b) In
Michelson interferometry, the reflected light from the resonator surface interferes with a
reference light from a reference mirror (RM). Schemes are from a publication of Ekinci
and colleagues.60
Ekinci and colleagues60 have reported that strong diffraction effects emerge and
dominate in both optical displacement detection techniques as a Si nanoresonator with
width of 170 nm shrinks beyond the optical wavelength used for measurement
(wavelength λ = 633 nm). In addition, due to the strong scattering by the nanoresonator,
the light reflected from the nanoresonator and collected by the objective may be a small
fraction of the incoming light. As a result, this strong scattering makes optical
displacement detection a relatively insensitive technique for the devices with the small
width. Therefore, there is a need to explore optical near-field techniques for
nanoresonator with width less than the optical wavelength used in the measurement.
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In the measurement setup used in this thesis (Figure 3-1), an interferometry
technique similar to that shown in Figure 3-7(a) was used to detect the resonance of
cantilevered nanowire resonators. The nanowire resonators have circular cross-sections
and diameters ranging from 150 nm to 450 nm, which are smaller than the optical
wavelength of 633 nm. Therefore, the similar diffraction effects as reported by Ekinci
are expected to dominate this displacement detection technique.

3.1.4 Nanowire Resonance Measurement Procedures
The resonance measurement procedures using the setup shown in Figure 3-1
mainly include mounting the chip on the piezo disk, loading the piezo disk into the
chamber, pumping the chamber to desired vacuum level, laser alignment to individual
resonator, and resonance spectrum collection. An optical image of the measurement
setup is shown in Figure 3-8 and this section discusses the details of each measurement
procedure.
After the nanowire resonator integration, the chip containing the nanowire
resonators was mounted on the brass substrate of a piezo disk (shown in Figure 3-2(a)
and (b)) using indium metal as the adhesion layer for the resonance measurement.
Indium was chosen because it has a low vapor pressure and a low melting point (melting
point = 156 ºC), and the solid is soft enough to cut small volumes with a blade. The
process was done on a digital hotplate with the temperature set at 170ºC by sequentially
loading the piezo disk, indium, and Si chip on the hotplate. The chip was gently pressed
down so that the indium formed a uniform adhesion layer as it melted. The piezo disk
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with the indium and the Si chip was then quickly removed from the hotplate, preventing
degradation of the piezo, and also allowing the indium to cool down and secure the Si
chip on the piezo disk. Other groups50,51 have used double sided tape for this purpose,
but this could contaminate the vacuum chamber.

(a)

(b)

Figure 3-8: Optical images of the resonance measurement setup. (a) Image of the whole
system. (b) Image of the vacuum chamber.
After the chips were adhered on the piezo disk with Indium, the piezo disk was
mounted on the three Cu pillars that were assembled on the CF flange for the AC voltage
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connection. Wires were bonded from the chip and connected to the feedthroughs on the
CF flange (See Figure 3-2(b) as described in section 3.1.1 for piezo disk actuation, and
Figure 3-4(b) in section 3.1.2 for electrostatic actuation). The CF flange and the piezo
disk were loaded into the measurement vacuum chamber, with the Si chip facing down.
Here the distance from points on the Si chip surface to the inside face of the glass view
port was controlled to be less than 0.080” by adjusting the three Cu pillars, and using a
height gauge accurate to 0.001”. This ensured that the laser beam was perpendicular to
the chip substrate and prevented the contact between the objective and the glass view
port.
The pressure of the measurement chamber (Figure 3-8(b)) was controlled by a
turbo pump placed in series with a dry backing pump, which allowed the chamber
pressure to be controlled from 2×10-7 torr to 1 atmosphere by pumping out or feeding in
nitrogen. This allowed the gas damping effects on the nanowire resonators at different
vacuum levels to be studied. 62
The He-Ne laser (wavelength = 633 nm) was focused on the free end of the
nanowire resonator on the chip through the inverted microscope with a 0.55 NA 50×
objective. The focused laser had a maximum power of ~ 1 mW and a minimum spot size
of ~ 1 µm on the chip surface. The light reflected off the nanowire surface and chip
substrate generated the interference signal and was guided back through the same
microscope objective. A beam splitter was used to direct the reflected light to an ACcoupled photodetector (New Focus 1601-FS-AC), which filtered the DC background
from the AC signal. The background included the interference between the light
reflected back from the two sides of the glass view port on the vacuum chamber and from
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various component faces in the optical path. An RF spectrum analyzer (Agilent E4402B)
with a tracking generator output was used to supply the AC voltage and to measure the
signal from the photodetector. The amplitude of the interference signal varied with the
displacement amplitude and had a maximum value at the nanowire’s resonance
frequency.
Figure 3-9(a) shows the block diagram that outlines the input and output of the
resonance signal. The AC voltage from the spectrum analyzer output was used to excite
the nanowire resonance by either the piezo disk or electrostatic actuation methods. The
motion of the nanowire resonator was monitored optically using an AC-coupled
photodetector that removed the DC background. This signal was then measured in the
frequency domain using the spectrum analyzer.

(a)

(b)

Optical
transduction

Spectrum
analyzer

Nanowire
resonator
actuation

Figure 3-9: Resonance spectrum collection. (a) Block diagram of resonance
measurement connection. (b) A snapshot of the resonance spectrum from a Si nanowire
resonator with resonance frequency ~2.548 MHz measured by sweeping the frequency in
a span of 20 kHz.
Figure 3-9(b) shows one example of the measured resonance spectrum from a Si
nanowire resonator with a resonance frequency of ~2.548 MHz. The spectrum shown
here is a snapshot from the screen of the spectrum analyzer. In this measurement, an AC
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voltage of 200 mV from the spectrum analyzer was applied to the piezo disk for actuation
in vacuum. The resonance spectrum shown Figure 3-9(b) is a single sweep (sweep time
= 10 seconds) within a span of 20 kHz. It shows a symmetric resonance spectrum with
high signal-to-noise ratio. This resonance spectrum contained 1601 data points that were
saved and could be re-plotted for different purposes, e.g., Q-factor estimation (See next
Chapter for details). During the measurement, the number of the data points and the
sweeping time were adjusted by changing the setting of the spectrum analyzer.

3.2 Nanowire Resonance Driven by Either of Two Actuation Methods
The resonance of Si, Rh, and Au nanowire resonators was measured by either of
the two actuation methods and using the measurement procedures described above. This
section discusses and compares the nanowire resonance driven by either of the two
actuation methods.
Using the piezo disk actuation, several chips containing different nanowire
materials were mounted on one piezo disk (See Figure 3-2(b) as an example) and this
enabled measuring many different resonators in the same environment (e.g., the same
vacuum level of the vacuum chamber). However, the number of resonators that could be
measured at one time by electrostatic actuation was limited by the electrical feedthrough,
and could be greatly improved in the future by using an on-chip multiplexer for
addressing individual devices.
As shown in Figure 3-4(b), single pairs of large area electrodes were electrically
isolated and wire bonded for electrostatic actuation. In principle, many pairs of
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electrodes could have been connected to the feedthrough in parallel to drive more
nanowire resonators. However, this would have enhanced the risk of electrical shorting
of the electrode if the free end of any one nanowire made electrical contact with the
underlying electrode during handling or operation. Based on these concerns, individual
pairs of electrodes were isolated as shown in Figure 3-4(b). Using this approach, 4 Si and
4 Rh nanowire resonators were measured using the electrostatic actuation method.
The current measurement setup only had two electrical feedthroughs and each
was used for one actuation method. This enabled direct comparison of the resonance
response from the same resonators driven by the two actuation methods. This section
discusses the experimentally measured spectra collected at high vacuum and at 1
atmosphere pressure on the same Si or Rh nanowires using piezo disk and electrostatic
actuation methods. All resonance spectra shown in this section contain 1601 points and
were collected by averaging 100 continuous single sweeps (single sweep time = 0.25
second).

3.2.1 Nanowire Resonance Measured in High Vacuum
Resonance spectra from the same Si or Rh nanowire resonators in high vacuum (2
× 10-7 torr) were collected using each of the two driving methods and are shown in
Figure 3-9. For comparison, the resonance amplitude (y axis) of each spectrum is
normalized to its own peak amplitude. In both figures, spectra in red were collected
using electrostatic actuation and spectra in blue using piezo disk actuation. The Si
nanowire resonator had a diameter of 330 nm, a length of 11.8 µm and a resonance
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frequency of ~ 1.929 MHz. The Rh nanowire resonator had a diameter of 340 nm at the
clamping end that tapered to 230 nm at the free end, and had a length of 7.3 µm, and a
resonance frequency of ~ 3.566 MHz. More extensive data for these two nanowire
resonators are provided in the following section.

(a)

(b)
Si

Rh

Figure 3-9: Resonance spectra in high vacuum. (a) Si and (b) Rh nanowire resonators are
driven by two actuation methods. Curves in red were obtained using electrostatic
actuation and curves in blue using piezo disk actuation. All spectra were normalized to
their own peak amplitude.

Table 3-1: Resonance frequency of Si and Rh nanowire resonators driven by two
actuation methods.
Si nanowire
1
2
3
4

Electrostatic
5.489 MHz
7.229 MHz
10.513 MHz
1.929 MHz

Piezo disk
5.492 MHz
7.228 MHz
10.507 MHz
1.928 MHz

Rh nanowire
1
2
3
4

Electrostatic
3.566 MHz
5.109 MHz
11.899 MHz
7.191 MHz

Piezo disk
3.565 MHz
5.108 MHz
11.880 MHz
7.188 MHz

From the resonance spectra shown in Figure 3-9 and the data from the 4 Si and 4
Rh nanowires listed in Table 3-1, the measured resonance frequencies from the same Si
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or Rh nanowire resonators using two actuation methods had small variation (<0.05%).
The Q-factor from each of the nanowires shown in Figure 3-9 was also close, with value
of ~5060 for the Si nanowire and ~1340 for the Rh nanowire driven by piezo disk, ~5180
for the Si nanowire and ~1390 for the Rh nanowire driven by electrostatic actuation. A
detailed study on Q-factors of the nanowire resonators is presented in Chapter 4.

Figure 3-10: Resonance spectra collected from a Rh nanowire resonator with resonance
frequency close to the piezo disk’s resonance mode. Red spectrum is collected from
electrostatic actuation; blue spectrum is collected from piezo disk actuation.
In the nanowire resonators measured in this thesis, there were few resonators with
resonance frequencies close to the piezo’s resonance mode (12 – 14 MHz range, as
shown in Figure 3-3(b)). For all these resonators, the resonance spectra measured by
piezo disk actuation were quite different from the ones by electrostatic actuation. For
example, Figure 3-10 shows such spectra from a Rh nanowire resonator in vacuum with a
resonance frequency of ~ 11.9 MHz, which were collected from both actuation methods.
The red spectrum was from electrostatic actuation and the blue spectrum was from piezo
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disk actuation. As shown here, the nanowire’s resonance spectrum from piezo disk
actuation (blue) has both a resonance peak and an anti-resonance peak, which is very
similar to the shape of piezo disk’s resonance. However, the resonance spectrum from
electrostatic actuation (red) has only one resonance peak. This suggests that the antiresonance peak in the piezo driven spectrum (blue) may not be due to the vibration of the
nanowire resonator.

3.2.2 Nanowire Resonance Measured at 1 atmosphere Air Pressure
The above section showed the nanowire resonators measured in high vacuum
where both the Si and Rh nanowire resonators had high Q-factors. This section discusses
the nanowire resonance measured at 1 atmosphere pressure, where the air damping
significantly degraded the Q-factors for the same Si and Rh nanowires. This pressure
was achieved by evacuating the vacuum chamber to a low base pressure (~2 × 10-7 torr)
and holding this pressure for more than 12 hours to reduce the concentration of water
vapor in the chamber. The chamber was then filled with pure dry nitrogen to a pressure
of 1 atmosphere.
Figure 3-11 shows the resonance spectra of the Si and Rh nanowire resonators
(measured in vacuum and shown in Figure 3-9) operated at 1 atmosphere pressure using
both actuation methods. As shown here, a much larger frequency span had to be used for
the measurement in 1 atmosphere as compared to high vacuum. For both nanowire
materials, the spectra from the electrostatic actuation (red) had one dominant peak. The
Q-factors evaluated from these spectra were ~16 for Si and ~220 for Rh. A more detailed
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study of the value of variation in Q-factor in the pressure range from high vacuum to 1
atmosphere is presented in Chapter 4.

(a)

(b)
Si

Rh

Figure 3-11: Resonant response of nanowire resonator at 1 atmosphere air pressure. (a) Si
nanowire resonator. (b) Rh nanowire resonator. Blue spectra are collected by piezo disk
actuation; red spectra are collected by electrostatic actuation. The same Si and Rh
nanowires were measured in vacuum and shown in Figure 3-9.
The spectra from the piezo disk actuation at 1 atmosphere (blue) had many side
peaks for both the Si and Rh nanowire resonators. The side peaks were observed at same
frequency and had similar peak amplitude in the continuous single sweeps. Moreover,
the same side peaks remained in measurements that were taken after turning off the laser
and piezo disk driving voltage for more than 12 hours (measurement chamber is pumping
continuously under the turbo pump). From the spectra with side peaks, it was difficult to
extract useful data (e.g., Q-factors of the resonator) at 1 atmosphere. The reasons for the
side peaks in the spectra obtained with piezo disk actuation at 1 atmosphere were not
carefully investigated in this thesis. It is possible that the side peaks were caused by the
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frequency response of the piezo disk, which emerges only in the resonators with low Qfactors.

3.2.3 Dependence of the Resonance Peak Amplitude on Driving Voltage for Both
Actuation Methods in Vacuum
Investigating the dependence of resonance peak amplitude on driving voltage is
motivated by both device characterization and technical sensing applications. In a
realistic resonator system, various types of nonlinearities are present. For example, in the
case of doubly clamped beams, a nonlinear restoring force comes from the elongation of
the neutral axis of the beam as it vibrates. Such nonlinear effects make the resonance
frequency depend on the driving force and are described by the Duffing equation. 63 This
is undesirable in an application such as mass sensing where an accurate shift in the
resonance frequency must be measured.
Both actuation methods were used to study the linearity of peak amplitude with
driving force for Si nanowire resonators. This was conducted by adjusting the amplitude
of the driving voltage from the spectrum analyzer to vary the driving force applied on the
resonator. The Si nanowire resonator measured in Figure 3-9(a) was used for this study
and the data are shown in Figure 3-12. Figure 3-12(a) shows the resonance spectra
collected using piezo disk actuation with the piezo driving voltage ranging from 5 to 100
mV. Figure 3-12(b) shows that the resonance peak varied linearly with the piezo disk
driving voltage within this range. This indicates that the resonator was a linear oscillator
in this voltage range. Figure 3-12(c) shows resonance spectra collected using the
electrostatic actuation method. Here, the driving voltage ranged from 0.5 to 4 mV.
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Figure 3-12(d) also shows that the resonance peak varied linearly with the driving voltage
within this range. For both actuation methods, the resonance frequency had little
variation (less than 0.002%) with driving voltage.

(a)

(b)
Piezo disk

(c)

Piezo disk

(d)
Electrostatic

Electrostatic

Figure 3-12: Resonance dependence on driving voltage for Si nanowire resonator. (a)
Resonance spectra from piezo disk actuation. (b) Peak amplitude at piezo disk driving
voltage ranging from 5 to 100 mV. (c) Resonance spectra from electrostatic actuation.
(d) Peak amplitude at electrostatic driving voltage ranging from 0.5 to 4 mV.
It was also noteworthy that similar peak amplitudes (~0.8 mV) could be obtained
using a much smaller driving voltage (~4 mV) in electrostatic actuation than that (~100
mV) in piezo disk actuation. This suggests that the electrostatic actuation can generate a

74
larger displacement than the piezo disk actuation method at the same driving voltage
using the current measurement setup. This is useful information for measuring nanowire
resonators in air where the gas damping degrades the peak height and a higher driving
force is required.

3.3 Conclusion
This chapter presented the measurement setup and the two different actuation
methods used to characterize the nanowire resonators as a function of air pressure. The
first actuation method used a piezo disk to drive the entire chip, while the second method
used electrostatic actuation to drive each nanowire resonator independently. Optical
detection was used to observe the displacement of the resonating nanowires in the
frequency domain. Each of the two actuation methods, the detection method, and the
measurement procedure were presented in detail to describe how the resonance
measurement was performed.
The two actuation methods that were used to drive same Si or Rh nanowire
resonators were compared. Nearly identical resonance curves were obtained for the same
Si or Rh nanowire resonator measured using piezo and electrostatic actuation methods in
high vacuum where resonators had high Q-factors (~5100 for Si, and ~1400 for Rh).
However, at 1 atmosphere where the Q values were low (~16 for Si, and ~220 for Rh)
and a large frequency span was required for the measurement, the resonance spectra
obtained from the two driving methods differed significantly from each other, both in
their Q-factor value and in the shape of the spectrum. The resonance spectra collected
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from the same resonators using the piezo disk drive had many side peaks for both types
of nanowires. A possible reason to explain the differences in the measured spectra at 1
atmosphere was discussed. The dependence of the resonance amplitude on the driving
voltage for both actuation methods was studied in high vacuum using Si nanowire. In the
voltage range (5 – 100 mV for piezo disk actuation and 0.5 – 4 mV for electrostatic
actuation) applied, the resonators can be described as linear oscillators and the resonance
amplitude was proportional to the driving voltage.
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Chapter 4
RESONANCE CHARACTERIZATION OF NANOWIRE RESONATORS
This chapter describes the resonance measurement of cantilevered Si, Rh, and Au
nanowire resonators at room temperature to characterize the nanowire resonator
performance, examine the quality and reproducibility of the new clamping method, and
investigate the mechanical properties of nanowire materials. 64,65 As discussed in
Chapter 2, the characterization of Si nanowire resonators is interesting because of its
single crystal structure, preeminent role in micro- and nanoelectronics, and wide use as a
material for nanoelectromechanical systems (NEMS) fabricated by top-down techniques.
Nanoresonators made from metal will extend NEMS applications by expanding the range
of physical and chemical properties that are accessible, which include high
electrical/thermal conductivity, range of density and elastic modulus, and little or no
native surface oxide formation for noble metals. Rh and Au nanowires were chosen as
examples of metal nanoresonators that have different crystal structures and mechanical
properties (e.g., bulk modulus and density) as compared to Si, and are therefore expected
to result in different resonant performance.
Section 4.1 introduces the model of a linear harmonic oscillator that was used to
describe the nanowire resonators. Important characteristics of the harmonic oscillator,
such as the resonance frequency, quality (Q-) factor and resonance mode, are discussed.
Section 4.2 presents the resonance performance of cantilevered Si, Rh, and Au
nanowire resonators driven by piezo disk actuation in high vacuum. The resonance
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spectra for all three materials were described as linear oscillators. The spectra were fit by
Lorentzian functions to determine the Q-factors, which were 3600 – 5400 for Si, 1000 –
1300 for Rh, and 600 – 950 for Au. The Q-factors of the cantilevered Si nanowire
resonators were comparable to the value of 6500 measured from resonators fabricated
using top down techniques with slightly larger dimensions. 66 The Q-factors for the Rh
and Au nanowire resonators were higher than the value of ~200 obtained from previous
resonators that were made entirely from or included a thin layer of a metal thin-film. 67
The cylindrical geometry of the nanowire resonators resulted in higher spring constant
compared to the rectangular cross-section from the thin-film resonators, which is one
factor that may give the higher Q-factors. In addition to the Q-factors of the resonators,
the first two resonance modes (fundamental mode and the first mode) from 5 Si nanowire
resonators were measured and the resonance frequencies from these modes agreed well
with the values predicted by the simple beam theory introduced in Section 4.1. The
variations in the measured peak frequency of successively collected spectra from a Si
nanowire were also characterized. In this study, spectra were collected either from single
sweeps or averaged sweeps. The measured peak frequencies from these spectra showed a
variation with value of < 20 parts per million (ppm) from averaged sweeps and < 50 ppm
from single sweeps. The effect of the small variation in the peak frequency on the mass
sensitivity for the Si nanowire resonator was discussed.
Section 4.3 presents the studies of geometric scaling (the dependence of
resonance frequency on resonator dimension) in the nanowire resonators by measuring
groups of Si, Rh and Au nanowire resonators with lengths ranging from 2 to 13 µm and
diameters ranging from 150 to 450 nm. The experimentally measured scaling of Si
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nanowires with geometry was accurately described by simple beam theory. This result,
together with the high Q-factors, indicated that the new clamping method was uniform
across many resonators and had low energy loss. For Rh and Au, the measured data had
large scatter compared to Si. Because the process used to clamp the nanowires was the
same for all materials, the larger scatter in the metal resonators may have been due to the
deviations in nanowire geometry from a perfect cylinder.
Section 4.4 presents the studies of the Young’s modulus of all three nanowire
materials from the resonance measurement. Nanowire resonators with diameters of ~300
nm yield Young’s modulus values of 152 ± 6 GPa for Si, 222 ± 70 GPa for Rh and 44 ±
12 GPa for Au – all of which are lower than the corresponding values from bulk
materials.
Section 4.4 presents the resonance characterization of Si and Rh nanowire
resonators at pressures ranging from high vacuum (2 × 10-7 torr) to 1 atmosphere by
using the electrostatic actuation method. It was observed that the high-vacuum Q-factors
for both resonators were maintained well into the medium vacuum range (up to pressures
of 10-4 and 10-2 atmosphere for the Si and Rh nanowire resonators, respectively). When
air damping began to dominate at higher pressures, the Q-factor curves for these two
resonators crossed, which was confirmed by the theory. The resonance measurement at
different pressures can be used to understand different models for the evaluation of the
drag force at different flow regimes, though that is the subject of continued investigation.
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4.1 Introduction to the Linear Harmonic Oscillator
The ideal simplest one degree-of-freedom (DOF) oscillating system 68 is a
massless spring with a spring constant k and a mass m attached to it. If x is the
variable that describes the position of the mass, the equation of motion for such a system
is given by,

m&x&(t ) + kx(t ) = 0

(4.1)

x(t ) = x0 cos(2πf 0t + φ )

(4.2)

The solution to this equation is,

where f 0 =

1
2π

k

m

is the natural frequency of the resonator, and x0 and φ are the

amplitude and the phase of the motion, respectively, which are defined by the initial
conditions of the oscillator.
Under realistic operating conditions, a damping term C and a driving force term

F are present. In general, the damping term should not depend on the displacement 69
but rather on the velocity of the mass. By assuming a sinusoidal driving signal for
simplicity, Eq. (4.1 can be modified as follows,
m&x&(t ) + Cx& (t ) + kx(t ) = F (t )

(4.3)

By solving Eq. 4.3, many important features of an oscillator can be studied. Among of
these features, resonance frequency ( f ) and Q-factor can be expressed as, 70
f = f0 1 −

Q = 2π

1
2Q 2

E stored
mf
= 2π
E diss
C

(4.4)
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where Q = 2π

mf
is a property-dependent, dimensionless factor. For Q >> 1 , f
C

reduces to f 0 . Under this condition, Q can be rewritten as Q =

f0
, where Δf is the full
Δf

width at half-power maximum of the resonance spectrum. However, if the damping is
significant ( Q is comparable to 1), f will be significantly different from the natural
frequency f 0 .

Figure 4-1: Calculated resonance spectra from linear oscillators with different Q factors.
As an example, Figure 4-1 shows the calculated resonance spectra for simple
harmonic oscillators with Q-factors of 2, 10, 20, 100 and 1000. The amplitude has a
maximum at the oscillator’s resonant frequency that is normalized to 1. The frequency
dependence is in the form of a Lorentzian, and the width at half maximum is given by the
product of 1/Q and the center frequency, as described above. As Q >> 1, the dependence
of resonance frequency on Q can be neglected. As Q becomes comparable to 1, Eq. 4.4
must be used to find the resonance frequency, which is typically shifted to a lower value.
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As discussed in the following sections of this chapter, the nanowire resonators measured
in this thesis have Q values much greater than 1 at pressures ranging from high vacuum
(2 × 10-7 torr) to 1 atmosphere, and the measured resonance spectra can be approximated
as Lorentzian functions.
A harmonic oscillator has many resonance modes although typical NEMS
resonators were operating at their fundamental mode. For cantilevered nanowire
resonators, the resonance frequency ( f n ) for the nth mode can be described by the beam
theory as:68
fn =

β n2
8π

E d
ρ l2

(4.5)

where E and ρ are the Young’s modulus and the density of nanowire, d and l are the
nanowire diameter and suspended length, and β n is the associated eigenvalue (the
solution to cos β n cosh β n = −1 ). For example, the first four modes have eigenvalues of

β 0 = 1.875 , β1 = 4.694 , β 2 = 7.855 , and β 3 = 10.996 . The ratio of the resonance
frequency for the first two modes (fundamental mode and the first mode) is
2

f 1 ⎛ β1 ⎞
= ⎜ ⎟ ≈ 6.27 . As discussed in Section 3.1.3, the measured fundamental and first
f 0 ⎜⎝ β 0 ⎟⎠
modes from 5 cantilevered nanowire resonators are in close agreement with the beam
theory shown in Eq. 4.5.
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4.2 Resonance Characterization of Nanowire Resonators in Vacuum
This section presents the measured resonant data and discusses the resonant
performance of Si, Rh and Au nanowire resonators in vacuum. The data shown in this
section were collected by using piezo disk actuation. Each trace of resonance spectrum
was centered around the nanowire’s resonance frequency and contained 1601 points over
a small frequency span. Unless otherwise noted, each spectrum was averaged from 100
continuous single sweeps (sweep time for one sweep = 0.25 second). The dimension of
the nanowire resonators was measured using field-emission scanning electron microscope
(FE-SEM). In total, more than 50 Si, 30 Rh and 20 Au nanowire resonators were
characterized in this thesis for different studies.
Table 4-1 lists 16 Si, 8 Rh, and 13 Au nanowire resonators with diameters ranging
from 150 to 450 nm, suspended lengths ranging from 2 to 13 μm, and the fundamental
resonance frequencies ranging from 1 to 18 MHz. These nanowires were carefully
selected during the measurement to study the geometric scaling and estimate Young’s
modulus. For example, the Si nanowires had Au catalyst particles at one end after they
were released from the VLS template and transferred into solvent. The nanowire
resonator integration method could make Si resonators with the Au catalyst either being
clamped by electrodeposited metal or suspended at the free end. All the Si nanowire
resonators in Table 4-1 do not have Au catalyst particles at the free end. As discussed in
Chapter 2, due to the branches and the tapered features of the membrane template, some
of the metal nanowires had branches or non-uniform diameter along their length. Some
of the soft nanowires such as Au also became bent during the release process. A smaller
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number of short broken nanowire segments were also observed. The bent metal
nanowires or the nanowires with branches were not measured in this thesis. Some
tapered metal nanowires could be used for both studies by employing the model
developed by the Ruoff group that accounts for the taper. 71 However, only Rh and Au
nanowires that were close to a perfect cylinder or were uniformly tapered were chosen in
Table 4-1.

Table 4-1: Lists of measured data from nanowire resonators. l is the suspension length of
Si nanowire; d is the diameter of Si nanowire; d0 is the diameter of Rh or Au nanowire
near the clamp; d1 is the diameter of Rh or Au nanowire at free end; f is measured
fundamental resonance frequency; Q is calculated Q-factor from Lorentzian function; E
is the calculated Young’s modulus using beam theory and above measured data.
Si
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
Rh
1
2
3
4
5
6
7
8

l
d
f
(μm) (nm) (MHz)
7.9
7.1
10.6
6.7
9.8
4.4
6.5
5.1
5.6
8.6
7.5
12.6
6.5
8.5
4.7
7.2

150
180
365
325
325
315
170
270
345
220
225
445
220
425
310
285

2.6385
3.9745
3.7848
8.2761
3.7595
18.7860
4.5943
11.5511
12.3903
3.2592
4.4659
3.4273
5.7339
6.7788
16.0250
6.2505

l
d0
d1
(μm) (nm) (nm)
290 335
3.8
260 275
3.4
290 390
4.4
345 235
7.4
355 280
4.2
230 340
10.8
235 315
10.3
260 260
5.3

f
(MHz)
11.400
10.936
7.961
3.564
10.735
1.013
1.465
5.244

Q

E
(GPa)

4600
4480
5173
4009
4517
4010
3967
4191
3770
4542
4385
4608
5468
4500
3669
5209

144
148
162
156
147
159
155
147
151
143
148
178
144
158
155
154

Q
1305
1005
1076
1193
1249
1198
1322
1258

E
(GPa)
222
162
237
154
151
265
376
210

Au
1
2
3
4
5
6
7
8
9
10
11
12
13

l
d0
d1
f
Q
(μm) (nm) (nm) (MHz)
3.8 345 305 4.463 943
3.8 340 315 4.612 785
3.6 295 335 4.427 579
3.4 335 370 5.734 651
2.4 265 255 9.040 792
3.2 280 290 6.244 853
3.2 285 265 6.203 713
3.8 290 280 4.016 709
4.9 260 270 2.222 606
2.5 285 220 9.913 776
5.2 295 340 2.599 813
4.8 275 330 2.990 901
5.1 315 240 2.671 922

E
(GPa)
31.0
37.1
39.7
41.3
35.7
53.7
44.5
40.0
42.6
36.4
64.4
73.8
40.3
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4.2.1 Q-factors of Si, Rh, and Au Nanowire Resonators in High Vacuum
The Q-factor of a resonator is important figure of merit for many applications and
a high value in Q-factor is typically preferred in the application of mass detection because
it enables the detection of a smaller shift in the resonance frequency. The Q-factor of a
linear resonator is given by Eq. 4.4 and is often evaluated from the resonance spectra.
Figure 4-2(a) shows a set of resonance spectra collected from typical Si (inner),
Rh (middle), and Au (outer) nanowire resonators with diameters of 330, 300, 290 nm and
suspended lengths of 11.8, 4.2 and 3.8 μm, respectively. Here, the symbols in each
spectrum represent a fraction (~5%) of the 1601 data points collected during
measurement to show the Lorentian fit. All three measured spectra (symbols) are well
approximated by Lorentzian curves (solid lines) for ideal linear harmonic oscillators.
The Lorentzian functions were used to calculate the Q-factors by choosing the Q value
that minimized the root-mean-square (rms) error for a Lorentzian curve with respect to
the measured data with a Matlab program (Appendix C).
The frequency and amplitude of each spectrum were normalized to the nanowire’s
resonance frequency (for x-axis) and to the peak amplitude (for y-axis). This was used to
compare the Q-factors of these three nanowire materials with similar dimensions.
Figure 4-2(b) shows all the measured data points in the magnified peak region of the
resonance spectra for such comparison by drawing a horizontal line at half peak-power
(0.707 times the maximum amplitude).
For the Si, Rh and Au nanowire resonators shown here, the Q-factors and
resonance frequencies were 4830, 1200, 800, and 1.9, 10.7 and 4.6 MHz, respectively.
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From groups of nanowires for each material, the values of Q-factors ranged from 3600 to
5400 for Si, 1000 to 1300 for Rh, and 600 to 950 for Au, as listed in Table 4-1.

(a)

(b)

Figure 4-2: Resonance spectra of the nanowire resonators in vacuum. (a) Spectra
collected from Si (triangles; inner), Rh (circles; middle) and Au (squares; outer) nanowire
resonators, with the Lorentzian fit (solid curves) for each spectrum. Symbols represent a
fraction (~5%) of the 1601 measured data points collected for each spectrum. (b) The
magnified peak region of the spectra. The horizontal dashed line represents the half
peak-power and was used to compare Q-factor for the three nanowire materials.
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The value of Q-factor for the Si nanowire resonators compared well with the
value of 6500 from cantilevered Si nanoresonators (width = 0.5 μm, length = 8 μm,
thickness = 200 nm) that were fabricated using top-down methods by the Craighead
group.66 Recently, the Roukes group at Caltech and Peidong Yang’s group at Berkeley
reported the measurement of doubly-clamped Si nanowire resonators grown across a
micro-trench. 72 The measurements were performed at a low temperature (4 K) and the
resonators had Q-factors ranging from 2000 to 2500 for metallized Si nanowire
resonators (a layer of metal was deposited on top of the nanowire surface for electrical
conductivity improvement) and from 5700 to 13000 for unmetallized resonators. The
measurement of a resonator at low temperature such as 4 K significantly decreases the
internal friction (e.g., phonon-phonon interactions, electron-phonon interactions) and is
expected to have higher Q-factors. 73 Characterization of doubly-clamped Si nanowire
resonators at room-temperature has not been reported from these two groups and there
are no other resonance data from Si nanowire resonators to compare with the results
presented in this thesis.
There are also few reports on room temperature measurement of metal
nanoresonators mainly because of the fabrication challenges (as discussed in Chapter 2)
and the poor performance. For example, the early experimental study 74 of dissipation in
metallized thin-film nanostructures (Si nanobeams, width w = 170 nm, thickness t = 200
nm, length l = 2 μm) from the Craighead group, showed a monotonic reduction of Qfactor from ~3500 to ~200 when the thickness of Al metal deposited on the beams was
increased in steps from 0 to 15 nm. The authors concluded that metallization should be
avoided due to the high degradation in Q-factor with increasing metal thickness. A
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recent study67 of a cantilevered nanoresonator (w = 400 nm, t ≈ 100 nm) made by topdown fabrication purely from Al thin-film reported a Q-factor ~ 200 in vacuum at room
temperature. Such low Q-factors from metal resonators made by top-down methods limit
their use in many device applications.
The Q-factors observed in the Rh (1000 to 1300) and Au (650 to 900) nanowire
resonators were higher than the typical value of ~200 in the above reports from the
literature. The higher Q-factors in the metal nanowire resonators may possibly arise from
the different cross-section geometry (See next section) and establishes that dissipative
material properties of metals (e.g., polycrystalline structure) may not be the sole cause of
the metallized nanoresonators having low Q values in vacuum at room temperature. This
suggests new opportunities for metallic nanocantilever applications. Such high Q-factor
from both silicon and metal nanowire resonators also indicate low energy loss from the
new developed clamping method that was developed in this thesis research, with
measurements discussed for a group of nanowires in section 4.3.

4.2.1.1 Geometric Effect on Q-factor
The nanowire resonator and conventional thin-film resonator have different crosssections; the nanowire is circular while the typical thin film resonator is rectangular.
Here, the effect of this difference in geometry on Q-factor is compared. As discussed in
section 4.1, the resonance frequency (f) and the Q-factor of a linear harmonic oscillator
can be described by Eq. 4.4. From beam theory, f for the two resonator geometries is
given by,68
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f nanowire =

f thin− film

β 02 1 E d
2π 4 ρ l 2

β 02 1
=
2π 12

for cylindrical nanowire cantilever

E t
ρ l2

(4.6)
for rectangular thin-film cantilever

where E, ρ, t, d, l are the Young’s modulus, density, thin-film thickness, nanowire
diameter and suspended length, respectively; β 0 represents the fundamental mode of a
cantilevered resonator and is equal to 1.875 for a rigid clamped cantilever.
To simplify the comparison, cantilevered nanowire and thin-film resonators with
the same mass (m), length (l), and material were chosen. This requires that the
dimensions for the two resonators are related by

d
t

=

4 w

π t

, where d is the diameter of

the nanowire resonator; w and t are the width and the thickness of the thin-film resonator.
From Eq. 4.6, the ratio of the resonance frequencies of the two cantilevers is given by,
f nanowire
=
f thin− film

3d
3 w
=
π t
4 t

(4.7)

The ratio of Q-factors for the nanowire and thin-film resonator are expressed with linear
damping coefficients Cnanowire, Cthin-film ,

mf
C
3 d Cthin − film
3 w Cthin − film
=
π t Cnanowire
4 t Cnanowire

Q = 2π
C
Qnanowire
f
= nanowire thin − film =
Qthin − film
f thin − film Cnanowire

(4.8)

The thin-film cantilevers described in the previous section that were fabricated using topdown methods have widths that are typically greater than their thickness (w >>t). Eq. 4.8
indicates that nanowire cantilevers will have higher Q-factors than thin-film cantilevers
with w >> t unless the ratio of damping coefficients is small (Cthin-film / Cnanowire << 1).
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This is physically reasonable. When compared to a thin-film cantilever with the same
cross-sectional area, the circular nanowire cross-section has a larger fraction of material
in regions of higher strain far from the bending axis, which contributes to a higher force
resisting flexure (stiffness). This in turn leads to higher resonant frequencies (Eq. 4.7)
and higher Q-factors (Eq. 4.8).

4.2.2 The First Two Harmonic Resonance Modes
Identifying the fundamental resonance mode is another important characterization
for resonators. Typically this is studied by measuring the different harmonic modes
under the transmission electron microscope (TEM), FE-SEM, or optical microscope,
which is used to directly image the envelope of the displacement of a resonator.71,75 An
example of such measurement from the Ruoff group71 is presented in Figure 4-3.

Figure 4-3: Example of the first four harmonic resonance modes. Optical microscope
pictures of an oscillating quartz microfiber. (a) The fundamental resonance, (b) the first
resonance, (c) the second resonance, and (d) the third resonance of the fiber. The insets
(solid lines) are the theoretical displacement curves. Images are from a publication of
Ruoff and colleagues.71
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Table 4-2: The first two harmonic resonance modes from 5 Si nanowires. l is the
suspension length and d is the diameter of Si nanowires. f0 represents the resonance
frequency for the fundamental mode and f1 represents the 1st mode.
Si

1
2
3
4
5

l
d
f0
(μm) (nm) (MHz)

7.4
11.9
9.7
7.1
11.8

180
480
310
240
330

2.639
3.441
2.614
2.875
1.928

f1
(MHz)

f 1 / f0

16.165
21.762
16.015
18.575
12.678

6.13
6.32
6.13
6.46
6.58

Figure 4-4(a) illustrates the displacement of the first two harmonic modes for a
cantilevered nanowire resonator, where the fundamental mode has zero node and the 1st
mode resonance has one node. The first two harmonic resonance modes from 5 Si
nanowire resonators were measured (Table 4-2) and resonance spectra from one of the
nanowires are shown in Figure 4-4(b), (c) and (d). The Si nanowire has diameter of 480
nm and length of 11.9 µm. The measured resonance frequency has value of ~3.441 MHz
for the fundamental mode and ~21.762 MHz for the 1st mode. The ratio of the measured
resonance frequencies from these two harmonic modes from 5 nanowires ranges from 6.1
to 6.6, which is in close agreement with the theory (~6.27) shown by Eq. 4.5. Such
agreement confirms that the low frequencies represent the fundamental mode of the Si
nanowire resonators that can be modeled using established beam theory.
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(a)

Fundamental mode

First mode

(b)
Fundamental mode

First mode

(c)

(d)

Figure 4-4: The first two harmonic modes of a Si nanowire resonator. (a) Schematic of
displacement of the fundamental and the first resonance mode from a cantilevered
resonator. (b) Measured resonance spectra from a Si nanowire showing the first two
resonance modes. (c) Spectrum from the fundamental resonance mode. (d) Spectrum
from the first resonance mode. The Si nanowire has diameter of 480 nm and length of
11.9 µm.
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It is notable that the resonance peak amplitude in the 1st mode is much smaller
than that in the fundamental mode. This is reasonable because resonators have much
smaller displacement in 1st mode, compared to the fundamental mode (as sketched in
Figure 4-4(a)). It has been difficult to measure the higher (2nd, 3rd and so on) modes of
the nanowire resonators with the piezo disk actuation because of the smaller
displacement. As discussed in chapter 2, electrostatic actuation can produce a larger
displacement under the same driving voltage. This driving method could be used to
measure higher modes of the nanowire resonators.

4.2.3 Variation of Measured Peak Frequency
An accurate and precise measurement of the resonance frequency is important for
resonators in applications of mass sensing in which a shift in the resonance frequency is
measured. In general, having a high measurement precision (e.g., reproducible from
measurement to measurement) enhances the ability to discriminate small changes in
resonance frequency due to added or removed mass, which improves the mass sensitivity
of the resonator. However, as successive resonance frequency measurements are made
on a single resonator, the peak frequency of the spectrum fluctuates over a certain range
due to many sources. For example, in the optical detection scheme used in this thesis, the
laser that was focused on the free end of the nanowire resonator may have increased the
local temperature of the nanowire. The laser heating effect was reported to contribute to
the nonlinearity of doubly-clamped thin-film resonators. 76 During the successive
measurements, any changes in the laser power intensity may contribute variations of the
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measured peak frequency as well. Therefore, it is important to study the variation in the
peak frequency and to investigate the mass sensitivity of the nanowire resonator before
they are used as mass sensors in the future.

(a)

(b)

Figure 4-5: Variation of measured peak frequency from averaged spectra for a Si
nanowire resonator. (a) Five successively collected resonance spectra. Each spectrum is
averaged from 100 single sweeps. (b) Magnified peak region of the five spectra shows
small variation (~20ppm) in the measured peak frequency.
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The variation of the measured peak frequency from a Si nanowire resonator was
studied from successively collected spectra. The Si nanowire resonator had diameter of
230 nm, suspended length of 6.8 µm, and resonance frequency of ~5.489MHz. Two
types of spectra were collected either from single sweeps (single sweep time = 25
seconds) or from averaged sweeps in which each spectrum is averaged from 100
continuous single sweeps (single sweep time = 0.25 second) by the Spectrum Analyzer.
In addition to the sweep time, there was a ~30-second period between successive spectra
collection that was used to save the resonance data by the Spectrum Analyzer. Therefore,
measuring and saving one averaged spectrum took ~1 minute with the measurement setup
used in this thesis, which can be greatly reduced by on-chip signal processing.
Figure 4-5(a) shows examples of the averaged sweeps. Ten successive resonance
spectra were collected and five spectra (shown by symbols with different colors) are
plotted together to show the repeatability of the measured resonance. Figure 4-5(b)
shows the magnified region of the peak in the spectra where the value of the peak
frequency from each spectrum was extracted. The measured peak frequency varies by
less than 100 Hz between these five successive measurements, which corresponds to ~ 20
parts per million shift in the peak frequency (ppm).
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(a)

(b)

Figure 4-6: Measured resonance spectra from single sweeps for a Si nanowire resonator.
(a) Five successively collected resonance spectra. Each spectrum is a single sweep with
sweeping time of 25 seconds. (b) Magnified peak region of the five spectra.
Figure 4-6 shows the data from single sweeps (single sweep time = 25 seconds).
Here ten single sweeps were collected one after another and five spectra (shown by
symbols with different colors) are plotted together to show the spectra difference.
Figure 4-6(b) shows the magnified region of the resonance peak in the spectra. The
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single sweeps had lower signal-to-noise ratio compared to the spectra from the averaged
sweeps (Figure 4-5(b)) and the measured peak frequency varied by ~ 250 Hz between
these five successive measurements, which corresponds to ~ 50 ppm shift in the peak
frequency. Single sweeps with other sweep time setting (e.g., 0.25 second, 10 seconds
and 60 seconds) were similar to the ones collected with the 25 second sweep time, and
are not shown here.
As described in Chapter 6, the mass sensitivity can be described by:

Δm 2m
≈
,
Δf
f

where ∆f and f are the frequency shift and resonance frequency, and ∆f and m are added
mass and nanowire mass. One can evaluate the smallest detectable mass for such a Si
nanowire resonator with the geometry described above (nanowire mass m ≈ 0.7×10-12
gram = 0.7 pg) using this expression. The smallest detectable mass using 20 ppm
(0.002%) as the resolvable frequency shift (∆f / f) from averaged spectra is ~28×10-18
gram (or 28 attogram). For the case of single sweeps, a variation with value of 50 ppm in
the resonance frequency gives ~140 attogram as the smallest detectable mass. Both data
collection methods are expected to enable the detection of single Au nanoparticle binding
(one 50-nm diameter Au nanoparticle has mass of 1.26×10-15 gram) as discussed in
Chapter 1.

4.3 Geometric Scaling of Nanowire Resonant Frequency
Geometric scaling has received considerable attention in modern integrated
circuits as well as in mechanical resonators. 77 In general, small resonators are lighter and
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will enable higher resonance frequency required for many applications. 78 Recently, the
Roukes group reported the operation and measurement of doubly-clamped SiC beams
(roughly 1.1 µm long, 120 nm wide, 75 nm thick) at a resonance frequency of 1.029
GHz.78 High frequency resonators such as this will enable ultrasentive mass sensing in
the future. The geometric scaling of resonators also allows determination of the length
scales at which continuum mechanics break down and corrections from atomistic
behavior emerge. Molecular dynamics simulations 79 for ideal structures and initial
experiments 80 appear to indicate that this is manifested only for structures on the order of
tens of lattice constants in the cross section. Hence, continuum approximations appear to
be adequate for most of the current experimental work in NEMS resonators including the
work in this thesis. In this thesis, geometric scaling has been used to investigate the
uniformity and reproducibility of the clamping method used to anchor the nanowires to
the chip and to estimate the mechanical properties of nanowire materials.
Equation 4.6 shows that the resonance frequency should scale linearly with film
thickness (t) and be proportional to length-2 (l-2) for thin-film resonators. Typically, for
geometrical studies, thin-film resonators with a range of lengths are fabricated from the
same wafer. For example, Figure 4-7 shows the frequency dependence on the length
from doubly-clamped thin-film resonators made from silicon 81 and diamond. 82 The
measurement results show that the resonance frequency is proportional to l-1.8 for silicon
and to l-2.015 for diamond. The shift from dependence to l-2 is explained by the tensionstress induced in the devices and the constant clamp undercut, which is created during the
top-down fabrication method and constitutes a variable fraction of the graded-length
beam resonators.
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(a)

(b)

Figure 4-7: Geometric scaling of resonance frequency to the beam length for doublyclamped nanoresonators made using the to-down approach. (a) Silicon resonators. (b)
Diamond resonators. Images are from publications of the Craighead group.81,82

For the nanowire resonators, both the diameter and suspended length vary
between a group of nanowires integrated on one chip, and the parameter d/l2 was
considered as one factor in the geometric scaling. As listed in Table 4-1, 16 Si, 8 Rh, and
13 Au nanowire resonators with diameters ranging from 150 to 450 nm and suspended
lengths ranging from 2 to 13 μm were selected and measured in vacuum.
The beam equation 4.6 indicates that a plot of f versus geometric parameter d/l2
should be a straight line passing through the origin with a slope equal to

1
8π

β 4E
,
ρ

which is shown by the Si nanowire data (red triangles) in Figure 4-8. The solid lines in
this figure are fitting curves for each material and are explained in the next section. The
measured Si data agree well with the beam theory (red solid line). The small scatter in
measured f also shows that the Si nanowire resonators fabricated using the hybrid
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integration strategy were uniform and reproducible. Specifically, the factor

β 4E
is
ρ

nearly constant, which demonstrates that device-to-device variations in the clamp
boundary condition β and nanowire Young’s modulus E were negligible (assuming
constant nanowire density ρ).

Si

Rh

Au

Figure 4-8: Geometry scaling of resonance frequency for cantilevered nanowire
resonators. Resonance frequency dependence on the geometry d/l2 from 16 Si (red
triangles), 8 Rh (black squres) and 13 Au (blue circles) nanowires that are fitted by the
beam equation (solid lines) given by Eq. 4.6.
The scatter in the Rh (black squares) and Au (blue circles) nanowire resonator
data was larger than that in the Si nanowire resonator data even though all three types of
nanowire resonators were produced by the same fabrication technique. Thus, each factor
in the beam equation should be considered to understand the larger scatter in the metal
nanowire data. First, the small scatter in the single crystal Si nanowire data (red
triangles) establishes that β4E is constant for Si nanowires. This suggests that the clamps
from different resonators were of uniform rigidity. The same repeatable rigidity should

101
also be valid for metal nanowire resonators. Second, the variation in ρ and E across the
group of metal nanowires grown in the same template under similar electrodeposition
conditions should be small. These considerations suggest that the main contributions to
the scatter in the metal nanowire resonator data are from geometric measurement
uncertainties and deviations from cylinder geometry arising from the porous templates, as
described in Chapter 2. These factors also lead to a large standard variation of the values
of the estimated Young’s modulus, as discussed in the following section.

4.4 Evaluation of Young’s Modulus from Resonance Measurement
The same data shown in Table 4-1 and Figure 4-8 can be used to evaluate the
Young’s modulus for nanowire materials, which is important for the development of
composite materials. The Young’s modulus is an intrinsic mechanical property of any
material that is independent of size. As the structure size of interest is reduced to the
nanometer scale, however, surface effects play an increasingly important role and the
Young’s modulus becomes size dependent. 83 Several techniques have been developed to
characterize the Young’s modulus for a variety of nanomaterials.
Atomic force microscope (AFM) -based static bending measurement 84 has been a
powerful technique used to manipulate and characterize the elasticity, strength, and
toughness of individual nanowires and nanotubes. This approach can simultaneously
measure the nanowire dimensions and apply a controlled force on the structure while
scanning the nanowire surface with the AFM tip. However, the controlled force is
applied on both the nanowire and the AFM tip itself. The measured bending
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displacement also contains values from both the nanowire and the AFM tip. Thus,
careful calibration is required for this approach to analyze the force-displacement data.
Despite the caution necessary, many materials and geometries84,85 ,86 ,87 ,88 have been
tested by this approach.
Characterizing the resonance using a TEM 89 is another approach to measure the
Young’s modulus. In such measurements, a specimen holder for a TEM is built for
applying an alternating voltage across a single nanowire and its counter electrode. The
applied voltage will induce an oscillating force on the nanowire, as with the electrostatic
actuation discussed in Chapter 3. If the applied frequency matches the natural resonance
frequency of the nanowire, mechanical resonance is induced and determined by the
measured maximum displacement with the TEM. The nanowire dimensions are also
accurately measured with the TEM. The Young’s modulus can be extracted from the
beam equation when the resonance frequency, resonator dimension, and material density
are known.
In this thesis work, the Young’s modulus of nanowire materials was extracted
from the resonance and dimension measurements. Using measured values of
fundamental mode frequency f , diameter d, length l, bulk value for density ρ, and
applying the assumption of a rigid clamp with βsingle = 1.875, the values of E can be
obtained from Eq. 4.6. With the tapered metal nanowires, a modified model was used to
account for the varying beam cross-section71 for extracting the modulus value by
measuring the diameter values at the clamp end (d0) and at the free end (d1).
As listed in Table 4-1, the Young’s modulus from 16 Si nanowires had a value of
E = 152 ± 6 GPa. This value was in good agreement with the E ~ 158 GPa measured on
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the individual suspended Si nanowire beams using atomic force microscopy by the static
bending test.87 The Young’s modulus value from 13 Au nanowire resonators was 44 ± 12
GPa (range 31 to 74 GPa), compared to the bulk polycrystalline value of 78 GPa. The
Young’s modulus value was 222 ± 70 GPa (range 154 to 376 GPa) for Rh nanowire
resonators, compared to the bulk value of 380 GPa. In Figure 4-8, the measured values
of Young’s modulus for each material were used to plot the fitting functions (solid lines)
using Eq. 4.6 with ESi = 152 GPa, ERh = 222 GPa, and EAu = 44 GPa.
As discussed in the above section, the geometric measurement uncertainties and
deviations from cylindrical geometry are the likely cause of the scatter in the measured f
data for metal nanowires, which contributes to the large standard deviation in the
Young’s modulus. This large scatter was also reported in the AFM bending test of
Young’s modulus of Au nanowires87 grown using the nanoporous templates from the
same source. In this report, Young’s modulus values from doubly-clamped
polycrystalline electrodeposited Au nanowires were 70 ± 11 GPa (range 40 to 107 GPa)
for 40 to 250 nm diameter nanowires. In the future work, varying the electrodeposition
growth conditions over different batches of nanowires and using several techniques to
measure the nanowires from each batch will help to differentiate deviations in mechanical
properties due to nanowire growth.
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4.4 Resonance Characterization at Different Pressures
As discussed in Section 3.1, measured Q-factors in the range of 3600 – 5400 and
1000 – 1400 were typical for Si and Rh nanowire resonators operated in high vacuum at
room temperature. When the nanowire resonators are operated at 1 atmosphere (e.g., in
air), the Q-factors are expected to decrease due to the strong air damping. This section
discusses and compares the resonance performance of Si and Rh nanowire resonators at
different pressures ranging from high vacuum (2×10-7 torr) to 1 atmosphere. Such studies
will allow an improved understanding of the role of air damping and enable the design of
nanoresonators for sensitive resonance-based detection in air.
The energy losses in mechanical resonators can be divided into two categories.
The first are intrinsic losses that come about from imperfections or interactions within the
structure or from fundamental processes within the lattice such as defects, phononphonon interactions, electron-phonon interactions, etc. 90 These losses are sometimes
referred to as “internal friction” and are typically determined by measuring Q-factor at
high vacuum. The second are the extrinsic losses that mainly include the losses due to
fluid damping (e.g., from air), clamping, measurement scheme, etc.
Among the extrinsic losses, the losses from fluid damping can have a significant
impact on the Q-factor for devices operating in air or liquid. The dependence of Q-factor
on damping for a resonator operated in air can be expressed by:70

⎛ C
2πfm
= Qs ⎜⎜1 + f
Q=
Cs + C f
⎝ Cs

⎞
⎟⎟
⎠

−1

(4.9)
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where m and f are the mass and resonance frequency of the nanowire resonator, Qs is the
intrinsic high-vacuum Q, Cf is the pressure-dependent fluid damping coefficient, and Cs is
the pressure-independent solid damping coefficient determined by the device material
and clamp properties. Eq. 4.9 indicates that Q begins to deviate from Qs at a pressure
where Cf becomes comparable to Cs, and is determined by the pressure dependence of Cf
when Cf » Cs. A detailed theoretical study of the dependence of Cf on pressure for nanoscale and micro-scale resonators has been reported.70
The resonance performance of one Si and one Rh nanowire resonator were
characterized at pressures from high vacuum (2 ×10-7 torr) to 1 atmosphere using the
electrostatic actuation method. The Si nanowire had a diameter of 330 nm, a suspended
length of 11.8 μm, and a resonance frequency of 1.928 MHz. This nanowire was studied
extensively and the measured results were presented in Figures 3-10. The Rh nanowire
had a diameter of 280 nm, a suspended length of 5.8 μm, and a resonance frequency of
7.197 MHz.
As discussed in Chapter 3, the piezo disk actuation yielded side peaks on both Si
and Rh nanowire resonators at 1 atmosphere, making it impossible to extract the Q-factor
values of the resonators. Therefore, the electrostatic actuation method was used to study
the Q-factor dependence on pressure. The pressure of the chamber was controlled by
evacuating the vacuum chamber to a low base pressure (~2 × 10-7 torr) and holding this
pressure for more than 12 hours to reduce the amount of water vapor in the chamber. The
chamber was then gradually filled with pure dry nitrogen through a leak valve to a
pressure of 1 atmosphere.
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(a)

Si

(b)

Rh

(c)

Rh
Si

Figure 4-9: Resonant response of Si and Rh nanowire resonators driven by electrostatic
actuation at different pressures. (a) Resonance spectra of Si nanowire at pressures of
2×10-7 torr (red), 0.1 atm (cyan), 0.2 atm (yellow), and 1 atm (green). Measured Qfactors are 4830, 85, 30, and 18, respectively. (b) Resonance spectra of Rh nanowire at
pressures of 2×10-7 torr (red), 0.2 atm (cyan), and 1 atm (green). Measured Q-factors are
1080, 465, and 225, respectively. The black dashed lines are Lorentzian function fits for
each spectrum. (c) Variation of measured Q with ambient pressure for the Si (Red
squares) and Rh (Blue triangles) nanowire. The black dashed lines show the free
molecular solution for the two nanowires.
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Figure 4-9(a) and (b) show examples of the resonance spectra at different
pressures for the Si and Rh nanowire resonator. These spectra show that the resonant
peak width increases (and hence Q decreases) monotonically with increasing pressure for
both nanowire resonators, as plotted in Figure 4-9(c). The spectra shown in Figure 4-9(a)
were collected at pressures of 2×10-7 torr (red), 0.1 atmosphere (cyan), 0.2 atmosphere
(yellow), and 1 atmosphere (green). The Q-factors evaluated from the Lorentzian
functions (black dashed lines) at these pressures were 4830, 80, 35, and 18, respectively.
The spectra shown in Figure 4-9(b) were collected at pressures of 2×10-7 torr (red), 0.2
atmosphere (cyan), and 1 atmosphere (green). The Q-factors evaluated from the
Lorentzian functions (black dashed lines) at these pressures were 1080, 465, and 225,
respectively.
As shown in Figure 4-9(c), the Si nanowire resonator had Q value of 4830 in high
vacuum which is ~4.5 times higher than the value of 1080 for Rh nanowire resonator.
The high-vacuum values of Q-factor for both resonators were maintained well into the
medium vacuum range (up to pressures of 10-4 and 10-2 atm for the Si and Rh nanowire
resonators, respectively). These vacuum values can be achieved with small, inexpensive
pumps, an aspect which makes nanowires more suited to practical resonant sensing
applications than larger microstructures. When air damping began to dominate at higher
pressures, the Q-factor curves for these two resonators cross, with QRh ≈ 13 QSi at 1
atmosphere (QRh ≈ 225 and QSi ≈ 18). In Eq. 4.9, the factor 2πfm depends on resonator
geometry and material properties (fSi ≈ 1.928 MHz, fRh ≈ 7.197 MHz, mSi ≈ 2.35×10-12
gram, mRh ≈ 5.18×10-12 gram); this factor was ~ 8 times larger for the Rh nanowire
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resonator than for the Si nanowire resonator. At the high-vacuum limit where Cf ≈ 0, the
ratio of measured Q-values of Si and Rh nanowire resonator was ~ 4.5, indicating that

CS _ Rh ≈ 36CS _ Si . At 1 atmosphere pressure where Cf >> Cs, the Q-factors were
determined only by 2πfm and Cf. Simply scaling Cf linearly with diameter and length of
nanowire resonators and assuming free molecular flow yields QRh QSi ≈ 19 at 1
atmosphere, which confirmed the experimentally observed curve crossing for these two
nanowire resonators.
The measured results shown in Figure 4-9 can be used to understand different
models used to evaluate the drag force at different flow regimes. Depending on the
resonator dimension and the operating air pressure, the losses due to the mechanical
structure interacting with air can be divided into three flow regimes: free-molecular flow,
transition, and continuum. These three regimes are determined by the Knudsen number
(Kn) that measures the ratio of the mean free path (λ) of gas molecules to the size of the
resonator. For nanowires with high aspect ratio measured in this thesis, the appropriate
measure of resonator size for fluid interaction is the diameter of the nanowire d.
The mean free path (λ) of gas molecules can be calculated by modeling them as
2
. 91 The
hard spheres of a single diameter dgas with a scattering cross section σ = πd gas

mean free path scales inversely with σ and the number density n:

λ=

K T
1
= 0.23 2B
d gas P
2σn

(4.10)
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where KB is the Boltzmann constant, and T and P are the absolute temperature and
pressure, respectively. With d gas ≈ 0.37nm for air at standard temperature and pressure,

λ ≈ 65nm .
For air under isothermal conditions, the flow is in the continuum regime for Kn <
0.01 where air can be considered as a viscous fluid. However, Stokes’ familiar quasisteady solution that is frequently used for a quick estimate of the drag force is
inapplicable due to the high resonant frequency associated with small resonators.
Instead, an unsteady solution must be used to evaluate the fluid damping and added mass.
In addition, the fluid added mass that modifies both the resonance frequency and the Qfactors is non-negligible from the unsteady solution.
For resonators operating in free-molecular regime (Kn > 10), the energy losses are
due to the individual collisions between the molecules and oscillating resonators. Since

λ >> d in this condition, the gas molecules that suffer a collision with the resonator are
unlikely to suffer a second collision with it. The velocity distribution function of
molecules seen by the resonator will therefore remain unchanged as a result of the motion
of the resonator and allows for a simpler computation of force on the resonator.92
The flow is in a crossover transition regime for 0.01 < Kn < 10, where neither
continuum nor free molecular flow adequately describe gas behavior. In this regime, the
velocity distribution function of molecules interacting with the resonator begins to show a
deviation due to previous interactions with it. A solution of the Boltzmann equation with
the BGK model, which employs a simplified collision operator with a single time scale, 93
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provides a better solution to describe the damping effect better free-molecular model and
continuum solution.
The boundary between free molecular and transition flow regimes is expected to
occur at 2×10-2 atmosphere for the Si nanowire (diameter = 330 nm) and 2.4×10-2
atmosphere for the Rh nanowire (diameter = 280 nm) in Figure 4-9(c). Therefore, it is
expected that the Q factors should be higher than those shown by the free molecular flow
solution (black dashed line) at pressures greater than 2×10-2 atmosphere for the Si and
2.4×10-2 atmosphere for the Rh nanowire resonator. The measured data show that both
resonators have Q-factors deviating at an even higher pressure corresponding to Kn = 0.5.
Recent experiments with other thin-film NEMS resonators 94 show that the deviation
occurs at Kn values between 0.1 and 0.8, which is similar to the data presented here. The
source of this difference is not well understood, and is the subject of continued
investigation.

4.5 Conclusion
This chapter presented the resonance characterization of cantilevered Si, Rh, and
Au nanowire resonators that were made by the hybrid integration method described in
Chapter 2 using templated VLS or electrodeposited nanowires. All three kinds of
nanowire resonators could be described as linear harmonic oscillators at room
temperature in vacuum. Collected spectra showed that the Si nanowires had Q-factors up
to 5400, Rh nanowires up to 1300, and Au nanowires up to 950. The Q-factor value from
the Si nanowires was similar to thin-film Si nanoresonators. The values from the Rh and
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Au nanowires were higher than those obtained for metallized or metal thin-film
cantilevers; this was possibly due to the cylindrical cross-section of the nanowires.
Besides Q-factors, the different resonance modes of nanowire resonators and the study of
the variation of the peak frequency were also presented and discussed.
The geometric scaling of the nanowire resonant frequencies was examined by
measuring groups of Si, Rh and Au nanowires with different dimensions. The scaling for
the Si nanowires was well approximated by the simple beam theory with data from
different nanowires showing low scatter. This demonstrated that the newly developed
hybrid integration method produced clamps that were uniform from device to device.
The clamps may also contribute to high Q-factors by enabling smaller dispersive and
dissipative energy loss. However, the data from the Rh and Au nanowires had larger
scatter compared to the best-fit line, which was likely caused by the geometric
measurement uncertainties and deviations from cylindrical geometry. For all three
nanowire materials, the Young’s modulus values obtained by the resonance measurement
method were significantly lower than the bulk values. Future work will explore the
dependence on the mechanical properties to the nanowire material growth parameters.
The resonance characterization of Si and Rh nanowire resonators at pressures
ranging from high vacuum (2 × 10-7 torr) to 1 atmosphere were conducted using the
electrostatic actuation method. It was observed that the high-vacuum Q-factors for both
resonators were maintained well into the medium vacuum range (up to pressures of 10-4
and 10-2 atmosphere for the Si and Rh nanowire resonators, respectively). When air
damping began to dominate at higher pressures, the Q-factor curves for these two
resonators crossed. The resonance measurement at different pressures can be used to
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understand different models for the evaluation of the drag force at different flow regimes,
though that is the subject of continued investigation.
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Chapter 5
ELECTRIC-FIELD ASSISTED ASSEMBLY OF NANOWIRES

Directed assembly of off-chip synthesized nanowires at predefined locations onchip is a significant challenge that is limiting nanowire-based technologies. 95 It has been
envisioned that the assembled nanowires can be compatible with the conventional
integrated circuit (IC) fabrication processes to enable electrical readouts from individual
nanowire devices for many technological applications. 96 For example, as discussed in
Chapter 1 and shown in Figure 5-1, the nanowire resonators are interesting candidates for
on-chip multi-target biosensing application if they can be integrated into nanowire
resonator arrays on Si chips where the processing circuitry is fabricated using standard
CMOS processes. In this example, large quantities of nanowires can be aligned into
parallel arrays in which individual nanowire resonators are connected to local CMOS
circuitry that has been fabricated prior the nanowire assembly, so that each nanowire can
be individually addressed and monitored as a biosensor.
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Figure 5-1: Scheme of nanowire resonator biosensor arrays enabled by directed assembly
of nanowires with CMOS circuitry.
In aligning nanowires, several strategies aimed at controlling their locations onchip for electrical connections have been developed such as electric field assisted
orientation and alignment 97 and fluid flow in microchannels. 98 More recent advances
have been the confinement and alignment of nanowires using the Langmuir-Blodgett
technique, 99 assembly of densely packed elongated metal nanowires using a pattern
transfer process, 100 and large-area blown bubble films of aligned nanowries. 101 Success
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in manipulating individual or small groups of nanowires was achieved using these
techniques. However, the assembly of large area nanowire arrays at predefined locations
on-chip has not been attained. Therefore, making contacts to large quantities of
individual nanowires on-chip is still challenging. Moreover, the selective assembly of
different types of nanowires on one single chip has not been demonstrated, even though
this would facilitate the development of multiplexed nanowire-based devices and
microsystems. For example, many populations of nanowires designed for different
sensing targets can be assembled into parallel arrays in Figure 5-1, which will enable the
detection of different kinds of targets using one chip.
The electric-field assisted nanowire assembly technique uses dielectrophoretic
(DEP) forces and/or torques exerted on nanowires through the action of an AC electric
field to provide long-range forces that manipulate nanowires suspended in liquid. 102
Early work from Mayer and colleagues97 demonstrated the concept of this assembly by
aligning single metallic nanowires between two pre-patterned buried metal electrodes.
Following that work, this assembly method has been used to align a wide range of
materials 103,104,105,106,107,108,109,110,111 between pairs of electrode gaps.
This chapter describes the results of several studies that were conducted to
develop an improved understanding of the electric-field assisted nanowire assembly
process and to increase on-chip nanowire assembly control and yield. Initial experiments
were performed by assembling 300 nm-diameter Rh nanowires of varying length between
pairs of interdigitated metal electrodes protected with a thin insulating dielectric layer to
investigate the effect of long- and short-range forces induced by the applied electric field
on nanowire alignment and self-ordering. The experiments showed that adjacent

118
nanowires aligned in the gap between two metal electrodes transitioned from nonuniform
to uniform spacing as the concentration of nanowires in the suspension was increased.
The minimum spacing between nanowires was achieved at high nanowire concentrations
immediately before the nanowires began to form end-to-end chains. This spacing
depended on nanowire length, and was smaller for shorter nanowires. At all
concentrations, the nanowires centered themselves across the electrode gap independent
of nanowire length. A three-dimensional field simulator was used to model the spatial
electric-field and potential distributions and describe the short-range forces acting on the
nanowires during assembly. These experimental and modeling results confirmed that
long-range dielectrophoretic forces attract and orient the nanowires in the direction of the
electric field gradient, while short-range capacitive forces control the final positioning of
the nanowires on the electrodes.
Another aspect of the work described in this chapter is the extension of this
assembly process to control the precise position of single nanowires on a chip to achieve
high-yield assembly of large-area nanowire arrays. Two methods were investigated to
achieve this goal: (1) local enhancement of the electric field using sharp electrode tips,
and (2) patterning wells in the insulating layer covering the metal electrodes, followed by
selective attachment of the nanowire to the substrate, and lift-off of misaligned
nanowires. The first method differed from earlier work that incorporated patterned metal
electrodes on top of the insulating dielectric to enhance the local field strength and make
electric contact to the nanowire.97 Similar to the earlier approach, the sharp tips patterned
along the length of the interdigitated electrodes enhanced the electric field at the tip and
controlled the position as well as the orientation of the nanowires. However, there are
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still a significant number of misaligned nanowires on the substrate, which would give a
low yield for the nanowire device fabrication. In contrast, the second method overcame
the problem by removing all misaligned nanowires through selective lift-off of the
insulating photoresist layer. Here single wire alignment yields as high as 80% were
achieved using laboratory-scale nanowire delivery methods. This method was used to
fabricate the nanowire resonator arrays described in Chapter 2.
The final advance in nanowire assembly detailed in this chapter was the
development of biasing scheme that was used to selectively position different types of
nanowires in different regions of the chip. The distribution of the spatially enhanced
electric field was simulated and confirmed by the experiments to enable the assembly of
nanowires in the desired regions on a chip. This was demonstrated by using three batches
of Rh nanowires with different lengths as well as three batches of Rh nanowires that were
chemically functionalized using different probe PNA molecules. The hybrid assembly
strategy described here provides a significant advance toward the multi-target biosensor
concept using nanowire resonator arrays discussed in Chapter 1.

5.1 Electric-field Assisted Nanowire Assembly
This section describes the initial assembly experiments on 300 nm-diameter Rh
nanowires of varying length between pairs of interdigitated metal electrodes protected
with a thin insulating dielectric layer to investigate the effect of long- and short-range
forces induced by the applied electric field on nanowire alignment and self-ordering. The
fundamental assembly features such as the orientation of the nanowire, the symmetric
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alignment between electrodes, and the spacing between adjacent nanowires are presented
and discussed.

5.1.1 Experimental Procedure
The electric-field assisted nanowire assembly method was studied experimentally
using the test structure shown in Figure 5-2. Arrays of planar interdigitated metal
electrodes that were 50 μm-wide and separated by 5 μm were fabricated by lifting-off a
thermally-evaporated 20 nm Ti / 60 nm Pd-thick metal film patterned in a double-layer
photoresist (0.3 μm-thick PMGI SF-6 and 0.5 μm-thick Shipley 1805, see Appendix B)
on a Si substrate protected with a 1 μm-thick layer of thermal oxide. After metal lift-off,
a 300 nm-thick silicon nitride (Si3N4) dielectric layer was then deposited by plasma
enhanced chemical vapor deposition (PECVD) to complete the structure. The thin
insulating Si3N4 layer prevented the interdigitated metal electrodes from shorting during
nanowire assembly, which allowed parallel alignment of thousands of nanowires into
large arrays. Immediately prior to the assembly experiments, the Si3N4 surface was
exposed to an oxygen plasma (25 W for 1 minute using Plasma Therm 720 reactive ion
etching tool) to ensure that the surface was hydrophilic. This decreased the surface
tension of the liquid, and hence the capillary forces exerted on nanowires when the
solvent used to suspend the nanowires evaporated.
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Figure 5-2: Schematic diagram of nanowire array assembly process. Interdigitated
electrodes (yellow) were covered by Si3N4 (blue). The IPA that was used to suspend the
nanowires was injected into a fluidic cell formed by sealing a cover-slip to the Si3N4
(grey). The IPA evaporated and left the aligned nanowire on the substrate.
The nanowires were assembled onto the interdigitated electrodes by injecting a 10
μl drop of nanowires suspended in isopropyl alcohol (IPA) into a 1 × 1 cm2 fluidic cell
formed by sealing a glass cover slip onto the Si3N4 substrate with 100 μm-thick silicone
spacers (see Figure 5-2). The fluidic cell was used to reduce the IPA evaporation rate
from one to five minutes, which allowed complete assembly of the nanowires prior to
evaporation. The cell also controlled the direction of evaporation front relative to the
aligned nanowires. In these experiments, the capillary force exerted on the assembled
nanowires was minimized by aligning the evaporation front orthogonal to the
longitudinal axis of the nanowires. This was achieved by leaving openings in the spacer
at the front and backside of the cell as shown in Figure 5-2.
These initial experiments used 300 nm-diameter Rh nanowires that were 11 μm
long and suspended in the IPA. The as grown nanowires from the membrane (see
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Chapter 2) had a high density of ~ 1011 nanowires per membrane. The nanowires from
one membrane were released into ~ 1 micro liter (mL) of IPA and then diluted to the
desired concentrations for the assembly. The Rh nanowire assembly was performed by
applying an AC bias voltage of ~7 VRMS at a frequency of 10 kHz between the
interdigitated metal electrodes. This electric-field assisted assembly process can be
applied to any nanowire material that is more polarizable than the suspending fluid with
slight modifications to the experimental conditions (e.g., electrode structure and AC bias
voltage) outlined here. Real time video was collected to document and evaluate the
nanowire assembly process for different nanowire concentrations.

5.1.2 Experimental Nanowire Assembly Results
The real time video collected during the nanowire assembly using this planar
interdigitated metal electrode structure showed that long- and short-range forces were
responsible for the orientation and positioning of the nanowires in the gap between the
electrodes. After applying the AC bias between the electrodes, the nanowires that were
in close proximity to the substrate surface were attracted to the regions of highest electric
field strength and were oriented with their longitudinal axis parallel to the direction of the
applied electric field. This is due to the long-range dielectrophoretic (DEP) forces
exerted on the nanowires in the non-uniform AC electric field,102 which caused the
nanowires to bridge the space between the metal electrodes.
As the nanowires approached the electrode gap with spacing smaller than the
nanowire length, the electric field between the nanowire ends and the underlying
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electrodes increased significantly and the nanowires were quickly assembled on the
insulating Si3N4 layer with the nanowires symmetrically crossing the electrodes. The
symmetrical position can be modeled and explained by the short-range capacitive forces
exerted on the two ends of the nanowires. As the concentration of the nanowires was
increased, the spacing between adjacent nanowires in one gap changed from nonuniform
to uniform, which was due to the screening of the electric field and the redistribution of
potential as the conductive nanowires were aligned. As the concentration of the
nanowires reached an upper limit, the minimum spacing between nanowires was
achieved immediately before the nanowires began to form end-to-end chains. The
nanowire chains were caused by the high electric field and gradient near the ends of the
aligned nanowires.
It is important to note that the nanowires that were aligned did not adhere to the
Si3N4 dielectric layer, but instead were still able to move along the surface of under the
influence of the AC electric field until the IPA evaporated. This allowed large number of
assembled nanowires to dynamically readjust their positions along the length of the
electrodes, and ultimately reach their assembled position on the surface when the supply
of additional nanowires was depleted.
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(a)

(c)

(b)

(d)

Figure 5-3: Assembly of 11 μm long Rh nanowires at four different concentrations:
~1×104, 5×104, 1×105 and 2×105 nanowires/µL. At all concentrations, the nanowires were
centered across the space between the metal electrodes. (a) At low concentration, the
spacing between adjacent nanowires along one pair of electrodes is nonuniform. (b) At
moderate concentration, a uniform spacing of ~ 15 μm is achieved and shown here. (c)
At high concentration, the uniform spacing can be as small as 4 μm. (d) At very high
concentration, nanowires were assembled into end-to-end chains.

Figure 5-3 shows four optical microscope images following the complete
assembly of 300nm diameter, 11 μm long Rh nanowires and evaporation of the IPA. In
this experiment, four batches of Rh nanowire samples were diluted from the originally
released nanowire suspension by ~ 10000, 2000, 1000 and 500 times. This corresponded
to the nanowire concentrations of ~1×104, 5×104, 1×105 and 2×105 nanowires/µL. The
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four batches of Rh nanowires were sequentially injected into the fluid cell on a same chip
with the structure shown in Figure 5-2. Each injection was done after the IPA from
previous injection was evaporated. This procedure was used to study the dependence of
the assembly features on the nanowire concentration. For example, at low nanowire
concentration, there were very few nanowires on the substrate, and the nanowires were
randomly aligned (Figure 5-3(a)). As the nanowire density was increased to a critical
level at which the screened electric field by the conductive nanowires was significant
(explained below), a uniform pitch of ~15 μm was obtained (Figure 5-3(b)). As more
nanowires were added, the nanowire pitch decreased until a pitch of 4 μm was achieved
(Figure 5-3(c)). Beyond this nanowire density, further injected nanowires formed chains
on aligned nanowires (Figure 5-3(d)). The formation of nanowire chains set the
minimum nanowire pitch to be 4 μm for this experiment. At all nanowire concentrations,
most of individual nanowires or straight nanowire chains spanned the electrode
symmetrically.

5.1.3 Discussion

5.1.3.1 Orientation and Attraction of Nanowires
The orientation and attraction of the cylindrical nanowires in the AC electric field
can be explained by examining the forces exerted on the nanowire, as shown in Figure 54. The sketch in Figure 5-4(a) illustrates a case in which the longitude of a nanowire is

inclined at an angle (θ) with respect to a uniform electric field (E). The polarized charge
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(+q and –q) is induced on the two ends of the conductive nanowire by E. The nanowire
thus experiences a torque (T) that causes the nanowire to rotate clockwise until the
longitude of the nanowire is parallel to E.

(a)

(b)

(c)

E

+q
nanowire

θ

E
-q

nanowire

+q

T

E
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Figure 5-4: Schematic illustration of the orientation and attraction of the nanowires in
electric field. (a) A polarized nanowire (+q and –q on the ends of nanowire) experiences
a torque (T) which aligns the nanowire with its longitude parallel to the electric field (E).
(b) A nonuniform electric field (E) induces equal amount of charge (+q and –q) on the
two ends of a nanowire and a DEP force to move the nanowire toward to the left. (c) The
nonuniform electric field on top of the electrode substrate is used to attract the nanowires
to span the electrode gap.
The attraction of the nanowires to the electrode can be explained by the longrange DEP force, which is defined as the motion of uncharged and polarizable particles in
a nonuniform electric field. As shown in Figure 5-4(b), if the particle (here is the
nanowire) is more polarizable than the surrounding medium, the motion is directed
toward regions of high electric field gradient (the left electrode) and the phenomenon is
called positive DEP. To prevent of the screening of the polarized charge on the nanowire
by the medium, an AC electric field with a frequency that is high enough to only polarize
the nanowire is normally used to induce the positive DEP on the nanowire. The
interdigitated electrode structure used in this study produced a nonuniform electric field
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along the edge of the electrodes, as shown in Figure 5-4(c), which attracted the nanowires
to span the gap.

5.1.3.2 Symmetric Alignment between Electrodes
After the nanowire is oriented and attracted between the electrode gap by the
long-range DEP force, the final position of the nanowire is controlled by short-range
forces, which can be investigated by modeling the nanowire-electrode system as a
capacitor as shown in Figure 5-5. As the nanowire spans the electrode gap, there is a
strong capacitive coupling between the two ends of the nanowire and the underlying
electrodes upon the applied bias. This coupling results in an out-of-plane electric field
r
(Ey, not shown) vertically through the Si3N4 dielectric layer and a capacitive force ( Fy )

exerted on the two ends of the nanowire that holds the nanowire on the Si3N4 surface. An
r
in-plane force ( Fx ) is also induced on the two ends of the nanowire due to the polarized
r
nanowire in response to the in-plane electric field near the nanowire ends. The Fx

ultimately controls the nanowire’s position relative to the underlying electrodes.
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Figure 5-5: Schematic of the nanowire-electrode system and illustration of the shortrange forces exerted on the two ends of an aligned nanowire.
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Figure 5-6: Modeling of the nanowire-electrode capacitor system using Comsol
Multiphysics.
The 2-dimensional quasi-static module from Comsol Multiphysics 112 was used to
simulate the potential and field distribution for such a nanowire-electrode capacitor
system. This model included the SiO2, one pair of electrodes, Si3N4 dielectric layer, one
300 nm diameter and 10 µm long nanowire and IPA medium, as shown in Figure 5-6.
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The thicknesses and dimensions of each layer is shown as well. A voltage with 10 Vpeak
at a frequency of 10 kHz was applied between the pair of electrodes. The relative
permittivity (ε) and resistivity (ρ) used in the simulation were: ε = 3.9 for SiO2, ε =7.5 for
Si3N4, ε =18.3 for IPA; ρ = 1012 Ω/cm for SiO2 and Si3N4, ρ = 1010 Ω/cm for IPA. The
parameters for the electrode and nanowires were chosen from the material of Au in the
module database and the boundary condition was chosen as “isolation” for the four
borders. Two simulations were conducted to investigate the potential and field profile for
two cases in which the nanowire was either asymmetrically or symmetrically aligned
between the electrodes.

(b)

(a)

x

IPA
Si3N4
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nanowire

nanowire
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Ex
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Figure 5-7: Simulation of potential and field to explain the symmetrical positioning of
aligned nanowires. (a) Top image shows the potential distribution near one pair of
electrodes with one nanowire aligned asymmetrically. Bottom image shows the
corresponded in-plane electric field crossing the nanowire axis. The field strength
difference between two ends will cause the nanowire to move to the right until it is
symmetrically positioned, as shown in (b), where the field strength near both nanowire
ends is equal.

130
Figure 5-7(a) shows the electrical potential (top image) and field (bottom image)
distribution for a nanowire that has more overlap with the left electrode. The left
electrode was biased by 10 V and the right electrode was grounded. In this case, the
nanowire had a potential of about ~7 V. This induced a stronger in-plane field (Ex) at the
r
right end of the nanowire than that at the left end. The in-plane electrostatic forces ( Fx )

exerted on the two ends of the nanowire are thus not balanced because the quantities of
r
the polarized charges on both ends are the same. The difference between the Fx will

move the nanowire until the Ex near both ends of the nanowire have the same strength.
This situation occurs when the nanowire symmetrically crosses the electrodes (Figure 57(b)). Such self-adjustment on the nanowire’s position happens in a very short time and

remains as long as the nanowire is straight and longer than the width of the gap. The
symmetric alignment of the nanowires spanning the underlying electrodes will facilitate
the post fabrication process to deposit metals and make contacts to the nanowires.

5.1.3.3 Spacing between Adjacent Nanowires
In the nanowire assembly process, the spacing between adjacent nanowires was
controlled by the nanowire density and was dynamically rearranged from random to
substantially uniform pitch before nanowire chains were formed at a density limit, as
shown in Figure 5-3. In this section, the effect of screened field by the conducting
aligned nanowires is discussed to explain the formation of a uniform pitch that was
captured in the video.
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As arrays of nanowires were aligned across the electrodes, individual conducting
nanowires are at the same electric potential and screen the electric field in small areas
that surround the nanowires. Therefore, the potential along one electrode is affected by
the number of aligned nanowires and has peak values midway between two adjacent
nanowires. Since the aligned nanowires are still mobile, they can readjust their positions
to achieve equal electric potential between them. This effect results in the uniform
spacing between adjacent nanowries when the nanowires are closely aligned.
On the other hand, the field strength surrounding the nanowire is significantly
reduced by the screening effect. When the spacing between adjacent nanowires becomes
small, the screening becomes larger and the field in the gap region is reduced. In
addition, the capacitive coupling between the electrode and aligned nanowires produces
an enhanced electric field near the nanowire ends. As more nanowires are aligned, the
active area of the enhanced field near the nanowire tips increases and finally attracts all
later injected nanowires to form chains, which then defines the minimum nanowire pitch.
To simulate the distribution of electrical potential and field from a region
containing several aligned nanowires, the 3-D quasi-static module from Comsol
Multiphysics was used and shown in Figure 5-8. The simulation included a SiO2
substrate, one pair of electrodes (100 nm thick), the Si3N4 dielectric layer (300 nm thick),
three 300 nm diameter and 11 μm long nanowires with different pitch and the IPA
medium. The dimension and position of each material are schematically illustrated. An
AC bias with 10 Vpeak at a frequency of 10 KHz was applied to the upper left electrode
and the other electrode was grounded. The electric parameters for each material were
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chosen to be the same as the simulation shown in Figure 5-6. The boundary condition
was chosen as “isolation” for all 6 boarders.
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Si3N4
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SiO2
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Figure 5-8: Modeling of three-dimensional distribution of the electric potential and field.
Figure 5-9 shows the simulated distribution of the spatially-dependent electric
potential on the nitride surface and 2-D plots of the potential crossing the nanowires, as
indicated by the dashed lines. The potential distribution (top images of Figure 5-9(a) and
(b)) shows that all three nanowires are at the same potential, which results in a periodic
distribution of the potential along the electrode crossing the nanowire ends. The 2-D plot
(bottom images of Figure 5-9(a) and (b)) shows that the potential has peak values
midway between nanowires. The value of the peak potential depends on the positions of
adjacent nanowires. Consider three nanowires that have non-equal spacing (Figure 59(b)), the electric potential midway between the larger spaced nanowires is much larger

and the nanowires will readjust their positions to reach equal electric potential between
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all of the nanowires. The self-adjustment resulted in the uniform spacing between
adjacent nanowires if the nanowire concentration in suspension was sufficiently high
(Figure 5-3(b) to (c)).
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Figure 5-9: Finite element modeling to explain the uniform spacing between adjacent
nanowires. (a) Top: In-plane electric potential distribution from 3 aligned nanowires
separated by a uniform 4 μm pitch. Bottom: Plot of the potential crossing the nanowires
shows the equal potential peak midway between nanowires. (b) Electric potential
distribution for the case of non-uniform spacing. The potential midway between the
larger spaced nanowires is higher, which resulted in the uniform spacing.
Figure 5-10 shows the screened electric field introduced by the conducting
nanowires and the enhanced field near the nanowire tips by the capacitive coupling. In
this case, each 11 μm long nanowire screens the electric field in an area of ~ 2 μm
surrounding the nanowire in the gap. Similarly as the potential distribution, the electric
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field midway between adjacent nanowires also has peak values and this high field in the
gap will attract later injected nanowires.

(b)

(a)

Position (um)

Figure 5-10: Finite element modeling of the electric field distribution in the gap and near
the nanowire tips. (a) 3 nanowires have uniform spacing. (b) 3 nanowires have nonuniform spacing.
The simulation shows that the electric field near the nanowire tips is much higher
than that in the gap. However, near one tip of one nanowire, the enhanced field is only
felt in an area with radius slightly larger than the nanowire diameter, which is relatively
small compared to the total area of the gap. As many nanowires are aligned along one
gap, both contributions from the screened field by the nanowires and the field near the
nanowire ends have to be considered. For example, when very few nanowires were
aligned (Figure 5-3(a)), the screened area in the gap by aligned nanowires was very small
compared to the total gap. This suggests that further injected nanowires were more likely
to be aligned in the gap. However, as many nanowires were aligned in one array
(Figure 5-3(c)), the field in the gap was almost completely screened. At the same time,
the field around the nanowire ends had a much larger affected area. The combination
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from these two factors finally aligned further injected nanowires into chains, which set
the minimum nanowire pitch.

5.1.3.4 Minimum Spacing between Adjacent Nanowires
The formation of the minimum pitch was further investigated by assembling
arrays of nanowires with different lengths. This study was motivated by the explanation
of the screened field in above section, which indicated that the shorter nanowires screen
the field in smaller areas around themselves and thus should enable smaller nanowire
pitch. To prove this hypothesis, five batches of 300 nm diameter Rh nanowires with
different lengths (2.5, 4, 7, 11, 13 μm) were prepared and each batch of nanowires was
aligned on an individual chip with the fluidic cell using the same AC voltage (~7 VRMS at
a frequency of 10 kHz). The interdigitated electrodes for this study were separated by 35
μm, which was larger than the nanowire lengths and was used to provide the same
electric field profile for all nanowires. During the assembly, nanowires were aligned
along the electrodes to form arrays and the alignment was conducted to achieve the
minimum pitch for each batch of nanowires, which was also determined by the formation
of nanowire chains. After the alignment, SEM images from each chip were collected at
the same magnification to compare the minimum pitch.
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(a)

(b)

Figure 5-11: The dependence of the minimum nanowire pitch on nanowire length. (a)
Electrodes with 35 μm wide gap are used to align nanowire arrays to achieve the
minimum pitch. (b) 5 SEM images of arrays of nanowires with different lengths that are
aligned at the minimum pitch. The nanowire length is 2.5, 4, 7, 11 and 13 μm for the
image from left to right. These images are at the same magnification.
Figure 5-11(a) shows a SEM image of the electrode structure and an example of
the aligned nanowire arrays (nanowire length ≈ 4 μm) on both sides of the electrode. In
this experiment, some nanowire chains were already formed, suggesting that the
nanowires were aligned at the minimum pitch. Figure 5-11(b) shows 5 SEM images of
the nanowire arrays (with nanowire length of 2.5, 4, 7, 11 and 13 μm from left to right) at
the same magnification. It clearly shows that shorter nanowires have a smaller pitch.
The batch of nanowires with a length of ~2.5 μm is the shortest one used in this study. It
will be interesting to use the electrode structure shown here to assemble shorter metal
nanowires to see how the pitch scales down.

5.2 Nanowire Assembly at Predetermined Locations on a Chip
The fundamental assembly features learned from these initial experiments were
useful to extend the assembly process to precisely control the position of single
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nanowires on a chip and achieve high-yield assembly of large-area nanowire arrays. Two
methods were investigated to achieve this goal: (1) local enhancement of the electric field
using sharp electrode tips, and (2) patterning wells in the insulating layer covering the
metal electrodes, followed by selective attachment of the nanowire to the substrate, and
lift-off of misaligned nanowires. As discussed in this section, the sharp tips patterned
along the length of the interdigitated electrodes enhanced the electric field at the tip and
controlled the position as well as the orientation of the nanowires. However, there are a
significant number of misaligned nanowires on the substrate, which could result in a low
yield for the nanowire device fabrication. In contrast, the second method overcame the
problem by removing all misaligned nanowires through selective lift-off of the insulating
photoresist layer. Here single wire alignment yields as high as 80% were achieved using
laboratory-scale nanowire delivery methods. This method was used to fabricate the
nanowire resonator arrays described in Chapter 2.

5.2.1 Sharp Electrode Tips
In this approach, the whole assembly structure was similar as the one shown in
Figure 5-2, except pairs of electrode tips (2 μm × 2 μm) were patterned along the length
of the interdigitated electrodes. During the fabrication of the electrodes, the edges of the
electrode tips were rounded due to the optical exposure, resulting in sharp electrode tips.
This method differed from earlier work that incorporated patterned metal electrodes on
top of the insulating dielectric to enhance the local field strength and make electric
contact to the nanowire.97 Similar to the earlier approach, the sharp tips enhanced the
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electric field at the tip and controlled the position as well as the orientation of the
nanowires. The spacing between adjacent electrode tips along one electrode was
designed at 4 μm, which is as same as the minimum pitch achieved in Figure 5-3(c).
Such spacing is used to investigate the screened field by the nanowire and the yield for
single nanowire placement. The width of one electrode including the tips on both sides is
15 μm and the gap between one pair of electrode tips is 5 μm. On such a chip with an
area of 1 cm2, there are 1.25 million pairs of electrode tips that can be used to assemble
nanowires. The batch of 300 nm diameter and 11 μm long Rh nanowires was assembled
by applying a ~7 VRMS voltage at a frequency of 10 KHz between the interdigitated
electrodes.
The 3-D quasi-static module from Comsol Multiphysics with same simulation
parameter as the one shown in Figure 5-8 was used to simulate the field distribution for
the structure with sharp electrode tips and the simulated result is shown in Figure 5-12(a).
It was confirmed that the electric field near the tip edge was the highest and could attract
single nanowires between the electrode tips.
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Figure 5-12: Alignment of nanowire array using electrodes with sharp tips. (a) 3-D
simulation of the local enhanced electrical field, which is used to improve assembly
precision. (b) Dark-field optical image of 300nm diameter and 11 μm long Rh nanowire
arrays in a 1.4 mm × 1 mm area. (c) Magnified optical image from center region of (b)
showing the nanowire position and the defects of nanowire placement.
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Figure 5-12(b) and (c) shows typical dark field and bright field optical microscope
images of the aligned nanowire arrays. In this experiment, many individual nanowires
were aligned across pairs of electrode tips. Most of the single nanowires were aligned
symmetrically across the electrode gaps. In the image of Figure 5-12(c), there were 76
single nanowires aligned in 133 pairs of electrode tips and the yield from this sample for
single nanowire alignment was about ~ 57%. The assembly defects mainly included
vacancies (no nanowires), misaligned nanowires (not between the electrode tips), and
nanowire chains. The designed 4 µm spacing between adjacent tips along the electrode
seems to work quite well to screen the electric field and align single nanowires.
However, the defects for misaligned nanowires and nanowire chains were high and these
defects were hard to prevent or be removed from the sample after alignment. For
example, to decrease the vacancy defects, more nanowires needed to be injected on the
sample, which made the defects for the nanowire chains worse.
To investigate and improve the assembly yield of this structure, the dimensions of
the electrode must be optimized, which includes the size of the electrode tip and the
width of the electrode. The applied voltage (including both amplitude and frequency)
and the combination of nanowire concentration and injecting times also must be
investigated.

5.2.2 Patterned Photoresist Wells
Assembling nanowires using the structure with patterned photoresist wells was
introduced in this thesis to control the nanowire alignment precision as well as achieve a
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high yield. Patterned photoresist wells have been reported to assemble micro- and
nanospheres from fluid by the Xia group at University of Washington. 113 In that study,
the authors used capillary forces from the evaporation of DI water exerted on the spheres
to assemble them into the patterned photoresist wells. It was reported that the structure of
the patterned photoresist wells determined the features of assembled spheres. For
example, the depth of the wells had to be larger than the sphere radius to keep the spheres
inside of the well. Depending on the opening size of the wells, single or multiple spheres
could be assembled in individual wells. In addition, the direction of the moving
evaporation front was also important on the assembly since it determined the final
position of the assembled spheres.
As discussed in this section, the electric-field assisted assembly combined with
the capillary force was used to align single nanowires into individual photoresist wells for
position control and to liftoff the misaligned nanowire by removing the photoresists after
assembly. This approach significantly improved the single nanowire placement yield,
which was as high as 80% using laboratory-scale nanowire delivery methods. This
method was also used to fabricate the nanowire resonator arrays described in Chapter 2.
This structure of patterned photoresist wells used for nanowire assembly is
schematically shown in Figure 5-13(a). The feature sizes and fabrication method used to
define the electrodes and Si3N4 dielectric layer were the same as those described in
Figure 5-2. On top of the Si3N4 layer, arrays of photoresist wells were patterned to span
the electrodes. This was achieved by using double layer photoresist lithography with 0.3
µm thick PMGI SF-6 and 0.5 µm thick Shipley 1805 (see Appendix B). After patterning
both photoresists, the Shipley 1805 photoresist was removed using acetone and the
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sample was rinsed by IPA, leaving patterned PMGI SF-6 on top of Si3N4 layer (Figure 513(a)). The PMGI photoresist was chosen mainly due to the solvent used in the

assembly. For example, the nanowire assembly described in this thesis was conducted
using IPA, which was more efficient and easier than other medium such as DI water. The
PMGI photoresist was not dissolvable by IPA and allowed the assembly out of IPA.
Moreover, PMGI photoresist could be dissolved in Micro 1165 remover after alignment,
which left the aligned nanowires on the Si3N4 substrate.
The dimension of the patterned wells (1.5 µm × 12 µm) was based on the
resolution of the contact lithography facility in the laboratory and such wells were able to
align single nanowires. Arrays of PMGI wells with varied spacing (6, 10 and 20 µm)
were patterned to investigate the yield for single nanowire placement. The batch of 300
nm diameter and 11 µm long Rh nanowires was assembly in this study by applying a
voltage of ~7 VRMS at a frequency of 10 kHz to the electrodes.

(a)

(b)

PMGI resist
Nanowire
Si3N4
SiO2
Vac

Figure 5-13: Nanowire arrays assembled in patterned photoresist wells. (a) Schematic of
patterned wells. (b) Dark images of assembled Rh nanowires in wells with spacing of 6,
10 and 20 µm, respectively.
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Figure 5-13(b) shows 3 dark-field optical microscope images of aligned Rh
nanowires using the PMGI wells. The spacing between adjacent wells from left to right
image is 6, 10 and 20 µm, respectively. During the assembly, the nanowires were aligned
on the photoresist between the wells first since this region had a relatively large area
compared to the area of wells. The aligned nanowires then fell into the wells due to the
high electric field inside of the wells. This process resulted in a high yield for filling the
wells by the nanowires. As the nanowires were aligned on the substrate and the
evaporation front of IPA moved across the wells (along the arrow), the nanowires were
pushed to one side of the wells (the bottom edge in this case).
Compared to the electrode tips, this structure has significant advantages in
controlling nanowire pitch and the yield by designing the well pitch and liftoff of the
misaligned nanowires. For example, the wells with a pitch of 6, 10 and 20 µm (from left
to right in Figure 5-13(b)) all enabled high alignment yield. As described in Chapter 2,
the misaligned nanowires (on top of the photoresist between wells) were lifted-off by
removing the PMGI photoresist, leaving nanowire arrays with a controllable pitch. The
yield for single nanowire placement for all three pitches was as high as 80% and
significantly higher than that from the electrode tips.

5.3 Selective Placement of Different Types of Nanowires
A significant advance in the bottom-up assembly of nanowires over the
conventional top-down fabrication is the ability to selectively position different types of
nanowires in parallel arrays on one single chip, which would enable the integration of
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different nanowire-based devices into a multiplexed circuit. However, such selective
placement of different types of nanowires has not been demonstrated yet due to the
challenges of directed assembly. In the electric-field assisted nanowire assembly,
positioning different types of nanowires can be achieved by adjusting the biasing scheme
of the AC voltage, which is demonstrated and discussed in this section by aligning three
types of Rh nanowires with different lengths, as well as three batches of Rh nanowires
coated with different PNA biomolecules.
The test structure used for this study is schematically shown in Figure 5-14(a), in
which four 10 µm-wide, 6 mm-long metal electrodes were patterned on the SiO2
substrate and covered by Si3N4 dielectric film by using the same fabricate procedure as
described in Section 5.1. The same fluid cell formed by sealing a cover-slip on the Si3N4
layer was also used in the assembly to allow the nanowire suspension injected and
evaporated from the right to the left on chip shown in Figure 5-14. To demonstrate and
identify the selective alignment, three populations of 300 nm diameter Rh nanowires with
lengths of 5, 7, and 11 µm and suspended in IPA were first used as different types of
nanowires. The separations between two adjacent electrodes from left to right were
designed to be 3, 5, and 7 µm, and were used to assemble the nanowires with lengths of
5, 7, and 11 µm, respectively. Such electrode features and nanowires helped to
understand the basic characteristics of the selective assembly of different types of
nanowires.
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Figure 5-14: Selective placement of three types of Rh nanowires with lengths of 5, 7 and
11 µm. (a) Schematic of the test structure. (b) One array of 5 µm long Rh nanowires
was assembled in left gap by applying the bias as shown in the bottom. Circled regions
show the misaligned nanowires. (c) One array of 7 µm long Rh nanowires was
assembled in the middle gap. (d) One array of 11 µm long Rh nanowire array was
assembled in the right gap. (e) Preliminary result of three different Rh nanowire arrays
assembled on one chip by sequentially performing the assembly shown in (b) – (d) and
allowing the IPA evaporated after each assembly.
The AC voltage Vac used in this assembly study was ~3.5 VRMS at a frequency of
1 MHz, which had smaller amplitude but higher frequency than the previous experiments.
This was found to be effective at decreasing the number of nanowire chains at the left and
right most edges of the groups of electrodes, while maintaining a high alignment yield in
each of the gaps. Three biasing schemes were developed for the assembly of different
types of nanowires in the three different gaps. The schemes and the optical microscope
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image of the assembly results collected from three different chips are shown in Figure 514(b) – (d). In the first scheme, the AC signal was applied to the left electrode (electrode

1) and all the other three electrodes (electrode 2, 3, and 4) were grounded (Figure 514(b)). The electric field strength in the left most gap (between electrode 1 and 2) was

much higher than that in other regions on the chip. After the 5 µm long Rh nanowires
were injected, the spatially-confined electric field induced long-range DEP forces to
cause nanowires to move toward the left gap. This resulted in the assembly of the 5 µm
long nanowires selectively in this gap, as shown in Figure 5-14(b). Nanowires were also
aligned along the left edge of electrode 1 due to the high field along that edge. The
selective assembly of the 7 µm long nanowires in the middle gap (between electrodes 2
and 3, shown in Figure 5-14(c)) and the 11 µm long nanowires in the right gap (between
electrodes 3 and 4, shown in Figure 5-14(d)) were also achieved using the biasing
schemes shown in the figure. The assembly of all three types of nanowires in three
separate arrays on one single chip was completed by performing each assembly
sequentially and allowing the IPA to evaporate after each assembly step. Figure 5-14(e)
shows the optical microscope image of the chip having three different types of nanowires
aligned in different columns.
The test structure and biasing schemes described above also gave several different
assembly defects. For example, as shown in Figure 5-14(b) – (d), all three biasing
schemes resulted in nanowires being assembled along the left edge of electrode 1. This
occurred because of fringing fields and can only be prevented by redesigning the
electrode structure to remove edges that are in close proximity to the assembly gaps.
Similar phenomena were observed in the left most electrode gap in Figure 5-14(b) and

147
the right most gap in Figure 5-14(d), where the misaligned nanowires are shown inside of
the circles. This is probably due to the asymmetric biasing scheme, which gives rise to
small fringing fields between each of the biased or grounded electrodes.
Overcoming the misalignment in adjacent columns was one of the greatest
challenges for improving the selective alignment yield and to extend this assembly
method for more types of nanowires by using more individual electrodes. One other bias
configuration was studied in which the ground signal in Figure 5-14(b) – (d) was replaced
by a signal that was 180° out of phase respect to Vac. More nanowires were found to be
aligned along both the left edge of electrode 1 and the right edge of electrode 4, resulting
in a low alignment yield inside of the gaps.
The idea of selective assembly was also extended to biomolecules derivatized
nanowires. As discussed in Chapter 1, this method has advantages over approaches (e.g.,
dip-pen lithography, ink-jet printing and dipping into multiple solutions) used for topdown devices, including the ability to optimize the coating of the molecules on the device
surface prior to assembly and minimize cross contamination of different molecules on
different nanowire devices.
Figure 5-15 shows the initial results from the assembly of three different PNA
coated nanowire arrays. Here, three different probe PNA (noted as P1, P2, P3) were
coated on the Rh nanowires in separated batches, as described in Chapter 2. The
nanowires were transferred from suspension and then aligned into parallel arrays using
the biasing schemes described in Figure 5-14.
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Target DNA with fluorescent dye
selectively hybridizes with the
probe PNA after nanowire
assembly
Probe PNA are coated
on nanowire prior to
nanowire assembly

Nanowire
(a)

(b)

(c)

Figure 5-15: Alignment of three types of PNA coated Rh nanowire arrays. (a)
Schematic of the hybridization structure on the nanowire surface. (b) Bright field
reflective image of arrays of different PNA coated Rh nanowire arrays. (c) Corresponded
fluorescent image of the same area of (b) shows the retained biofunctions of the PNA.
After the nanowire alignment, the sample was hybridized with three target DNA
that were correspondingly complementary to P1, P2 and P3. Each target DNA was
labelled with a different fluorescent dye, which helped to identify the hybridization result.
Figure 5-15(a) schematically shows the hybridization structure. Figure 5-15(b) and (c)
show reflective and fluorescent microscope images of three arrays of aligned nanowires
from one chip after the hybridization. This result shows the ability to align multiple
populations of nanowires into parallel arrays. Moreover, the PNA coated on the
nanowire can still selectively bind to the target, which is a significant step towards
multiple-target biosensing.
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5.4 Conclusion
This chapter discussed a detailed study of the electric-field assisted nanowire
assembly to control the nanowire’s position on chip and achieve a high alignment yield.
Initial experiments using interdigitated electrodes were conducted to investigate the
fundamental features of the assembly, including the symmetric position and the spacing
between adjacent nanowires. Two different approaches – electrode tips and patterned
photoresist wells – were investigated to control the alignment precision. The structure
with electrode tips used the local electric field to align single nanowires between pairs of
electrodes. However, the yield for this approach was not high (~50%) due to the large
number of assembly defects, such as vacancies, misaligned nanowires, and nanowire
chains. The approach using pattern photoresist wells used three main mechanisms –
electric fields, capillary forces, and liftoff to achieve a higher alignment yield (~80%)
with a controlled nanowire pitch. The final advance in nanowire assembly was the
development of biasing schemes that were used to selectively position different types of
nanowires in different regions on the chip. This was demonstrated by using three batches
of Rh nanowires with different lengths as well as three batches of Rh nanowires that were
chemically functionalized using different probe PNA molecules. The results described in
this chapter provide a significant advance toward large area nanowire arrays for multipletarget biosensing devices and microsystems.
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Chapter 6
SUMMARY AND FUTURE WORK

6.1 Summary of the Thesis Work
This thesis described a new hybrid integration method that was used to fabricate
nanomechanical resonator arrays using nanowires. This integration method combined
techniques in off-chip synthesis and on-chip assembly of the nanowire materials. By
combining AC electric-field assisted assembly of nanowire arrays, photolithographic
patterning, and electrodeposition, this method has enabled the parallel placement and
secure clamping of individual nanowires on a pre-patterned substrate to create the
nanoresonator arrays. This integration method is general and can be extended to many
other types of off-chip synthesized materials, which will extend the scope of on-chip
nanowire device applications.
Chapter 1 introduced the background and motivation of the development of the
hybrid integration method that will enable nanowire sensor arrays for on-chip sensing.
Chapter 2 presented the details of the hybrid integration method developed to
fabricate large-area nanowire resonator arrays using nanowires that were synthesized and
chemically-functionalized off-chip. Three separate mechanisms were combined to
achieve assembly yields exceeding 80% for arrays having over 2000 single-nanowire
resonators: electric-field forces, capillary forces, and nanowire lift-off. Cantilevered
resonators made from Si, Rh, and Au nanowires were used to show the versatility of this
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strategy for different materials. Several important features of the fabricated
semiconductor and metal nanowire resonators were discussed, including the nearly
vertical sidewall electrodeposited metal, the distortion-free nanowire resonator geometry,
and the separation between the nanowire and the chip surface. Chapter 2 also described
the compatibility of this integration method with nanowires that were chemicallyfunctionalized with PNA probe molecules off-chip prior to nanowire assembly. Results
using fluorescently-labeled target DNA showed that the probe PNA molecules retained
complete binding selectivity with complementary DNA, while little binding was
observed for noncomplementary DNA. This study will facilitate the development of
chip-based multiple-target biosensor arrays.
The nanowire resonators were characterized using the custom-designed
measurement setup described in Chapter 3. This setup enabled using either piezo disk or
electrostatic actuation to drive, and an optical method to detect the nanowire’s resonance
at pressures ranging from high vacuum to 1 atmosphere. To evaluate the two driving
methods, the resonance performance of the same Si or Rh nanowire resonators driven by
the two methods were compared. It was found that the two driving methods yielded
nearly the same resonance curves from the same resonators in high vacuum where the
resonators had high Q-factors (greater than 1000). However, at 1 atmosphere where the
Q-factors were low, the resonance spectra obtained from the two driving methods
differed significantly, both in the Q-factor value and in the shape of the spectrum.
Chapter 4 presented and discussed the results of the resonance measurements on
Si, Rh and Au nanowire resonators at room temperature. These measurements were used
to characterize the nanowire resonator performance and to investigate the mechanical
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properties of nanowire materials. Resonators of all three materials in high vacuum could
be described as linear oscillators, with high Q values of 3500 – 5400 for Si, 1000 – 1300
for Rh, and 600 – 950 for Au nanowires. Nanowire resonators of these three materials
with diameters ~300 nm yielded Young’s modulus values of 152 ± 6 GPa for Si, 222 ±
70 GPa for Rh and 44 ± 12 GPa for Au, which are all lower than the corresponding
values obtained from bulk materials. The Q-factors of Si and Rh nanowire resonators
were measured at different pressures to evaluate the effect of air damping on the resonant
response of the devices.
Finally, Chapter 5 presented the experimental results and modeling studies
conducted to understand the AC electric-field assisted assembly of nanowires.
Fundamental parameters that characterized the assembly process were determined as a
function of starting nanowire concentration, including the uniform separation between
adjacent nanowires assembled on pairs of biased electrodes, the self-centering of
nanowires across these electrodes, and the end-to-end chaining of nanowires at high
concentrations. This chapter also described an extension to this basic AC electric-field
assisted assembly process for selective placement of different types of nanowires in
different locations on the chip. This was demonstrated using three batches of Rh
nanowires with different lengths as well as three batches of Rh nanowires that were
chemically functionalized using different probe PNA molecules.
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6.2 Future Work
The research described in the thesis focused on the on-chip assembly and
integration of nanowire resonators, investigation of the compatibility of the integration
process with chemically-functionalized nanowires, and the measurement of the nanowire
resonator performance for fundamental studies and applications. Future work will be
required to apply the on-chip nanowire resonators as mass-based biosensors for real-time
sensing as introduced in Chapter 1. For example, it will be necessary to experimentally
quantify the mass sensitivity and demonstrate the target selectivity of the nanowire-based
biosensors using real-time electrical readouts scheme. Here, the preliminary results on
the measurement of the frequency shift caused by added mass are presented, which still
need to be investigated in the future.

6.2.1 Demonstration of Mass-based Nanowire Biosensor
The mass detection using a mechanical resonator is based on the measurement of
a shift in the resonance frequency when a small additional mass is adsorbed on the
resonator, as described by: 114

ΔM = −2 M

Δf
f

(6.1)

where ΔM is the added mass, M and f are the mass and resonance frequency of the
resonator, and Δf is the measured frequency shift. It is important to note that the validity
of Eq. 6.1 relies on several assumptions about the added mass. First, it must be much
smaller than the mass of the resonator ( ΔM << M ). Second, it must be evenly
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distributed over the device surface. Third, it must not change the stiffness and damping
of the device. And lastly, it must be attached to the resonator so that it does not move
around.
The added mass for a DNA-based biosensor typically comes from the
hybridization between the DNA biomolecules in an aqueous solution (e.g., buffer) where
the adsorbed water on the resonator could affect the measured frequency shift. In
addition, the mechanical properties of the resonator, such as stiffness, can be affected by
the hybridized molecules as was reported recently. 115 The damping could also change
and affect the frequency shift. Therefore, controlled experiments should be designed to
calibrate each factor in the future.
Figure 6-1 shows a simple experimental design that enabled a quick evaluation of
the relationship between the added mass and the frequency shift by binding Au
nanoparticles on the Rh nanowire resonators. In this experiment, two chips containing
Rh nanowire resonators were fabricated and the resonance frequency (f1) of individual Rh
nanowire resonators were measured in vacuum (pressure of ~ 2 × 10-2 torr) as shown in
Figure 6-1(a). The moderate vacuum level was easily achieved in a short time (~20
minutes) and was sufficiently low to have a high Q-factor to locate the resonance
frequency (See Chapter 4). The chips were then unloaded from the chamber for Au
particle binding.
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(a)
Rh nanowire

f1

(b) Complementary chip

(c) Non-complementary chip

Tag DNA with
Au particle

Target DNA
Probe DNA (P1):
complementary
to the target

f2 f1

Probe DNA (P2):
Non-complementary
to the target

f2 f1

Figure 6-1: Demonstration of nanowire-based mass sensor. (a) Two chips containing Rh
nanowire resonators were fabricated and the resonance frequency (f1) of individual
resonators was measured in moderate vacuum. (b) The probe DNA (P1) that is
complementary to the target DNA is coated on the resonators. (c) The probe DNA (P2)
that is non-complementary to the target DNA is coated on the resonators. For both chips,
the sandwich assay hybridization between the probe DNA, target DNA and tag DNA
with Au nanoparticles was conducted and the resonance frequency (f2) of the resonators
was measured again in vacuum. Only the complementary chip was expected to have Au
nanoparticles on the resonator that resulted in a significant frequency shift.
The sandwich assay (Figure 6-1(b)) was hybridized in a buffer by J. A. Sioss from
Professor Keating’s group at the Pennsylvania State University. Two different probe
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DNA (P1 and P2) were bound on the nanowire surface through 5’ thiol end group. The
target DNA, complementary to P1, was added on each chip and allowed to hybridize to
the probe. The tag DNA, bound to 50-nm-diameter Au particles through 5’ thiol end,
was then added on the chip. Both chips were rinsed in a buffer after each binding step,
followed by submersion into ethanol for critical point drying. Field emission scanning
electron microscope (FE-SEM) images of the Rh nanowire resonators were taken for the
Au particle count, and the chips were then loaded into the chamber for the 2nd resonance
measurement.
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(a)

Complementary chip

(b)

Non-complementary chip

Figure 6-2: Demonstration of Rh nanowire resonators for mass sensing. (a) Sample with
complementary nucleic acid target. (b) Sample with non-complementary nucleic acid
target. In both panels, the top plots show the resonance frequency shift; the middle and
bottom FE-SEM images show the Rh nanowire resonators before and after the sandwich
assay hybridization. The number of the bound Au particle on the Rh nanowire was
counted from the top-half of the nanowire surface in the FE-SEM.
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Figure 6-2 shows the examples of the measured resonance frequency shift
together with the FE-SEM images of the Rh nanowires before and after the sandwich
assay hybridization. The adsorbed mass was estimated by counting and doubling the
number of Au particles on the top surface of the nanowire from the FE-SEM image. The
number of Au particles on the nanowires for complementary hybridization ranged from
~60 to ~260, which resulted in a mass of ~76 fg to ~328 fg (each Au particle with a
diameter of 50 nm has a mass of 1.26 fg, larger than the mass of the DNA coated on the
nanowire). The number of the bound Au particles on the nanowires for noncomplementary hybridization was no more than 6, much less than that from the
complementary sample.

Figure 6-3: Relationship between measured frequency shift and added mass.
Figure 6-3 plots the measured (red circles) frequency shift and the estimated
added mass from 11 Rh nanowires on the complementary chip. The relationship between
the values of the measured normalized added mass ( Δm

m

) and the frequency shift
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( Δf

f

) can be roughly described by the solid line (Eq. 4.5), with the assumptions on the

added mass as mentioned above.
It was noticed that the measured frequency from some Rh nanowires on the noncomplementary chip increased slightly, even though only a few Au nanoparticles were
bound on the nanowire. This result suggests that for some of the nanowires the frequency
change could be significantly affected by factors other than the added mass. Two
possibilities are the stiffness variation due to the DNA coating as reported in recent
literature,115 or a loss in mass from possible residue that was removed by subsequent
rinsing steps. These will need further study using suitable controls by investigating the
frequency changes after each binding event in the sandwich assay hybridization.

114

L. Meirovich, Elements of Vibration Analysis, McGraw-Hill, New York, pp. 212,
1975
115

D. Ramos, J. Tamayo, J. Mertens, et al., "Origin of the response of nanomechanical
resonators to bacteria adsorption," Journal of Applied Physics, vol. 100, pp. -, 2006
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Appendix A
NANOWIRE RESONATOR INTEGRATION PROCESS
Sample Number
Date
FABRICATION PROCESS
Pick 3” Si wafer with 1 micron wet oxide as sample
Clean sample with acetone and IPA
Clean sample with Oxygen descum at 50 W for 1 minute
Deposit Ti / Au (20nm / 80nm) using double-layer resist liftoff
procedure (see Appendix B) with mask level – I (electrode level)

Clean sample with Oxygen descum at 50 W for 1 minute
Spin PMGI SF-6 at 4000 rpm for 40 seconds
Bake PMGI SF-6 on hotplate at 200 °C for 5 minutes
Remove sample from the hotplate and stay at room-temperature for 5
minutes
Spin Shipley 1811 at 4000 rpm for 40 seconds
Bake on hotplate at 100 °C for 1 minute
Align mask – II (well level) and expose Shipley 1811 for 0.7 minute
with power of 3.0 mw/cm2
Develop Shipley 1811 in developer (351:H2O = 1:5) for 45 seconds
Oxygen descum at 25 W for 30 seconds
Check exposed feature with optical microscope
Expose PMGI SF-6 in the PR-100 UV zoon oven for 150 seconds
Develop PMGI SF-6 in 101 developer for 40 seconds
Soak sample in acetone for 2 minutes and rinse sample in acetone and
IPA
Align nanowires from IPA suspension using the fluid cell and AC bias
with 10 KHz and 7 VRMS
Check nanowire alignment result with optical microscope
Remove the fluid cell after nanowire alignment

Initials Date
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Bake sample at 100 °C for 1 minute
Rinse sample in acetone and IPA
Spin Shipley 1811 at 4000 rpm for 40 seconds
Bake on hotplate at 100 °C for 1 minute
Align mask – III (clamp level) and expose Shipley 1811 for 0.7 minute
with power of 3.0 mw/cm2
Develop Shipley 1811 in developer (351:H2O = 1:5) for 40 seconds
Oxygen descum at 25 W for 30 seconds
Check exposed feature with optical microscope
Expose PMGI SF-6 in PR-100 UV-zoon oven for 400 seconds
Develop PMGI SF-6 in 101 developer for 40 seconds
Oxygen descum at 25 W for 30 seconds
Check exposed feature with optical microscope
Measure the depth of exposed feature with profilometer
Pre-heat Au electrolyte (Technic TG25E RTU) to 55 °C with water bath
Start magnetic stirring Au electrolyte
Plate Au using 1mA current with 0.6 ms / 0.3 ms duty cycle for 10
minutes
Measure the depth of exposed feature again with profilometer and
estimate the thickness of plated Au
Soak sample in Micro 1165 remover at 55 °C for 2 hours
Soak sample in DI water using 1-liter beaker and gently stir for 1
minute
Soak sample in DI water using another 1-liter beaker and gently stir for
1 minute
Soak sample in ethanol using 1-liter beaker and gently stir for 1 minute
Soak sample in ethanol using another 1-liter beaker and gently stir for 1
minute
Transfer sample to a 100 ml reservoir filled with ethanol
Use critical point drier to dry sample out of ethanol
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Appendix B
DOUBLE LAYER PHOTORESIST LIFTOFF PROCESS
Sample Number
Date
FABRICATION PROCESS
Pick 3” Si wafer with 1 micron wet oxide as sample
Clean sample with acetone and IPA
Clean sample with Oxygen descum at 50 W for 1 minute
Spin PMGI SF-6 at 4000 rpm for 40 seconds

Bake on hotplate at 250 °C for 5 minutes
Keep sample at room temperature for 2 minutes
Spin Shipley 1805 at 4000 rpm for 40 seconds
Bake on hotplate at 100 °C for 1 minute
Expose Shipley 1805 with mask for 30 seconds at 3.0 mw/cm2 laser
intensity
Develop Shipley 1805 in developer (351:H2O = 1:5) for 30 seconds
Oxygen descum at 25 W for 30 seconds
Expose PMGI SF-6 in PR-100 UV-zoon oven for 400 seconds
Develop PMGI SF-6 in 101 developer for 1 minute
Oxygen descum at 25 W for 30 seconds
Load sample into evaporator
Evaporate desired metal
Soak sample in Micro 1165 remover at 55 °C for > 1 hour
Soak sample in Micro 1165 remover at room temperature for > 1 hour
Stir or sonicate Micro 1165 remover if necessary
Rinse in DI water
Rinse in IPA
Dry sample with Nitrogen

Initials Date
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Appendix C
MATLAB PROGRAM FOR Q-FACTOR CALCULATION USING LORENTZIAN
FUNCTION
% This matlab program is used to read resonance trace files with frequency,
% amplitude and to extract the measured Q factor through Lorentzian fitting
% functions.
clc;
clear;
Q = 0;
Q_above = 0;
Q_below = 0;
fpeak = 0;
delf_above = 0;
delf_below = 0;
dMbyM = 0;
filname =trace.name;
InpDatFil = load (a(i).name);
freq = InpDatFil(:,1);
amplit = InpDatFil(:,2);
maxy=max(amplit);
miny = min(y);

% resonance trace file
% Frequency
% Measured values of response spectrum
% Peak height

indices_maxy = find(y>=maxy);
if length(indices_maxy) >= 2
index_peak = int16(mean(indices_maxy))
else
index_peak = indices_maxy
end
% The above loop is used to get the resonance
frequency from measured data.
fpeak=freq(index_peak)
yh= (sqrt(2)/2)*(maxy-miny) + miny;
yhat=find(y>yh);
ibeg=yhat(1);
iend=yhat(end);

% get peak frequency
% get 0.707 height of peak

%gets indices of elements of y which are >= yh
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delf_above(j) = freq(iend) - freq(ibeg);
delf_below(j) = freq(iend+1) - freq(ibeg-1);
freq_right = freq(iend+1) - (freq(iend+1)-freq(iend))*( (y(iend+1)-yh)/(y(iend+1)y(iend)));
freq_left = freq(ibeg) - (freq(ibeg)-freq(ibeg-1)) * ( (y(ibeg)-yh)/(y(ibeg)-y(ibeg1)));
delf=freq_right - freq_left;
Q_above = fpeak/delf_above;
Q_below = fpeak/delf_below;
Q=fpeak/delf;
% The above commands are used to calculate
the Q factor directly from the measured data
f_undamped = fpeak/ sqrt(1- (0.5/Q^2) );
fq=0.5;
lq=1.5;
incq=0.01;
numQ= 1 + (lq-fq)/incq;
Qfrac=[fq:incq:lq];
Qk=Qfrac*Q;
f0 =f_undamped;
frsq= (freq_thinned/f0).^2;
for nQ = 1:numQ,
invQsq = 1/(Qk(nQ)^2);
vany= 1./ sqrt( (1-frsq).^2 + frsq*invQsq );
vpk= 1./ sqrt( invQsq*(1-(invQsq/4)) );
yQcalc = maxy*(vany./vpk );
error= (y_thinned-yQcalc);
Y_err_norm(nQ)=std(error,1)/maxy;
end
% Compute amplitudes from Lorentzian
function with different Q_fit value and
% calculate the error between the Lorentzian fit
respecting to the data for
% each Q_fit value.
indbest=find(Y_err_norm<=min(Y_err_norm) );
Q_min_error=Qk(indbest)
invQsq = 1/(Q_min_error^2);
vany= 1./ sqrt( (1-frsq).^2 + frsq*invQsq );
vpk= 1./ sqrt( invQsq*(1-(invQsq/4)) );
yQcalc = maxy*(vany./vpk );
% Use Q_fit giving min rms error for fit to
calculate the Lorentzian
% fitting curve.
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figure;
plot(freq, y, '.', freq, yQcalc,'r');
grid on;
ha=gca; set(ha,'fontname','arial','fontsize',20,'fontweight','bold','linewidth',1.5)
xlabel ('\bf{Frequency (Hz)}','fontname','arial','fontsize',24,'fontweight','bold')
ylabel ('\bf{Amplitude (arb. units)}','fontname','arial','fontsize',24,'fontweight','bold')
legend('Data Points','Lorentzian Fit');
% Output the resonance spectra in a figure by
plotting both measured data points and the
fitting Lorentzian function
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