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ABSTRACT OF THE DISSERTATION

Toward Nanowire Devices and Systems: Heterostructure Design and

Dielectrophoretic Integration

by

Sourobh Raychaudhuri

Doctor of Philosophy in Electrical Engineering (Applied Physics)

University of California, San Diego, 2009

Professor Edward T. Yu, Chair

Successes in the growth and fabrication of semiconductor nanowires, have led
to new opportunities in device design for a wide variety of applications. Nanowires
provide unique opportunities in device engineering in that their properties can be
manipulated and tailored at the time of their creation to meet specific functional
applications. Such nanowire devices can then be harvested to serve as building blocks
for larger integrated systems. This is typically referred to as the “bottom-up”

approach and adds a degree of flexibility not available in planner device fabrication.
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In this dissertation we will exam on a few specific aspects of semiconductor device
and system engineering. Specifically we examine the geometric limits for coherence
in radial nanowire heterostructures as well as the use of electric fields to align and
place nanowires.

Novel nanowire device designs often require, or can benefit from, the use of
heterostructures in their design. In determining the feasibility of these designs it is
necessary to consider the strain that arises in heterostructures due to the lattice
mismatch between materials. Such strain not only affects the electronic and optical
properties of the device, but also determines the device dimensions at which coherence
is lost and dislocations form, which will significantly alter or degrade device
performance. In the second chapter of this dissertation we present a methodology to
predict critical dimensions for coherently strained coaxial nanowire heterostructures
based on a well-known formalism used to determine the critical thickness in planar
epitaxial growth. It is anticipated that this model will serve as a guide to determine the
feasibility of specific coherently strained nanowire heterostructure device designs.

While many individual nanowire devices and structures have been
demonstrated, there are very few examples of large (or moderately sized) nanowire
systems. Manipulating and placing nanowires in a useful fashion continues to be a
considerable challenge. In the final chapter of this dissertation nanowire placement
using Dielectrophoresis (DEP) is explored. DEP refers to the use of electric fields to
manipulate neutrally charged particles in solution and can be used to attract nanowires

(suspended in solution) onto predefined electrodes. DEP offers the ability to assemble

XX



a wide variety of nanowires and is not limited by the way in which a nanowire is
fabricated. Experimental results are presented and discussed demonstrating the

feasibility of DEP as means to construct nanowire systems.
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Chapter 1

Introduction

1.1 Semiconductor Nanowires

In his 1959 address to the American Physical Society, Richard Feynman
pondered the challenges and limitations of miniaturization.! In his talk he submitted
that it should be possible to fit the entire Encyclopedia Britannica on the head of a pin
with room to spare. He went on to speculate on methodologies by which this could be
accomplished, envisioning the ability to manufacture and manipulate on the molecular
and atomic scale. While not actually using the term, Feynman’s talk is often credited
with introducing the concept of nanotechnology. Today nanotechnology refers to the
manipulation of nanometer scale structures for specific applications.

Miniaturization has been of paramount importance to the semiconductor
industry. For the past four decades Gordon Moore’s famous prediction® that the
number of transistors per unit area will double every two years has defined the
industry. Continuing this trend with conventional fabrication techniques is becoming
increasingly difficult. CMOS scaling is expected to reach 11 nm by 2022 with
physical gate-lengths at around 5 nm.”> As shown in Figure 1.1, conventional scaling

techniques are no longer sufficient to meet such demanding goals. As a result a
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Figure 1.1

Scaling of transistor size (physical gate length) with technology node to sustain Moore’s
Law. Nodes with feature size less than 100 nm can be referred to as nanotechnology. By
2011, the gate length is expected to be at or below 10 nm. Transistor scaling will be enabled
by integration of emerging nanotechnology options on to the Si platform [Ref. 5].

number of avenues of novel device research are being pursued including one-
dimensional semiconductor structures’ known as nanowires. Semiconductor
nanowires are cylindrical semiconductor structures with diameters of ~100 nanometers
or less and can be microns in length. While semiconductor nanowires hold promise,
much work still needs to be done to better understand and optimize these devices.’
Semiconductor nanowires provide a unique opportunity in that their properties,
such as doping level or band-gap, can be manipulated and tailored at the time of their
creation to meet specific functional applications.® Such nanowire devices can then be
harvested to serve as building blocks for larger integrated systems. This is typically
referred to as the “bottom-up” approach and adds a degree of flexibility not available

in planar device fabrication. With the “top-down” approach, typically used by the



semiconductor industry, structures are sculpted out of a single wafer using wafer-scale
lithographic techniques to achieve functional devices, which will have physical

parameters that are largely dictated by the properties of the starting wafer.

1.2  Semiconductor Nanowire Fabrication

Semiconductor nanowires have been fabricated using a variety of epitaxial
growth techniques including metal-organic chemical vapor deposition (MOCVD),” "
molecular (MBE)'"'* and chemical beam epitaxy (CBE)", chemical vapor deposition
(CVD),'"*"* wafer annealing,16 and laser ablation.'””” In MOCVD, gaseous metal-
organics are flowed over a heated substrate at controlled pressures. The metal-
organics break down providing metallic precursors for nanowire growth. MBE is
carried out in ultra high vacuum where a beam of solid source material is directed at
the substrate. CBE is also carried out in ultra high vacuum but in this case a beam of
gaseous source material is directed at the substrate. CVD is performed by exposing
the substrate to volatile precursors which react at the substrate. For wafer annealing,
source material is provided by heating and thus decomposing the substrate wafer. In
laser ablation, a laser is used to remove precursors from a solid source to achieve
nanowire growth. In order to use these techniques to grow semiconductor nanowires

the correct set of conditions must be employed. Typically a catalyst (often a metallic
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Schematic of VLS growth of Si nanowires (SINWs). A liquid alloy droplet AuSi is first
formed above the eutectic temperature (363 °C) of Au and Si. The continued feeding of Si in
the vapour phase into the liquid alloy causes oversaturation of the liquid alloy, resulting in
nucleation and directional nanowire growth [Ref. 6].

nanoparticle) is used to break down and/or concentrate precursors to nucleate

nanowire growth.

1.2.1 VLS Growth Mechanism

The Vapor-Liquid-Solid (VLS) growth mechanism describes the role of the
catalyst in achieving nanowire growth and is the most common method of obtaining
semiconductor nanowires and is illustrated in Figure 1.2. The VLS model was first
proposed by Wagner and Ellis in 1964.° In their original experiment Au particles
were placed on a Si {111} substrate and heated to 950°C resulting in droplets of Au-Si
alloy. H; and SiCls were then introduced into the system. The molten Si-Au acts as a
catalyst attracting Si atoms which are then incorporated into the Si-Au alloy. As the
drop becomes supersaturated Si begins to precipitate out at the liquid-solid interface
between the alloy and substrate. This process continues resulting in a Si nanowire

which grows between the substrate and
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Figure 1.3

In situ TEM images recorded during the process of nanowire growth. (a) Au nanoclusters in
solid state at 500 °C; (b) alloying initiates at 800 °C, at this stage Au exists in mostly solid
state; (c) liquid Au/Ge alloy; (d) the nucleation of Ge nanocrystal on the alloy surface; (e) Ge
nanocrystal elongates with further Ge condensation and eventually a wire forms (f). (g)
Several other examples of Ge nanowire nucleation, (h,i) TEM images showing two
nucleation events on single alloy droplet [Ref. 25].

catalyst, pushing the catalyst up off the substrate as long as growth conditions, such as
temperature, pressure and precursor rates are maintained. Parameters governing the

2124 11 2001 Yang et al. conclusively

VLS mechanism have been studied extensively.
verified the validity of the VLS mechanism® by using a high temperature TEM to
directly observe the nucleation of Au catalyzed Ge nanowires. As shown in Figure
1.3, they were able to clearly identify the initial alloying of Au and Ge, followed by
nanowire nucleation, and finally axial growth.

While the examples discussed above are for elemental semiconductor

nanowires, the VLS mechanism has been used to grow a variety of compound

semiconductors nanowires including III/V and II/VI as well as metal-oxide nanowires.



For compound semiconductor materials the additional variable of precursor ratio must
also be considered to optimize growth conditions. This variable is particularly
important for a variation of VLS known as self-catalyzed growth where a liquid
globule of one of the nanowire materials, rather than a metallic particle, functions as
the nucleation point for nanowire growth. This approach offers the advantage of
avoiding the use of a separate metal catalyst and the inherent impurities associated
with it. Novotny et al. successfully demonstrated the use self-catalyzed growth to
create high purity InP nanowires.” In their experiment a pristine InP substrate is
heated prior to growth. The low melting point of indium, combined with the indium
rich environment, due to restructuring of the substrate surface and efficient pyrolysis
of the indium precursor, result in the formation of liquid indium globules on the
substrate. By carefully controlling the III/V ratio it is possible to saturate these In
globules and nucleate InP nanowires. The In globule plays an active role in the
formation of the wire (as opposed to metal particles which simply facilitate growth)
and the III/V ratio is essential for forming and maintaining the globule through the
growth process, which in turn will have a strong effect on the diameter and

morphology of the resulting nanowire.

1.2.2 Nanowire Heterostructures
The ability to specifically tailor nanowire properties while synthesizing them is
one of the more unique characteristics of the bottom up ontology and offers device

design options not readily available in planar device structures. Nanowire growth
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Figure 1.4

Nanowire heterostructure synthesis. (a) Preferential reactant incorporation at the catalyst
(growth end) leads to one-dimensional axial growth. (b) A change in the reactant leads to
either (c) axial heterostructure growth or (d) radial heterostructure growth depending on
whether the reactant is preferentially incorporated (c) at the catalyst or (d) uniformly on the
wire surface. Alternating reactants will produce (e) axial superlattices or (f ) core-multi-shell
structures [Ref. 26].

allows for the incorporation heterostructures along both the length and cross-section of
the nanowire. As a result, unique carrier confinement properties can be engineered
into a nanowire to adjust and enhance its functionality.”® In this section we will
briefly examine the fabrication of such nanowire heterostructures, illustrated in Figure
1.4. Some of their properties and applications will be discussed later in this chapter.
As discussed earlier in this section, axial nanowire growth is achieved by
controlling growth conditions such that precursors selectively seek out the nanowire
catalyst. Once a nanowire has already been grown it is possible to change growth
conditions so there is no longer a preference toward the catalyst and epitaxial material
is grown uniformly on the surface of the wire. By altering growth conditions, such as

temperature and pressure, as well as changing the available precursors, it is possible to



grow a nanowire of a given material and then coat that nanowire with a shell of a
second material. By continuing this process multiple times it is possible to grow
multiple layers on a single nanowire resulting in a complex radial structure. These

types of structures have been demonstrated®’>>*

and are typically referred to as a
radial or coaxial heterojunctions.

In addition to the coaxial heterojunctions described above, it is also possible to
achieve axial nanowire heterostructures where heterojunctions are formed along the

length of the wire.”™

This is achieved by changing precursors while the wire is
being grown. This must be done in a careful manner to maintain growth conditions
such that the new precursor material will continue to preferentially adsorb at the metal
catalyst and thus allow the nanowire to continue to grow. Because the axial growth of
nanowires depends on the saturation of the catalyst with precursor material, changing
the precursor source abruptly may not result in an abrupt junction.’” Rather it takes
some time for the new precursor to saturate the catalyst resulting in a graded axial

heterojunction. The graded heterojunction length is expected to be on the order of the

diameter of the nanowire catalyst.

1.3 Nanowire Devices and Applications

One-dimensional semiconductor structures are being studied extensively for

their applications in electronics,” optoelectronics,” sensing*' and biology.* Quantum



confinement effects as well as their large surface to volume ratio greatly affect the
properties of semiconductor nanowires when compared to their bulk material
counterparts. In this section we will briefly examine some of these unique properties
and their device applications.

Because carriers in a semiconductor nanowire are quantum confined in two
dimensions the band-gap of a nanowire will be different than that of its bulk material
counterpart. Thus tailoring the bandgap of a nanowire device for a specific
application can be done, not only by selecting the alloy composition® of the nanowire,

44-46

but also by careful selection of the nanowire diameter. In addition, nanowire

device dimensions also leads to the possibility of ballistic transport® through one

8% and could be used to develop

dimensional sub-bands along the length of the wire
highly efficient electronic devices.

While quantum confinement along the width of the wire is inherent to the
geometry of a nanowire, quantum confinement can be incorporated along the length of

339 to create novel devices. In 2002 Bjork

a nanowire by using axial heterojunctions
et al. fabricated a resonant tunneling diode using InAs nanowire by including two 5
nm InP barrier layers along the length of the wire.’® In doing so they were able to
measure a negative differential resistance with a peak-to-valley ratio of 50:1 at
temperatures of 4.2 K.
Nanowire field effect transistors have been constructed in a number of material
30,49-52

systems in order to better understand and characterize their electrical properties

as well as explore their feasibility as a replacement for current planar device
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technologies. While there is much room for improvement in this area, interesting
device properties have already been observed. In 2007, Dayeh at el demonstrated the
dramatic impact of charged surface states on electron mobility in top-gated InAs
nanowire field effect transistors.”® Bjork et al. observed very large on/off current
ratios in vertical InAs nanowire field effect transistors using a surround gate,” which
could be optimized for low power logic operations.

The ability to tailor the band gap of a nanowire along with the flexibility of
incorporating a core-shell heterostructure to enhance optical and electrical
confinement have led to a number of interesting optoelectronic nanowire devices. In
2005 Qian et al. demonstrated the ability to fabricate core-multishell nanowire light
emitting diodes (LED) comprised of an n-type GaN core and p-type shell layers

incorporating various mole fractions of In and Al.>

The emission spectrum of the
LED could be tuned from 365 nm to 600 nm depending on the choice of In
incorporation. In 2008 Qian et al. went on to fabricate similar core-multishell nitride
based nanowires and successfully demonstrated lasing® with an emission spetra
tunable from 365 to 494 nm.

The nanowire geometry allows for efficient collection of photo-generated
carriers which is useful in photo-sensing applications, such as photodetectors or
photovoltaics. In 2007 Soci et al. demonstrated a UV photodetector with very large
gain using ZnO nanowires.” This high gain is attributed surface states which extend

the photo-generated carrier lifetimes. Also in 2007, Novotny et al. demonstrated an

InP nanowire-polymer hybrid photodiode.® The incorporation of InP nanowires
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increased carrier collection efficiencies resulting in high rectification ratios, low
ideality factors, and improved reverse saturation current when compared to typical
polymer hybrid devices. With proper optimization such devices could provide a
promising alternative to current solar cell technologies.

Nanowires have also found various applications in chemistry and biology.
Because of their large surface to volume ratio slight perturbations on the surface of the
nanowire will greatly alter electrical transport through the nanowire. Because of this
nanowires are an ideal candidate for chemical and biological sensors.****™>° By
functionalizing the surface of the nanowire to react with a specific molecule the
nanowire can be sensitized to selectively detect the presence of that molecule.
Furthermore, their size makes nanowires ideal candidates for interfacing with and
probing various biological mechanisms at the cellular level. For example, in 2006
Patolsky et al. demonstrated the ability to use Si nanowires to detect, stimulate and
inhibit signal propagation in living mammalian neurons.”’ In 2007 Kim et al.
successfully utilized a Si nanowire array to culture stem cells and perform gene

delivery.”’ These are just a few examples that suggest the breadth of potential

applications for semiconductor nanowires.

1.4 Nanowire Integration

Much progress has been made in the synthesis and characterization of a variety

of novel nanowire devices as outlined in the previous sections of this chapter. While
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such devices display unique, exploitable properties that may not easily be realized in
other, more conventional device geometries, the individual devices have little utility
on their own. In order to fully utilize these devices it is necessary to organize and
arrange nanowires in some deterministic way in which they can interact with one and
other as a system, as well as interface with the outside world.

Nanotechnology affords the flexibility of the bottom-up ontology, which
provides unique opportunities in device design but also creates a new set of
challenges. In this bottom-up framework we assume the ability to design and build
novel nanowire device structures through various synthesis techniques, and then use
them as building blocks to develop larger systems. To realize this approach it is
necessary to devise clever ways of harvesting and manipulating large numbers of these
nanowire building blocks in a highly controlled way. While a number of schemes
have been proposed each comes with its own set of trade-offs. In contrast to this
approach, a number of top-down approaches to fabricating nanowire systems have
also been pursued, which while solving some of the integration issues of the bottom-
up approach, impose limits on the methods by which nanowires can be constructed,
and as a result, the types of nanowire structures that can be incorporated. In this
section we will explore a few nanowire integration schemes including both bottom-up

and top-down approaches.
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Schematic of fluidic assembly. (A) A channel formed when the PDMS mold was brought in
contact with a flat substrate. Nanowire assembly was carried out by flowing an nanowire
suspension inside the channel with a controlled flow rate for set duration. Parallel arrays of
nanowires are observed in the flow direction on the substrate when the PDMS mold is
removed. (B) Multiple crossed nanowire arrays can be obtained by changing the flow
direction sequentially in a layer-by-layer assembly process [Ref. 63].

1.4.1 Fluidic Assembly
Lieber and Yang both explored the use of microfluic channels to deliver and

6264 This approach is able to take advantage of

align nanowires in a controlled fashion.
the bottom-up ontology in that it is not limited to specific types of wires, or method by
which they are fabricated. After they are fabricated, nanowires are suspended in
solvent. The solvent is then passed through a polydimethylsiloxane (PDMS) channel
over the surface of the substrate, as shown in Figure 1.5. As the solvent flows along

the channel wires are aligned in the direction of fluid flow, and then deposited on the

substrate while maintaining their orientation. By performing multiple depositions
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after re-orienting the direction of the fluid channel Lieber et al. was able to
demonstrate the ability to build more complicated structures such as cross-bar
arrays.”*** Because this approach is primarily dependent on the anisotropic geometry
of a nanowire it can be applied to a wide variety of nanowires. Furthermore this
approach allows for the added flexibility of utilizing different nanowire solutions with
each subsequent step resulting in perpendicular wires of different types. While this
approach does allow for the controlled deposition of parallel and perpendicular
nanowires arrays, fluidic assembly is still largely stochastic in that it is impossible to
predict exactly where a particular cross-bar array will occur. After the fluidic
deposition is complete it is necessary to examine the substrate in the area where

channels were previously placed in order to first, find an array of interest, and then

perform appropriate processing steps to interface with that array.

1.4.2 Langmuir-Blodgett Technique
Another bottom-up approach uses the Langmuir-Blodgett technique to align

668 and is illustrated in Figure 1.6.

large groups of nanowires parallel to one and other
In this approach nanowires are floated on a liquid surface. The walls of the liquid
container are then compressed forcing the nanowires into a parallel arrangement,
which is then transferred to a substrate. Multiple Langmuir-Blodgett steps can be
performed with different substrate orientations resulting in cross-bar arrays. This

approach has a number of advantages in that it can cover fairly large areas with

parallel nanowires. This approach shares a number of similarities to fluidic assembly.
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Figure 1.6

Schematic of Langmuir-Blodgett technique. Nanowires (blue lines) in a monolayer of
surfactant at the air-water interface are (a) compressed on a Langmuir-Blodgett trough to a
specified pitch. (b) The aligned nanowires are transferred to the surface of a substrate to
make a uniform parallel array. (¢) Crossed nanowire structures are formed by uniform
transfer of a second layer of aligned parallel nanowires (red lines) perpendicular to the first
layer (blue lines) [Ref. 67].

Like fluidic assembly, this approach is independent of the way in which nanowires are
fabricated and only depends on the geometric shape of the nanowire. It also has the
flexibility of using different types of wires in subsequent steps allowing for cross-bar
arrays where perpendicular wires can be of different types. While Langmuir-Blodgett
films do allow the formation of parallel and perpendicular nanowire arrays, there is no
way to know exactly where these arrays will form or where the ends of individual

wires end up, thus making it difficult to interface with individual wires.



16

1.4.3 Template Based Assembly

Both bottom-up approaches discussed thus far can be used to assemble arrays
of prefabricated nanowires, but at the cost of being able to easily interface those arrays
with larger systems. In contrast, a number of top-down approaches have been
demonstrated as a way to actually fabricate nanowire devices in an array formation.
Typically a macroscopic template is created in order define where and how a nanowire
will be created. Placement of the template deterministically defines exactly where the
nanowire array will result and how it can be interfaced with larger systems. In this
approach there is a significant trade-off, however, in that only device structures that
can be fabricated from a template can be used, thus limiting the approach to certain
types of materials or device heterostructures. To better illustrate these trade-offs a few
representative examples are discussed.

Jung et al. demonstrated the use of nanoimprint lithography to fabricate a
metallic nanowire array.”” In their approach a nanoimprint template was used to
perform a standard metal evaporation and lift-off. In this way they were able to
pattern very fine metallic nanowires with respect to one and other and easily integrate
them with a larger system for readout. This particular approach, however, is limited to
materials that can be evaporated or sputtered. Nanowires with axial or coaxial
heterostructures, or complicated doping profiles cannot easily be realized in this
approach.

Zhang et al. recently demonstrated Si nanowire photodetector arrays.”” They

achieved their arrays by first using electron-beam lithography to pattern metal circles



17

or bars on the surface of an epitaxial wafer. An anisotropic dry etch process was then
used to remove material from the wafer resulting in vertical or horizontal nanowires
for the circle and bar patterns, respectively. Once again this approach allows a good
deal of control over the location and arrangement of the fabricated wires. There is an
additional degree of flexibility afforded by the epitaxial wafer. By selecting a wafer
with a specific doping profile, or heterostructure, it is possible to use this approach to
achieve axial doping profiles or heterostructures along the length of vertical wires.

1-73 - .
77 will be necessary in order

Clever processing or the use of dry transfer techniques
to create electrically isolated nanowires using this method of wire fabrication. While
this approach does afford more flexibility then fabricating nanowires through thin film
deposition, it still lacks the ability to easily fabricate coaxial heterostructures or to

integrate nanowires of different materials systems.

A number of groups have explored the possibility of using a patterned metal

74,75 76,77

catalyst or oxide as a template for growing vertical nanowire arrays using
MOCVD. This approach allows for the creation of vertical nanowire arrays with all
the benefits of fabricating nanowires through MOCVD including carefully tailored
doping profiles, axial and coaxial heterojunctions. While highly ordered, nanowires
that are fabricated in this way will share a common electrical contact at the substrate
that may not be desirable. One solution to this may be to use dry transfer techniques’"”

7 to transfer the array to a new substrate. Another interesting possibility has been

explored by Dayeh et al. and is shown in Figure 1.7. In their approach wafer bonding
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An example of patterned catalyst MOCVD grown nanowires on electrically isolated islands
achieved through wafer bonding. (a) 85° and (b) 45° angle-view FE-SEM images of vertical
and electrically isolated InAs nanowires on SiO2/Si. (c) Zoom-in FE-SEM image of an InAs
NW with an InAs island at its base, sitting on SiO2 substrate and electrically isolated for
individual nanowire addressing [Ref. 78].

is utilized to achieve a substrate that allows for the fabrication of electrically isolated

islands, each of which contains one vertical nanowire.”®

1.4.4 Dielectrophoretic Assembly
Dielectrophoretic assembly refers to the use of carefully tailored electric fields
to place nanowires, which are suspended in solution, on predefined electrodes. This

approach has been demonstrated to work with a wide variety of nanowires and is the
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focus of Chapter 3 of this dissertation. Dielectrophoresis affords the flexibility found
in the bottom-up approach where devices can be fabricated by any means. Because
the electrodes are fabricated in a top-down approach the final location of the nanowire
is deterministic. This compromise between the bottom-up and top-down approach
holds great promise for constructing functional nanowire based systems. A more
complete introduction to dielectrophoresis and its application in nanowire alignment is

presented in Chapter 3 of this dissertation.
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Chapter 2

Critical Dimensions in Coaxial Nanowire Heterostructures

2.1 Introduction

Planar layers of different semiconductor materials are commonly used in
semiconductor device technologies to build electronic and optoelectronic devices. In
designing and growing multilayered device structures it is important to select material
and dimensional parameters, not only to achieve the desired electronic and
optoelectronic device properties, but also to avoid degradation in device performance
and reliability due to the presence of dislocations.

A given semiconductor material or alloy composition offers a device designer
certain properties, such as a specific band gap or refractive index, but with those
properties also comes a specified lattice constant. Figure 2.1 shows the lattice
constant and energy gap for a number of common semiconductor materials and their
alloys. From this plot it is clear that selecting materials of different bandgaps will
often result in materials of different lattice constant. In order to maintain a perfect,
dislocation free, semiconductor crystal using two materials of differing lattice constant
it is necessary for the two crystals to accommodate the lattice mismatch strain between
these two materials. The process by which this occurs is described below and

illustrated in Figure 2.2.
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Plot of energy bandgaps and lattice constants for various semiconductor materials and their
alloys [Ref. 1].

The lattice mismatch between an epitaxial layer and its substrate typically
requires the lattice constant of the epitaxial layer to conform to that of the substrate in
order to maintain a perfect, dislocation free, heterointerface. To do this the lattice of
the epitaxial layer must deform from its relaxed state resulting in stored potential
energy in the layer, much like the potential energy stored in spring when it is
compressed. Because this energy scales with volume, as the epitaxial layer is grown
the amount of strain energy stored in the layer also increases. The system will tend to
prefer to exist in the lowest possible energy state. As such we would expect the
epitaxial layer to want to relax to its own lattice constant, much like a compressed
spring wishes to return to its normal state. This can only occur, however, through the
formation of dislocations at the heterointerface. Such dislocations also have a strain

field associated with them, thus there is a trade off between the strain energy stored in
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Schematic depictions of relaxed substrate material (top left) and relaxed epitaxial material
(top right) with different lattice constants. In a coherently strained epitaxial layer (bottom
left) the epitaxial film is forced to conform to the lattice constant of the substrate resulting in
strain throughout the epitaxial layer. In a strain relaxed epitaxial layer the layer has gotten
sufficiently thick that the strain energy stored in the coherently strained film becomes too
great and it becomes energetically favorable to include a dislocation at the interface resulting
in a local strain field but allowing the rest of the epitaxial layer to relax.
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the deformed epitaxial layer versus the strain energy associated with dislocations at

the heterointerface. As an epitiaxial layer is grown on a substrate there will be a

certain epitaxial layer thickness at which the strain energy stored in the layer becomes

too great, and it becomes energetically favorable to insert dislocations at the

heterointerface allowing the layer as a whole to relax at the expense of introducing

local strain fields around the interface dislocations. The film thickness at which this

occurs is known as the critical thickness, the thickness at which an epitaxial layer
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loses coherence with the substrate. The critical thickness can be calculated by either
considering forces associated with interfacial dislocations™ or by considering the
energetics associated with strain in the system.” Both approaches yield the same result
in defining the relationship between lattice mismatch strain and critical thickness.’
This relationship has been studied extensively and serves as an accurate predictor of
feasible layer structures in planar epitaxial growth.

As outlined Chapter 1, successes in the growth and fabrication of

semiconductor nanowires®’ have led to new opportunities in novel device design for

-18 19-22 23 .25

. . . . 8-13 . 14 . .
applications in electronics, ~ optoelectronics, sensing and biology.

Many of these devices either require, or can benefit from, the use of heterostructures

9,26-32 8,33-36
1> 1

in their design, and nanowire heterostructures in both coaxia and axia
geometries have been proposed to optimize device performance. In determining the
feasibility of these designs it is necessary to consider the strain that arises in
heterostructures due to the lattice mismatch between materials. Such strain not only
affects the electronic and optical properties of the device, but also determines the
device dimensions at which coherence is lost and dislocations form, which will
significantly alter or degrade device performance. Furthermore, the types of
dislocations or other defects by which relaxation occurs will vary between crystal
structures mandating analysis specific to each possible crystal structure.

Only a limited amount of work has been done previously to model coherence

and critical dimensions in nanowire structures. A number of models have been

37-39 40,41
1, 140

critical dimensions, but the vast

proposed to study both coaxia and axia
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majority do so without considering specific crystallographic orientations of
semiconductor nanowires, which will impact the specific mechanism by which
relaxation occurs. In this chapter we provide a methodology for determining coherent
geometries in coaxial nanowire heterostructures based on the formalism commonly
used in thin film heteroepitaxy.”” This model is designed to provide a framework from
which to determine the structural feasibility of various coherently strained core-shell
nanowire structures. Illustrative calculations are presented for specific crystal
structures and materials. The results of these explorations are expected to serve as a
guide for semiconductor device engineers to determine the feasibility of various core-
shell structures that may be of interest. With some care this basic method can be

extended to other semiconductor material systems.

2.2 Analytical Framework

The geometry of the nanowire system considered is shown in Figure 2.3. The
nanowire consists of a core material of radius r and shell material of thickness 2. The

axis of the wire is assumed to be along the [111] direction for zinc blende structures
and along the [0001] direction for wurtzite structures. In both cases the coherence

requirement between the core and shell will result in cross-sectional and longitudinal
strain components due to the mismatch in lattice parameters along the length of the

wire as well as around the cylindrical surface of the wire.
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Figure 2.3

Schematic diagram of core-shell nananowire heterostructure where r, 4, and L represent the
core radius value, the shell thickness value, and the length of the wire respectively. The
nanowire is assumed to be oriented along the [0001] direction for wurtzite nanowires and the
[111] direction for zinc blende nanowires.

In this analysis we are interested in determining the geometric limits at which
coherence is lost in an analytical fashion that provides guidance and can be easily
translated between material systems. A commonly used methodology to predict
coherency limits in planar structures examines the strain energy of the system and
determines the film thickness at which it becomes energetically favorable to relieve
lattice strain by inserting a dislocation.” We will employ a similar approach to
determine the coherency limits of the coaxial nanowire heterostructure.”” We first
solve for the lattice mismatch strain energy in the system, then determine the
energetics associated with dislocations that are likely to form, and finally, determine
the geometric limits at which it becomes favorable for these dislocations to appear. In
contrast to the planar case, the geometry of the coaxial nanowire along with the
comparable volumes of the core and shell regions require that the dimensions of both

the core and the shell be considered. This gives rise to the idea of critical dimensions:
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combinations of core and shell dimensions that will lead to stable, coherently strained
structures. This analysis considers only strain energies due to lattice mismatch and
dislocations, and does not take into account the effects of faceting or other surface
energy effects. For sufficiently large structures these effects are not expected to
significantly alter the outcome of the calculation. For smaller structures where these
effects could contribute more significantly to strain relaxation behavior, the analytical
approach presented here must be supplemented by a much more detailed and likely
numerical approach.

In general it is found that the nanowire geometry is more forgiving than its thin
film counterpart in that a number of dimensional choices exist to attain a stable
coherent structure. For a given choice of materials and alloy compositions there exists
a critical core radius, below which the structure is always coherent regardless of shell
thickness. Structures with a core radius greater than this critical value can still be
stable provided that the shell thickness is below a critical shell thickness value. The
critical shell thickness is dependent on the core radius and will vary depending on the
material system being considered. The critical dimensions are found to be dependent
only on core radius and shell thickness and have no dependence on the length of the
wire.

Liang et al approached the problem in a similar manner.”® Their model
suggests that the nanowire system should be about 20% less tolerant of strain than the
calculations presented in here. This is likely due to the differing methodologies used

to calculate coherent strain energy in the two models. Both approaches are derived
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from similar principles and as a result the difference between the two models become

insignificant for nanowires larger than 25 nm or so.

2.2.1. Coherent Strain Energy Calculation

Elastic theory and the well-known relations between stress and strain can be
used to develop analytical expressions for strain energy in coaxial nanowire
heterostructures. The nanowire structure is taken to be perfectly round with smooth
surfaces and interfaces, thus neglecting any effects of faceting. This is done in order
to apply a straight-forward analytical approach to the problem and is not expected to
significantly alter the calculation for sufficiently large structures. The derivations

presented here are specific to wurtzite nanowires oriented along the [0001] direction
as well as zinc blende wires oriented along the [111] direction. Analogous derivations

can be carried out for other material systems provided the elastic stiffness tensor is
isotropic in the cross-sectional plane of the wire. If the cross-section of the wire were
anisotropic it is likely that the shape of the wire would change to accommodate strain,
thus violating assumptions used in this computation.

In planar thin film growth, the strain energy is calculated by assuming a
number of geometric boundary conditions and using them to calculate the full strain
field within the structure. The basic boundary conditions in planar thin film growth
define two perpendicular in-plane strain components arising from lattice mismatch and
a stress component normal to the interface, as shown in Figure 2.4 (a). In the coaxial

nanowire geometry an analogous approach can be used, as illustrated in Figure 2.4 (b).
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Figure 2.4

Diagram of the orientation of stress (G) and strain (€) components in (a) planar
heterostructures and (b)coaxial heterostructures.

At a single point on the cylindrical heterointerface it is possible to define two
perpendicular strain components due to lattice mismatch - one component along the

length of the wire (&) @nd the other tangential to the heterointerface (&

tangential ) °

The stress normal to the heterointerface, o at that particular point is analogous to

normal ®
the stress in the growth direction in the planar case. Thus, by defining a cartesian
coordinate system comprised of a longitudinal, tangential and normal axis for a
specific point on the nanowire heterointerface it is possible to apply the planar
formalism to solve for the full strain field at that point. By applying this approach to
every point on the heterointerface it is then possible to construct the full strain field
within the system and subsequently to calculate the strain energy.

To implement this approach, it is necessary to specify an appropriately
oriented cartesian coordinate system for each point on the interface. This is

accomplished by rotating the reference axis (denoted by x, y, z) as shown in Figure
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Figure 2.5

(a) Cutaway and (b) cross-sectionsl diagram of coaxial nanowire structure. {x, y, z} denote
the reference axes of the system while {x’, y’, z’} denote the normal, tangential and
longitudinal axes for a specific point on the circular interface corresponding to the angle ¢.

2.5. If we specify a point on the interface at an angle ¢ relative to the reference axis,
x, the specific cartesian axes for that point (denoted by x’, y’, z’) can be obtained by
rotating the reference axes by an angle ¢ about the z axis. Longitudinal (z°),
tangential (y"), and normal (x") boundary conditions, similar to those used in the
planar formalism, can now be applied at that point on the interface.

In planar thin film growth the top surface of the structure is unconstrained,
allowing the film thickness to expand or contract as needed to accommodate strain.
This can be expressed as a boundary condition that states there be no stress in the
direction normal to the heterointerface.”” In the coaxial nanowire geometry there is
nothing constraining the outer surface of the nanowire system, thus the radius of the
system is free to expand or contract in order to accommodate strain. For a particular

point on the interface this yields the boundary condition that there be no stress in the
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direction normal to the heterointerface at that point. The wire is assumed to be of
infinite length and thus the effects of the circular faces at either end of the wire are not
considered.

Using standard matrix notation it is possible to write the elements of stress as a
function of the strain and the elastic stiffness matrix for a given material.” These
elements of stress and strain can then be re-written in their tensor forms. Rotating
these tensors about the z axis by an angle ¢ will yield expressions relating the normal,
tangential, and longitudinal components of stress and strain for a given point on the
interface, denoted by the angle ¢. The normal, tangential, and longitudinal boundary

conditions defined earlier can then be applied to elements of the rotated tensors as

follows:
o/(c;.€.9)=0, (2.1)
& (e.9)= 1, (2:2)
g=e=1, (2.3)

where o] represents the rotated stress tensor element normal to the interface at a point
specified by the angle ¢, ¢, represent various elements of the elastic stiffness matrix
of the material being considered, f,and f, represent the differential lattice mismatch
strain in the tangential and longitudinal direction, respectively, & represents strain
matrix elements relative to the reference axis, and & and & represent the rotated

strain tensor elements tangential to the interface at the specified point and along the

length of the wire at the specified point, respectively.
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For planar growth it is also assumed that the strain components are perfectly
perpendicular and that there are no shear strains that arise from lattice mismatch. > As
in the planar case, for a single point on the heterointerface there will be no shear strain
components relative to the normal, tangential and longitudinal directions. These

conditions can be expressed as follows:

& (&,0)=0, (2.4)
¢l (g,9)=0, (2.5)
& (g,9)=0, (2.6)

where €, €, and €, represent the shear strain elements between the tangential and
longitudinal axes, normal and longitudinal axes, and the normal and tangential axes
respectively.

From Eqgs. (2.1)-(2.6) a complete solution for the strain field €, can be obtained
as a function of angular position ¢. The resulting expression for the strain field can
then be used to compute the strain energy density w = Jc €€, which integrated over

it

the volume of the material will yield an expression for the total strain energy.*

2.2.1.1 Strain Energy in Wurtzite Nanowires

In order to calculate the coherent strain energy stored in the core and shell
regions of a wurtzite nanowire, it is necessary to explicitly describe the strain field

present throughout the coaxial nanowire due to lattice mismatch strain. This can be



37

done by applying the formalism described above. The stress and strain tensors for a

solid are given by

61 Cy6 O-S

o=| o, 0, O, |, 2.7)
o, O, O,

and
1 1

€ 2& 28
1 1

£E=| & & & |, (2.8)
1 1
28 2& &

respectively. The relationship between stress and strain is described by the elastic
stiffness tensor, ¢, for a given material. With simplified notation this relationship can

be described by the following expression,

o, ¢, ¢, ¢ 0 0 0 g
0, o € Cp 0 0 g,
o, _ ¢; €3 ¢z 0 0 0 g, 2.9)
o, 0O 0 0 ¢, O 0 g,
o, 0 0 0 ¢y 0 E;
O 00 0 0 0 3 -cp) €q

for a wurtzite crystal. Using egs. (2.9) it is possible to write each stress element as a
function of elements of the strain tensor and elastic stiffness tensor. The stress and
strain tensors can now be written as

g 3&
e |, (2.10)

D= =
™

W

ST

™

o

™

W
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and
o= o, (81’62»83»511»012’013) Gﬁ(gé’cll’cIZ) 65(85’C44) (2 11)
O (SG,C”,CIZ) 0, (81’8278376117012’013) O, (84’6'44) ’ '
05 (&5c4) o, (&:c4) 0, (€,,65,85015.¢5)

respectively. The tensors thus far have been written with respect to the reference axes
shown in shown in Figure 2.5. In order to solve for the strain components at a given
point at the heterointerface it is necessary to rotate these tensors by an arbitrary angle,

@, which corresponds to a point on the heterointerface. Using the standard rotation

matrix,
cos(¢) —sin(¢) O
Oyoaiion =| sin(¢) cos(¢p) 0 | (2.12)
0 0 1

it is possible to calculate elements for the rotated stress and strain tensors, ¢’ and &',

respectively, given by

£(9) 1&(0) se
9) &(9) 1€.(0) (2.13)

€= %86(
76(9) 1&(9) &
and
o = c71(‘(517‘92’‘93»6117012scmq)) O, (86’611’012@) Os (8555'44’¢) (2 14)
O-6(‘96’611’6124)) 0-2(81’82’83’611’6127613’¢) G4(£4s5447¢)
Os (85’6447¢) 0-4(84’644’¢) 03(81’82’83’613’633)

The elements of the rotated stress and strain tensor can now be written explicitly for an

arbitrary point on the heterointerface, specified by the angle ¢, only as a function of
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the non-rotated strain elements and the elastic stiffness tensor elements. For a given
point on the heterointerface the value of any unknown elements in the strain tensor can
now be explicitly solved for by applying the appropriate boundary conditions,

described earlier and given by,

O1(C;815€2:81,€5:9) =0, (2.15)
& (&.6,.60.0)= [, (2.16)
==/, (2.17)
€,(&,,65,9) =0, (2.18)
£ (g,.65,9)=0, (2.19)
€,(€,€,,€,,9)=0. (2.20)

Once each element of the strain tensor, €, can be solved for and written as a function

of known quantities (c;, f;, f,and¢), it can be applied to calculate the total strain

energy stored in the core and shell regions using the expressions,

Lr2m
U=[[[Leee; pdpdpd: (2.21)
000
and
L (r+h)2rx
U= [ [4cee, pdodpdz, (2.22)
0 r 0

respectively. Applying this methodology, the coherent strain energy expressions for

the core and shell regions of a wurtzite nanowire are found to be

Cfll) (t)) ( l)f(r>+cl(t) (t)) +C](I])fl(1)(c(l) (1)+C(313)fl(i))2 Ln_[rz] (223)

U = (
W (@
2c¢)
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and

(i) p(ir) (ii) p(ii) (if) p(if) (i) (i) (i) pii) (ii) p(if)
(Cn ' ) _(Cl2 Lty ) +an (cm A S )

Uy’ = 2 X (2.24)

Lﬂ[(r+h)2 —rz] .

respectively. In general, variables with superscripts (i) and (if) will denote parameters
specific to the core and shell materials, respectively.

For a nanowire with a wurtzite crystal structure oriented with its [0001]

direction along the long axis the longitudinal strain components will be imposed by
the c-axis lattice parameter mismatch between the core and shell materials. The

longitudinal strain component in the core material is given by
()

£ = _m ’ (2.25)
c

where ¢ represents the strained lattice constant of the system and c” represents the
unstrained lattice parameter of the core material. The longitudinal strain component in
the shell material is given by

(i)
G _€=¢

f — (2.26)
c

where ¢'” represents the unstrained lattice parameter of the shell material.

For a nanowire with a wurtzite crystal structure oriented with its [0001]
direction along the long axis, the strain within the cross-section is governed by a

tangential lattice mismatch strain component at each point on the heterointerface. In

the core material, this strain component is given by
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Figure 2.6

Plot of the (a) cross-sectional equilibrium lattice constants a and (b) longitudinal lattice
constant ¢ as functions of shell thickness. The structure considered is comprised of a 25 nm
GaN core and an Aly,GaggN shell. The maximum and minimum y axis values on both plots
are set to be the relaxed core and shell lattice constants, respectively. The points show
calculated values achieved through energy minimization. The line shows the results of the
analytical model presented in Eq. (2.31).

0)
M _ 4~
f; - i) (227)
a
where a represents the strained lattice constant of the system and a represents the

unstrained lattice parameter of the core material. Similarly, the tangential strain

component in the shell material at a given point along the circular interface is given by

(i)
n a—a
£ = — (2.28)
a
where a” represents the unstrained lattice parameter of the shell material.

For a given geometry and material composition the strained lattice constants of
system, a and c, will assume values that minimize the total strain energy. For this
reason we will refer to a and c¢ as the equilibrium lattice constants. In order to
determine the values for the equilibrium lattice constants we must minimize

U, =U"+U" with respect to @ and c¢ by using the strain expressions given in
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Egs. (2.25)-(2.28). This minimization cannot be performed simultaneously for both a
and ¢ using analytical methods. Figure 2.6 shows values for a and ¢ obtained by
numerical minimization in a coaxial heterostructure with a 25 nm radius GaN core, as
a function of thickness of an Alyp,GaggN shell. The lattice constants and elastic
stiffness constants used in the computation were taken from Ref. 44 and are all
assumed to vary linearly with alloy composition.

The numerical results in Figure 2.6 show that the equilibrium lattice constants
will fall somewhere between the relaxed core and shell values, and will tend toward
those of the region with greater volume. This is expected given the proportional
relationship between strain energy and crystal volume seen in Egs. (2.23) and (2.24).
These results show that for a given choice of material, geometry will determine the
distribution of lattice strain between the core and shell materials. It is because of this
that the dimensions of both core and shell must be considered in determining stable
coherent geometries.

An analytical expression for the equilibrium lattice constant can provide a
more intuitive understanding of how the core and shell dimensions affect the strain
distribution between the two regions. From the numerical results shown in Figure 2.6
it appears that the equilibrium lattice constants @ and ¢ have the same functional
dependence on shell thickness when normalized to their respective relaxed core and

shell lattice values, i.e.,

(i)

FO = fO = f0 = p‘({? ’ (2.29)
p
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(if)

£ = fli = p p_f) ’ (2.30)
p

where p represents an equilibrium value for a generic lattice constant variable, p"’

represents the relaxed value of the corresponding generic core lattice constant, and

p" represents the relaxed value of a generic shell lattice constant. Substituting Egs.

(2.29) and (2.30) into U, . and minimizing with respect to p yields

strain

~ p(ii)p(i)(p(ii)rZZ(i)_i_p(i)h(h+2r)%(ii))

n S A a 2.31)
Pr "+ p O h(h+2r)
where y"’and y are given by
2 2
— (¢, + +c,(2¢5 +
2o =ar=(eaten) fenZeaten) (2.32)

2c,,
Eq. (2.31) defines the behavior of the equilibrium lattice constant relative to the
relaxed core and shell lattice parameters. Figure 2.6 shows that the analytical
functions are in good agreement with the numerical results, confirming that Eq. (2.31)

is an appropriate approximation for the equilibrium lattice constant.

2.2.1.2 Strain Energy in Zinc Blende Nanowires

In order to use this methodology to calculate the coherent strain energy in

[111] zinc blende coaxial nanowire structures it is necessary to define an appropriately
oriented elastic stiffness matrix, c;, and proper longitudinal and tangential lattice

mismatch boundary conditions. Because the zinc blende nanowire is assumed to be

oriented along the [111] direction, it is necessary to rotate c; such that the z-axis of ¢;



44

is parallel to the [111] direction. This must be done in order to make sure the normal,
tangential and longitudinal boundary constraints are oriented properly with respect to
the crystal structure. The coherent strain energy expressions for the core and shell
regions of a zinc blende nanowire are then given by

A(”(f,(”y+B(”f,mf,”)+C“)( r(i))z

U = a L] (2.33)
and
.. vy 2 . .. .. i i 2
U(Z’l'; _ A( )(f]( )) +B( )g((ii))ft( )+C( )( r( )) Lﬂ_[(r_’_h)Z_rz:I’ (234)

respectively, where f, and f, represent the tangential and longitudinal strain

constraints, A, B, C and D are given by

A=c,>=2¢," +40 c e +16 ¢, + ¢ (c, 26 ¢4,), (2.35)
B=4 (¢;;=2c¢,=2cy)(c;,—cp+4cy)s (2.36)
C=4 (¢, +2cp+cy)(c,—cp+4cy), (2.37)
D=18 (¢, +¢,+2 ¢cy), (2.38)

and variables with superscripts (i) and (if) denote parameters specific to the core and
shell materials, respectively.
In zinc blende structures the tangential and longitudinal lattice strain boundary

conditions in the core and the shell are given by

()

f == (2.39)
i a_a(ii)
= (2.40)

a(ii)
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)
7o =%, (2.41)

a

(i)
(ii) — a—da

f , (2.42)

"
where a represents the strained cubic lattice constant of the system, a'” represents the
(i)

unstrained lattice parameter of the core material and a'" represents the unstrained

lattice parameter of the shell material. For a given geometry and material composition
the equilibrium lattice constant, a, will assume a value that minimizes the total strain

energy of the system. By minimizing U . =U" +U", the equilibrium lattice strain

strain

1s found to be

@) (@) (0,2 (i)+ (i)h h+2 (i)
MK ke S Al 07 243
ar? O +a®h(h+2r) ™

where y @

and y'" are given by

X _ (C11+2C12)(C11_C12+6C44)
zinc blende 2(6‘11 + Clz + 2C44)

(2.44)

The equilibrium lattice constant value falls somewhere between the relaxed core and
shell values, and will tend toward that of the region with greater volume. This is
expected given the direct relationship between strain energy and volume seen in Egs.
(2.33) and (2.34). This result shows that for a given choice of material, geometry will
determine the distribution of lattice strain between the core and shell materials. It is
because of this that the dimensions of both core and shell must be considered in

determining stable coherent geometries.
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2.2.2 Partial Relaxation Through Dislocation Formation

The insertion of an edge dislocation at the core-shell interface can allow partial
relaxation of lattice mismatch strain, but will also contribute a strain field associated
with the dislocation itself. In order to determine the energetics associated with these
phenomena it is necessary to identify the types of dislocations that are likely to form.
This is done by first considering dislocations that are known to be stable in a given
crystal structure, and from them, selecting those dislocations that will relieve lattice

mismatch strain in the coaxial nanowire geometry.

2.2.2.1 Relaxation in Wurtzite Nanowires

The two types of dislocations considered for the wurtzite [0001] structure are
shown in Figure 2.7. A pure edge dislocation along the [0001] direction with Burgers
vector in the <11§0>, as shown in Figure 2.7(a), is expected to be stable and relieve

strain in the cross section of the nanowire. Such dislocations have been observed in

lanar nitride films.* The strain energy associated with this type of dislocation is*
p gy Yp

(i) _ (i) 2
:n”MZn'rL(C“ ct? b log[ ih j (2.45)

2C1(ii) } 4w bijne
where 1, refers to the dislocation line density per unit length about the circumference
of the heterointerface and by, refers to the magnitude of the Burgers vector for such a
dislocation. In this expression the dislocation is assumed to be located at the

heterointerface, as shown in Figure 2.7(a), and the strain field is assumed to terminate

at the free surface of the nanowire system. Although the strain field generated by the
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(a) bline

(b)

Figure 2.7

(a) Orientation of an edge dislocation line along the axis of the wire with a Burgers vector,
biine , tangential to the circular heterointerface. (b) Orientation of an edge dislocation loop in
the cross-sectional plane of the wire with Burgers vector, by, , along the length of the wire.

dislocation will exist in both the core and shell materials, ¢, values are arbitrarily

chosen to be those for the shell; this is reasonable since in most viable heterojunction
material systems cf)’ ’ and cgi) are sufficiently similar that the choice between them will
not significantly impact the final calculation. The magnitude of by, is expected to be

that of the equilibrium lattice constant a.*’

Stable dislocations with Burgers vectors in the [0001] direction can also form

in the wurtzite crystal structure.*® If an edge dislocation loop with such a Burgers
vector should form around the core, as shown in Figure 2.7(b), some longitudinal
strain in the wire would be relieved. Given that edge dislocations with such a Burgers

vector are not observed in the planar case, we do not expect these dislocations to play
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a major role in coaxial structures but include it for completeness. The strain energy
associated with such a dislocation loop is*

(ii) (i) (i) (i)
Cyy (\]011 C33 — €3 )
X
@) (i) (i) (i) (i)
G (613 + 20,4 4o ¢y ) (2.46)

— (if) [ (D) (i)
Uloop _nloap L2n r(C|3 + €1 C33 )

b; 2
loop 10g ﬂ _ 1 ,
4n b

loop

where n,,, refers to the dislocation loop density per unit length along the z axis of the
wire and b, refers to the magnitude of the Burgers vector, which is assumed to be
that of the equilibrium lattice constant c.

In examining the energetics of a dislocation at the interface it is necessary to
consider not only the strain field associated with the dislocation itself, but also the
lattice relaxation that is expected to occur with the inclusion of a dislocation. For
planar thin films grown on bulk substrates, the one-dimensional lattice strain including

relaxation due to dislocation formation, is given by’

a —a,
__ “substrate film
ffilm - —-n ba (247)
afilm
where a,.. represents the strained lattice constant of the film, a, represents the

relaxed lattice constant of the film, n refers to the line dislocation density per unit
length and b refers to the edge component of the dislocation Burgers vector. The
lattice relaxation term n b accounts for the film relaxation due to the formation of
dislocations at the heterointerface. The system described by Eq. (2.47) assumes all

strain will be in the film, and thus only relaxation in the film is considered.
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In the case of the coaxial nanowire structures, strain will be distributed
between the core and the shell. The formation of an edge dislocation at the interface
will result in the insertion of an extra plane of atoms in the system. This will change
the strain constraint in both core and shell materials since the two are interdependent.
Because the system will tend to minimize total strain energy, the more heavily strained
material will receive the bulk of the lattice relaxation that occurs. It is therefore
necessary to distribute the lattice relaxation term between the core and shell while

incorporating it into the lattice strain expressions. The resulting strain expressions are

then
fO= a ;(f:(i) B ‘azji)_—ai)‘ Myineliine » (2.48)
i 2 ;(?)w ) ‘ai;_a::»‘ n, b (2.49)
£O = C;(ic).(i) B ‘Cizi)__ci,')‘ io0pProop » (2.50)
£ = C;(;m B ‘Ci)—_c::i)‘ Py Brony (2.51)

These expressions resemble Eq. (2.47) except that the lattice relaxation term is now
divided between the core and shell. Egs. (2.48)-(2.51) model the effect described
earlier by using the equilibrium lattice constant and the relaxed lattice constant values
to apportion the relaxation term according to the relative amounts of strain present in

the core and shell materials. Numerical computations were carried out by applying
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values from a number of specific cases to then minimize the total energy in the system
with respect to the division of the strain relaxation term. The results of these
calculations were found to be nearly identical to the functions used in Egs. (2.48)-
(2.51), confirming that the equilibrium lattice constant can be used to estimate the

distribution of strain relaxation between the core and shell.

2.2.2.2 Relaxation in Zinc Blende Nanowires

Dislocations in zinc blende structures tend to be either pure screw or 60° mixed

dislocations along the <01 1> directions.*® For zinc blende nanowires grown along the
[111] direction, it is not possible for a perfect edge dislocation to lie along the length

of the nanowire as shown in Figure 2.7(a). Thus this type of dislocation is not
expected to define the critical dimensions in zinc blende structures.

The formation of a dislocation loop around the core of the nanowire, as shown
in Figure 2.7(b), could serve to relieve lattice strain along the length of the wire and
has been observed in some coaxial nanowires heterostructures with zinc blende
regions.” Such an edge dislocation loop could form as a result of a partial-stacking

fault. Zinc blende wires oriented in the [111] direction are comprised of (111) planes

of atoms stacked in an ABC sequence, as show in in figure 2.8(a). A stacking fault

will either insert or remove a (111) plane of atoms in the core or shell of the structure,
as shown in figure 2.8(b). This insertion or removal of a (111) plane will result in a

two dimensional dislocation in the region where the stacking fault has occurred, but

will also create an edge dislocation loop*® around the core region of the
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(a) (b)
C C C C C C
B B B B B B
A A A A A A
C C C C X 5 X C
B B B B —— B
A A A A A A
Shell Core Shell Shell Core Shell
Figure 2.8

(a) Stacking sequence of (111) planes in a coherently strained [111] zinc blende coaxial
nanowire. (b) Stacking sequence of (111) planes in a [111] zinc blende nanowire with a
stacking fault in the core region. The ‘X’ represents the location of an edge dislocation loop
formed around the core as a result of the stacking error.

heterostructure, such as the one shown in Figure 2.7(b). The magnitude and
orientation of the Burgers vector of such a loop will efficiently relieve longitudinal
strain and is thus expected to be the type of dislocation that will define the critical
dimensions in zinc blende coaxial heterostructures.

When calculating the energy associated with such a dislocation it is necessary
to consider the strain energy associated with the partial edge dislocation loop about the
core as well as the energy due to the stacking fault. The total energy associated with

this type of dislocation is*

loop = nloap

1 by - | 32r
U L 27tr—(cfi”—cl(§)+4032))7100" log — -1+ 74, (2.52)
6 ar

loop
where 10, refers to the dislocation loop density per unit length along the axis of the
wire, by, refers to the magnitude of the Burgers vector, ¥ is the stacking fault energy

per unit area and A, is the area of the stacking fault. Although the strain field

fault
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generated by the dislocation will exist in both the core and shell materials, ¢, values

are arbitrarily chosen to be those of the shell; this is reasonable since in most viable

(i)

heterojunction material systems ¢'’ and ¢! are sufficiently similar that the choice
d y ij i y

between them will not significantly impact the final calculation. The value of bj,, is
expected to be a/~/3 for this type of dislocation* and A, Will be the cross-sectional

area of the core or the shell depending on the region in which the stacking error has
occurred. It should be noted that Eq. (2.52) is derived for a dislocation loop in an
infinite medium, but because the expression assumes that the loop terminates its own
strain field, it should produce a reasonable estimate for the strain energy in sufficiently
large coaxial nanowire structures.

In examining the energetics of a dislocation at the interface it is necessary to
consider not only the strain energy associated with the dislocation itself, but also the
lattice relaxation that is expected to occur with the inclusion of a dislocation. For
planar thin films grown on bulk substrates, the one-dimensional lattice strain including
relaxation due to dislocation formation, is given by Eq. (2.47).

As in the case for wurtzite coaxial nanowire structures, strain in zinc blende
coaxial nanowires will also be distributed between the core and the shell. The
formation of an edge dislocation at the interface will result in the insertion or removal
of a plane of atoms in the system. This will change the strain constraint in both core
and shell materials since the two are interdependent. Because the system will tend to
minimize total strain energy in the system, the region experiencing the greater lattice

mismatch will receive the bulk of the lattice relaxation that occurs. It is therefore
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necessary to distribute the lattice relaxation term between the core and shell while
incorporating it into the lattice strain expressions. The lattice mismatch strain
expressions are then given by

_a-a"” a’-a

(@)
fl - a(i) - ‘a(i) _ a(ii)‘ loupbluop ’ (253)
(i) (ii)
(i) __ a—a a—da
fit= a® - ‘am _ a(ii)‘ luopbloup ; (2.54)

These expressions resemble Eq. (2.47) except that the lattice relaxation term is now
divided between the core and shell. Egs. (2.53) and (2.54) model the effect described
above by using the equilibrium lattice constant and the relaxed lattice constant values
to apportion the relaxation term such that the total strain energy in the system is
minimized. Numerical computations were carried out to minimize the total energy in
the system with respect to the division of the strain relaxation term. The results of
these calculations were found to be nearly identical to the functions used in Egs.
(2.53)-(2.54), confirming that the equilibrium lattice constant can be used to estimate

the distribution of strain relaxation between the core and shell.

2.2.3 Critical Geometry Calculation

The total strain energy in the system is the sum of the lattice mismatch strain
energy in the core and shell regions as well as the energy due to the presence of the
dislocations discussed above. The expressions for the total strain energy for zinc

blende and wurtzite structures including dislocations are
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Urul = U(ZZI; + U(Zlg) + Uloop 4 (255)
Umt = U‘S‘j) + U‘E‘ii) + Uline + Uloop b (256)

respectively, where UY) and UY; are calculated using Egs. (2.48)-(2.51) and where
U\ and U}’ are calculated using Egs. (2.39)-(2.40) and Egs. (2.53)-(2.54). The
critical dimensions are obtained by determining the geometric limits at which it
becomes energetically favorable to include a dislocation. This is done mathematically

by evaluating JU /[7’n|n:0 and determining the dimensions for which this function

iot
changes from positive to negative.’

Such an analysis will determine the dimensions at which sufficient strain
energy will be relieved by the insertion of a single dislocation to make up for the
energy cost of inserting the dislocation. However it does not take into account the
energetic effects of interactions between dislocations, which are expected to be
significant for nanoscale structures, and thus is only valid at the critical dimensions at

which the first dislocation forms.

2.3 Results and Discussion

Figure 2.9 shows a schematic plot indicating the general form of the results of
the critical dimension calculation obtained for a specific wurtzite and zinc blende
structure. The shaded portions of the plots show the combinations of core-shell

dimensions that will yield coherently strained structures for a particular choice of
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Figure 2.9

Schematic plot of the critical dimensions for a (a) wurtzite and (b) zinc blende coaxial
nanowire structure. The shaded region of the plots show all possible strained coherent
geometries, which are quantified by the critical core radius r.,;, and the critical shell thickness
curve (thick red portion of the curves).

material and alloy composition. More detailed calculation results for specific
structures will be shown in Figures 2.10-2.12.

The curves in Figure 2.9 show the limiting geometries for dislocation
formation. The solid and dashed curves in Figure 2.9(a) shows the limiting dimensions

for the formation of a dislocation line and loop in a wurtzite nanowire, respectively.
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The solid and dashed curves in figure 2.9(b) show the limiting dimensions for the
formation of a stacking fault in the core and shell regions of a zinc blende nanowire,
respectively. From Figures 2.9(a) and 2.9(b) we see that for a given combination of
materials forming the coaxial nanowire heterostructure, there is a critical core radius,
ity below which the coaxial nanowire will be coherent regardless of shell thickness.
Such a critical core radius exists because of the coaxial nanowire structure’s ability to
distribute strain between the core and shell. As the shell thickness increases
eventually all of the strain is passed to the core. Since the core volume is constant, the
strain energy of the system will no longer change with shell thickness. If the core
volume is sufficiently small then the strain energy stored in the core will never be
great enough to warrant the formation of a dislocation.

The thicker red portion of the line fault curve in Figure 2.9(a) defines a critical
shell thickness for wurtzite structures with core radius larger than the critical core
radius value. This critical shell thickness represents the shell thickness value at which
it becomes energetically favorable to insert a line dislocation at the heterointerface for
a given core radius. The placement of the loop fault curve above the line fault curve
suggests that coherence will always be lost through the formation of a line dislocation
along the length of the nanowire. The positively sloped region of the line dislocation
curve (lighter blue portion of the curve) is a function of the assumption, used to

calculate the dislocation strain energy, U, ., that no other dislocations are present to

line >

terminate the dislocation strain field. Because a dislocation must have already formed
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Figure 2.10

Plot of the critical core radius for various nanowire heterostructures as a function of alloy
composition. The structures considered are comprised of an InAs core with an In;_,Ga,As
shell (@), Si;_,Ge, core with a Si shell (W), GaN core with an Al,Ga, N shell (¥), and
In,Ga; N core with a GaN shell (A).

in order to arrive at this region on the plot the features of the curve in this region are
not applicable in determining coherence.

The thicker red portions of the curves in Figure 2.9(b) define a critical shell
thickness for zinc blende structures with a core radius larger than the critical core
radius. This critical shell thickness represents the shell thickness at which it becomes
energetically favorable for a stacking fault to form. From Figure 2.9(b) it is clear that
at core radius values close to 7. the critical shell thickness will be limited by the
formation of a stacking fault in the core region. As the core radius increases, however,
the coherence limit will be defined by the formation of a stacking fault in the shell

region. This occurs because the energy associated with a stacking fault in the core
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region increases more rapidly with core radius than the energy associated with a
stacking fault in the shell region. Though the mechanisms by which coherency is lost
differ between zinc blende and wurtzite structures, Figure 2.9 shows that in both cases
the critical dimensions can be quantified by a critical core radius below which
dislocations will never form, and a critical shell thickness that is dependent on core
radius.

Numerical calculations were carried out for a number of material systems as a
function of alloy composition. Figure 2.10 shows the calculated critical core radii as a
function of alloy composition for wurtzite structures comprised of GaN cores with
AlGa; 4N shells and InyGa; N cores with GaN shells, as well as zinc blende
structures comprised of Six.1Gex cores with Si shells and InAs cores with Iny.;GasAs
shells. Figures 2.11(a), 2.11(b), 2.12(a) and 2.12(b) show the calculated critical
dimensions for these structures, respectively. Each curve in Figures 2.11 and 2.12
plots the combination of core radius and shell thickness at which the first dislocation is
expected to form for a given alloy composition. Figures 2.10, 2.11 and 2.12 were
calculated using the material parameter values™*~° listed in Tables 2.1 and 2.2, all of
which were assumed to vary linearly with alloy composition. Figures 2.10, 2.11 and
2.12 suggest that the critical dimensions for reasonable alloy compositions are well
within the range of experimental interest. In general these results show that there are a
variety of compositional and geometric choices that will yield coherent structures,
giving device designers a flexibility that is typically not observed in planar thin film

devices.
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Critical dimensions for various wurtzite nanowire heterojunctions comprised of (a) GaN
cores with Al,Ga; N shells and (b) In,Ga, N core with GaN shells.
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Critical dimensions for various zinc blende nanowire heterojunctions comprised of
(a) Si;_xGe, cores with Si shells and (b) InAs cores with In;_,Ga,As shells.
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Relevant physical parameters for wurtzite materials

Table 2.1

GaN AIN InN Reference
a (A) 3.199 3.110 3.585 44
c (A) 5.227 4.995 5.801 44
¢,, (GPa) 370 410 223 44
¢,, (GPa) 145 140 115 44
¢,; (GPa) 110 100 92 44
¢4, (GPa) 390 390 224 44
c,, (GPa) 90 120 48 44
Table 2.2
Relevant physical parameters for zinc blende materials.
InAs GaAs Si Ge Reference
a (A) 6.0583 5.6533 5.4310 5.6580 49
c,, (GPa) 83 119 160 124 49
¢,, (GPa) 45 54 58 41 49
c,, (GPa) 40 60 80 68 49
y (mJ/m®) 30 45 55 60 50

61
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2.4 Conclusions

Few structures such as these have been fabricated and accurately characterized
for alloy composition and/or the presence of dislocations. As result limited data exists
in the literature to directly determine the validity of this model. In examining the
dimensions of core-shell structures that have been fabricated into devices,**>*
however, it seems that the model does hold predictive value in determining core-shell
structures that are appropriate for device applications.

By increasing the core radius of a wurtzite nanowire, the critical dimension
calculation is shown to approach the well-known theoretical calculation for planar thin

51-53
films,

confirming that this model is consistent with accepted methods to determine
critical thickness in thin film structures. For the zinc blende nanowire critical
dimension formalism such a comparison is not possible. This is because the geometry
of the zinc blende nanowire heterostructure suggests relaxation will occur through the
formation of a dislocation loop with a self-terminating strain field. Increasing the
radius of this type of dislocation will not simplify into a line dislocation due to
inherent assumptions made within the expression for the strain field for these types of
dislocations. As core radius in this type of nanowire is increased it is expected that it

will start behaving more like a planner system and relax through the formation of 60°

mixed dislocations along the <011> directions rather than a stacking fault thus

invalidating this model.
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In summary, we have utilized a methodology, based on the well-known
formalism used to determine the critical thickness in planar epitaxial growth, to
determine coherent geometries for various zinc blende and wurtzite coaxial nanowire
heterostructures. The unique geometry of the nanowire structure along with the
volumetric similarity of the materials involved give rise to a number possible coherent
structures for a given choice of materials and alloy compositions, which are quantified
by a unique critical core radius and a critical shell thickness that is a function of the
core radius. This flexibility is unique to nanowire structures and provides material and
device engineers with increased flexibility in design not available in planar thin film
heterostructures.

Portions of this chapter have been published in Journal of Applied Physics,
2006, S. Raychaudhuri and E. T. Yu. The dissertation author is the first author of this
paper.

Portions of this chapter have been published in Journal of Vacuum Science and
Technology B, 2006, S. Raychaudhuri and E. T. Yu. The dissertation author is the first

author of this paper.
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Chapter 3

Dielectrophoretic Nanowire Integration

3.1 Introduction

As outlined in Chapter 1, successes in the growth and fabrication of
semiconductor nanowires'” have led to new opportunities in novel device design for
applications in electronics,” optoelectronics,” ' sensing'*"” and biology.'®** While
many individual nanowire devices have been demonstrated, there are very few
examples of large (or moderately sized) nanowire systems. Manipulating and placing
nanowires in a coherent and useful fashion continues to be a considerable challenge.

A number of schemes have been proposed to meet this challenge and include fluidic

21-23 24-27 28-34

assembly, Langmuir-Blodgett films, template based assembly and
dielectrophoresis (DEP).>> While Langmuir-Blodgett techniques and fluidic assembly
offer the ability to line up nanowires in parallel, they offer little control over where
nanowires will finally end up on a substrate making it difficult to interface individual
wires with a larger system. Template based assembly utilizes nanoimprint lithography
or e-beam lithography to define patterns that can then allow for coherently fabricated
nanowires. This allows for greater control over the nanowire placement relative to

each other as well as a larger system, but often limits the way in which a wire can be

fabricated requiring specific materials or device structures and thus may not allow

68
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for more advanced geometries such as axial or coaxial heterojunctions.
Dielectrophoresis (DEP) refers to the use of electric fields to manipulate

3638 .
and can be used to attract nanowires

neutrally charged particles in solution
(suspended in solution) onto predefined electrodes.” DEP offers the ability to
assemble a wide variety of nanowires and is not limited by the way in which a
nanowire is fabricated. It can be tailored to work with nanowires of various
conductivities and materials. Furthermore, because the nanowires are placed on
predefined electrodes, identifying their final location and thus integrating them with a
larger system becomes trivial. DEP also allows the added flexibility of integrating
several different types of nanowires into one system by performing a series of DEP
steps. In order to fully realize these capabilities DEP must be carefully controlled to
ensure that wires are placed precisely at desired locations, and only at desired

locations. To this end it is necessary to determine the relevant parameters that effect

DEP and how to control them.

3.1.1 Dielectrophoresis

A charged particle, when placed in a uniform or non-uniform electric field,
will be acted on by an electrostatic force that will move it along the electric field
toward the electrode of opposite polarity. This is known as electrophoresis.*®
Similarly, an electrically neutral particle will also will also have a force exerted on it
by an external field, but in this case the field must be non-uniform. This is referred to

as dielectrophoresis. Dielectrophoresis can be defined as the force exerted on an
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induced dipole in a neutral conducting or insulating particle due to the presence of a
non-uniform, external electric field.**>®

The physical basis for dielectrophoresis is well established. The free and
bound charges in a neutral particle will redistribute to form an effective dipole when
that particle is placed in an external electric field. Because the particle is electrically
neutral, each pole of the dipole is expected to have an equal and opposite charge
(assuming the particle is isotropic). In a uniform electric field each equal and opposite
pole of the dipole will be acted on by an identical electric field, resulting in equal and
opposite electrostatic forces which will cancel each other out resulting in no net force
on the particle. In a non-uniform electric field each equal and opposite pole of the
dipole will be acted on by differing electric fields resulting in a net force causing the
particle to move according to the gradient of the electric field. This is illustrated in
Figure 3.1 where the negative pole of the dipole is in a larger gradient resulting in a
net force on the particle toward the smaller electrode. Figure 3.1 illustrates DC
dielectrophoresis where the polarity of each electrode is held constant. If the
electrodes are driven by an AC potential the translational force on the neutrally
charged particle will be the same, toward the smaller electrode, assuming the
frequency of the AC potential is sufficiently low that the induced dipole is able to

form. This is because the net force on the particle is dependent on the gradient of the

electric field and not the polarity.
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Figure 3.1

Schematic illustration of electrophoresis (a) and dielectrophoresis on a particle (b) and
nanowire (c). Positive charge is represented in pink and negative charge is represented in
blue. a) Electrostatic force on each charged particle will draw it toward the electrode of
opposite polarity. b) A neutrally charged particle will form a dipole when placed in an
external electric field. The field gradient results in a stronger electrostatic force on the
negative pole of the particle resulting in a net translational force along the field gradient. c)
In addition to the translational force felt by the nanowire, the mismatch in electrostatic force
on the two poles in a nanowire will also results in a torque force which will align the
nanowire axis along the electric field.

In addition to the translational dielectrophoretic force, particles with large
aspect ratios, such as nanowires, will also be influenced by a dielectrophoretic torque
force which will align the nanowire axis along the electric field.>’”® This is because
the anistropic shape of the nanowire will result in the strongest dipole moment along
the long axis of the wire, whose most stable orientation will be parallel to the electric

field.



72

The dielectrophoretic force on a particle can be calculated analytically. **®

First, consider the force on a dipole in a non-uniform electric field, given by

F,

dipole

=p-VE, (3.1)
where p represents the dipole moment vector and E represents the electric field

vector. In a time varying electric field this force equation becomes
Fipa. (1) =Re[ p"exp(jor) | VRe[ E"exp(jor) |, (3.2)
where p’represents the complex dipole moment vector and E represents the complex

electric field vector. From this expression it is possible to calculate the time-average

force expression, given by
(Fypoe (1)) =Re[p" - VE'] (3.3)

where E"is the complex conjugation of the electric field vector. In order to use Eq.
(3.3) to calculate the dielectrophoretic force on a particle it is necessary to determine
the effective induced dipole moment that is formed in the particle due to the presence
of an external electric field. In order to solve for the induced dipole moment in a
spherical particle we will assume that the particle is placed in a uniform electric field.
This assumption is valid in situations where changes in the magnitude of the electric
field occur gradually and over distances much greater than the dimensions of the
particle. While this assumption will not always hold true in physical situations, the
analytical expressions derived here prove to be a reasonable predictor of

dielectrophoretic behavior.
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Figure 3.2

Electrically neutral particle of radius R, permittivity &, and conductivity o, suspended in a
medium of permittivity &, and conductivity o, in a uniform electric field of magnitude E.

[Ref. 37]
Consider the spherical particle, shown in Figure 3.2, placed in a uniform

electric field oriented along the z direction given by E=FE,zZ. The electric field

induced inside the particle is assumed to be uniform. The electric potential outside of
the particle is assumed to be a superposition of the potential associated with the
uniform external electric field as well as the potential associated with the induced
dipole of the spherical particle. Thus the general forms for the electric potential
solutions outside and inside the particle are given by

@, (r,0)=—Eyrcos(0)+A 00;(9) ,

r>R (3.4)

Q, (r,0)=—B*rcos(9), r<R (3.5)

respectively. In order to solve for A" and B boundary conditions must be considered

at the particle-medium interface (r = R). The following expressions are obtained by
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imposing boundary conditions that potential must be equal and charge must be
conserved at the interface.

@, (r=R.60)=®,(r=R0), (3.6)

m m

(r=R.0)=¢,E, (r=R.0), (3.7)
where £ is the complex permittivity given by

e=e—j2, (3.8)
w

and o and ¢ are the conductivity and permittivity of the material in question and @

represents the signal frequency. The solutions for A" and B" are then

. £ —E,
A =—FFRE,, (3.9)
2 0
8p+ £,
2 0
8p+ £,

The electric potential associated with the induced dipole of the particle can now be

written as

€, =&y cos(6)
Y o
€, + 2¢e, r

q)induced (r’e) = (31 1)

By comparing this expression to the expression for an electric potential of a point

dipole in a medium, which is given by

P cos(@)
dme P

m

q)dipole (r’e) = (312)

it is clear that the effective induced dipole moment for a spherical particle is

peff = 47r8meM(sphere)E0 b (3 l 3)
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where fiy (ohere) 18 g1ven by

p_m (3.14)

fCM(sphere) == * 0
€, +2¢,

Jer sphere) TEPTESENLS the Clausius-Mossotti factor for a sphere. The Clausius-Mossotti
factor can be thought of as a measure of the strength of the dipole that can be induced

in a particle through the presence of an external field. A more general form of the

Clausius-Mossotti for ellipsoids is given by

€, —¢,
3[8:1 +(e: —s;)L}

: (3.15)

S CM (ellipsoid) —

where L is the depolarization factor along an axis of the ellipsoid. For a sphere the
depolarization factor is 1/3 for all axes, allowing Eq. (3.15) to simplify to Eq (3.14).
For a highly anisotropic prolate spheroid, where one axis is much longer than the other
two, the depolarization factor is 0 along the long axis and 1/2 along the two short axes.
The highly anisotropic prolate spheroid is found to be a reasonable approximation to a
cylindrical nanowire. **

By combining Eq. (3.3) and Eq (3.13) it is possible to arrive at the following

expression for the translational dielectrophoretic force,
Fopp =c €, Re[fCM ] VE s (3.16)

where c¢ represents a pre-factor containing information about the geometry of the
particle. Thus, to utilize and optimize dielectrophoresis to position and place a specific
nanowire, the variables we have to work with are the medium in which the nanowire is

suspended, specifically its permittivity and conductivity, the geometry of the
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electrodes used to generate the electric field, which will determine the field gradients
acting on the nanowire, and the magnitude and frequency of the electric field, which
will influence the strength and the polarity of the induced dipole in the nanowire and

the magnitude of the force.

3.1.2 DEP and nanowires

Dielectrophoresis has already been shown to be an effective tool in
manipulating 1-dimensional semiconductor structures. As early as 1998, Yamamoto
et al. reported the use of an AC electric field to manipulate and orient carbon
nanotubes.”” In their experiment a drop of isopropyl alcohol containing carbon
nanotubes was placed over two parallel planar electrodes separated by 400 um. By
driving the electrodes at frequencies ranging from 10 Hz to 10 MHz they were able to
collect carbon nanotubes at the edge of both electrodes oriented perpendicular to the
electrode edge as shown in Figure 3.3. The nanotubes were manipulated through
dielectrophoresis whereby nanowires were attracted to areas of high field gradient (the
edge of the electrodes) and oriented with their axis along the electric field
(perpendicular to the electrode edge).

In 2000 Smith et al. successfully used dielectrophoresis to align and position
Au nanowires to bridge a gap between two electrodes such that each end of the
nanowire was in physical contact with an electrode.”® In doing so they demonstrated
that it is possible to orient and place individual nanowires at specified locations in a

deterministic way using dielectrophoresis. In there work, Au nanowires suspended in
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Figure 3.3

SEM images [of DEP aligned carbon nanotubes] prepared at an electric field of 2.2 x 10’
Vims cm” with frequency of 10 Hz for (a) and (b), and 10 MHz (c) and (d); (a) and (c) were
taken at the electrode’s edge and (b) and (d) in the middle of gap between two electrodes
[Ref 40].

isopropyl alcohol were successfully placed across the electrodes using signal
frequencies of 1 kHz. The electrodes where specifically designed to encourage
nanowires to be aligned at specific locations. Because the wires were positioned at a

known location it was possible to fabricate contacts and probe pads in order to

electrically characterize the Au nanowires.
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Figure 3.4

SEM photograph of assembly sites initially electrically isolated from the readout circuitry.
[DEP] Assembled nanowires are clamped and connected to the readout circuit using a post-
assembly e-beam lithography and metallization step [Ref. 59].

In the past few years significant work has been done to demonstrate the
effectiveness of dielectrophoresis on a variety of 1-dimensional structures including

45,4 46,4 i i
354546 ;4 Ag, 6, 7) oxide nanowires

carbon nanotubes,*”** metallic nanowires (Au
(Ga,03.*" Sn0,"™* and Zn0,’*?) and semiconductor nanowires (GaN,** InP*® and
Si™).

Much of the work cited thus far has used dielectrophoresis as a means to study
and characterize individual nanowires. Efforts have also been made to utilize
dielectrophoresis as a means to integrate nanowires into larger functional systems. In
2004, Evoy et al. proposed the use of dielectrophoresis to position and integrate

nanowires with mixed-mode CMOS circuitry.”® In 2006 the actual integration with

CMOS based electrodes was performed and studied by Narayanan, et al.”’ In their
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work they were able to demonstrate the integration of metal nanowires with CMOS
based electrodes as shown in Figure 3.4. While they were able to demonstrate that it
may be possible to use dielectrophoresis to integrate nanowires with a larger system
their example image shows very few alignment sites which actually achieved
successful nanowire alignment. Furthermore there are many stray nanowires that have
been deposited on the circuit at undesired locations. Such stray wires could ultimately
be a significant problem in more complicated systems and must be addressed. In order
to use dielectrophoresis as an effective tool for constructing large systems it is
necessary to understand the parameters that govern dielectrophoresis and how to
optimize them to place wires at specified locations and only those locations.

In 2006 Lee et al. performed a systematic study to determine optimal
dielectrophoretic parameters for GaN nanowires.”’ Specifically, they examined the
effects of signal amplitude and frequency. In their experiment they placed a drop of
nanowire suspension over 200 alignment sites which were driven at signal amplitudes
of either 10 or 15 V|, and signal frequencies of 10 kHz or 20 MHz. Figure 3.5 shows
plots of the percentage of alignment sites that resulted in an aligned nanowire under
various signal conditions. From their results they concluded that lower signal
frequency and greater signal amplitude result in a greater percentage of successful
alignment sites. Their alignment sites are rather large (several microns in width),
limiting the precision necessary to achieve successful alignment. While the
experiment clearly conclude that stronger DEP force is achieved at lower frequencies

it does not examine specific parameters necessary to use DEP to place nanowires with
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Figure 3.5

The distribution of the yield rate for aligned GaN nanowires in the gap over the 200 electrode

array with 10 V, at the frequencies of 10 kHz and 20 HMz [Ref. 60]
great precision. Furthermore, this study primarily focuses on aligned wires and does
not quantify stray nanowires which have been placed in undesired locations.
Optimizing dielectrophoretic parameters to minimize such wires will be important in
order to utilize dielectrophoreis in the assembly of practical nanowire systems.

In this chapter we will examine the use of dielectrophoresis to manipulate and
place InAs nanowires. In section 3.2 experiments using low signal frequency and
large electrodes will be used in order to determine the feasibility of using
dielectrophoresis to manipulate InAs nanowires. In section 3.3 dielectrophoresis will
be studied as a means to place nanowires with great precision at desired locations, and
only those locations. Section 3.4 will present a detailed analysis of the various
parameters that were optimized in section 3.3 and the role they play in using

dielectrophoresis as a means to precisely place nanowires.
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Figure 3.6

SEM image of as grown InAs nanowires on an SiO, substrate. The wires are approximately
60 nm in diameter and 20 um in length before sonication. Scale bar is 10 pm.

3.2 Low Frequency DEP Manipulation

In order to determine the feasibility of using DEP as a means to manipulate
InAs nanowires, preliminary experiments were carried out using fairly large
electrodes. These experiments were performed to understand the influence DEP
exhibits on InAs nanowires and were not necessarily concerned with the precision
with which they are finally aligned. These experiments yielded significant insights
into the relationship of the medium in which the nanowires are suspended and signal

conditions.

3.2.1 Experimental Setup and Procedure
InAs nanowires were grown by metal-organic chemical vapor deposition. 40
nm Au particles were dispersed across the surface of a 600 nm layer of thermally

grown Si0O,, in order to act as catalysts and nucleation points for nanowire growth.
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Figure 3.7

Commercially fabricated 5 x 5 electrode array with 100 um diameter electrodes.

The growth was carried out for 10 minutes in a horizontal chamber at 350° C under
100 Torr chamber pressure using trimethylindium and arsine in H, carrier gas at an
input V/III ratio of ~50. The resulting nanowires have diameters of ~60 nm and
lengths of ~20 pm and are shown in Figure 3.6. The nanowires were then suspended
into de-ionized water (DI water, resistivity = 18.2 MQ-cm) or isopropyl alcohol (IPA).
After suspension, the nanowire lengths were between 5 um and 20 pm.

An optical image of the electrodes used in this experiment is shown in Figure
3.7. The electrode array was commercially fabricated by Nanogen and consisted of Pt
electrodes on a SiO; covered Si substrate. A passivation layer of SiO, covers the leads
out to the pads such that only the circular electrodes are exposed. The electrodes are
arranged in a 5 x 5 array. Each circular electrode is 100 um in diameter and the

electrodes are spaced 100 um apart from one and other.
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Figure 3.8

Schematic diagram showing how de-ionized water solutions (a,c) and isopropyl alcohol
solutions (b) wet the surface of the DEP chip. Because of the differing contact angles the
distribution of nanowires above the electrode will be very different in the two cases. In order
to perform a direct comparison a PDMS “cup” is used to contain the isopropyl alcohol (d) to
allow for a better comparison to di-ionized water solutions (c).

For each experiment, a micropipette was used to place 3 pL of nanowire
solution over the entire DEP electrode array. Two adjacent DEP pads were then
driven using a sinusoidal signal with a peak-to-peak voltage of 150 Volts at
frequencies of either 2 kHz or 20 kHz. After several minutes the drops were removed
and the signal was turned off. The DEP chips were then inspected using optical and
scanning electron microscopy. An HP33120A function generator was used to
generate a sinusoidal AC signal, which was then amplified using an audio signal
amplifier (TOA P-924MK.-2).

In applying the nanowire solutions to the DEP chip, the DI-water based
solutions exhibited a fairly large contact angle resulting in a well formed drop on the
surface of the chip, as illustrated in Figure 3.8 (a) and (c), whereas the IPA based

solution resulted in a low contact angle, wetting the entire surface of the DEP chip as

shown in Figure 3.8 (b). This difference in droplet shape has a considerable effect on
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the spatial distribution of nanowires relative to the DEP electrodes as illustrated in
Figure 3.8 (a) and (b). As a result, polydimethylsiloxane (PDMS) “cups” were
fabricated and adhered to the surface of the DEP chips for use in the IPA solution
experiments, as shown in Figure 3.8 (d), to allow for a more valid comparison between
the performance of the two mediums. A detailed discussion on the fabrication of these

cups can be found in Appendix A.

3.2.2 Experimental Results

The electric field lines that form between two circular electrodes will radiate
outward, perpendicular to the edge of the electrode. The magnitude of the gradient of
the electric field will be greatest immediately around the perimeter of the electrodes
and will drop off with distance. Thus if DEP is the dominant force in positioning
nanowires, the translational component of DEP is expected to collect nanowires
around the perimeter of the circular electrode while the torque component of DEP is
expected to align the nanowires such that they point outward in a radial fashion,
perpendicular to the edge of the circular electrode.

Figures 3.9 shows SEM images of the DEP electrodes after nanowire
placement. Images are shown for electrodes that were driven at 2 and 20 kHz for
solutions using both IPA and DI water as their medium. By inspection it is clear that
in all cases nanowires have been collected around the perimeter of the electrodes
suggesting that DEP was able to influence the InAs nanowires in both IPA and DI

water. Upon closer inspection, Figure 3.9 (a) and (b) suggest that increasing
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Figure 3.9

SEM images of DEP electrodes after nanowire placement. Images are shown for nanowires
suspended in de-ionized water and positioned using signal frequencies of 2 kHz (a) and 20 kHz (b)
and nanowires suspended in isopropyl alcohol and positioned using signal frequencies of 2 kHz (¢)
and 20 kHz(d).

frequency for nanowires suspended in water seems to reduces the total number of
wires collected, but tends to align those wires in a somewhat more radial fashion along
the electric field. Figures 3.9 (c) and (d) show that in both cases relatively few wires
were collected, but those that were followed a strong radial arrangement. Figure 3.9
(a) also shows that low frequency conditions in DI water result in electrode damage

not observed in the other three cases.
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3.2.3 Analysis

Given that InAs nanowires are much more conductive than either medium
(IPA or DI water) the DEP force is expected to be positive (meaning wires are
attracted to areas of high electric field gradient) and decrease with increasing signal
frequency. Because the DEP force decreases we would expect a reduction in
translational force on the nanowires, which should result in fewer nanowires collected
at the electrode edge, as well as a reduced torque force on the nanowires, which should
result in a less precise radial alignment. Figures 3.9 (a) and (b) show, that for
nanowires suspended in water, increasing frequency results in fewer wires, but with
increased alignment. This suggests that at low frequencies the dominant force may
not be DEP and other mechanisms must be considered. Figures 3.9 (c¢) and (d) show
that for nanowires suspended in IPA, frequency seems to have little effect on
alignment, but that the magnitude of the DEP force does seem to slightly decrease

with increasing frequency.

3.2.3.1 Electro-osmotic Fluid Flow

In describing DEP we have focused on the electric field’s influence on a
particle suspended in solution. It is also important, however, to consider the influence
exerted on the solution itself.® When a potential is applied across two electrodes
separated by a fluidic medium the charges in the medium (such as ions or

contaminants) will redistribute according to the polarity of the electrodes. This results
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Figure 3.10

Schematic illustration of electro-osmotic fluid motion. A charge layer of ions builds up at
the fluid-electrode interface (shown in red). The electric field along the electrode (shown in
purple) results in an electrostatic force which drags the charged layer along the surface of the
electrode causing a fluidic motion, shown in green.

in a layer of “charged solution” at the interface between the solution and electrode.
Because the electric field between the two electrodes has a tangential component that
runs parallel to the surface of the electrode, the charged layer will be driven along the
surface of electrode by electro-static force. As the charges move they will drag the
fluid along as well resulting in a fluidic motion known as electro-osmotic motion.”™®'
Because the formation of this charge layer at the electrode interface is heavily
dependent on signal amplitude, signal frequency, and conductivity of the medium, all
of these variables are expected to play a large role in the strength of the electro-
osmotic motion effect. Electro-osmotic motion is illustrated schematically in Figure
3.10.

In 2000 Green et al. characterized this effect extensively by measuring the

electro-osmotic velocity under various signal conditions.®’ In their study they
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demonstrate that increasing the signal frequency reduces electro-osmotic motion. This
is because as signal frequency is increased the charges in solution have less time to
respond and form the charged layer at the electrode-solution interface. They also
demonstrate that the influence of electro-osmotic motion is greatly reduced as the
conductivity of the medium is decreased.

Thus for the low frequency signal conditions with nanowires suspended in DI
water, depicted in Figure 3.9 (a), electro-osmotic motion is expected to play a
significant role. Monitoring the experiments using an optical microscope reveals that
there does appear to be more violent fluidic motion at lower frequencies. We believe
that this motion results in a “stirring” of the solution which disturbs the radial
alignment of nanowires collected through DEP. We also believe that this fluidic
motion plays a role in the dramatic increase in the number of wires collected at low
frequencies (shown in Figure 3.9 (a)) which would not be expected through DEP
alone. Fluidic motion increases the number of wires collected by drawing distant
nanowires closer to the electrode where they will fall under the influence of DEP
force. As the frequency is increased (as shown in figure 3.9 (b)) the electro-osmotic
motion becomes less significant and nanowires are able to achieve a more radial
alignment as would be predicted by DEP theory. Figure 3.9 (¢) and (d) show that an
increase in frequency has no effect on radial alignment and does seem to result in
slight decrease in the magnitude of DEP. Because the conductivity of IPA is less than
that of DI water, electro-osmotic motion does not play a significant effect and thus

DEP is expected to be the dominant force.
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3.2.4 Experimental Conclusions

From these experiments it is clear that working at higher signal frequencies
will allow for DEP to be the dominant mechanism in positioning and placing
nanowires. These studies also suggest that working at higher frequencies also protects
the electrodes from damage, which likely occurs due to local pH changes and
electrochemical effects in water. While these experiments suggest that IPA based
solutions will be more resistant to electro-osmotic effects, they also demonstrate that

DI water at high frequency can be used to effectively align nanowires.

3.3 Precision DEP Alignment

In this section we demonstrate the ability to place InAs nanowires with great
precision using DEP. The experimental setup and observations are presented in this
section. An in depth analysis of the relevant parameters and their effects are presented

in Section 3.4

3.3.1 Experimental Setup and Procedure
InAs nanowires were grown by metal-organic chemical vapor deposition. 40
nm Au particles were dispersed across the surface of an n-InAs (111)B substrate in

order to act as catalysts and nucleation points for nanowire growth. The growth was
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Figure 3.11

SEM image of as grown InAs nanowires before suspension. Scale bar is 10 pm for figure,
200 nm for inset.

carried out for 40 minutes in a horizontal chamber at 500° C under 100 Torr chamber
pressure using trimethylindium and arsine in H, carrier gas at an input V/III ratio of
64. The resulting nanowires have diameters of ~150 nm and lengths of ~20 um and
are shown in Figure 3.11. The nanowires were then suspended into 150 uL of di-
ionized water (resistivity = 18.2 MQ-cm). After suspension, the nanowire lengths
were between 12 pm and 20 pm and the solution is believed to have had a density of
~1000-2000 wires/puL.

Electrodes were constructed using standard micro-fabrication techniques in
order to serve as a framework on which to align the suspended nanowires. An
insulating substrate was first prepared using PECVD to deposit 500 nm of SiNy on Si.
Metal alignment electrode arrays comprised of 10 nm Ti and 90 nm Au were then
patterned using e-beam lithography and e-beam evaporation followed by a standard
lift-off procedure. The electrode arrays were made up of a set of alignment sites, each

of which has two 1 um wide fingers with a 10 um gap between them, as shown in
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Figure 3.12

Schematic diagram of electrode layer structure (top) and top-view of alignment site (bottom).

Figure 3.12. PECVD was then used to deposit 250 nm SiO, over the entire metal
structure. E-beam lithography followed by a wet etch in buffered oxide etch (BOE)
was then carried out to remove the oxide layer at each alignment site. Electrode arrays
were fabricated in groups of 50 alignment sites with 100 um spacing between bus
bars, or 100 alignment sites with 50 um spacing between bus bars. Figure 3.12 shows
a schematic of the electrode layer structure and relevant dimensions for an alignment
site. A detailed description of the fabrication of these electrode arrays can be found in
Appendix B.

Six sets of DEP electrode arrays (DEP chips) are considered in the experiment.
3 of them contain 100 alignment sites with 50 pm bus bar spacing while the other 3
contain 50 alignment sites with 100 um bus bar spacings. In each of the six

experiments a micropipette was used to apply 2 pL of nanowire solution to the surface
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Figure 3.13

SEM images of individual alignment sites after DEP alignment. SEM image of a precisely
aligned nanowire taken at 45° (a), and from directly overhead (b). SEM image of an
alignment site with both precise alignment and a stray nanowire (¢). SEM image of an
alignment site with just a stray wire (d). Scale bar is 5 pm for all images.

of the DEP chip completely covering all available alignment sites. An HP33120A
function generator was used to apply a sinusoidal signal across the alignment sites
with a peak-to-peak voltage of 10 Volts and signal frequencies of either 10 kHz, 1
MHz or 10 MHz. After precisely 3 minutes dry nitrogen was used to blow the 2 pL.
drop of solution off of the chip. Once the drop was removed, the AC signal was
turned off and the chips were examined using optical and scanning electron

microscopes.
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3.3.2 Expermental Results

Inspection revealed that the vast majority of wires left behind after drop
removal were in physical contact with a metal electrode at an alignment site. Wires
that were not in contact with an electrode were swept away when the drop was blown
off. The wires that were in contact either bridged the alignment site gap as shown in
Figures 3.13 (a), 3.13 (b) and 3.13 (c) or only had contact with one of the two
alignment fingers as shown in Figures 3.13 (c) and 3.13 (d). Figure 3.13 (c) indicates
that it is possible to have both bridging and non-bridging events at the same alignment
site. Wires that bridge the gap at alignment sites (as shown in 3.13 (a), 3.13 (b) and
3.13 (c)) will be referred to as precisely aligned wires. Wires that are only in contact
with one finger at an alignment site (as shown in figures 3.13 (c) and 3.13 (d)) will be

referred to as stray wires.

3.3.2.1 Post Alignment Electrical Contact

Wires that were successfully aligned (as shown in Figures 3.13 (a), 3.13 (b)
and 3.13 (c¢)) did not immediately make electrical contact with alignment electrodes.
This is likely due to a thin layer of oxide that is believed to form on the surface of the
InAs nanowire after removal from the growth chamber. To verify this, 3 alignment
sites with a total of 4 aligned wires between them were chosen at random. Further
micro-fabrication was carried out on the already aligned wires to pattern metal
contacts over the tips of the aligned nanowires. E-beam lithography was used to

define the contact areas. A 30 second wet oxide etch (in BOE) immediately followed
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Figure 3.14

IV curve of 4 aligned nanowires in parallel. Inset shows an SEM image of one such aligned
wire after micro-fabrication has been carried out to remove oxide and deposit metal to make
contact electrical contact with the alignment site. Scale bar for the inset is 5 um.

by e-beam evaporation and lift-off was used to pattern metal contacts (15 nm Ti / 90
nm Al) over the nanowire and electrode tips. A fabricated contact and measured IV
curve are shown in Figure 3.14. The resistance of each nanowire is found to be
approximately 60 kQ and demonstrates that the InAs nanowires maintain their
electrical properties through the alignment process and are similar to those reported in
the literature.” In order to make ohmic contact to InAs nanowires, a BOE dip is

typically required.*®

3.3.2.2 Large Scale Nanowire Alignemnt

Figure 3.15 shows optical microscope images of each DEP chip after the

alignment experiment. The left column shows three chips with 100 alignment sites



10 kHz 10 kiHz

Figure 3.15

Optical microscope images of electrode arrays after DEP alignment. Precisely aligned sites
are highlighted with a green box, stray wires are highlighted with red line. Each image is
500 x 500 pm.

95
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Figure 3.16

Histogram showing the percentage of alignment sites which attracted nanowires. Each bar is
broken up to show the percentage of alignment sites which had only precisely aligned wires,
both aligned and stray wires, and only stray wires. The histogram shows that with increasing
frequency there is a decrease in the total number of wires collected but an increase in the
precision with which wires are collected.

(and 50 pm bus bar spacing) that were driven at 10 kHz, 1 MHz, and 10 MHz
respectively. The right column contains images of three chips with 50 alignment sites
(and 100 um bus bar spacing) that were also driven at 10 kHz, 1 MHz, and 10 MHz
respectively. Perfectly aligned sites are highlighted with a green box and stray wires
are highlighted with red lines to make them easier to see. The average number of
nanowires collected per site is approximately 1.5 at lower frequencies and drops to 0.5
at higher frequencies. Of the wires collected only about 50% of them are precisely
aligned at lower frequencies where as 80% of them are precisely aligned at higher
frequencies. Figure 3.16 plots the percentage of alignment sites that had only

perfectly aligned wires, both aligned wires and stray wires and only stray wires. From
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Figure 3.16, around 75% of alignment sites attracted nanowires at lower frequencies
compared to 30% at higher frequencies, but the fraction of those sites that achieved
precision alignment is much greater at higher frequencies. From Figure 3.15 and 3.16
it is clear that by increasing signal frequency the total number of collected wires
decreases. However, at higher frequencies a greater percentage of those collected

wires are precisely aligned with few stray wires.

3.4 Precession DEP Analysis

In section 3.3, experiments were presented in which InAs nanowires are
positioned with great precision using DEP. In this section observations from section
3.3 are examined in order to determine important parameters in DEP alignment and

how they can be utilized to align wires in a deterministic fashion.

3.4.1 Effect of Signal Frequency

The frequency dependence of the total number of wires collected, as well as
the precision with which they are collected, can both be explained by understanding
the variables that effect DEP force. For a nanowire, the external electric field-induced
dipole inside the nanowire will result in a torque force, which will cause the nanowire
to align with its long axis along the electric field, as well as a translational force that is

a function of the electric field gradient. As discussed in section 3.1, the translational
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dielectrophoretic force on a spheroid is governed by the well-known analytical

: 36-38
expression,

Fppp =c €, Re[fCM] VE? (3.16)
where ¢ represents a pre-factor containing information about the volume of the
nanowire, £, represents the permittivity of the medium, f,,, is the Clausius-Mossotti

factor and contains information about the permitivities of both the medium (in this

case de-ionized water) and the InAs nanowire as well as the signal frequency, and
finally £ which represents the magnitude of the electric field. While the above

expression is given for a spheroid it has been shown that a prolate spheroid serves as a
reasonable approximation for a cylindrical particle with a high aspect ratio™ and thus
allows the use of analytical expressions to examine the DEP force on nanowires.

The dielectrophoretic force equation suggests that the frequency dependence of
the translational motion of a nanowire is embedded in the Clausius-Mossotti factor.
The Clausius-Mossotti factor is a measure of the strength of a dipole that can be
induced in a particle through the presence of an external field. For a nanowire, the
Clausius-Mossotti factor is anisotropic and thus, the resulting DEP force will depend
on the orientation of the electric field gradient with respect to the orientation of the
nanowire, which in turn is determined by the direction of the electric field. In
situations where the field gradient is oriented parallel to the electric field only the
Clausius-Mossotti factor along the long axis of the nanowire must be considered to

calculate the direction and magnitude of the translational force and this factor is given

by37,38
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Figure 3.17

Plot of the real part of the Clausius-Mossotti for the long and short axes of an InAs nanowire
suspended in de-ionized water as a function of signal frequency.

fCM(long axis) = # . (317)

In situations where the gradient of the electric field is perpendicular to the electric
field (and thus also perpendicular to the long axis of the nanowire) it is only necessary

to consider the Clausius-Mossotti factor along the short axis of the nanowire, which is

. 37,38
given by’”

pm
E,tTE,

£ —¢€,

fCM(short axis) = 2 (3 l 8)

In cases where the gradient is neither parallel nor perpendicular to the nanowire it is
necessary to consider the effect of both the short axis and long axis Clausius-Mossotti
factor in order to determine the magnitude and direction of the DEP force. Calculating
and plotting the real part of the Clausius-Mossotti factor for an InAs nanowire
suspended in de-ionized water (shown in Figure 3.17) reveals that at low frequencies

the value along the long axis of the wire is several orders of magnitude larger than the
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Figure 3.18

Diagram of a nanowire in an electric field pointing to the right with an arbitrary electric field
gradient (top). DEP force angle and relative force magnitude are plotted as a function of
gradient direction angle for signal frequencies of 10 kHz (diamonds), 1 MHz (triangles) and
10 MHz (circles).

short axis, but decreases to a value much closer to the short axis value at higher
frequencies. Figure 3.18 shows plots of the calculated direction and magnitude of the
resulting DEP force as a function of the electric field gradient orientation with respect
to the nanowire orientation at different signal frequencies. At low frequencies the
DEP force is expected to be large and dominated by the long axis Clausius-Mossotti
factor. As a result nanowires will tend to move along the electric field lines at lower
frequencies, whereas at higher frequencies the dominance of the long axis Clausius-
Mossotti factor is reduced resulting in wires experiencing a translational force that is

more along the gradient of the electric field. The large magnitude of the Clausius-
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10 kHz — 10 MHz —
Figure 3.19

(a) and (b) both show finite element simulation results 5 um above an alignment site. The
white arrows represent the electric field direction (a) and electric field gradient direction (b).
The shading of both (a) and (b) represent the magnitude of the gradient vector squared
(which corresponds to DEP force) on a linear scale where lighter shading indicate a greater
value. Figures (c) and (d) are SEM images of representative alignment sites at signal
frequencies of 10 kHz and 10 MHz respectively. Scale bars are 5 um for all images.

Mossotti factor at low frequencies accounts for the greater number of wires that are
collected at lower frequencies.

In order to understand the impact of the Clausius-Mossotti factor on precision
alignment it is necessary to consider the geometry of the electric field for the electrode
structure used in this experiment. Three dimensional finite element analysis using the
COMSOL software package was employed in order to calculate the electric field and

field gradient near an alignment site. Detailed simulation parameters can be found in



102

Appendix C. Figures 3.19 (a) and (b) show the resulting calculations for electric field
direction, electric field gradient and magnitude of the electric field gradient squared,
immediately around an alignment site 5 um above the alignment electrodes. Because
the gradient of the electric field drops off quickly with distance from the electrode it
should be noted that the DEP force acts primarily on wires which are already close to
an alignment site. At low frequencies such wires will follow the electric field lines
back to one of the two electrodes at an alignment site, whereas at higher frequencies
such wires will follow the gradient and be more likely to contact both electrodes at an
alignment site. Thus at lower frequencies we would expect to find more wires that are
only touching one of the two electrodes at an alignment site, whereas at higher
frequencies we would expect to observe a greater percentage of wires bridging the
gap. In looking at the SEM images in Figures 3.19 (c) and (d) and the optical images
in Figure 3.15 it is clear that this is the case, and that at higher frequencies most of the
collected wires are precisely aligned, whereas at lower frequencies a large fraction of

the collected wires are only in contact with one of the electrodes at an alignment site.

3.4.2 Macroscopic Electrode Design

Because the electric field gradient drops off quickly with distance from the
electrode, in order to achieve precision alignment it is necessary for wires to be free to
move sufficiently close to an alignment site so that they will come under its influence
and be aligned. To this end, it is important to consider the macroscopic electrode

structure used to organize alignment sites. In this experiment a “double bus bar”
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Figure 3.20

(a) shows optical microscope images of 5 alignment sites in both double and single bus bar
architectures after DEP alignment. Circles indicate nanowire positions after alignment
attempt. (b) shows the results of finite element simulations for the gradient of the electric
field squared (which corresponds to DEP force) on a logarithmic scale where lighter shading
indicate a greater value. The simulation is for a cross-sectional plane directly between two
alignment sites as indicated by the location of the axis in the images in (a). Scale bars are 25
pum for (a) and 10 pm for (b).

architecture was used. In this design the bus bar is comprised of both a positive signal
and ground signal which are very close together (as shown in Figure 3.20 (a)). Figure
3.20 (a) shows a comparison of alignment attempts at a moderate frequency of 1 MHz

for both the double bus bar and single bus bar structure (where a much greater distance

separates the positive and ground signals). It is clear that precision alignment is more
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likely to occur in the double bus bar structure, and that nanowires are more likely to be
attracted directly to the bus bars in the single bus bar structure. This is because the
electric field gradient from the double bus bar, while very great immediately around
the bus bar itself, drops off more quickly with distance making the double bus bar less
visible to wires that might be floating above an alignment site. The electric field
gradient in the single bus bar structure drops off much more slowly with distance and
is thus able to influence and attract wires that are further away and may be above the
alignment site, pulling them down to the bus bar and preventing precision alignment.
The double and single bus bar the electrodes were modeled using three
dimensional finite element simulations to illustrate the differing nature of the electric
field and field gradients of these two electrode geometries. Details of the model can
be found in Appendix C. Figure 3.20 (b) shows a cross section of the magnitude of
the electric field gradient squared as a function of position in the region between two
alignment sites and above the surface of the electrode array (the y-z plane). The
lighter regions shown in the single bus bar case in the area directly between the bus
bars suggest that wires in this region will be influenced by a mild, but relevant DEP
force drawing them toward the bus bars. The DEP force in this region, while small, is
expected to be about one order of magnitude greater than in the double bus bar case.
Thus, in the single bus bar case, it is expected that a wire floating as close as 20 um
above an alignment site is still likely to come under the influence of the single bus bar,
and move towards it, rather than to be influenced and drawn into an alignment site.

This is consistent with experimental observations, which show the single bus bar
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geometry does not allow for precision alignment in the way the double bus bar
geometry does, but rather results in wires being collected at the bus bars. In
examining the electrode arrays in Figure 3.15 (which all used the double bus bar
geometry), as well as the corresponding histogram presented in Figure 3.16, it should
be noted that the experiments conducted with 50 um bus bar spacing and 100 pm bus
bar spacing behaved in a similar manner. This suggests that the double bus bar did not
have a significant effect on precision alignment and that the double bus bar

successfully mitigated the influence of the bus bar on the individual alignment sites.

3.4.3 Discussion of Other Relevant Factors

While signal frequency and the double bus bar structure are very important to
achieving precise alignment with few stray wires, there are a number of other
variables that that played a role in these experiments and should be discussed.

Earlier in this chapter comparisons were made between the use of DI-water
and IPA as a suspension medium. The lower conductivity of IPA should result in a
greater DEP force. Because of this the frequency at which the DEP force along the
long axis of the nanowire rolls of is also pushed to higher frequencies. Thus in order
to achieve precision alignment higher signal frequencies would be required which
would further complicate the experimental setup in terms of instrumentation and also
require more robust on-chip leads to insure the signal propagates all the way to the

alignment sites. For this reason DI water proved to be the more suitable choice for
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precision alignment, provided that signal frequencies are sufficiently high to prevent
electrode damage and minimize the effects of electro-osmotic motion.

The electrode arrays used in these experiments have an oxide layer that covers
the metallic bus bars and leads leading out to the alignment sights. This layer plays an
important role in achieving precision alignment and reducing the number of stray
wires. While the oxide layer does attenuates the electric field that extends into the
nanowire solution in areas where alignment is not desired, it should be noted that
because the oxide layer is very thin this effect is minimal. The double bus bar
geometry does considerably more for preventing the attraction of stray wires than the
oxide layer does. More importantly, the oxide layer does play an role in the removal
of stray wires that have been attracted to bus bars by preventing the adhesion of stray
wires thus allowing them to be swept away when the drop is removed. Finally,
because the oxide layer is etched away at each alignment site there are recessed
regions in which the aligned nanowires are placed. These recessed areas provide
protection from fluidic turbulence that occurs during drop removal which could
disturb already aligned nanowires. While this turbulence can be countered through the
use of a stronger DEP signal, the use of the recess does allow the use of lower signal
voltages which are less likely to damage nanowires and also minimizes stray nanowire
deposition. Thus, while not essential, the oxide layer does play a role in assisting the
precision alignment and reducing the number of stray nanowires observed in these

experiments.
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3.5 Conclusions

In this chapter we have demonstrated that DEP is a viable alternative for
placing a relatively large number of nanowires with a high level of precision by
paying careful attention to the signal frequency as well as the electrode architecture
that is employed. While in our experiments we determined optimal signal conditions
for InAs nanowires, with careful consideration similar methods can be applied to a
wide variety of nanowire materials and configurations. In our experiments, better than
70% of alignment sites saw precise alignment at moderate frequencies, but with a
number of stray wires dispersed throughout the structure. At higher frequencies, 30%
of alignment sites experienced precise alignment and with almost no stray wires.

We have examined in a number of parameters including solution medium,
signal frequency, electrode layer structure and planar electrode geometry. While our
results are promising there is room for further optimization. A specific area that must
be studied more closely is the fabrication and delivery of the nanowire suspension. In
our experiments the suspensions were fabricated by sonicating nanowires from a
substrate to suspend them in solution. This method was found to be very inconsistent
offering little control over the in-solution nanowire lengths and solution densities
despite seemingly similar conditions. Tighter control over both of these variables
would assist in achieving more robust and reliable nanowire placement. In addition to
improving the suspension itself, developing more controlled delivery method, perhaps

using microfluidics, would also help by precisely controlling the volume and spatial
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distribution of the solution above an alignment site. Furthermore advanced delivery
techniques should also allow for the ability to quickly switch between suspensions of
different types of nanowires allowing for the placement of a variety of nanowires in a
single nanowire based system. Despite these shortcomings DEP has been shown to be
an effective tool in the manipulation and placement of semiconductor nanowires.
Portions of this chapter have been submitted for publication, 2009, S.
Raychaudhuri, S. A. Dayeh, D. Wang and E. T. Yu. The dissertation author is the first

author of this paper.
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Appendix A

Polydimethylsiloxane (PDMS) Preparation

Polydimethylsiloxane (PDMS) was used to fabricate a fairly simple cup-like
structure to contain isopropyl alcohol-based nanowire solutions in section 3.2 of this
dissertation. Furthermore PDMS can be used to construct micro-fluidic channels that
could eventually be used to deliver nanowire solutions to DEP alignment sites in a
highly controlled fashion. In this appendix we will discuss the basic method used to
construct PDMS structures.

The structures used in this dissertation where constructed from a commercially
available PDMS product line from Dow Corning called Sylgard 184. The product
consists of a base chemical and a curing agent. To fabricate structures the base
chemical and curing agent must first be mixed in a 10:1 ratio by weight. The mixture
must be thoroughly stirred and then placed in vacuum (> 100 mTorr) for at least 45
minutes to remove any air pockets.

Next the mixture is poured over a Si wafer (which is mounted in the bottom of
a plastic Petri dish) until the approximate desired PDMS thickness is achieved. In our
experiments the PDMS layer used was several millimeters thick. The entire dish is the
placed in an oven set at 55 °C for at least 1 hour to allow the PDMS to cure. Once

cured, the PDMS can be sliced into smaller pieces with a razor blade and peeled off
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the surface of the Si wafer. PDMS “cups” were fashioned from these PDMS pieces of
by simply punching a hole through the piece.

The PDMS cup must then be mounted to the DEP chip. The PDMS cup is first
sonicated in IPA to remove any particles that may have collected on the PDMS
surface. The PDMS piece is then placed on top of the DEP substrate such that the
smooth side of the PDMS (the side that was facing the Si wafer during curing) is in
contact with the DEP chip surface. The chip is then placed on a hot plate set to 105 °C
for 30 minutes allowing the PDMS to form a weak, but liquid-tight bond with the SiO,
surface of the chip. If necessary, a more permanent bond can be formed by treating
the PDMS surface with UV/ozone prior to attaching it to the surface of the chip.

In this particular preparation a blank Si wafer was used to create a very smooth
PDMS surface to bond with our DEP chip. It is possible to fabricate more complex
micro-fluidic devices by using standard lithography techniques to etch a pattern into
the Si Wafer. The wafer will then act as a mold allowing the creation of micro-fluidic
channels in PDMS that can then be bonded to the surface of a DEP chip and be used to

deliver nanowire solution to various points on a DEP chip.



Appendix B

DEP Electrode Fabrication

B.1 Introduction

The electrodes used to perform the precision DEP experiments in section 3.3
were fabricated at UCSD by the author of this dissertation. This appendix will provide
a detailed description of the complete fabrication process used in the construction of

these electrodes.

B.2 Wafer Preparation

Plasma enhanced chemical vapor deposition (PECVD) was used to deposit
SiNx on a 4 inch Si wafer in order to create a semi-insulaing substrate on which to
fabricate the DEP electrodes themselves. To do this the Oxford Plasmalab PECVD
system was used. First, the system is pumped down for 10 minutes to thoroughly
clear out the system of any contaminant gasses and to allow the stage and sample to
stabilize at a temperature of 350 °C. Next N, is flowed at 2000 sccm with the chamber
pressure held at 1000 mTorr for 1 minute to allow the temperature of they system to

stabilize with gasses flowing and to further purge the system. Next, the actual
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deposition is carried out by flowing SiHa, NH3, and N, at 400 sccm, 22 sccm and 600
scem respectively, with the chamber pressure set to a pressure of 650 mTorr. The
plasma power is set to 20 watts and is cycled between low freq (150 kHz) and high
freq (13.56 MHz) for 7 and 13 second periods, respectively, for the duration of the
deposition. Once the deposition time is reached the plasma power is turned off and
the system is pumped and purged before removing the sample. The deposition is
carried out for 43 minutes resulting in approximately 500 nm of SiNy deposited on Si.
The etch rate for PECVD deposited SiN, is found to be 300 A/minute in 6:1 BOE.
Once the deposition is complete the wafer is cleaved into smaller pieces of 10 by 5
mm using by scribing the surface and breaking then breaking the sample along a

straight edge.

B.3 Alignment Site Patterning and Metal Deposition

The alignment site electrodes and double bus bars are patterned by electron
beam lithography using a converted JOEL JSM 6400 Scanning Electron Microscope
controlled by NPGS pattern generation software to align and write patterns.
Alignment marks are also written in this step to allow proper attern alignment in later
fabrication steps.

Prior to e-beam lithography the sample is cleaned by rinsing in acetone,

methanol and isopropyl alcohol followed by 2 minutes in oxygen plasma (partial
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oxygen pressure of 200 mTorr, power setting of 150 watts). These settings may not
correspond to physical values, but are the settings used on the Technics PEIIB Planar
Etch System in the nano3 facility at UCSD. Once the sample is cleaned PMMA 950
C4 resist is spun on the sample at a speed of 4000 RPM for 50 seconds. After
spinning the sample is annealed on a hotplate for 90 seconds at 180 °C. The spun on
layer of PMMA is measured to be around 270 nm using the Filmetrics F20.

A scribe is used to scratch the resist on each corner of the sample before the
sample is loaded into the JSM 6400 system. Once the sample is loaded the stage is
moved such that the beam is directed at the faraday cup so that it can be set to the
appropriate values. The acceleration voltage is set to 30 kV, and the beam current is
set to 50 pA. These settings result in very sharp features (1 um lines have clearly
defined edges and corners). The beam requires about 1 hour to warm up to maintain a
stable beam current.

Once the beam is warm, measurements are made at each corner of sample to
note the numerical value of the stage position at each corner of the sample as well as
the focus value (found by focusing on the scratches in the resist at each corner). These
values are then averaged to find the position and focus value at the center of the
sample. The beam is then blanked, the stage is moved to the center position and the
focus is set to the calculated value. The NPGS software is then used to write the
pattern. The area dose used to achieve proper exposure is 300 pC/cm” and the line-to-
line and point-to-point spacing are both set to 27.25 nm. Once the sample has been

exposed the samples are removed and developed in MIBK:IPA 1:3 developer for 90
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seconds followed by a 30 second rinse in isopropyl alcohol. After development the
sample is placed in the Technics PEIIB Planar Etch System (partial oxygen pressure of
200 mTorr, plasma power of 150 Watts) for 30 seconds to remove any residual
PMMA in the pattern. Longer plasma treatments will result in damage to the pattern.
The samples is then loaded into the Temescal BJD-100 electron beam
evaporator and pumped down until vacuum level of at least 7%10°® Torr is achieved. A
10 nm Ti adhesion layer is then deposited at a rate no greater than 1 A/sec followed by
a 90 nm Au layer also deposited at a rate no greater than 1 A/sec. After deposition the
sample is left overnight in a beaker of acetone to dissolve the patterned PMMA and
lift off excess metal. The samples is then removed from the beaker and a gentle spray
of acetone is used to remove any remaining unwanted metal. If this is not sufficient

light sonication can be used.

B.4 Probe Pad Patterning and Metal Deposition

Optical lithography is used to pattern large contact pads to allow easy probing
to drive the alignment sites. The masks used for these pads are created in a relatively
economical manner by having a commercial laser photo-plotting service (CAD Art
Services, http://outputcity.com) transfer the pattern design to a transparency mask.
The service is able to achieve resolution of 20,000 dpi which allows for a reasonable

minimum feature size of ~10 pm. The transparency mask is then cut out and mounted
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on a blank quartz mask plate. This is done by placing one small drop of water on the
plate and then placing the transparency mask on the drop of water. The water spreads
out between the mask and plate and firmly holds the two in close contact. Care must
be used to make sure the correct amount of water is used. Too much water will result
in poor adhesion allowing the transparency mask to move around the quartz plate.

The sample was once again prepared by rinsing in acetone, methanol and
isopropyl alcohol, followed by 2 minutes of oxygen plasma in the Technics PEIIB
Planar Etch System (partial oxygen pressure of 200 mTorr, power of 150 watts).
Shiply S1805 photoresist is then spun on the sample for 40 seconds at 4000 RPM.
The sample is then annealed on a hot plate for 60 seconds at 105 °C. The resist layer
is expected to be approximately 500 nm thick.

Alignment and exposure are carried out in the Karl Siiss MA6 mask aligner
using hard contact mode. The sample is exposed for 4 seconds at 9 mW. The sample
is then developed in Shiply MF319 or Shiply MF321 developer for approximately 20
seconds (10 seconds beyond the point that clouds of photoresist can be seen floating
up of the surface of the sample). The sample is then rinsed in DI water. Electron
beam evaporation is then used to deposit metal layers, followed by a lift off in acetone,

exactly as described in section B.2.
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B.S Passivation Layer Fabrication

A passivation layer of SiO; is deposited across the entire surface of the sample
using the Oxford Plasmalab PECVD. First, the system is pumped down for 10
minutes to thoroughly clear out the system of any contaminant gasses and to allow the
stage and sample to stabilize at a temperature of 350 °C. Next N, is flowed at 2000
sccm with the chamber pressure held at 1000 mTorr for 3 minute to allow the
temperature of they system to stabilize with gasses flowing. This step is extremely
important. Because there is now metal on the surface of the sample thermal gradients
will exist and must be given time to stabilize. If this step is not long enough bubbles
will form in the oxide above metalized areas. Next the actual deposition is carried out
by flowing SiHs and N, at 170 sccm and 710 sccm respectively with the chamber
pressure set to a pressure of 1000 mTorr. The plasma power is set to 20 watts at 13.56
MHz for the duration of the deposition. Once the deposition time is reached the
plasma power is turned off and the system is pumped and purged before the sample is
removed. The deposition is carried out for 3.22 minutes resulting in approximately
250 nm of SiO; deposited on surface. The etch rate of PECVD deposited SiO; is
found to be 3300 A/minute in 6:1 BOE.

Once the passivation layer has been deposited windows must be opened in to
access the probe pads and alignment sites. The probe pad windows are defined using
optical lithography and the alignment site windows are defined using electron beam

lithography.
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The sample was once again prepared by rinsing in acetone, methanol and
isopropyl alcohol followed by 2 minutes of oxygen plasma in the Technics PEIIB
Planar Etch system (partial oxygen pressure of 200 mTorr, power of 150 watts).
Shiply S1818 photoresist is then spun on the sample for 40 seconds at 4000 RPM.
The sample is then annealed on a hot plate for 60 seconds at 105 °C. The resist is
expected to be approximately 1.8 um thick.

Alignment and exposure are carried out in the Karl Siiss MA6 mask aligner
using hard contact mode. The sample is exposed for 24 seconds at 9 mW. The sample
is then developed in Shiply MF319 or Shiply MF321 developer for apporximatly 20
seconds (10 seconds after the time that clouds of photoresist can be seen floating up of
the surface of the sample). The sample is then rinsed in DI water. After development
the sample is once again annealed on a hot plate for 60 seconds at 105 °C. The
purpose of this second anneal is to strengthen the patterned photoresist and make it
more resistant to wet etching.

The actual removal of the oxide is done by placing the sample in 6:1 BOE
(buffered oxide etch) for 55 seconds followed by a rinse in DI water. Because of the
difference in etch rates between SiO, (3300 A/min) and SiN, (300 A/min) over
etching is not a significant issue.

Electron beam lithography is used to define openings at each alignment site
which are then etched using the a 55 second etch in 6:1 BOE. The patterning is done

using the exact same e-beam lithography process described in section B.2



Appendix C

Alignment Site Modeling Using COMSOL

The DEP alignment sites discussed in sections 3.3 and 3.4 of this dissertation
were modeled using finite element analysis to better understand the nature of the
electric field around each alignment site, and consequently the nature of the DEP force
on particles in close proximity to an alignment site. In this appendix we discuss
details of the COMSOL model used to study alignment sites.

Four alignment site geometries were considered using COMSOL including an
alignment site with double bus bars separated by 100 xm, an alignment site with
double bus bars separated by 50 ym, an alignment site with single bus bars separated
by 100 xm and finally, an alignment site with single bus bars separated by 50 ym. For
illustrative purposes we will present a detailed description of the two models for
alignment sites with 50 ym bus bar spacing. The model geometries can simply be
adjusted to accommodate alignment sites with 100 xm bus bar spacing.

Figures C.1 and Figure C.2 shows the 3-dimensional physical models that were
used to calculate the electric field for alignment sites with double and single bus bars,
respectively. The sub-domain parameter settings for the volume below an alignment
site was set to values appropriate for SiN, while the volume above an alignment site
was set to values appropriate for de-ionized water. The regions and parameter values

for SiN, and de-ionized water are shown in Figures C.3 and C.4.
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Figure C.1

COMSOL windows showing 3 dimensional view (left) and top view (right) of the double bus
bar alignment site model with 50 zm spacing. Periodic boundary conditions are used to
simulate the double bus bar effect.
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Figure C.2

COMSOL windows showing 3 dimensional view (left) and top view (right) of the single bus
bar alignment site model with 50 ym spacing.
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Figure C.3

Alignment site model with SiN, region highlighted (left) and SiN, region parameter values
(right).
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Alignment site model with de-ionized water region highlighted (left) and de-ionized water
region parameter values (right).



125

In order to calculate the electrostatics associated with an alignment site it is
necessary to apply the appropriate boundary conditions. The electrode surfaces,
shown in Figure C.5, must be set to voltage potentials of positive and negative 5 volts.
The boundary surface above and below the electrodes, shown in figure C.6 are set to
ground, but are sufficiently far from the alignment site that they have little impact on
simulation. The boundary surfaces around the alignment site are all set to be perfect
insulators which as shown in Figure C.7. In the case of double bus bar, two surfaces
(shown in figure C.8) must additionally be set to have periodic boundary conditions.
Figures C.7 and C.8 show boundary conditions which are sufficient to allow these
simulations to represent an array of alignment sites.

The calculation is carried out using an extra fine mesh. Arrow plots are
utilized in order to view the electric field, as shown in Figure C.9. Slice plots are used
to view the magnitude of the electric field gradient, squared, as shown in Figure C.10,
which corresponds to the magnitude of the DEP force.

Be examining in the outputs of these simulations it is possible to better
understand the electrostatics associated with the particular alignment site geometries

and as a result, the DEP force acting on particles in the vicinity of the alignment site.
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Figure C.5

Alignment site model with electrode boundaries highlighted (left) and boundary parameter

values for the positive electrode (right).
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Alignment site model with upper and lower boundaries highlighted (left) along with their

corresponding boundary parameter values (right).
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Figure C.7

Alignment site model with surrounding boundaries highlighted (left) along with their
corresponding boundary parameter values (right).
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Figure C.8

Alignment site model with boundaries that are parallel to the double bus bars highlighted.
These boundaries are set to be periodic to effectively model the double bus bar architecture.
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Figure C.9

Alignment site model showing a 3 dimensional arrow plot of the electric field 5 ym above an

alignment site along with its corresponding plot parameter values (left).
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Figure C.10

Alignment site model showing a slice plot along the y-z plane of the magnitude of the

electric field, squared, on a log scale, 15 ym away an alignment site along with its

corresponding plot parameter values (left).
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