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ABSTRACT

The remarkable mechanical, optical, thermal and electronic properties of one-
dimensional structures such as nanotubes or nanowires (NWs) have enabled the con-
struction of devices of extraordinary capabilities. Nanotube resonators, for example,
were recently used to demonstrate response to single-proton mass. However, such
landmark demonstrations are limited to a small number of devices in research labora-
tories, since the cost of making them by traditional top-down methods is prohibitive,
being proportional to the number of devices. This thesis makes contributions towards
a new family of methods, field-directed assembly, to enable reliable and cost-effective
fabrication of large numbers of nanodevices. This provides a path towards nanomanu-
facturing, to help bring the extraordinary capabilities of nanodevices into widespread
commercial and scientific use.

Field-directed assembly is a cost-effective technique in which NWs are first syn-
thesized, suspended in a fluid medium and then directed by fields, to predetermined

positions between electrodes patterned on a substrate. When the gap size between
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electrode pairs is comparable to the length of NWs, a single NW can be positioned
between each pair of electrodes. This technique enables individually addressable NW
devices. This is essential in device applications of mass sensing, but cannot be pro-
vided through existing cost-effective techniques such as self-assembly of NWs.

Field-directed assembly has been used for positioning single NWs and fabricating
cantilevered nanosensors. However, finding the best parameter values enabling high
yield of devices on a substrate has so far been possible only through time consuming
and costly trial-and-error experimental efforts. In this work, a framework is intro-
duced that enables choosing parameter values through systematic steps to increase the
device yield. Different physical parameters and forces that disrupt NW assembly are
discussed and guidelines to reduce the disruptors are provided. Understanding of the
competition between forces serving as directors and disruptors enabled the definition
and use of a single dimensionless parameter, the yield index, which provides a ratio-
nal guide to the selection of parameter values, reducing costly trial-and-error efforts
in experimental work. Biosensors enabling molecular diagnosis for early detection of
disease and response to treatment are one of the promising applications.

In addition to single NW positioning, we demonstrate that field-directed assembly
can be used to create multiple long NW chains between electrodes when the electrode
gap size is much larger than the length of a single NW. In this method, we have shown
how NW connectivity and configuration of the NW chains can be controlled through
dipole-dipole interaction between NWs. This level of control cannot be achieved
by using other low-cost techniques such as drop casting or spray coating of NWs.
With such ordered chains made on a low-cost transparent substrate, the resulting
transparent conductive substrate can be used in optoelectronic devices, such as solar
cells and displays, where a low cost fabrication technique is required to create ordered
NW arrays with end-to-end registry.

In this work, for the first time, field directed NW chaining is examined as a
versatile and inexpensive fabrication method for transparent conductive substrates.
Since neither corrosive chemicals nor elevated temperatures is involved in electric
field assisted NW chaining, this method shows potential for creating NW networks
on rigid as well as polymeric substrates. Chained NWs on a flexible substrate can
combine electrical or thermal conductivity, optical transparency and flexibility which
open new avenues for fabricating light-weight and flexible transparent electrodes for

foldable displays, organic solar cells and several other devices.
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Chapter 1
Introduction

Rapid advances in synthesis and assembly of nanomaterials into functional systems,
enable use of the extraordinary capabilities of nanostructures in various areas. Some
examples are in biomedicine (e.g. artificial skin [1], in vivo mapping of brain activity
2] and early-stage disease detection [3]), electronics (e.g. field-effect transistors [4,
5]), transparent electrodes applicable to devices such as display screens, LEDs and
solar cells [6-9], and gas sensing [10-13]. Using nanomaterials for these systems is
important because some properties such as high sensitivity or mechanical flexibility
are pronounced at nanometer dimensions. Various fabrication techniques have been
utilized for assembly of single [3-5,14] and connected or chained nanostructures [6—
9,15-17]. However, there are difficulties associated with existing techniques that lead
to high cost or low throughput of resulting devices.

In this research work, a cost-effective field-directed assembly technique is devel-
oped to enable ordered positioning of nanowires (NWs) covering a large surface area.
We propose a framework based on classifying physical forces and demonstrate its
systematic use to enable a high yield of nanodevices. This research, demonstrating
assembly control for low-cost fabrication of large numbers of nanodevices, provides a
path towards nanomanufacturing.

To demonstrate the capability of this technique for single-NW assembly and NW-
chains, two possible applications that can benefit from simple and cost-effective fab-
rication were considered: biosensing and transparent electrode (TE). In biosensing, a
large number of single-NW resonators (nanoresonators) are required to be assembled
and addressed individually in order to be used for early detection of disease (Figure
1.1(a)). In TE, chains of NWs with controllable chain density and NW connectiv-

ity are needed to create reasonable electrical conductivity and optical transparency



(Figure 1.1(b)). TEs are important component of devices including LEDs and solar
cells. For each application, development of fabrication mechanisms and steps, possi-
ble defects that can occur during fabrication and guidelines to prevent these defects,

are provided in this work.

1.0kV 9.6mm x400 SE(M) 4/15/2015 100um

5 100 pm

Figure 1.1: (a) Single-nanowire assembly for nanoresonator integration, (b) chained-
nanowires for fabrication of transparent electrodes.

1.1 Why Nanoresonators?

Nanoresonators are submicron-sized structures such as wires and beams, clamped at
one or both ends (single- or double-end clamped), that can be driven into vibra-
tion around a resonant frequency, by using one of a number of different actuation
techniques [18]. Nanoresonators are of technological interest in mass and force mea-
surement because of their high sensitivity. In a recently published work [19], a sin-
gle proton mass resolution (1072*g) was demonstrated using a double-end-clamped
nanoresonator. Such extraordinary resolution in mass detection of these submicron-
sized devices enables us to anticipate nanoresonator applications in biological research
and engineering.

Examples of using single- or double-end clamped nanoresonators in engineering are
the characterization of mechanical [20-23] and electrical [20,24,25] behavior of NWs
and nanotubes, to enable technological goals such as actuation and detection of their
sub-nanometer displacements at high frequencies. The high sensitivity of nanores-
onators will have an important role in healthcare as demonstrated for early-stage

cancer detection [3]. However, commercialization of these nanodevices is challenging



due to high fabrication cost or low device yield. The first part of this Ph.D. re-
search is focused on using a cost-effective fabrication technique for single-end clamped
nanoresonator assembly. Difficulties attributed to fabrication of high-yield functional
nanoresonators, required for nanomanufacturing of biosensors, are noted and an ap-

proach to solve the issues is provided.

1.1.1 What Are the Difficulties of Nanoresonator Fabrica-
tion?

Although the extraordinary sensitivity of nanoresonators is poised to yield a break-
through in early detection of disease, device manufacturing poses challenges in com-
mercializing the devices. The intrinsic stress from fabrication which causes nonlinear
geometric effects during transduction (driving and detection of vibration) [26], high
fabrication cost and low device throughput, are some examples of these challenges
which limit nanodevices to research laboratory demonstrations. To understand these
challenges, it is helpful to look at families of techniques —bottom-up, top-down and
hybrid bottom-up directed-assembly [27-30]. The methods and challenges attributed
to each one are briefly explained below.

The term top-down methods [27,28,31] often refers to manufacturing micron- and
nano-sized structures by patterning larger scale bulk materials. Photolithography
can be utilized to create patterns in a photoresist layer by using ultraviolet light
(typically 250 nm wavelength). This is a suitable technique for creating micron-
sized structures. In order to pattern nano-sized structures, smaller wavelengths are
required. Nanostructures can be patterned using electron-beam lithography (EBL)
and focused-ion beam (FIB) [27,28]. The pattern is then transferred to the substrate
either by etching into the substrate (subtractive pattern transfer) or selectively filling
the patterned area with a desired material (additive pattern transfer).

Nanoresonators, with the feature size of tens to hundreds of nanometers, have
been made by EBL and FIB lithography [19,28]. However, covering large area for
making commercial sensor arrays by using EBL or FIB is time-consuming. Also, the
high cost of operating equipment does not allow inexpensive production of large-area
sensor arrays. The shortcomings of well-established top-down techniques for making
nanoresonators have led to an alternative family of fabrication techniques.

Bottom-up methods are identified by their use of the assembly of smaller units

into larger structures, for example, single nanoresonator elements assembled and in-



tegrated into arrays for sensing. Self-assembly [24,33,34] (formation of ordered struc-
tures from disordered ones without applying external forces) provides a low-cost and
efficient way for creating nanostructures with critical dimensions below photolitho-
graphic resolution limits. The formation of self-assembled structures is a defining
example for a bottom-up approach towards the fabrication of nanostructures. A sig-
nificant advantage over top-down methods is that various nanoscale materials with
different shape, size and crystallinity, synthesized off-chip, can be assembled on the
chip. The elements may also be functionalized off-chip to capture different sensing
targets on the same chip (multiplexing) [35]. However, clamping and addressing in-
dividual nanostructure assembled on a substrate by using self-assembly is not easily
done.

To drive the nanoresonators and detect their vibration individually, each NW
needs to be positioned and clamped at pre-determined places on a substrate. What
fabrication technique can we use to make a large array of individually addressable
nanostructures with low cost?

A hybrid strategy of combining photolithographic patterning of the substrate,
borrowed from top-down methods, and the flexibility of using stress-free individual
nanostructures, provided by bottom-up method, can partially overcome the difficulties
of each method. An example of this strategy, called bottom-up directed-assembly,
was demonstrated by Li et al. [14]. In this technique micron-sized electrodes are
patterned on a wafer using photolithography. NWs synthesized off-chip, suspended
in a medium, are introduced over the substrate. Applying an AC electric field between
electrode-pairs patterned on the substrate generates a dielectrophoretic (DEP) force
[36-38] exerted on the NW due to the induced dipole moment and the non-uniform
electric field at the electrode edges. Electrode patterning allows this force to be used
to position and align NWs in designated places on the substrate. Thick metal clamps
are then electrodeposited on the assembly electrodes to clamp the positioned NWs and
each of the integrated nanoresonators can then be individually addressed. While this
hybrid bottom-up directed-assembly technique enables the assembly of individually
addressable nanoresonators at low cost, the device yield needs to be improved in order
to extend this towards cost-effective nanomanufacturing.

Yield enhancement of the nanodevices fabricated by this hybrid technique has
been studied in a few research labs [14,25,39-42]. The main challenge in using DEP
force in bottom-up directed assembly is the disruptive effect of several forces and

physical parameters that prevent DEP from directing NWs into pre-patterned places



on the substrate and subsequently decrease the device yield. Dissociating disruptive
effects and forces from the DEP director is not always easy since the electric field
required for DEP assembly also triggers disruptor forces (e.g. negative DEP and
electroosmotic force) simultaneously. A common approach in all studies is to run a
different set of experiments and try to find the best positioning parameters by trial-
and-error. As will be explained in Chapter 2 and 3, there are several parameters that
affect NW positioning yield such as electrode geometry, electrical properties of the
medium and NW, concentration of NWs in the suspension, amplitude and frequency
of applied field. The large number of variables causes an extensive experimental effort
when using trial-and-error. This can be avoided by using a framework that helps us

choose the right parameter values.

1.1.2 What is Missing in Previous Demonstrations of Di-

rected Assembly?

Utilizing the extraordinary sensitivity of nanoresonators in commercialized devices
for disease diagnosis and healthcare is not possible without increasing the device
yield by using a cost-effective method. However, increasing the device yield faces
many challenges. The number of variables affecting the device yield is large and due
to imperfect understanding of all variable effects, a yield reported by one published
work may not be reproducible by a new user using different assembly setups or dif-
ferent materials and experimental parameter values. Several physical effects can be
coupled together but there are few studies on understanding the underlying physical
phenomena and coupling effects. As a result, if a researcher needs to change a single
fabrication step or using a different material, the large dimension of the parameter
space causes considerable effort in a trial-and-error approach to obtain high device
yield. The cost of substrate fabrication and the large amount of time required for

trial-and-error is the main challenge in improving the device yield.

1.1.3 Research Contribution Toward Increasing the Yield of
Nanoresonators
In this work, underlying physical phenomena that contribute to device yield in field-

directed assembly of NWs were studied. As a result of this study, a framework, appli-

cable for all field-directed assembly methods, was introduced for identifying disruptor



and director forces. To achieve that, disruptive forces and parameters that prevent di-
recting NWs into pre-determined places were studied and classified as weakly-coupled
or strongly-coupled to the director force (DEP). This framework enables reduction of
the disruptors by following simple guidelines and reducing the time and cost required
if choosing the assembly parameter values solely by experiment. With assistance
from this framework, the highest yield of integrated nanoresonators, compared with
previous similar studies, was achieved in this Ph.D. research.

In previous studies of field-directed assembly of NWs limited work has been done
on the possible coupling between several physical effects. This work investigated effect
of coupling between different forces and parameters in field-directed assembly of NWs
and its use to reduce the time and cost associated with trial-and-error method. The
framework introduced here is a significant step towards commercial and scientific use

of nanoresonators.

1.2 NW Network: Techniques for Fabricating Trans-

parent Electrodes

The second part of this Ph.D. research is associated with describing field-assisted NW
chaining in order to create a high density of parallel NW chains on a substrate. The
assembly parameters required for chaining differ from those for single NW assembly.
As described in this work, field-directed chained NWs can create networks of ordered,
connected NWs that enable fabrication of rigid and flexible transparent electrodes
(TEs).

Organized collections of NWs can be used as TEs for use in devices such as
optoelectronics (e.g. LEDs or solar cells) [43-48]. The main challenge in assembly of
a network of NWs is the delivery of NWs onto substrates of interest with control over
connectivity. In principle, generating organized, connected NWs from disorganized
suspension requires external forces to overcome Brownian motion and to introduce
end-to-end connectivity in the final configuration. The most common techniques

carried out for the formation of NW network are summarized in Table 1.1.



Table 1.1: Summary of techniques applicable for NW network assembly
Method Advantages Disadvantages Ref
e Different assembly direction | @ Area of NW assembly is lim-
Flow of NW | is possible, depending on flow | ited to the size of microchan- 33
suspension in | direction nels 3 4]’
microchannels | ¢ Compatible with both rigid | e Difficult to assemble high
and flexible substrate density of NW array
e Provides assembly into de-
sired configurations
;eigf;lcable for large area as- ° Adhesion between nanoma- 149,
Dry Transfer e Compatible with both rigid terials and the surface.s of the 50]
and flexible substrates stamps need to be engineered
e Different assembly direction
is possible
e Fasy to conduct lo)l;nhomogeneous NW assem-
Drop casting ;eritr))lp licable to large area as- e Difficult to achieve high re- | [16,
%md spin coat- OCombl;atible with both rigid producibility . . ol
ing . e NW surface functionalization | 53]
and flexible substrates . .
e NW assembly process is fast s re.qulred to prevent agglom-
eration
e Fasy to conduct
. o Applicable to large area as- e Difficult to achieve high re- | [54,
Spray coating | sembly R
e Compatible with both rigid producibility 55
and flexible substrates
e Complex, several steps are re-
quired
e High resolution e Not applicable for large area
Nanoimprinting e High control of assembly into | assembly [56]
desired configurations e Requires original stamps con-
taining prefabricated nanos-
tructures

1.3 Difficulties in Fabrication of Transparent Elec-

trodes

Several techniques, mentioned in Table 1.1, directly use NWs to create the network.
In addition to these methods, electrospinning [57, 58] and electron beam lithography
(EBL) [59] have also been utilized for fabrication of high performance TEs. How-

ever, in these techniques NWs are not directly used and a network of wire-shaped




conductive material covers all substrate. Electrospining is applicable for large-area
coverage, but requires several steps of depositing and dissolving materials which make
this method complex and time-consuming. EBL has high resolution and control over
assembly into desired configurations, however, it is an expensive technique and not ap-
plicable for large area fabrication. Complexity and the high cost of making large-size
TEs by using these methods promote investigation of other techniques such as drop
casting, spin coating and spray. Although these are simple and low-cost techniques,
it is difficult to achieve reproducible electrical and light transmission properties by
using these methods since NW connectivity and configuration of the NW network
cannot be easily controlled.

One cost-effective technique for creating end-to-end connectivity of NWs is apply-
ing an electric field to a drying suspension of NWs. In this technique, NW connection
is controlled by the gradient of the applied field and by induced dipoles. Short NW
chains (1-3 pm long) generated by this method on rigid substrates have been used as
sensors [11,12]. However, covering a large area with long chains is challenging due to
the disruptive effect of capillary force that tends to destroy chains at the drying front
of NW suspension during medium evaporation. Another issue is an electrical short
circuit that prevent more NW chain growth after the first chain bridges and make
contact with assembly electrodes. The question to be answered is if field-generated
forces are capable of covering large surface area with long chains? How can we pre-
vent electrical short circuits to generate parallel chains between assembly electrodes
to fabricate high-performance TE? To answer thess questions, we need to know what
the chain formation process is, which parameters and forces are involved in chain

formation and how to harness these parameters to create a large-size TE.

1.3.1 Research Contribution Toward Fabrication of Trans-

parent Electrodes

Field-directed chaining of NWs shares the simplicity of drop-casting and spray, in that
multiple fabrication steps or complicated and expensive equipment are not needed.
However, it uses dipole-dipole interaction to enable control of the connectivity of
NWs missing in spin coating and spray techniques. The major difficulties in using
field-directed NW chaining for TE fabrication are the effect of capillary force at the
medium drying front that can break the NW chains and electrical short circuit when

first chain bridging assembly electrodes that stops further chain growth.



In this work, forces and physical parameters involved in field-directed NW chaining
were studied. Specifying and eliminating disruptor forces and parameters enabled
choosing parameter values that provide large enough director force to create multiple
long NW chains.

To the best of the author’s knowledge, no investigation results have been reported
on electric field assisted NW assembly on flexible substrates. Due to the high demand
for a new generation of flexible devices such as foldable displays and flexible organic
solar cells, fabrication techniques that can be used for both rigid and flexible substrate
are preferred. The capability of this technique for NW assembly on both rigid and
flexible substrates is demonstrated in this research in Chapters 5 to 7. This technique
provides a basis for development of a scalable and cost-effective technology to fabricate

versatile, high performing devices on both rigid and flexible substrates.

1.4 Structure of the Dissertation

This dissertation presents advances in electric field assisted NW assembly for two
different applications: 1- biosensing (individually addressable single NW resonators)
and 2- transparent electrodes (covering large surface area with chained NWs). Fol-
lowing an explanation of fabrication steps for nanoresonator assembly, a framework
is introduced to guide fabrication of high yield devices and reduce experimental ef-
fort. Field-assisted NW chaining is then explained followed by demonstration of the
fabrication of high-performance transparent electrode by using NW chains on glass
substrates. NW chain fabrication on a flexible substrate is also demonstrated as a
proof-of-concept. The last chapter lists the main conclusions from this dissertation.

There is no separate methods section or experimental chapter in this document.
The methodological details have been presented in each chapter as needed. In cases
where the experimental details are long, the reader is directed to Appendices. The
relevant background and literature review are presented in each section where needed,
to avoid a single exhaustive literature review chapter. Each chapter terminates with
a Conclusions and Future Work section.

Chapter 2 briefly describes the principles of dielectrophoretic force and electric
field-directed assembly. The fabrication steps, defects that may occur during assem-

bly of NW resonators as well as guidelines to prevent the defects are summarized.
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I with results and dis-

Chapter 3 presents a peer-reviewed, published journal paper
cussion on director and disruptors of single NW assembly. A framework is presented
that enables the classification of disruptor and director forces, increasing the device
yield by decreasing or eliminating the effect of disruptors and reducing trial-and-error
in experimental effort.

Chapter 4 introduces the actuation and detection techniques for nanoresonators.
Based on limitations associated with different actuation techniques explained here
(piezo disc and electrostatic), the particular fabrication requirements are explained.
Suitable design for nanoresonator integration and detection via each of the actuating
techniques is introduced.

Chapter 5 presents a peer-reviewed, published journal paper 2 [60] on the process
of NW chaining. Forces involved in this process and the difference between field-
assisted single NW assembly and NW chaining are explained.

Chapter 6 demonstrates a cm-size transparent electrode fabricated on a glass
substrate by using field-assisted NW chaining. The resulting TE presents high light
transmittance and electrical conductivity.

Chapter 7 presents capability of electric-field-assisted NW assembly for positioning
NWs on flexible substrates. T'wo protocols are introduced and results of NW chaining
on polyimide substrate are demonstrated.

Chapter 8, Conclusions, summarizes the main contributions of this Ph.D. research.

!Mahshid Sam, Nima Moghimian, Rustom B. Bhiladvala. “Field-directed assembly of nanowires:
identifying directors, disruptors and indices to maximize the device yield.” Nanoscale 8 (2016): 889—
900

2Mahshid Sam, Nima Moghimian, Rustom B. Bhiladvala. “Field-directed chaining of nanowires:
Towards transparent electrodes.” Materials Letters 163 (2016): 205-208
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Chapter 2
Assembly of Nanoresonators

This chapter describes the process of making nanoresonators by using the bottom-up
field-directed assembly technique. Several steps are involved in the assembly of the
nanoresonators which are explained in this chapter. The defects that can occur during
the NW assembly and fabrication of nanoresonators are presented towards the end of

this chapter.

2.1 Why Bottom-Up Field-Directed Assembly?

The high sensitivity of nanoresonators introduces a potential technology for molecular
diagnosis at an early stage of disease, when small concentrations of disease biomarker
molecules are present. This can be enabled by functionalizing nanoresonators for
specific binding of target biomarker molecules and using the frequency shift following
target binding [3,35]. This extraordinary sensitivity can make a significant contribu-
tion to healthcare and biological research if device yield can be increased at reasonable
cost. The great impact of utilizing nanoresonators on our life motivated me to study
and investigate a technique that enables mass production of such devices. The aim of
this Ph.D. research is to introduce an approach that allows laboratory demonstrations
to be extended to commercially available devices.

By combining off-chip NW synthesis and field-directed assembly with conventional
bottom-up microfabrication, several shortcomings of current fabrication methods can
be resolved. In top-down techniques, NWs are patterned and etched from a thin
semiconductor film or a thin metal film sputtered or evaporated on the substrate.

The residual stress, resulting from thermal stress during film deposition, can de-
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form the nanoresonator [61,62]. This defect is eliminated by using NWs synthesized
off-chip. The use of undistorted NWs simplifies the frequency peak detection and
related measurements. Whereas in top-down techniques, all nanoresonators on a sub-
strate are constructed to have the same material, bottom-up field-directed assembly
enables integration of NWs of different materials [40] that are processed or functional-
ized off-chip [35]. Differently functionalized NWs can detect different disease marker
molecules on the same chip to provide multiple-target biosensor arrays (multiplexing).

Another fabrication issue that has been addressed by bottom-up field-directed
assembly method is the fabrication cost for a large array of individually address-
able nanodevices. A large number of single NWs can be fabricated by self-assembly
technique [24,33,34] but the NWs cannot be addressed individually. Electron beam
lithography can be utilized to make contacts for addressing the NWs, but this is an
expensive and time-consuming method. However, bottom-up field-directed assembly
allows fabrication of individually addressable NWs with high yield and low fabrication
cost as described in this chapter.

This hybrid technique has been used previously by Li et al. [14]. However, in this
research, significant gains have been realized during NW assembly by introducing a
framework to help selection of parameter values. Using this framework, higher device
yield is realized compared with the reported yield by Li et al. [14]. Without using
such an established assembly principle as a baseline for comparison, the high device
yield in this work could be due to a new assembly protocol, utility of the framework
or both. This chapter details the fabrication steps after describing dielectrophoretic
(DEP) force.

DEP force is exerted on a polarizable particle when it is subjected to a non-
uniform electric field [36-38]. The principle of DEP is illustrated in Figure 2.1. In
a uniform electric field, as shown in Figure 2.1(a), the net force due to Coulomb
interaction between the polarized particle and the electrodes is zero. However, in a
non-uniform field (Figure 2.1(b)), the electric field gradient is higher on the right side
of the particle, therefore, there is a net force acting on the particle in the direction
of higher field strength. In this simple explanation, the effect of the medium was
neglected. However, in the general case, the polarization of the medium should also
be considered.

Eq. (2.1) and (2.2) show that DEP force (Fpgp) depends on electrical properties
of medium and particle. In these equations [ and r are length and radius of NW, ¢,

is permittivity of the medium and Ej is the electric field. Re[Fy,] is the real part
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Figure 2.1: Schematic of dielectrophoresis: (a) zero net force in uniform field prevents
nanowire movement towards electrodes, (b) in a non-uniform electric field, nanowire
moves toward the region of higher electric field.

of the Clausius-Mossotti factor that depends on ¢, and €, (complex permittivity of
NWs and medium respectively). The complex permittivity defined as €* = € — j(2)

where w is the angular frequency of the applied electric field and ¢ is the electrical

conductivity.
mr2l 9
FDEP = TEmRe[FCM]- V (El ) (21)
with . .
e —€rn
Foy = (2.2)

Re[Fea] can be positive or negative. The sign of the Re[Fy| introduces two
classes of DEP force: positive and negative DEP. In positive DEP (pDEP), a particle
with higher polarizability than the surrounding medium is pushed toward the region
of higher electric field (electrode edges). If the suspended particle has a polarizabil-
ity smaller than the surrounding medium, the particle is pushed toward the region
of weaker electric field (away from electrode edges), and this phenomenon is called
negative DEP (nDEP).

In this research, in order to position NWs, arrays of microscale assembly elec-
trodes were first fabricated on the substrate by using photolithography. Ultraviolet
(UV) light (near-UV or deep-UV) is used in photolithography to transfer a pattern
through a mask to a photoresist. Creation of micronscale assembly electrodes over
the whole wafer with a single exposure replaces the rastering of an electron-beam re-
quired to pattern nanostructures in place over a large area. Borrowing this step from
additional top-down methods to avoid electron-beam lithography (EBL) allows large

area nanofabrication at greatly reduced cost. The smallest feature size in this work is
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2 pm which can be patterned using UV light with 250 nm wavelength. Details about
patterning the substrate are discussed in section 2.2.1 after noting experimental steps.

Contact printing [28] is also another fabrication technique in which a stamp (most
frequently made of PDMS) is used to transfer a solid or liquid ink onto a surface. This
is a low cost technique for fabricating micron-sized electrodes. However, compared to

photolithography, contact printing has lower resolution for aligning different layers.

2.2 Experimental Steps for Nanoresonator Assem-
bly

In this work, rhodium (Rh) NWs synthesized by electrodeposition in a porous mem-
brane have been used. The synthesis of NWs was done by my colleague Nima
Moghimian and a detailed discussion is provided in his Ph.D. dissertation [63]. Two
different templates were utilized in NW synthesis: anodized alumina membranes
(AAO) with 200 nm nominal pore size and thickness of 60 pm (Whatman) and poly-
carbonate (PC) membranes with 400 nm nominal pore size and thickness of 20 pym
(Sterlitech). Schematic of synthesized NWs in a porous membrane is shown in Fig-
ure 2.2(a). Rh NWs were grown by electrochemical deposition inside nanoporous
membranes from a commercial sulfate-based solution (RH221D from Technic) at a
constant potential of -400 mV with respect to a Ag/AgCl reference electrode with
duration of 1 hour. A thin (0.5 pm) silver contact layer was evaporated on one side
of either type of membrane to provide electrical connection (Figure 2.2(a)). The
grown NWs were extracted from the template by dissolving the silver (in nitric acid)
and the membrane material (AAO membrane in 3M NaOH and PC membrane in
dichloromethane). Following this, NWs were rinsed in water and then rinsed and
stored in ethanol. Synthesized NWs, suspended in ethanol, were then assembled on
a pre-patterned substrate by using DEP force.

From NW positioning to assembly of the nanoresonators, three main steps are
involved: 1- patterning the substrate using photolithography, 2- positioning the NWs
using DEP force and 3- clamping the NWs by electrodeposition of clamp material.
For these steps, three different masks were designed to pattern the substrate and
clamp the NWs.

The first mask (“electrode” or “Mask 1”) was used to pattern substrates to create

assembly electrodes, on which, NWs were positioned. These electrodes, after NW
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Figure 2.2: Schematic of the nanowire (NW) synthesis and assembly: (a) NW syn-
thesis in a porous template. After dissolving the template, NWs are released in a
medium such as ethanol. (b) Bottom-up field-directed assembly of single NWs in
photolithographically-patterned wells in a sacrificial photoresist layer. (¢) Individual
clamp windows were defined through a photoresist layer in which metal clamps were
electrodeposited on clamp electrode. The photoresists were dissolved to suspend the
clamped NWs above the driving electrode.

positioning, were also used for electrodeposition of a metal clamp to fix one end
of the NWs. A second mask (“wells” or “Mask 2”7 ) was used to pattern wells in a
photoresist layer. This mask was aligned with the electrodes to create wells in between
each pair of electrodes. Well ends were places with a higher gradient of the electric
field, which promoted NW positioning inside wells as shown in Figure 2.2(b). The
third mask (“clamp” or “Mask 3”) was used to pattern clamp windows and expose
electrodes which were used to attach one end of positioned NWs to the substrate as
demonstrated in Figure 2.2(c). NWs were positioned between two electrodes. One
electrode was used for clamping and also served as one of the driving electrodes.
The other served as the second driving electrode, for driving the NWs. To prevent
confusion, the electrodes on which clamp material were deposited are named “clamp
electrodes” and the opposite electrodes that were used for NW driving, are named
“driving electrodes”.

The steps described above can be easily used to fabricate double-end clamped
NWs with a slight modification in the design of the third mask (“clamp”) enabling
deposition of clamp material on both ends of positioned NWs. Double-end clamped
NWs have been used for measuring mechanical properties of NWs [64] as well as for
mass [19,65], gas [66] and UV-light [67] sensing.

In this work, two different patterns were designed and fabricated as shown in
Figure 2.3(a) (design #1 (D1)) and (b) (design #2 (D2)). Each fabrication design

is suitable for a different actuation method as explained in Chapter 4. Red dashed
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lines in the inset images of Figure 2.3 identify the NW positioning areas where wells
are patterned between electrodes. All clamp electrodes in each die are connected to a
main clamping electrode, that is marked by red stars in the inset image of Figure 2.3,
and was used for electrodeposition of clamp materials . This electrode with electrodes
marked with green stars, were used for applying electric field on the substrate. In
design #1 (D1) all driving electrodes are connected together while in design #2 (D2),
every group of five adjacent driving electrodes are connected to a separate electrode.
White stars in the inset images of Figure 2.3(a) and (b) show the electrodes to which

all electrodes (in D1), or each of the five driving electrodes (in D2) are connected.

MITT G
e

Design #2

Figure 2.3: Two different fabrication designs used in this research work for nanores-
onator integration: (a) design #1 and (b) design #2. In both designs, positioning
electrodes are identified with red and green stars. Electrodes with white stars were
used for driving the nanoresonators. Red dashed lines show the area patterned with
electrode pairs and wells.

The gap between driving and clamp electrodes, (2x), is identical in each die yet
different from other dies (see Figure 2.3). This allows assembly of NWs with different
length. The ratio of NW length to electrode gap can affect fabrication of functional
nanoresonators. NWs need to be long enough to have an overlap with clamp and
driving electrode to enable NW clamping and resonance measurement. However, the
ratio between the NW length and the electrode gap size is not only important for

NW clamping and resonant measurement, it is also an effective parameter for NW
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positioning inside wells. If this ratio is much higher than 2, a misaligning torque can
rotate NWs from being parallel to wells to perpendicular position [68]. The details
of the effect of NW length on NW assembly are described in Chapter 3.

2.2.1 Patterning the Substrate and NW Positioning

Here, details of the fabrication steps are provided. Fabrication starts with assem-
bly electrodes, using a metal lift-off process (see Appendix A) on a 4-inch silicon
wafer with 300 nm thermally grown silicon oxide. A ~100 nm LOR 2A photoresist
(MicroChem) layer was spun (4000 RPM) and baked (for 2 min at 180 °C) as an
adhesion layer followed by spin coating a 1 pm-thick AZ703 photoresist (AZ Elec-
tronic Materials) with a spin speed of 4500 RPM for 45 seconds. AZ703 Photoresist
was then baked on a hotplate at 90°C for 1 minute followed by 1 minute at 110°C.
Electrodes were patterned on the photoresist by using the first mask (electrode), gold
evaporation and a lift-off process (Appendix A). Following metal lift-off process, the
wafer was coated with a sacrificial layer of Polymethylglutarimide photoresist (PMGI
SF-11, 1 pm thick, MicroChem) at a spin speed of 4000 RPM for 40 seconds and
then hard-baked on a hotplate at 200°C for 5 minutes to remove the solvent. High
temperature and long baking time change the property of PMGI SF-11 and make it
insensitive to near-UV light and also inert to ethanol. Therefore, NWs suspended
in ethanol can be positioned inside wells, which are patterned inside PMGI, without
dissolving the photoresist.

To pattern the wells (Figure 2.2(b)) within the PMGI photoresist a layer of 1
pum-thick Shipley 1811 photoresist (MicroChem) was coated on top of the PMGI
at a spin speed of 4000 RPM for 40 seconds and baked on a 100°C hot plate for 1
minute. An OAI mask aligner model MBA 800 was used to pattern wells in the second
photoresist layer (Shipley 1811) using the well mask. The Shipley layer was exposed
for 4 seconds under a near-UV lamp with 19.4 mW /cm? power density and was then
developed in MF 26-A (MicroChem) for 45 seconds. Exposure and developing time for
patterning wells into Shipley 1811 must be long enough to remove all Shipley within
the well patterns. Exposing the substrate with deep-UV (Hitachi zone cleaner) for 90
seconds was followed by developing in 101A (MicroChem) developer for 40 seconds.
The wells were then transferred into PMGI photoresist using the well pattern on
Shipley photoresist as a mask. Deep-UV exposure and developing time must be long

enough to remove only half of the PMGI from the well patterns and create half depth
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wells. 90 seconds of deep-UV exposure and 240 seconds of developing were suitable to
create half-depth wells withing PMGI photoresist. The remaining PMGI will prevent
electrical short during positioning NWs. It also indicates the gap between suspended
end of NWs and substrate in resulting nanoresonators. The Shipley resist was then
removed in acetone and left wells with 500 nm depth in the PMGI SF-11 photoresist.

The assembly of NWs was performed at 100 kHz and V = 7 V (rms). A rational
method to obtain the values of these parameters is a significant contribution of this
dissertation, detailed in Chapter 3. The NW suspension was sonicated for 15 minutes
before introduction over the substrate. Sonication disperses NWs in the medium and
reduces the number of bundled NWs that are clumped together by van der Waals
force. Introducing the NW suspension over the substrate, the electric field gradient
in the NW suspension, produced by the applied electric field, orients NWs along
the field, attracts them toward regions of high electric field gradient and positions
them inside wells (Figure 2.2(b)). The gradient of the electric field is higher at well
ends which provide preferential sites for assembly of single NWs compared with the
unpatterned regions.

Following NW positioning, the wafer was coated with the second layer of Shipley
1811 photoresist. The “clamp” Mask 3 was used to pattern clamp windows with
the same exposure and developing conditions as described earlier for patterning wells
in Shipley 1811. These clamp windows act as a mask to transfer patterns to the
PMGTI photoresist layer after 240 seconds deep-UV exposure in zone oven followed
by 45 seconds developing in 101A developer. Removing photoresist left the NW tips
and the underlying clamp electrode exposed. At the end of this step, the substrate
was diced and clamping operation was performed on each die separately as discussed
below.

Silver metal clamps (~2-3 pm thick) were grown from the clamp electrode by elec-
trodeposition. Versa STAT3 potentiostat was used for electrodeposition of Ag clamp
from commercially available silver succinimide (Ag(C,H;NO,),) solution. The rigid-
ity of the clamp plays a very important role in nanoresonator functionality. Clamp
material choice and clamp morphology modification have been discussed extensively
in Moghimian’s dissertation [63].

Following NW clamping, the substrate was soaked in Microposit Remover 1165
(MicroChem) at 55°C for 8 hours to dissolve both PMGI and Shipley photoresist.
The substrate was transferred to a petri dish filled with DI water. To clean the

substrate, it was slightly agitated in water and moved to another petri dish with clean



19

DI water. This step was repeated four times with DI water and then the substrate
was transferred to the next petri dish containing ethanol. The same procedure was
followed to clean the substrate in ethanol and at the end, the substrate was dried
in a critical point dryer. At the start of critical point drying ethanol is replaced
with liquid CO,. It is possible to choose a particular temperature and corresponding
pressure, where liquid CO, and its vapor can co-exist and hence have the same density.
At this point, liquid CO, changes to vapor without change of density and therefore
without surface tension effects. This prevented adhesion of the suspended NW ends
to the driving electrodes. All steps with required exposure and developing time is
summarized in Appendix B to make it easier for reader to follow the sequence of
steps.

Removing and cleaning the substrate from the photoresist after clamping NWs is
a very important step. Figure 2.4 shows Rh NWs clamped with Ag. If photoresist
was not completely removed either due to short soaking time of the substrate in
Microposit Remover 1165 or incomplete cleaning step after transferring substrate
from Microposit Remover 1165 to DI water and ethanol, remaining photoresist may
cover some parts of the substrate including NWs, as shown in Figure 2.4 (a) and
disrupt nanoresonator functionality. To prevent this defect (see Figure 2.4 (b)), high
temperature (~55°C) of Microposit Remover 1165, as well as several steps of cleaning

with DI water and ethanol, is strongly recommended.

1.0kV 14.9mm x13.0l

Figure 2.4: Importance of photoresist removal step. (a) Photoresist residual, due
to incomplete cleaning step, covers NWs and disrupts the functionality of the NWs.
(b) No photoresist residual after soaking substrate in high-temperature Microposit
Remover 1165 for 8 hours.
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2.2.2 Clamping

As described in Section 2.2.1 and Appendix B, silver was electrodeposited to clamp
one end of the NWs after exposing and removing photoresist from clamp electrodes.
To achieve this, photoresist needs to be entirely removed from these electrodes. Fig-
ure 2.5 shows an example in which photoresist was only partly removed. In this
example, the PMGI layer was exposed for 120 seconds with DUV and developed in
101 for 30 seconds. By looking at clamp electrodes across the whole substrate under
an optical microscope, it was observed that Ag was only deposited where the wells
were patterned in previous steps. The thickness of PMGI photoresist in wells is half
of the thickness of the non-patterned photoresist. The thinner layer of photoresist
required less exposure and developing time, to be completely removed from the sub-
strate. In the example shown in Figure 2.5, the exposure and developing time was
enough to remove photoresist only from patterned wells. The remaining photoresist
prevented Ag electrodeposition on the electrode surface. Our experiments showed
that increasing the exposure and developing time to 240 and 45 seconds respectively,

was sufficient for complete removal of the photoresist.

-

. Ag deposition Clamp
in well area electrode

Figure 2.5: Due to insufficient exposure and developing time, the photoresist was
partly removed from clamp electrode. Clamp material was only deposited where
photoresist was completely removed.

Adhesion of clamp material to clamp electrodes and its morphology directly influ-
ence the functionality of the completed device [69] and need to be controlled through
electrodeposition conditions, such as current density and ionic concentration. NW
clamping and guidelines to overcome possible defects are explained in Moghimian’s

Ph.D. dissertation [63].
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2.3 NW Defects, Pre-clamped and Post-clamped
Yield

This section presents the experimental results of NW assembly and clamping. Several
defects may occur during positioning (pre-clamped) or after clamping (post-clamped)
which will be discussed. These defects disrupt the functionality of the resulting
nanoresonator and lower the device yield. Protocols to measure pre- and post-clamped

yield are explained in this section.

2.3.1 Defects in NW Positioning

Figure 2.6 shows experimental results for pre-clamped Rh NWs. As shown by white
arrows, some wells contain single NWs. Some defects including empty well, misaligned

NWs, chained, bundled and short NWs are demonstrated in these micrographs.

Short NW Empty well

N

Misaligned NWs
attached to the
photoresist

Bundled NWs Chained NW

Figure 2.6: Experimental result of pre-clamped NWs. Both images show that NWs
were preferentially aligned in the wells, as marked with white arrows. Assembly
defects including empty wells, short NWs, misaligned NWs, chained and bundled
NWs are marked in these two images.

Using the fabrication process described in Section 2.2 and Appendix B, misaligned
NWs were removed with the photoresist. Bundled and chained NWs, shown in Figure
2.7, are common defects that origin from a high concentration of the NWs in the
suspension. Using low NW concentration as well as sonication of the NW suspension
before assembly, decrease these defects considerably. However, if NW concentration is
too low, number of the empty-well defect will increase. Therefore, NW concentration
plays an important role in device yield and has to be adjusted before starting the

assembly process as described in Chapter 3.



22

NW chain

G0V ASDMmM x3.00k SE(M

Figure 2.7: NW bundle and chain are the most common defects during NW assembly.
High concentration of NWs is the main cause of these defects.

The length of Rh NWs used in this work was measured to be between 8 and 12
pm by using several SEM micrographs, as shown in Appendix C. However, small
fragments of NWs were also formed due to NW breakage during several steps of
dissolving the template and cleaning the NWs. These short NWs; if positioned inside
wells, can decrease the yield of the functional device. Removing these NW fragments
is not possible without assistance from sorting techniques. At the time of this work,
a NW sorting technique was not available. Therefore, short NWs (although small

fraction) could decrease the device yield.

2.3.2 Protocols for Device Yield Measurement

Design #1 was fabricated and used for yield measurement. A 10 uL drop of diluted
Rh NWs with the concentration of 19x10® NW/mL was dispersed on a die. NW
assembly occurred on each die separately. The concentration of NWs suspension was
chosen to be dilute enough to prevent defects such as NW chaining, as shown in Figure
2.7 and described in Section 2.3.1. The yield was determined by observing optical
micrographs from 3000 randomly selected electrode pairs out of a total 57000 pairs
from six different dies on a substrate. Several rules, explained below, were followed
to measure the yield of pre-clamped and post-clamped NWs.

Although chaining was introduced as a defect, if chaining occurred at the NW
tip placed on clamp electrode, marked with red arrow in Figure 2.8, this NW was
counted as a functional device since the chained end was clamped without disrupting
device functionality.

During NW assembly, positioning of multiple NWs between electrodes was ob-

served as shown with white arrows in Figure 2.8. One approach for eliminating
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multiple NW positioning would be to make the width of clamp window the same size
as the width of wells (2 pm). In this case, only NWs positioned in the wells will
be clamped and the rest will be removed with photoresist. However, aligning small-
sized clamp windows with the wells makes alignment difficult and time-consuming.
To prevent this difficulty, in this work, clamp windows are made as wide as clamp
electrodes. Multiple NWs positioned between electrodes could be clamped and serve
as functional NWs. However, the distance between these adjacent NWs is important.
If these NWs are too close, their interaction with each other causes difficulties in
signal detection during operation of the nanoresonators. Accordingly, multiple NWs
with less than 10 pm gap were not counted as functional nanoresonators (showed as
non-functional multiple NWs in Figure 2.9). If they are far enough apart, they all can
create functional devices but to simplify measuring the device yield, these multiple
functional NWs are counted as one functional device.

Rarely, it was observed that a NW was positioned adjacent to an empty well as

shown with a green arrow in Figure 2.8. This NW was counted as a functional NW

as it can be clamped and utilized for resonance measurement.

An empty well

Figure 2.8: NW counting rules to evaluate pre-clamped yield: A NW with its chained
end positioned on clamp electrode (red arrow) is considered in pre-clamped yield mea-~
surement. Where multiple functional NW are positioned between pairs of electrodes
(white arrows), only one NW is counted per each pair. Green arrow shows a NW
assembled next to an empty well. This NW can be clamped and create a functional
nanoresonator.

Figure 2.9 shows SEM micrographs of clamped NWs with some noted defects.
After clamping, all misaligned NWs or short NWs which did not overlap with clamp
electrodes were removed with photoresist. Empty sites can occur due to two reasons:
(1) if no NW was assembled during NW positioning or (2) if the assembled NW
was too short to be clamped. In the former case, the number of empty wells was

minimized by finding the best concentration of NWs in suspension as well as improving
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the assembly conditions, described in Chapter 3. However, in the latter case, only
sorting NWs based on their length can eliminate this defect.

As marked in Figure 2.9, a short but clamped NW can be considered as a func-
tional short NW, where the gap between free end of the NW and the driving electrode
is less than 1 pm. If this gap is more than 1 pm, resonant measurement of this NW

may be difficult, as described in Chapter 4. Accordingly, these very short clamped

NWs were not considered as a functional devices.

L Functional :ﬂ
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Figure 2.9: NW resonators and the types of defects.

Elimination of defects can enhance the device yield. Understanding the effect
of forces and physical parameters that are involved in generating the defects will
help us to increase the device yield. What are these forces and parameters and how
can we harness their disruptive effects? Researchers have previously used trial-and-
error to increase the device yield or sought assistance from other forces like fluid
flow drag force [39] or capillary force [40]. The immense experimental effort and
time in trial-and-error technique is costly. In case of assistance from other forces,
additional fabrication steps are required which lead to higher fabrication cost or more
complicated fabrication steps. A simple method is required that can systematically
decrease the density of defects by eliminating the forces and parameters that disrupt
NW assembly.

In this chapter, we have discussed how DEP force is used for positioning NWs
on a pre-patterned substrate. Although several groups have used DEP force for NW
assembly [14,25,39-42,70], there are several details in assembly and integration which
have not been considered or deeply studied. Some of these overlooked details make a
very substantial difference in the yield of positioned NWs and they will be addressed
in Chapter 3.
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2.4 Conclusions

This chapter discussed bottom-up field-directed assembly of NWs for nanoresonator
fabrication. This hybrid technique has resolved some of the issues related to con-
ventional fabrication techniques. The main challenge in fabricating nanoresonators
is covering large surface area with individually addressable devices at low fabrication
cost. Bottom-up field-directed assembly is a cost-effective technique that enables as-
sembly of off-chip synthesized NWs, which can then be integrated at pre-determined
places and addresses individually.

Some defects can occur during NW assembly and decrease the yield of resulting
nanoresonators. The main defects such as NW chaining and bundled NWs, empty
sites, misaligned and short NWs were shown. In addition, some approaches to elim-
inate these effects were noted, such as controlling NW concentration or decreasing
the size of clamp windows, with the goal of increasing the device yield. At the end of
this chapter, rules that have been followed in order to measure the device yield were
defined.

Several interesting questions remain, for instance: how do parameters related to
the applied field, such as voltage and frequency, affect the yield of NW assembly?
What are the effects of other forces such as Brownian motion and capillary force
during NW assembly? To answer these questions, we need to study all forces and
parameters that can affect NW assembly. In order to increase the device yield, a
framework is needed to systematically minimize the effect of disruptor forces and
parameters. This framework and results of using it are explained in details in Chapter
3.

2.5 Future Work

Throughout this chapter, assembly of NW resonators was described and several ap-
proaches toward increasing the device yield were discussed. NW length variation in
a NW suspension is introduced as a disruptor that decreases the number of func-
tional nanoresonator when short NWs were positioned inside wells. A nondestructive
technique which enables sorting NWs based on their size can prevent positioning
non-functional short NWs and as a result, increase the device yield.

NWs that are less than 10 pm apart and clamped one electrode pair, are not

functional. As mentioned, having a clamp window, as wide as the width of wells, can
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be helpful to clamp only the positioned NW inside the well while the NWs positioned
outside the wells will be removed with photoresist. But it was also noted that this
method makes aligning clamp mask with patterned wells difficult and time-consuming.
One approach to clamp only the positioned NW inside well is through tuning the ex-
posure and developing time during opening the clamp window. It was demonstrated
in Figure 2.5 and explained that since photoresist inside wells has less thickness com-
pared with the non-patterned region of photoresist, the photoresist inside wells will
be developed and removed in shorter exposure and developing time. Therefore, clamp
material will be only deposited on these areas and will only clamp NWs that were
positioned inside wells. Since at the time of doing these experiments photolithogra-
phy facilities were not available at UVic, trying this approach required many trips
to Simon Fraser University, where we had access to cleanroom and photolithography
tools. Costly trips and user charges, and many other practical limitations slowed
down the development and prohibited the author for trying this approach. However,
an equipped photolithography facility is expected to become available at UVic in a

time scale of one year. This will greatly speed up fabrication of substrates.



27

Chapter 3

A Framework for Field-Directed

Assembly of Single Nanowire

This chapter presents an article published [71] with the title of Field-directed assembly
of nanowire: identifying directors, disruptors and indices to maximize device yield.
The article (Nanoscale 8 (2016): 889-900) is reproduced with permission from Royal
Society of Chemistry.

Abstract

Individually-addressable nanomechanical (NEMS) devices have been used to demon-
strate sensitive mass detection to single-proton level, as well as neutral-particle mass
spectrometry. The cost of individually securing or patterning such devices is propor-
tional to their number or the chip area covered. This limits statistical support for
research results, as well as paths to the commercial availability of extraordinarily sen-
sitive instruments. Field-directed assembly of synthesized nanowires addresses this
problem and shows potential for low-cost, large-area coverage with NEMS devices.
For positive dielectrophoresis (pDEP) as the main assembly director, the space of
field, geometric and material parameters is large, with combinations that can serve
either as directors or disruptors for directed assembly. We seek parameter values to
obtain the best yield, by introducing a rational framework to reduce trial-and-error.
We show that sorting the disruptors by severity and eliminating those weakly cou-
pled to the director, allows a reduction of parameter space. The remaining disruptors

can then be represented compactly by dimensionless parameters. In the example
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protocol chosen, a single dimensionless parameter, the yield index, allows minimiza-
tion of disruptors by the choice of frequency. Following this, the voltage may be
selected to maximize yield. Using this framework, we obtained 94% pre-clamped and
88% post-clamped yield at 57000 nanowire sites. Organizing the parameter space
using a director-disruptor framework, with economy introduced by non-dimensional
parameters, provides a path to controllably decrease the effort and cost of manufac-
turing nanoscale devices. This should help in the commercialization of individually

addressable nanodevices.

3.1 Introduction

Remarkable capabilities of single-proton mass detection [19], neutral particle mass
spectrometry [72] and earlier, the detection of nucleic acid sequences [73] have been
demonstrated using individually addressable nanomechanical (NEMS) devices, but
only for a small number of clamped nanowires (NWs) or nanobeams. Large-area
coverage with individually-addressable NW devices will significantly reduce experi-
mental research time for future landmark demonstrations. If done at low cost, it
will also enable stronger statistical support for measurements needed to understand
mechanical [20-23] and electrical [20,24,25] behavior of NWs, and most significantly,
ease the development of instruments for commercial applications, such as screening
for early detection of disease through molecular diagnosis [3]. A recent review [74]
provides several examples of promising NW device applications.

Directed assembly provides a path towards nanomanufacturing systems to achieve
large-area coverage at low-cost. For nanofabrication, the term directed assembly de-
scribes a family of methods [14,39, 41,75, 76] which use micro-patterned structures
for spatial and temporal control of fields, to direct synthesized nanoscale elements to
predetermined locations. The patterned structures enable NW position control and
could involve one of several fields -such as hydrodynamic, electric, magnetic, tem-
perature -or their combinations. Such field-directed assembly combines elements of
top-down microfabrication and bottom-up nanostructure synthesis, enabling fabrica-
tion of nanoscale devices in large arrays. It retains the advantages of using low-cost
nanostructure assembly (compared to electron-beam lithographic patterning) offered
by self-assembly [76,77], but also provides greatly improved position control, and a
route to individual device addressability.

In contrast with established macroscale manufacturing processes, research labora-
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tory nanofabrication protocols, including field-directed assembly, often require some
small modifications to be reproducible by a new user or in a new facility. These
changes are no assault on experimental repeatability, but are a mundane consequence
of unknown methods or prohibitive cost of adequate metrology at and below device
scales. In addition, there is an imperfect understanding of possible coupling between
several physical effects. As a result, a user who decides to change a single step, ma-
terial or experimental parameter value within a protocol may often have to change
several others. In the absence of a framework to guide the choice of experimental
parameter values, considerable effort is spent in a trial-and-error approach to obtain
best yield from NW assembly. To strongly reduce such effort, we propose a frame-
work, based on identifying forces, which serve either as directors or disruptors, with
competing effects on yield in directed assembly. The framework provides a rational
guide to parameter value selection.

Dielectrophoresis (DEP) force has been reported by a few research laboratories [14,
25,39-42,75,78,79] worldwide, as a director in field-directed NW assembly. Examples
of directors and disruptors are forces that arise from negative or positive DEP [79],
Brownian motion [68,80], electroosmotic forces [41,42] or electrode polarization effects
[41,78]. Here we use a sequence of steps from a known DEP protocol, reported in the
work of Li et al. [14], to help illustrate the utility of the framework. Starting with
an established basis is also necessary to examine whether any improvements in yield
accrue from use of the framework.

While parameter values are chosen using the framework developed later in this
paper, here we briefly outline the basic steps utilized, as shown in Fig. 3.1(a) to
(d). We used rhodium (Rh) NWs that have desirable mechanical properties for reso-
nant mass sensing as they retain high quality factor (Q-factor) from high vacuum to
near atmospheric pressure [14]. Photolithography was first used to create electrically
conductive pad pairs with different gap widths of 6, 8 and 10 pum, which define the
locations to which NWs will be directed. A photoresist layer was spun to cover the
electrodes and prevent an electrical short circuit that would result from NWs bridg-
ing electrode pads. Wells (shown in Fig. 3.1(a)) were then patterned in photoresist
between each electrode pair, followed by application of the electric field to direct NWs
into wells (Fig. 3.1(b)). Photoresist was removed from one of the electrode pairs and
clamp material was electrodeposited to fix one end of the NWs (Fig. 3.1(c)). Finally,
NWs were suspended by removing the remaining photoresist from the substrate and

using critical point drying. Experimental details may be found in Section 4 at the
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Electrodeposited
clamp material

Figure 3.1: Schematics of positioning and clamping of single NWs on gold electrodes:
(a) patterning electrode pairs with wells in between, to locate and trap NWs (b)
positioning single NWs inside wells using DEP (c) electrodeposition of clamp material
after photoresist removal from electrode surface (d) side view of clamped NWs after
removing the remaining photoresist.

end of this paper.

The word "yield” in the literature on directed assembly has been used to refer
to different things. Most devices made from suspended NWs need one or both ends
to be clamped after the directed assembly process is complete. Though clamping
processes typically do reduce the yield, the word "yield” has been used to report the
yield from assembly alone [39,40], while other reports [14] use the word to mean yield
of functional devices after both assembly and clamping. It is misleading to compare
numbers for the yield between these two groups of references. To avoid confusion,
we suggest the use of two categories of NW yield: pre-clamped yield, which is the
percent of available sites with correctly positioned single NWs; and post-clamped

yield, referring to the percent of sites with functional, clamped NWs.

3.2 Framework Development

This study is focused on developing a framework for field-directed assembly of NWs.
A DEP protocol with positive dielectrophoresis (pDEP) as the main director is used
here to show the framework methodology in classifying and evaluating the director
and disruptors. We separate disruptors into two groups: {1} disruptors weakly cou-
pled to the main director, pDEP, that either depend on electrode design or need
less quantification to be eliminated and {2} disruptors that are strongly coupled

through parameter choice to the main director. In this section, we first evaluate
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weakly-coupled disruptors (disruptive torque, capillary force from the drying front,
improper NW concentration, Brownian motion and electrothermal force) followed by
strongly-coupled ones (negative DEP (nDEP), electroosmotic force and electrode po-
larization). In this evaluation, the results of analysis and computation can provide
useful guidance, even if somewhat rough. This step is followed by the definition of
a dimensionless parameter, which compactly represents the competition between the
director and the remaining disruptors. This helps to guide parameter value selection
for best device yield, with reduced trial-and-error. In the example chosen in this
study, the final control of device yield was realized only by tuning the director, with

negligible hindrance from disruptors.

3.2.1 Weakly-Coupled Disruptors

3.2.1.1 Disruptive Torque

DEP torque, a primary need for NW alignment, can become a disruptor when NWs
are much longer than the width of the gap between electrodes, in each electrode
pair. For low values of the ratio (\) of electrode gap width to NW length, the
induced dipoles can lie beyond the two electrode edges, rather than in between them,
with a torque that rotates NWs in an opposite sense to that required for alignment
(disruptive or "negative” torque). Some guidance is provided by the computational
results of Liu et al. [68], which show that it is possible to avoid disruptive torque if
A >0.4, that is, when NW length is smaller than 2.5 times the gap width.

NWs of length smaller than the gap width (A >1) clearly cannot have both ends
clamped, and may produce one-end clamped devices which are outside of the intended
functional range, even if they are properly aligned. To avoid this, we restrict our
choices to the range (0.4< A <1).

3.2.1.2 Capillary Force

The spreading of a drop of NW suspension during assembly carries NWs beyond
the target assembly region and often leads to undesirable spillover on adjacent dies.
Vigorous NW motion was observed during such drop spreading, acting as a disruptor.
A further disruptive role of capillary force was seen at drying fronts, that pull away
NWs which are partially protruding from wells.

To reduce these disruptive effects, we introduced a cylindrical dam (Fig. 3.2) with
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Figure 3.2: A cylindrical dam reduces the effects of drying-front capillary force as a
disruptor and prevents NW spillover to adjacent dies.

1 cm diameter and 0.5 cm height, which confined NW suspension to the area of one
die with 9500 wells. This eliminates the spreading and flow disruption and leaves a

sufficient excess time for DEP to secure both NW ends within wells.

3.2.1.3 Inappropriate Nanowire Concentration

Having too low a concentration will lead to unfilled sites. For any selected suspension
volume, a concentration allowing at least one NW for each well (equivalent to 9.5x10°
NW/mL) is clearly needed to avoid empty sites. However, too high a NW concentra-
tion can lead to the formation of chains, bundles, or multiple NWs assembled between
electrode pairs, disrupting single-NW assembly and reducing yield. Using the pro-
cedure in Methods Section 4, we determined by experiment that a concentration of
19x10° NW/mL (2 NWs for each well) was suitable, and repeatedly allowed us to
avoid problems associated with too high a concentration of NWs. Images of NW

assembly with different NW concentration are provided in Figure D.1 in Appendix
D.

3.2.1.4 Brownian Motion

In our experiments, random displacement of NWs due to Brownian motion was ob-
served when no electric field was applied. However, when the electric field was ap-
plied, we observed NW trapping within wells begin in about a second after the NW
suspension was introduced.

Inspite of our observation for this assembly process, we ask how significant a dis-

ruptor Brownian motion could be, and in what circumstances. Cumulative Brownian
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displacement could be disruptive if it is comparable to, or greater than the displace-
ment due to the DEP force. It is less likely to be disruptive very close to the electrode
edges, where the field gradient and DEP force are strongest, but has scope to disrupt
motion along the capture path at large distances from the electrode. The ratio of
the root-mean-squared (rms) NW displacement induced by Brownian motion to DEP
displacement has been estimated earlier [68,80] for spherical particles. We obtain
results for cylindrical NWs, moving perpendicular to the NW axis, in low Reynolds

number flow. For this case, the drag coefficient is given by [81]
v = Fy/u=4mnL/[In(2L/d) + 0.5] (3.1)

Here L, d are the NW length and diameter respectively, the drag force is Fy, u
is the velocity of the NW relative to the fluid and 7 is the dynamic viscosity of the
fluid. With L=10pm, d=0.25um and n=1.2x 1073 Pa.s for ethanol, the drag coefficent
value is 3.09x107® kg/s. The reader is referred to the steps in the Appendix of this
manuscript (D.1), for derivation of the ratio of Brownian to DEP displacement, in

elapsed time ¢, which yields,

AXp,/AXpp =/ (2kpT)/(uyt) = \/(2kpTy)/(F?t) (3.2)

Here F' is the DEP force, kp is Boltzmann’s constant and absolute temperature
T=293K. The ratio is inversely proportional to NW velocity, and decreases with

elapsed time as ¢~ 1/2

. There is no known way of measuring forces, or velocities normal
to the observation plane, for individual NWs during this assembly process, and we
expect both will depend on NW height above electrodes. However, we may use Eq.
(3.2) to examine the role of Brownian motion from an order of magnitude estimate.
Fluid depth in the dam is ~100 pgm. An assembly time ~1 s, for a distant NW in
the vicinity of the fluid-air interface, yields an estimate for maximum NW velocity
of ~100 pm/s, for which the value of AXp,./AXpgp is calculated to be 0.005. For a
more reasonable starting NW distance of ~10 pm, the velocity would be ~10 pm/s,
and this ratio would be 0.05. NWs at starting distances ~1 pum or lower would be in
the highest field gradient region and close to capture within the wells. In accord with
our experimental observations, this rough estimation process confirms that Brownian

motion is not a significant disruptor.

However, the value of this rough scaling analysis is that it shows Brownian motion
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could be a significant disruptor for slow-moving NWs, low DEP force and for liquids

at low temperatures or with high viscosity.

3.2.1.5 Electrothermal Force

Electrothermal force is another disruptor for DEP-assisted positioning of NWs. The
current due to applied electric field causes local heat generation in the solution. The
resulting temperature variation, if significant, would lead to conductivity and permit-
tivity gradients in the fluid. Therefore, the force imposed on the medium by electric
field can vary in different parts of the fluid and induce fluid flow, named electrother-
mal flow, which interacts with NW positioning. The fluid temperature change is given
by [68,80]:

AT =~ ImYrms (3.3)

where K and o, are thermal and electrical conductivity of the fluid medium re-
spectively (K =0.171 W.m™'. K 'and o, is 2.19x107° Sm™! for ethanol [82]). The
maximum applied voltage in this work, V,,,s =7 V yields a temperature rise of about
1073 °C. For this small temperature change, the effect on permittivity and conduc-
tivity is negligible and electrothermal fluid flow is not considered as a disruptor in
this work.

In this section, we have used results of analysis and computation as a rough
guide to (a) find which potential disruptors are negligible (here, Brownian motion
and electrothermal force) and (b) impose constraints on physical parameters (such
as ratio of electrode gap width to NW length) to make disruptors negligible. We
also used experiments to eliminate some potential disruptors (capillary force and
inappropriate NW concentration). Enforcing these constraints reduces the dimension
of parameter space. If there is a resurgence of disruptors when modifications are
made to established parameter values for a given protocol, these constraints provide
a path for correction. This greatly reduces time spent compared to a trial-and-error

approach with little intuition.
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3.2.2 Strongly-Coupled Disruptors
3.2.2.1 Negative DEP

The time averaged DEP force is given by [36,79]:

mrl )
FDEP = TemRe[FCM]. \V4 (El ) (34)
with .
€, — €
Foy=-2 - n (3.5)
€m

where [ and r are the length and radius of a NW, ¢, is permittivity of the medium
and E; is the electric field. Re[Fgyy], the real part of the Clausius-Mossotti factor,
is positive over a range of frequencies for conductive NWs suspended in alcohol and
becomes negative at sufficiently high frequencies [36,42].

€, and €, are the complex permittivity of NWs and medium respectively, defined
as € = ¢ — j(2) where w is the angular frequency of the applied electric field. The
sign of Re[Fry] dictates the sign of Fprpp. NWs can be attracted to or repelled from
the wells when Fpgp is positive or negative, respectively. Here, we eliminate nDEP
simply by choosing frequencies below 101 Hz (Fig. 3.3(a)), ensuring DEP remains
solely a director. Later in this paper, we will see that other constraints on frequency

compel us to use frequencies well below 10° Hz.

3.2.2.2 Electroosmotic Velocity

Among electrohydrodynamic (EHD) effects, a strong potential disruptor in this work
is electroosmotic flow, which can interfere with NW positioning by creating a vortical
flow, as shown in Fig. 3.3(b). This flow is driven by the electroosmotic force F' = qF;,
where F; is the tangential component of the electric field and ¢ is the surface charge
density of the electrical double layer. Green et al. [83] and Castellanos et al. [80]
showed that electroosmotic fluid velocity strongly depends on the applied frequency.
In addition, Eq. (3.5), plotted in Fig. 3.3(b), shows that Re [Fry] and as a result
Fpgp, also depend on frequency. We show below, that a careful choice of frequency
can be used to overcome the disruptive effect of electroosmotic flow.
The electroosmotic velocity, v, can be calculated using [83]
€ V2 0? € V72

— Tms — Tms Q .
. dxn x (14 Q2)2 dxn 1) (3:6)
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Figure 3.3: Frequency changes affect the competing director and disruptor forces
by altering (a) the magnitude of the DEP director as a result of the change in the
magnitude of Re[Fcyl; (b) the electroosmotic force (F), a disruptor that drags NWs
away from the assembly-electrode gap and (c) the electroosmotic velocity of disruptor
fluid vortices. (d) The ratio of the effective voltage to the applied voltage for different
gap sizes changes with frequency due to electrode polarization (a disruptor), modeled
as an RC circuit(inset).

knowing the rms-value of applied voltage (V,.s), dynamic viscosity of the electrolyte
(n) and characteristic length x (half the gap width between electrodes), and with €,

the dimensionless frequency, defined as:

s €m

Q= ?ERW(;) (3.7)
where x is the reciprocal Debye length of the double layer. For liquids with a low
dielectric constant, such as ethanol, k=1 is ~0.5 um [84]. Electroosmotic velocity is
plotted in Fig. 3.3(c) for ethanol with ,=2.3 x 107! F.m~! and o, = 2.19x107°
Sm~t, at V},,,=7 V and characteristic length of x =5 um. It shows a frequency peak
at ~10% Hz, which is termed the EO-characteristic frequency. At low frequencies, here
below ~10? Hz, the voltage drop across the double layer is high, making E;, small, with
the resulting electroosmotic force F' = ¢F; being too small to create electroosmotic
flow. At high frequencies, here above ~4x10* Hz, we do not see electroosmotic flow,

but for a different reason. At this high frequency the double layer does not have
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sufficient time to form [80, 83|, and the electroosmotic force is small because ¢ is
small. The calculation above provides guidance for selecting frequency to minimize
electroosmotic flow. In addition, to enable use of a normalized electrosomotic velocity,
(V/Viaz ), as a dimensionless measure of the strength of this disruptor, Eq. (3.7) shows
that the maximum value of f(Q) occurs at Q=1, yielding vyee = (€,V.2,)/(162n) .

This parameter, v,,,,, will be used in Sec 3.2.4

3.2.2.3 Electrode Polarization

The presence of an electrical double layer gives rise to another disruptor, electrode
polarization. Electrode polarization causes a voltage drop adjacent to the electrode,
and as a result, the effective voltage (V.ss) that provides the field strength for NW
positioning, becomes less than the applied voltage (V;.,s). The electrical conduction
path, shown in Figure 3.3(d) (inset) consists of electrolyte resistance R, for con-
duction through the suspending medium with two capacitive impedances (C¢,) in
series, associated with the electrical double layers and photoresist at each of the two
electrodes. The total impedance Zr is defined [85,86] by:

2

Jr = Ryl + ——
r [ +ijequ}

(3.8)
Here C.y = [CyCpr/(Cq+ Cpr)|, where Cy and Cpp are the capacitance of the
electrical double layer and photoresist layer over the electrode, respectively. For
electrodes of surface area S, with photoresist thickness of ¢t and x~! as a measure of
double-layer thickness, Cy = exS and Cpr = et~ 1S. R, is calculated approximating
the conduction path as having length equal to gap size (2x) and a cross-section defined
by electrode width and a measure of the double-layer thickness, £~ .
The ratio (V.f¢/Vims), the normalized effective voltage for DEP, may be defined,
as seen in the inset of Fig. 3.3(d), by:
Verr 1 1

pu— 3.9
v, | (3.9)

2
1+ J@R.Coy 1+ (waceq)z

Ny =

The minimum normalized effective voltage for DEP (Ny=0) occurs when the elec-
trode polarization disruptor effect is maximum and vice versa. Therefore, normalized

electrode polarization is defined as:

Ngp=1— Ny (3.10)
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Figure 3.3(d) shows that at frequencies less than 10° Hz only a fraction of applied
voltage is available for NW positioning and below 10° Hz, Ny goes to zero as the
value of Ngp approaches 1. As seen from a curve for any single value of gap size in
Figure 3.3(d), we may maximize the fraction of applied voltage available for DEP to
Ny =1 by increasing the frequency. Our choice of electrode gap size is determined by
NW length and the constraint to avoid disruptive torque. How does this choice affect
the strength of electrode polarization as a disruptor?

The effect of varying electrode gap size is seen in the curves in Figure 3.3(d), which
shows that electrode polarization vanishes at higher frequencies for smaller electrode
gap size (2x). This effect can be explained by the effect of relaxation times defined by
Bazant et al. [87] as 7. = 2xx~'/D where D is the ion diffusivity. Larger gap widths
(2x) require longer charging time 7., and a lower frequency must be used to achieve
the same double-layer thickness. As seen in Figure 3.3(d), if the same frequency is
used for larger gaps, the effective voltage available for the DEP field is increased,
reflecting the reduced double-layer thickness.

3.2.3 Experimental observation: effect of strongly-coupled

disruptors on assembly yield

In the last section, we have shown that frequencies higher than 10° Hz would be
required to eliminate both electroosmotic flow and electrode polarization disruptors.
To experimentally see the effect of these disruptors on yield, pre-clamped yield was
measured at two frequencies: {1} 10 Hz, at which theoretical results in Figure 3.3(d)
show that only ~18, 24 and 38% of applied voltage is effective for NW assembly for
gap sizes of 6, 8 and 10 um respectively ,and {2} 10° Hz, where V,;; is almost equal
to Vims. If the theoretical results in Figure 3.3 (c¢) and (d) are accurate, pre-clamped
assembly yield should show a significant increase at 10° Hz, compared to 10* Hz.

{1} After eliminating weakly-coupled disruptors by following the guidelines pro-
vided in Section 3.2.1, NW assembly between electrodes with gap sizes, 2x, equal to
6, 8 and 10 pm, was observed at 10* Hz. Almost no assembly occurred at voltages
less than 7 V (rms) at this frequency. Increasing applied voltage to the maximum
value available to us, 7V (rms), 15 to 20% of wells filled with NWs. For each gap size,
Verr /Vims at 10* Hz (based on Figure 3(d)) and experimental yield of pre-clamped
NWs are shown in Table 3.1.

{2} The yield was then studied for a range of voltages between 0.7 to 7 V (rms) at
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Table 3.1: Pre-clamped experimental yield (Exp. yield) at 10* Hz and 7 V (rms).
Theoretical V.rs/V,ms was calculated using Figure 3.3(d).

Gap size Exp. yield
V.

() | V0V ()

10 0.38 20

8 0.24 18

6 0.18 15

E100 , -

.; 80} .

ho * *

L 60} .

g * *

E 40t N |Gap size (2x):]

E 20l ; ™ ¢ 10 um

3 ., . ¢ 8 um
L . ¢ 6um

R 4 6

Applied Voltage (Vrms)

Figure 3.4: Experimental results showing the effect of applied voltage on pre-clamped
yield at 10 Hz for three different gap sizes (2z). Larger gap sizes have higher threshold
voltage (2, 1 and less than 0.7 V (rms) respectively for 2z=10, 8 and 6 pum. Highest
assembly yield occurs at 7 V (rms).

10° Hz as shown in Figure 3.4. For each gap size, there is a threshold voltage below
which NW assembly does not occur due to the small value of Fpgp. As seen in Figure
3.4, NW assembly does not occur at voltages below 2, 1 and 0.7 V (rms) for 10, 8
and 6 um gap sizes respectively. Increasing the applied voltage and resulting Fppp
increases the assembly yield. The maximum yield realizable, occurs at the highest
available voltage of 7 V (rms) at 10° Hz. For this condition, we used two dies of
9500 sites, for each gap size. The measured pre-clamped yield varied with gap size.
Several optical micrographs such as in Figure 3.5, were used to determine the yield.
The yields were 91% and 93 % for 10 um gap, 94% and 95 % for 8 um and 94% and
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Figure 3.5: Single NWs aligned in almost every well (green arrows) at 10° Hz and 7
V (rms). Red arrows show misaligned NWs.

96 % for 6 um gap size, resulting an averaged pre-clamped yield of 94%.
3.2.4 Director-Disruptor Competition

To separate the director-dominant region from the disruptor-dominant one, shown
in Figure 3.6(a) and (b), we introduce a cut-off frequency, at which both the strong
disruptors, normalized electroosmotic velocity (Ngo) and normalized electrode po-
larization (Ngp = 1 — Ny) are each less than 5%. Normalized electroosmotic velocity

Ngo is defined as:

v 40?
Npo = D TEXE (3.11)

where v, defined earlier, is the maximum electroosmotic velocity at EO-characteristic

frequency. Ngo provides a non-dimensional measure of the strength of the disruptor.

Regions with frequencies greater than cut-off frequency are director-dominant re-
gions. If the DEP force alone has magnitude sufficient to direct NWs, it will face
negligible competition from disruptors in this region. Figure 3.6(b) shows that when
ethanol is used as the medium, a large disruptor-free frequency range is available,
beginning at ~10° Hz and extending to ~10'° Hz, the frequency for cross-over into
the nDEP region.

The region with frequencies less than EO-characteristic frequency is disruptor-
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Figure 3.6: Director-dominant (green), disruptor-dominant (pink) and competing
region (yellow) for water (a) and ethanol (b) with electrical conductivity of 5x 1073
and 2.19x 107° Sm™! respectively. The yield index for water (c) and ethanol (d)
indicates the device yield as a result of competition between disruptors and directors
in the competing region. For this comparison, electrode gap size was 10 pm and 1um
photoresist layer was considered on the electrodes.

dominant, in which high electrode polarization and electroosmotic fluid flow overcome
the directive effect of DEP force and decrease the yield dramatically. At frequencies
between cut-off and EO-characteristic frequencies, as seen in the central region of
Figure 3.6(a) and (b), directors and disruptors are competing. The cut-off and EO-
characteristic frequencies vary as the medium changes since both Ngo and Ny depend
on the electrical properties of the medium. To investigate the effect of suspension
medium property we chose water and ethanol and plotted Ngo and Ny vs frequency.
Figure 3.6(a) and (b) shows the three regions for water and ethanol respectively. The
higher cut-off and EO-characteristic frequency for water compared with ethanol is
due to the higher conductivity of water.

The competing region is an important region to study as the competition between
forces can decrease or increase the device yield. How can the effect of competi-
tion between the director and the dominant remaining disruptors on device yield be

approached quantitatively? As we have earlier (in Section 3.2.1) removed weakly-
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coupled disruptors, we now define a parameter, the yield index [, such that g=1 if
there is no reduction of DEP by disruptors and =0, if the disruptors are at their

maximum value. (3 is defined as:
p=1-Ngp— Nro (3.12)
Using Eq. (3.10), this can be rewritten as:
8= Ny — Ngo (3.13)

Figure 3.6(c) and (d) shows how the region of competition and the resulting yield
index change with respect to frequency in water and ethanol respectively. For our
selected parameter values, it shows that the yield index is maximum at frequencies
higher than 2x10® Hz for water and 10° Hz for ethanol.

Figure 3.6 enabled comparison of yield indices and operating parameters for sus-
pension fluids -water and ethanol- with different properties. In this work, a layer of
photoresist was coated on the electrodes (see Section 3.4.3). To calculate the yield
index, the capacitance of the photoresist has to be included while calculating C¢, in
Eq. (3.8). The resulting yield index, plotted in Figure 3.6(d), shows that the yield
index increases slightly from 0.98 to 0.99, in moving from 10° to 2x10° Hz. However
this change would cause the term Re[F¢p/] in the DEP force to decrease in value by
nearly an order of magnitude from 6x10'" to 9x10'° (from the data used to create
Figure 3.3(b)). In this case, to prevent large DEP force reduction, we select 10° Hz

and forgo the small increase in yield index available at 2x10% Hz.

3.2.5 Clamping

Field-directed assembly typically requires clamping of the NWs, to secure them in
place for a circuit or network (integration), or to build individually addressable NW
devices. These may require, at one or both ends of a NW, electrical contact or
a firm pedestal for nanomechanical applications of NWs. Here we briefly discuss
clamping and post-clamped device yield. Methods such as electron beam induced
deposition (EBID) [78] incur a cost proportional to the number of clamped devices;
their cost becomes prohibitive for large arrays. Simultaneous electrodeposition of all
required clamps on a chip, using the metal electrodes designed for DEP, circumvents

this cost penalty. FElectrodeposition of gold from cyanide-based solutions has been
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Figure 3.7: Single-end-clamped nanoresonator using electrodeposited silver as clamp
material, with inset showing the uniformity of the silver clamp around the NW.

demonstrated in previous work with metal NWs [21] and with silicon NWs [14], to
enable clamps of repeatable rigidity. Here, the use of silver (Ag) in place of gold
enables a reduction in step cost (current cost ratio 1:65 for Ag:Au) and removes the
dependence on toxic gold cyanide solutions. Figure 3.7 shows a clamp fabricated to
create a cantilevered NW with (inset showing) uniform interfacial contact of Ag.

Figure 3.8 is selected to illustrate examples of defects -empty sites, NWs broken
or misaligned during clamping in a high yield post-clamped array. More examples
are provided in Figure D.4 and D.5. Other defects such as chained and multiple NWs
are rarely seen, following our control of NW concentration. The inset shows a single
clamped NW suspended about 500 nm above the electrode surface and free to serve
as a mechanical resonator.

Since post-clamped yield can be lower than the yield from the assembly process
alone, for a meaningful comparison of the results of different approaches, it is impor-
tant to check which one is implied in published reports. For example, the 80% yield
quoted in the work of Li et al. [14] refers to post-clamped yield and may be compared
with the 88% yield in the current study. Freer et al. [39] and Collet et al. [40] each
introduce innovations, with new directors for yield enhancement. Using microfluidic
channel flow [39] and capillary force [40], yields of 98.5% and 81% respectively, are
reported by these groups. These studies do not attempt clamping, hence, the num-
bers from these studies should be compared with the pre-clamped yield of 94% in this

work.
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Figure 3.8: High yield clamped single NW and defects. Green arrows: perfectly
positioned and clamped NWs; blue arrow: a broken NW after clamping and removing
photoresist; white arrow: NW bundle instead of single NW; orange arrow: no NW;
red arrow: misaligned NW.

3.2.6 Towards a Generalized Director-Disruptor Framework

The entry to the literature on electrohydrodynamic (EHD) field-directed assembly
of NWs to date may seem daunting to a new user. This comes from the fact that a
number of effects such as DEP, electroosmosis, electrode polarization and electrother-
mal are involved, with varying roles reported in different studies. A few examples
listed in Table 3.2, show that the same effect can serve either as a director or dis-
ruptor. For example, capillary force at moving front is a disruptor in this work and
a director in [40]; positive DEP (pDEP), the main director for all studies, can be a
disruptor at high magnitudes [25,39,40] as it can cause NW to attach on the elec-
trodes instead of in the gap between them [40] or lead to positioning more than one
NW between electrodes [25,39]; low pDEP is identified as a director in [78] and a
disruptor in [41] and in our study. The intensity of each effect as well as its degree
of coupling to others, varies in these studies. Further, each one of several physical
parameters such as geometry, material properties and frequency and magnitude of
applied voltage, can contribute to more than one effect.

The focus of this study is the introduction of a general framework for field-directed
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NW assembly processes, not limited to DEP, which will help to choose parameter
values to maximize device yield. For any field-directed assembly process we propose
a systematic procedure with the steps listed below. Sections of this paper where the
work done serves as an example for each step, are noted in parenthesis below:
1. List the relevant effects and identify the physical parameters involved for each
one. See Sections {3.2.1 and 3.2.2}.

2. Identify each effect as a possible director or disruptor. Sections {3.2.1 and
3.2.2}.

3. Where possible, estimate which disruptors are too weak to be significant; discard
them. Sections {3.2.1.4 and 3.2.1.5}.

4. Identify disruptors that are not strongly coupled to any director -remove them,
wherever possible, by experimental modification. Sections {3.2.1.1, 3.2.1.2 and
3.2.1.3 }.

5. Examine remaining effects for which director-disruptor coupling could be strong
-typically where both are either increased or decreased by the same change in

any single physical parameter. Section {3.2.2}.

6. Use physical intuition, experiments, analysis or computation, to seek a minimal
set of the simplest non-dimensional parameters that represent the competition
between the remaining directors and disruptors well enough to be indicators of
yield. Section {3.2.4}.

For the example protocol of DEP discussed in this work, using steps 1 to 6,
we found that a single non-dimensional parameter, the yield index, can be used to
represent the competition between the director (pDEP) and the strongly-coupled
disruptors (electroosmosis and electrode polarization).

The number for the yield index should not be interpreted as the expected value of
pre-clamped NW yield -e.g. a yield index of 0.94 is not the same as 94% pre-clamped
yield. The yield index S we have defined has value 1 if the disruptors are negligible
and value 0 if the disruptors dominate and prevent DEP from functioning. The value
of ( is a guide which tells us how to move in the direction of disruptor reduction. We
first determined frequency (here, 10° Hz) to make 3 close to 1. Further increase in
the frequency would yield small disruptor reduction, but it would significantly reduce
the DEP force due to reduction of Re[Fry] as discussed in Section 3.2.4. Therefore,
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Table 3.2: Table of comparison: identifying director and disruptor forces influencing
the yield of single NW assembly in selected studies focused on increasing the yield of
individually addressable single NWs. Effects marked by 1 are classified as director or
disruptor by us, based on qualitative information provided in the source. pDEP and

nDEP refer to positive and negative dielectrophoresis.

Source Director Disruptor Method
e nDEP
e High NW concentration
e Capillary at drying front
. e pDEP e Electroosmosis Analytical &
This work . . .. .
e Capillary inside wells | e Electrode polarization experimental
e Low pDEP at very high
frequency
e Electrothermal fluid flow
Collet et al. | e pDEP e Very high pDEP Analytical &
[40] e Capillary e Electrode polarization § | experimental
e Low DEP force at Computational

Palapati et al.
[78]

pDEP to nDEP transi-
tion frequency

e Electrode polarization

& experimen-
tal

e Hydrodynamic drag

force in  microfluidic
Freer et al channels * Very high pDEP Analytical &
39] e pDEP e Hydrodynamic drag force experimental
e Electrostatic repulsion | in microfluidic channels
between NW-NW and
NW-electrode
Burg et al. e Electrothermal fluid flow Computa.utlonal
e pDEP . & experimen-
[42] e Electroosmosis tal
e Electroosmosis
Raychaudhuri o bDEP e Electrode polarization Analytical &
et al. [41] P e Low pDEP at very high | experimental
frequency
Li ?t al. [14] e pDEP eElectrode polarizationy Analytical &
Smith et al. . . . . . .
(75] e Capillary inside wells | e Capillary in drying front} | experimental
Boote and o 'DEP e Very high pDEP Analytical &
Evans [25] P e Electrode polarizationf experimental

we fixed the frequency. In order to increase the DEP force to try and achieve the

best yield possible, the applied voltage was increased, as shown in Figure 3.4.

The primary use of the yield index discussed here for this example use of DEP,

is to determine the frequency that moves index [ closer to the value 1, after first
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eliminating weakly-coupled disruptors. We note, however, that the framework with
resulting equations, can be useful even after a good working set of parameters for
high yield index is finalized, and a high yield experimentally confirmed. Experi-
mental considerations other than those related to the DEP assembly, may impose a
new constraint on one of the parameters such as electrode gap size, property of the
medium, or the frequency of the field. Considerable effort would be required to arrive
at a new set of parameter values by experimental trial-and-error alone. Following the
steps of the framework and equations given in Sections 3.2.1, 3.2.2 and 3.2.4, one can
quickly obtain working estimates for remaining parameters, and use them to guide
experiments confirming the best values.

This approach enabled a selection of physical parameters to significantly improve
the post-clamped yield with respect to the earlier study of Li et al. [14] and obtain
pre-clamped yield value close to the maximum yield reported to date by Freer et al.
[39], but without the additional experimental cost and complexity of implementing

microfluidic channels.

3.3 Conclusions and Outlook

Field-directed assembly enables large-area coverage with individually addressable NW
devices. The assembly cost is independent of area, with potential to aid nanoscale
research and to open a path for nanomanufacturing. This study introduces a general
director-disruptor framework of steps for any field-directed NW assembly process.
One of several directed assembly methods from the literature with positive dielec-
trophoresis as the main director was selected to serve as an example, to test the utility
of the framework. We identified potential disruptors and estimated those that were
weak, or weakly-coupled to the director. With guidance from analysis, computation,
or experiment in this and earlier published work, we eliminated weak disruptors and
defined constraints between variables for the weakly coupled disruptors. We then
proposed a definition for a non-dimensional yield index, to capture the competition
between the remaining disruptors and directors. The identification of constraints,
as well as the definition of appropriate dimensionless parameters, improves intuition
about the assembly process, reduces the dimension of parameter space and enables
the determination of parameter values with far less trial-and-error. The values of
several experimental parameters, such as electrode area and gap size, properties of

the suspension medium and frequency of the applied field, were reflected in the yield
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index. Guided by the variation of the yield index, we obtained the maximum yield
(88%) of functional (post-clamped) devices among published reports we have found
in the literature to date.

The constraints and dimensionless parameters (such as the yield index here) should
be determined afresh for any new field-directed assembly method. Once determined,
they provide a rational path for selecting new parameter values, with greatly reduced
trial-and-error, if any experimental parameter needs to be changed for reasons other
than assembly process. In doing so, the director-disruptor framework has potential to
serve as a vehicle for better understanding of the process, and for providing a rational,
economical path towards design of a nanomanufacturing process for commercial and

scientific use of large arrays of NW devices.

3.4 Experimental Methods

3.4.1 Nanowire Synthesis

We used rhodium (Rh) NWs that have desirable mechanical properties for resonant
mass sensing as they retain high quality factor (Q-factor) from high vacuum to near
atmospheric pressure [14]. Rh NWs were synthesized in porous membranes from an
aqueous rhodium sulfate solution (RH221D from Technic). NWs with length up to
12 pum were synthesized by electrodeposition at -400 mV with respect to a Ag/AgCl
reference electrode in 60 minutes [88]. Nanoporous AAO membranes with 200 nm
nominal pore size and thickness of 60 ym (Whatman) and polycarbonate membranes
with 400 nm nominal pore size and thickness of 20 ym (Sterlitech) were used for NW
synthesis. NWs extracted from polycarbonate template have a better cylindricity
compared with the NWs synthesized in AAO templates. If the functionality of the
resulting device depends on cylindricity of the NWs, using polycarbonate templates
is recommended. After dissolving the template (AAO by 3M NaOH and polycar-
bonate by dichloromethane), the NWs were suspended in ethanol. Electrodeposition
experiments were controlled using a Princeton Applied Research VersaStat3 poten-
tiostat /galvanostat. A detailed discussion of the NW synthesis is available in earlier

work [88].
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3.4.2 Nanowire Concentration Measurement

A known volume of NW suspension was dried on a silicon substrate. Fifty non-
overlapping optical micrographs, including center and edge regions of the dried-out
drop were analyzed using ImageJ software and the average was used to compute the
total number of NWs in the sample. We found that concentrations above 3.3x10®
NW/mL result in multiple layers or clumps of NWs on the substrate which does not
allow for a credible count for NWs with this method. For assembly, we found that
a concentration two orders of magnitude below this value was required to prevent
chaining and multiple NWs per die. Hence, measurements of concentration made for

the assembly are far below this limit.

3.4.3 Nanowire Assembly

Six separate dies, each with 9500 NW assembly sites defined by electrode pairs with
different gap sizes, were patterned using photolithography and metal lift-off on a
silicon substrate with 300 nm of wet thermal oxide. Figure 3.1 illustrates the following
patterning steps: (a) patterning a ~1 pm thick layer of deep ultraviolet (DUV) PMGI
SF-11 photoresist (MicroChem) hard-baked (at 200°C for 5 min) to create wells for
trapping NWs between each electrode pair. The wells are ~500 nm deep with lengths
of 12, 14 and 16 pum for electrode gap sizes of 6, 8 and 10 pum respectively. (b)
micro-pipetting 10 uL of suspension over each die, with AC voltage (frequency and
voltage value determination discussed later) applied across all chosen electrode pairs
to trap NWs within wells. A layer of Shipley 1811 photoresist (MicroChem), ~1
pm thick was then spun and patterned to create a photoresist mask for exposing the
PMGTI layer over one electrode of each pair, to enable clamping of the NW end. (c)
electrodeposition of Ag, from Silver Cyless (succinimide) solution (Technic), to clamp
one end of the NWs followed by removal of all photoresist and critical point drying.

PMGTI photoresist was chosen in this process for several reasons. Ethanol dissolves
Novolac-based photoresists such as Shipley 1811, but it does not dissolve the hard-
baked PMGI photoresist. Therefore, the electric-field assisted NW assembly, using
NW suspended in ethanol, was conducted on hard-baked PMGI as an insulating
layer to prevent short circuit occurrence for the large-scale NW assembly. Finally,
Shipley 1811 and hard-baked PMGI can be exposed at different wavelengths, enabling
patterning of PMGI using DUV flood exposure through the Shipley mask.

The chief advantages of this fabrication sequence are: {a} capture of NWs at

predetermined well locations {b} retention of NWs by capillary force at the surface
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of the evaporating medium inside the wells {c} removal of randomly scattered NWs
with the photoresist in the last step. This fabrication method eliminates the disruptive
effect of a high value of the dielectrophoretic (DEP) force, reported by Collet et al.
[40], which causes undesirable NW attachment at several points on the electrodes.

The dielectrophoretic assembly process was performed using a Signatone 1160
probe station. A function generator (Tektronix CFG253) was used to apply frequen-
cies up to 100 kHz and voltages up to 7 V (rms). A Canon 60D digital camera was
used to observe the assembly of NWs. Post-clamped NWs were studied using Field
Emission Scanning Electron Microscopy (FESEM, Hitachi S-4800).

3.4.4 Nanowire Yield Measurement

The percentage yield was computed from 500 out of 9500 randomly selected wells
per die (3000 of 57000 wells per wafer). Optical micrographs provided in supplemen-
tary online documentation (Figure D.2 to D.5 in Appendix D) show blank sites and
other defects observed in the counting process. For measuring pre- and post-clamped
yield, if multiple NWs were positioned between electrodes, only one NW per electrode
pair was counted. Also, if a positioned NW bridged less than half the gap-width as

shown in Figure D.4 | it was not counted.
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Chapter 4

Nanoresonator Measurement:

Suitable Fabrication Design

Nesonators with the assembly method described in the previous two chapters, are suit-
able for sensing applications. In mass sensing, biomolecules attached to the nanores-
onator surface, cause a shift in the resonance peak frequency as shown in Figure
4.1. The resonance frequency of an actuated nanoresonator is evaluated from the
resonance spectrum by driving the resonator over a swept frequency range. Different
techniques can be used for NW actuation.

Detectable mass Am =2 M Af/f,;

Displacement X

fd Frequency f

Figure 4.1: Schematic of mass detection. The shift in resonance frequency is caused
by small mass attached to the nanoresonator.

This chapter briefly describes the measurement setup and two different actuating

methods that can be used; piezo disk actuating and electrostatic actuating. In the



52

former actuating method, a piezo disk is used to drive the entire chip, while, in the
latter method, electrostatic actuation is used to drive one or a small number of NW
resonators. To be able to use each of these methods, two different fabrication designs
were used.

There are two main parts in this chapter; fabrication defects that can disrupt
transduction of the nanoresonators (Section 4.2), and issues associated with geomet-
ric defects of the NWs that can affect the transduction (Section 4.3). The fabricated
nanoresonators resulting from this Ph.D. work were used for NW resonant measure-
ment by my colleague Nima Moghimian [63]. The measurement results are not in-

cluded in this document.

4.1 Resonance Frequency Measurement Setup

Nanoresonators fabricated in this work were characterized with a non-intrusive op-
tical technique [63]. The steps for resonance frequency measurement mainly include
mounting the chip on a 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. The vacuum chamber was secured on an inverted op-
tical microscope that was used to focus a laser onto the free end of the cantilevered
NW resonator through a 40X objective. The resonance measurement setup is shown
in Figure 4.2(a) and (b).

& Vacuum

J| chamber Spectrum

analyzer

T M e a®
=2

S
Inverted

microscope
5

Input

Beam-Splitter i

AC-coupled
Laser Photodetector

Figure 4.2: (a) Laser setup used for resonance frequency detection. (b) Schematic of
the measurement setup to measure the resonance of NW resonators.

After integration of nanoresonators, one die was mounted on a piezo disk using

indium metal soldering.The piezo disk and the die were then mounted on the Cu
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pillars as shown in Figure 4.3. Wires were bonded from the chip and connected to
the feedthroughs on the flange for piezo disk and electrostatic actuating as will be
explained in section 4.2.1 and 4.2.2. The flange and the piezo disk were loaded into
the measurement vacuum chamber, with the chip facing down as shown in Figure
4.2(b).

Figure 4.3: A chip mounted on a piezo disk. The electrical feedthrough on the flange
can be used to apply AC voltage for both piezo disk and electrostatic actuation.

A 10 mW laser (wavelength=633 nm), providing approximately 3 mW input power
for measurement, was focused on the free end of the NW resonator on the chip. The
light reflected off the vibrating NW surface and chip substrate, generated the signal
tracking the frequency and amplitude of the NW vibration. By using a beam splitter,
as shown in Figure 4.2(b), the optical signal was guided to a photodetector where
the signal was converted to an electrical signal. An RF spectrum analyzer (Agilent
E4402B) displayed the resonance curve and allowed evaluation of the peak frequency.
The frequency corresponding to the peak amplitude is the damped resonance fre-
quency (fy in figure 4.1). The pressure of the measurement chamber was controlled
by a turbo-molecular pump placed in series with a dry backing pump, which allowed
the chamber pressure to be controlled from 107® torr to 1 atmosphere by pumping
out or feeding in pure (10 ppm impurities), dry nitrogen.

Knowing the measurement setup, different possible actuation methods, piezo disk

and electrostatic, are explained in the following sections.
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4.2 Different Actuation Methods and Related Fab-

rication Design

The fabrication design used for piezo disk actuation of nanoresonators is different
from the one used for electrostatic actuation since each of these actuating methods
have different design requirements. This section provides information about differ-
ent fabrication designs used in this work. In addition, fabrication flaws that can
cause difficulties in nanoresonator transduction, as well as guidelines to prevent these

mistakes, are provided.

4.2.1 Piezo Disk Actuation

In this method, a piezo disk, driven by an AC voltage, was used to induce oscillations
of the resonators. The piezo disks were extracted from commercial piezo buzzers
(NEXXTECH) to drive NW resonators with resonance frequencies ranging from 1
MHz to 10 MHz. The piezo disk contained 3 layers: a brass substrate, a piezoelectric

film, and an aluminum contact. This stack is shown in Figure 4.4.

Nanowire resonator

Aluminum contact

Metal screw is used to
mount brass substrate on Vi
g the grounded Cu pillar

Figure 4.4: Schematic of piezo disk actuation.

The brass substrate of the piezo disk was grounded by mounting it on the flange
through Cu pillars and a Cu block. The red wire, shown in Figure 4.3, connected
one of the two electrical feedthroughs to the aluminum contact on the piezo disk and
was used to deliver the AC signal to the piezo disk. During the measurement, the
AC voltage induced the vibration of the piezo disk and 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 NW resonator being measured.
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In this method, all NWs resonate at the same time. However, resonance frequency
of each NW is measured separately by focusing of the laser beam at the tip of each
resonating NWs. When the length of the nanoresonators varies over the chip, to
detect frequency peak from shorter NWs, a higher voltage needs to be applied, which
increases the displacement of longer NWs. If the gap between the suspended end of
the NW and the substrate is too small, long NWs may attach to the substrate by van
der Waals force. This can decrease the number of functional nanoresonators on a sub-
strate. The impedance of the piezo disk can vary significantly and this can generate
a non-uniform driving force on the NW resonators during the measurement, particu-
larly when large frequency spans are involved [35]. Under these circumstances, it is
difficult to analyze the resonance performance. In such case, electrostatic actuation

may be preferred.

4.2.2 Electrostatic Actuation

In electrostatic actuation, an AC voltage, V,., is applied between the clamp and
driving electrode as shown in Figure 4.5. An electric field is produced between the
resonator and the driving electrode and induces a charge on the resonator. The gen-
erated electrostatic force drives the nanoresonators. Using this actuation technique,

we can selectively drive one or a few nanoresonators at a time.

Nanowire resonator

Driving electrode
P

(~)
—/

V N

ac

Figure 4.5: Schematic of electrostatic actuation. The AC voltage applied between
the clamp and driving electrode is used to drive the NW.
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4.2.3 Fabrication Design Used for Piezo Disk and Electro-

static Actuation

In design #1 (D1), shown in Figure 2.3, one electrode (marked with a white star)
could be used to actuate all nanoresonators on a chip electrostatically. However,
if the suspended end of a NW adheres to the driving electrode during assembly of
the nanoresonators, an electrical short prevents electrostatic actuation of all nanores-
onators on the substrate. An electrical short circuit is not a possibility in piezo disk
actuation. This is one of the main advantages of piezo disk actuation over electrostatic
method.

D1 is suitable for piezo disk actuation. To drive nanoresonators electrostatically,
design #2 (D2) was used for nanoresonator assembly. The differences between D2
and D1 that make D2 a better fabrication design for electrostatic actuation are noted

below:

1. One issue that was addressed by using D2 was the electrical short circuit. In D2,
the distance between adjacent electrode pairs was chosen to be 200 pym instead
of 60 pm in D1. In both designs, electrode pairs were connected through a
gold bar. If an electrode pair is electrically shorted in D2, focused ion beam
(FIB) or a sharp probe tip can be utilized to isolate the faulty nanoresonator
by removing the gold bar. Whereas in D1, the small gaps between electrode
pairs make it impossible to remove gold bars by using sharp probe tip without
destroying the adjacent nanoresonators. FIB instead, could be applicable as it
provides a precise cut. Figure 4.6 shows SEM image of a gold bar electrically
disconnected by using FIB. However, for D1, this approach is time-consuming
and may even cause the failure of the NW device when high doses (combination
of high accelerating voltage, current, exposure time or number of passes) of ion
beam are used. Therefore, larger gap size between adjacent electrode pairs in

D2 made the isolation easier and enabled electrostatic actuation.

2. Another issue addressed in D2 was preventing actuation of all nanoresonators
on a chip at the same time that could cause adhesion of longer NWs during peak
frequency measurement of a short NW. In D2, each five electrode pairs have
a separate driving electrode and therefore, nanoresonators can be selectively

driven (Figure 2.3 inset).
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Clamp material 10 pm

Figure 4.6: FIB-milled slot used for isolating two bridged pads by removing part of
a gold connection bar.

4.3 Effect of NW Geometry on Performance of

Nanoresonators

This section briefly explains the effect of length and diameter of nanoresonator in
resonance frequency measurement. The suspended length of clamped NWs and uni-
formity in shape and diameter throughout the length directly affect the performance
of the nanoresonators. This section focuses on several fabrication considerations in or-

der to assemble a perfectly cylinder nanoresonator with measurable suspended length.

4.3.1 Nanowire Length

As mentioned in Section 2.3.2, in the absence of a sorting technique, short NWs
can be clamped however, they may not produce a functional device. The proper
suspended length for nanoresonators, enabling actuation and detection is shown in
Figure 4.7. The free end of the NW resonator can be either suspended on top of
(Figure 4.7(a)) or very close to (Figure 4.7(b)) the underlying driving electrode. The
resonance frequency of NW resonators in both configurations can be measured using
both piezo disk actuation and electrostatic actuation. However, when a NW does not
have an overlap with underlying driving electrode (Figure 4.7(b)) less light reflects
back to the detector which makes signal detection for resonance peak challenging
compared with longer NWs.

The dependence of the resonance frequency of a cantilevered beam, on geometry,
material properties and clamping when modeled as a harmonic oscillator in a low

damping environment such as high vacuum, is shown in Eq. (4.1):
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Figure 4.7: Two configurations of nanowire resonators with suspended length of [.

2 B d
f= 8%\/%[3 (4.1)

where FE, p, d and [ are the Young’s modulus, density, diameter and suspension length
respectively, n is the mode number and 3, is the associated eigenvalue. For example,
the first three modes have eigenvalues of §y=1.875, §;=4.694 and (5,=7.855.

Eq. (4.1) enables calculation of NW properties such as Young’s modulus [14, 63|
if length and diameter of the NWs can be measured. Knowing f from Eq. (4.1), the
quality factor (Q-factor) [14] can be also calculated. Q-factor expressed by:

where C' is the damping term, m is the mass and f is the resonance frequency. For
Q>1, f reduces to fy. Under this condition, () can be rewritten as:

_ o
Afiye

where Afi/5 is the full width at half-power maximum of the resonance spectrum as

(4.3)

shown in Figure 4.1.

Generally, suspended length [ is measured from the edge of the clamp electrode
to the tip of the NWs by using SEM images. However, some fabrication flaws can
make this measurement challenging. An example of fabrication defect that can occur
during the photolithography step for opening the clamp windows, when the clamp
mask is misaligned with respect to the clamp electrodes, is shown in Figure 4.8. The
clamp mask was shifted to the left (see Figure 4.8(a)). Therefore, the photoresist
covering the NWs beyond the left-hand-side edges of the clamp electrodes was ex-
posed. As well, on the right-hand-side edges, photoresist layer remained unexposed.
Accordingly, after developing the photoresist and electrodeposition step, the clamp
material was deposited on the exposed part of the NWs on the right-hand-side edges,

as shown in Figure 4.8(b) and remaining photoresist on the opposite edges, prevented
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electrodeposition of the clamp material, shown in Figure 4.8(c). This defect can cause

uncertainty in measuring the suspended length of the nanoresonators.

T T |"::
1.00um 5.00um

Figure 4.8: Effect of misaligned clamp mask. (a) Clamp mask was shifted to the left
and caused (b) deposition of clamp material on the NW beyond the edge of the clamp
electrodes while (c¢) remaining photoresist on the opposite edge, prevented deposition
of the clamp material on the NW end placed over these edges.

4.3.2 Nanowire Diameter

As mentioned, besides length, the diameter of NWs also affect the values of Young’s
modulus and the damping coefficient, obtained through resonance measurements. The
uniformity of diameter and surface quality of the NWs are dictated by the shape and
quality of the pores in the porous membrane. In this work, NWs were synthesized from
two different porous membranes, anodized aluminum oxide (AAO) and polycarbonate
(PC).

Anodized aluminum oxide (AAO) template (Whatman) used in this research had
60 pm thickness and nominal pore diameter of 200 nm. One difficulty with NWs

extracted from this template was the non-uniform geometry of synthesized NWs.
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Although the nominal pore size of the template was 200 nm, the pore size varies
throughout the pore and results in NWs that are not perfect cylinders. Figure 4.9
(a) clearly shows the existence of the branches in NWs synthesized inside the AAO
membrane. Figure 4.9 (b) shows a nanoresonator integrated by using defective non-

cylindrical NW.

1.0kV 22 9mm x18.0k SE({

Figure 4.9: Defective NWs grown inside AAO porous template. (a) Cross section of
NWs grown inside AAO pores [63]. (b) Integrated nanoresonator.

Operating mass detection experiments or other related measurements will be chal-
lenging using NWs synthesized from AAO membrane as the shape and diameter of
the NW can vary throughout its length.

In order to solve this problem, polycarbonate (PC) membrane, with 25 gm thick-
ness and nominal diameter of 400 nm, were used in this research. SEM image of Rh
NWs extracted from PC membrane is shown in Figure 4.10(a). Figure 4.10(b) shows
that NWs are perfectly cylindrical, have better surface quality and uniform diameter
throughout the length. However, several issues were involved in NWs extracted from
these membranes. PC templates are commercially made to serve as filters, therefore
the pores are mainly criss-crossed through the thickness of the polymer [63]. The
pore-connection degree is high and hundreds of NW clumps are created from each
membrane (see Figure 4.10(c)). This structural defect is the most significant problem
associated with PC membranes for fabrication of nanoresonators.

During nanoresonator assembly, these NW clumps can bridge clamp and driving
electrodes and prevent electrostatic actuation as shown in Figure 4.11(a). Low con-
centration of single NWs, due to high pore-connection degree, and high diversity in
NW length (2 to 8 pm) as a result of NW-clumps breakage, are other issues associated
with NWs extracted from PC templates. The short length of these NWs can cause
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1.0V 4.2mm x1.10k SE(U)

Figure 4.10: (a) Geometry of NWs extracted from polycarbonate porous membrane.
(b) Resulting NWs show uniform geometry. (¢) However, criss-crossed pore pattern
causes NW clumps.

fabrication of many non-functional nanoresonators as seen in Figure 4.11(b)

Driving
electrode

1.0kV 16.7r

Figure 4.11: Defects caused by NWs synthesized from polycarbonate template. (a)
Clumped NWs can connect clamp and driving electrodes which prevents NW actua-
tion electrostatically. (b) Synthesized single NWs can be short.

In order to use the PC-extracted NWs for nanoresonator integration, a sedimenta-
tion technique was required to remove heavy clumps. Our observation showed that by
leaving the NW suspension for 3 to 10 min, big NW clumps sediment at the bottom
of the test tube. The NW suspension from top half of the test tube was transferred to
a new test tube by using micropipettes. This NW suspension was then used for NW
assembly. However, it was not possible to remove all clumps by using sedimentation

method and remaining clumps could still cause electrical short during nanoresonator
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integration. Therefore, isolation of the electrically-shorted parts of the substrate was
required for actuating the nanoresonators.

Design #2 was appropriate for assembly and integration of NWs from PC tem-
plates since it enables isolation of the electrically-shorted electrode pairs and actuating
small number of nanoresonators separately from the rest of the nanoresonators on the
substrate. To be able to capture and clamp these short NWs;, the electrode gap size in
D2 was chosen as 3, 4 and 5 um. The resulting integrated nanoresonators are shown

in Figure 4.12.

5.00um 1.0kV 25.5mm x11.0k SE( 1 5.00um

Figure 4.12: Nanoresonator integrated from polycarbonate-synthesized NWs, assem-
bled and clamped using design #2.

4.4 Conclusions

This chapter presented the measurement setup and the two different actuation meth-
ods used to characterize NW resonators. In the first actuation method a piezo disk
was used to drive entire nanoresonators on a chip. In the second method, one or a
small number of NWs were driven electrostatically. Two different fabrication designs,
suitable for each actuation technique, were introduced. The design D1 which was
used for piezo disk actuation, had a high number of assembly electrode pairs with
gap sizes of 4, 6, 8 and 10 pm. NW with lengths between 8 and 12 pm, synthesized
in anodized aluminum oxide templates, were long enough to be integrated into these
gaps.

If during nanoresonator assembly, the suspended end of nanoresonators adhere
to driving electrodes, a short circuit prevents electrostatic actuation. Due to the

small gap between adjacent nanoresonators in D1 it was impossible to isolate faulty
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nanoresonators without using focused ion beam. However, a high number of electrode
pairs in this design increases the possible number of shorted electrode pairs and
therefore, using focused ion beam will be time-consuming. In addition, the NWs
with perfect cylindricity fabricated in polycarbonate templates were too short for
gap sizes in D1. Therefore, design #2 (D2), with smaller electrode gap size (3, 4
and 5 pm), was used for nanoresonator integration. D2 provides smaller number of
integrated nanoresonators on a chip but enables driving only one or a small number
of nanoresonators at a time. In this design, a larger gap between adjacent electrode
pairs enables isolation of electrically shorted electrode pairs by scratching through

with a sharp probe tip instead of FIB, without destroying the nanoresonators.

4.5 Future Work

One major problem in nanoresonator transduction concerns the ability to isolate
nanoresonators. In future work, new design having two different metal layers (e.g.,
use Au for the clamp and driving electrodes and 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 fabrication is completed.
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Chapter 5

Field-Directed Chaining of

Nanowires

This chapter presents an article published [60] under the title of Field-Directed Chain-
ing of NWs: Towards Transparent Electrodes. The article (Materials Letters 163
(2016): 205-208) is reproduced with permission from Elsevier.

Abstract

Nanowire networks on rigid or flexible substrates can be used as low-cost transparent
electrodes for displays, photovoltaics and as sensors. Generating an ordered config-
uration of connected nanowires from disordered suspension requires external forces.
We demonstrate chaining of nanowires, using an AC electric field to generate dielec-
trophoretic force on nanowires adjacent to the electrodes and dipole-dipole interac-
tion between nanowires far from the electrodes. Classifying and controlling forces and
parameters that disrupt chaining, we provide guidelines to enable large-area cover-
age with multiple nanowire chains. Compared with other low-cost techniques such as
spray or spin coating, AC electric field assembly provides control over density and con-
nectivity of nanowire chains with potential for fabricating low-cost, high-performance

devices.
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5.1 Introduction

Covering large surface area with connected nanowires (NWs) is of interest for fabri-
cating devices such as light-emitting diodes (LEDs), liquid crystal displays and solar
cells [44,48]. Several assembly process such as drop casting [16,89] spray [90], elec-
trospinning [57] and nanoimprinting [56] have been used for NW network fabrication
but not all assembly processes offer the combination of speed, simplicity and low cost
required for technologically feasible applications. Due to the low fabrication cost of
drop casting [16,89] and NW spray [90], these methods are at the center of attention,
however, it is difficult to achieve high coating reproducibility from these methods
since there is no director force for connecting NWs. Furthermore, in solution-process
techniques, annealing is required to remove the additives used for preventing agglom-
eration which is not required in field-directed chaining.

Dielectrophoresis [36] (DEP), a force exerted on a polarizable particle in a non-
uniform electric field, has been introduced as a cost-effective technique that can direct
single NWs [3,14] to pre-determined places on a substrate. Moreover, it also enables
NW and nanoparticle (NP) chaining between electrodes [91-95]. Simplicity, ability
to direct nanostructures to desired places and high level of end-to-end registry of
nanostructures facilitate fabrication of portable and accurate devices such as gas [11]
and biomolecule [96] sensors by using DEP.

However, covering a large surface area with DEP-assisted multiple NW chains is
challenging. Capillary force at the drying front of the suspension [91] or electrical
short circuit after connection of the first chain with assembly electrodes can disrupt
chain formation. In this letter, we demonstrate how to overcome disruptive effects to
create a network of NWs over a large surface area. The choice of parameter values that
enable growth of multiple long chains with reproducible configuration are described
following a discussion of the differences between field-directed assembly of single and
chained NWs.

5.2 Materials and Methods

In this work, rhodium (Rh) NWs were chained between interdigitated assembly-
electrodes (see Figure E.1 in Appendix E) with different gap sizes of 180 and 240
pm. The electrodes were fabricated using 10 nm Cr/100 nm Au metal lift-off on

a silicon substrate. Rh NWs were electrodeposited in porous aluminum oxide tem-
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plates of 200 nm nominal pore size and 60 pm thickness (Whatman), at -400 mV
with respect to a Ag/AgCl reference electrode from an aqueous rhodium sulfate so-
lution (RH221D from Technic) with 60 mM concentration of elemental rhodium. To
extract the NWs, sections of the template were placed within a test tube containing
3M NaOH. After 15 min sonication the aluminum oxide membrane was dissolved.
Following this, the suspension was centrifuged and and supernatant NaOH solution
discarded. NWs were then rinsed with DI water and ethanol and finally suspended
in ethanol [88].

NW suspension with concentration of 3.3x10* NW/mL was introduced over the
substrate while AC electric potential of 5 V (rms) and 10 kHz was applied. To create
multiple NW chains bridging the electrodes, we increased the alcohol evaporation
time by using a dam. Several parallel wells were machined within a 2-mm thick
polycarbonate sheet to serve as the dam (pictured in Figure E.2 in Appendix E).
Adding NW suspension (100 and 120 uL respectively over substrates with 180 and
240 pm electrode gap sizes) NW chains covered the entire substrate.

Resistance of the NWs was measured using a DC voltage applied across the NW
chaining electrodes and an external resistance in series. The voltage drop across the
external resistance was first used to determine the current (/) in the circuit. The
voltage drop (V') across the electrodes with chained NWs was then measured using a
probe station. These data were plotted as an I-V curve, found to be linear. The NW

chains’ resistance was obtained from the reciprocal of the slope of this line.

5.3 Results and Discussion

In single NW positioning [14], assembly-electrode gap size (Lgy,p) is comparable with
NW length (Lyw) (Figure 5.1(a)), the gradient of electric field is high within the gap
and DEP is the dominant force anywhere inside the gap. However, in NW chaining
[93-95], when L, is much larger than Lyw (20 to 25 times in our work), we may
anticipate two different regions as shown in Figure 5.1(b). (1) A region of high DEP
force, adjacent to assembly electrodes, where DEP force directs NWs towards the
edge of the electrodes. These edge-NWs become new electrodes with high electric
field gradient at their end. (2) A region of low DEP force, in the inter-electrode
space, in which polarized NWs may chain together via dipole-dipole interaction. We
observed that these small chains move towards the electrodes, where they link to the

edge-NWs and create a longer chain.
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Figure 5.1: Sketch of (a) single NW positioning (Lg,,/Lyw < 2) and (b) NW chaining
(Lgap /Lnw > 20).

Based on observed phenomena, we classify chaining into three stages. (1) Initi-
ation: NWs are propelled towards electrode edges, and simultaneously, small chains
are generated parallel to the field between the electrodes. (2) Growth: when the lin-
ear density of edge-NWs has stabilized, these NWs serve as initiators, and growth of
NW chains is observed. (3) Bridging: elongated chains grown from counter electrodes
meet and connect.

From initiation to bridging, several factors and forces are involved that can disrupt
formation of long chains. The disruptors and guidelines to control them, are discussed

below.

5.3.1 Effect of Disruptors on Chain Formation

Disruptive effect of capillary force at the drying front can destroy NW chains when the
generated electric field is small. At V,,,,,= 5 V, some of the chains for L,,,=240 pym
were destroyed by capillary force at the drying front of NW suspension but no chain
destruction was observed for Lg,,=180 pm (Figure 5.2(a) and (b)). One approach
to overcome the capillary disruptor is to increase the voltage, thus increasing the
electric field. For NWs, Fppp o &,,Re[Foy ]/ (E?) where Fppp is the DEP force and
E is the electric field. Re[Fcyy], the real part of Clausius-Mossotti factor, is equal
to (g5, — €y)/er, where e*=e — j(o/w). Subscripts m and p refer to medium and
particle. € and o are the permittivity and conductivity, respectively, and w=27f is
the frequency of applied voltage [36]. Although increasing voltage can increase the
electric field, which results in stronger field-generated forces for NW chaining, high
voltage can become a disruptor unless a sufficiently high number of NWs is provided,

as explained below.

When the voltage is applied, edge-NWs, positioned along the assembly electrodes,
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Figure 5.2: (a) Lgqp=180 pm (b) Lyep=240 pm. In (b), capillary force disconnects
the bridged chains (marked with red circle). The direction of the drying front of the
medium is indicated with blue arrows

screen the electric field in their immediate neighborhood, reducing the field strength,
which determines the lateral spacing between positioned NWs [97]. Higher applied
voltage reduces the NW spacing, with more NWs used up in the initiation step. This
results in fewer NWs being available for the growth and bridging steps, as seen in
Figure 5.3(a) and (b). Increasing the volume of NW suspension over the substrate
prevents this disruption, creating more NW chains bridging the electrodes.

In addition to the magnitude of the applied voltage, its frequency also affects NW
chaining. Two disruptors could result from inappropriate choice of applied frequency,
electroosmotic force and electrode polarization [83,85]. These effects result from
the presence of an electrical double layer on the surface of assembly electrodes, at
frequencies lower than the relaxation frequency of the ions and the polar molecules
in suspension. Frequencies higher than relaxation frequency are required to prevent
double layer formation and halt the disruptive effect of electroosmosis and electrode
polarization. For the assembly-electrode gap sizes and the NW medium used in this
work, the ratio between the effective voltage available in the bulk of the medium and
applied voltage (Verr/Vims) goes to unity at frequencies higher than 10 kHz. This
suggests a negligible thickness of the double layer at these frequencies. Increasing the
frequency above 10 kHz is not favorable for NW chaining since Fppp decreases.

Chain growth and bridging can be arrested by another disruptor, a short circuit,
which occurs when the first chain ends make contact with both assembly electrodes. A
thin layer of dielectric deposited over the electrodes would prevent short circuits, but
also isolate NW chains from the electrodes, which is undesirable. Another approach
would be to coat NWs with a thin layer of dielectric material [98]. However, this
would lead to an undesirable and large increase in the NW-NW contact resistance

and hence chain resistance. How could we assemble NW chains and bridge assembly
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electrodes without an electrical short circuit?

Figure 5.3: Disruptor results: effect of increasing voltage from (a) V,,,s= 5V to (b)
7 V. (c) and (d) hovering NWs prevent a short circuit.

In the suspension, a cloud of counter ions adjacent to the substrate and around
each pole of the NWs, creates a repulsive electrostatic force, which repels NWs away
from the electrodes. A balance between electrostatic repulsion force and DEP attrac-
tion force would make NW chains hover above electrodes [97] (gauged by the absence
of short circuit). With the large gap sizes chosen to make long chains, we observed
that NW chains hovered over electrodes even at 7 V rms, the maximum voltage avail-
able to us. Using a dam, NW suspension was replenished in the wells before alcohol
dried out completely. Figure 5.3(c) shows that although some chains bridged the
electrodes, more bridging occurred by adding NW suspension before alcohol dried
out (Figure 5.3(d)). Upon drying, DEP and van der Waals forces pin the NWs to the
substrate.

After assembly, we examined electrical characteristics of NW chains generated for
gap sizes between L,,,=180 and 240 ym at 5 V (rms) and 10 kHz. The resistance
measured from current-voltage (I-V) characteristics (Figure 5.4) was 16 and 42 €2 for
chains with gap lengths Lg,,=180 and 240 pum respectively. Further investigation can
be done to improve the electrical conductance by sintering the NWs [99, 100].

The aim of this study is to generate multiple chains of NWs covering large surface
area. Longer chains or large values of Lgy,, are desirable as they reduce the fraction
of area covered by assembly electrodes. This can help increase the transparency of
the substrate, as needed for electrode applications. To the best of our knowledge, the
longest field-assisted chain was a 3 mm single chain of gold NPs [101]. The method

demonstrated here enables coverage of large surface area with multiple long chains,
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Figure 5.4: Resistance measurement for chains of Lg,,=180 and 240 pm.

without the disruptive effect of a short circuit. By choosing parameter values that
provide large enough director force and prevent disruptors, field-directed chaining of
NWs provides a path to create reproducible properties (such as electrical conductivity

and light transmissivity) over large surface area and with low fabrication cost.

5.4 Conclusions

We showed that field-directed NW chaining between gaps much larger than NW-
length, differs from that for single NW assembly between gaps comparable to nanowire
length. While dielectrophoresis is the predominant force for single NW positioning,
for nanowire chaining its influence dominates for only a small fraction of the gap
region, close to the electrodes. In the region far from the electrodes, dipole-dipole
interaction is dominant. Lower electric-field strength in nanowire chaining can make
nanowire chains hover above assembly electrodes and prevent electrical short circuits,
which enables the covering of large surface area with multiple chains. Forces and
parameters that can disrupt NW chaining were noted as capillary force, high voltage
with insufficient number of nanowires, electroosmotic velocity, electrode polarization
and a short circuit. Guidelines to control them were presented.

This method is not limited by the dimension of the substrate or size and type of
polarizable NWs and should help in the development of scalable and cost effective

techniques for making sensors and optoelectronic devices.
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Chapter 6

Fabrication of Transparent
Electrodes on Rigid Substrates
Using Field-Generated Forces

This chapter provides introductory background and experimental results on fabrica-
tion of transparent electrodes (TEs) by using field-generated forces. This technique
has been used for the first time in this Ph.D. dissertation as a method applicable to
TE fabrication. The information provided in this chapter can serve as a guideline to

expand this technique in order to improve the performance of the resulting TEs.

6.1 Transparent Electrodes

Transparent electrodes (TEs) combine high optical transparency and electrical con-
ductivity, useful in different areas such as light-emitting diodes (LEDs), liquid crystal
displays and in energy conversion devices (e.g. solar cells) [45,46]. A highly compet-
itive market of electronic devices, such as phones and flexible touch screens as well
as a worldwide increasing demand for energy, drives research to improve the perfor-
mance of TEs on rigid and flexible substrates. The earliest group of TEs, transparent
conductive oxides (TCO), were thin film of oxides such as CdO, Cu,O, PbO, ZnO,
SnO, and In,O4 [48]. Among all TCOs, Indium tin oxide (ITO) films show the best
performance. However, ITO is expensive and in case of flexible substrates, such as
flexible displays and organic solar cells, its elevated fabrication temperature and brit-

tle behavior lead to the formation of cracks, which causes high sheet resistance. These
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economic and material limitations of I'TO have spurred research for alternatives.

Recently, different materials and geometries have been investigated [47] including
graphene flakes [102], ultra thin metal films (UTMFs) (<10 nm) [103], patterned thin
metal films (TMFs) [104,105] and nanostructured grids or networks [16, 56,57, 59].
TEs fabricated by these materials and geometries have shown promising results as
their ratio of light transmittance to sheet resistance, ranging from 0.06 to 0.45 Q71
is comparable or much higher to that for ITO (0.08 to 0.085 Q~!). However, work
still needs to be done in order to achieve high performance TEs with low fabrication
cost.

Commercially available ITO has sheet resistance as low as ~10 Q/sq for a trans-
mittance of ~80% [48]. Among new materials, graphene offers several potential ad-
vantages including flexibility, chemical stability and cost. 90% light transmission was
demonstrated from solution processed graphene (sonicating bulk graphite in dimethyl-
formamide (DMF)) on a glass substrate [102]. However, the sheet resistance was high,
up to 5000 ©/sq. An approach to increase the light transmission as well as conduc-
tivity is to incorporate a conductive material with graphene. Copper NWs coated
with graphene [106] demonstrated light transmission of 95% with sheet resistance
of 41 Q/sq. Even though the ratio of light transmittance to sheet resistance of the
demonstrated TE is smaller than the one for ITO, progress in TE performance makes
research on graphene encouraging. UTMFSs, as another alternative for ITO, create
even topography, suitable for preventing electrical shunting with overlying layer in
devices such as solar cells, but their sheet resistance is high. Thicker layer of films
provide better electrical conductivity but reduce the optical transmittance and vice
versa. Patterning TMF's can resolve the issue by depositing and patterning a thicker
layer of metal (up to 100 nm) to achieve high light transmittance and film conduc-
tivity. This can be done in different ways such as patterning a metal film on a
UTMEF layer [105] or partially removing the deposited metal film [104]. However,
in this technique, more than 70% of the deposited material needs to be removed,
which is wasteful. While nanostructured grids and networks, made by electron beam
lithography (EBL) [59], nanoimprinting [56] or electrospining [57], show performance
comparable to or better than I'TO, the cost or complexity of these techniques has
motivated research on simpler and less expensive fabrication methods such as drop
casting [16,89] (dropping nanostructure suspension on the substrate) or spraying [90]
of NWs. However, in these techniques, there is no control on connectivity of the

nanostructurs and the only way to increase conductivity is by increasing the concen-
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tration of the NWs on the substrate. Therefore, light transmittance is very low for
substrates with high conductivity and vice versa. A technique in which a controllable
external force directs the connection of nanostructures could help solve this issue.

Dielectrophoretic force (DEP) accompanied by coulomb force, facilitates connec-
tivity of NWs or nanoparticles (NPs) suspended in an electrolyte. Nanoparticle chains
have been explored [85,91-94,101,107,108] and used in highly sensitive and portable
devices for gas [11,12] and biomolecule [96] sensing. However, DEP appears not to
have been pursued as a technique for fabricating TEs.

Similar to drop casting and spray, multiple and complicated fabrication steps or
expensive equipment are not needed in DEP-assisted NW chaining. In spite of its
simplicity, DEP force along with dipole-dipole interaction, controls the connectiv-
ity of NWs which is missing in spin coating and spray techniques. In drop casting,
since a high concentration of NWs is needed to fabricate a substrate with high con-
ductivity, dispersion of the NWs in the suspension is very important to prevent NW
agglomeration. Additives such as polyvinylpyrrolidone (PVP) need to be added to the
suspension to achieve this. However, the PVP residue decreases the electrical contact
between NWs [89]. A heat treatment step is required in order to remove the additive
from the surface of the NWs to enhance the NW-NW connection and maintain low
sheet resistance. In DEP-assisted chaining, the repulsive force between similar poles
results from polarization of the NWs, preventing NW agglomeration without addi-
tives. Accordingly, no additional step, such as heat treatment, is required to remove
the additives from NWs.

Figure 6.1 shows NW arrangement in two cases- self assembly of NWs by drop
casting and field-generated NW chains. NWs after drop casting are disordered and
disconnected (Figure 6.1(a)) while DEP force and dipole-dipole interaction between
NWs create an ordered pattern of connected NWs, shown in Figure 6.1(b). Although
the same amount of NW suspension was introduced over both substrates, since no
director force was involved in Figure 6.1(a) to connect NWs, the degree of connectivity
of NWs was very low and NWs were dispersed everywhere on the substrate. However,
field-generated forces in Figure 6.1(b) retained NWs between electrodes and controlled
NW-NW connectivity. To improve the connectivity of a self-assembled NW network,
a higher concentration of NWs is required in drop casting. It implies that where
NW connection is directed by an applied electric field instead of a NW concentration,
electrical conductivity over the substrate can be achieved using lower concentration

of NWs which can result in a higher light transmittance.
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Figure 6.1: Effect of applied electric field on NW connectivity. 10 ul of NW suspension
was introduced over both substrates (a) no electric field was applied, (b) an AC field
with 5 V (rms) at 10 kHz was applied to the electrodes.

Creating a NW network and patterned thin metal films were discussed as two
separate methods for fabrication of TEs. In this chapter, we introduce a hybrid
fabrication method, incorporating elements from both techniques. In this method,
metal-film assembly electrodes are patterned on a transparent substrate (glass) by
using photolithography. The NW network is then created between assembly electrodes
by using forces generated by electric field. This method shows many advantages
as discussed through this chapter. For example, it is a less expensive method of
creating patterned NW network compared with EBL or nanoimprinting. Since the
patterned metal films in this case are restricted to a smaller fraction of area compared
with patterned thin metal film (TMFSs), the transmission loss is less sensitive to film
thickness. After noting experimental details, the effect of configuration of the resulting

NW network on light transmissivity of the TE is discussed.

6.2 Experiments

Here, formation of NW chains is studied on glass substrates. Interdigitated electrodes

with different assembly-electrode spacings (120, 180, 240 um) were fabricated, using
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10 nm Cr/100 nm Au, with a metal lift-off process. Field-generated forces and the re-
sulting chain configuration can vary with electrode spacing and alter the performance
of resulting TEs.

To determine NW concentration, several optical images of NWs, dried out from a
known volume of suspension, were processed by image process software (ImagelJ) to
count the number of NWs. The concentration of NW suspension was measured ~3.3 X
108 NW/mL. NW suspension was introduced over the substrate while AC electric field
potential of 5 V (rms) and 10 kHz was applied by using Tektronix CFG253 function
generator.

As shown in Chapter 5, a dam was used to prevent electrical short circuit enabling
NW chains to cover the substrate entirely. 80, 100 and 120 uL of NW suspension was
added, respectively, to substrates with 120, 180 and 240 um assembly-electrode gap
in order to cover the entire substrate with multiple chains. After alcohol completely
dried out, substrates were studied under optical microscope as well as SEM (Hitachi
S-4800 FESEM). Different chain configurations, as a result of changing the assembly-
electrode gap size for the same applied voltage are illustrated in this chapter. Light
transmittance of the substrates was measured by using a Varian Cary 50 UV-Vis

Spectrophotometer.

6.3 Effect of Chain Configuration and Electrode

Geometry on Light Transmittance

This section provides information about the effect of the size of the gap between
thin-film assembly electrodes, on configuration of the NW network. Also, the effect
of the geometry of assembly electrodes on light transmittance of the resulting TE
is discussed here. These parameters affect the performance of the resulting TE and
this study provides guidance towards finding suitable physical parameter values for
fabrication of high performance TEs. Since a four-point probe measurement tool was
not available during this study, it was not possible to measure the sheet resistance of
the resulting TEs.

6.3.1 NW Chaining at 5 V (rms)

Chains of NWs between electrodes with 120, 180 and 240 pm electrode gaps created at
5V (rms) and 10 kHz by adding 80, 100 and 120 pL, respectively, of NW suspension
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to the substrates. Optical micrographs in Figure 6.2 shown that the linear density
of chained NWs (number of NW chains bridging the electrodes per unit length of
assembly electrodes) decreased by increasing the gap size. The disruptive effect of
capillary force can be clearly seen in Figure 6.2(c) where assembly-electrode gap size
is larger than those seen in Figure 6.2(a) and (b). Electric field and magnitude of the
field-generated forces were smaller for the substrate with 240 pm electrode gap and in
this case, capillary force could overcome field-generated forces and break bridged NW
chains. Detached chain segments were agglomerated on the substrate after the NW
suspension dried out completely. More images of NW chains with assembly-electrode
gap size of 240 pum are provided in Appendix F. Does a smaller linear density of

bridged chains cause higher light transmittance?

Mkl S =

Figure 6.2: Chain configuration alters as assembly-electrode gap size changes from
(a) 120 pm to (b) 180 um and (c) 240 pm. The frequency and magnitude of applied
voltage for all three experiments were 10 kHz and 5 V (rms) respectively.

Optical transmission was measured for the three substrates with different assembly-
electrode spacing, before NW chaining (blank assembly electrodes). As expected,
the results shown in Figure 6.3(a) reveal that the substrate with 240 pm assembly-
electrode gap has the highest light transmittance (90%) and the one with 120 pym
assembly-electrode gap size has the lowest light transmittance (81%). Figure 6.3(b)
is the result of light transmission of the same substrates after NW chaining. The
substrate with 120 pum electrode gap size still shows the least light transmittance
(65%). However, after NW chaining, the substrate with 240 pum gap size shows less
light transmittance (69%) compared with the one with 180 pm (72%). This appears
to be contradictory, since the substrate with 240 pm electrode-assembly gap size, had
smaller linear density of bridged chains (optical micrograph in Figure 6.2(c)) as well
as less surface area covered with assembly electrodes. The contradiction can be ex-
plained by the effect of capillary force during alcohol evaporation. NW chains which
detached and agglomerated during alcohol evaporation decrease the light transmit-
tance. Increasing the electric field by increasing the applied voltage could likely offset

the disruptive effect of capillary force and prevents the formation of the NW clumps.
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By increasing the applied voltage, as explained in the previous chapter, more NWs
need to be provided to create sufficient amount of chains bridging the electrodes.
This can also decrease the light transmittance but this time because of an increase in
linear density of bridged NWs.
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Figure 6.3: Light transmission results from substrate patterned (a) with blank elec-
trodes with gap sizes of 240 pm, 180 and 120 gym and (b) with NW chains between
different electrode gap sizes. NW chain assembly occurred at 10 kHz and 5 V (rms).

Figures 6.2 and 6.3 showed that a chaining configuration without NW-clumping
can provide better light transmittance. However, although NW clumps do not appear
on the substrate with 120 um assembly-electrode gap size, high surface area covered

with assembly electrodes decreases the light transmittance of this substrate. As men-
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tioned, Au electrodes used in this experiment have 100 nm thickness and therefore,
zero light transmittance. How much will the light transmittance improve by using a

thinner layer of assembly electrodes?
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Figure 6.4: The effect of assembly-electrode thickness on light transmittance of the
substrate. Transmittance measurement for glass substrate coated with 15 nm Ag
layer (blue line), is taken from Ref. [104]. Electrodes with 10 nm Cr/100 nm Au
layer (red line) were used in this work. Vertical dashed lines represent the percent of
covered area for assembly electrodes with 120, 180 and 240 pm gap size.

A recently published paper by Theuring et al. [104], used a 15 nm-thick Ag layer
patterned with circular shapes in different sizes. They measured the change in light
transmittance of the substrate with different surface coverage. To quantify the effect
of using thinner electrodes, the plot shown in Figure 6.4 can be used to compare the
change in the light transmittance with covered area for electrodes fabricated from 10
nm Cr/100 nm Au (used in this research work) and electrodes with 15 nm thick Ag
(from Theuring’s work [104]).

Figure 6.4 shows that by using 15 nm Ag instead of 100 nm Au, light transmittance
of blank electrodes with 240, 180 and 120 pum gap size increases by 7, 10 and 12%
respectively. Accordingly, if 15 nm Ag was used to fabricate interdigitated electrodes,
the light transmittance of resulting TE (after NW chaining) could increase as shown
in Table 6.1.

Although thinner assembly electrodes have higher light transmittance, they have
lower sheet resistance. A uniform metallic film of thickness ¢t and metal resistivity

p has a sheet resistance Ry = p/t expressed in units of 2/sq. A nanostructured
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Table 6.1: Effect of assembly-electrode thickness, for geometry used in our experi-
ments, on light transmission (%T) of the resulting transparent electrode (TE).

Gap size | %T of TE, | %T of TE,| % increase
(pm) 100 nm Au 15 nm Ag in T

120 65 77 15.6

180 72 82 12.2

240 69 76 9.2

metallic film with a 1D spacing z, width w, and thickness ¢ has a sheet resistance of
Re = (p/t)(x/w) [59,109].

Considering two grid substrates as shown in Figure 6.5 one patterned with 100
nm-thick Au and the other one with 15 nm-thick Ag. Electrical resistivity of Au
and Ag at 20°C are 2.4x107® and 1.6x107® Qm respectively [110]. If in both cases,
w=30 pum and =180 um, the resulting sheet resistance would be 1.4 and 6.4 Q/sq
for 100 nm Au and 15 nm Ag respectively. It shows that as a result of using 15 nm
Ag electrodes instead of 100 nm Au electrodes, the increase in light transmittance
(shown in Table 6.1) is smaller than the increase in sheet resistance (78.1%) of the

substrate.

Figure 6.5: Schematics of thin film grid pattern.

Chains of 250 nm diameter Rh NWs between assembly electrodes of 100 nm thick
Au showed the highest light transmittance (72%) when assembly-electrode gap size
was 180 um. No study was found on using electric field assisted chaining of NWs for
fabrication of TEs due to difficulties in generating multiple long chains to cover large

surface area. However, controlling the forces and parameters that are involved in NW
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chaining by using field-generated forces enables fabrication of TEs from any metallic
or semiconductor materials on a large surface area with low cost. In this work, Rh
NWs were used to demonstrate the capability of this method, however, less expensive

materials such as copper can be used for further studies.

6.4 Conclusions

Low cost attributed to the material and fabrication process is an essential requirement
for device manufacturing. One approach to meet this requirement is demonstrated in
this work. NW chains between patterned thin-film assembly electrodes were utilized
to demonstrate a technique for transparent electrode fabrication. The main benefit
of this method compared with other low cost methods such as NW spray or drop
casting is that NW connectivity and chain configuration can be controlled by field-
generated forces. Compared with TEs fabricated by using patterned thin metal film,
here a small fraction of surface area is covered with thin film assembly-electrodes and
therefore, the light transmittance of the resulting TE is less sensitive to the thickness
of metallic electrodes. The method introduced here is applicable for both organic and
inorganic substrates as no high temperature or corrosive environment were involved
during the fabrication. In general, simplicity and a wide range of applicable materials,

make this technique favorable for versatile low cost fabrication of large-area TEs.

6.5 Future Work

A four-point probe sheet resistance device was required for measuring the sheet resis-
tance of the different substrates with different chain configuration. However, at this
phase of the study, this device was not available to us. The results of this study can be

used for further investigation on finding best parameter values for high performance
TE.
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Chapter 7

NW Chaining on Flexible
Substrate

This chapter describes NW chaining on flexible substrates using electric field-generated
forces. In this method, after patterning assembly electrodes on a rigid substrate us-
ing photolithography, a polymer is spun and baked on the substrate. AC electric
field is applied to the electrodes patterned on the substrate and simultaneously off-
chip synthesized NWs are introduced over the baked polymer. Field-generated forces
(DEP and Coulomb forces) enable NW chaining on the entire surface of the polymer.
Other layers can be deposited on the NW-patterned polymer to generate a functional
device such as organic solar cells. Finally, the polymer can be peeled from the rigid
substrate without destroying NW chain connectivity and configuration. To the best
of author’s knowledge, using electric field-generated forces to create NW chains on a

flexible substrate has been developed for the first time in this research work .

7.1 Two Protocols

As shown in chapters 5 and 6, field-generated forces enable the creation of NW net-
works on a rigid substrate that can be used for fabrication of transparent electrodes.
Due to increasing demands on electronic devices that are flexible, foldable or even
wearable, combining flexibility, light weight, high electrical conductivity and opti-
cal transparency is essential for the development of many devices. Examples of the
devices are flexible displays, electronic textile, sensory skins and organic solar cells

[111-114]. Reliable, simple and cost-effective assembly techniques that provide large
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area coverage on flexible substrates have received increasing attention in last couple of
decades. Knowing that field-generated forces are capable of providing uniform cover-
age of NWs over a large area at low cost, made it worth investigating the capability of
field-generated forces for positioning NWs on flexible substrates. To achieve this, two
primary protocols were considered. Each protocol and its preliminary considerations

are explained below:
1. Thin film electrodes patterned on top of a flexible substrate:

In this approach, thin-film assembly electrodes are patterned on a polymer sub-
strate. Having an organic substrate, it is necessary to avoid patterning techniques
that require corrosive environments. Shadow masks (metal masks with micron-size
patterns) enable transfer of the patterns to the polymer substrate by using physical
vapor deposition (PVD) or sputtering tools. In this method, the stability of the poly-
mer substrate at the deposition temperature needs to be taken into account. Also,
the deposited metal film needs to be thin to withstand a high level of bending without
being cracked. Crack formation due to bending strain can degrade properties such
as electrical conductivity. Followed by patterning the assembly electrodes, electric
field can be applied on the substrate by using the probe tips, as shown in Figure
7.1(a). NW assembly will then occur in between electrodes when NW suspension is

introduced on the substrate.
2. Baked-polymer layer over electrodes patterned on a rigid substrate:

A rigid substrate is patterned with the desired electrode geometry using conven-
tional fabrication techniques such as photolithography and lift-off. A layer of polymer
is spun and baked on the substrate. The polymer is partially removed from electrodes
on which probe tips make contact to apply electric field (see Figure 7.1(b)). Following
this, NW suspension is introduced on to baked polymer. The applied electric field po-
larizes NWs in the suspension enabling NW assembly on the polymer surface. After
NW assembly, the polymer, including positioned NWs, can be peeled and attached
to a desired surface. The polymer should be thick enough for it to be peeled without
rupture and deformation during peeling should be elastic, to maintain dimensional
stability within desired tolerance. In this approach, the patterned rigid substrate is
reusable for unlimited NW assembly experiments.

In both protocols introduced above, the flexible substrate should not be chemically

reactive with the medium of NW suspension (e.g. ethanol in this work). Having
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Figure 7.1: Two different protocols for NW assembly on a flexible substrate using
field-generated forces. (a) NW assembly on a patterned plastic substrate (b) NW as-
sembly on a polymer layer coated on a patterned rigid substrate. Polymer is partially
removed from the electrodes (see red arrows) enabling electrical contact.

a reusable patterned wafer that enables NW positioning on a polymeric substrate
without the requirement of depositing metal film directly on the flexible substrate
make the second approach more reliable. Therefore, in this work, NW chain assembly
by field-generated forces on flexible substrates is investigated using a baked polymer

on a patterned rigid substrate.

7.2 Experiments

Polyimide (VTEC 1388) was used as a flexible substrate in this research work. Poly-
imide represents an important class of high temperature and solvent resist polymers.
Stability under mechanical stress and wide temperature range make polyimide a good
candidate for several devices such as solar cells [115] and humidity sensors [116].
Creating of a NW chain network on the polymer substrate consists of three steps:
Spin coating the polymer on a patterned substrate, assembly of NW chains on the
polymer layer, and peeling off the NW-patterned polymer. Each step requires several

considerations as noted below.

7.2.1 Spin Coating

A 4-inch silicon wafer with 300 nm thermally-grown silicon oxide was used. 100 nm-
thick interdigitated electrodes were patterned by using a lift-off process (Appendix
A). Polyimide was spin-coated on the patterned silicon wafer. Spin speed and spin
time were 3500 RPM and 70 seconds respectively. Polyimide was then baked at 90°C
for 90 seconds followed by 150°C for another 90 seconds. The thickness of the baked

polymer was measured as 8 pum by using a Bruker profilometer model DekTak XT.
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The thickness can be altered by tuning the spin speed. In order to achieve a uniform
thickness, spin time needs to be increased for lower spin speeds. Before spin coating
step, careful cleaning of the substrate with acetone and isopropanol was required for
removing the contamination from substrates followed by nitrogen-gas drying. The
substrates were then dehydrated on a hotplate at 110°C for 1 minute and cooled
down in air before spin coating the polymer.

In the presence of surface contamination, thickness of the polymer becomes nonuni-
form. Light fringes, shown in Figure 7.2 (a), are the evidence of nonuniform thickness

which results in nonuniform NW assembly (see Figure 7.2 (b) and (c)).

Higher density of NW chains U o Ak AT 7 it T

assembled on regions with
thinner polyimide

Figure 7.2: (a) Nonuniform thickness of polymer. (b) and (c) show that more NW
chains are generated over thinner parts of polyimide layer.

7.2.2 NW Assembly

NW chaining facilities used were the same as used for rigid substrates in Chapter
5 and 6. An AC voltage was applied across the interdigitated electrodes and NW
suspension was introduced on to the baked polymer layer. Determination of the
frequency and voltage value is discussed later. After micro-pipetting enough volume
of the NW suspension over the surface of the baked polyimide, NW chaining occurred
throughout the substrate. The dam with parallel wells, that was used for NW chaining
on rigid substrates, was also used here but for a different reason. In this case, due
to the presence of polyimide layer, the electrical short circuit cannot happen after
NW chains bridge the electrodes. However, since the polyimide layer can behave as
a capacitor, the electric field will be small inside the NW suspension which results in
small values for field-generated forces. As explained in Chapter 5, the capillary force
could be more disruptive in the absence of a strong electric field. The dam, in this
case, moderates the motion of the alcohol drying front and prevents chain destruction
due to drag force at the drying front. After alcohol dried out completely, the dam was

carefully removed from the substrate by using a tweezer and the chain configuration
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was recorded using an optical microscope and digital camera. The AC voltage was

left on during the entire NW assembly process.

7.2.3 Peeling

After NW assembly, NW-patterned polyimide was peeled from the substrate. To do
so, one edge of the baked polyimide was gently detached from the substrate. The
peeled edge of the polymer was then grasped by a tweezer and the rest of the polymer

was mechanically peeled from the substrate as shown in Figure 7.3(a).

Figure 7.3: (a) Peeling NW-patterned polymer from a rigid substrate. (b) SiO, layer
was deposited on the substrate to assist peeling the NW-patterned polymer. Oxide
layer was partially etched from positioning electrodes to enable electrical connection
between probe tips and electrodes.

It was observed that polyimide adheres strongly to the surface of Au electrodes but
it peels easily from non-patterned region of the substrate. This behavior could cause
polymer rupture during the peeling step. To prevent this, after patterning interdigi-
tated electrodes and before spin coating the polymer, 100 nm of SiO, was deposited
on the substrate using plasma-enhanced chemical vapor deposition (PECVD) using
a NEXX Systems model Cirrus 150 ECR PECVD. To remove oxide layer from the
positioning electrodes, substrate was covered with AZ703 photoresist and position-
ing electrodes were then exposed using photolithography as explained in Appendix
G. Following that, reactive ion etch (RIE) (Sentech model Etchlab 200) was used
to remove the oxide layer from positioning electrode as shown in Figure 7.3(b). To
Peel the NW-patterned polymide, two cuts were made through the polyimide, by us-
ing a surgical blade, to isolate polymer from two assembly electrodes. This prevents

polyimide rupture due to adhesion of polymer to the Au assembly electrodes.
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7.3 Assembly Parameters

We have examined several experimental conditions for chaining NWs on the polyimide
layer. NW concentration was kept the same as that used for NW chaining on rigid
substrates (3.3x 108 NW/mL). The maximum voltage available with the function
generator (V,.,s=7 V) was applied to the substrate. In addition to the magnitude of
the applied voltage, its frequency also affects chain formation. Figure 7.4 shows that
for similar applied voltage, chains start to grow from the assembly electrodes at 100
kHz (Figure 7.4(a)) but no evidence of NW chaining was observe at 10 kHz (Figure
7.4(b)). What prevents NW chaining at 10 kHz?

(3}_ S SEAGMI M Rl gl L S e (b)

Figure 7.4: Effect of frequency on chain formation: (a) 100 kHz, (b) 10 kHz. In both
cases, electrode-assembly gap size is 240 pm.

The variation in NW-chain formation with applied frequency can be related to
the capacitive behavior of polyimide. A published review paper [117] about different
polymers coated on conductive films showed that polymers can behave as a capacitor.
Accordingly, at low frequencies, polyimide layer has the ability to store charges or
act as a capacitance. Further details about the behavior of the polymer layer in the

presence of electric field will be taken up in detail, in future work.

Figure 7.5: Chain growth at 7 V (rms) and 100 kHz between electrodes with 240 pm
spacing. NW chains remain short due to small field-generated forces.

Although chain growth was observed at 100 kHz, shown in Figure 7.5, bridging

did not occur for 240 um assembly-electrode gap size due to the weak field-generated
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Figure 7.6: NW chain bridging electrodes with 120 um gap size. Assembly voltage
and frequency used were 7 V (rms) and 100 kHz respectively.

forces. Therefore, smaller electrode gap size (120 pm) was used to enhance the mag-
nitude of electric field. The result of NW chaining is illustrated in Figure 7.6.

Figure 7.7: Peeled NW-patterned polyimide. High van der Waals force between NWs
and polymer prevents chain destruction during peeling of the polymer.

The NW-patterned polyimide was then peeled and NW chain structure was ob-
served using an optical microscope. Optical micrographs such as in Figure 7.7 demon-
strate that peeling the polyimide, does not affect the NW chain configuration.

The NW-patterned polyimide can serve as a charge collector with high conduc-
tance in the direction of NW chains. To provide a better performance as a charge
collecting layer, a polymer layer with multi-directional (isotropic in-plane) conduc-

tivity is required.

7.4 Fabrication of NW Grid

The field direction dictates the orientation of NW chains. Accordingly, it is possible
to modify the pattern of NW chain by fabricating assembly electrodes in different
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shapes. In this section, a grid-shaped NW chain is demonstrated. To achieve this,
a rectangular-shaped assembly electrode was fabricated from two layers of interdig-
itated electrodes that are perpendicular with respect to each other but electrically
isolated by an intermediate layer of dielectric (see Figure 7.8). A detailed sequence of
fabrication steps is provided in Appendix G. Briefly, horizontal assembly electrodes
that are connected to vertical positioning electrodes were first patterned on a Si/SiO,
substrate by photolithography and lift-off process. Following this, 300 nm of SiO,
was deposited on the first patterned layer by using PECVD. To increase the adhe-
sion of oxide layer to Au-electrodes, 10 nm Ti was deposited on Au electrode during
lift-off process. A second layer of assembly electrodes (vertical assembly electrodes
connected to horizontal positioning electrodes) was metallized on the oxide layer us-
ing the same photolithography and lift-off process followed by deposition of a 100
nm oxide layer to prevent adhesion of polyimide to Au electrodes as described in
Section 7.2.3. Finally, the oxide layer was removed from the positioning electrode by
using RIE. The PECVD oxide layer between horizontal and vertical interdigitated
electrodes prevents electrical short circuit between two layers of assembly electrodes

during NW chaining.

Horizontal positioning electrodes

Vertical positioning electrodes

Figure 7.8: Grid-shaped assembly electrode detailed at right of figure.

To create NW grids, chain formation at each electrode layer was conducted sepa-
rately as shown in Figure 7.9. In Figure 7.9(a) 80 uL of NW suspension was introduced
to the dam when AC voltage was applied only to vertical positioning electrodes. After
alcohol dried out, probe tips were connected to horizontal positioning electrodes to
apply AC electric field between vertical assembly electrodes, the dam was rotated 90
degrees and another 80 L of NW suspension was added (Figure 7.9(b)). These steps
can be repeated as many times as needed to create high enough density of NW grids

on the polymer.
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Figure 7.9: Alternating applied voltage to (a) horizontal, (b) vertical assembly elec-
trodes.

A different amount of NW suspension is required for different assembly-electrode
spacing. While 80 pL. of NW suspension was sufficient to create NW grids by using
120 pm electrode spacing (Figure 7.10(a)), 180 uL of NW suspension was used in
the case of 300 pm electrode spacing (Figure 7.10(b)). Figure 7.10 also shows that
smaller assembly-electrode gap size provides more ordered NW-grid pattern while in
higher gap size, the pattern is less ordered as it shown in Figure 7.10(c). This is due

to smaller field-generated forces between assembly electrodes with larger gap size.

Figure 7.10: NW grid formation. (a) 120 gm and (b) 300 pum electrode spacing.
Smaller field-generated forces in (b) caused less ordered patterns of connected NWs
showed in (c).

In this chapter, a new protocol for positioning NWs on a flexible substrate was
demonstrated. Applying electric field on a patterned rigid substrate causes NW
chaining on a spun and baked polymer on the substrate. Compared with the case
of creating NW chains directly on a rigid substrate, electric field and resulting field-
generated forces are smaller here due to the presence of the polymer layer. To in-
crease the electric field where choosing higher voltage is not possible, decreasing the
assembly-electrode gap size is recommended. The frequency needs to be high enough

to overcome the capacitive resistance of the polymer layer.
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7.5 Conclusions

In this chapter, we introduced a new technique for NW assembly on a flexible sub-
strate by using field-generated forces. Two different approaches were noted: (1)
depositing assembly electrode on a plastic substrate and chaining NWs between as-
sembly electrodes, (2) NW chaining on a spun polymer on a patterned-rigid substrate.
In (1), patterning of the assembly electrode and NW positioning both occur on the
polymer substrate whereas in (2), electrodes are patterned on the rigid substrate while
NW assembly occurs over the baked polymer. The second approach was pursued in
this chapter due to several reasons. In the first protocol, cracks may initiate in the
thin film electrodes deposited on flexible substrates and degrade the property of the
resulting device. Also the patterning technique may limit the choice of the substrate
material if a high temperature or corrosive environment is required for patterning
the assembly electrodes. In contrast, in the second approach, assembly electrodes
are not patterned on the flexible substrate, accordingly, neither property degradation
due to crack propagation in assembly electrodes, nor high temperature or corrosive
environment involved in the assembly-electrodes patterning, cause any limitation. In
addition, having assembly electrodes patterned on a rigid substrate allow the sub-
strate to be used repeatedly. In the first protocol, in which patterning step on the
polymer substrate needs to be repeated for every experiment.

However, the main difficulty of patterning NWs on a spun polymer is the low
electric field strength due to the presence of a thick polymer layer. To overcome this
difficulty, one approach is to design assembly electrodes with small gap sizes that can
generate a higher electric field strength.

In this work, 120 pm assembly-electrode spacing was the smallest gap size that
could be used for NW chaining on an 8 pm-thick at 7V (rms) and 100 kHz. Maximum
available voltage was used to increase field-generated forces while 100 kHz was found
to be a suitable frequency for NW chaining. Peeling the NW-patterned polyimide
after the chaining process did not destroy the chain configuration since NWs are
strongly adhered to the polymer surface.

The utility of different assembly electrode patterns was introduced to create multi-
directional chain configuration with the idea of enabling more uniform electrical con-
ductivity throughout the resulting flexible substrate. Grid-shaped electrodes were
used to create a NW grid on an 8 pm-thick polyimide substrate. This NW chain

configuration creates electrical conductivity in both horizontal and vertical direction
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which is important for flexible electrodes in applications such as solar cells. Because
of the simplicity and low cost of fabrication, the proposed technique will have an

impact in a wide range of applications including photovoltaic cells and displays.

7.6 Future Work

The photolithography patterning was carried out at Simon Fraser University, as the
required tools and clean room facility were not available at UVic. Restrictions in
the availability of equipment, costly trips and user charges, and many other practical
limitations slowed down the development and production of substrates which needed
a range of electrode spacing. Moreover, equipment to measure the electrical property
(sheet resistance) of the chained NWs on the flexible substrate was not available either
at UVic or at Simon Fraser University.

However, this study was a proof-of-concept for positioning NWs on a flexible sub-
strate by using electric field-generated forces. The systematic study of NW chaining
conditions (mainly: applied frequency, voltage, assembly-electrode gap, as well as
utilizing a dam to reduce disruptive effect of capillary force at the NW suspension
drying front) pave the way for future further development in this area. An equipped
microfabrication facility is expected to become available at UVic in a time scale of one
year. This will significantly boost the production rate of the substrate with different
assembly-electrode geometry.

Additionally, one interesting question to explore is the effect of polymer conduc-
tivity on NW chain configuration. The electric field inside the NW suspension will
be stronger when the resistivity of the polymeric substrate is low. Besides more con-
trol over NW-chain configuration, using a polymer with low electrical resistance may
allow using a thicker layer of a polymer as the flexible substrate which should allow

easier peeling and handling of the resulting device.
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Chapter 8
Conclusions

This dissertation presents experimental research supported by analysis, to create a
systematic framework applicable to any field-directed assembly method for positioning
NWs at predetermined locations on a substrate. The technique enabled positioning
and clamping of single NWs to create nanoresonator arrays, combining AC electric-
field assisted assembly of NWs, photolithographic patterning and electrodeposition.
This assembly method is general and can be extended to many other types of off-chip
synthesized materials, polarizable in a medium. This is a cost-effective method, in
that fabrication cost does not scale with the size of the substrate or the number of
devices on the substrate. However, achieving high device yield is challenging due to
the presence of disruptive forces and physical parameters, which have until now been
resolved chiefly by time-consuming trial-and-error, with little guidance from analysis
and computation.

In creating a process to achieve a high yield of single-NW resonators, chaining
of NWs was a disruptor. However, chaining is an inherent phenomenon in electric
field-directed NW positioning and can be utilized where NW connectivity is needed,
as in charge collector layers or transparent electrodes. Although different fabrication
methods have been studied to generate networks of NWs, an easy, cost-effective tech-
nique that controls configuration of NW networks over large surface area still needed
to be discovered. Field-generated forces were demonstrated here, for the first time,
as a technique to produce transparent conductive surfaces.

The main contributions of this dissertation, with consideration of their applica-

tions, are listed below.

1. Introduction of a director-disruptor framework for experiments in field-directed
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assembly, with the following steps: identification of forces serving as assem-
bly directors and disruptors; analysis to separate disruptors weakly-coupled
and strongly-coupled to the director; experimental reduction or elimination of
weakly-coupled disruptors; and analysis for defining dimensionless parameters
that more compactly describe the parameter space. This rational alternative
to costly trial-and-error in the search for parameter values opens a path to
nanomanufacturing, with strong potential to enable widespread commercial and
scientific use of nanodevices. Our published demonstration of the highest field-
directed assembly yield achieved with a single director to date, also provides

some validation of the utility of this framework.

2. Customizing fabrication for the creation of nanomechanical resonator platforms,

towards biosensors for multiplexed, cost-effective molecular diagnosis.

3. Publication of a method to achieve the first experimental realization of multi-
ple long chains of NWs, without shorting the electrodes. Achieving a balance
between dielectrophoretic force and dipole-dipole interaction forces was real-
ized experimentally, allowing multiple suspended chains above the electrodes,
to be trapped by the drying suspension medium. The result is a significant step
towards the production of reduced-cost transparent electrodes (TEs) for photo-
voltaics and displays. Using this protocol, fabrication of transparent electrodes
was demonstrated on glass substrates. Optical transmissivity of the resulting

electrodes was characterized by experiments.

4. Experimental studies for fabrication of transparent conductive electrodes on
rigid and flexible substrates, tuned for particular applications of TEs. Due to
high demand for comfortable, foldable and light-weight devices, a new gener-
ation of electronics, displays, biological sensors and photovoltaics need to be
made on flexible substrates. Incompatibility of plastic substrates with corro-
sive or high temperature environments imposes challenges in fabricating these
devices. In Chapter 7, two protocols were introduced which enable chain forma-
tion by using field-generated forces, on flexible substrate. Choosing one of the
protocols, NW chains on polymeric substrate were demonstrated as a proof-of-

principle.

This research work has introduced a new approach in using field directed assembly of

NWs by first, providing a framework that helps increase the device yield in shorter
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time and with lower cost compared to a trial-and-error approach, and second, by in-
troducing a cost-effective technique that enables fabrication of NW networks on both
rigid and flexible substrates. The forces and parameters that influence both single
and chained NW assembly were discussed. This work can pave the way for fabrication
of nanodevices and move towards nanomanufacturing and commercialization of the
devices. Opportunities for future work have been included at the end of each thesis

chapter.
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Appendix A

Lift-Off Process

Pick 4”7 Si wafer with 300nm SiO,

Clean sample with acetone and IPA

Dehydrate sample 1 min at 110°C followed by 2 min cool down in atmosphere

temperature

Spin LOR-A at 4000 RPM for 40 sec

Prebake wafer with LOR-A for 2 min at 180°C

Spin coat 1 um AZ703 photoresist at 4500 RPM for 40 sec

Prebake sample for 1 min at 90°C followed by 1 min cool down in atmosphere

temperature

Second stage of prebake 1 min at 110°C followed by 2 min cool down in atmosphere

temperature

Expose AZ703 with Mask 1 ("electrode”) for 4 sec

Develop AZ703 in developer MIF 300 for 55 sec

Oxygen descum

Load sample into evaporator

Evaporate desire metal

Soak sample in Microposit remover 1165 for 24 hours at room temperature

Sonicate Micro 1165 remover if necessary

Rinse in DI water

Rinse in TPA

Dry sample with Nitrogen
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Appendix B

Nanoresonator Integration Process

Pick 4”7 Si wafer with patterned electrodes prepared by metal lift-off procedure in
appendix A

Clean sample with acetone and IPA

Dehydrate sample 1 min at 110°C followed by 2 min cool down in atmosphere

temperature

Spin PMGI SF-11 at 4000 RPM for 40 sec

Bake PMGI SF-11 on hotplate at 200°C for 5 min followed by 5 min cool down at

room temperature

Spin Shipley 1811 at 4000 RPM for 40 sec

Bake on hotplate at 100°C for 1 min

Align Mask 2 ("wells”) and expose Shipley 1811 for 4 Sec with power of 19.4
mW /cm?

Develop Shipley 1811 in developer MF 26-A for 45 sec

Oxygen descum at 25 W for 30 sec

Check exposed feature with optical microscope

Expose PMGI SF-11 in the Hitachi zoon SEM for 90 sec

Develop PMGI SF-11 in 101A developer for 40 sec

Soak sample in acetone for 2 min and rinse sample in acetone and IPA

Assemble nanowires from ethanol suspension using AC bias with 100 KHz and 7
VT’TTLS

Check nanowire alignment result with optical microscope

Rinse sample in IPA

Dehydrate sample 1 min at 110°C
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Spin Shipley 1811 at 4000 RPM for 40 sec

Bake on hotplate at 100°C for 1 min

Align Mask 3 ("clamp”) and expose Shipley 1811 for 4 sec with power of 19.4

mw /cm?

Develop Shipley 1811 in developer MF 26-A for 40 seconds

Oxygen descum at 25 W for 30 sec

Check exposed feature with optical microscope

Expose PMGI SF-11 in Hitachi zone cleaner for 240 sec

Develop PMGI SF-11 in 101A developer for 45 sec

Check exposed feature with optical microscope

Pre-heat Ag electrolyte (commercially available succinimide Ag(C,H;NO,), silver
solution) to 55° with water bath followed by magnetic stirring Ag electrolyte

Plate Ag using galvanostatic deposition at current densities ranging 0.3x1072 to
3.3x107? mA /cm? for 4 hours

Soak sample in Micro 1165 remover at 55°C for 8 hours

Soak sample in DI water and gently stir for 30 sec

Remove sample and soak in fresh DI water and gently stir for 30 sec, repeat this

step for 4 times

Soak sample in ethanol and gently stir for 30 sec

Remove sample and soak in fresh ethanol and gently stir for 30 sec, repeat this step

for 4 times

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 C

Rhodium Nanowire Length

041911E 6.0kV 17.1mm x7.00k SE(U) 041911E 6.0KV 17.1mm x1.10k SE(U) 50 um 041911E 6.0kV 15.0mm x10.0k SE(U)

041911E 6.0kV 17.1mm x12 0k SE(U) 041911E 6.0kV 15 0mm x3 50k SE(U) 041911E 6.0kV 17 1mm x12. 0k SE(U)

Figure C.1: SEM images of the rhodium nanowires extracted from anodized alumina
membranes (AAO from Whatman). Dominant length ranged between 8 to 12 pm.
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Appendix D

Single Nanowire Positioning
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Figure D.1: Effect of NW concentration on NW assembly yield: (a) high concentration
of NWs reduces the device yield due to presence of so many NW clumps on the
substrate. (b) decreasing the concentration to 19x105 NW /mL increases the number
of wells filled with single NWs (green arrows).
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Empty well

Misaligned NWs

attached to the
photoresist

Bundled NWs Chained NW

Figure D.2: Optical micrograph of nanowire assembly defects. Nanowires are prefer-
entially positioned inside wells. Defects such as bundled, chained and empty sites are
considerably reduced by appropriate choice of nanowire concentration range. Mis-
aligned nanowires, shown attached to the photoresist surface, are removed with the
photoresist.

Empty site

Multiple positioned

nanowires

Figure D.3: High pre-clamped yield of nanowires. Where multiple nanowires are
positioned in between some electrode pairs, only one nanowire per electrode pair is
counted, to determine the assembly (pre-clamped) yield.
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Figure D.4: SEM image of post-clamped defects. Empty sites, bundled or multiple
nanowires less than 10 ym apart and short nanowires were not counted as functional
nanoresonators. If the free end of a clamped nanowire reaches the edge of the counter
electrode below, it is counted as functional device.

Figure D.5: Optical image of clamped nanowires showing high yield after photoresist
removal. Dark rectangles are the silver clamps.
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D.1 Order of magnitude analysis of Brownian and

dielectrophoretic displacement

Scaling analysis -Brownian and dielectrophoretic displacement: Under the
action of viscous drag force (Fy), given in Eq. (D.1), terminal velocity u is achieved
when viscous drag force Fy opposing the motion becomes equal to applied DEP force

Fpep.
Fy = 4umnL/[In(2L/d) + 0.5] (D.1)

For a NW of mass m, the acceleration changes from a = Fppp/m = Fy/m to zero,

as the velocity increases from zero to u. For a rough estimate of time scale,

1%

T

u  pyd?
i 1’36—77[ln(2L/d) + 0.5] (D.2)

For a rhodium NW with density p,=12,410 Kg/m*, L=10 pm, d=0.25 pm and
ethanol dynamic viscosity n=1.2x1072 kg/m.s, we calculate 7 to be 1.2x1077 s.
Comparing this time to observation time ¢ ~1 s, the moving NW is almost always
at terminal velocity. Using the relation for Brownian displacement with the Stokes-
Einstein relation for particle diffusivity yields [68] AXp, = (2kgTt/v)'/?. The dis-
placement due to DEP force is AXprp = ut = (F/7)t. The ratio of displacements,

used in the order of magnitude analysis in Section 2.1.4, is then given by:

AXp, /AXpgp =/ (2ksT)/(u2yt) = \/ (2kT~)/(F?t) (D.3)
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Chaining NWs
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Figure E.1: Schematic of interdigitated electrodes.
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Figure E.2: Using a dam to increase available time (before alcohol evaporates), for

creating multiple chains bridging the electrodes.
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Appendix F

Effect of Capillary on NW-Chains

Configuration

Figure F.1: Effect of capillary force at the NW suspension drying front on configura-
tion of NW chains. Assembly-electrode gap size is 240pum. Capillary force can break
the bridged chains. Small chain segments agglomerate on the substrate.



106

Appendix G

Grid-Shaped Assembly Electrode

This Appendix provides information on fabrication steps for grid-shaped assembly
electrodes. Three different masks were used. A sketch of each mask is in the last

page of this Appendix:

1- Pick 4”7 Si wafer with with 300 nm SiO,

2- Clean sample with acetone and IPA

3-Dehydrate sample 1 min at 110°C followed by 2 min cool down in atmosphere

temperature

4-Spin LOR A at 4000 RPM for 40 sec

5-Prebake wafer with LOR A for 2 min at 180°C

6-Spin coat 1 pm AZ703 photoresist at 4500 RPM for 40 s

7-Prebake sample for 1 min at 90°C followed by 1 min cool down in atmosphere

temperature

8-Second stage of prebake 1 min at 110°C followed by 2 min cool down in atmosphere

temperature

9-Expose AZ703 with maskl for 4 sec

10-Develop AZ703 in developer MIF 300 for 55 sec

11-Oxygen descum

12-Load sample into evaporator

13-Evaporate desire metal (10 nm Ti/ 100 nm Au/ 10 nm Ti)

14-Soak sample in Microposit remover 1165 for 24 hours at room temperature

15-Sonicate Micro 1165 remover if necessary
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16-Rinse in DI water and IPA

17-Load sample into PE-CVD to deposit 300 nm of SiO,. Deposition rate and time

was chosen 22 nm/min and 818 sec respectively

18-Repeat steps 2 to 8

19-Expose AZ703 with mask3-a for 4 sec

20-Develop AZ703 in developer MIF 300 for 55 sec

21-Oxygen descum

22-Load sample into RIE to etch SiO, with CHF;. Rate and time for etching process

was 26 nm/min and 12 min respectively.

23-Check the conductivity of the exposed electrode to make sure that SiO, layer is
entirely etched.

24-Soak sample in acetone for 2 min to remove remaining AZ703

25-Repeat steps 2 to 8

26-Expose AZ703 with mask2 for 4 sec

27-Repeat steps 10 to 18

28-Fxpose AZ703 with mask3b for 4 sec

29-Repeat steps 20 to 23
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ware.
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